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7. THE PALAEOHYDROLOGY OF THE MORECAMBE

BAY KARST
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7.1 Ihtroduction

In common with many other karst areas, the Morecambe
Bay area has been the focus of a considerable amount of
palaeohydrological research. .This work has tended to con;
centrate on two particular aspects of cave development:
firstly, the problem of the '"phreatic network" caves, Variously
regarded as Tertiary relicts or products of polje-margin
processes; and. secondly, the question of the development of
. the regional drainége system,

The present study attempts to resolve the question
of "phreatic network" cave formation (see 7.2) and applies
the methods detailed in Chapter 6 to specific cave systems
in an effort to understand the role of these caves in the
overall development of the drainage system (see 7.3 and 7.4).
Finally, an attempt is made to synthesise these findings
'int§ a model of the palaeohydrological development of the

whole region (see 7.5).

7.2 The "phreatic network" caves

¥

. 7.2.i Introducfion '

Certain of the caves within the Morecambe Bay area
have been regarded as unique in terms of their method of
formation. These caves, termed by Ashmead (1969a, 207;
1974a, 213) '"phreatic network" caves, ha;;_been considered
for some time as the only true "water table" céves in the
British Isles (Waltham, 1974, 89-91); that is, caves which
have been formed by solutlonal action at the water table and -

which tend to be nearly horlzontal despite the inclination
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of the rock. They have also been seen as evidence for
phases of karstification in Northern England dating back as
far as the Tertiary (Sweeting, 1970, 239). .

To date, five gfoups of caves have been placed in
fhe "phreatic netwofk".category (Fig. 7.1):

(i) Roudsea Wood: northern system (SD332826)
(Fig. 7.2), southern system
(SD333825) (Fig. 7.3).

(ii) Nichols Moss: Shale Cave (SD434827) (Fig. 7.4)
Fairy Cave (SD434827) (Fig. 7.4)

Yew Tree Cave (SD434826)
_ (Fig. 7.4)

Fissure Cave (SD434826)
(iii) Gilpin Bank Caves (SD4687)
(iv) Levens Cave (SD484857)

(v) Hale Moss: Brackenthwaite Cave (SD498772) (Fig. 7.5)
Hazel Grove Cave (SD499771) (Fig. 7.6)
Hale Moss Cave (SD502777) (Fig. 7.7)

7.2.2 Previous Work

Two contrasting hypotheses have been advanced to
explain the existence of the '"phreatic network" caves, each
havihg'wide implications for the.chrohology of karst develop-
ment both in the area and in northern Eﬁgland as a whole.
Firstly, adcordihg to Sweeting (1970, 239) these caves corres-
pond to the fusshdhlen, or foof‘caves, found in tropical
karst areas. She considered it likely that the caves were
developed under warmer conditions than thoée of the present,
either during a previous interglacial or, more probably, '
during the Tertiary. The steep-sided limestone hills,

around which the caves are found, were also assigned to the

Tertiary by Corbel (1957, 289), who considered them to be
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fossil karst towers similar to those found in tropical
regions today. Since the same processes as form karst towers
are generally regarded as also having formed tower foot caves,
this provides indirect support for Sweeting's thesis.

| Secondly, Ashmead (1966; 1969a; 1974a, b, c), and
subsequently Baldwin (1977), advanced the hypothesis that

the caves were formed by solutional attack from the relativ-
ely static estuarine and lacustrine water bodies thought to
have existed in the mosses of the area (see 8.3.2) and on

the fringes of which all the known "phreatic network'" systems
are found. According to Ashmead (1966, 19; 1969a, 207),
these waters were often peaty and, as a result of their high
organic acid content, very aggressive. This meant that the
limestone surrounding the mosses was éolutionally fretted
along the fractures exposéd at the limestone-water interface,
resulting in a tight network of intersecting solution
fissures. These networks diminish in intensity of develop-
ment with distance from the water edge, corresponding to the
reduced aggressivity of the waters which resulted from
contact with the limestone mass (Ashmead, 1974a, 217-218;
1974b, 22). The caves are almost totaily phreatic-in nature
and the absénce_of any vadose development was regarded by‘
Ashmead (1974a, 214) as suppofting the idea of formation by
st;fié water bodies. The caves are horizontaliy developed,
despite theif occurrence in beds dipping at ab to 25°, as at
Roudsea Wood. Furthermore, the vertical development of

each system 1s restricted to a height range of 2-3 p (Ashmead,

1974a, 213; 1974b, 19-20; 1974c, 57). These features were

taken by Ashmead to indicate the influence of water level
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control and the absence of structural constraints upon cave
formétion.

Ashmead (1974a, 214) suggested that cave development
took place during interglacial phases of high sea level as
well as during the Late and Post-glacial period. He argued
that the '"network" caves originated and evolved by processes
integral with the solutional widening of the mosses which
they fringe (see 8.3.4). It is likely that the mosses were
~ considerably modified by the action of ice erosion during sucées—
si&e glacials and that the solutionally dissectéd mbss edges
would have been removed by glacial scour (see 8.2.4). It is
therefore probable that the processes invoked by Ashmead to
explain the "network" caves are post-Devensian in age.
Ashmead himself supported.this theory in the case of Roudsea
' Wood Caves which he regarded as having been formed by a pro-
glacial lake dammed in the Leven Estuary (1974a, 218; 1974b,
22). With the Late Flandrian drainage of the mosses, the
caves have been abandoned and now iie hydrologically inactive

albng the moss edges.

7.2.3 The tropical karst hypothesis: discussion

The fusshohlen of contemporary.tropical karst areas
are characterised by a hqrizontal, notch-like morphology and
a generally smoothly rounded form.  The notches tend to be
several huﬁdred metres in length along fﬂé base of the lime-
stone slopes; they are commonly two'toAthree ﬁetres high and
vary in depth from one to fifteen metres. Only occasionally
do connecting passages extend further into the hills (Paton,

1964; Wilford and Wall, 1965, 52-54; Jennings, 1971, 191;
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1976, 96, McDonald; 1976, 85).

Fusshdhlen have been interpreted as the»result of a
_variety‘of processes at work at the base of kérst towers.
These include:

(1) lateral fluvial solution and corrosion; -
(ii) solutional surface wash;
(iii) .spring sapping at the limestone-alluvium contact;

(iv) solutional undercutting by swamp waters, by
ephemeral lakes at the base of the towers, and

by soil moisture; and
(v) marine erosion

(Lehmann, 1953; Paton, 1964; Wilford, 1964; Wilford and Wall,
1965; Sweeting, 1972; McDonald, 1975; 1976; 1979; Jennings,
1976). |

.Apart from their situation along the base of the
limestone hills of the area, the "phreatic network" caves of
the Morecambe Bay karst have little in common with the foot
caves of tropical karst. The& have discrete entrances
rather than a notch—like form, the majority of thé caves ex-
tend into the hills, and there is no eyidence of solution

notches anywhere on the cliffs surrounding the mosses (Plate

7.1).

7.2.4 The static water hypotﬁéSis: discussion
h | Perhaps the two most significant characteristics of
the "phreatic'network" caves are their horizéﬁtal nature

and their limited vertical extent. These features were -
regarded by Ashmead as indicative of formation at or near to

the water table. Yet the shallow depth'of the water bodies

in the mosses (see 8.3) would, of itself, have confined



Plate 7.1 "Phreatic network'" cave entrances, Gilpin Bank

Caves (SD4687)
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solutional attack to a narrow vertical range. More
importantly, in many cases the horizdntal nature of the caves
can be shown to be the result of structural constraints.

As may be seen ffom Fig, 7.8,-thé majority of the
cave systems are either strike-aligned or are in areas of low
structural dip. The strike-aligned passages occasionally
deviate in orientation somewhat from that of the strike,
particularly in the case of Fairy Cave. It is contended
that this.is the result of joint-control on passage location
and hence the preferential development of the joint most
nearly aligned along'the strike. The orientation diagrams
also show an element of dip-control on passage alignment. |
In most cases these dip-controlled passages are very short
and have either been captured by hydrologically more efficient
~strike passages or act simply as strike passage feeders. 1In
the case of Roudsea Wood Cave (north), however, the apparently
. dip-controlled element éonsists of a single passage approx-
imately 50 m long which is almost horizontal for the whole
of its length (Fig. 7.2). This anomaly will be considered
in more detail below.

The strike-aligned nature of thé majority of these
systems explains their horizontal to sub-horizontal morphol-
ogy. However, it fails to ekblain why the systems are
geﬁérally aligned parallel to the edges of the limestone
masses and wh& the embryonic drainage systeméﬂfailed to take
advantage of the greater hydraulic gradient provided by
drainage into the mosses. In the main, the parallel nature
of the caves to the edge of the limestone mass is simply a

result of the similar orientation of the strike of the rock.
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It can be seen that in those cases where the strike is not
parallel to the edge of the limestone, as at Gilpin Bank,
the caves still follow the strike. A structural explanation
may also be proposed for the absence of drainage directly
into the mosses. In all cases this would have necessitated
groundwater flow updip. It is 1ike1y that, when these
systems developed, the limestone scarp fronts had not re-
tfeated to their present position. Under these conditions,
the up-dip scarp front would have been unable to attract
groundwafer drainage, whilst the dip-front would not have
been expoéed and able Fo attract down-dip drainage. Given-
the geomorphic conditions, drainage along the strike is to
be expected (Ford, 1971a, 88).

All the remaining "phreatic network" caves, Bracken-
thwaite Cave, Hale Moss Cave and Hazel Grove Cave, are in
areas of low structural dip (Fig. 7.8). Ford (1971la, 91-92)
has shown that under these structural conditions, the pre-
dominant water intake from the surface must be by joints.
These do not usually have sufficient vertical extent to form
a main flow route, and if they combine via bedding planes
with other joints to reach lower levels they form highly
inefficiént conduits. - On the other hand, in a flat-lying
limestone mass, Jjoints and bedding planes are generally con-
tiﬁﬁous to the edge of that mass and therefore to spring
points; they élso provide straighter, more’e£¥icient flow
routes. Thus, they will tend to capturé any vertical con-
duits to result in a cave system characterised by discrete

joint inlets and sub-horizontal main conduits.
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This model can be appliéd to those "phreatic network"
caves found in areas‘of low dip; Ih the case of Bracken;
thwaite Cave and Hale Moss Cave, the passages are developed
along joints, either within a single bed or continuous
through a number of beds, the joints acting as both inlet and
outlet for a flow route. In the case of Hazel Grove Cave,
the main passage is developed along a bedding plane, with
joint rifts providing hydrological links with the surface.

It is therefore contended that, in most cases, the
horizontal nature and limited vertical extent of the
"phreatic network" caves provide little evidence for cavé
formation at the water table as, in general, cave morphology
is explicable in terms of structural control. . The prefer-
ential location of caves at the foot of the hills of the
area is partly a result of the frequency with which bedrock
cliffs occur in these situations, thereby preferentially
exposing cave entrances, and partly a result of the concent-
ration of groundwater flow in resurgence caves at the base
of hills.

Nevertheless, as has been mentioned above, Roudsea
Wood Cave (north) does not fit the simple picture of
structural control. The méjority of its passages are strike-
aligned and contain a sequencé of clastic fill overlain by
sf;iagmite characteristic of caves of the area (see 5.5.1).
However, one'passage éuts parallel to the diﬁ-through the
limestone knoll in which the cave is situated. The rock
dips at 22° and yet the passage is almost horizontal. The
passage form is influenced by the bedding planes exposed in

its roof, but these are of little influence on its overall
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morphology. The passage is_developed parallel to known
faults within and between adjacent limestone knolls, but no
indication of faulting can be seen around the cave. fhe
Martin Limestone in which the cave is deveioped on the west
side of the knoll is extremely closely bedded and jointed,
and this may partly account for the apparent ébsence of
structural control on the passage. However, as a fesult of
the dip of the rock, the eastern part of the passage is
developed in the overlying Red Hill Beds which are rather
more massiVely bedded and jointed. The only reasonable.
explanation for the development of the passage involves some
external control, for example, a water table or a high sea
level; but it is difficult to explain why only one passage
in the immediate area should have‘developed in such a fashion.
In order to compare the altitude of the 'phreatic
network" caves with that of the controlling water bodies
(sea level in the case of those caves in former estuarine
situations), wherever possible the altitude of the caves was
found by levelling (Table 7.1). In all cases, it can be
seen that the caves are developed at heights considerably
above the maximum 5.78 m 0.D. reached by the mean high-water
mark of spring tides during the Post-glacial (see 10.2,1).
It was not possible to level dilpin Bank Caves and Roudsea
Wogahbaves However, borings by Gresswell (1958, 90) in the
Lyth Valley 1ndlcate that marine deposits océhr at least
1 m below the present level of the moss at Gilpin Bank, at
and above which 1eve1'the caves are found. At Roudsea Wood
Caves, on the other hand, given suitable conditions, flooding

may still occur up to and beyond the base of the limestone



Cave Altitude (m 0.D.)

Levens Cave 8.14 (entrance floor)
7.89 (entrance floor)
Brackenthwaite Cave 24.76 (entrance floor)
Hale Moss Cave 26.02 (entrance floor 1)
25.32 (entrance floor 2)
Hazel Grove Cave 27.05 (entrance floor)
Fairy Cave 8.9-11.3(entrance floor)1
Shale Cave 8.9-11.3(entrance floor)1
Yew Tree Cave 9.4-11.8(cave floor)1
Table 7.1 "Altitude of the "phreﬁtic network'" caves
1 These altitudes levelled from the surface of Nichols

Moss, the altitude of which is 8.4-10.8 m 0.D. adjacent

to the caves (Smith, 1959, 108).
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knolls. Nature Conservancy Council records indicate that,

this has occurred at least eight times in the last 20 years.

7.2.5 The "phreatic network" caves as karst drainage
features

There is considerable evidence that most of the
"phreatic network" caves are merely fragments of typicai
karst drainage systems. Some of the passages demonstrate
the characteristic.circular cross-sections of phreatic tubes
. formed by water flowing under hydrostatic pressure (Plate
7.1). Elsewhere, in Gilpin Bank Caves for example, phreat-
ically formed aven-like features are developed up to 1.5 m
above the general ceiling level of the passages. Such
features would require considerable hydrostatic head to
enable them to develop and are thus incompatible with the
thesis of formationbyastatic water body.

Other evidence.supporting the idea of the caves as
typical drainage conduits comes from the presence of bedform
erosional features, in particular scallops and meanders,
which indicate relatively high flows not expected under
static water conditions.

. Scallops are diagnostic of solufion under a turbulent
flow regimé. They may be used as indicators of palaeoflow
velocities, and hence diséhargéﬂalong cave conduits (see
6.5). Within the "phreatic network" caves, distinct scallop
assemblages have been found in Fairy Cave,.from which veloc-
ities of 10-23 cm s~ ! and discharges of 0.3—0.6‘m3 s™! can

be inferred, and in Roudsea Wood Cave (south), from which
velocities of 4-9 cm s™! and discharges of 0.1-0.2 mS s~ 1

can be inferred (see 7.4.2).
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Other '"phreatic network" caves in which scallop-
like features have been found are Hale Moss Cave, Bracken-
thwaite Cave and Hazel Grove Cave (Table 7.2) (Figs. 7.5, .

© 7.6 and 7.7).

Hale Moss Cave : main passage ' 1-92
Hale Moss Cave : entrance series ~T
Brackenthwaite Cave : main passage 15-30

Table 7.2 Wavelength of scallops (cm) in Hale

Moss Cave and Brackenthwaite Cave
In these cases, the scallops are heither distinct nor
numerous, and are not in situations where they could be used
to reconstruct palaeoflow conditions, but they do give some
indication of former flows.

As with scallops, cave meanders may be used to
indicate palaeohydrological conditions (see 6.4). Within
the "phreatic network" caves, méandering conduit forms occur
in Yew Tree Cave, where the fossil meanders indicate a former

high-state discharge of 7.5 i g‘g ls—1 (see 7.4.3).

Nevertheless, a number of the caves include distinct-
ive elements ndt typical of karst conduits. These caves,
Brackenthwéite Cave and the entrance series of Hale Moss
Cave, are éharacterised by a dense grid-iron pattern of

-~ passages'in which almost every joint has been opened by
solution. Also noticeable is the location of such networks
along the edges of the limestone mass.

According to Palmer (1975, 59), the development of
almost all maze caves (sic) 'is the result of either

(i) temporal variations in head and discharge as water moves
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through a developing limestone drainage system, preventing

a fixed passage configuration from developing with respect
to flow; or (ii) diffuse, aggressive recharge entering uni-
formly into all fractures either from an adjacent insoluble
formation or from the overlying land surface.

The first condition appears unreasonable as a
generai explanation. Furthermore, the maze-like components
of the caves show little evidence of the scallops, breakdown
and localised sediment accumulations regarded by Palmer
(1975, 65) as characteristic of such flood networks.

Networks formed as a result of this process are rudimentary
and of relatively irregular pattern (Palmer, 1975, 65), in
contrast to the well-developed networks of the Morecambe

Bay systems. Finally, this mechanism provides no explanation
for the proximity of the networks to the moss edges.

The second mechanism proposed by Palmer appears more
applicable to the Morecambe Bay situation. Although no
adjacent insoluble formations occur near the caves, there is
considerable evidence of recharge entering the cave uniformly
from the ground surface. In many places within the networks,
the roof rifts are choked by roots and surface soil, whilst
evidence of.percolation is provided by the drip pits and
linear flutings which form whénever the cave flooi has been
uﬁ&isturbed for a few months. However,--it is difficult to
explain why fhis process should have resulte&monly in the
development of networks adjacent to the moss edges.

There is evidence that Hale Moss, around which all
the true network caves are located, was formerly infilled to

a greater extent than at present by peaty sediments (Munn
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Rankin, 1910, 256). It is possible that the peat acted as

a barrier to water flowing out of the limestone mass, result-
ing in the build up of head.Within fhe cave system and the
movement of water from the main passage into adjacent
fractures in a form of bank storage. This would have
enabled the opening up of a dense network of fractures
adjacent to the moss. Alternatively, the networks could be
the result of some external process: meltwater from adjacent
decaying ice bodies as suggested by Sweeting (1974, 76),
solution at the air-rock-soil interface, or the action of
adjacent static water bodies as proposed by Ashmead.

The development of tropical karst foot caves at the
base of limestone hills by solution at the air-rock-soil
interface has been suggested by both Wilford and Wall (1965,
66) and Jennings (1976, 96). However, observation of
exhumed tower foot-slopes in tropical areas suggests that
this process gives rise to a notch-like morphology (Jennings,
1976, 96), rather than the Morecambe Bay-type network system.

The existence of a static water body in Hale Moss,
which would have enabled the networks to form after the
fashion proposed by Ashmead, has been sﬁpported by Munn
Rankin (1910, 155; 1911, 256-257). Munn Rankin found exposures
of lacustrine silts, 6ver1ain‘by 0.5 m of sheli marl, almost
whéily composed of freshwater snails, itself overlain by
peat; Unforfunately, Munn Rankin provided ﬁg information
as to the height of the lacustrine sediments, and exposures
of the deposits have been subsequently destroyed by cultiv-
ation so it is impossible to reconstruct the former water

level of the lake.
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Despite the former existence of a water body, the
mechahism of cave formation proposed by Ashmead has been
shown to give rise to notch—like.cave forms in tropical
karst and marine situations (Paton, 1964, 145; Wilford, 1964,
9; Tfudgill, 1976). The external water body thesis would
therefore seem to be inapplicabie a2s an explanation for the

true network caves of the Morecambe Bay area.

7.2.6. Conclusions

The "phreatic network" caves of the Morecambe Bay
karst have been variously regarded as foot caves resulting
from the working of tropical karst processes and water table
caves whose form is the result of control by external water
bodies. With the exception of Roudsea Wood Cave (north),
the origin of which remains enigmatic, there is 1little
evidence to support either of these hypotheses. The caves
themselves appear to fall into two distinct categories.
Firstly, the true network systems found around Hale Moss, for
the development of which a number of hypotheses have been
advanced. Secendlj, those caves which represent fragments
of abandoned karst drainage networks. These caves, includ-
ing Levens Cave, Roudsea Wood Cave (south) and the caves
surrounding Nichols Moss, were obviously placed in the
"phreatic network" category solely-as a result of their prox-
imity to the moss edges. However, thei; horizontal nature
and limited vertical extent can be explained ih terms 6f
structural control; they are located at altitudes above those

of the controlling static"wafer bodies, and they contain

clear evidence of former periods of relatively high discharge.
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7.3 The palaeohydrology of Fissure Cave

7.3.1 introduction

Fissure Cave (SD45557560) is located within the
fossil marine cliffline of Silverdale Cove. Although only
15 m long, the cave contains complex sedimentological
sequences, consisting mainly of hydraulically-transported
deposits. Equally important, the depositional sequences
within the cave can be related, on stratigraphic grounds, to
those in other caves in the Morecambe Bay area (see 5.5.1).

By the application of techniques previously only
used in surface environments, it is possible to reconstruct
a detailed picture of fluctuating environmental conditions
within the cave, and to obtain previously unavailable inform-

ation on the palaeohydraulic environment of caves.

7.3.2 The clastic sediments of Fissure Cave

The majority of the clastic sediments found in
Fissure Cave fall within the lacustrine and fluviatile
environmenfal envelopes of the QDa-Md diagram (Fig. 5.1).
This interpretation of their origin is borne out by a study
of the grain-size curves of the sediments, which closely
resemble those of tYpical hydraulically—-transported materials
(Fig. 7.9). A small number of the deposits, however, fall
either within the glacial envelopes of the QDa-Md diagram, or
in transitional positions between the glacial and hydraulic
envelopes (Fig. 5.1). It is suggested that the apparently
anomalous origin of these deposits is the result of the
derivation of all the clastié sediments within Fissure Cave

from surface glacial materials. Within typical cave systems,
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the bulk of the clastic, non-calcareous deposits are derived
from surface sources, often via major hydrological inlets

or swallets (see, for example, Davies and Chao, 1959; Bull,
-1976). Analysis of surface deposits in the Morecambe Bay
area (samples 45, 46, 47, 48 and 49; Water Resources Board,
1970) shows them to fall within the near-mountain source
glacial environmental envelope of the QDa—Md diagram (Fig.
5.1). Similarly, field study of the deposits found within
the closed depressions of the Silverdale area shows that the
-~ depression fill is typically poorly-sorted material contain-
ing a wide variety of particle sizes (see 8.4.4), whilst
analysis of samples of depression fill from St. John's
(sample 38) and swallet fill from Fissure Cave (sample 44)
shows the sediments to be indistinguishable from the glacial
deposits of the area (Fig. 5.1). The derivation of the
closed depression and swallet fill from glacial deposits is
also indicated by petrographic analysis. A proportion of
the pebble and cobble fraction (=4 mm) of these deposits is
.erratic material only found in association in sediments
transported by ice from the Lake District (Fig. 7.10).

It is therefore probable that the sediments from
which the deposits in Fissure Cave are dérived had a similar
granulometric distribution tonthe sediments found on the
surface and in the closed depressions of’thé.érea, This
being so, the hon—hydraulically transported &éposits in
Fissure Cave can be seen to fall into two catégories
(Fig. 5.1): )
(i) Deposits which éanndt be differentiated from those

found on the 'surface, i.e. near-mountain source
glacial deposits (sample 44).
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Fig. 7.10 The frequency of occurrence(by weight) of petrographic types within the pebble and cobble fraction ( = 4 mm)
of closed depression and swallet fill in the Morecambe Bay area
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(ii) Deposits faliing within or near the continental
| ice environmental envelope (samples 16, 30 and
34).

' The sediments of category (i) are found within the
second aven and foim the basal component of the depositional
sequences in the cave. The height of these basal deposits
decreases further into the cave and away from the second
aven. Moreover, the morphology and 'infill of the second
aven are such that a direct surface connection must once have
existed through it. Thus, it seems reasonable to postulate
that unmodified glacial material'entcred the cave via the
aven to form a cone of material almost filling the cave and
blocking both the pfesent entrance and the second aven
(Fig. 7.11). |

The sediments of category (ii) are unlikely to have
been deposited from continental ice, given the location of.
the area adjacent to the Lake District, a major mountain-ice
source. However, it is maintained that a similar grain-size
distribution could be achieved by truncating the coarser
fraction of a near-mountain source glacial deposit, thereby
reducing both Md and QDa, without any réworking of the
sediment. -This is what would occur if a surface deposit
were to be moved through a sméll inlet into a cave system.

N In some cases (e.g. samples 16 and 30), the deposits
are transitidnal between the continental iCe—;nd the lacust-
rine environmental envelopes. Examination of the grain-size
curves of these deposits shows that they have forms typical
of hydraulically-deposited sediments (Fig. 7.12), but with

less steep straight-line coarse-fraction segments. This
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characteristic indicates that, although the initial unsorted
glacialhmaterial has been considerably reworked, the process
has not advanced sufficiently to reduce significantly the
fine fraction of the deposits. The same is true of all the
sediments clustered in this area on fhe QDa-Md diagram
(samples 15, 32 and 33). All group onvthe "olacial' side
of the lacustrine envelope, indicating incomplete reworking.
It is suggested that this is the result of their deposition
in less-active water conditions with less energy available
to rework the sample, éspecially over the short distances
of flow involved. It is also possible that some of these
deposits méy have been transported by percolation waters és
proposed in 7.3.3.

Thus, the clastic sediments in Fissure Cave represent
a range of types between the two end-members of the sequence:
unmodified glacial material and fluvial or lacustrine sedi-
ments. Most of the sediments in Fissure Cave have been
-reworked to such an extent that they fall clearly within the
hydraulic envelopes of the QDa-Md diagram (Fig. 5.1).
Nevertheless, the samples cluster significantly on the
"glacial" side of these envelopes. Moreover, a study‘of
individual grain-size curves shows that, although the sedi-
ments have forms typical of fluvial and lacustrinc materials,
théy still include a high percentage of clays, suggesting
incomplete reworking (see Fig. 7.13). -

Evidence from the work of Bullér and McManus (1973a,
143-144) shows QDa-Md analysis to be highly sensitive to the
effects of hydraulic modification on sediments. They have

found that within a few tens of metres of the snouts of
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Alpine glaciers, tills are reworked by outwash streams into
typical fluvial grain-distributions. The work in Fissure
Cave bears this out. Fissure Cave is a short system,

. probably no more. than a few hundred metres long, allowing
for small phreatic inlet systems, yet matefials derived from
unsorted till on the surface are reworked into character-
istically fluvial or lacustrine grain-size distributions

within that distance.

- 7.3.3 Environmental interpretation of the deposits found

in Fissure Cave

The basal deposits found in Fissure Cave consist of
generally unsorted materials which appear to have formed a
detrital cone within the cave (see 7.3.2) (Fig. 7.11).
These deposits are indistinguishable from surface glacial
materials, suggesting that little modification occurred
during their movement into the cave. No sign of any sedi-
mentary fabric is discernible within the deposits, which were
probably laid down as the result of relatively rapid mass
movement.

There is no reason to believe the basal deposits to
be derived from anything other.than the.surface deposits of
the last glacial phase invthe‘area. It is difficult to be
more specific as to the date of deposition, although
apparently oyerlying the deposits in the-roof of the second -
aven are angular, point-cemented limestone-blocks. Elsewhere
in the area, similar deposits are interpreted as being of
periglacial origin and of probable Late-glacial age (see 8.5).
Notwithstanding this, deposition of the basal beds must have

preceded the phase of stream activity in the cave which is
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indicated by the overlying deposits. Under present climatic
condifions no stream flow occurs in the cave, and as there is
no evidence to suggest a diversion of the former fiow, it is
likely that the fluvial deposits in the cave were 1laid down
under climatic conditions moister than those prevailing at
present. A considerable body of evidence points to the
Atlantic period (7120-5100 B.P. according to Shotton, 1977,
26) as the time of highest precipitation during the Post-
glacial (see Evans, 1975, 74-77 and references therein); and
so the phase of stream activity may be cautiously assigned to
this period, with the deposition of the basal beds occurring
earlier.

Five sedimentary exposures were studied within the
cave (Figs. 7.11 and 7.14), of which four were intensively
sampled (Table 7.3), the fifth (section C) being too highly
cemented to permit sampling. All the exposures are capped
by the remains of a stalagmite floor, which may be used to
establish some degree of correspondence between deposits in
the cave. - However, only in two of the exposures (D and E)
are the basal beds exposed at the bottom of the section.

The remaining sections are further intoAthe cave where the
basal beds;vif they exist, would be expected to be below the
level of the present cave floér}-' That this is so is
sﬁgéested by the nature of the cave floorjin the final
chamber, whiéh comprises clays, silts, sands and erratic
pebbles and cobbles, at least partly disturbed by human
activity. , K
In exposures D and E, the basal beds are overlain by

sandy muds (sample 34) which fall into category (ii) of
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Fig. 7.14 The stratigraphy of sections A-E in Fissure Cave



Mean critical

D Mean bed Depositional
Sample 50 thickness erosion YTlocity velociEy
Section Bed Number {mm) (cm) {cm s ") (cm s ")
a Sand 1 8 0.54 6 29 . 13
A Sand 2 36 0.22 4 25 \ 2.4
A " Sand 3 24 0.22 35 31 _ 11 -3
A silt 1 43 0.0084 2 ? : 5 x 10
a Sand 4 42 0.33 10 29 ! 12
B Sand 1
B Sand 2 10 0.22 10 29 11 -4
B silt 1 25 0.0034 2 ? 8 x 10
B Sand 3 6 0.38 10 30 12
B Sand 3 35 0.38 10 30 12
B Sand 4 37 0.31 5 - 26 R 11
B silt 2 16 0.044 ' not fluvial
D Sand 1 26 0.19 15 31 11 -4
D silt 1 4 0.0034 2 ? 8 x 10
D Sand 2 11 0.57 15 35 14
D silt 2 1
D Sand 3 14 0.50 7 29 13
D Sand 4 9 0.22 10 29 11
E Silt 1 15 0.027 -3 ? 5 x 10_2
E Silt 2 30 0.017 2 ? 2 x 10
E Sand 1 27 0.14 3 24 1.1 -2
E Silt 3 32 0.027 3 ? 5 x 10
E Sand 2 31 0.085 3 ? , 0.57
E Sand 3 28 0.27 2 24 ! 11 -2
E Silt 4 33 0.022 5 ? 3 x 10
E Silt 5 34 0.024 not fluvial

Table 7.3

Fissure Cave

: stratigraphy and calculated erosional and depositional velocities.
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7.3.2. This suggests either very minor reworking of the
basal beds or deposition from the same glacial source
accompanied by truncation of the coarse fraction of the
grain-size distribﬁfion. The close relationship between
these beds and the basal deposits is borne out by the lateral
transition of Silt 5 in section E to beds containing rounded,
erratic pebbles typical of the basal beds. Similarly, in
section D, the cemented sandyAmud is overlain by a further
bed including erratic pebbles in a sandy mud matrix.

During this period there appears to have been con-
siderable percclation into the cave. This is supported by
a number of lines of evidence. Within section E, the basal
beds are highly cemented and thin layers of stalagmite are
interbedded with the sandy muds of Silt 5. Elsewhere, in
sections B and E, for example (Fig. 7.14), the cave walls
are coated with a veneer of flowstone which predates the
later phase of cave fill. All these features suggest that
carbonate-rich waters percolated into the cave via fraétures
in the roof._

Other evidence for percolation is the existence of
clastic beds (sample 16) céating the cave wall and underlying
the flowétohe veneer in section B (Fig. 7.14). These
deposits could only have achiéved this position by sediment-
ation from waters percolating down the cave wall and carrying
material in suspension. Reference to Fig: 5.1 shows these
deposits to be partially-reworked hydraulically and, as far
as can be inferred, their grain-size distribution is simiiar
to that of materials transported by slope-wash processes

(Ellison, 1945).
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Similar processes seem to have been at work in the‘
secoﬁd aven. Given the direct contact of the aven with
the ground surface, a considerable amount of percolation
might have been expected. This is evidenced by pockets of
finer material left on the walls of the aven and among the
coarser, unsorted material,

All the deposits in stratigraphically higher posit-
ions in the cave have been hydraulically-transported
(Fig. 5.1), implying a considerable change in environmental
conditions within the cave. It is possible that permafrost
had prevented flow in the cave at an earlier stage, as Ford
(1963) suggested was the case for caves in Mendip, but the
presence of the percolation deposits mentioned above makes
this unlikely. Mofe probably, the initi;tion of fluvial
activity was the result either of the clearing of the conduit
feeders, choked by glacial deposits, or of a significant
increase in precipitation over the catchment.

The immediate source of the fluvial deposits in the
cave seems to have been the phreatic inlets at the end of
the cave. This theory is supported by the existence of
sedimentary structures in the final chamber which indicate
flow out of the cave (see below). There is no accumulation
of deposits around the other pﬁreatic inlets in the cave and
there are no clastic deposits underlying the flowstone veneer
within these inlets, suggesting that they ﬁe;formed,at most,
a minor role in sediment input.

Consideration of the hydraulic deposits as a whole

reveals a significant change in mean grain-size along. the

cave passage, deposits tending to be finer with distance from
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the phreatic inlet (Fig. 7.15). Rarely aré coarse-member
beds, to use Allen's (1965a, 229) ierminology, found beyond
the final chamber, implying a progressive decline in the com-
petence of the transporting stream. This is in agreement
with the evidence in the cave as, at the commencement of
-stream flow, the cave would have been effectively dammed by
the detrital cone in the second aven, allowing only slow flow
of water out of the cave and near-static water conditions
within the cave. As a result, sediment-laden flow,
previously confined within‘the phreatic inlet system and flow-
ing under oressure, would have expanded gnd decelerated upon
entering the standing water body, depositing its coarse load
and carrying finer material in suspension to be deposited
further along the cave. Even without a standing water body,
flow would be decelerated due to the increased friction from
the greater wetted perimeter.

It is frequently difficult to correlate beds betweenv
sections, even over distances as short as 1 m; probably as
the result of the complex nature of the sedimentological
processes at work in the cove and the small scale of the
resultant sedimentary structures and bodies. Within the
final chamber, the most complete depositional sequence is
that of section D. As describod above, the bottom of this
sequence consists of the basal beds overlain by reworked or
percolation-water borne deposits. from tﬁe-ovidence of the
height of the remaining basal beds, it would appear that a
basin-like feature existed in the final chamber prior to the
initiation of fluvial activity (Figs. 7.11 and 7.14). This

is borne out by the overlying deposits in section D, which



Fig. 7.15 The change in mean grain-size of hydraulically -
transported deposits along Fissure Cave.
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consist of alternating beds of hard-cemented silts énd sandsA
dippihg into the cave with an apparent dip of 18°. It is
suggested that these sediments accumulated by parallel
accretion on the basal surface, a process shown by Reams
(1968, 62-64) to be the result of the input of fine sedimeﬁt
into standing water. It is likely that at this stage the
cave was still dammed by the debris cone in the second aven.
The overiying beds in section D, Sand 4 and Sand 3
(samples 9 and 14), are of fluvial origin, indicating the
replacement of the quiescent environment of the earlier
depositional phase by more active conditions. This change
is likely to have been the result of the partial removal of
the blockage in the second aven, allowing more rapid through-
flow of water. The morphology of these beds indicates an
infilling of the basin which had previously existed in the
final chamber. That the stream depositing these beds was
insufficiently large to fill the cave passage is suggested
by the lens of bedded muds found within Sand 3. Such
horizontally laminated silts and muds are generally inter-
preted as the product of suspended sediment fallout from
slow-moving waters on overbank areas (Collinson, 1978, 48;
Taylor and Woodyer, 1978, 263). It is possible to infer
frpm this that at least one epiéode of channel migration
occufred during this phase. It is also reasonable to
assume, applying the classic deltaic model'ogifluvial depos-
ition in static water bodies (Gilbert, 1885), that coarser
materials were deposited contemporaneously at the exit from
the phreatic feeder and that finer materials were carried in

suspension further down the cave. However, no definite
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evidenge of any such deposits remains.

This active phase appears to have been succeeded in
sectiop D by a period of waning stream power indicated by’
the deposition of a thin layer of horizontaily laminated
muds. This quiescent phase was succeeded by a.further
period of fluvial activity repreSepted by the accumulation
of Sand 2, from which a depositional velocity of 14 cm s-'1
can be inferred. This bed, and all those above it in the
section,.can be correlated by a count-from-top procedure
with similar beds at similar heights in sections A and B
(Fig. 7.14). Thus, both Sand 4 in section A and Sands 3 and 4 in
section B can be related to the same depositional event as.
Sand 2 in section D. All these deposifs (samples 6, 11, 35,
27 and 42) fall within the fluvial environmental enveiope of
the QDa-Md diagram (Fig. 5.1). They indicate depositional
velocities of the order of 11-14 cm s 1,

The similarity of the-déposits representing this
fluvial phase lends credence to the theory that they con-
stitute parts of the same bed. It is likely that the whole
bed was laid dowﬁ in a phase of relatively rapid depositional
activity, forming a fan within the final chamber. This is
in agreement with the argument of Friend_and Moody-Stuart
u(1972,v36-37)~that single-set sandstone deposits of one
grain size indicate a short-lived episodé of bedload depos-—
ition, probably the result of a single flood; |

Sand 3 in section B exhibits cross-bedding structures
-(Plate 7.2). These dip at 30-34° out of the cave above what

appears to be an erosional contact plane with Sand 4. The

cross-beds provide unequivocal evidence for flow out of the



Plate 7.2 Fissure Cave, section B. The
marker is resting on the remains of the
stalagmite floor. Beneath the thin, pale-
coloured horizon of Silt 1 are the cross-

beds of Sand 3.



141

cave. By using Southard's (1971, 906) depth-velocity-
bedform relationship for 0.45 mm sands, since this is
~closest to the Dy, value of Sand 3 of 0.38 mm, and knowing
the depositional velocity of Sand 3 to be 12 cm s-l, it can
be demonstrated that these features are ripples rather than
dunes. Southard (1971) found that, at this velocity,
ripples tend to develop at flow depths of 9-30 cm, although
it is implicit in his work that ripple development may not
be confined solely to these depths. For clastic beds of
this sort, probably deposited within a single phase, Friend
and Moody-Stuart (1972, 36-40) regarded the thickness of the
sediment body as an approximate measure of channel depth..
In the case of Sand 3 in section B, mean bed thickness is
10 cm, which provides a reasonable match with flow depth as
predicated by Southard's plots. Assuming that flow occurred
across the whole width of the cave (130 cm at seétion B),
then a flow discharge of w16'1—s-1 may be calculated.
During the same depositional phase, particles of up to at
least 0.57 mm (D50) were transported into the cave (Sand 2
of section D). This indicates a minimum velocity of flow
into the cave_of 35 ¢m s—l. The effective cross-sectional
area of the phreatic inlet into the cave is ~200 cm? (see
. _below), giving an approximate diécharge into the cave of
71 s 1, By the principle of continuity, this should be
equal to the discharge at section B. Taking into account
-the fact that larger particles were no doubt transported
into the cave during this phase and deposited near the

phreatic inlet, the critical velocity, and hence discharge

into the cave, could be considerably greater than estimated.
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Neveftheless, even allowing for the errors of the method,
there is insufficient agreement between the values to up-
hold the initial assumption of flow across the whole width
of the cave during this phase. This conclusion is supported
by the depositional sequence at the same height in section
C, in which there is a rapidly alternating succession of
muds and fine sands (Fig. 7.14). The muds are horizontally
laminated, each lamination haying a modal thickness of
0.3-0.4 mm, suggesfing periodic deposition of suspended
sediment on the interchannel area. The sands represent
channel deposits (Allen, 1965b, 127). One part of the
section exhibits a complex of mud and fine sand lenses.
The muds probably again represent interchannel deposits,
whilst sharp-sided sandy beds, wedging out laterally and
interbedded with siltstones and mudstones, have been inter-~
preted elsewhere as the product of episodic decelerating
flows (Collinson, 1978, 48).
In an alternating sequence of this type, changes
from episodes of major suspended load accumulation to episodes
of bedload sedimentation must result from lateral movements
of the stream channel complex (Friend and Moody-Stuart,
1972, 37-39), thereby explaining the rapid 1aterql transition
_between depositional sequences iﬁ sections C and D.

| .It is possible that the sediment-laden flow of this
phase temporarily choked the phreatic inlet; £;r in sections
A, B and D the fluvial deposits are succeeded by fine-member

beds, suggesting a reduction in both flow competence and
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discharge throughqut the cave. These fine-member beds,
which form Silt 1 in sections A, Band D resbectively,
exhibit a remarkable degree of similarity. Inspection of
the environmental envelopes of Fig. 5.1 shows that samples
4, 25 and 43 cluster together at the 1ow_energy end of the
lacustrine envelope. Although samples 4 and 25 lie just
outside the lacustrine envelope, inspection of their grain-
size curves shows them to have a well-sorted, typically-
_hydraulic form (Fig. 7.16). In all three sections thése
beds are 1-2 cm thick and, in the case of sections A and B,
the beds may be traced along the cave wall between tﬁe
sections. Furthermore, these fine-member deposits all re-
present a hiatus between two episodes of coarse-member
deposition. As WOuld be expected, the flows transporting
these materials into the cave deposited rather coarser
materials near the phreatic inlet and rather finer materials
with distance into the cave. - Hence, the Dgo value of sample
43 of bed A is 8.4 pm, compared with 3.4 p m for the cor-
responding beds in section B and D.

This quiet phase of deposition appears to have been
succeeded by a similar phase to the oneApreceding it. An
episode of génerally finer coarse-member deposition is indic-
ated in sections A, B and D by-Sands 3, 2 and 1 respectively
(séﬁples 24, 10 and 26), whilst a similar.bed occurs in the
same stratigraphic situation and at a similafﬂheight in
exposure C (Fig. 7.14). Critical velocities of approximately
30 cm s7! can be inferred'frpm these beds. Using bed thick-
ness as an indicator of flow depth, it can be seen that flow

depth decreased with distance from the phreatic inlet
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(Table 7.3). This is as would be expected on the basis of
the increased cave width. Given a flow depth of 35 cm at
section A and a depositional velocity of 11 cm s_1

charge into the cave of 29 1 s™1 can be calculated. At

, a dis--

section B, values of 15 cm for flow depth, 125 em for channel
width and 11 em s~1 for depositional velocity givé a dis-
charge of Zi 1 s'l. By the principle of continuity these
discharge values should be equal. There is an acceptable
level of agreement, well within the errors of the assumptions,
suggesting that, at least during this stage, flow was adequate
to cover the whole floor of the cave.

In contrast to those of the previous fluvial episode,
these deposits are not totally of a homogeneous coarse-member
facies. Both Sand 2 in section B and Sand 1 in section D
include a number of silt lenses, which may be indicative of
channel migration and overbank deposition, as well as mud
nodules which may be reworked from the underlying bed.

Immediately after this stage there appears to have
been a significant change in the cave environment, with the
temporary cessation of flow and the initiation of a phase of
stalégmite deposition. The stalagmite appears to have formed
a false floor on top of the cave fill throughout the whole of
the cave. Above this, a thiﬁ.Veneer of stalagmite coats the
‘rogf'and walls of the cave, with occasional formations in the
roof. The déposition of stalagmite presuppéges percolation
;of water into the cave. At present, percolation into the
cave is minimal and, since there is no reason to believe that

any major change has taken place in the hydrology of the

overlying rock since the end of the last glaciation, it seems
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reasonable to assume that the stalagmite deposition éan be
related to a phase of wetter, and possibly warmer, conditions
during the Post-glacial (see 5.3.3). Stalagmite beds in
identical stratigraphic locatipns elsewhere in the area have
been cautiously assigned to the Atlantic stage of the Post-
glacial (see 5.3.3 and 5.5.1) and this is in agreement with
the age suggested for the fluvial deposits with which the
stalagmite is associated in Fissure Cave (see above).

Any attempt to correlate events in the final chamber
with those further along the cave at section E is made
difficult by the absence of intervening sedimentary exposures,
This difficulty is compounded by the gap in the depositional
sequence of section E between Silt 5, representing the inifial
phase of deposition in the cave, described above, and Silt 4.
Silt 4 (sample 33) falls clearly into the lacustrine environ-
mental envelope of the QDa-Md diagram (Fig. 5.1). The most
acceptable explanation of this bed is that it constitutes the
wash-load deposition phase associated with the reduction in
flow competence as water entered the cave. On this basis,
the horizon can be compared to deltaic bottomset beds.

It is difficult to link Silt 4 to specific events
further into the cave. However, on height considerations
alone, it is likely that the deposit is related to a later
" phase of sedimentation in the final chamber. The deposit_
jonal velocity of Silt 4 was 0.03 cm s_?, which suggests that
deposition of suspended material was taking place as water
trapped within the cave seeped slowly around the obstruction

formed by the debris cove in the second aven.
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The lens-shaped coarse-member deposit of Sand 3
(sample 28) probably represents the channel fill of an inter-
mittent flow mo?ing across the underlying muds of Silt 4.
Assuming a flow depth of 2 cm, the approximate thickness of
the lens, the critical velocity would have been around
24 cm s"l; more than adequate to erode the underlying beds,
which were presumably still in a relatively unconsolidated
state.

‘Concave-based, lenticular bodies of this sort are
- generally thought to bé‘the product of low-sinuosity streams
(Moody-Stuart, 1966, 1110-1111; Allen, 197C, 140). The sands
- within the lens were probably deposited in situ as velocity
in the channel fell to about 11 cm s_l, leaving the channel
fill. dominated by traction and saltation load materials.
The channel was ultimately abandoned and buried by the fine—
grained, quiet-water deposits of Sand 2 and Silt 3 (samples
31 and 32), which include occasional thin horizontal beds and
lenses of mud. These may be either wash-load deposits, as
represented by Silt 4, or overbank deposits. The latter
appears the most likely explanation in view of the fact that
horizontally laminated muds are generally interpreted as the
product of suspended sediment fallout in overbank areas (see
above). The cycle Sand 3 - Sand 2 - Silt 3 forms a typical
up&érdéfining sequence (Allen, 1965a), which suggests gradual
migration of the channel away from the section.

This sequence is repeated in the overlying beds,
Sand 1 and Silt 2 (samples 27 and 30). Sand 1 reflects the

renewal of stream conditions, the deposits indicating a

critical velocity almost identical to that of Sand 3. This
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.is possibly the result of the lateral migration of the stream
channel. The channel deposits themselves contain occasional
mud 1ensés and laminations, which may be interpreted as
overbank deposits. The overlying bed, Silt 2, may eifher
indicate channel migration and wash-load deposition in the
interchannel zone, or deposition from percolation'waters as
in the case of sample 16 of section B. In either case, de-
position was followed by total cessation of flow and the
deposition of a stalagmite bed. As in other parts of the
cave, the stalagmite appears to have been deposited as a sheet
over the cave infill, Within the small chamber at the site
of section E, the remains of the stalagmite floor dip into
the cave passage, suggesting a degree of incision by the
final stream to have flowed in the passage.

This stalagmite bed can be correlated with the phase
of stalagmite deposition which occurred throughout the rest
of the cave. In some parts of the cave, however, this de-
position was intermittently interrupted by episodes of clastic
deposition. In section A, the stalagmite is overlain by
Sand 2, a uniform, coarse-member deposit (sample 36).
Similarly, in section E, the stalagmite-is overlain by Silt 1
(sample 15), indicating a phase of quiet-water deposition..
It is possible that Silt 1 coﬁstituted the suspended load
vcoéponent of the sediment inputs which gave rise to Sand 2 in
section A, fdr the two sets of deposits are ;% similar heights
within the cave (Fig. 7.14). Applying Friend and Moody-
Stuart's (1972, 36-40) measure of bed thickness as an indicator
of the flow depth of rapidly deposited fluvial sediments,

Sand 2 in section A has an approximate flow depth of 4 cm and
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a channel width of 75 cm. Assuming a mean depositional
velocity of 11 cm s7! for Sand 2, discharge into the cave
would have been ~3 1s™!. Since the same flow must have
been competent to transport the materials of Sand 2 into
phe cave, given a mean critical velocity of 25 cm s-l, by
application of the principle of continuity the effective
cross-sectional area of the phreatic inlet tube can be calec-
ulated as ~130 cm2. |
Renewed percolation at section A resulted in the

cementation of the sandy deposits of Sand 2 and the develop-
ment of a flowstone floor penecontemporaneously with that in
the rest of the cave.

. The final phase of clastic deposition in section A,
that of Sand 1, appears in many respects to be similar to
that which deposited Sand 2. That this deposition occurred
after a considerable hiatus may be seen from the highly
developed nature of the underlying flowstone floor (Plate 7.3).
Both the intermittent nature of the flow and the fan-like
morphology of the deposit suggest deposition in a single
phase, perhaps as the result of storm flow. Applying the

same methods as for Sand 2, a discharge of ~6 1 g1

into the
cave and an effective phreatic inlet cross-section of
~ 200 cm? are indicated.’ Siéilar sand deposits can be found
- oﬁgfiying the flowstone floor in section._B.

Some‘percolation must have continuéd'in the cave,
since the upper sand deposits in both sections A and B have
been cemented. In neither case has the precipitation

proceeded sufficiently to deposit a further flowstone bed.

It is worth noting, however, that in many parts of the cave



Plate 7.3 Fissure Cave, section A. The marker is resting
on the well-developed middle stalagmite bed. Behind the

marker is the fan-like form of Sand 1.



149

(sections B, C and E) the flowstone floor has been cracked
and recemented. Although the shattering of stalagmite beds
has often been interpreted as the result of frost action.
(for example, Sutcliffe, 1960, 15), other mechanisms, such
as the updermining and slumping of the underlying beds, are
' possible.

The final episode of sediment removal in the cave
remains somewhat enigmatic. The immediate explanation
involves a phase of vadose incision, but this would have
necessitated highly competent flows to remove the basal
deposits in the second aven. Moreover, any flow of this
magnitude would have left considerable evidence of trenching
in section A, where an uneroded flowstone floor lies directly
across the line of flow. An alternative p#rtial explanation
is that marine erosion helped remove some of the material in
the second aven. The maximum mean high-water mark of spring
tides reached during the Post-glacial was 5.78 m O0.D. (see
10.2.1), at which height water would haﬁe penetrated to Jjust
beyond the first aven, perhaps thereby removing some of the
debris cone, but npt providing a mechanism for the clearance
of the rest of the cave.

The.only other plausible explanation is that the
cave has been partly excavate& by man, as there is evidence
of-the use of explosives in some parts of..the cave. Thié
might have béen the work of miners prospectiﬁé for haematite
since a worked vein, Red Rake Mine, is located only a few'
hundred metres from FissureApaVe, and there is considerable
evidence of trial excavations at several locations along the

cliffs of Silverdale Shore.
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7.3.4. The palaeohydraulic environment as determined from
fluvial channel-deposits in Fissure Cave

The palaeohydraulic parameters detailed in 6.3 were
calculated for those sediments in Fissure Cave dominated by
bedload materials (i.e. Allen's (1965b, 127) channel deposits).
In the first instance, bedload sediments were defined as those
af D50 >~0.2 mm since, according to Sundborg (1967, 238),
particles of smaller than this tend to go immediately into
suspension once eroded. It was subsequently found that, in
all cases, u* fell within the range 20.0-1.4 cm s"'1 regarded
by Middleton (1976, 424) as necessary for the bedload trans-
port of sand. A complete list of derived parameters is
given in Table 7.4.

Very few measurements have been made even of the
basic hydraulic parameters of cave streams. Observations by
White and White (1970, 44) suggest that velocities of
< 30 cm s~1 and flow depths of the order of "tenths of meters"
(sic) are typical. These values are similar to thoseA
derived from the Fissure Cave sediments, although it might
be expected that flows of greater magnitude would be found
in larger caves.

Friction factors, such as those of Ch&zy and Darcy-

. ‘Weisbach, express the resistaﬂce to flow of a fluid by a
sdiid boundary. In alluvial channels, frictional losses
depend on (ij the grain-size of the sediment?‘ (ii) the
nature and size of the bedforms, and (iii) the channel form.
Two friction factors, C and f, were calculated. The
Darcy-Weisbach friction factor is recommended by the Task

Force on Friction Factors in Open Channels (1963) in slight



Mean bed

thickness _ :
* =
] Break w u Dgg = flow u c/vg £ s Re F P T e SN
ample point -1 -1 depth (4) _ ) _ -2 -1
{mm) (cms ) {(cms ') - (mm) (em) (ecm s ) (Wm™) (Nm (m* s
Section Bed Sample
Number
A Sand 8 0.18 1.7 1.7 0.54 6 29 17.1 0.027 .4.9x10—4 13385 0.38 0.08 0.29 0.03 0.017
A Sand 24 0.20 2.1 2.1 0.22 35 31 14.8 0.037 1.3x10'4 83462 0.17 0.14 0.44 0.12 0.109
A Sand 42 0.27 3.2 3.2 0.33 10 29 9.1 0.097 1.0x10—3 22308 0.29 0.30 1.02 0.19 0.029
B Sand 10 0.16 1.4 1.4 0.22 10 29 . 20.7 0.019 2.0x10—4 22308 0,29 0.06 0.20 0.06 0.029
B Sand 6 0.23 2.6 2.6 0.38 10 30 11.5 0.060 65.9:(10—4 23077 0.30 0.20 0.68 0.11 0.030
B Sand 35 0.29 3.6 3.6 0.38 10 30' 8.3 0.115 1.3x10-3 23077 0.30 0.39 1.30 0.21 0.030
B Sand 37 0.22 2.4 2.4 0.31 5 26 10.8 0.068 1.2x10-3 10000 0.37 © 0.45 0.58 0.12 0.013
D Sand 26 0.18 1.7 1.7 0.19 15 31 18.2 0.024 2.0x10-4 35769 0.26 0.09 0.29 0.09 0.047
D Sand 11 0.50 7.2 7.2 0.57 15 35 4.9 0.339 3.5)1:10-3 40385 0,29 1.81 5.18 0.56 0.053
D Sand 14 0.57 8.3 8.3 0.50 7 29 3.5 0.655 1.0x10n2 15615 0.35 2.00 6.89 0.85 0.020
D Sand 9 0.18 1.7 1.7 0.22 10 29 17.1 0.027 2.9):10_4 22308 0.29 0.08 0.29 0.08 0.029
E Sand 28 0.16 1.4 1.4 0.27 2 24 17.1 0.027 1.0x10—3 3692 0.54 0.05 0.20 0.05 0.005
Table 7.4 Fissure Cave fluvial channel deposits : palaechydraulic parameters.
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preference to the Ch&zy coefficient. Considering, therefore,
only £, it can be shown that a strong relationship exists
between frictional resistance and the grain-size of the
sediments (characterised by their D50 value) in Fissure Cave
(Fig. 7.17). It should be pointed out, however, that f and
D50 are not entirely indépendent, both being derived from the
initial grain-size distribution of the sediment.

Bagnold (1966) has published a list of friction
factors for present day rivers. These show that 95% of
f-values lie between 0.01 and 0.15, whilst the results of
flume studies by Guy, Simons and Richardson (1966) indicate
that all friction factors lie between these values. With the
exception of samples 11 and 14, the results from Fissure Cave
all fall within this range.

The slope of the energy grade line may be regarded as
approximately equal to the slope of the stream bed, although
this is only truly the case under conditions of uniform flow.
In all cases, the computed slope is less than that. of the
cave itself (5.4 x 10—2), suggesting an adjustment of the
channel slope to different conditions of sediment and watér
discharge. This is in accord with the picture of sediment
aggradation in a static water body proposed in 7.3.3.

The Reynolds number egpresses the dimensicnless ratio
Vof—ihertial to viscous forces in the stream and serves as a
criterion to aistinguish between laminar and‘iurbulent flow.
As expected, calculated values of Re are all in excess of

2000, indicating that all thg sediments were laid down by

fully turbulent flows.



Darcy - Weisbach friction factor (f)
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Fig. 7.17 The relationship between the
Darcy - Weisbach friction factor and
median grain - size for fluvial channel
deposits in Fissure cave |
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The Froude number indicates the ratio between flow.
velocity and the velocity with which waves can move over the
water surface, i.e. the ratio between inertial and gravity
forces in the fluid. Thus, the Froude number distinguishes
supercritical and subcritical flow according to whether F is
greater or less than unity. In all casés, the bedload
sediments in the cave were transported by subcritical flows,
indicating transport under a subcritical-turbulent flow
regime. This is in accord with the general observations of
" White and White (1970, 44) that most cave streams are
characterised by lower-turbulent flow regimes.

The boundary shear stress is the retarding resistance
at the channel bed acting against the direction of flow. 1In
open channels this stress tends to be non-uniform on account
of the shape of the channel cross-section and the presence of
secondary flows within the channeI; Thus, the boundary
resistance may be written in terms of mean shear gtress, even
though the shear stress distribution is unknown (Henderson,
1966, 88-90). |

To compare T with values obtained from other rivers,
shear stress may be recalculated as a dimensionless parameter
(0) o

6 = T/(p4-Pg) & Dy, (Bagnold, 1966, 9)

Values'of 6 for 115 rivers, mainly large“alluvisl streams,
are listed by Bagnold (1966, 30-33). Meanig‘;s 2.24 (0'=4.58)
but the range of values lies between 0.14 and 30. As ex-
pected, the calculated values of 6 for Fissure Cave lie at

the bottom end of this range. Saunderson and Jopling (1980)

studied a similar—scale environment to that of Fissure Cave,
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a micro-delta within an esker. They obtained valués more
comparable to those in Fissure Cave :T= 4.50 N m-z, giving
6 = 1.33.

Stream power can be defined as . the rate at which a
stream loses energy. It is equal to the product of the
weight of water in a reach and the loss of energy head per
unit time (Colby, 1964, 24). Stream power has been dis-
cussed as a measure of sediment discharge by Cook (1935) and
by Bagnold (1960) but, as Cook indicated, its relationship
to sediment discharge is not simple. On the basis of the
stream power categories devised by Friend and Moody-Stuart
(1972, 45-47), the Fissure Cave sediments fall below the sand
rivers class (median power ~2 W m_z).

Considerable caution must be exercised in the use of
these derived palaeohydraulic values, for it is clear that
the errors which exist in the original parameters of u, u¥*
and d can only be compounded'by using them to derive further
values (see 6.2, 6.3 and 7.3.3). Nevertheless, the values
o) ébtained fall within the expected ranges of a system of
this scale, suggesting that the errors resulting from the
initial assumptions and simplifications.of the method are
not significantly high. Furthermore, since so little is

. known of either karst or small-stream hydraulics, the data

provide a basis for comparison with further work.

7.3.5 Conclusions
As in the case of many of the caves in the Morecambe
Bay area, none of the sediments in Fissure Cave appear to

pre-date the last glacial phase. Even the lowest depositional
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member in the cave, the poorly-sorted pasal beds, seems to
h#ve been derived from Devensian glacial deposits. These
beds entered the cave via the second.aven to form a detrital
cone in the cave passage. Overlying the basal beds are
deposits which indicate a phase of considerable percolation
into the cave followed by a long period of fluvial activit&.
During the early part of the fluvial period, flow into the
cave was probably dammed-up behind the detrital cone in the
second aven. This may have resulted in the development of.
a static water body in the cave, with the result that

. sediment-laden flow deposited coarser materials at the exit
from the phreatic feeder and carried finer materials in
suspension further into the cave.

The cave appears to have experienced-at least three
episodeé of alternately quiet and active flow conditions.
These were succeeded by a phase of stalagmite deposition,
itself punctuated by further épisodes of fluvial activity.
The channel deposits which characterise the active fluvial
phases seem to have been laid down as the result of single
flood events, indicating a flashy flow regime, characterised

by highly-peaked, short-duration flood hydrographs. The
1

magnitude of'these floods was of approximately 5-30 1 s~
h“althpugh rarely were flows adequ;te to cover the whole floor

of the cave. ‘Instead, there is evidence of f{equent

lateral shifts of channels and phases of ovefbank deposition.

The remarkable similarity of these floods, both in terms of

their magnitude and their hydraulic behaviour, is probably

at least partly a reflection of the controlling influence

of the geometry of the phreatic inlet system.
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The hydraﬁlically-transported deposits in Fissure

Cave appear to have been derived solely from suffacé glacial
deposits. It is therefofe likely that a considerable amount
of fine material was carried into the cave as suspended load,
resulting in highly turbid flows, and this is borne out by
evidence in the cave. Nevertheless, the ability of stfeam-
‘flow to rework materials rapidly is demonstrated by the fact.
that, within a few hundred metres of transport along the cavé,
the unsorted glaciai deposits had been sorted into character-

istic fluvial grain-size distributions.

7.4 Palaeohydrological reconstruction from the evidence of
bedform flow-features in caves
7.4.1. Introduction
Using the methods detailed in 6.4, 6.5 and 6.6, which
describe the reconstruction oﬁ cave palaeohydrology from bed-
form flow-features, the former discharge and catchment area
of particular drainage routes may be calculated. These

methods are applied to all caves in the Morecambe Bay area

in which suitable bedform assemblages are found (Fig. 7.18),

7.4.2 Scallops

Scallop assemblages wefé"méasured in three caves in
~thew;rea: Roudsea Wood Cave (south), Capeshead Cave and
Fairy Cave (Fig. 7.18). In each of these caégs, Curi's
site criteria of a regularly-shaped cave crosS—section,
‘unchanging for some distance along a straight section of

passage (seé 6.4.4) were fulfilled.



Fig. 7.18 The reconstruction of karst palaeohydrology in
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The maximum scallop length parallel to the direction
of flow was measured for at least 25 scallops. These were
measured in the central part of the cave roof in order to
minimise the possible influence of boundary effects at the
corners of passage cross-sections. The scallops thus
measured had been formed under phreatic conditions, hence
computed velocities could be used to calculate discharge.

Blumberg and Curl (1974, 743) recommended that the
Sauter mean be used to characterise average scallop size.
This measure suppresses the importance of smaller, anomalous
scallops (sée 6.4.4). In all cases, however, it was found
that scallop wavelengths were approximately normally distributed
and a simple measure of mean length was considered to be
adequate.

Mean flow velocities were calculated from the scallop
data using the methods of Curl (1974) and Blumberg and Curl
(1974), and applying Prandtl'é equation for velocity profiles
near rough walls (see 6.4.3). BL was assumed to be 9.4 and
u* was calculated assuming Re* values of 1000 and 2220 to

take into accounf the findings of both Blumberg and Curl

(1974) and Thomas (1979) (see 6.4.3).

7.4.2.1 Roudsea Wood Cave (south)

T L =24.0cm (o' = 6.4 cm) L
a= 2.4 m2 ' : "T
d = width between parallel walls

0.70 m
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If Re* = 1000, u* = 0.5 cm s !
u = 4.2 cm s71
Q =0.1m° st
If Re* = 2220, u* = 1.2 cnm g1
T =09.4cmst
Q = 0.2 m® s71

Roudsea Wood Cave (south) (SD333825).forms a now-
dissected passage which is likely to have once been of con-
siderable horizontal extent (Fig.'7.3). A passage of fhis
size would have formed a significant component of the drainage
system of the Holker block. |

Scallops were measured in the cave at cross-section
3 where the passage is straight for more than 30 m, over
which length the cross-section approximates to a flattened
arch (Fig. 7.3). The only disadvantage to this site is
the existence of a side—passage which by-passes the main flow
route. Nevertheless, the scallop data enable a minimﬁm
discharge value to be obtained.

In order to establish the form of the cave floor
beneath the ﬁeaty infill, a series of probes were put down.
By this means a trench at 1east 1.25 m deep was dlscovered
in the centre of the passage (Fig. 7.3). This was pre-
““sumed to be the result of later vadose incision of é pre-
e#isting phreafic conduit. It was consiaéred-unlikely that
such a T-shaped form would have developed undef phreatic
conditions without erosion acting along a joint in the
passage floor. InSpeCtiOP of the cave roof revealed ﬁo
corresponding joint and it was concluded that the trench was

the result of vadose flow.
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The scallops indicate a high-stage discharge of
0.1-0.2 md g1 along the cave (as a result of the passage
bifurcation this is probably a minimum Value), suggesting
a palaeocatchment area of approximately 0;6—1.4 kmz. By

'contrast, the area of the detached limestone hillock in
which the present cave is found is approximately 0.01 km2.
It is obvious that the cave must once have drained a far
larger area and,’hence, that it must predate the present
dissection of the Holker block. The scallops in the cave
indicate a palaeoflow direction fromAthe east. It is
thereforé 1ike1y_that Roudsea Wood Cave (south) drained the
limestone area that must once have existed between the
present outcrop and the Ellerside fault to the east. It
seems most reasonable to attribute the removal of this lime-
stone to glacial scour by ice from the valleys of the scuth

central Lake District. On this basis, the Roudsea Wood

drainage system is of at least last interglacial age.

7.4.2.2 Capeshead Cave

L=232.4cm (o' =11.9 cm)
a= 6.0 mz
d ='Qidth between parallel walls
= 3.20 m o
If'ée¥ = 1000, u* = 0.4 cm s1 .
| u = 4.4 cm s71 -
Q =0.3m° s7?
" If Re* = 2220, u* = 0.9 cm s
4 u = 9.7 cm s 1
-1

L)
u
o
o
§
0]
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' Capeshead Cave (SD33337814) is the only known cave
found in the detached block of limestone known as 0ld Park
Wood (Fig. 7.18). The cave consists of a single passage
approximately 25 m in length, of near-uniform cross-section,
which closes down to a sediment choked phreatic inlet.
Traces of scalloping and stalagmite deposition along the
cliff in which the cave is found indicate that the cave
formerly extended at least 10 m beyond the present entrance.

The scallops (Plate 6.1) indicate relatively slow-

moving flow and a high-stage discharge of 0.3-0.6 m3-s_1,

" suggesting a palaeocatchment area of approximately 2-5 kmz.
This is larger than the present area of 0l1d Park Wood, which
covers about 1 kmz. Nevertheless, given the expected errors
of the calculations, the two areas are reasonably similar

and it is possible to conclude that Capeshead Cave probably

| formerly functioned as the drainage outlet for the whole of
0ld Park Wood. This conclusidh is supported by the absence.
of further resurgence caves around the edge of the block,

and the presence of only two small springs at the base of the
cliffs at the southeast corner of the block.

Capeshead Cave appears to be of at least last inter-
glacial age (see 5.5). ' Thus,Ait is possible that fhe
-..catchment area of 01d Park Wood ﬁas been reduced by glacial
scour during the Late Pleistocené, partly”ékp{gining the
apparent overestimation of palaeocatchment.ﬁrea by the
methods given above. It is also possible that glacial
overdeepening of the adjacent Leven Estuary has resulted in

the lowering of the resurgénces level of the catchment, with

the result that present groundwater resurges in the estuary,
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as Brown (1973) has shown to be the case in fhe Silvefdale

area.

7.4.2.3 Fairy Cave (Nichols Moss)

L
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d
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14.2 cm
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Fairy Cave (SD434827) consists of a single abandoned

passage located at the foot of Halecote Fell (Fig. 7.4). The

phreatic-vadose sequence indidated by the cave'morphology

was succeeded by an episode of sediment infilling. The fill

was subsequently incised by stream erosion, possibly by the

present stream which now flows into the cave, leaving

terrace-like banks of deposits on either side of the stream.

In the stream bed, the bedrock floor of the cave has been

-.re-exposed.

The size of the cave passage suggeSts'tpat Fairy

Cave was a conduit of more than local significance in the

hydrology of Halecote Fell.

However, as all waters flowing

from Halecote Fell and resurging in Nichols Moss must flow

up-dip, this means that Fairy Cave sumps after 120 m in what

is probably part of a series of stfucturally—controlled
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phreatic loops described by the cave (Fig. 7.4).

| Although scallops were measured in the central part
of a long, straight passage of near unchanging cross-section
(cross-section 2 of Fig, 7.4), the cave is by no means ideal
for the determination of flow velocity, for it exhibits a far
from simple passage cross-section. Nevertheless, it was
considered that the scallops would give at least an indication
of former flow conditions in the cave.

As in the case of Capeshead Cave, the calculated

high-stage discharge indicates a palaeocatchment area of
‘275 kmz. This seems an overestimation when compared with
the ~0.5 km2 of limestone which constitutes the southern end
of Halecote Fell. Nevertheless, given the expected errors
of thé calculations, the two areas are reasonably similar,

supporting the contention that Fairy Cave played a major role

in the former drainage of the Halecote Fell area.

7.4.3 Cave meanders

The only definite evidence 6f hydrologically-formed
cave meanders in the Morecambe Bay area comes from Yew Tree
‘Cave. Yew Tree Cave (SD434826) is found in the low cliff-
line which comprises the western edge of Halecote Fell
(Fig. 7.18); The cave is aligned sub-parallel to the cliff
“and consists of a sinuous, abandoned vadosg passage developed
along the strike of the rock. At each end of-this passage
- slab breakdown (Davies, 1951) has occurred, probably along
.the former extension of the sipuous bassage (Fig. 7.4).

A possible control.onlthe plan form of meandering

passages is joint alignment. Yew Tree Cave appears to have
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beén fqrmed by waters flowing along_the strike of the rock
Which subsequently cut down from the initial opening of the
bedding plane through the underlying beds. Hence, the
initial line of weakness became less significant and no
longer controlled cave alignment. This thesis is supported
by the flat bedding plane roofs found along the passagé |
(Fig. 7.4), rather than the roof rifts associated with joint-
aligned passages. In certain parts of the passage, higher-
level meander remnants can be found. Beneath these, the
later meanders have incised a lower-level route on a different
.course, indicating the probable absence of joint-control, at
least in the alignment of the lower sinuosities. Further-
more, as Table 7.5 demonétrates, the measured meander para-
meters of wavelength, channel length and channel width, as
well as the indices of sinuosity and wavelength-width ratio,
are similar for each meander, suggesting hydraulic rather
than structural control of meander form.

A horizontal survey of the meandering section of Yew
. Tree Cave was made to B.C.R.A. Grade 5 (Ellis, 1976, 2-7)
(Fig. 7.19). The passage oscillations were studied using
the methods developed by Ongley (1968) for dealing with
asymmetrical meanders, The cave thalweg, defined as the
Mcent;al‘line of the channel, was\divided into segments of
equal length. An interval of 0.25 m was”ého;gn, following
Speight's (1965, 13) suggestion that the intérval be equal
to the mean unvegetated channel width, This was found to
be suff1c1ent1y sensitive to changes in thalweg dlrectlon
Positive and negative values wvere ascribed to each segment

L]

depending on its orlentat;on with respect to the previous



Minus-plus oscillations (metres)

Oscillation Lw Lc w Le/Lw Lw/W
1 2.75 3.25 0.30 1.18 Q.17

2 2.05 2.25 0.25 1.10 8.20

3 2.42 2.50 0.30 1.03 8.07

Mean 2.41 2.67 0.28 1.10 8.48

Plus-minus oscillations (metres)

Oscillation Lw Lc w Lc/Lw Lw/W
1 2.90 3.00 ©.30 1.03 9.67

2 2.50 2.75 0.25 1.10 10.00

Mean 2.70 2.88 0.28 1.07 .84

Overall mean values (metres)

Oscillation Lw Lc w Le/Lw Lw/W

Table 7.5 Meander morphometry: Yew Tree Cave



Cross - sections
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YEW TREE CAVE (SD434826)
Meandering section

Horizontal survey BCRA grade 5

Fig. 7.19 The meandering section of Yew Tree Cave
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4 segment, positive values beigg assigned to segments angling
to the right and negative to those angling to the left.

Two complete and successive series of segments with positive
and negétive angles comprise one wave. Once‘the thélweg
has been divided in this fashion, it is possible to measure,
for each oscillation, wavelength (Lw),.channel length (Le),
channel width (W), sinuosity (Lec/Lw) and wavelength~width
ratio (Lw/W).

To check whether the order of positive and negative
segments affected the result, the same measurements were made
dividing the thalweg on the basis of a negative followed by
a ﬁositive component. Similar values were found and a mean
set of values taken (Table 7.5). |

The results of the analysis were compared with the
results of all other studies of cave meander morphology
(seé 6.4.1). The values of W and Lw obtained in Yew Tree
Cave were within one standard'deviation of the calculated
regression line, suggesting a close agreement with the
morphological relationship found elsewhere.

‘Substitufing the mean meander wavelength found in
Yew Tree Cave into the relationship'derivéd in 6.4.2, a high-

stage dischafge for the stream occupying the cave of

+6.8 1
7.5 1

2 -
catchment area of ~0.03 km may be calculatedl_suggesting

1 s*" may be inferred. From this, a palaeo-
that Yew Tree Cave was of no more than local significance in
the drainage of Halecote Fell, certainly when compared to

the role played by nearby Fairy Cave (see 7.4.2.3),
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7.5 The regional palaeohydrglogy of the Morecambe Bay karst

7.5.1 Previous work
The regional palaeohydrology of the Morécambe Bay
karst has been studied in detail by Ashmead (for.example,
1969ag 1974a; 1974c), who regarded cave development in the
area as having been directly controlled by the heights of
former water tables in the limestone. These water tables
were considered to have been closely related to the heights
of former regional base levels identified by Parry (1938;
v1960a) throughout the whole of the southwestern Lake District
(see 8.2). On the basis of this relationship, Ashmead was
able to provide a relative chronology for hydrological
development in the area. |
. Ford (1971a, 91-92), however, has demonstrated that
levels of cave development can be directly related to base
levels only in situations where the limestone is flat-lying
(that is, where the dip isllessrthan 5°) or where the fissure
densit& of the rock is so great that a high hydraulic con-
ductivity results and a water table fype cave can develop.
In the Morecambe Bay region neither of these criteria holds
over a wide area. The limestone is structurally complex
and in few places is its dip‘as low as 50, whilst the rock
“-is relatively massively bedded and jointed, beds less than
0.3 m thick being abundant only in the Maf%in Limestone
lithological division (Nicholas, 1968). |
Yet, according to Ashmead (1969a; 1974c), the caves
of the Morecambe Bay area show a close relationship with

former water tables in the limestone. In order to test the
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strength of this relationship, the altitude of near-horizontal
cave passages within the area (i.e. those assumed to be
related to former water tables (Sweeting, 1950, 74-75)) was
compared with the expected altitudes at which caves would be
found assuming an even distribution of caves over the area.
All known caves occurring at heights at or above 15 m O.D.

in the Morecambe Bay karst east of Low Furness were included
in the study (Holland, 1967; Lancaster Cave and Mine Research
Society Records). No weighting was given to passages of
different lengths. This was felt to be reasonable given

the generally small and discrete nature of the cave within
the Morecambe Bay area.

The caves were groupéd into altitudinal class divisions
of five metres to preserve the variations in cave frequency
with height which might have been masked by greater grouping.
An interval of five metres also héd the advantage of being
less than that between any of.Pérry's erosion levels. The
expected distribution was found by measuring the proportion
of the limestone outcrop of the region found within each
altitudinal class and then calculating the number of caves
expected within each class on the basis of an identical
number of ca&es per unit area of limestone (Fig. 7.20).

n In order to compare the ébserved and expected dis-
tributions, the Kolmogorov-Smirnov one-sample test was
applied to the data. The hypothesis of g significant
difference between the two distributions wasg rejected, even
at the 80% confidence level, suggesting that the distribution
of caves with height conforms closely to that expected, given

an even distribution of caves over the area, and demonstrating
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the 1aqk of a significant height control on the pattérn of
cave occurrence.

These results suggest that Ashmead's interpretation
of the hydrological devélopment of the area should be revised,
and that drainage history cannot be easily related to the
sequence of base level changes proposed by Parry. There
are a number-of possible explanations for this. At no
stage have the resurgence levels of each of the limestone
blodks necessarily been the same. Furthermore, the fact
that karst development has occurred over a long period of
time in the Morecambe Bay area has no doubt resulted in a
complex superimposition 6f drainage systems. Finally, the
results of work in areas of flat-lying limestones have
tended to present an oversimplified picture of the effects
of height control on cave development; the phreatic loops
characteristic of dipping limestones, such as those found in
the Morecambe Bay area, preseﬁf a more complex pattern of

cave levels than that found elsewhere.

7.5.2 The palaeohydrological development of the Morecambe
Bay karst

It is apparent, even from a cursory study, that the
Morecambe Bay karst displays considerable evidence of drain-
“age development under hydrological conditions which differ
from those of the present. Former drain;éé.routes, often
of regional significance, now lie abandohed (seé 7.4), whilst
elsewhere only fragments of once-extensive systems remain.

- The caves of the area, both active and abandoned, may be

classified into three categories: vadose inlets, phreatic
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passages, and resurgence caves (Table 7.6). In most cases,
the phreatic passages have also experienced a later vadose
phase, but frequently this cannot be identified with
certainty because of the presence of cave fill. Such a.
classification is necessarily oversimplified since it is
based mainly on morphology and since any one cave system may
exhibit ali three genetic components. Nevertheiess, the |
classification may be a useful aid to the study of cave
deve10pmént in the area. Thus, by considering the distribut-
ion of the various cave types in relation to the structure
(sensu lato) of the area, it may be possible to advance a
simple mode} to explain drainage development in the region.
The contemporary karst landscape consists principally
of a series of fault-bound, cuesta-like limestone blocks
(Fig. 1.1). Any impermeable cov?r which formerly existed
on these blocks has been removed and, as a result, there is
little integration of surface'flow. It is difficult to
estimate the daterof removal of thekcover, although
Sweeting (1974, 74) believed that the limestones may have
been fully exposéd by the beginning of the Quaternary.
Nevertheless, there is little direct evidence to support this
view; The hydrological effect pf an impermeable cover on
-mthe,iimestone blocks would have been to concentrate surface
flow and encourage the development of vadose inlet systems
at the fringe of the impermeable beds. The existence of a
number of vadose inlets within the Morecambe Bay'area
.(Table 7.6) suggests that the removal of such an. impermeable
cover may not have taken piace until relatively recently.

On the other hand, it is possible that such vadose feeders
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Arnside Cave

Backlane Quarry Cave
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Cow Close Cave
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Crag Foot Mine:natural cavities
Dog Holes

Dunald Mill Cave

Fairy Hole .
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Helsfell Cave
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Merlewood Cave

Midnight Hole
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Paper Mill Cave
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Shatter Cave
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Badger Hole

Barrow Scout Cave 1
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(Silverdale)

Grand Arch
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Levens Cave

Lyth Valley Cave
Pool Bank Cave
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Beck Head
Cunswick Scar
resurgence
Helsington
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and many other
active springs
in the area

Crag House Pots Burton Well Cave
Dunald Mill FluteDunald Mill Hole
Haverbrack Bank  Lupton East

Pot Swallets

Owl Tree Hole white Beck Sinks
Swantley Pot

Wakebarrow Pot

s

Genetic classification of the caves of the Morecambe Bay karst.



168

have been recently.formed adjacent to areas of drift cover.

The bulk of the known caves of the Morecambe Bay
-karst consist of fragments of abandoned phreatic passages
(Table 7.6). The size of many of these passages indicates
that they were of considerable hydrologicgl importance and
suggest a far greater degree of subsurface flow concentration
than is apparent in the area today. The sedimentary fill
and fragmentary nature of thesé cave systems makes it
difficult to make any deductions about the palaeohydrology
-of the area. Each passage must have connected upstream to
one Or more concentrated or diffuse flow feeders,‘and down-
stream to a rising. However, it is difficﬁlt to infer any
relationship between known cave fragments, although Jackson
(1910a, 64), and subsequently Ashmead (1969a, 204-207),
regarded Badger Hole and the Barrow Scout Caves on the
escarpment of Warton Crag (SD4872) as outlets for the Dog
Holes system. o

At the base of the blocks of the area, the limestone
is either underlain by impermeable Si1urian rocks or over-
lain by Recent sédiments, resulting in the concentration of
groundwater flow at risings. At higher lévels, possible
former resurgence caves lie perched above the present
- resurgence level, probabiy as the result of glacial incision
in the valleys. It is likely that many mére.§uch systems
lie buried beneath the drift which is banked against the
foot of the hills. Characteristically, the abahdoned
resurgence caves are short and close down quickly to in-
accessible phreatic inlet tubes. This phenomenon may be

explicable in terms of headward enlargement of cave passages
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back from their resurgence points,.as suggested by both
Rhodes and Sinacori (1941) and Glennie (1952, 63-65).

On the basis of present knowledge, it is only
possible to advance a simple model to account for the palaeo-
hydrology of the Morecambe Bay karst. At least two phases
of hydrolOgical development can be recognised: a contemporary
drainage system occasionally utilising olderllines of drain-
age, and a fossil drainage system. On the evidence of cave
£il1l, the fossil drainage system appears to date from at
least the last interglacial phase (see 5.5). It is likely,
however, that many phase of drainage development are re-
presented amongst these older caves, and partly because of
this, it is difficult to piece together the known drainage
fragments into a related system.

The structural and hydrological similarity of most
of the limestone blocks of the Morecambe Bay area makes it
necessary only to describe the hydrogeology and palaeo-
hydrology of one in detail, and therefore Whitbarrow has
been selected as representative of the general picfure.
Nonetheless, the ‘atypical nature of the Kellet area is such
that it requires separate consideration, for the hydrological
picture presented by Kellet has more in common with that of

northwest Yorkshire than that of the rest of the Morecambe

Bay karst. -

—

7.5.3 The palaeohydrology of Whitbarrow (Fig. 7.21)
The present hydrology of Whitbarrow is reasonably
well-defined and the area profides good examples of the type

of vadose inlet and resurgence cave characteristic of the
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Morecambe Bay region as a whole. On the summit surface are
at least three internally—draining closed depressions, as
well as one active and one abandoned vadose inlet.  The
absence of any cover of impermeable rocks discourages surface
flow integration and even the stream feeding Wakebarrow Pot,
the active vadose inlet, is almoét certainly underfit. The
bulk of the groundwater recharge is thus by diffuse flow.
However, a considerable amount of flow integration must occur
within thé limestone, for groundwater reappears at discrete
fisings around the base of the hill where drift is banked up
against the limestone. To the north of Whitbarrdw, where
the limestone is only thinly veneered by drift, groundwater
rises through the cover of unconsolidated deposits under
hydrostatic pressure.

Similar integration of subsurface flow must have
occurred in the past, for abandoned resurgence caves, for
example, Pool Bank Cave and Lith Valley Cave, can be found
at various points around the base of the hill. These caves
are typically 5 to 10 m above the present resurgence level
and, in all caseé, are located above existing active springs.
This suggests that the éontemporary drainége system utilises
pre—existing-underground flow routes. This is supported by

Nthe'ﬁact‘that, during high-stage flows, the old resurgence
caves sometimes functionvas overflows (for”éxa@ple, Lyth
Valley Cave; Dobey, 1966). As in the rest of the area, the

- lowering of the resurgence level is most likely to have been
-the result of glacial incision in the adjacent valleys,

This would suggest the abandoned resurgence caves to be of

pre-last glacial age, a thesis which is borne out by the
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sedimentological evidence in the caves (see 5.5).

7.5.4 The palaeohydrology of Kellet (Fig. 7.22)

Kellet differs from the rest of the Morecambe Bayl
area mainly in terms of its structure. In contrast to the
simple, cuesta-like limestone blocks of the rest of the
region, the rocks of Kellet are highly folded and fault-
dissected. The area consists basically of a planed sSyn-
clinal structure, of which the most important result, from
a hydrological point of view, is the fringe of impermeable
lithologies surrounding the limestone. In general, the
limestone constitutes the higher éround in the area. This
means that the limestone-Gleaston Formatidn boundary tends
to form a resurgence line for karst groundwaters, with a less
significant grouping of springs occurring around the basal
outcrops of the Namurian Sandstone.

At Dunald Mill Hole, the general hydrological
situation is reversed and the limestqne forms an engulfment
point for waters flowing from the adjacent impermeable rocks,
the stream sinking soon after meeting the limestone. The
entrance to the cave forms an impressive>blind valley,

which has resulted, in part, from progressive collapse of

the cave passage.

Numerous remnants of an abandoned.karst drainage
network can be'found in the area, and many of—¥he caves
which constitute this network provide evidence of a
phreatic phase of development, followed by a period of

vadose incision (for example, High Roads Caves 1 and 2,

Dunald Mill Cave, Midnight Hole, Shatter Cave; Baldwin,
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1969a;.1969b). Elsewhere, however, as at Withers Lane Cave
and the Over Kellet Caves, there is conclusive evidence only
of phreatic development. Some of these abandoned caves

(for example, Midnight Hole, Shatter Cave and High Roads

Cave 1) also possess fossil vadose inlets connecting up to

the present land surface, and similar vadose inlets, occasion-
ally in association with surface closed depréssions, can be
found elsewhere in the area.

From a study of the altitudes of the abandoned
phreatic cave remnants, Ashmead (1969b; 1974a, 222) concluded
that they were developed at a general base level of approx-
imately 80 m O.D. He took this base level to be related
to the 88 m sea level proposed by Parry (1958; 1960) (see
8.2.1). Thus, taking into account the deposits in the
caves, which he considered to be of last glacial age, and
the dissected nature of the cave systems, thought to be the
result of glacial erosion, Ashmead assigned a probable last-
interglacial age to the Kellet caves.

The altitudes of the phreatic components of the caves
of the Kellet area are given in Table 7.7, On the evidence
of so few caves it is difficult to justify their relation-
ship to a spécific base level, pgrticularly bearing in mind
~.that, in Kellet, the dip of the limestone varies generally
between 10° and 200. Ford (1971a) has shown that, under
these circumstances, the height of any one part of a
phreatic system cannot be directly related to that of ga
controlling base level. Furthermore, the existence of
known active phreatic SYstéms at ~35 m O0.D. in Dunald Mill

Cave (Smith, 1890, 7) and at ~86 m 0.D. in High Roads Cave 2



Cave Altitude (m 0.D.)

Withers Lane Cave 30 (Baldwin, unpub.)
Over Kellet Caves 85 (Holland, 1967)

High Roads Cave 1 91 (Baldwin, 1969a)
High Roads Cave 2 101 (Ashmead, 1974a)

91 (Baldwin, 1969a)
Midnight Hole 85 (Baldwin, 1969b)

Dunald Mill Hole 73 (Smith, 1890)

Table 7.7 Altitude of the phreatic remnants of the caves of

the Kellet area
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‘(Baldwin, 1969a) provides ecvidence of continuing ca?e
deveiopment at similar heights to that proposed by Ashmead
for ?last interglacial speleogenesis.

As a result of quarrying activity, many of the caves
mentioned above no longer exist. However, the major
engulfment system of Dunaid Mill Hole-Dunald Mill Cave is
able to provide considerable information as to the palaeo-
hydrological development of Kellet. According to Ashmead
(1964, 13; 1969a, 207; 1974a, 221-223; 1974c, 51), the
development of Dunald Mill Hole has progressed through a
number of phases. The earliest, phreatic, phase‘was
regarded as related to a base level developed at 80 m O.D.
throughout the area. This phase was succeeded by two vadose
episo&es, the first related to a base level at 76 m O0.D. and
the second to a base level at 61 m 0.D. The cave was sub-
sequently infilled by glacially-derived materials, which
were later removed by the preééﬁt, underfit, stream.

The present work proposes an alternative, more
complex, sequence of events. The Dunald Mill system com-
prises two separéte caves, linked only by a short, hydro-
logically important, bedding plane crawl (Fig. 7.23). The
smaller, uppér system, Dunald Mi}l Cave, is developed
- approximately parallel to Dunald Mill Hole. It jis suggested
that the upper system formed an earlier dféinqge route
whose waters were subsequently captured by the development
of the lower system.
| The upper system, Dunald Mill Cave, demonstraﬁes

the characteristic sequence of development of all the caves
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in the Kellet area. The initial phreatic-vadose succession,
which ﬁay be recognised in the T-section passage form, was
followed by a phase 6f infill, during which ill-sorted
clastic deppsits, consisting of rounded erratic pebblés and
cobbles in a matrix of sands, silts and clays, were deposited
in the vadose trench. It is possible that these deposits
choked the outlet to the cave, for up to a metre of

laminated fine-member beds are found in the pitch at the end
-of the cave, suggesting the existence of ponded conditions

in the shaft.

This phase was succeeded by a quiescent period,
during which percolation waters deposited stalagmite in the
cave. The stalagmite coats the roof and walls of the
passage, as well as forming a false floor over the clastic -
deposits. - It is pdssible that two such phaseé of infilling
and stalagmite deposition occurred, for the remains of a
second, higher stalagmite floor overlying clastic beds can
be seen in the streamway. Each of these phases was followed
by a period of vadose incision. Thus, the present stream
has partially eroded the lower stalagmite floof, whilst a
former, larger stream at the foot of the éhaft has cut

through the laminated beds which presumably once filled this

. chamber.

The lower system, Dunald Mill Hole{"cq&tains evidence
of a high-level, abandoned phreatic passage,‘the Traverse,

at approximately the same level as Dunald Mill Cave (Fig.
7.23). This passage, possibly part of an early anastomosing
phase, has been left inactive by the vadose incision of the

main streamway. Ashmead regarded these features as indicative
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of a phreatic-vadose—vadose sequence in the cave. There is,
however, no need to invoke any hydrological change to

account for the present form of Dunald Mill Hole. Any inlet
cave of this type will experience a progressive downcutting

of the entrance by the inflowing stream, resulting. in the
extension of vadose conditions along the cave and the progres-
sive collapse of the cave entrance. The importance of this
protess in Dunald Mill Hole is evidenced by the gorge-like
form of the inlet valley and the massive collapsed blocks

of the first chamber.

The cave contains a large amount of clasfic sediment,
which forms considerable banks in parts of the cave.
Initially, this mustrhave consisted of the poorly-sorted
deposits characteristic of other caves in the Morecambe Bay
area, but, in the active streamway, at least, the fine
fraction of the deposit has been removed, leaving only
gravel-grade material. There is some stalagmite in the
roof of the first chamber and in the high-level phreatic
section, but the stratigraphic relationship of the stalagmite
to the clastic sediments can only be inferred from fhe
relative height of the deposits in the caQe.

It is difficult to assign a chronology to the

_development of the Dunald Mill system. The depositional

sequence in Dunald Mill Cave, and possibly in Dunald Mill
Hole, is identical to that found elsewhere iﬁ the Morecambe
Bay area, where it is cautiously interpreted as indicating
a pre-last glacial age for the caves (see 5.5.2). The
morphology of the‘Dunald Mill system, however, suggests a

relatively complex pattern of development, perhaps taking
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place over a long time-span. The approkimately parallel
nature of Dunald Mill Hole and Dunald Mill Cave suggests

that they once performed a similar hydrological role. The
upper system may have been left abandoned by the development
of the lower system. Alternatively, since the upper
phreatic passages in Dunald Mill Hole are at a similar height
to Dunald Mill Cave, the uppef passages could have formed
part of the same proto-Dunald Mill system which was abandoned
by the iﬁcision of the active streamway.

The present hydrology of the Dunald Mill system has
been studied by Smith (1890), who showed that at least part
of the water from the caves resurges at Netherbeck Spring,
and that, during high-stage flows, both Backlane Quarry Cave
and Brewer's Barn Hole act as overflows for the system

(Fig. 7.22).

7.5.5 Conclusions

Previous models of drainage development in the
Morecambe Bay area, which sought to relate cave development
to the heights of former regional base levels, have been
shown to be unsoundly based. In their place, a simple model
of regional hydrological development has been advanced,
founded upon the assumption that similar arrangements of
msubéﬁrface drainage existed during earlier phases of hydrol-
ogical development as exist in the érea today.” The contemp-
orary drainage system consists of concentrated and diffuse
-flow inlets feeding phreatic passages which, in turn, link
up with springs and resurgencé caves concentrated around the

base of the limestone blocks. The abandoned subsurface
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drainage eiements must therefore répresent at least one
earlier phase of hydroldgical development, of pre-last
glacial age. It is more likely, however, that the abandoned
passages represent more than one episode of drainage history,
the relicts of which have been sﬁperimposed to provide the

complex pattern of fossil passages found in the area today.



8. SURFACE KARST
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8.1 Introduction

The majority of the surface karst features of the
Morecambe Bay grea are relict forms. Partly this is because
much of the relief is the product of successi?e episodes of
glaciation during the Quaternary, andbpartly it is because
karst proceéses are not active over much of the area at
present., With the exception of the coast and allogenic
rivers such as the River Kent and Poaka Beck in Furness,
there is little concentration of water at the surface and
hence little surface concentration of solutional activity.

Previous work on the surface karst of the area has
attempted to relate the development of the karst landscape to
the erosional histofy of the region as a whole. The evidence
for such an erosional chronology is reviewed in 8.2. The
more important elements of the karst landscape are considered
in 8.3 and 8.4, in particular the mosses of the areai which
have beeh regarded as examples of true karst poljes (see
8.3), and the previously uﬁdeséribed large closed depressions
of the region (see 8.4). Finally, a less well known karstic
phenomenon, cemented screes, is discussed (sece 8.5). Cemented
screes, which are a frequently occurring yet little described
feature of glaciokarst landscapes, form an important strati-

_ graphic element within the Morecambe Bay area.

—

——

8.2 Regionalhgeomorphology
8.2.1 Previous work

The regional geomorphology of the Morecambe Bay karst
~ has been interpreted by'Parr§ (1958; 1960a) as comprising a .

series of erosion surface remnants formed by the processes
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of planation‘and marginal trimming resulting from a long and
complex sequence of regional base level changes. The highest
surface found in the karst area is the 213-290 m O.D.

(700-950 ft) "partial peneplain". Parry assigned to this
surface a Mio-Pliocene age after correlating it with similar
relicts in Wales (Brown, 1952). The 210 m 0.D. (690 ft)
surface is ascribed to the Plio-Pleistocene marihe transgres-

sion. Below this, minor stillstands aré marked by notches

and platforms at 174 m 0.D. (570 ft), 146 m 0.D. (480 ft) and

131 m 0.D. (430 ft). There are remnants of a widespread
marine surface at 116 m 0.D. (380 ft) and a rather more
restricted surface at 101 m 0.D. (330 ft). A further stage
is recorded.at 88 m 0.D. (290 ft) but it is so extensively
covered by drift that it is difficult to interpret.

Parry believed that sea level fluctuations during the
Late Pleistocene resulted in stillstands at 46 m 0.D. (150 ft),
30 m 0.D. (100 ft).and 15 m 0.D. (50 ft). Benches associated |
with the latter two levels are cut into the drift of the Main
Glaciation and are therefore regarded as ofvinterstadial or
postglacial origin, whilst the 46 m surface is overlain by
drift of the Main Glaciation and is considered to be of inter-
stadial or ihterglacial origin.

Ashmead (1969a; 1974a;‘1974c) subsequently attempted
toH;elate these erosion surface remnants to altitudinal zones
of landform dévelopment in the area. He cited numerous

examples of wave-cut notches, marine benches and sea caves as

* direct evidence of marine stillstands; andlregarded dolines,

poljes and cave systems, all apparently constrained within

well-defined height ranges,‘as being associated with former
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water tables in the limestone.

| It has already been demonstrated (see 7.5.1) that the
evidence for altitudinal control of cave development in the
area is insubstantial. Similarly, many of the wave-cut
features mentioned by Ashmead cannot be found on the ground
and no evidence of them is shown on the large-scale topographic
maps of the area. These include the 46 m bench on the
western side of Arnside Knott (SD4577) (Ashmead, 1974c, 43)
and the "marine notches" at 15 m 0.D. on Humphrey Head
(SD3973) (Ashmead, 1974a, 224). - In those cases where notches
and benches can be identified they are oftén structurally con-
trolled and have a form incompatible with a wave-cut origin.
Thus, "quarrying of frost scree breccia".on Whitbarrow
(SD460852) was said to have 'revealed a well-developed (sea)
notch at 30 m 0.D." (Ashmead, 1974a, 223). . Yet inspection
of this feature reveals that it is a glacially striated bedding
plane dipping at approximately 10° to the east, rather than
seaward to the south (Plates 8.1 and 8.2). Furthermore, the
"marine platform" said to be developed at 40-45 m 0.D. on the
west side Qf Kirkhead Hill (SD3975) can be shown to be a
structural bench, bound on its landward side by a fault scarp
cliffline.

All the features intefpreted by Ashmead (1969a, 204;

19530, 61; 1974a, 223-224), and subsequently by Tooley (1977,
6; 1979, 146); as sea caves contain many of fﬂe diagnostic
features of solutional erosion under phreatic conditions, such
as wall and ceiling pockets (Bretz, 1942). This is true both
of the high level caves, such as Whitbarrow Cave (SD451845) at

110 m 0.D. and Harry Hest Hole (SD494728) at 111 m 0.D., and



Plate 8.1 Bedrock bench at White Scar, Whitbarrow
(SD460852), exposed due to quarrying of the

overlying cemented scree. Looking east



Plate 8.2 Glacial Striations on the bedrock bench at White

Scar, Whitbarrow (SD460852) (see Plate 8.1)
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the caves at ‘lower altitudes. The latter include the Grand
Arch (SD390738) and the Fairy Caves (SD390739) ét 34 and

29 m Q.D. respectively on Humphrey Head; Kirkhead Cave
(SD392755) at 38 m 0.D.; and, aloﬁg the southwest fault scarp
of Warton Crag (SD482728), Badger Hole at 29 m 0.D. and the
Barrow Scout Caves at 15 m and 23 m 0.D.

Tooley (1977, 6) suggested that those caves found
between 12 m and 29 m 0.D. were formed by high sea levels
during the periqd 25000-19000 B.P., although a Hoxnian or
earlief age Was subsequently proposed by him for these and
higher features (Tooley, 1979, 146). Ashmead, on the other
hand, cléimed that the sea caves occur at distinct levels of
46 m 0.D., 30 m 0.D. and 15 m 0.D., and that the caves are the
result of erosion by the Late Pleistocene sea levels proposed
by Parry at these altitudes. More accurate measurements of
cave altitudes indicates, however, that the caves do not occur
at heights coincident with those proposed for marine still-
stands and do not easily fit into a picture of formation by
Late Pleistocene high sea levels.

The Grand Arch was regarded as a particular example
of a sea cave with a blowhole extending for 12 m to a wave-
cut'platform at 45 m 0.D. Yet the cave entrance faces north-
north-west, despite both the ﬁesterly aspects of.the marine
i~cliif on which it is situated and the prevailing fetch from
the southwest; The "blowhole" itself shows ;.remarkable
morphoiogical similarity to the potholes and associated dolines
characteristic of karst areas (Plate 8.3).

| Finally, as has been shown in 5.3 and 5.5, none of the

caves contain any evidence of the marine deposits that might



Plate 8.3 The entrance to the Grand Arch, with its associated doline, on

Humphrey Head (SD390738)
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be expected, given their proposed origin,

8.2.2 Study of the erosion surface remnants

It was decided to re;examine the ideas of Parry énd
Ashmead in the light of these findings. Hitherto, erosion
levels have been studied by the recognition of erosion
surface remnants, yet such remnants frequently occupy only a
small proportion of the land surface area; moreover, for some
time the whole basis of such studies has been under attack
,(Chorley>19653, 34; 1965b, 148-149). Even where the more
stringent technique of trend surface analysis has been used
(e.g., King, 1969; Rodda, 1970), it has been suggested that
serious abuse of the method has occurred (Tarrant, 1970;
Unwin and Lewin, 1971). Further problems arise from the
proposed existence in the Morecambe Bay aréa of a series of
marginal topographic trimmings rather than the widespread
surfaces necessary for the application of trend surface
techniques.

In order to overcome the difficulties of studying such
a series of erosion surface remnants, it was prbposed that
‘precisely and accurately measured slope profiles be used as an
objective means Qf data collection (see 11.4.3). Such pro-
files provide a continuous record of landscape morphology
__suitable for quantitative analyéis.

o Hampsfell and Underbarrow, two of ‘the cuesta-like
limestone blocks which fringe Morecambe Bay; were chosen for
the study (Fig. 1.1). They are mainly free of the thick
‘ drift cover which plasters the Low.Furness and Kellet blocks;
they are structurally simple; and they are sufficiently high

to allow a study of the higher altitude erosion surfaces.

Y
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More importantly, they aré in what Parfy would have regarded
as former "estuarine" or ''coastal" sites and are considered
by him to include remnants of almost all the erosion surfaces
which cut across the limestone.

As can be seen from Fig. 8.1, practical difficulties
of access rendered the rdndom sampling of profiles impossible.
Nevertheless, as the choice of profiles was governed by the'
absence of obstacles along the survey line rather than by
subjective selection, it is believed that the sampling method
~does not preclude statistical treatment of the resulfs.

Foufteen profiles were surveyed from the crest to the
foot of the limestone blocks. The location of almost all
these profiles on the scarp slopes of the blocks provided two
advantages;

i) the generally steeper scarp slopes allowed a greater
altitudinal range to be covered more quickly;

ii) the scarp slopes are in locations which would have
been more susceptiblé to marine erosion so that
erosion level remnants are more likely to have
survived. '

8.2.3 Analysis and results

Young's (19271) system of Best Units was adopted as an
objective means of analysis of the slope data collected in the
field. This system splits the.profile into segments and
elemeﬁté, each of which possesses certain prog?rties of form,
so that coefficients of variation do not exéeed specified
values. Of the coefficients of variation suggested by Young,
the following were found to divide the profiles into units
with a good standard of internal uniformity -and Were also

compatible with the relatively long surveyed unit length:
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segments ' Va max 25%
elements Ve max 50%

Young's program is designed so that when slopes have
angles of 2° and less the coefficient of variation is altered
to give units with a_higher degree of internal homogeneity,
HoWever, in a landscape such as that under consideration it
was felt to be more uéeful to follow Savigear (1967) and to
consider all slopes of 2° and less as horizontal.

It was decided to test whether the concave breaks of
slope regarded by Parry as approximating to the base of
former sea cliffs (1958, 51-2) could be found at the altitudes
at which erosion-level notches should exist on the surveyed
profiles. Analysis was restricted to those parts of the
profile at and above 15 m 0.D, This is just below the height
of the lowest erosional facet examined in detail by Parry
(1958, 95). The altitudes of all concave breaks of slope
found by Best Units analysis was noted, whether they occurred
in solid or superficial materials. This was justified by
the fact that many of the lower level surface remnants ident-
ified by Parry are cut into the drift and that elsewhere it
seems likely that the surface form reflécts bedrock changes
which have been but thinly veneered by superficial deposits.

Occasionally,.the BesfnUnits method of analysis

appe#fs to choose apparently arbitrary points of slope change,
Nevertheless,.no attempt has been made to réﬁg§e such points"
from the analysis as this would have made it difficult to

select breaks of slope without establishing specific cfiteria

for each case. Moreover, the interpretation of a feature as

being arbitrarily selected may in itself be a subjective



opinion based on an inability to perceive éubtle changés in
slope form.

The altitudinal ranges at which "inner marginal
breaks of slope" occurred were noted (Table 8.1) and the
number of concave breaks of slope on the profiles which fell
withih these_ranges.was found. This was compared with the
expected number of concave breaks of slope thaf might be
found assuming the altitude of the "inner marginal breaks of
.slope" to have had no influence on their location, and the
- chi-square test applied (Table 8.2). It was found that even
if the critical value (&) were only 0.25 (i.e. 75% confidencc
level), the null hypothesis of no difference between observed
and expected values must still be accepted. A significant
difference not having been established, it can be concluded
that the erosion levels postulated by Parry do not have a
significant effect on slope morphology, at least within the

areas studied.

8.2.4 Discussion

Within the Morecambe Bay karst area, Parry claimed to
be able to recognise the remnants of 11 erosion surfaces,
which have»also been traced throughout the whole of the

southwestern Lake District. This implies an average occur-

-~ pence of one surface every 20 m. The heights attributed to

these surfaces, however, are those of thé“inshore margins of
the marine platforms and they ignore the heighi ranges over
which Parry was able to idenfify surface remnants., If the
height ranges are conside?ed; an interesting pattern emerges.,
It can be seen from Fig. 8.2 that a considerable amount of

overlap exists for the altitudinal ranges at which surface
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delimited by Parry (1958, 79-80).

Table 8.1 The altitude of "inner marginal breaks of slope" in
the Morecambe Bay area according to Parry (1958).
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Observed Expected

Concave breaks of slope coincident 28 23.4

with Parry's "inner marginal breaks

of slope"”

Concave breaks of slope not coincident 51

(5,1
;]
[end

with Parry's "inner marginal breaks of

slope”

X? = 1.28

x? (0.25; 1) = 1.32

. Hj (significant difference between observed and

expected values) rejected at 75% significance level.

Table 8.2 Comparison of observed and expected altitudes of "inner
marginal breaks of slope" using the chi-square test.
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remnants can be found and, where there is no overlap,
surfaces are differentiated by only a few metres, Having
recognised this, it becomes difficult to sece how-Parry could
have failed to have discovered surface remnants corresponding
to his hypothetical erosion levels. This is revealed in his
means of analysis. The Knittleton Surface, for example,
whose inner marginal break of slope is at 570 ft 0.D., waé
identified by a series of "well-marked benches between 500 ft
and 570 ft ... sufficiently numerous to warrant their treat-
ment as a separate erosional phase" (1958, 80). Similarly,
the Whitriggs Surface immediately below it was.identified by
"benches at between 400 ft and 480 ft" (1958, 82),

A further point arising from a study of the altitudinal
ranges of erosion surface remnants is the possibility that
Parry's work is the result of the transformation of uniform
into non-uniform distributions as suggested by Hodgson, Rayner
and Catt (1974) in their criticism of Sparks' (1949) study of
the denudation chronology of the South Downs. They recognised
a striking 50 ft periodicity in the height distribution of
Sparks' surface.whiqh.they Saw as a possible consequence of
‘the preliminary selection of likely "flats" from the Ordnance
Survey 1:63360 maps, which are contoured at 50 ft intervals,

Much of Parry's analySis was similarly cartographical

- and it may be that this influenced the selection of the 50 ft

interval which characterises the height ranges (and especially
the lower height limits) of his erosion surfaces (Table 8.3)_
The main exceptions to the 50 ft periodicity of the data are
the Hannah Moor Surface, whiéh at 420-430 ft exists mereiy as

a sub-unit of the Whitriggs Surface, and the three lower



Erosion Surface Altitudinal range (ft)

Monk Coniston 700 - 950
winder 500 - 700
Knittleton 450 - 570
Whitriggs 400 - 500
Hannah Moor 420 - 430
Tomlin 300 - 390
Green Haume 300 - 330
Coneyside 200 - 290
140 - 160
| 90 - 125
50 - 67

Table 8.3 The altitudes at which "flats" can be found in the

Morecambe Bay area according to Parry (1958).
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surfaces, whose altitudinal raﬁges are based remarkablyk
closely on the lowest three contours found on Ordnance Survey
1:63360 maps: 50 ft, 100 ft and 130 ft.

The apparent absence of base level controls on hill-
slope morphology within the Morecambe Bay karst has important
impligations for geomorphological and palaeohydrological
studies in the area. - It has been shown that the evidence
for altitudinal control of.landforms is, at best, weak, and
now it would also appear that there is little evidence, either
of a morphological or sedimentological nature, for the process
by which changes in the controlling water level were thought
to have occurred.

It is likely that the step-like nature of slopes in
the area (Plate 8.4), which possibly encouraged Parry ih his
belief in_the existence of wave-cut platforms and notches, is
the result of structural control (sensu lato). Certainly
this seems to be true for other glacio-karst areas, where
attempts to relate slope form to structural controls have been
common since Goodchild (1875, 72-74) first suggested that,
where ice is known to have moved along outcrops of bedded
limeétone, the result was a form of terracing baused by the
alternation 6f hard and soft beds.

Since then, numerous ofher controls have been suggested
whigh could have given rise to similar relief. These include
the frequency.of bedding and jointing in the Iimestone
(Douglas, 1909, 541-44; Sweeting, 1966, 180; Williams, 1966,
162-63) and lithological variations between limestone beds
(Parry, 1960D, 15-16; Rapp, 1960Q; Sweeting, 1966, 180;

Williams, 1966, 162). It has also been suggested that the



Plate 8.4 schichttreppenkarst on Whitbarrow (SD4584)
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bedrock may be weakened along certain structural lines prior
to glaciation and the weakened strata subsequently removed by
glacial scour. This may take place as a result of subaerial
erosion or subsoil solution along joints and bedding planes
(B8gli, 1964, 67; Clayton, 1966, 366, 370, 380), or due to
the presence of shale interbeds which protect the underlying
rock from solufional attack whilst facilitating the dissection
of the overlying strata (Moisley, 1954, 37-39).

According to Johnson, Tallis and Pearson (1972, 535),
ice probably cbyered the Morecambe Bay karst as late as 18000
B.P. This has left considerable evidence of scouring on all
the interfluve areas, yet glacial scour seems to have failed
to result in slopes whose form is systematically rélatéa to
any one aspect of structural control. Specific changes in
hillslope morphology are structurally governed. For -.example,
the platey, somewhat siliceous limestone of the Red Hill Beds
forms cliff-like outcrops along the length of the Underbarrow
scarp slope, despite the fact that thereabouts these beds are
only 7-9 m thick (Garwood, 1912, 519). However, no single
controlling element can be identified as being predominant.
It secems most likely that choice of spedific beds for scour
is the resulf of a complex of controls whose end result is in
most cases an apparenfly arbiﬁfary selection, aé concluded by

Wiiiiams (1966, 161) in County Clare.

8.2.5 Conclusions

The results obtained suggest that slope form, at
least within the localities ‘studied, does not conform to
that expected on the basis of Parry's work, which itself is

open to criticism as a result of possible crucial flaws in
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data collection technique. No simple interpretation of
slope morphology is possible. The area possesses consider-
able similarities with other upland glaciokarst areas (for
example, Craven and County Clare in the British Isles, and
the Mirenberg Plateau in Switzerland), although its more
steeply dipping beds may have resulted in some modification

of the typical picture of schichttreppenkarst. The results

also suggest that existing interpretations of the geomorphol-
ogical development of the area should be revised and that
landscape history cannot be easily related to the simple

sequence of base level changes propcsed by Parry.

8.3 The "poljes" of the Morecambe Bay karst

8.3.1 Introduction

It was first suggested by Ashmead (1969a, 207; 1974a,
212-213; 1974c, 49-50, 57) that the mosses of the Morecambe
Bay area might be regarded as true karst poljes., At least

9 of the mosses of the area might qualify to be so classified

(Fig. 8.3):

Winster Valley (SD4284)
Witherslack (SD4485)
Lyth Valley (SD4787)
New Barns Bay (SD4477)
Silverdale Moss (SD4678)

o Leighton Beck (SD4977) )
.Hawes Water (SD4776) -
Burton Moss (SD5076) '
Leighton Moss (SD4875)

- Although there have been several attempts to define
the polje (see Gams, 1978 for a review of definitions), no

single feature may be regarded as characteristic of all poljes.
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Neverthelesé, three groups of characteristics: morphological,
hydrological and process-related, appear to be almost ubi-
quitous, and the mosses of the Morecambe Bay area may be

classified in terms of the presence or absence of these.

8.3.2 Morphology

Characteristically, poljes, are large, flat-bottomed
depressions, whose sides, not necessarily of limestone, rise
steeply from the polje floor. The polje floor is typically
composed of impermeable materials. Occasionally, isolated,
steep-sided residuals of limestone, known as hﬁms, remain
within thé polje. Many wofkers (for example, Sweeting, 1972,
200) have also stressed the significance of structural control
upon polje location and morphology.

The Morecambe Bay mosses range in size from 0.33 km2
to 16 kmz. They are floored by estuarine and lacustrine
sediments (Munn Rankin, 1910; 1911; Erdtmann, 1928; Gresswell,
1958; Smith, 1958; 19359; Oldfield, 1960a; 1960b; Tooley, 1969;
Huddart, Tooley and Carter, 1977) and surrounded on at least
two sides by low limestone cliffs. Hum-like features occur
at Gilpin Bank (SD4687) in the Lyth Valley (Plate 8.5) and
Hazel Grove (SD500771) in Burton Moss., In all cases the
mosses are either strike—aligned, as in the case of the
" Winster Valley, or are developed along major tectonic axes
(Fig. 8.3). The Silverdale monocline aﬁd its northward
extension have been particularly important in this respect,
for Leighton Moss, Hawes Water, Silverdale Moss and the Lyth

Valley are all developed along this line.



Plate 8.5 Hum-like features in the Lyth Valley at Gilpin

Bank (SD4687)
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8.3.3 Hydrology

According to Sweeting (1972, 193-194), the poljes of
the Classical and Dinaric karst are drained by at least one
river. However, they are also subject to frequent seasonal
inundation, during which times much of the drainage may be
'through ponors in the polje floor. The floods are partly
the result of seasonal high flbws in the rivers and partly
the result of inflow from marginal springs. During rising
Aflood stages, the ponors may also funcfion as springs, hence
- becoming estavelles.

By contrast, Gams' (1978) definitibn of the hydrol-
ogical characteristics of poljes is both simpler and more
strict. The drainage must consist of a sinking inflowing
river and karstic outflows, and the imbalance between these
two components must result in the intermittent inundation of
the polje floor. |

In general, the Morecambe Bay mosses are characterised
by marginal springs whose waters eifher flow directly out to
sea, or which drain to allogenic rivers flowing acrosé the
mosses. Only in thec case of Witherslack is outflow totally
karstic in nature. On the other hand,'it is apparent that
all the mossés, with the exception of Witherslack, would be
subject to seasonal inundation were it not for the artificial
dréinage to which they are subjected. However, this flooding
is a function of the low-lying nature of the'absses, rather
‘than the inefficiency of the karstic outflow system as in the

case of true karst poljes.
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8.3.4 Process

The fundamental process of polje development is one
of solutional planation of the polje floor and 31des As
poljes tend to act as catchments for non-calcareous material,
Roglic¢ (1939) envisaged planation occurring as a result of
the concentration of solution at the polje floor and sides
beneath the unconsolidated fill. Jennings (1971, 142) also
pointed out the possible influence of solution by static
water bodies at the polje margiﬁs.

vAlthough Ashmead regarded the "phreatic network"
caves which fringe the moeses of the Morecambe Bay arez as
evidence of the work.of lateral solution, the present study
shows that, with the possible exception of .the network caves
around Burton Moss, there is little support for this view
(see 7.2). Nor is there evidence of planed limestone surfaces
beneath the mosses of the area. The only survey of bedrock
morphology beneath the mosses was that of Gresswell (1958,.
102-103) in the Lyth Valley, where seismic surveys showed
that the valley had obviously been subjected to glacial over-~

deepening, the bedrock occurring at depths of over 601m below

the moss surface.

8.3.5 Conclusions

N _Although the mosses of the Morecambe Bay arega have the
form of poljes, they do not display the ﬁ§drologica1 character-
istics of true karst poljes. Furthermore, it is difficult to
be certain whether any solutional planation processes are at

work in the mosses, no conflrmatory evidence having been found.

Cvijié (1960), however, has described features, both in the

Dinaric karst and elsewhere, which are fully comparable with
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poljes, except that they have external sﬁrface drainage along
a narrow vélley. He has termed these features "open poljes",
a descriptioh which could be applied to certain of the
features of the Morecambe Bay area, in particular Hawes

Water, Burton Moss and the Winster Valley. Given Cvijif's
definition, there is no necessity for kafst brocesses to
operate in the polje. Hence, since numerous workers, includ-
ing Roglié (1965) and Sweeting (1972, 207), have regarded
~poljes as essentially non-karstic forms, perhaps Cvijic's
fdefinition is acceptable and applicable to the features of

the Morecambe Bay area.

8.4 The closed depressions of the Morecambe Bay karst

8.4.1 Introduction

The closed depression has long been regarded as the
fundamental unitvof karst relief.  Within the Morecambe Bay
area these features are limited in nﬁmber in comparison with
other karst areas (Fig. 8.4), but they display a wide range
of forms, the largest of which are comparable to any found
elsewhere in the British Isles. Despite this, the large
closed depressions of the area have rarely been mentioned in
the literature. In order to remedy this, the following
depressions, comprising all the large (>100 m diameter) closed
.deﬁiessions in the Silverdale area, were selected for study:

'Hazelslack (SD476785) L
Deepdale (SD495786)

Burton Well (SD470753)
Cringlebarrow (SD497749)

Wood Well (SD463747)

St. John's (SD468745)

Three Brothers (SD494733)
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8.4.2 Field study

| For each depressién, long and cross-profiles were
surveyed (see 11.4.3), morphological maps drawn (see 11.4.4),
structural and joint orientation measurements made on all
bedrock exposures (see 11,1.1) and the bedrock fbrm investig-
ated by both augering and geophysiqal methods (see 11.5).
The results of the field study are shown in Fig. 2.5 and
Figs. 8.5-8.11.
-8.4.3 Structural control on cloéed depression form and

location

Despite the detailed study of joints within the

closed depressioﬁs,_overall closed depression form does not
appear to be strongly related to joint orientation. Only in
the case of Burton Well is the distinct joint alignment peak
at 120—129°‘ref1ecfed in the orientation of the depression.
At Three Brothers, the N-S trend of the depression is mirrored
to some extent by joint orientations, but even so there is a

wide scatter of significant orientations between 150° and

190°.

In a2 wider context, however, all the depressions have
a structural control on their form and iocation. This may
be seen in the preferential alignment of depressions along
the strike of the rock. Burton Well, Wood Well, St. John's
anéhThree Brothers may all be regarded as -'"strike hollows"
{(Williams, 1968) whose cross-sectidnal form'ig essentially
the result of structural control. These features are prob-
ably the result of a combination of glacial and karstic

processes. The characteristic scarp and bench form of the

strike hollows is likely to have been the result of glacial
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scour, as proposed for similar features elsewhere in the
Morecambe Bay district (see 8.2.4). Once formeqd, the strike
hollow would act as a focus of drainage, encouraging solution
at the bottom of the depression and the development of karstic
outflow. . In most of these features, the basic structural
form has been only little modified by subsequent karstic
processes, although at Three Brothers solution seems to have
resulted in the development of a depression of considerable
depth.

Of the remaining depressions, both Cringlebarrow and
Hazelslack appear to be fault-controclled features. Hazelslack
is developed along the line of the Silverdale monocline, with
vertical beds to the west and gently dipping beds to the east.
At Cringlebarrow, evidence of faulting is less conclusive.
Nevertheless, the cross-sectional asymmetry of the whole
depression complex and its NW-SE orientation parallel to at
least three other faults further south on Warton Crag, incl-
uding the major Warton Crag fault, suggest a NW-SE fault with
its downthrow to the northeast (Fig. 8.8). '

Faults can haye a variety of effects on subsurface
drainage in limestone (see Waltham, 1971b, Ford and Worley,
1977) most of which encourage drainage either along or adjacent
to the fault. Thus, solution; cavity formation and collapse
taﬁé place preferentially along fault lines, the surface
expression of these.processes being features ;ﬁch as Hazelslack
and Cringlebarrow closed depressions.

The final depression studied, Deepdale, differs from
the others in that its form and location appear to be closely

related to the dip of the rock, the depression being developed
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within a small synclinal basin (Fig. 8.6). The syncline
presumably encouraged internal drainage with the consequent
development of a closed depression as a result of the con-

centration of solution.

8.4.4 Interpretation of seismic survey results

In all cases, the seismic survey results indicate a
simple two-layer situation in the depressions, an upper layer
having seismic wave velocities of 100-700 m s_1 and a lower
layer having velocitigs of 1300-~-3500 m s_l. The interpret-
ation of this pattern as unconsolidated fill overlying
bedrock was corroborated by the results of augering at Burton
Well, Cringlebarrow and Wood Well.

Typically, the upper layer consists of unsorted
material ranging in size from boulders to clays. Analysis
of a sample of the upper layer from St. John's (sample 38)
showed it to fall within the near-mountain source glacier
environmental envelope of the QDa-Md diagram (Fig. 5.1),
whilst the range of seismic velocities indicates that the
£fill consists of unconsolidated superficial deposits (Kesel,
1976, 95).

Earlier studies of seismic wave velocities within the
Carboniferous Limestone of theAarea suggest a range of values.

1 (Terrasearch Ltd., 1968): generally higher

- ofW?OOO—GZOO ms
than those found in the present study. ‘Howgyer, the higher
values.are of buried and unweathered rock, Whereas'it is
likely tﬁat the bedrock within the depressions is both
weathered and solutionally fretted along joints, the resultant

grykes being infilled by lower velocity overburden. These

conclusions are supported by comparative data on seismic wave
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velocities in weathered limestone of 2000-3500 m s~} and in
solid limestone of 3500-5000 m g~} (Bison Instruments Ltd.,
1971, 2). |
The bedrock form of the depressions tends to support
the structural interpretation of 8.4.3. Thus, the strike
hollows of St. John's, Wood Well and Burton Well all exhibit
only a veneer of fill overlying a form which is in essence
structurally controlled. On the other hand, the main
'depression of Cringlebarrow shows considerable evidencé of

solutional development,

8.4.5 Conclusions

Although a number of the large closed depressions of
the Morecambe Bay area, in particular the strike hollows,
have not been formed solely by karstic processes, all the
depressions exhibit karstic drainage and have been modified
to a greater or 1esser_extent by solutional processes.
These features may be numberéd amongst the largest and most
spectacular of their kind in the British Isles. Cringle-
barrow, in particular, with a diameter of ~250 m and a depth
of 30-40 m is cbmparable to the largest depressions of the

Malham Tarn area (Moisley, 1954),

8.5 The cemented screes of the Morecambe Bay karst

8.5.1 Introduction -t
Cemented screes (Plate 8.6) have béeévfound at a
number of locations in the Morecambe Bay area: Kent's Bank
(SD392755), Buckhouse Scar (SD449846), White Scar (SD460852)),
Arnside Knott (SD457772), Hawes Water (SD476768) and Barrow

Scout (SD482728). In every case the cemented screes are



Plate 8.6 Cemented Screes at Buckhouse

Scar (SD449846)
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" found below limestone free-faces, at.or near -the foot of the
limestone hills of the area. It is likely that other
deposits occur in similar situations elsewhere, but the
presence of an overlying soil cover méans that this cannot
be stated with certainty.

The only previous description of the cemented screes
is ‘that of Sweeting (1970, 239; 1972, 301; 1973, 106; 1974,
78) who interpreted the screes as of glacial or periglacial
origin and Pleistocene age, and the underlying "smoothed and
potholed" bedrock surface "associated with reddish soil or
clay" as representative of an earlier phase of karstification.
In one paper (1970, 239) it was suggested that the bedrock
surface may have dated from '"the great Interglacial in the

Pleistocene or more likely a warmer phase during the Tertiary'.

8.5.2 Description

The screes consist almost totally of angular to sub-
angular limestone fragments ranging in size from approximately
1 to 15 cm diameter. Occasionally, as at Buckhouse Scar,
subrounded pcbbles of erratic origin are included within the
scree, most probably having been derived from upslope glaéial

deposits.

The scree displays no apparent fabric, although beds

" of different sized material can sometimes be seen to overlie

each other. ~ At Buckhouse Scar, for example,--a bed of median
particle size ~5 cm overlies one of median particle size
~1 cm, the interface dipping at approximately the angle of
the underlying slope. ; |

Within the screes the particles are in point contact

with one another. In all cases the scrces have been
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subjected to a post-depositional phase of carbonate cement-
ation which has frequently led to the particles being coated
with flowstone and the point cementation of the scree; In
some cases the carbonate precipitation has also led to the
development of a delicate, fibrous-like precipitate on the
underside of the particles. Although the cemented sérees
often form an openwork structure, elsewhere the interstices
have been infilled by a variety of materials, including
glacially derived deposits, as at White Scar, and soft calec-
areous cement, as at Arnside Knott and Buckhouse Scar.

At all the éites, the cemented scree either is now
or was formerly overlain by fhe Brown Calcareous Soils (Hall
‘and Folland, 1970, 68) characteristic of the area. Generally
the soil is only thinly developed, although it characteristic-

ally supports the growth of Taxus and Betula above the

deposits of cemented scree.

8.5.3 Interpretation

The cemented screes clearly post-date the last glacial
episodé in the area, for the exposures at Buckhouse Scar,
White Scar and Arnside Knott all overlie either striated lime-
stone bedrock, till or both. The exisﬁence of striations on
thé underlying bedrock (Plates_s.l and 8.2) makes Sweeting's
(1970, 239) suggested Tertiary karstic origin of the bedrock

surface (see 8.4.1) highly unlikely.

—

The location of all the deposits af the foot of slopes
peneath limestone free-faces suggests that they are gravitat-
jonally derived from bedrock exposures. The breakdown of
1imestone cliffs in this fashion may be the result of a

varicty of wedging effects and the climatic significance of
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scree must be interpreted with caution. Nevertheless, given
the stratigraphic relationship of the screes to evidence bf
glacial action, it is highly likely that their formation was
the result of frost wedging under periglacial conditions.

This is supported by the laboratory work of Guillien and
Lautridou (1970) which indicates that frost wedging of certain
limestones can produce the same kind of materiél as found in

the Pleistocene grézes litées of Charente. A climatically

controlled origin of the cemented scree is also suggested by
the low rate of scree production in the aréa under present
conditions (see also Sweeting, 196G, 182-183 for present
rates of scree formation in north west Yorkshire).

Hence, the most active phase of scree formation is
likely to have been during the Late-glacial period of peri~
glacial activity. This phase must have been completed by
the time of deposition of the overlying soii and the cement-
ation of the screes. The process of cementation demands
percolation of water through the deposit, and, although this
is not incompatible with periglacial conditions, the fact that
cementation occurred subsequent to scree accumulation suggests
that the cementation process was associated with an amelior-
ation of climate. It is arguable that the cementation phase
post-dated the deposition of the overlying soil and this
pdésibility is indicated by the presence of a layer of brown
clay-silt ovérlain by calcite on some of the’écree fragments
at Arnside Knott, and by continuing percolation and calcite
precipitation at White Scar.  Elsewhere, however, there is
evidence that the overlying soil has been prevented from

infilling the scree interstices by the prior cementation of



201

the particles.

' Although it is tempting to try to relate the depos-
ition of the overlying soil and the cementation phase to an
amelioration in climate, there is little evidence for this.
The soil is equally likely to owe its existence to slope
wash resulting from cultivation and grazing on the deeper
soils of the relatively flat hilltops of the region. This
appears to be the case in southern England where similar
scree/carbonate precipitate/soil sequences can bé found, and
where the soil contains artifacts'ranging from the Neolithic
to Iron Age and, exceptionally, later periods (Evans, 1978,
97—1005.

8.5.4 Conclusions

Cemented screes are rérely described features of peri-
glacial ahd glaciokarst areas (see Judson, 1949; Prentice and
Morris, 1959; Burek, 1977, 93-95), although it is clear that
they are ubiquitous in such areas. Apart from their.signif-
icance as a morphological feature, the cemented screes of
the Morecambe Bay area constitute a useful stratigraphic
horizon which may be used to relate depositional sequences

inside caves to those on the surface (sée 5.3 and 7.3.3).



9. DISCUSSION
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9.1 The reconstruction of karst palaeoenvironments :

methodology and philosophy

Karst regions possess two unique advaritages over other
landscapes from the point of view of palaeocenvironmental recon-
struction. Firstly, they may preserve the fine detail of past
hydrological conditions in the form of caves eroded in the bed-
rock. Thus, details of former meanders, scallops, cut-offs
and so on remain etched in the rock as the cave stream cuts down.
By contrast, surface streams continually rework their channels
so that only fragments of earlier systems are preserved to
enable us to infer past hydrological conditions. Secondly, once
formed, these caves and their surface counterparts, closed dep-
ressions, may function as sediment traps, preserving sediment-
ological evidence of underground and surface events away from
the disturbing influences of subaerial and'bidﬁogical activity.

Despite these very considerable advantages, very little
use has been made of karst environments in palaecenvironmental
studies. Partly this has been because of the lack of a general
appreciation of the advantages of karst, and partly it is because
of the natural barriers to investigation which caves, in particular,
present. The Morecambe Bay study has therefore attempted to |
capitalise on these advantaées and to investigate the various
approaches which night be of value in a study of this nature.
In the course of the study the drawbacks of many of the tech-
niques and somne of the disadvantages of karst landscapes for
palaeoenvironmental work have also been recognised and will be
discussed below.

The ultinate aim of the study has been to draw together

information from a variety of sources, distributed over space
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and time, in an effort to establish both a chronology of karst-
ification in the Morecambe Bay area and a reconstruction of the
environment during each phase of karstification. Given the
timescale under consideration and the diversity of environments
studied, it is clear that no single technique could alone provide
the information that was required. A wide range of methods
were therefore adopted in an attempt to obtain as much information
as possible from the available evidence. The major source of
palaeoenvironmental inforhation is that derived from the sedimen-
tological record. However, since karstic sediments are extremely
diverse in character, a wide range of sedimentological tech-
niques had to be assembled to deal with them. It was therefore
found necessary to investigate their macro and microscopic
physical nature, their mineralogy and petrography, their magnetic
properties, their sedimentary structufe, theix faunal content,
any cultural artifacts they might contain and their extént as
determined by the use of geophysical methods. The other main
source of palaeoenvironmental information is that derived from
fossil landforms, which may provide relatively precise infor-
mation about past environments. The various sources of such
information included fossil screes, interstratal and buried
karst forms, caves and palaeokarst surfaces.

In applying these techniques, &t is inevitable that as
one moves towards the present, more evidence of past environments
ijs available and a wider range of techniques can be applied.

To some extent, therefore, reconstructions become less uncertain

and chronologies more exact. Nevertheless, certain problems do

arise. In the case of the Morecambe Bay area, the sources of

hore recent environmental history are so diverse and form such
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discrete entities that it becomes difficult to piece together
the complex fragments of evidence into a single picture. This
contrasts markedly with the elegance, simplic?ty and, doubtless,
incompleteness of the reconstructions derived from the few strands;
of evidence available as one moves back in time.

Despite the wide ranye of methods adopted in the study,
the work hinyes on the application of two concepts, those of
stratigraphy and uniformitarianism. The stratigraphic approach
may be considered first. This provides the fundamental chrono-
logical basis of the work, whether establishing the age of pal-
aeokarst surfaces, the sequence of development of éops, or the
date of cave fills. One of the major drawbacks of this method
is illustrated in its application to cave fills. By their very
nature, depositional sequences in caves can rarely be easily
correlated with depositional sequences elsewhere. This can only
be achieved either where chronoétratigraphic correlations can be
established, or where cave deposits can be laterally correlated
with surface deposits, themselves traceable between caves. In
no case in the Morecambe Bay area has it yet been possible to
achieve either of these correlations. This has meant that
lithostratigraphic and biostratigraphic approaches have had to
be adopted. Although both lithostratigraphy and biostratigraphy
can be successfully correlated in almost every cave h the
Morecambe Bay area, these approaches face two major difficulties.
The first is that of chronology. The traditional means of
dating, by means of pollen, mollusca, etc., are hopelessly
inadequate and have a very low time-resolution. Almost exclu-
sively, therefore, the burden of dating and correlation falls on

radiometric and geomagnetic methods. Unfortunately, these tech-
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hiéues are to a large extent dependent on finding suitable
material to date, and this has posed considerable.problems in the
_Morecambe'Bay Study; Moreover, even when avallable, the relia~
bility of such geochronometrlc dates is open to questlon. In‘
. this study, both geomagnetic and radiometric results have been
utilised, but in each case the results are subject“to difficul-
ties either of error or multiple interp;etation. The result of
this‘is that the.entire sequence of Late Quaternary cave fills
‘is dated by reference to the sedlmentologlcal succe581on in
Klrkhead Cave, which has itself been dated on the evidence of

a successxon of cultural artifacts and a s1ngle 14C date, itself
pOSSlbly subject to hard water error. It is true that upper |
parts of the depositional sequencee in other caves have been
dated on cultural grounds, but.it is essentially_on the evidence
of Kirhhead Cave that ages have beeh assigned to lithologically’
and biologically similar"sequences_in other caves in the area.

~ This leads to the second difficulty. The existence of a litho-.
logical and biological sequence in a cave ie no evidence of
chronology, particularly since, given a succession of glacial énd
interglacial envi ronments, one would expect 31m11ar lithological
and biological sequences to recur over the time. It is both
simple and attractive to date a sequehce of this sort by "count
-from the top" methods, particularly, as in the case of the
Morecamnbe Bay area, where this ailows sequences to be matched
and where the few chronological markers that are available sit
neatly in sequence. Nevertheless, such an approach is riddled
with assumptions and is intellectually gnexacting. Even worse
is the technique of force-fitting a sequence into preconceived

Qhrenologicai pigeonholes. Perhaps the best that can be achieved
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therefore, is the development of floating chronologies which
can be élotted into sequence and which are at least aménable to
changes in local, regional and national chronological knowledge.

Fewer of these difficulties of dating and cérrelation
between sites exist for earlier bhases of karstification,
méinly because both the degrée of temporal resolution and the
hunber of sites are significantly reduced. In these cases, how-
ever, stratigraphic reconstruction is reliant on'laterally—
linited inforuation from borehole logs, from rare exposures in
the bedrock récord, or from stratigraphic reports, particularly
frém mines, which can no longer be confirmed by inépection.
Moieover, with oide: phases of karstificatién, the problems of
chronology becomes more intracfable. fhe ?20ligo-Miocene phase
of karstification, for example, is dated merely on the basis of
Ehe relationship of mineralised karst features to faults
‘regarded as of Alpine ége.

The second major conceptual approach used in the study.
is that of uniformitarianism. Althougﬁ the:concept of uniform-
itarianism is inyaluable in any chronological study, it is hot
always easy to abply,'particularly'since many of the features
considered, such as palaeokarst surfaces and sops, have no
modern analogues. In these circumstances, palaeocenvironmental
feconstruction must bg at least paftly baséd on speculation.
But evén in more favoufable cifcumstances, the application of a
knowledge of modern processes to an'unders;anding of processes'
working in the past is not necessarily straightforward. Firstly,
the uhtestable assumption must be made that uniférmitarianism
is a reasonable concept; that is, that present processes worked

in the same way in the past. Secondly, the concept assumes that
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a full understanding of contemporary processes is available.
This is most certainly not the case. Even where processes have
been studied from physical first principles, as in the case of
scallop development, the only conditions which have been con-
sidered are those of steady uniform flow in simple systems, and
it is questionéble whether the results of such studies may be
applied to the transient and non-uniform conditions of reality.
In other cases, the understanding of process is based simply on
empirical relationships, as in the case of the statistical
relationship found between cave-meander form and discharge. Thus,
considerable doubt must be case on the results of the magnitude
of past processes from the application of relationships derived

from poorly-understood contemporary processes.

9.2 The integration and correlation of phases of palaeokarst
development in the Morecambe Bay area with those in the

rest of the British Isles

9.2.1 Introduction

With the exception of work by T.D.Ford (1964; 1977)
in Derbyshire, there have been no previous attempts to provide
an integrated picture of karst development over time in any
part of Britain. Yet, as shown in Table 4.1, there is consider-
able evidence of karstic development in Britain throughout the
Mesozoic and Cenozoic. Furthermore, although kafstification
seems to have taken place almost continuously in one place or
another in the British Isles since the Lower Carboniferoﬁs,
there are certain periods during which the country seems to have

experienced widespread karstification, suggesting a picture of an
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almost nationwide karst landscape. To a large éxﬁént, these
periods coincided with the major periods of karstification in
the’uorecambe Bay area. It is instructive,'therefore, to
contrast the ilorecambe Bay'eXperience with the situation else-
Qhere in the country during each phase of karstification, angd
he5ce'to build up a picture of the karst landscape in B;itain

during each karst episode.

9.2.2; Lower_Carboniferous karstification
Those.phaees of Lower Carbonifereus karstification

which have been identified in the Morecambe Bay area ftom the
evidence of palaeokarst surfaces can be closely related to

.the regression maxima of the Lower Carboniferous sea proposed

by Ramsbottom (1973). Since fluctuations in Lower Carbdniferbus
sea level seem to have occurred contemporaneously over the
‘whole of Britain, it might be’ expected that similar episodes

of karstification would have occurred at the same times through-
out the country. Palaeokarst surfaces have been reéorted

frdm the Lower Carboniferous Limestone of north and east Cumbria
(Mitchell, 1978), Yorkshire, Lancaehire, Mendip and Fife
(Walkden, 1974), but it is only in Wales and Derbyshire that
adequate stratigraphic information is avallable to allow the
date of karstlflcatlon to be determined. In north Wales,

Power and SOmerv1lle (1975) and Somerville (1979a: 1979b)

found palaeokarst surfaces in limestones of D, (Asbian) and

92 @rlgantlan)age, which they cons1dered to correspond to the
regre551on maxima of Ramsbottom s (1973) minor cycles (Table 3.1)
In Anglesey, Baughen and Walsh (1980) reported sandstone-filled

‘solution pipes developed in limestones of D, '(Asbian), D,
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and D, (Brigantian) age. Atkinson (1980) subseéuehtly
'suggested; however, that these features had been formed by a
process of mixing soiution under a.thin cover of sand at the
sea bed. .In south Wales, Thdﬁas (1953)'interpreted mari-filled
solution pipes in D1 (Asbian)_limestones as the result of two
episodes of -subaerial solution, presumably also corresponding
to minor-cycle regression maxima. In Derbyshire, Walkden (1974)
- found that palaeokarst surfaces were best developed in middle
and upper D, (Asbian) limestones which had been deposited in a
shelf environment; the surfaces were unknown in areas of basinal
limeétone.' Simiiar features were reported from the same area
by Stevenson and Gaunt (1971) in the ﬁpper Monsal Dale Beds
of Dé (Brigantian) age . ‘ ' |

In many areas of the country,van end-Lower Carboniferbus
phase 6f karstificétion also seems to have occurred, although
there is novevidence for this in the Morecambe Bay area. Thus,
in'Derbyshire (T.D.Ford, 1964, 53; 1977, 54-55) and Monmouth-
shire (Dixon, 1909), beds of Namurian Sandstone unconformably
overlie a solutionally-eroded karst surface. However, similar
feaﬁdres eisewhere in south Wales have been attributed to the
subaquatic introduction of quartzitic material into unconéolid-

ated calcareous sediment (Owen and Jones, 1961).

9.2.3 Permo-Carboniferous karstification

The only'traces of the landscape théught,to~havé
developed in the Morecambe Bay area $s the result of karst-
ification during the Permo-Carboniferous occur in the Low Furness
area. Elsewheré, exhumation and exposure'to subaerial proc-

esses has taken place and any discussion of the former nature
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and extent of.the landscape can be no more than speculative.
,Nof can comparisons easily be made with other British karst
areas. The occurrence of 1imeétone pebbles.ih Permo-Triassic
deposits in Derbyshire suggests that the limestone was exposed
to subaerial processes at this time, possibly, as in the case
of.Morecambe Bay, due to tectonic uplift and erosion of the
overlying impermeable cover (T.D.Ford, 1964, 54-55). Elsewhere
in Britain, however, éuch a landscape either failed to éevelop,
since in most areas end-Carboniferous erosion was inadequate to

remove‘the cover of the Upper Carboniferous rocks, or has been

subsequently eroded.

9.2.4 Tertiary karstification

The evidence for Tertiary karstification in ﬁhe Morecambe:
Bay area is restricted to Low Furness. . Elsewhere in the area
any conclusive evidence of Tertiary landforms has been removed
by suSsequént denudation, although mineralised karst features
in the Silverdale area might well represent fragments of the
same karst phase..

The Tertiary karst of the Mérecambé Bay area is part-
icularly impbrtant since it appears to have developed contemp-
oraneously with many other karst features throughout the British
Isles (éee Table 4.1);V-This suggesés that uplift and accelerated
erosion associated with the gathering climax of the Alpine tec-
tonic storm resulted in an increased fissure density in the
1imestone and a greater hydraulic gradient. Thus, the lime-
stone was éxposed to subaerial processes and the circulation

of meteoric waters through the rock was encouraged.
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More importantly, these kars£ features provide almost
the sole evidence of Upper Tertlary env1ronmental condltlons in
Britain. Elsewhere,'lndubltable Upper Tertiary deposits are
restricted to the Suffolk Bone Beds of East Anglla, the Coralline
Crag of southeast England, epd the St. Erth Beds of southwest
England kCurry et al., 1979, 50-51). With these exceptions, all’
: the featuree previously placed in the Upper Tertiary have been
so assigned on the basis of eitherlunreliable eéidence or dubious
reasoning. These include deposits given an Upper Tertiary age
simply on the grounds of their weathered condition or their.
"preglacial" stfatiéraphic position (Welsh gg_gl.,'1972, 543-548);
and landforms regarded as the fesult of Uppe:'Tertiary geomorphic
processes, particularly marine and subaeriel planation. '
"Erosion surfaces”, coneidered to have resulted from such plan-
ation have been described both in south:Cumbria, where three.
surfaces of Mio-Pliocene age have been recognised (Parry, 1958;
1960); and elsewhere in Britain (see, for example, Wooldfidge
and Lintoﬁ, 1955; Brown, 1960; Sissons, 1960); The methodology
by which these surfacee were identified has been lergely dis-
credited (éhorley 1565a; 1965b, 148-149) and wherever they have
beee reinvestigated it has been-fouhd difficult either to

identify or to date them (see, for example, Hodgson, Rainer and .

catt, 1974; Jones, 1980; and 8.2).

9.245 Quaternary karstification |

| | Every karst area in the country shows eﬁidence of karst-
ification having taken place during the Quaternary. In the .
Morecambe Bay area, at least two phases of cave and karst

. development can be recognised. The earlier of these occurred
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after approximately 100 m of valley incisien, possibiy by glacial
action. Surface flow concentration seems to have taken place on
thevimpermeeble rocks ove:lying the limestone prior to flow
sinking into the aquifer. During this phase, resurgence levels

| were approximately 5 to 10 m above present valley ieuels.

The later phase of kerst'development is that which can
be seen at the preéent, valley levels having been further lowered
‘and‘the impermeable cépping to the limestone removed, in both
cases probably largely by glacial action. Thus, present aquifer
recharge is mainly by uiffuse flow, and groundwater resurges
either at velley:level'of, in the case of those aquifers
fringing Morecambe Bay, below the level of mean high—water mark
of spring tides. .

Similar sequences of development can be ideutified
eieewhere in Britain. ;n'northwest Yorkshire, two phases of
valley lowering, the first of up to 75 m and the second-of'7 to
20‘m, have been recognised, each having led to rejuvenation of
the groundwater drainage system. In both cases it is suggésted
that valley incision was the result of glacial erosion. 230, ,
234U dates on stalégﬁi;e in the caves indicate that the earlier
phasevof incieion had been completed by 400,000 B.P. (Atkinson,
Harmon, Smart and Waltham, 1978).

In Mendip, fossil resurgence caves occur up to 70 m above
present resurgence levels, and at Cheddar at least three forﬁer
resurgence levels can be recognised The highest of these
seems to have been active prior to 360 000 B.P. Subsequent
valley incision resultlng in the lowering of resurgence levels is

“thought to have been the result_of both fluvial erosion and

torrential erosion under periglacial conditions (Atkinson,
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Hafmon, Smart and Waltham, 1978).

InADerbyshire,-no cave deposits have yetvbeen dated
;adiometfically; although it isvclear f;om the Lower Pleistocene
faune‘fodnd in Victory Quarry Fissure, Dove Holes (Spencer and
Melville, 1974) that vadose inlet ceves were active in the
areavat least 600 000 years ago. Much of thelsequence of cave
development can therefore only be -inferred from geomorphic
~evidence. In the Castleton area, T.D.Ford (1966; 1977}.339-342)
.pfoﬁosed a sequence of valley incision.and retreat ofvthe
impermeable cover from the limestone. This resulted in the
progressive lowering of resurgence levels and the brogreséive
abandonﬁent of vadose inlet caves. -

Cave systemslthus seem to have followed broadiy the same |
sequence of development in all the main karst areas of Britain
during the Quaternary. Nevertheless, Any attempt to relate pheses
.of cave development, cave.infill and resurgence lowerihg from
region to region is f;aeght with difficulties. Partly, this
ié because no adequate geochronometric control is yet available
for events in'each area. Perhaps more importantly, however,
it is clear that the éame'processeé were not necesserily at
work contemporaneoﬁsly in each erea.v Northwest.Yorkshire
experienéed.the full brunt oflsuccessive glacial events,

- whereas Mendip appears'never to have been glaciated, and Derby-
shire formed an unglaciated enclave at_least during the last
glacial. On this basis, the experience of the Morecambe

Bay area can peihaps be most closely related to that of north-
east Yorkshire. Nevertheless, it is probably taking ﬁhevavaile
able evidence too far to suggeet_tﬁat phases of valley incision

and resurgence lowering have a one to one relationship between



214

the two areas, despite the similarity between the vertical
ranges of the two phases of valley incision and résurgence

lowering recognised in each area.

1



10.

CONCLUSIONS
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The aims of the present study have been twofold; firstly,
to reconstruct the history of karstification in the Morecambe
Bay area, and secondly, to investigate the particular environ-
menté under which karstification has occurred. More than any
others, karst landscapes'exhibit a high degree of structural
control (sensu lato). Any investigation of this sort must, of
neéessity, therefore, take account of the influence of both
structural ggology aﬁd lithology on past and present landform
development. At the smallest Scale, for exampie, joints and
‘bedding planes act as the loci of solution and provide the
maih control on'hydréulic conductivity within the rock. Never-
theless, in the Morecambe Bay area, these features exert only
minor influence on geomorphology. Instead, folds and, in
particular, faults prbvide the primary control on the fofm oflthe
iandscape, influencing the location and morphblogy of major
karst features such as sops, poljes and closed depressions, as
well as the overall dist:ibution ofvhigh and low ground in the
area.

Lithological variations are also of significance. The
Lower Carbqniferous'niméstone in the area consists of seven dis-
tinctive lithological units whose distribution controls to a
remarkable degree the extent and style of karstification around
Mérecambe Bay. Neithet the lafgely non-calcareous units, such
as the Basement Beds and the Gleaston Group, nor the poorly-
bedded and thinly-jointed Park Limestone generélly support karst
development. On the other hand, the massively bedded and
jointed, and relatively pure Urswick Limestone constitutes the
most important karst lithology in the érea.

Having established the structural basis of karstification,
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it is possiblé to recognise at least four phases okaarst dev-
elopmeht in the area: Lower Carboniferous, Perm6¥Carboniferous,
?20ligo-Miocene and Late Quafernary; Other phases of karstif-
ic5tion may well have occurred, but owing to the existence of .
considerable gaps in the geological record, in particularly

" between the Triassic and_théALate Quaternary, the evideﬁce of
much of the landscape history of the area is missing..

During the Lower Carboniferous, karstification.took
place as_the result of'the subaerial erosion of unlithified
carbonate sediment during periods of temporary falls in sea
level. The resultant palaeokarst surfaces can be related to
the fegression maxima of Ramsbottom's (1973) major cycle model
- of British Lower Carboniferous sedimentation and hence to similar
.features in similar strétigréphic positions'elsewheré in British
Lower Carboniferous Limesiones. Despite this, there is no
"evidence to support Ashmead's (1969&;'1974a) case for a widespread
end-Lower Carboniferous phase of subaerial karst and cave dev-
elopment in the area.

At the end of the Carbonifeious, the region was faulted
arduplifted by the increasingly violent tectopic effects of |
the Hercynian Orogény. These movements initiated a phase of
considerable erosion wiﬁh the result that the limestone was
once again exposed to subaerial conditions. Thus,. during the
Perﬁo-Cérboniferous transition, the re-exposed karst was ad-
joined to the north, south and southeast by areas of topo-
g;aphiéally higher, impermeable beds, whilst within the karst
area the hills were capped by remnants of impermeable Upper
Carboniferous Sandstone. It thgrefo;e seems likely that streams
from these impermeable areas sénk at‘the limestone boundary to

form swéllet—type cave systems and that a karst landscape
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similar to that of contemporary northwest Yorkshire developed
(Flg 10.1). |

| - Earlier workers proposed that durlng thls perlod the
area formed e1ther a simple 11mestone plateau (Ashmead, 1974a,
207) or an uneven pedlment (Rose and Dunham, 1977, 59). ‘This
eeems difficult to reconcile‘with the complex pattern of relief
"to have been expected as avresult of'thebrecent Hercynian
Orogeny. Moreover, it is clear from borehole records that
relative relief in the area exceeded 80 m at this time.

With the onset of Permo-Triassic deoosition, the Permo-
Carboniferous karst landscape was buried beneath accumulations
of Permo—Tr1a351c beds and no further karst1f1cat1on appears
to have occurred in the area unt11 the Tertiary. Previous
workers regarded the Tertiary as a period of considerable kars=-
tification. They envisaged the large-scale exposure of lime-

‘ stone'under tropical humid conditions and the development of

tower karst, fiisshohlen, terra rossa soils, etc. (Corbel, 1957;

Sweeting, 1970; 1972; 1973). The present study has found no
evidence to support this thesis. Indeed, although the lime-.
stone to the east of the area may have been exposed to subaerial
processes'during the Tertiary, the evidence of mineralisation
suggests that, as with the limestone to the west of the area,
the karst remained buried beneatthermo?Triassic beds until at
least the Miocene. Nevertheless, it-does seem that‘during-this
period there developed in the area certain unique features,
1ocally known as sops, which were the result of interstratal
karstification in association with'downward-moving mineralising
fluids (Fig.10.2). On the basis of the relatlonshlp of these

features to structures of Alplne age, the phase of karstlflca-

tion which gave rise to them has been cautlously assigned to

"
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Fig. 10.1 Schematic cross - section through the Morecambe Bay area during the Permo - Carboniferous phase of karstification
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Fig. 10.2 Schematic cross - section through the Morecambe Bay area during the ? Oligo - Miocene phase of karstification




218

the Ollgo—Mlocene,

'_ Wlth the end of the Alplne Orogeny, the area assumed a
form. sxmllar to that of the present day, w1th upstandlng fault~
'bound llmestone blocks separated by extensive low-lylng tracts.
Prev1ousfworkers have attempted to .fit the pattern of cave and
karst development on these blocks into a model of falllng base-
level control. Nevertheless, the present study has shown that
' there is evidence neither of a preferential height—distribution
‘of karst-features in the area nor of the existence of the high
sea levels thought to have controlled base level. 1Instead a
 simple. pattern of groundwater drainage seems to have developed,
with streams 51nk1ng around the frlnges of the 1mpermeab1e
capping on the limestone blocks and resurglng at the base of the
h1lls. Successive glaciations appear to have overdeepened the
valleys andvremOVed the impermeable capping from the area, |
| 1eaving the earlier drainage system perched above present ground-
water £lows (Fig.10;3). 2hus, the contemporary drainage system
éonsists of diffuse flow recharge feeding iow—level'resurgence
systems. o | |

" Both on sedimentological andvmorphological grounds, the
abandoned cave systems can be shown to be of at least last inter-
glac1al age., These cave systems include those features prev—
1ously termed "phreatlc network" caves and regarded as either
Tertiary~-relict fiisshohlen or the product of polje—margin
.p:oeesses- The present study, however, has shown that the

phreatic network" caves are, in fact, either fragments of
typical abandoned karst COﬂdUltS of similar age to other |
cave systems in the Morecambe Bay area, or true network systems.
Owing to the absence of_topographically-higher imper-
vmeahle rocks adjacentrto the»limestone in the area; there is
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Fig. 10.3 Schematic cross - section through the Morecambe Bay area during the Quaternary phase of karstification
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little ¢ontemporary concentration of water flow at the surface
~and hence little concehtration ef solutional activity. Thus,
| mest.of the surface karst features in the area are relict. The
study has described certain of these features,'including'cemented .
screes, a widespread yet rarely investigated feature of glacio-
karst, and karstic closed depressions. Both the true karst dep-
ressions of the area and the featﬁres which have been previously
' regarded as poljes are comparable in size to the 1argest similar
features found elsewhere in the British Isles.

Apart from recording the history.and environment of
karstification in a qualitative manner, the study has also
attempted to quantify karst palaeohydrology. Although numerous
studies have been made of the history of karst drainage systems,
few have attempted anything beyond a reconstruction of the
chronology of events. Yet caves, in particular,'contain much
- evidence of the h?draulic conditions under which former flows
occurred. Thus, the dimeneions of scallops and cave meanders
have been used to infer past conditions of flow, and hydraulic-
ally-transportedlcaVe'sediments have provided a useful record
of palaeohydraulic conditions. This study is the first which
has applied these methods of palaeohydrological analysis to
the investigation of a particular area. More especially, the
detailed study of sediments from Fissure Cave has provided the
first semi-quantitati&e picture of the palaeohydraulie behaviour
of karst drainage systems. -

The sﬁudy of cave sediments has aiso revealed chron-
ological information of more than regional significance.
Kirkhead Cave has been ehown to contain an almost completé

sequence of deposits dating from the Late-glacial to the present
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day} as well aS'pdssessing evidence of the ﬁost hortherly Upper
palaeolithic industry of any significance in Britain. Similarly,
Grizedale Wood'Drainage Level has been shown to confain reversely
;nagnetlsed sediments, whose age is as yet unclear, but which
‘are very 11kely to prove the oldest known Quaternary dep051ts
yet found in the whole of Cumbr1a.

The present study has therefore demonstrated the sig-
nificance of the Morecambe Bay area in terms of its value in
both palaeoenvironmen£a1 reconstruction and karst study. The
‘area is one which has been neglected for too long and which
deserves.toibe set alongside the classic karst areas of the
Brltlsh Isles, both w1th regard to its landscape value and to

1ts env1ronnental hlstory.

.....
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11.1 Pre-Flandrian sea level change

Although much is known of sea level history in
Morecambe Bay during the Flandrian (see 10.2.1), the sea
level curve cannot yet be extcnded further back in time with
any confidence. The classical picture of sea level change
during the Quatérnary is one of generally falling sea levels
upon which glacio-eustatic fluctuations are superimposed
(see, for example, P. Evans, 1971), and it was on the basis
of this model that Parry (1958; 1960a) proposed that the
Morecambe Bay area had been planed by a series of succes-
sively lower sea levels. However, the present study has
found no evidence, neither of a morphological nor a sediment-
ological nature, for such planation (see 8.2).

Citing evidence of sea caves and wave-cut notches
at altitudes of between 12 m and 29 m 0.D., Tooley (1977, 6)
proposed the existence of high sea levels during the period
25000-19000 B.P. He dated these features by correlation
with coastal forms and mariné deposits found at similar
altitudes on the Isle of Man, Sea levels of such altitude
at that time are difficult to reconcile with the glacio-
eustatic model of sea level change. Evidence from oxygen
isotope analysis of deep-sea cores (Shackleton and Opdyke,
1973, 45-46), as well as from other sources (see below),
suggests that sea levels at that time would have been >100m
below those of the present. Thomas (1976, 321) has tentat-
ively explained the Isle of Man evidence in terms of isostatic
depression, a theory which is more consistent with present

knowledge. Subsequently, Tooley (1979, 146) proposed a
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Hoxnian or earlier age for the sea caves and wave~cut notches
of fhe Morecambe Bay area, although he provided no evidence
to support this‘view. More detailed study of the caves and
hotches, however, has revealed no indication of a marine
origin (see 8.2.1). |

Reviews of the evidence of Quaternary sea levél
change in the Irish Sea‘by Mitchell (1972; 1977) suggest
that, élthough there may have been an overall drop in sea
level, it was on nothing like the scale proposed by the
classicai model, which involves a fall of as much as 200 m
through the Quaternary. It appears, instead, that each
transgression returned to approximately the same 1e§e1 of
5-20 m O.D. in successive interglacials, certainly during
the Late Pleistocene. This theory is broadly supported by
the deep-sea core evidence, from which changes in global ice
" volumes and hence glacio-eustatic sea level changes may be
inferred (Shackleton and Opdyke, 1973). It is to one of
these interglacial stages that the only pre-Devensian marine'
deposit known in the region has been ascribed. At VWigton,
in thé'Solway lowlands, fossiliferous marine clay has been
found beneath thick glacial deposits in a borehole, and has
been provisionally assigned to the Ipswichian, élthough it
is possible that the clay is not in situ (Eastwood et al,
1968, 219, 227; Huddart, Tooley and Carter, 1977, 123).

It is reasonable to assume that, during the cold
stages of the Quaternary, sea levels were lower than‘at
present. Computation of world ice volumes during each cold
phase, and hence the amount of oceanic water taken up as ice,

has enabled the approximate calculation of cold-stage sea



223

- levels. - During thé penultimate glacial phase; sea level
may have fallen by ~140-160 m (Don,_Fafrand and Ewing, 1962),
whiist during the last glacial phase, seé level may have

B fallen by ~105-135 m (Cotton, 1962; Donn;AFarrand and Ewing,
1962; Van Straaten, 1965).

As a result of lower sea levels during glacial
periods, Howell (1965) believed that rivers were able to
overdeepen their valleys and cut chénnels across the floor
of the Irish Sea. Ffom his studies of buried channel form,
he concluded that the valleys were graded to base levels at
depths of approx1mate1y 30, 60 and 90 m below 0.D.
Subsequently he proposed that in0131on may not have been so
great as he formerly believed and that the valleys may have
been locally overdeepened by subglacial waters (Howell, 1973;
'1978, pers. comm.). Nevertheless, there is evidence that
fluvial erosion has been active on tbe present floor of the
Irish Sea, at least ih the Morecambe Bay area. Whittow
(1970, 187-188) was the first to point out that the submarine
contours of the northeastern Irish Sea may indicate the
former extens;on of a fluvial draiﬁage net across the
cdhfinental shelf (Fig. 10.1). It is possible that the
submarine channels are explicablé in terms of either glacial
scour‘along ice ways or erosion by subglacial waters, but
this is supported neither by the approximately E-W alignment
of the channels nor by their apparently dendritic pattern.
_Tﬁe channels can be traced out to sea to depths of at least
75 m below 0.D.  Since it is unlikely that the channels
were eroded by estuarine waters flowing across the contin-

ental shelf, due to the lower dens1ty of fresh water in
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-comparison with sea.water,‘it must be concluded that sea
level stood at least 75 m lower than at present at some

stage during the Quaternary. In order for rivers to have

~ existed on the present floor of the northeastern Irish Sea,
conditions must have been sufficiently cold to have resulted
in low sea levels, yet the ice front must have been some
distance north of the area.

| Pantin (1978) has shown that during the Late
Devensian the northeéstern Irish Sea was probably occupied

by a pro-glacial lagoon in which bedded sands were deposited
on the till of the‘retreating Late Devensian ice sheet. At
this time the.sea probabiy lay to fhe west of the Isle of
Man. - The bedded sands show no enidence of fluvial conditions
and they are unconformably overlain by lower-middle to upper
Flandrian marine sediments. This suggests that a marine
transgression, eroding the bedded sands as it advanced across
the confinental shélf, took place before Surface drainage
could.be establishsd on tne floor of the Irish Sea.

Honevér, evidence from within the Bay suggests the
existence of a more complex picture. 'Tne floor of the Bay
consists of a network of bedrock channels Overlain by ga
sequence of ‘till, varved clays, and two sequences of sands,
silts and clays (Water Resources Board, 1970). The upper
sand silt and clay complex contains marine molluscan ang
.‘ mammalian fossils (Kendall,lsoo; Reade, 1904; Water Resources
Board, 1970). Undérlying it, and separating it frop the
lonér sand, silt and clay complex, are discontinuous peat

horizons at altitudes of -11.13 m to -16.40 m 0.D. (Kendall,
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1900; Reade, 1904; Water Resources Board, 1970), suggesting

a marine transgressive phase (see 10.2.1). 14

C dates from
the peat range from 92703200 B.P. to 7725295 B.P. (Tooley,
1974). The lower clastic complex infills valieys cut in
the varved clays. The sands, silts and clays have been
‘interpreted as of freshwater origin (Water Resources Beard,
1970). Thus, a sequence of glacial depesition, pro—glacial
ponding, fluvial erosion and, pbssibly, deposition,lfollowed
by terrestrial conditions preceding a marine transgression
is indicated. This may be related to the similar sequence
in the northeasterh Irish Sea, bearing in mind that an
earlier marine transgression in the deeper parts of the
Irish Sea bésin would have prevented the occurrence of
fluvial and terrestrial conditions. Assuming similar con-
ditions to have prevailed in previous late-glacial periods,

the erosion of channels across the continental shelf may be

cautiously regarded as largely an early—glacial phenomena.

10.2.1 Sea level change during the Flandrian

The marine transgression consequent upon the world-
wide melting of the ice of the last glaciation is the best
- gsubstantiated of all the marine events in the Morecambe.Bay
area. The evidence for Flandrian see level change has
been reviewed by Huddart, Tooley and Carter (1977), who
deduced the existence of five discrete transgressions and
regressions during the period (Taele 10;1). The height of
each sea level represents the height of the mean high;water
mark of spring tides (MHWMST) on the basis of Tooley's

(1969; 1974, 31) contention that minerogenic sedimehtation
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is replaced by biogenic sedimentation above the MHWMST.
However, three possible sources of errdr do not seem to

have been taken into account in establishing this sea level
chronology. Firstly, thére is the effect of consolidation
on the depositional height of the marine deposits. _ In
their study of the Fiandrian marine deposits of the Somerset
Levels, Kidson‘and Heyworth (1976, 226) concluded that con-
solidatién and compaction had resulfed in considerable down-
ward displacement of deposits. Secondly, the effect of
peat shrinkage has been overlooked. The bulk of the
Morecambe Bay marine deposits occur in association with
peats, most of which have now been drained for agricultural
purposes.' Morgan (1969, 249) has’shown that the drainage
of peat mosses can result in a vertical shrinkage of 4 m in
~100 years. Finally, no allowance is made for the surge
effect as tides enfer constricted estuarine areas, with its
consequent impact on the height of the MHWMST. Yet many

of the Morecambe Bay marine sites, for example, the Kent
Estuary, the Leven Estuary and Rusland Pool, are within such
constricted areas. Thus, it may not be reasonable to level
eéch marine deposit to i0.5 cm and to regard deposits at
marginally different altitudes as providing evidence of-
discrete transgressions or regressions.as proposed by Tooley

and his co-workers.

10.2.2 The geomorphic effects of the Flandrian transgression
Apart from depositing the extensive tracts of marine
sediments which occupy both the Bay and the adjoining coastal

areas up to heights of about 5-6 m O0.D., the Post-glacial
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‘rise in sea level-may have affected the geomorphology of
--the area in several Ways. According to ‘Millward and
Rob1nson (1972, 22- 23), the fossil cllffllne which is suchb
a feature. of the Bay (Plate 10. 1), was eroded dur1ng the
peak of the Flandrian_transgressiom which they regarded as
‘haVing occurred‘approximately 6000 years ago, although they
also admitted that the feature may have been initially
developed during a prev1ous erosional phase. Study of
tidal reoords’from Barrow-in-Furness, extendingvback to
1920, suggests a contemporary MHWMST of 5.06 m 0.D., only
0.72 m below the maximhm reached during the Post—glacial.
Yet'present spring tides only just reach the foot of the
fossil cliffs, achieving little in the way of erosion. It
is difficult to believe that tides eveh 0.72 m higher would
be adequate to erode'near-vertical limestone cliffs which
reach heights of up to 10 m. On the other hand, it is
possible that the lack of contemporary erosion along the
cliffs may be the result of a shift of the channels within
the Bay. Until about 1850, for example, the Kent channel
was close inshore at Silverdale, enabling boats to moor
there. After this date the channel moved and the area

. silted up. Early in the present century, the Kent moved
towards Silverdale again and pleashre Steamers from Morecambe
were able to land passengers. The channel stayed well in-
shore until about 1920, since when the salt-marshes have
extended out into the Bay (Mitchell, 1977, 43). Neverthe-
lless, it is 1likely that the fossil sea cliff is a compound

feature, for a refraction seismic transect (see 11.5)



Plate 10.1 The "fossil”™ marine cliffline at Silverdale (SD4575)
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normal to the cliffline at Silverdale Shore (SD455756)
clearly shows a buried wave-cut abrasion rlatform backed
_by'the fossi1 cliffline.developed at a height of ~3 m 0.D.
(Fig. 10.2). This platform may have been developed during
an earlier part of the Post-glacial or, more probably,
during én earlier interglacialAwhen marine erosion may have
been more active, | _
Oldfield (1960b, 108) has recorded horizontal notches
cut into the base of the cliffs all around the Silverdale
peninsula. He regarded these as wave-cut features,
although they'are not being activelyveroded at the present
'timé and are considered to date from the maximum of the
Post-glacial marine transgression. Tooley (1977, 5) pro-
visionally assigned the same notches to the Ipswichian,
although he subsequently claimed that they may reflect, in
part, relatively higher sea levels from 3500-800 B.P., as
well as being an iﬁheritance from Ipswichian sea levels
8-13 m above those of the present (Tooley, 1978, 146-147),
The notches which Oldfield and Tooley described are
not as distinct a featuré'as they would infer. Where they
do occur, there is little to suggest that the notches are
‘ not continuous to a level below that of the salt-marsh.
. Furthermore, the notches are best devéloped where perennial
pools occur along the base of the cliffs. These pools are
“ replenished by high tides and this fact, in association
with fhe probablé high organic acid content of waters in
contact with the salt-marsh, means that the waiers are able

to erode the base of the cliffs solutionally and develop
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a notch similar to that which exists;

Holland (1967, 67-69) has reported the existence
of "beach" deposits in the caves found along the cliffs at
Silverdale. Although he a831gned no date to these deposits,
~ his reference to them as being part of the."25 foot beach"
implies a link with the Post-glacial 25 foot beach of
Scotland. In Silverdale Shore Cave (SD45557560) the deposits
are found at heights up to 9;36 m O.D., 3.58 m above the
maximum MHWMST during the Flandrian. This is considerably
above the height both of contemporary storm—beaches and of
knewn fossil storm-beaches (see below). Analysis of the
petrography and grain-size distributioﬁ of the '"beach"
deposits from'Fissure Cave, Silverdale Shore Cave and Wall
End Cave was carried out.(see 5.5.1 and 7.3.2). With the
exception of the fluviatile and lacustrine deposits found
‘ in Fissure Cave, all the deposits fell within the glacial
environmental envelope of the QDa-Md diagram (Fig. 5.1).

 Finally, at a number of locations around the Bay,
in particular around Low Furness and Silverdale, are found
fossil storm-beach deposits. These occur at heights of
6.7-7.9 m 0.D. around Low Furness (Rose and Dunham, 1977,
122) and up to 0.7 m above MHWMST at Jenny Brown's Point,
Silverdale (SD45967355). The Silverdale deposits consist
mainly of rounded limestone pebbles. The clasts are in
point or face contact, while the interstices are filled by
inwashed fines.  The deposits underlie a vegetation cover
and no longer appear'to be undergoing deposition. Instead
they are being undercut by contemporary high tides, leaving

the derived pebbles banked up against the deposits (Plate 10.2).



Plate 10.2 "Fossil" storm beach deposits at

Jenny Brov/n"s Point, Silverdale (SD45967355)
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11.1 The study of joint orientations

11.1.1 Measurement

A wide variety of methods of measuring joint orient-
ations has been proposed. Many of these téchniques involve
'a considerable subjective elément. Chapman and Rioux (1958,
121), for example, suggested recording the mean orientation
6f 20 parallel joints at selected statiqns, whilst Weaver |
- (1975) proposed the measurement of dominant joint sets only.‘
}In areaé of complex Jjointing, however, thesé methods may
neglect critical joint tiends, as well as being statistically
invalid. ‘ | |
| In an aftempt to thain impértial samples; Mulier
(1933) recommended the measurement 6f all joints af the |
sample site, all data being collected by one Qbserver. Muller:
4noted the problems of'inadvertently sampling long fractures .
many times, and the possibility that fractures at the
weathered surface ma§ differ from those at depth. These
problems were not so important in the Morecambe Bay stddy;
however, for thé data were intended to test the degree of
structural control on landforms. Thué, the relative length.
of fractures was of significanée, and the orientation of
fractures at the surface was of gfeatest interest for the
-study.  This is not'withstanding the observations of
Appleby (1942, cited in Pincus,‘iQSl, 92) which suggest that
fractures in dynamited exposures correspond well with those
of normal exposures.

'Spencer (1959, 475) recommended beginning measurement

at an arbitrary point and measuring all fractures in the
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vicinity of that point until 100-120 observations had been
lmade. A similar method was adopted by Firman (1960, 320).
Unfortunately, despite their ijectivity, these

methods fail to indicate the concentration and relative
length of the fractures. - As these parameters were important
to the study, a rather different method of measurement Qas
finally adopted. A predetermined area was selected,
generally of 2.5 m square, within which all joint oriéntations
were recorded. This area was increased if the number of
joints measured was inadequate to fulfil statistical re-
quirements. In order to obtain an idea of the relative
length of joints, and because of the sinuous nature of many
of the joints, fractures were measured between each point
of intersection with other fractures. Preliminary investig-
ation supported the conclusion of Moseléy and Ahmed (1967,
73-74)'that the joints are generally orientated normal to
‘the bedding, so a single measurement of dip at_each site was
Sufficient to orienfaté the joints in three dimensions. 1In
fact, it was subsequently found that two—dimensional.analysis
was adequate for the study of joint trends.

| In order to check the reliability of the sampling
and measuring procedures, two adjacent sites on the same
bedding plane were measured at Newbiggin Crags (SD549792).
Analysis of the two sample populations by the methods given
in 11.1.2 showed that both sites héd significant data peaks
" at the same oriehtations of 80-89° and 160-179° (Fig. 2.5),
thereby confirming the reliability of the methods.
Interestingly, analysis of joints at thé same locatidn, but

at the next bedding plane in the stratigraphic séquence,



232

‘indicated significant.jointvpeaks differihg from the others

by about 10° (Fig. 2.5), underlining the importance of

measuring joint orientations strictly at the point of interest.
In order to observe whether ground measurementé of

- joints differed from those obtalned from aerial photographs

upon which Moseley based much of his analysis, the results

of measurements at Newbiggin 1 and 2 were compared with those

of the same site obtained from 1:10000 verticai aerial

photogréphs. Using the same methods of anéleis,.almost

identical results were_obtained, COnfirming the'comparability

of the two methods of data collection (Fig. 2.5).

11.1.2 Anélysis

| | Orientated data have been frequently found not to be
amenable to standard statistical methods requiring linear

data, whilst even those tests specifically designed for
orientated data usually assume the data to be both unimodal

and directional (see, for example, Gaile and Burt, 1980).
Unfortunately, joint-orientation data is both axial (i.e.
non-directional) and usually, polymodal To date, the

only method of analysis capable of dealing with such distribut-
ions is that developed by Tanner (1955, 2473-2475).

Tanner's method involves the division of the compass
jnto a number of equal sized sectors and the calculation of
measured orientation frequency within each sector. :Tanner
-proposed that those sectors with an orientation frequency
one standard deviation above the mean represented proﬁinent
orientation modes. This representsAa significance level

of 67%, which would be considered low when applied to standard
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étatistical-significance tests. . However, High and Pic@rd
.(1971, 37) éuggestéd that a high 1evé1 of significance
should not be demanded for geological polymodal-ofientation
data and that the 67% level is both écceptable and indicative
6f a pfeferred directibn. It is interesting to note, more-
over, that when applied to axial data, acceptable leVelé of
significange may be reduced because of thé bimodal hature of
each peak. | | |

| Implicit in this technique is the assumption that
the frequency of measured orientations within éach sector is
derived from an initial population approximating fo a
gaussian distribution. . The sample populations of the
Morecambe Bay data tend to be positively skewed. A closer
approximation to a normal distribution could be achieved by
increasing the size of the sector division. However, it was
considéred that any increﬁse of the‘10° interval selected
would have led to results too crude to allow differentiation

vof subtle changes in joint orientation.

11.2 DPalaeomagnetic analysis of deposits in Grizedale Wood
Drainage Level (SD48257409)

11.2.1 Sampling

Five orientated samples were taken from the undis-
turbed laminated beds in the upper part of the exposure on
the southern side of the mine level. (section A).’ In order
to meet Thompson's (1977, 52) criterion that palaeomagnetic
directions should be confirmed by investigating two separate
sections in the same locality, two further samples were

taken from a similar smaller exposure a few metres away on
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the north side of the level (section B).

11.2.2 Measurement

One of the samples from section A was selected at
randém and the stability of the remanent magnetism examined
by progressive stépwise demagnetisation in alternating
magnetic fields, up to a maximuﬁ fiéld strength of 1000 Oe.
_‘ The direction and intensity of magnetism after each demagnet-
isation step was measured using a Digico spinner magnetometer.
This procedure indicates the optimum level of demagnetisation
‘which will remove any secondary components of remanence,.
acquired since deposition, thus leaving the primary magnet-
isation, whose direction is close to that of the ancient
field. From a study of the results (Figs. 11.1 and 11.2),
it was decided that neither intensity nor direction of
magnetisation changed significantly with demagnetisation and
that measurements of natural remanent magnetism could be
regarded as indicative of that of the ancient field. The
direction of the natural remanent magnetism of the remaining
smaples was thereforé measﬁred using the'Digico spinner

magnetometer and the results plotted on Fig. 3.2.

11.3 Sedimeﬁt sampling and analysis

11.3.1 Sampling

Open sections were firstly recorded by sketching and
photography. The faces of sections were then cleaned by
scfaping or trimming along the lines of visible strata to.
prevent contamination and a vertical sequence of samples

taken from each bed.  Bulk samples from closed depressions
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" were taken from beneath the organic horizon in pits. 1In all
cases, the minimum sample weight was dependent on the maxi-

mum clast size, as determined by Mace (1964).

11.3;2 Sediment analysis

" Each sample was airedried and weighed to 0.00i g,
and thgn disaggregated‘by using a pestle and mortar, and a
brush to clean the gravel and cobble fraction. For those
samples containing particles of >4 mm,'the coarser fraction
was separated by sieving through a 4 mm (-2 ¢) sieve. 'The
retained fraction was then sievédAby hand thrbugh sieves at
1 4 intervals, weighing the material retained on each sieve
to 0.001 g and retaining.if for betrographic and shape
anélysis. A

The <4 mm fraction was split by using a fiffle box
to obtain a subsample of 60-70 g. The subsample was weighed
to 0.001 g and then‘wet—sieved through a 63 pm (4 ¢) sieve
into a pan using 2 wash bottle containing 0.5% w/v (Na?03)6
(Calgon) solution to act as a dispersant (American Society
for Testing Materials, 1963, 208; Ingram, 1971, 60). The
‘screen of the sieve had been previously wet on both sides
with the dispersant. After wet-sieving the subsample, fhe
'éonténts of fhe pan were transferred into a 1000 ml cylinder.

The 63 pm sieve and the retained sediment fraction
were dried at 30°C and the dried, disaggregated sample
- poured into the top of a stack of sieves ranging in size from
2.83 mm (-1.5 $) to 63 pm (4 ¢) at } ¢ intervals. The
sieve stack, which had been pfeviously calibrated by sieving

standard samples, was agitated in an Endecott mechanical
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- shaker for 10 mins (Ingram; 1971, 64) and the fraction
'rétained on each sieve weighed to 0.001 g. .Any materinl of
<63 pm was transferred into the 1000 ml nylinder. H
The suspension in the 1000 ml nylinder was made up
to the 1000 ml mark by adding dispersant. The pipette
method of sedimentation analysis was then followed, using the
procedure outlined by Galehouse (1971, 79-87). A constant-
temperature batn at 24°C was used and sampies were taken of |
particles finer than 4.0 ¢, 4.5 ¢, 5.0 ¢, 5.5 ¢, 6.0 ¢ and
at 1 ¢ intervals thereafter, up to 11»¢. The onen—dried
pipette sémples were allowed to cool in the laboratory for
24 h to accumulate ambient moisture before weighing fo

0.001 g (Folk, 1968, 38; Galehouse, 1971, 85).

11.3.3 Data analysis |

For the total samplé, % weight coarser than eanh size
fraction was calculated, following the United States practicé.
The data were plotted as a cumulative curve of -logog gnnin-
size (¢) against % weight coarser, using a probability-
percentagevordinate scale to allow curve extrapolation and
interpolation.

Grain-size summary statistics were calculated on the
baéis of graphically interpolated percentile vaiues. Owing
to the large proportion nf fine material in some of the
sediments studied, it was often only possible tn obtain
percentile values up to Dgs. ; Apart from the median (Dg0)
and quartile deviation ((D25—D75)/2) (see 5.2.1), twn.other

parameters were calculated:
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=y _ o=($25 + $50 + $75)/3
(1) Mean (%) = 27 875)/3 1m (Briges, 1977, 79)
and | A

(i}) Sorting (So) = VD,./D,. (Trask, 1930; 1932).

Wentworth's (1922) grain-size nomenclature was adopted for
verbal size-scales, and Folk's (1954) categories were used as

a means of describing sediment texture.

11.4 Surveying
11.4.1 Levelling

"Phreatic network" cave altitudes were obtained by
levelling, using Tilting-type and Dumpy levels. Wherever
possible, traverses were tied into local bench marks. Any

corrections due to misclosure were distributed evenly through-

out the traverse,

11.4.2 Cave surveying

In the relatively large and accessible caves aloﬁg
the coast at Si}verdale, it was possible to survey using .
levelling methods rafher than the usual techniques of compass
and clinometer survey. Using.a fixed target and the leap-
frog method, station position error is reduced to a minimum,
_while vertical diffe;encgs between stations are more accurately
measured. Detail sﬁrvey, plottihg and drawing followed the
methods recommended by Ellis (1976). Direction was
measured using a hand-held liquid-filled prismatic compass

(W.D. Mark III) and distance was measured using a Fibron tape.
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11.4.3 Profiie surveying

Slope profiles and closed depression ﬁrofiles were
survéyedAusing an Abney 1¢ve1;‘tape and rénging poles, angle
measurements being made to the nearest io, The level was
checked by paired readings at the beginning of each profile;
a correction being applied whenever neéessary. Profiles
were measured along the line of true slope. In the case
of the slope profiles, at the top of the slope, profileé were
continued perpendicular to the hill crest, as éuggésted by
Pitty (1966); whilst at the foot of the slppe, profiles were
terminated where a non-slqpe landform,.such‘as a fiood plain
or Wave-cut platform, had become clearly established. Closed
depfession profiles, on the other hand, were surveyed along
the line of the depression long axis, passing through the
Alowest point of the depression. '_Transects were also surveyed
perpendicular to the long axis, again passing fhrough the
ldwest point of the &epression. Both sets of transects.were
surveyed from lip tollip of the depression.

For all brofile surveys, a standard measured length
of 26 m was adopted, both to maintain objectivity and in view
of the overall length of profile being measured. This is
the maximum length'suggested by Young (1972, 146) in order
to provide a close répresentation of ground férm. The main
disadvantage of a fixed measured length is that breaks of
'slope, Visibly apparent to the sufveyor, are recorded with
deliberate inaccuracy. As it was important that such breaks
of slope be recorded, a shorter measured length was
occasionally used where the slope was jhdged to change

significantly, for example, at the tops of the cliffs ahd
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at the lowest points of depressidns.

11.4.4 Morphological maﬁping‘

N Mqrphological mapping of the‘closed depreséions was
accomplished using the methods-proposed by Savigear (1965)
for slope morphology, and the mapping symbols devised by the
I1.T.C. forithe representation of geomorphic features

(Verstappen and Zuidan, 1968).

11.5 Survey of‘buried bedrock surfaces

_11.5.1 Introduction
The gsual approach to the survey of buried bedrock

surfaces involves the use of excavation pits or augering
methods. In the present study, neither of these methodé
proved successful due to the focky nature of thé superficial
materials. In these circumstancés, geophysical surveying
methods are able to provide a continuous record of buried
bedrock form, as well as an indication of the nature of the
overlying materials.f

| | Initial results from augering suggested that a simple
two-layer situation, unconsolidated fill ovef bedrock,
existed in all the locations where surveys were required.
Given this situation, seismic survey methods have numerous -
advantages, as they provide more detailed, precise and un-
ambiguous information than any other method of indirect sub-
surface investigation. On shallow interfaces such as those
surveyed in the present study, it is necessary to adopt
refraction seismic techniqﬁes, for in these circumstances

waves reflected_from shallow bodies return to the recorder so



240

rapidly that the amplifier is unable to recover from the
severe overloading to which it is also subjected by the

direct wave.

11.5.2 Surveying method

A portable Bison Model 1550 Signal Enhancement
seismograph was used to carry out the seismic éurveys, seismic
waves being generated by a 7 kg sledgehammer'and a steel
striking pléte. Traverses were run along existing sﬁrface
survey lines. Each.survey leg was 20-40 m long with a
geophone at each end.' Reverse profiles were run along each
leg with seismic waves generated at 5 m intervals between the
geophones and the time of arrival.of the first wave to each
geophone recorded to 0.01 ms. In order to 6btain a good
indication of seismic wave velocity in the shallow'upper
layer, seismic waves were also generated at distances of

2.5 m, and occasionally 1.25 m from each geophone,

11.5.2 Interpretation of the results

For each survey leg, seismic wave travel time was
plotted against distance from each geophone. In a simple
two-layer situation where the interface is a velocity increase,
the resultant curve consists of two straight-line segments.
Points plotting above or belo& the line are the result of
either observational error or, more likely, irregularities
in the bedrock surface. Analysié of the results followed
the methods of Mota (1954) to give depth to bedrock beneath
each geophone, and those of Hagedoorn (1959) to give variat-
ions in velocity and depth of the refracting layer along}the

line of the traverse.
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