


























































































The fissure passage eventually winds its way out into a wide chamber strewn with large slabs wh ich 
have fallen from the now flat roof. The limestone here is more thinly bedded and may represent the lowest 
beds of the 'I ntermecliate Limestone'. Passing the blocks to more clean·washed floor , beyond a slight hump, 
the passage is descending once again. After one or two metres the silt is met again, and a little further on an 
area of fissures is entered ; one of these opens into the top of a narrow 25 metre shaft (25m ladder and 
lifeline required) formed at the intersection of two joints. 

Silt is found in thick layers on ledges right the way down the shaft and in the small chamber at the 
bottom. It is only under a rain of drips from the roof that some silt has in places been washed away, there 
being no evidence that any stream, vadose or otherwise, has flowed down the shaft. In fact the shaft a lways 
has and probably still does in time of flood , function as a phreatic lift, inferring that the cave behind and 
below this upward limb of the phreatic loop becomes full of water. The water would rise slowly from 
below, eventually overflowing the top of the shaft washing out the phreatically deposited sediment from 
those portions of the passages above the shaft which descend towards the cave entrance. It must be 
appreciated that this 'vadose' process can only have taken place si nce the at least partial drai ning of the 
cave system by mining operations. Such events have taken place at least twice since the Spring when the 
cave was opened, resulting in the partial refilling of the excavated sand passage and obliteration of footprints 
on the floor back to the boulder passage. The floodwater on the second occasion rose to the duck near the 
entrance but no further. This poses the question of the point of disappearance of the water within the cave, 
which will be discussed later. 

From the foot of the shaft a wide opening leads into a steeply descending passage falling away into 
another shaft about 12 metres deep (handline useful). A feature of this shaft is the presence of many 
delicate horizontal fins of rock indicating solution in a slowly mOVing upward water flow. The shaft has 
been developed in an area of strong N·S jointing with many near vertical ca lcite ribs. The calcite ribs being 
less soluble stand out in relief from the limestone walls and pieces of calcite, having been completely freed 
from their limestone matrill, lie as irregular flat plates on the floor below. 

The lower part of the shaft contains a boulder choke with rocks of frightening size. Treating this 
area with some respect one can entet" a flat elliptical passage below, which, aftet" a few metres, drops away 
into twin holes about 5 metres deep (ladder required), with a narrow rock bridge in between leading to a 
low riSing passage. This passage ends abruptly after a further 20 metres on the brink of a 14 metre shaft 
(ladder and lifeli ne required) followed immediately by another large descending rift full of boulders . From 
this rift it is possible to enter at two levels a parallel passage, from which in a south-easterly direction, a low 
wide tunnel meanders down to a large 'funnel' chamber, the downward continuation of which is blocked by 
boulders. In a westerly direction an interesti ng passage rises steeply with the dip of the beds to end suddenly 
after about 120 metres at the top of a 15 metre pitch (ladder and lifeline required) into a large passage below. 
This is the limit of ellploration of the cave in this area at the t ime of writing, 

Most of these lower passages lack the smooth contours of the passages in the higher parts of the 
cave, and the impression one gets of water movement, is a slow flow through a complicated network, with 
ascending portions of phreatic loops developed at strong vertica l N-S joints, and horizontal or descending 
portions developed at two or three distinct bedding planes. 

Returning now to the boulder passage near the entrance, this can be followed northwards for about 
150 metres eventually entering a boulder choke. At intervals along this passage small holes communicate 
with a lower passage under boulders. 

Two upward rifts can be climbed from this passage, one on the east side containing a thick broken 
layer of stalagmitic calcite which has been partly re-dissolved. Th is is the only stalagmitic deposit so far 
found in the cave and occurs in and below a narrow ch imney. It is covet"ed with silt but higher up the 
chimney the silt is absent. The point at which the silt finishes must represent the height of the last 
resurgence and the water level withi n the cave. The fact that thick stalagmite has been found below this 
level and has partly re-dissolved indicated a lower water level in the cave at one time, pt"obably of the order 
of 3 to 4 metres. 

At the boulder choke a rift can be descended by ladder for 8 metres at the foot of which a recent 
stream has produced a clean washed channel through silt covet"ed rocks. A couple of short drops are followed 
by a narrow crawl, soon emerging into a low steeply descending bedding passage. The floor of the passage 
is unusually flat and smooth and could indicate a plane of movement in the strata. Against the walls a 
section of previous fill can be seen conSisting of silt, with a layer of small pebbles resting on the floor . 
Lower down, the bedding passage levels off, and was blocked with a steep bank of pebbles, all highly 
polished. They appear to have been derived from the fill by a stream flowing down the bedding passage. 
The pebbles have been excavated and found to occupy a 'step up' in the passage, beyond which two 
chambers were entet"ed. These conta in the usual boulder blocked holes in the floor and must originally 
have functioned as phreatic lifts being very near to the old springs. Beyond the chambef5 a 20 metres shaft 
has been found, which at the time of writing has not been descended, (laddet" and lifeline will be required) . 
The source of recent water could be the stream which flows up from the south end of the cave in flood , 
flowing under the floor of the boulder passage to seek out another route into the mineworkings below. 

In many passages near the river, stream pebbles may be seen where the silt has been removed . 
A trench to drain the 'duck' near the entrance also revealed a layet" of pebbles under about 25 cm of silt 
and just below a thin layer containing the remains of vegetation. It seems unlikely that pebbles would be 
washed up from a deep phreatic zone through large passages, so they must have resulted from local leakage 
from the river into the system. This infet"s a lower resurgence at one time. 
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Summary of Hydrology 

Pre-Mining 
Ogof Hesp Alyn and the neighbouring spring sites east of Hesp Alyn Farm, without doubt, represent 

the last natural point of resurgence for the river Alyn system of ka rst drainage. There is evidence to suggest 
t hat the water table within the known cave area was lower at one time and that water flowed into Ogof Hesp 
Alyn from the present entrance area. This infers a lower resurgence which was probably in the region of the 
intersection of the Nant Alyn cross-course with the Alyn Gorge. This would explain the convergence of 
present water flow in this area indicated by the massive leakage into the mine workings at the Llyn y Pandy 
lode. The reason for the development of t he Hesp Alyn spri ngs in preference to springs at Nant Alyn is not 
clear, but it would appear that the Alyn valley was deeper at one time and is now partly filled with boulder 
clay, which could have choked the lower resurgence. 

The present river swallets, between loggerheads and Cilcain, seem to be very recent in origin 
consisting of leakage through innumerable fi ssures over long stretches of river bed. Water probably leaks 
into an older system of channels existing at a fairly shallow depth beneath the present river bed, the older 
swallets which once fed them now being blocked by boulder clay. 

The writer proposes t r l ~ fo llowing scheme for the evolution of the drainage system :-
1. Widening of bedding planes, joints and fault planes by peroolation water and concentration of flow 

down dip and along strike to the north to resurge near the convergence o f the Nant Alyn and Bryn 
Cely n cross·courses near Ahydymwyn, in a val ley to the west of the Nant Figillt Shear Zone, and 
pre-dating the formation of the Alyn Gorge. 

2. Progressive leakage from both the Upper and lower Terrace Alyn resulting in the development of a 
deep and extensive phreatic system, probably with a comparatively li mited vadose zone due to the 
only slight relief between swallets and resurgence and great depth of limestone with 'open' fissuring. 

3. Clogging of swallets during earlier periods of glaciation. 
4.(a) Formation of the Alyn Gorge at some time before the last major glaciation; probably initially by sub

glacial streams, then by a major meltwater river, resulting in dissection and draining of the upper parts 
of the phreatic system, isolated parts of which have been encountered during mining . 

(b) Short term invasion of 'sub-river' phreatic loops and deposition of gravels therein. 
(c) Development of exposed channels, as resurgences in the lower Alyn gorge, and swallets in the upper 

Alyn gorge but with a very shallow vadose zone. 
5. Re-glaciation with partial filling of the Alyn Gorge and valley with boulder clay and finally with 

gravelly deposits. 
6. Partial re-excavation of the valley and development of the present swallets. Development of springs 

at Hesp Alyn as the main point of resurgence for the Karstic drainage from the present-day river 
swallets. 

Post-Mining 
It is likely that the system described was first partially drained during working of the llyn y Pandy 

and Pen y Fron mines in the latter half of the 18th century, when extensive pumping was carried out by 
water wheels and later by pumping engines. A depth of about 50 metres below river level was drained , 
Walker (1791). After about 1805 working ceased and the area was not again unwatered until the Halkyn 
Tunnel reached the area in 1901. This resulted in a permanent change to the flow in the Alyn system the 
resurgences becoming intermittent, indicating that the fissures connecting with the mine were large enough 
to take the normal flow but not the flood flow in the system. With the driving of the Sea level tunnel into 
the area the springs apparently ceased to function altogether, although backing up still occurs in the natural 
system as confirmed by exploration in Ogof Hesp Alyn and by the fact that flood pulses in the Sea level 
tunnel are considerably longer than in the surface course of the river. 

Relation of the Alyn System to Geology 
Clearly the most important geological factor in the development of the Alyn drainage system is the 

presence of N-S cross·courses, which are often cont inuous over several miles of country. Evidence from 
Ogof Hesp Alyn suggests that water flow is not necessarily confined to these fault fissures although the 
direction of water fl ow is clearly influenced by them. It seems fairly certain that the main Karstic ffow is 
confi ned to the White and Intermediate limestones below the lower Shale. The latter bed appears to act 
as a stratigraphical barrier to the upward movement of phreatic water, similar to its effect in controlling 
the upward extent of are shoots in the E-W mineral veins. It is likely that percolation water above the 
shale beds is collected into a few major cha nnels and enters the main system through breaks in the shale 
beds afforded by faulting. 

Since the strata are thrown down in a trough between the Pant y Mwyn and Pant y 8uarth veins, 
which are between the swal lets and t he former resurgences, it is likely that this is a low point in the cave 
system also. The rapid increase in depth of passages in the southern end of Ogof Hesp Alyn therefore, is 
probably due to the proximity of the Pant y Mwyn vein, wh ich has a downthrow of about 100 metres to 
the south . 

It is reasonable to suppose that the explored extent of Ogof Hesp Alyn is tYpical of the karstic 
drainage channels in the area as a whole . The present vertical extent of flow in this system is about 180 
metres from the river bed at the swallets, to feeders entering the Sea level Tunnel. Of this about 130 metres 
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would be below the pre-mining water table, and indicates a system of deep phreatic flow as described in the 
theory of W.M. Davis (19301. 

The form of passages in Ogof Hesp Alyn suggests a pattern of water movement similar in some 
respects to that of parts of the Mendip Hil ls as described by D.C. Ford 11 968J. Tubular passages have been 
developed along bedding planes, but with the strong influence of N-S faults and jointing, water flow has been 
along strike in addition to down dip. Joint chimneys are much in evidence, and in the resurgence part of the 
cave so far explored, they form the 'lifting' portions of phreatic loops, linking bedding plane tubes. Floor 
trenches occur in the crests of several higher loops, but appear to indicate, in this case, abrasion by a stream 
load in rapid flow conditions near the top of a phreatic zone, rather than isolated vadose trenches. 

The amplitude of phreatic looping so far encountered is over 60 metres, but could well exceed 
100 metres in the area of the structural trough described previously 

Conclusion 
It would be unwise of the writer to draw a series of detailed conclusions on the development of the 

Alyn System as so much inf()(mation is lacking which may soon be available. An accurate survey of Ogof 
Hesp Alyn is being made and of course exploration is continuing. The flooding problem is being treated 
with respect and is likely to hamper work In the further parts of the cave during the Winter months. 

Although some of the ideas expressed in the paper are rather tentative, it is hoped that they will 
stimulate discussion of an area which has a lot to offer to the serious spe1eologist . 
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N.B. This cave is very liable to flooding and low sections may take 2 weeks or more to drain after a flood. 
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THE HYDROLOGY AND MORPHOLOGY OF A KARST AREA 
I N SWEDISH LAPLAND 

by Ulf Hellden 

Summary 

In 11'11 period 1970-728 kar1t ., .. on AnfjiUltln the C.ledonlen Mountein Range in SOI.Ilhoern Lapland, $wedln. 
\WI investigated. Mainlv hvdrologicallnd morphological date art! p'ft,nted in this peper together with "ummarv of lh, 
Sotsbiicks CaYa, 11'1. billlesl known callern 01 Sweden. 

Accordil'lg 10 KOppen's daSSliication Ihe dim.te belong1' to the type Et, tundrtl cllmelt. The prec::ipililion is 
1009 mmlvear and Ihe mil" annual t!itrT\Peflltur. il ·2.~C. 

The water discharge at the gr.ten lwalletland et th, kal'$t sprirog UI is recorded. Some of the undffground 
connections have been proved with dyes. 

The morphological forms of Ihe land$cape were systematized and then prOC8$Sed morphometri~lIv meinlv 
acc;:ording to Ihe method Introduced bv Witli.rns 119619, 1971 I, 

The resullS indicate thet the lal'!dlc:ape has hillh PMmlabdity In connectiol'! With a highly developed \/Klose 
underground dratnage system. In the vie,nity of the 'Prings, hOWlMlr. marked IIroundwatlf hori:ons may appear. 

Considerable pans of the Soubieks Cave are supposed to be 01 sub-glacial origin. 

Introduction 
As a stage in the investigation of the properties and effects of the groundwater and chemical 

processes in arctic and SUbarctic environments with a bedrock rich in carbonate, a karst area on Artfjallet 
(Fig. 1) has been investigated for morphology, hydrology and chemical processes during the period 1970-72. 
Mainly hydrological and morphological data are presented and a summary is made of the Sotsbicks Cave, 
the biggest known cavern in Sweden. 

Geology 
The bedrock is a part of the low·grade metamorphic series of the Seve·Kollnappe, which borders 

the high'grade metamorphic bedrock of the ROdingfjeld nappe. The former is mainly composed of micaceous 
schists, phyllites, greenstones, migmatites, quartzites and limestones IKulling 1955). The karst belt, which 
is 2.4 km2 in area, is built up of partly crystalline folded limestones, with beds varying in thickness from a 
few cm to more than 0.5 m. The limestone is probably of Ordovician age. The karst belt is surrounded by 
migmatitic greenschists Interspersed with winding bands of quartz. The contact zone between the limestone 
and greenschist consists of calcareous and quartziferous phyllite. 

The chemical composition of the limestone varies considerably in this are and the bedrock is 
sometimes dolomitic. The table below gives analyses of two samples. The analyses were carried out by 
Zoltan Solyum at the Institution of Mineralogy and Petrology, University of lund. Sweden. 

Sample "Cao "MgO "C02 " Fe20] +FeO Miscellaneous 

1. 40.0 4.9 35.8 0.9 18.4 

2. 31.1 18.1 43.6 0.1 7.1 

Si02, NalO and A1 1 0]. in the first place can be referred to the category "miscellaneous". The densitY is 
measured at 2.6 g!cm] . 

The top parts of the succession strike in a north·easterly direction but at the level of the tree-line 
they turn off towards west·northwest in the fOrm of a giant fold. As the strata are highly folded. the dip 
fluctuates and its values vary from about 10° ·50° having a mean value of about 35°W. The joints strike 
north-northwest to northeast. 

During the maximum of the last glaciation the inland ice moved from east to west or west-northwest 
in this region, situated to the West of the ice-divide. As the thickness of the ice-sheet gradually decreased 
owing to melting at the close of glaciation. the highest summits were laid bare above the ice surface and acted 
as barriers deflecting the ice flow. At a more advanced stage of deglaciation the ice is thought to have been 
channeled by the main valleys and to have formed valley glaCiers. These gradually retreated towards the 
east and thereby created the pre-requ isites for the formation of large ice-dammed lakes in the valley. This 
late·glacial stage left many traces round lake Over- Uman, which was an integral part of the ice-dammed 
complex of Gauta leelake (Gavelin 1910) which had an area of 550-6OQ km1

. The shorelines of the icelake 
at Over·Uman lie about 20 m above the present water level and are for the most part formed in glaciofluvial 
material. Conspicuous engorged eskers- and delta formations adjacent to the investigated karst area indicate 
that the su pply of subglacial meltwater was copious. 

The till cover within the limestone zone has a depth varying from zero to about 30 cm above the 
treeline and between 30 and 40 cm below this limit. The till is sandy and somewhat washed out because of 
slope processes. About 75 per cent of the area above the treeline is covered with soil while the area below 
is al most entirely covered. large parts of the area below 20 m. above present lake level consists of glacio· 
flu vial material , especially the promontories to the west of the brook Sotsbiicken and Gertrudsviken. 

Engorged Hker. Swedish "Sluklill", is In asker which can be found il'! the Caledoniln Mountain Range:. Th' .k ... s .. e 
usuilly found on steep slopes Ind their lonll IXH Ir. perpendieullr to the contours of the slopes (Mannertelt 19451. 
They are believed t o hive formed in gorgH cut in the ie •. 
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Climate 
The nearest weather st at ion is sit uated at Hemavan about 25 km to t he south-west of the investigated 

area, in the valley of the Ume River, 450 m above sea level. Th e station has continuous observations listed 
from 1965. The annual mean t em perature for the period 1965-72 is _0.8°C and the annual mean precipitation 
amounts to 685 mm. The distribution of temperature and precipitation over the year is evident from the 
table below. In order to obtai n values valid for the investigated area t he t emperature was adjusted to the 
altitude of 750 m above sea tevel in accordance with Angstrom's (1958) estimations. The table below gives 
mean monthly values fo r 1965-72. 

J F M A M J J A S 0 N 

temperature 
Hemavan - 14.9 - 13.0 -6.7 - 2.2 3.7 10.4 11.0 10.4 5.3 3.0 - 6.4 

temperature 
750m as! -16.0 -14 .3 - 8 .1 - 3.9 2.0 8.6 9.2 8.6 3.7 3.7 - 7.0 

precipitation 
Hemavan 50 36 69 35 29 41 98 54 65 81 63 

It should be noted that only 5 months in the year are frost·free and, accordingly, only in this period 
can corrosional processes take place on t he ground surface . The subterranean drainage, however , cont inues all 
the year round, although to a minimal extent in t he six wi nter months. The annual precipitat ion of the 
investigated drainage area, 3.68 kml , was calculated on the basis of the water d ischarge measurements that 
were carried out twice a day in May-August and once a day during one week in December in 1971 . During 
the winter months the wate r discharge was roughly estimated about once a month. The annual value 
1000 mm (1009 mm) was the result of these calculations. The evaporat ion has been assessed at 150 mm per 
annum (155 mm ) with the hel p of Tamm 's formula (Angstrom 1958) E=30xt + 221 . E=evaporation in mm, 
t::::annual mean temperature in °c. 

From the values presented it is evident that the climate of the area belongs to type Et, t undra 
climate, according to Koppen's classi fi cation (Koppen 1936). However, it should be noted t hat no permafrost 
exists in this region. 

On June 11, 197 1, about 5 per cent of the ground surface below the treel ine was covered with 
snow and 65 per cent above t his limit. About June 25 nearly all snow had melted away. 

Morphology 
The ka rst zone has partly been fo rmed through selecti ve glacial erosion. Under the action of 

corrosion and frost weathering a karst landscape has devel oped, characterized by pronounced karst 
depressions, karren and a highly differentiated subterranean drainage system. The limestone solution 
intensity in the area has been calculated at 28 mm/ l000 years (He llden 1973). No less t han 67 per cent 
of the annual total CaC03 t ransport from the area takes place in the period May·July. 

The depressions can be divided into five classes on the basis of their genesis and morpho logy: 
swallets, solution doli nes, snow dolines (kotlicil, joint dolines and collapse dolines . 
1. Swa llsts are depressions into which streams disappear underground . If the stream is swallowed by 
a solution doline, joint doline or collapse doline, the swallet is named solution swallet, joint swallet or 
collapse swallet respectively. 
2. Solution'doline is a type of depression formed by rain and meltwater trickling down through 
joints and fissures and dissolving the limestone. The result is a closed depression with fairly even floor 
and gently sloping sides. The doline is covered with a thin layer of soil with an accumulation of residual 
and washed down material on t he floor. 
3. The snow doline (kotl ici) is in part fi lled with snow almost all the year round. The deve lopment 
of snow dolines is dependent on frost shattering and the snow meltwater which is su pposed to be rich in 
CO2 • The sides are very steep and sometimes strewn with loose frost-shattered blocks and boulders. 
4. The joint doli ne is for med along a joint or along a bedd ing plane in the limesto ne. The length 
generally exceeds the width by two and a hal f times. 
5. Collapse dolines are depressions t hat have developed because parts of the subterranean drainage 
system have caved in. The largest collapse doline , " Devil 's Crater", has a diameter of about 50 m and is 
directly connected with the st ream passage in the inner part of t he Sotsbacks Cave, situated 34 m below the 
surface. 

Common to all t he karst depressions is the fact that they function as channels draining the landscape, 
the swallets by engulfing su rface streams and the dolines through the absorption of the remaining water. 

Karren furrows are not very frequen t. The number of karren can be assessed at about one hundred 
which are concentrated on a few bare rock surfaces all located above the treeline. The most frequent types 
are, according to B6gli's (1960) classificat ion: Rillen-, Rinnen- and Rundka rren. 

Hydrology 
None of the allochthonous streams t hat reach the karst belt flow over more than c.1OO m limestone 

before they disappear in a swallet. The whole drainage pattern is subterranean except during the snow melt 
period at the end of May and beginning of June, when autochthonous meltwater can give r ise to small 
brooks. Of the swallets marked on the map (Fig . 21 5,, 51 and S 3 absorb at least 95 per cent of the 
allochthonous water discharge. The rest of the swallet s are more or less intermittent and mainly funct ion 
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during the snow melt period , SI is classified as a colla pse swallet and drains the largest brook that reaches 
the limestone belt. This brook has its source in the Gertrud Lakes of which the upper is situated in a cirque 
and the lower is dammed by moraine material. 

In order to establish the communication between different swallets and springs and to get an idea 
of the characteristic features o f the underground drainage system four tracing experiments were carried out 
with Rhodamine B. Water samples were taken at varying time intervals and analysed two months later in 
an Aminco-Bowman Spectrophotofluorometer. As Rhodamine B is sensitive to ultra-violet radiation, the 
sample bottles were stored up wrapped in tinfoil. 

The experiments showed that both 5. , s.: and S3 had communication with the outlet U I. The 
adsorption of the dyestuff on clay, humus particles and limestone has been shown to be appreciable under 
some circumstances (Knutsson 1970). 

The adsorp tion at t he experiments mentioned varied between 0.4 and 97 per cent. Two experiments 
were made at SI at different water discharges (Fig. 3). At a water discharge at the spring U. of 320 lIs and 
at 5. of 120 lIs t he colour reached U1 after 3 hours. After 20 hours 97.6 per cent of the dyestuff had 
passed through. The least d istance between swallet and outlet, 2200 m, corresponds to an underground 
water velocity of 0.23 mIs, which is about half of the velocity before it reaches the entrance. At a water 
discharge of 191 lIs at U. and 113 lIs at SI the corresponding values were 4 hours, 56 per cent and 0.17 mls. 
In this case, too, the water velocity underground is half of the velocity before the water arrives at the 
entrance. The difference in adSOrption between the two experiments is probably due to the fact that at the 
lower water discharge each litre of water acts over larger surfaces than at higher discharge. The two small 
secondary maxima that can be observed on each curve for S. may be due to small ramifications in the 
drainage network. 

If we suppose that the water travels underground with the same velocity as on the surface, the 
drainage path between 51 and U. will then be 5400 m. The high adsorption values of dye in S, and S) may 
be caused by the small d ischarges of the SYfaliets and poorly developed underground dra inage channels. 

The water discharge at the two swallets 5. and S, and at the outlet U1 is shown in Fig. 4. U. has 
a calcu lated annual mean value of 105 lIs and delivers water, all the year round . During the one week long 
measuring period in December 1971, after mo re than one month's frost, an average water discharge of 
50 lIs was recorded. The average in the period September-April has been roughly estimated at 251/5 which 
is thought to be a minimal value. Most of this winter flow originates from snow and ice me lti ng in the 
contact zone between the relatively warm cave atmosphere and the zero isotherm. During the snow melt 
at the end of May and beginning of June up to 60 per cent of the outfloW at U 1 may consist of percolatio n 
water . This value decreases rapidly and at the beginning of August i t is only one or two per cent of the 
outflow. 

The Sotsbicks Cave 
The Sotsbacks Cave, the largest known cavern of Sweden, forms an integral part of the subterranean 

drainage system. It has a mapped length of 1650 m and a vertical amplitude of 110 m between the entrance 
SI and the innermost part 520 m from the entrance . The d istance between swallet and outlet (U I) is 2200 m 
horizontally and 250 m vertically. The cave consists of an upper dry system and an active lower system which 
is drained by the brook that is swallowed at 51. The cavities vary from those too small to penetrate to 
chambers with a length of 20 m, a width of c , 15m and a height of c. 15 m. The abundance of erosive forms 
is great with water falls, rapids, small ponds, pot-holes, phreatic and meandering tunnels, scallops and 
cave karren. The accumulative forms are represented by collapses, residual material, sediment accumulations 
and different types of CaCO, precipitation. Certain portions of the upper tunnel network are filled with 
thick well stratified sands. Dripstone formations are relatively rare; c. 200 stalactites with a length from 
up to 10 cm and one stalagmite of about 10 cm are all that has been found . 

Morpho metry 
Few types of landscape are $0 well suited for quantitative analysis as the karst landscape. The 

landscape forms, which in temperate and arctic areas are mainly made up of different types of depressions, 
karren, springs, swallets and underground drainage systems, can easily be measured and processed 
statistically. Precise, summarised material can be presented to the reader by means of mean morphometric 
parameters and the results can easily be compared with those from other karst areas. In sp ite of this the 
quantitative method is little used and development is still in its initial stage. The presentation below is 
mainly based on the methodology introduced by Williams (1969, 1972) . 

Drail"lllge system 
Abbreviations: 
A .. the area of the limestone zone in km' . 

As '" average altitude of the swallets in m above sea level. 

Kr .. karst resurgence 

5 - swallet 

Ar ,. the average alt itude of the resurgences in m above sea level. 

L .. the length of the brooks on limestone 

Lu - the horizontal distance between a swallet and its nearest karst SPfing. 

,. interm ittent. p ,. permanent. f - fossil. 
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Definitions: ~ S 
1. Swallet density Os ., -X- gives a measure of how many $Wallets occur per unit of limestone. 

2 R·· d . 0 E K, . "!rig enaty r - A 
3. Swalletlrising ratio Rsr - ;; gives an indication of the extension and ram ification of the , 
SUbterranean drainage system. A vadose system might be expected to have values greater than one while 
well developed phreatic systems might have to have values les$ than one. 

4. Mean shortest distance of underground flow ( u is the average horizontal d istance between each 
swallet and its resurgence. If the communication with the resurgence is not known, the distance to nearest 
resurgence applies. 

5. Rising coefficient Vhr - a Hrxl00 where a Hr is the standard deviat ion of the sample . The rising 
R, 

coefficient is a measure of the altitude variation of the karst springs and can be interpreted as a measure of 
the uniformity of the ground water table. It can thereby give an idea of the development and extension 
pattern of the underground drainage system. Low values of Vhr indicate a uniform ground water table while 
high values might indicate that no ground water table exists. The karst springs have been grouped at three 
different altitude levels R ra' Rrb end Rrc' There are no indications of existing perched water tables. The 
rising coefficient is steted separately for each of the mentioned groups. 

6. Stream density on limestone 0 1 - I:A l is a measure of the length of surface drainage channel per 

unit of area, accordingly, an indi rect measure of the permeability of the karst zone. 

AMults: 

p 

S 11.0 

K, 9.0 

R, 564m 

t\a 750 m 

Arb 595 m 

R 
"' 

522 m 

a 

76.6 

0.0 

0.0 

2.4 

9.0 

4.0 

586m 

175m 

522 m 

a f a 

2.0 

14.5 178m 56.6 

0.0 178m 56.6 

4.0 

The distribution of the springs over the three levels Are; Rrb and Rrc : 

p f p+i+f 

Ara 1 1 2 4 

Arb 2 a 0 2 

Arc 6 3 0 9 

p+i+f 

20.0 

15.0 

598 m 

170m 

595 m 

522 m 

a 

111.4 

35.4 

0.0 

2.7 

The values of already mentioned characteristics of the drainage system (of area 2.4 km2 ) are evident from 
the table below: 

P 

1. Os 4.5/km2 

2. Dr 3.7lkm2 

3. AS( 1.2 

4. Lu O.9km 

5. Vhr 13.6 

Vhra 0.0 

Vhrb 0.0 

Vhrc 0.5 

6. 0, 0.6 km/km2 

3.71km2 

1.61k.m2 

2.3 

1.1 km (1 ) 

2.5 

0.0 

0.8 

0.5 km/km2 

f 

O.8/ km1 

7.3 

7.3 

p+i+f 

8 .2lkm2 

6.1/km2 

1.5 

1.1km 

18.6 

4.6 

0 .0 

0.5 

1.1 km/ kml 

(1) between intermittent swallets and nearest resurgences 

The distribution of the swaUets over the three types mentioned earlier is evident from the table below. The 
values in brackets denote the percentage of the total of swallets . 

Solution swaltets 
Collapse swallets 
Joint swallets 

p p+i 

8140%' 
31 15%' 
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2110%' 
5125%' 
2110%' 

2110%' 
13165%' 

5125%' 



The material presented here gi ves an overall picture of the drainage structure of the whole karst 
zone. Through the dividing of the zone into smaller units and treati ng each unit according to the above 
method further in formation can be obtained. 

To sum up, it can be stated, accordi ng to the low stream density on limestone (0 1 ) the high swallet 
density (Os) and the high rising density (Or)' that the zone has high permeability with a weJl.cJeveloped 
underground drainage system. 

The springs are found at three different levels; Ara• Arb and Arc' The low values of the rising 

coefficient (Vhf) for the springs of the levels A~b' and Arc indicate that the ground·water is firmly tied to 
these level s. 

The values of the swallet /rising rat io (R sr ). being higher than one, point towards the fac t that the 
system as a whole is vadose with no uniform ground-water table with the exception of the spring areas 
around the levels Arb and Arc' 

Karst depressions 
Further information about the landscape and its karstification rate has been secured through an 

analysis of the closed depressions (swallets, solution dolines, colla pse dolines etc) which include all the types 
of d rainage holes developed owing to karst processes. 

Abbreviations: 
Cd "" closed depression. 

Wcd = width of the depression. 
highest and the lowest point). 

Acd .. area of depression. Lcd '" length of the depression. 

Hed .. maximum relief of the depression (difference between the 

Ade - length/widt h rat io. 10 = average orientation of longitudinal axes. 

sii-·. - average strike of the limestone. Jo " average joint orientation. 

ds " solution doline. dc " collapse doline. dj .. joint doline . 

n" number of observations. A = area of limestone. 

Definitions: 1: L 
1. Mean length of depressions (cd '" cd 

n 

2. Mean width of depressio ns Wcd " 1: Wcd 
n 

3. Closed depression density Ded '" Cd, i.e. number of depressions per unit area. 
A 

4. Mean area of depressions Acd .. Aed . states the approximate ground surface area (horizontal plane) 
n 

occupied by the depressions. 

5. Mean depression relief Acd = Hcd 
n 

6. Index of pitting Ap = :00 . states the fractional part of the surface of the landscape which is 

interru pted by depressions. When Ap is close to 1, the landscape is almost completely broken by depressions. 

When Ap is close t o zero there are almost no depressions. 

7. Mean elongation ratio of depressions Ade = Rde , states the measure of depression sym metry. The 
n 

more Ade deviates from 1, the greater the asymmetry. 

8. The orientation indices AOJ - .....:..a.....
J
i and AO.Str .• ~ give the ratios of the mean orientation 
o Sir. 

depression long axes with the mean joint orientation and mean strike of the limestone respectively. They 
give a measure of the dependence of the depressions on joint orientation and strike respectively. Only joints 
more than 2 m long have been measured . The strike and the joint orientation of the limestone together with 
t he orientation of the longitudinal axes are also represented in the rose diagrams figs. 5-8. 

Results: 
The swallets are referred to the depression type concerned. 
if nothing else is stated . 

The val ues in brackets give the standard deviation 

1. (cd 

2. Wcd 

3. Dcd 

d, 
64 (46 ,0%) 

8.0 m(9.2) 

5.5 m(5.2) 

26.2lkml 

dj 
37126.6%1 

5.0 m(2.9) 

2.2 m(1.2) 

15.2lk m2 
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d, 
38(27.4%) 

11 .2m(4.3) 

B.1m(4.1) 

15.6lkm1 

dS+dtdc 
139(100%) 

8.1 m(S.O) 

5.3 m(5.8) 

57.0lkml 
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Fig . 5 . 

o 

The orientation of the joints 
in per cent of the number of 
measurements made . The material 
is divided into 100- classes . 
n = 152 . 
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Fig . 7 . The orientation of the 
longitudinal axes in per 
cent of the number of 
measurements made . The 
material is divided into 
10 0- classes . n = 139 . 
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Fig . 6 . The orientation of the 
longitudinal axes in per 
cent of the total length 
of the axes . The material 
is divided into 100- classes . 
n = 139 . 
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Fig . 8 . The strike of the limestone 
in per cent of the number 
of measurements made . The 
materi al is divided int o 
100- classes . n = 50 . 



Fig . 9 . 
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-
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I 
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The variation in dip in per cent of the number of measurements 
made . The dip of the karren furrows is divided into 20 0 - c1a88es. 
n = 97 . 
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Fig . 10 . The variation of the karren furrows in depth , length and 
widt h in per cent of the number of measurements made . 
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d, dj de ds+dj+dc 
4. Acd 53.2 m2 8.3m2 117.4m2 58.8 ml 

5. Red 1.6m(1.3) 2.1 m(2.1) 3.9 m(5.4) 2.4 m(3.7) 

6. Rp ln16 1/8000 1/547 , /297 

7. Ada 1.410.61 2.812.21 1.510.51 1.8{1.3) 

8. ROJ 0.84 0.80 0.77 0.81 

RO.Str 1.32 1.25 1.2 1 1.27 

To sum up, the landscape is strongly karstified with 8 high depression density. The size of the 
depressions, however, is relatively small compared with the karst regions in the middle latitudes. The small 
size results in low values of Rp ' a factor which is highly dependent on the karstification intensity, the age 
of the landscape and the time span during which the karst processes have been in action. 

The collapse dolines constitute a conspicuous feature in the landscape because of their large 
dimensions. Their orientat ion seems to a greater extent than that of the other depressions to be dependent 
on the strike of the limestone and less or its joint orientation. The converse would perhaps have been 
expected. 

Karren 
About 80% of the karren in the area has been measured and the mean values given below were 

calculated. The values in brackets show the standard deviation. The material has been d ivided into classes 
and the variations in length , width, depth and dip are evident from Figs. 9 and 10. 

n · 97 
length 
Width 
Depth 
Dip 

0.58 m (0.32) 
0.16 m (0.07) 
0.04 m (0.04) 
46° E (21.7) 

It has not been possible to obtain any correlation between, on one hand , the di p, and on the other, 
length, width or depth of the karren. 

Discussion 
Although, as mentioned earlier, only 5 months per year are frost free and, accordingly, the karst 

processes on the ground surface are active only during this period, the results presented indicate a relat ively 
great karst ification intensity. It is, however, hard to explain the great depre~ion density and the well 
developed subterranean drainage system bearing in mind the short period of time wh ich has passed since the 
area became ice· free . It is therefore tempting to assume that certain portions of the underground drainage 
system and the karst depressions developed sub-glacially in a late·glacial period when the meltwater supply 
was rich and water flowed along under the ice masses under high pressure. The adjacent engorged eskers 
and the thick glaciofluvial deposits in certain portions of the cave indicate that this may have been the case. 

Today the intense vertical corrosion acts favourably for the enlargement of the karst depressions. 
It was pointed out above that up to 60 per cent of the underground waterflow of the area is made up of 
percolation water in the snow melting period May·July, when the principal part of the annual CaCO] 
transport takes place. 

Conclusions 
On the basis of the results presented in this paper the following concl usions can be drawn. 

1. The landscape has high permeability with a well developed, vadose, underground drainage system. 
The karst springs, which can be grouped together at three different levels are under hydrostatic pressure and 
the small values of their rising coefficients indicate marked groundwater horizons. 
2. The occurrence of glaciofluvial accumulations in parts of the Sotsbacks Cave indicates a partial 
sub-glacial genesis of the underground drainage system. 
3. The landscape, althougn an arctic one, displays a large number of morphological forms. The 
depression deosity is great even if the size of the depressions is relatively small, which results in low Rp 
values. Different types of karren occur but they are fairly rare. 

Revised Manuscript received 9th October, 1973. 
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INDUCTIVE LOOPS AND CAVE SURVEYING 
by R. Smith & R.A. Stevens 

For a number of years the use of inductive loops has played an important part in cave surveying in 
many parts of the world. Cavers often refer to such svstems as "cave radio" or the "radio surveying device". 
New cave entrances have been opened up (Jones 1960). and existing cave surveys corrected. Lord (1963) 
has developed the technique $0 that it can be used for location and voice communication between cave and 
surface, and reception through a thickness of 200m of limestone is daimed. Von Seggern and Adams (1967) 
have appl ied classical electromagnetic theory to the problem and developed formulae to take into account 
the effect of rock permeability . For practical purposes this effect is negligible. They also describe equipment 
for mapping lava tubes in Hawaii. For those more interested in the application of the device rather than in 
the theory of operation. only the basis of operation is explained below, together with circu its which have 
been found to operate satisfactorily. Other circuits and more detailed accounts of their operation afe 
described in the literature. (Birchenough and Jones 1962, Lord 1963, Phillips & Standing 19691. 

Use of Inductive Loops 
If the loops are to be used for Quantitative work (as is usual in cave surveying) they should be of 

rigid construct ion and impervious to water . The receiving coil should be fitted with a protractor scale and 
plumb bob so that the angle of the coil to the vertical can be readily measured . The transmitting coil is laid 
horizontally at the underground survey station to be located. Current is supplied to it from an oscillator 
oscillating at a frequency (in the equipment described below) of 2KHz and pulsed at about 3 to 5 times a 
second. The ctJrrent in the coil sets up a magnetic field which can be detected some distance away by a 
similar coil connected to a simple amplifier system. Some concept of the problem can be grasped when it is 
realised that the intensity of the magnetic field diminishes according to the inverse of the cube of the distance. 

Fig. 1 shows the magnetic field developed by the 'transmitting' coil 'T'. Provided the receiving coil 
R has some of the magnetic lines of force passing through it. it wi ll have a small signal developed inside 
which may be detected by a simple amplifier and fed to headphones. However, if the coil lies tangential to 
the lines of force no signal wi ll be developed in it (a "null"). 

It is possible to locate the axis of the t ransmitting coil and to calculate its depth 'H' using the formula 
(see appendix ) 

H = d l'%cot0 ; Y.J(9cosec2 0 1) J 

where d is the distance from the axis of the receiving coil and (]) is the angle to the vertical at which a null is 
obtained (see Fig. 1) . 

When working in the field such a formula would be cumbersome to use and so the term in SQuare 
brackets has been regarded as a multiplying factor F and its value plotted for different values of (]) (see Fig. 2) 
i.e. H • d x F (after Osborne 1969). 

A Practical Circuit Diagram is shown in Fig. 3. 
Transmitter Coil : 100 turns of 22 s.w.g. (0.711 m.m.) enamelled copper wire 

Coil Diameter: 40 c.m. 
Taps taken off coil after 3, 4 and 5 turns. 

Receiver Coil: 500 turns of 30 s.w.g. (0.315 m.m.) enamelled copper wire 
Coil Diameter: 56 c.m.s. 

Notes on the Circuit Diagram 
1. The "transmitter " coil tunes to about 2KHz with a capacitor of 0.6~F. The receiver coil is tuned on 

test to the transmitter frequency by trial and error or using a decade capacitor box if one is available. 
A suitable capacitor can be made up from several preferred values connected in parallel. In the test 
circui t a value of 0.0211lF was required. 

2. The "transmi"er" circuit works satisfactorily from up to three three·cell N I F E batteries. The average 
current drawn is about 150 rnA. If there is difficulty in getting the circuit to squegg (produce short 
bUrsts of oscillation) through component tolerances, the tap on the coil may be altered in conjunction 
with slight modification to C2 and R3. 

3. A high grade capacitor is required for tuning the transmitter coil Cl since large circulating currents 
flow in it and voltages between 200 and 300 volts are induced across it. 

4. R 1 and C3 (receiver circuit) form a fiher to limit the upper frequency response of the amplifier to 
between 10 and 20 KHz. This is to prevent the base'1tmitter junction of the first transistor acting as a 
detector for rad io frequencies which would mask the required frequency. 

5. The coupling between the first and second transistors acts as a high·pass filter to reduce interference 
from overhead power lines. Even with this filter, power lines can pose a severe problem. 

6. The receiver circuit operates from a 9 Volt battery. 
7. Further technical details on the circuit design are to be found in the article by Stevens (1972). 
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Instructions for use of the equipment 
1. Set up the "transmitting" coil in the horizontal plane with spirit levels (small bubble levels attached 

to the coil have proved ideal) and switch on at a prearranged time. 
2. Carry the receiving coil over the area to be surveyed with its plane horizontal until the signal is picked 

up, Suspend the coil so that it hangs vertically. and rotate it about its vertical axis until a null is 
obtained. The plane of the coil now indicates the line along which the transmitter must lie. Move 
the receiver coil several yards at right angles to the plane of t he coil and repeat the manoeuvre , A new 
line will be indicated which intersects the previous one. This intersection witt be very close to the axis 
of the transmitting coil. The centre of the triangle of error formed by three such lines gives the axis of 
t he transmitting coil. (Fig.4.) When vertically above the transmitting coil it should be possible to 
rotate the receiving coil about its vertical axis and hear no signal. This is rarely achievable in practice, 
but see the note on precautions in oonstruction of the equipment below. Mark all lines and points on 
the surface with wooden pegs as soon as they are determined. 

3. Face t he axis. Hold the receiving coil with both hands and rotate it about its horizontal axis and note 
the angle Q) to the vertical for which a null occurs (Fig. 1). Choose a position such that this angle is 
not less than 30°. Measure the distance of the coil from the axis and calculate the depth using Fig. 2. 
Take several readings and obtai n an average value. Note that the calculated depth is from receiving coil 
to transmitting coil and so allowance must be made for any surface variations in height between the 
receiving coil and the axis location point. See Fig. 5. 

Cautions 
Birchenough (1970) has pointed out that false locations can be obtained. These ate likely if it is at all 
possible for the receiver operator to be below the level of the transmitter coil. This is a danger in 
mountainous terrain (see Fig. 5). 

4. If the signal is strong enough, a null can be obtained for Q) = 90° i.e. the coil horizontal. In this case 
H = d 
7i 

Accuracy of the depth meaSfJrement 
The calcu lations assume that the transmitting coil is small compared with the depth to be measured. 

In order to compensate for errors due to the alignment of the protractor and plumb bob, it is advisable to 
take readings with the plumb bob hanging over each sector of the protractor in turn. The 1' ..... 0 results can 
then be averaged. 

Application of the depth formula shows that for an error of 2° in the reading of G, where G _ 90°, 
the error in depth measurement will be 5.7%. For a value of 0 = 300 this error will amount to 7.6%. The 
received signals however, are often very small for deep work and that the null often appears very ill defined. 
In such cases the accuracy will be very dependent upon how well the angle G has been determined. 

Precaution' in Construct ion and Use of equipment 
1. It is essential that water does not get into the transmitting coil as this can cause reduction in winding 

insu lation with impairment of performance. 
2. It is convenient for a small neon bulb to be connected across the transmitting coil to serve as an 

indicator that the transmitter is working correctly when switched on. 
3. Every attempt should be made to make all equipment carried underground stand rough usage. 
4. The electronics for the receiving equipment should be housed in a screened enclosure (a die-cast 

box has been found satisfactory) and screened leads used between receiving coil and this box. In use 
some feedback may take place between headphones and receiving coil, resulting in a continuous signal 
being heard in the headphones. Experience will soon indicate to the user that this effect is eliminated 
by keeping the headphones away from the immediate vicinity of the receiving coil. 

5 . It is recommended that a good pair of headphones is used with ear muffs. It has 'been found that, on 
the threshold of reception, wind noise can be troublesome. 

6. When winding the transmitter coil make every attempt to maintain windings as even as possible. 
Fai lure to do so may result in the electrical axis of the coil being non-unique (see paragraph 2 on the 
instructions for the use of the equipment). 
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APPE NDI X 

Proof of the Formul. UMd for Depth C.lcul"ion 
The following proof is g,"'en lIS the .uthors are unaw.r. of its existence el$awher. in the lI tera lur • . It is dI .... loped 

In pert by Osborn. 119671 and in pr iwtl correspondence between hi m and lhe authors. 
For Ihe aua wh ..... Ihe d,mensioltl of 11'1. tlllnsmitling coil are Im.lI compered wilh the d iltance 'I . Gauss's law 

can be applied to show that the magnet ic ' i.ld" the " ceiver il m. de up of two c:omponenu: 

.M '" 

" . 2M COl a 
V3 

F
t

"' M sina 

V' 

y - TA . nd M is Ihe magnelic moment of the transmitter coil. 

For th.'ield passing Ihrough 11'1 . coil 10 be zero, i.e, lor. nuSl, the effects of the IWO component u cting.t righl 
Ingln to the coil mUll be zero, 

i.. . Fr sin (Ill -a) .. Ftcas IIlI - a) 

Sutnti tut ing for F r.nd F I gives 

2 COHX sin (llI - exl .. sinacos llll -a: ) 

:. 2 cot a lin (0 -ex) - 1 

Aeplaclng cot a by ~ . nd expandi"", glvlI 

2~ d 
d tan 0 - j:j , . 

d 
1+ ii 1M. ., 2 H' tan 0 - 3 H - Uln0 - 0 

d ' d 

.' H' . 3 H 00' • . , • 0 

d' , d , 
wh,ch". quamtic i n H 

d 

Hence H .. d [ 3, COl 0 ± .J 19, cot '2 0 t 21 [ 
, 2 4 

----,---
d l~ cot0 ±" .J (9cosec2 (1) - 1) 1 

d • , 

where F is t he muiliplying factor re'er red to in Fig. 2. 
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DEVELOPMENTS IN LIMESTONE GEOLOGY 
IN THE INGLETON·SETTLE AREA 

A. A. Wilson 
(paper given at the C.R.G. symposium at Lancaster in March 1973) 

Summary 

Initially the Great Scar Limestone was subdivided using fO$$ils, but the most modern work relies heavily on 
lithological characters. Beds of DI age in whIch most caverns occur have been divided into nine cycles O$lnll major bedding 
planes and joint intensity measurements. Underground studies show that clay bandS occur al a number of levels. Future 
underground and surface studies using horizons at which brNks occur in the normal pattern of carbonate sedimentation ar. 
suggested. 

1. Division of Great Scar Limestone using Fossils. 
The Great Scar Limestone with its spectacular scenery attracted early attention from Sedgwick 

(18351 and Phi llips (1836). but the first systematic division of the formation by Garwood and Goodyear 
(1924) was on faunal grounds. using a scheme developed in north-west England by Garwood it was possible 
to divide the succession into coral-brachiopod zones. In addition certain bands with a distinctive fauna and 
lithology were used as marker horizons, which were mapped over a wide area between Ingleton and Settle. 
A concise account of this research was given by Dunham et af. (1953). 

The lowest strata contain the distinctive fossil Michelinia grandis (C2 age). These are conglomerates 
formed of debris from the sub-carboniferous landscape in a calcareous matrix, together with limestones. 
The beds range in thickness from ()'15 m and are thickest near the North Craven FaUlt. though they also 
occur in pockets in the undulating basement rocks further north. 

Next come well·bedded limestones of 51-52 age, with calcareous mudstone partings in the lower 
layers and Linoprotonia corrugarohemispherica in the upper. They are altogether some 90 m th ick. but thin 
out entirely against a hump in the pre-Carboniferous land surface in Crummackdale. The top of ~ is marked 
by the Porcellanous Bed. a layer of very fine grained limestone less than 1 m thick. 

The 52 beds are overlain by 100 m of 0 1 strata in which the main cavern systems occur. Bedding 
planes are often further apart than in underlying beds and there are a number of massive units alternating 
with more thinly bedded limestones. The top was drawn by Garwood and Goodyear at the Girvanelfa Band, 
a persistent band of algal nodules in a limestone matrix averaging 1 metre in thickness. Within 0\ Garwood 
and Goodyear mapped a brachiopod bed with Davidscnina septO$a which occurs distributed through some 
9 m of strata. They thought it was easily distinguishable from a second band with D. septosa, locally present 
6 m. higher in the sequence. 

2. Drvision by Major Bedding Planes 
The emphasis in research centres largely on details of rock structure and lithology following the 

work of Schwarzacher (1958) who noted that certain well<lefined bedding planes in limestones of DI age 
were remarkably persistent. They were picked out in selected measured sections ranging from Kingsdale 
across Ribblesdale to Malham and with less certainty as far away as the Brough area. The intervening 
measures between the master bedding planes comprised nine cycles averaging 10 m thick and numbered 1 
to 9 from the base upwards. The bedding planes themselves were considered to be free of shale partings 
except for a rare reddish clay film. 

The detai led analysis of individual horizons showed that the Porcellanous Bed at the top of S2 was 
not a wholly persistent horizon. In the Ravenscar section near Ingleton the Porcellanous Bed was thought 
to be represented only by a bedding plane, whilst there was a lower porcellanous horizon some 19 m lower 
in the succession. At Malham the Porcellanous Bed was represented by a bedding plane and no lower 
porcellanous horizon was recognised. 

The second horizon used as a mapping line by Garwood and Goodyear (1924) has also proved likely 
to be unreliable. In cycle 5 a shell bed with D. septosa occurred at all localities in the area between Kingsdale 
and Malham. The shells were sometimes present through the whole cycle. but often made one or two bands 
with greater concentrations. Besides cycle 5, D. septosa was also present in cycle 7 at most localities and 
more rarely in cycles 6 and 8. 

The third mappable band of Garwood and Goodyear, the Girvanella band, was found to be 
persistent in the localities where measurements were carried up to this high horizon. It lies some 2-4 m above 
the top of cycle 9. 

3. Div ision by Joint Density Measurements 
Doughty (1968) studied an area broadly similar to that of Schwarzacher, namely from Kingsdale 

eastward to Malham. In addition observations were made in Wharfedale. Density of jointing was measured 
at successive closely spaced levels in ~ and 0 I limestones . Successive measurements in 52 limestones 
showed that joint density varied little in each successive bed (Fig. 1). In D\ limestones a different pattern 
emerged. Joint density was found to be almost invariably greatest in the lower part of Schwarzacher's 
cycles. all nine of wh ich were recognised , and least dense in the upper part of each cycle (Fig. 1). In some 
places cycles showed a double maximum and minimum indicating two minor cycles. This cyclicism is 
broadly related to lithology. The lower beds with the densest pattern of joints are generally coarsest in grain 
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size whilst the finer beds in the upper part of each cycle are less densely jointed. In S2 beds the gr'ain size 
varies little, in common with the almost invariable intensity of jointing. 

Doughty noted trlat, in some cycles, high density jointing gave way upwards fairly abruptly to low 
density jointing. In other cycles there was a more gradual passage. The lower parts of cycles as well as 
being coarsest in grain tended to show more current bedding and more organiC debris. 

Currently, a new paper by Doughtv (in cress, 1973) takes the recognition of the nine cycles by 
joint density variations a step further. For the first time the cycles have been mapped, the area covered 
being near Settle. The likelihood that the D. seprosa band would prove unreliable due to its occurrence at 
multiple horizons is confirmed. A number of faults inserted on earlier maps of the area, notably by Garwood 
and Good year (1924) are discounted since they were originally postulated to account for apparent repetItions, 
presumed to be due to faulting of one D. seprosa 'band'. 

The mapping of the cycles, backed by joint density measurements, holds considerable promise for 
future surveys of the Great Scar Limestone, since it appears to be a practicable basis for refining the sub
division of a very thick lithological unit. 

4. Mudstone Bands in 0\ Limestones 
The recent work of Waltham (1971) has added a new dimension to studies of the Great Scar 

Limestone. He made a detailed examination of continuously exposed sections in cave systems on Greqareth 
and Ingleborough and found numerous mudstone partings, not noted at surface by Schwarzacher (1958). 
Though as many as fifteen partings were seen in an individual section of 0\ beds, the majority proved to be 
discontinuous when correlated from cave to cave. To assist with correlation the Porcellanous Bed and to a 
lesser extent the GirvBnella band were used as datum planes. Of the mudstone bands the most persistent 
30 m above the Porcellanous Bed is rarely absent on Gregareth and Ingleborough and is 2 m thick in Lost 
John's Hole on Gregareth. This bed may well persist into Wharfedale, according to Waltham. 

The mudstone partings described by Waltham are usually 1 to 40 cm thick consisting of unfossiliferous 
pyritic mUdstones, showing rusty weathering. In places the mudstones lie on channelled and "potholed" 
surfaces of the underlying limestones. 

In the Derbyshire Dome mudstone partings are quite cornman in the Dl limestone sequence and 
the most detailed descriptions are by Walkden (1972a). The clay way boards, as the mudstone bands have 
been called for many years, show several points of resemblance to those described by Waltham in the 
Ingleton area. The Derbyshire clay wayooards are usually a few millimetres to over a metre thick and as 
many as thirty are recorded from a single 100 m section of D \ limestones. Typically these clay bands are 
unlaminated, pyritic, rusty weathering and unfossiliferous. The mudstone bands are best seen in quarries 
and artificial cuttings and Walkden noted that in natural exposures the clay has often been lost by extrusion 
under pressure and subsequent weathering. This wou ld tend to explain why Schwarzacher (1958) recorded 
no mudstone partings in his measured surface sections near Settle, yet they were common underground 
(Waltham, 1971). Walkden (1972b, fig. 2) illustrated a karstic surface with "potholes" beneath a K-bentonite 
clay wayboard. "Potholing" has also been noted beneath mudstone bands near Ingleton by Waltham (1971). 

X-ray and differential thermal analysis of clay wayboards by Walkden (1972a) shows that they are 
potassium-rich bentonites likely to be argillation products of falls of volcanic ash. On the whole the ash 
bands were not found to be laterally persistent and were of limited use for correlation. 

Recently a boring in the valley of Ashfoldside Beck, 5 km WNW of Pateley Bridge, gave the following 
details relating to mudstone bands in the Great Scar Limestone. Within the probable Stump Cross Limestone 
(D I ) four bands of pale grey pyrnic mudstone occur ranging from 0.20 to 0.60 m thick. The highest and 
lowest bands have been examined by Mr. K.S. Siddiqui who was unable to confirm the presence of 
K-bentonite which would be expected to occur in the form of a mixed layer clay. He reports as follows:-

"An X-ray powder photograph (NEX 2094) of the untreated material showed a multiphase pattern 
of predominant illite. wi th subordinate kaolinite and minor pyrite. No lines of any mixed layer clay were 
identified. Another sample treated with glycerol (NEX 2095) failed to show any expansion in the lattice of 
the clays, confirming the stabilised structure of illite and the absence of any interlayered clay or expanding 
lattice sheet structure' .' 

5. Beds Above the Great Scar Limestone 
Overlying the Great Scar Limestone and forming the upper slopes of many notable fells in the 

Yorkshire Dales are rocks of Yoredale facies. These are limestones, mudstones and sandstones repeated in 
some eleven major cycles and several minor ones, through about 350 m of strata. The clastic components 
of the cycles, the sandstones and mudstones, are thickest in the north-west, but thin south-eastwards towards 
Grassington. Individual limestones are seldom over 30 m thick and only rarely contain sizeable cavern 
systems. The exception is the Middle limestone which is up to 60 m thick in lower Coverdale and in 
Upper Nidderdale (Wilson, 1960). Caves occur in this limestone in both dales (Ford, 1964). The Main 
Limestone is the most consistently thick limestone and locally carried undersround streams. 

The cappings of the highest fells such as Ingleborough and Whernside are in beds of Millstone Grit 
facies, chiefly sandstones and mudstones. 

6. Correlation of Results and Prospects for Further Work 
An attempt has been made in Fig. 1 to synthesise in the vertical section the work of Schwarzacher 

and Waltham. The data from DI has been purposely taken from exposures as close together as possible. 
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Surface measurements by Schwarzacher on Shoutscar, Kingsdale, have been combined as far as possible with 
Waltham' s underground measurements of clay wayboard horizons in Rowten Pot . The sections are 1 km 
apart on the ground. A more accurate synthesis, preferably using the joint densitY system of Doughty 
seems desirable. 

Schwarzacher attempted northward correlation of his nine cycles as far as Brou~, but more 
detailed work seems desirable. Schwarzacher believed that cycle B was probably equivalent to the Robinson 
limestone of the Alston Block and 9 to the Peghorn Limestone (Fig. 1) . Beds containing the GirvlJnelia 
band equate with the Hawes Limestone and are labelled thus on Fig. 1. Beneath the Hawes limestone in 
Wensleydale there is a sandstone. the Thorny Force Sandstone. The equivalent horizon near Ingleton 
appears to be a clay band which appears to be rather higher in the succession than the parting mapped by 
Turner (1968) , which was incorporated in the IGS One-inch map (Hawes sheet No . 50) and seems to beat 
the top of cycle 7 or thereabouts. 

Work on 0, limestones is currently being carried out on the eastern fringes of Morecambe Bay by 
R. Grayson (personal communication). Emergent limestone surfaces and bioturbated horizons indicating 
breaks in carbonate deposition are likely to be laterally extensive and to be good features for identifying on 
water washed surfaces within caves. 
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