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CAVE SCIENCE

By decision of the Council of the British Cave Research Association the Transactions is
re - named CAVE SCIENCE from this issue onwards.

It will, however, retain the secondary title

of Transactions of the British Cave Research Association and the volume numbering will
continue unbroken.

References in future citations should continue to include Trans. Brit. Cave

Res. Assoc. as heretofore.

Although bearing the name CAVE SCIENCE, the Transactions is not a

direct continuation of the defunct journal of that name published by the British
Speleological Association, which merged with the Cave Research Group of Great Britain in 1974.
The volume numbering of the present CAVE SCIENCE neither continues the old series, -nor does it
overlap.
The editorial policy regarding the contents of CAVE SCIENCE remains unchanged.

ERRATA
In Transactions BCRA Volume 8, no. 3, in the contribution on Geochemical Controls
on the composition of Limestone Groundwater by Christopher and Wilcock page 135,
Abstract para 4, line 2 should read" (h igh relat~ve entropy)'; page 143, the first
two lines should read:
calcium, bicarbonate and ionic rati o ; high relative entropy, potassium, sulphate
and pc0 . They are also undersaturated to calcite ,
2

It is regretted that the scientific re~Q~t5 O~ the Mulu expeditions which it
was hoped would appear in Transactio:-.5, '/-:;lume 9, no . 1, have been delayed and
will be published later .

Transactions British Cave Research Association. Vol.9, no.l, pp.1-14, February, 1982.

THE WINDYPITS IN DUNCOMBE PARK, HELMSLEY, NORTH YORKSHIRE
R. G. Cooper, P.F. Ryder and K.R. Solman
ABSTRACT

The three windypits in Duncombe Park are described, and new surveys of them are prese nted.
Buckland's Windypit is b oth longer and more compl ex than hitherto suspected. Antofts Windypit
contains evidence of at l east two phases of fissure wideni ng. A new series of fissures is
d escr ibed in Slip Gill Windypit .

In 1976 the present authors compiled a review of information on the
twenty - six North Yorkshire windypits then known , including descriptions and
new surveys of many of them (Cooper, Ryder and Solman, 1976). Unfortunately,
we were obliged to omit surveys of three of the largest windypits, of which
outline descriptions only were given. The present paper is designed to
remedy this deficiency, as we have now surveyed these windypits.
'Windypits' a re verti cal or near-vertical fissures in the calcareous
sandstone bedrock (Corallian, Upper Ju r assic ) of the Hambleton Hills, 35 kID
to the north of York. They are roofed-over by boulders but enterable often
by foxhole-like openings. They have been formed by an interesting type of
mass movement which involves the valleyward movement by sliding of large
masses of the hillside bedrock (Cooper, 1979, 1980), leaving the windypit
fissures in their re ar . Therefore they are not caves of solutional origin,
Nevertheless, their exp lor at ion requires the skills and equipment of the caver .
During the 1950s and early 1960s, several windypits were the subject of
a rchaeological investigation. Four of them, Buckland's, Antofts, Snip Gill
and Ashberry Windypit 1, contained beaker artefacts (Bronze Age), and have
become recognized as regionally important archaeological sites (Longworth,
1965; Marsden, 1971). Ashberry Windypits 1 and 2 have suffered sporadic
archaeological investigation during the 1970s (R. H. Hayes, personal communica tion, 1980), a nd have been accurately surveyed (Ryder, 1973), but Buckland's,
Antofts and Snip Gill Windypits, all of which lie within the Duncombe Park
Estate, have been closed to all visitors since the early 1960s. Several
presumably clandestine visits have been made to them since then (Brittain,
1965; Coghlan, 1972; and Coghlan in Brook et al, 1974, 1977), and our earlier
outline descriptions (Cooper et al, 1976) were based on the accounts provided
by these authors.
The opportunity to enter and survey the three windypits in Duncombe Park
arose in connection with the Nature Conservancy Council's Geological
Conservation Review, and was not due to a change in the policy of the landowners with regard to access. The permission obtained to visit was entirely
exceptional and the policy of the landowners is stil l to forbid access . The
Geological Conservation Review is concerned with the identification of all
those localities in Britain whose conservation is regarded as essential for
the continued prosecution of geological and geomorphological research and
education. It includes 'the unique labyrinthodont amphibian -bearing lower
Carboniferous locality in Fife, Buckman's classic Inferior Oolite series near
Sherborne in Dorset and a "new and top-secret Pre-Cambrian jellyfish site"
somewhere in South Wales' ('Saving fossils from a fate worse than death' ,
The Guardian, 3rd September 1980), In 1977, ut the request of the Nature
Conservancy Council, a small working group was established jointly by the
British Cave Research Association and the National Caving Association, to
carry out that part of the Review concerned with caves (Black, 1978; Judson ,
1978) . However, the group's remit did not include the windypits. The present
study was carried out in connection with that part of the Review concerned
with mass movement sites. It waS necessary to obtain surveys of the windypits
in order to establish which if any of them should be designated as 'key sites'
worthy of conservation.
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The present paper may a lso b2 viewed as a response to repe at ed cal l s in
the a rchaeo l ogi cal literature for more info rmation on the windypits , and more
espec i a lly for a ccurate plans of them. This i s of particul a r relevance in view
of the damage currently being done to their archaeological deposits (Ryde r and
Cooper , 1981). McDonnell (1 963) noted that the windypits 'urg ently need fuller
attention ', and an interim policy statemen t produced b y the (now defunct)
Yorkshire-Humberside Area Arch aeo l ogical Committee of the Department of the
Environment, identified them as a prio r ity fo r rescue archa eology . Thi s
policy statement ( ' Tow a rds a policy for rescue archaeology in Yo r kshire Humbers ide: fi r st draft ' (unpublished, no d a te)) gave a v iew of the 'main
problem ' facing cave a rchaeo l ogy in the area , which is seen as communica tion
between archaeologists and the cave explorers who discover a rchaeolo g ical
deposits . In p a rticul a r , accurate surveys are se l dom made before clearance
takes pl ace . It is hoped that the surveys of Ryder (1973) and those presented
here will be of service to archaeologis t s . Certa inly i t shou ld not prove too
difficult to loc ate many of the finds noted on skelch plans and sections by
Hayes (1 962 , 1963a , 1963b) a t their correct positions on ou r surveys .
Lists of references to descriptions and a ccounts of Buckl a nd's , Antofts
and Snip Gi ll Windypits were given in Cooper et a1 (1976), and the discovery
and explor a tion of the se windy pits was described by Cooper (1978). Therefore ,
this mate rial will not be ' repe a ted here . The loc a tions of th e three windypits ,
on the weste rn s lope of Ryeda1e between Rievau 1x a nd He1ms 1ey , are shown in
Fig. 1. Despite ou r earlier statement to the contrary (Cooper et a1, 1976) we
now acc ept ' Slip Gill' rather th a n ' Snip Gill ' a s the name of this windypit .
This follows correspondence with R. H. Hayes, who has pointed out (pe rson a l
communication , 1976) that the valley was a l ways called ' Slape ' or ' Slip ' Gill
by the loca l resident s in the ea rl y yea rs of this Century .
THE CAVES
Buckland ' s Windypit (Fig . 2 and Plate 1 . )
The entrance lies within a wire fence , surrounded b y a r ecen t plantation
of conifers, a few metres uphill from a n ew forest r y tr ack crossing Far Moo r
Park . It is marked by a large fallen tree trunk . Buckland (182 3) described
the entrance as ' a great irre gu l ar crack o r chasm ... about twenty feet l ong
and thrpc OL four feet broad '. The tree trunk has at some time s ince 1822
fallen ac ros s this crack , covering it in the middle section a nd leav in g two
en tr ances , one at eithe r end . The windypit i s large and complex.
It must be
something of a re co rd fo r a No rth of England cave as l arge as this to h ave
been known about for so long without a complete exploration a nd survey h a ving
taken pl a ce . In the su rvey (Fig . 2) a nd this description , the n a mes of
fissures a nd features a re l a rgel y those of Fitton a nd Mitchell (1950) and
Hayes (1962) .
The larger ent r a nce , A , is distingu i shed by a holly bush g rowing above it .
A 7 . 6 m l adde r is req u ired for this ' ho11ybush pitch '. How eve r, the other
entrance, B , may be negot i a ted without t ackle. Us ing entrance ' B ' the entire
windyp it can be explored without the use of ropes or l adders . A drop of 2 m
lands on a boulder wedged in the top of the fissure . A f ixed chain on the
ri ght -hand wa ll can be used to tr ave rse a lon g a l edge l eading past a b oulde r
bridge before dropping into the large , light c h amber a t the foot of hollybush
pitch . To the south from thi s chamber, a sho rt climb a nd squeeze emerges at
the top of Fissure ' S '. An y descent here would involve a l a dder pitch
(estimated a t 22 m) among very loose a nd dangerous boulders wedged in the
fissure . This rout e has been negotiated (H ayes , 1962) but is n o t recommended.
At the other end of the entrance chamber a descent through boulders and
dead s h eep leads afte r 7 m to a vertical drop/overhang of 2 m. A climb down
to the right - h a nd s id~ of this gains an obvious l edge ski rtin g under the
overhang a nd fOllowing the left wall of the fissure to the head of a steep
scree slope . At this po int a small branch fissure r uns north-west to Chamber
' R', a small chamber at the intersection of several f i ssures .
To the left in Chamber 'R' there is a 10~ crawl , referred to by N . Coghlan
(in Brook et a 1, 1974) as The Lette rbox, and originally record ed by Ba yes (1962)
3

as a very tight squeeze. It was not noticed by Fitton and Mitchell (1950) .
The crawl leads into Fissure'S', which is a lower level of the same rift as
that which forms the entrance chamber. Fissure'S' is about 20 m long, 13.7 m
high and 1.2 - 2.1 m wide, ending in a boulder ruckle. It was the main source
of archaeological material in the windypit (Hayes, 1962, 1963b). There are two
cross - rifts part of the way along Fissure'S'. Fissure 'T', on the left,
becomes impenetrable after 12.8 m, with a narrow branch fissure on the right
which is 6.6 m long. Fissure 'U', running to the right from Fissure'S',
chokes after 10.2 m. A drop of 3.5 m near its end leads to a tight passage
6.9 m long. At the foot of the 3.5 m drop, on the calcited north wall, a
former water level was noted, 27.7 m below the entrance level. From Chamber 'R'
a climb up into the roof among very loose boulders reveals a passage running
northwest. This was not entered due to the presence of unsafe overhang ing
boulders. At floor level a further fiGsure runs north-north-east from Chamber
'R'. This is very tight and was not explored, but it is about 10 m high and
0.4 m wide.
At the point where the small branch fissure runs from the main entrance
route to Chamber 'R' (Foint 'E'), a steep scree slope, the Stony Corridor,
descends for 9 m to the head of a 4.6 m drop, which is easily free climbed.
At its foot, Fissure ' J ' runs off to the right. This is a descending rift
leading to a choke. six metres before ~he choke a traverse leads above it
into the further reaches of the fissure, ending too tight, but with a voice
connection to the end of Fissure 'T'.
Returning to the main fissure, a climb behind an overhanging boulder leads
into Oxtail Chamber, an impressive chamber formed by the junction of five high
fissures. These are:
- The main fissure, by which Oxtail Chamber has been entered.
- Fissure 'Fl', or Dead Man's Gulch. This is reached by a scramble through
boulders. A traverse over a hole in the floor, followed by a series of
climbable descents from chock-stones and false floors, reaches the floor
proper. To the south the fissure is choked beneath Oxtail Chamber, while to
the north a scramble down leads to the deepest point in the windypit, 40 m
below the entrance.
- Fissure 'F2'. This is very narrow, but may be descended to a depth of about
9 m with the aid of a ladder, before becoming too tight (Fitton and Mitchell,
1950) .
- Fissure 'F3'. This involves a scramble up among boulders and ends after
10 m in a loose boulder choke.
- Fissure 'F4'. This is a twisting fissure, about 13 m long. It is the main
way on.
Fissure 'F 4' connects with Fissure 'F 3' in .the roof of Oxtail Chamber.
A roof traverse from Fissure 'F3' to Fissure 'F4' may be followed which clearly
illustrates the 'stepped' nature of the rift. The offset between the top of
Fissure 'F4' and its floor is about 3 m. Several other dangerous high-level
routes in Oxtail Chamber have been described by R. H. Hayes (personal communica tion , 1976), but these were not explored. Many of them are roof-level
continuations of the surveyed fissures.
In Fissure 'F4', a 3 m descent leads to the floor of the fissure which
at this level ends after 7.5 m. However, by continuing over the 3 m drop and
following an ascending traverse and sections of false floor along the fissure,
Hayes Hall is reached. This was first entered by R . H . Hayes, accompanied by
a group of local youths, during the late 1950s, but remained unpublished until
now. Hayes Hall is a large collapse at the junction of several fissures.
In
this respect it resembles Oxtail Chamber, although it is not as large . To the
south all ways are choked, except a small tight fissure which was followed for
9 m to a choke, where a wider, lower level could be seen but not safely entered.
The main fissure runs north-east into the New Series, and is 1.2 m wide and 12 m
high - an impressive section of passage. This continues for 17.5 m to a jooction.
Ahead is a 3.7 m descent into a roomy fissure which after 10 m terminates in a
choke. At the junction, a crawl under, or climb over, a large boulder on the
right leads into a parallel fissure, 2 m wide and 12 m high. To the north-east
this fissure ends in a very large boulder choke after 23 m - the Great Stone
Slide. Here the floor is of shattered angular debris noticeably smaller than
the usual boulders which floor the rifts. This may indicate that the head of
the Great Stone Slide is quite near the surface. To the south-east the passage
4

1 . Entrance 'A'.

PLATE 1

BUCKLAND ' S WINDYPIT

(photos by Ian Davinson)

2 . Looking up the slope in Fissure ' 5 ' fr om
the junction with Fissure ' T' towards The
Letterbox.

3 . Far end of the New Series , just short of the Great Stone Slide.
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continues narrower for 11 m, ending too tight.
The survey of Buckland's Windypit produced by Fitton and Mitchell (1950)
includes the entrance fissure, Chamber 'R', the Stony Corridor, Oxtail
Chamber, Fissure 'Fl' (Dead Man's Gulch) and the beginnings of Fissures ' J ' ,
'F2', 'F3' a nd 'F4'. Hayes (1962) includes a sketch section (credited to
E. P. Fitton and R. H. Hayes) which shows the entrances , Chamber 'R', Oxtail
Chamber, the proximal end of Fissure 'F 4 ', and Fissures'S', 'T' and ' U '. A
plan view of Fissure '5' and the proximal ends of Fissures 'T' and ' U ', is
included in Hayes (1963b), together with a longitudinal cross-section of
Fissure '5'.
Antofts Windypit (Fig. 3)
The entrance is surrounded by a high wooden fence, 18 m east of Antofts
farmhouse . A steep debris slope in a fissure leads to a 2 m drop under the
east wall of the f issure, while ahead the passage is choked after 8 m. A muddy
slope continues at the foot of the drop and le ads to the head of the main
fissure . A 13 m ladder may be rigged from this point, dropping through a
' t,r apdoor' -like opening into the lower reaches of the main fissure. Traversing
over the head of the pitch, a corner is reached. Ahead there is a high-level
traverse in the main fissure, and below there is a climbable route down to the
'trapdoo r'. Using this route the floor of the main fissure may be reached
without using tackle, but a lifeline at least is recommended. The high-level
traverse is made dangerous by numerous loose boulders, and as the main fissure
can easily be followed at floor level there seems little point in following it
at roof level.
About 9 m down the pitch the main fissu re may be followed south-eastward
on a chock -stone floor for 28 m. This is referred to as 'Chamber 3 ' by Hayes
(1963a, 1963b), and is where most of the archaeological finds were made ('level
4' in Fig. 3) . About 3.7 m from the terminal boulder choke at this level, a
hole in the floor descends very steeply through loose boulders for 10 m. The
descent was not made and is not recommended. A 'spiral shaft ' (Hayes, 1963a)
descends from Chamber 3 to emerge at the floo r of the main fissu re. This forms
an a lternat ive, easier r oute to the last few metres of ladder.
The main fissure is up to 22 m high , and with a length of 115 m it is the
longest known continuous fissure in a ll the windypits . To the south-east from
the foot of the ladder, or the foot of the spiral shaft , the main fissure
chokes after about 11 m. However, after 4 m a branch fissure runs north-eastwards for 15 m. There i s a 3 m vertical step down in its floor , for which a
l adder is an advantage . Thirty metres alo~g the main fissure to the north-west
from the foot of the l adder or the foot of the spiral shaft, a massive boulder
fall is encountered . To the right an 8 m long squeeze leads to 'The Crossroads ',
where a large cross-rift joins the narrow rift. The ways ahead and right are
choked after a few metres. The way to the left also appears to be choked, but
a scramble involving a ve rtic al ascent of 5.3 m leads back to the main fissure,
beyond the massive boulder fall. The long squeeze to The Crossroads may be
avoided by climbing 5 .5 m up the bGulder fal l in the main fissure and squeezing
under some dangerous loose boulders. A third alternative route was found by
climbing 10 m vertically u p the ma in fissure and traversing over the fall at
high level. Beyond the fall the fi ss ure continues for 52 m before closing down
to a narrow slit beca use the pass a ge is blocked by thick deposits of flowstone
on each wall . A few small side fissures enter the main fissu re along this
stretch but they were not explored du e to the presence of unstable hanging
boulders in them.
At the point where the ma in :i ssu r e closes down, a cross-rift leads off
in a north-easterly direction . Thi s i s 7 . 6 m long, 12 m high a nd 0.6 m wide.
There a r 2 several indications that it ma y have opened up more recentl y than the
other fissures . At the f a r end of thi s 'recent ' fissure , a rift is encountered
running parallel to the main :iss u re. This is choked to the right and continues
unsurveyed to the left. It wa s not f u ll y investigated because of its very loose
wallS, and the loose boulders wedged in it . Several boulders moved when touched
and these will have to be clea red before a ttempts a re made to explore the
fissu re further . The deepest point of the surveyed windypit lies at the bottom
of the 'recent' fissure , 43 m below the level of the entrance.
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The survey of Antofts Windypit p r oduced by Fitton and Mitchell ( 1950)
includes the entrance fis sure only, extending almost as far down as the head of
the 1 3 m pitch. This is because at that time the way on waS blocked by r ubbish
(Cooper, 1978). Hayes (1963a) gave a sketch section through those parts of the
windypit vertically below the entrance, afte r the way on had been fo rced . This
reaches the floor of the main fissure, and includes the 13 m pi tch, and the
archaeologica lly important Chamber 3. This diagram, which was used by Longworth
(1965) and is credited to R. H. Hayes and A. Pacitto, provides the chamber
numbering system used in Fig. 3 . A plan of the floor of Chamber 3 was given
by Hayes (1963b).
Slip Gill Windypit (Fig. 4)
The keyhole - shaped entra nce lies beneath a tree , a few metres downslope
from a forestry tr ack on the summit convexity of the eastern slope of the Slip
Gill valley (Snip Gillon Ordnance Survey maps) . A 4 .6 m climb down leads to a
landing on a slope of leaves, pebbles a~d mud at the head of the main rift .
Three and a half metres down this slope is a vertica l pitch 15.3 m deep . Loose
material should be cleared from the slope before the fi rst person descends the
pitch . This is best laddered a s a single pitch of 25 m from the tree a bove the
entrance . The vertical pitch is broken by a small l edge 6 . 7 m down, whe re a
prehistoric beaker was found in 1952 (Hayes , 19 55) . A l anding is eventua ll y
made on a heap of debris fallen in from above . Seven metres to the north - west
the r ift ends in a boulder choke , 25 . 3 m below the surface . A short climb up
lea ds after 2.4 m to a narrow rift running south-west wbich becomes too tight
afte r 3 m.
South - east from "the foot of the pitch, the main rift is 1 . 5 - 2 . 8 m wide
and up to 24 m high . The floor slopes down for about 7. 5 m to a large over hanging boulder, necessitating a 2 . 4 m climb down . After a further 1 2 m a p air
of narrow fissures penetrate northward for about 6 m. In the main rift, a
scramble up leads afte r 7.6 m to a l arge boulder ruckle . A route was found
through two squeezes amidst this dangerous and loos e choke, leading into a ' New
Series '. This is a series of rifts not mentioned in any of the published
sou rce s . An old battery left by a previous visitor was found in the widest
of the New Series rifts , but the rift s beyond h a d probably not been entered
previously . Emerging from the squeezes , a 4 . 6 m climb down from a boulder
bridge leads to the floor of a large rift, 1 - 2 m wide and 6 - 12 m high.
After 7.5 m a narrower r ift , 1 m wide, runs in a northeast di r ection for a bout
14 m, dropping to the deepest point in the windypit (42 m below the entrance
level) then rising to a junction with a cross-rift which is choked to the right
and too tight to the left after on l y 3 . 5m.
Seven metres further a l ong the widest rift of the New Series , a nother
narrow ri ft (0 . 6 m wide) leads roughly northwards for 1 3 m to a cross-rift which
appea r s to be a continuation of the c ro ss-rift in the first n a rrow fissure . The
widest ri ft of the New Series continues for a further 14 . 3 m to the head of a
9 m pitch . The rift continues beyond this point but the pitch waS not descended
due t o the absence of a safe belay-point .
The earlier survey of Slip Gill Windypit by Fitton and Mitche ll (1 950)
extended along the main rift as far as the boulde r ruckle at its south- eastern
end and up to that point shows a good agreement with the present survey.
SOME GEOLOGICAL OBSERVATIONS
The ro ofs of windypit fissures
Although in pl aces the roofs of windypit fissures cons ist of wedged boulders
the stability and safety of whi c h are uncertain , for much of their "length most
fissures appear,to be roofed by large blocks of which the orientation has not
been greatly disturbed . A lo g ical explanation would be that the joint which has
opened to fo rm a fissure is ' stepped ' in cross - section , as with Fissures IF3'
and ' F4 ' in Buckland's Windypit , or the tr an sverse fissu res in Noddle End
Windy~it (Fitton and Mitchell , 1 950) .
A ' step ' would not only provide a total
o r partial roof to a passage , but also prevent its infilling by debris from
above (Fi g . 5a). It fo llows that windypits (unfilled open fissu re s) are only
likel y to be found whe r e this near -s urface stepping has taken place.
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Collapses at the intersection of fissures
Progress in several windypits is halted by ruckles of large boulders, the
result of large - scale collapse of the rift walls. This often seems to take
place where the rift changes direction through an ang le of 90 0 or more. This
collapse action may involve the movement of large blocks, which in turn may open
up narrower rifts parallel to'the main one choked by the collapse (Fig. 5b).
The phenomenon is well seen in Slip Gill Windypit, where the massive ruckle
which terminates the main rift can in fact be bypassed into the New Series
beyond, by way of small and constricted rifts that p robabl y result from collapse
and block movement around the major junction. This vi ew of the way in which
windypit formation 'works' is essentially an extension of ideas expressed by
Davies and Ryder (1973). Whether the major and minor fissures represent two
separate periods of movement is not certain. Evidence indicating a second phase
of Slipping in An tofts Windypit (see below) would suggest that this is possible.
The 'recent' fissure in Antofts Windypit
This fissure lies between 31 m and 43 m below the entrance level of the
windypit. Thick deposits of flowstone cloak both walls of the mai~ and parallel
fissures but there is no sign of flowstone anywhere along either wall of the
fissure which connects them. All three fissures have fairl y a ctive 'drips' a nd
at several positions water waS noted flowing down the wallS in small amounts .
There appears to be more seepage into these windypit passages than into any
others so far surveyed, with the possible exception of the 'long' fissure in
Noddle End Windypit (Solman, 1976a). Where the 'recent' fissure intersects the
main fissure the 2 cm thick flowstone deposits on the wa lls of the main fissure
abruptly terminate. The broken 'ends' of the flowstone show the structure
clearly and have not become smoothed-over as might be expected if the fracture
had occurred a long time ago. The walls of the 'recent' fissure a re loose and
'peeling' in many places. On the map (Fig. 5c), 'X' marks the position of a
column of loose rock which shows extensive splitting and peeling. If it were
pushed it would topple over and break into many pieces . Fresh angu l ar boulders
forming the floor and wedged in the ri ft add to the impression that the fissure
opened later than the main and parallel fissures, and that this was probably a
comparatively recent event.
DISCUSSIOK
In their account of the windypits, Fitt on ·and Mitchel l (1950) made much of
the variety of bats found 'in and around the Duncombe Park Windypits'. Our own
observations, made in February 1981, tend to suggest that either the bat
population has decreased markedl y in the last 30 yea rs, or that the observat ions
which were reported by Fitton and Mitchell were rather more ' around ' than 'in'
the windypits . We saw three bats, all of them Daubenton's Bat ( Leuconoe
daubentonii Leisler ), .which is common in the Briti sh Isles.
Two were in Slip
Gill Windypit , one on the south - western wall of the main rift, a bout 3 m above
the lowest point of the floor , and the other in a rock crevice just inside the
ent r a nce to the windypit . The third bat was on a wall at the far end of the
Chamber 3 level in the main rift of Antofts Windypit . Apart from the bats, the
f auna of the windypits owed much to the presence of decaying sheep and
vegetation , and differed little from that described from other caves in the
North York Moors area (Solman , 1976b, 1976c).
Bones were found l ying on the floors of rifts in al l three w~ndypits.
Particular concentr ations were found on the floor of the main rift in Slip Gill
Windypit , and in Fissures '5' and ' U ' in Buckl and 's Windypit . Most of' them were
mo dern, but two of the bones found in Slip Gill Windypit have since been identified a s human (report forthcoming). Antofts windypit, the site of a not-so -old
rubbish dump which formerly consisted largely of the offal of slaughtered deer,
and live ca rtridges (Fitton and Mitchel l, 1950) , contained broken pieces of
willow pattern pottery a nd several rusty kettle s .
On a more general note , further 'discoveries' of windypits continue to be
made. During the week in which the surveys reported here were being made, two
fissures on the south side of Caydale were visited, and have since been surveyed
together with two previously undescribed fissures in Ducken Dale,
near Ampleforth (Cooper, 1981).
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THE MICROFLORA OF LIMESTONE PERCOLATION WATER
AND THE IMPLICATIONS FOR LIMESTONE SPRINGS
by H. F ri ederich , P . L . Sma rt and R . P . Hobbs
Ab s tract
This paper reports on the results of bacteriological research , underta~en in G. B. Cave ,
Charterhouse on Mendip , Somerset . During seve r al v i sits to the cave system in 1979 , the
discharge of some 20 perco lation wa t er inlets , ranging from slow drips to small streams, was
measured . Samples were collected in sterilized bottles to determine the microb i al flora .
Total Viable Counts were performed after 24 hours incubatio n at 37°C , three days at 22°C
and one set of samples was incubated for seven days at BOC . There were significant
differences between estimates at the first two temperatures, but n o t at the two lower ones.
Samples were also analysed for Azotobacter spp ., nitrifying bacteria an d Clostridium spp .
Separate samples were analysed f o r dissolved organic matter . Particulate organ i c matter
was not present in the percolation water .
The bacterial population of percolation water is low , and is not controlled by discharge
fluctuations.
No ' r e lation exists with dissolved organic matter , type of percolation inlet
or depth below the surface , and it is therefore postulated that the microbial population
represents a random input fr om the soil . Using data for selected Mendip sources provided by
Bristol waterworks Ltd., it was possible to separate thre e water types using Total Viable
Counts (TVC) after 2 4 hours at 37°C : (1) swallet recharge flowing
in conduits (high TVC) ;
(2) percolation water in fissure s and conduits (moderate TVC) , and (3) saturated diffuse flow
water (low TVC) .
In contrast t o saturated diffuse flow , the unsaturated zone of limestone
aquifers does not appe~r to filter bacterial polulations significantly during recharge.
It
is suggested that study of bacterial populations in karst waters would enable reasonable
estimates o f the proportions o f the three water types in spring discharge to be made.

Ther e a r e tw o major types of bacteria, both of which are found in caves :
c hemoo r gan o trophic b a cteria derive ene rgy f rom the oxidation of organic
compounds, while chemolithotrophic bacteria uti lise the oxidation of inorganic
compounds (Hawker and L inton 1979) . Tho s e photolithotroph s dependen t on photo synthesis a re of course absent in the dark zone s of caves , but chemo l ithotrophic
bacteria have been recorded in Hunga ri an caves by Dudich (1930 , 1933) and more
r ecent l y by Varga and Takats (1960) . Their pres ence has been confirmed in caves
in France (C a uma rtin 1957 , 1961 , 1963 ; Gounot 1967b , 1969), Kentucky , USA
(Fliermans and S chmidt 1977) and Wales (M ason - Williams and Benson-Evans 1958) .
Chemoo rga notrophi c bacteria h a ve been the subject of an extensive study in
French caves (Gounot 1967a, 19 67b , 1969) and have also been discussed by
Ginet (19 60) , Hodoroge a (1972) a nd Mason - Williams (19 69 ) . All the above papers
were concerned with cave sediments and rese a rch on water - borne bacteria is
more limited . Popul a tion density figures have been quoted fo r cave waters in
Hun gary (Molnar 1~ 61) , Poland ( F ische r 1 958) , Kentucky , USA , (Barr and Kuehne
1971) a nd Wa les (M ason - Williams 1969 ) without a clear definition of the source
of water . Because of the importance of bacteri a for water quality , data a'r e
also ava i l able for groundwaters, for instance Allen a nd Ge l dreich (1975) and
Robeck (1969) . Table 1 summarizes microbi a l population densities in sediments
a nd wate r in limestone cave s , derived from the above sources .
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Table 1

Published bacterial counts for cave sediments and waters.
Figures are Total Viable Counts after 3 days at 22 o C .
Au thor

Heterotrophic
Bacteria
(x10 6g- 1 sediment

Cave sediments
Barr and Kuehne 1971
Fliermans and Schmidt 1977
Ginet 1960
Gounot 1967a
Gounot 1967b

0 . 004 - 36.5
-150 *
3.5
- 45

10
0.5
11

- 22
- 25
10

Gounot 1969
Hodorogea 1972
Varga and Takats 1960

1.9
0 . 09

Cave Waters

(ml- l )

Barr and Kuehne 1971
Fischer 1958
Mason-Williams 1969b
Molnar 1961

38
101 0

o

*
+

I
h'lC
Autotrop
Bacteria
(g-l sediment)

Azotobacter 50-250
Clostridium 950 - 2500

Nitrifying b acte ria
50-26000
10
1500+
100 - 10000+
(ml -1 )

- 109000
300
- 1570
800

Arthrobacter only

Type not specified
METHODS

To determine the microbial population of percolation water Total Viable
Counts (TVC), in colony-forming units, were performed on water samples from
several percolation water inlets in G.B . Cave, r ang ing in size from less tha n one
litre per hour to several hundreds of litre s per hour, and at different depths
throughout the cave system (Fig. 1 ) . G.B. Cave is one of the swallet c aves of
the Cheddar Resurgence catchment in the Mendip Hil1s,Somerset (Smith, 1975).
The e,trance (ST47595623) is situated on the south flank of Blackdown , some
2 .5 kilometres northeast of Cheddar . The cave system has been surve yed to
C.R.G. grade 5 (Crickmay and Bendall 1949-1 950 ; Savage 1969) and principal
points have been checked by radio-loc ation . Recently intensive research has
been carried out on the percolation water system by one of the authors
(Friederich in prep.) and full description and discussion of the results will be
published in due course. The sampling points a re shown in Fig. 1 and a brief
desc ription of each site is given in Table 2.
The water samples were collected in sterilized bottles and returned to the
laboratory for analysis within ·five hours. Prolonged contact with the
atmosphere waS avoided to minimize the risk of contamination , but for slow
drips and showers the sa mpling time exceeded several minutes.
TVC were performed by standard pour plate , and the Spiral Plater technique
(Spiral Systems Inc., Cincinnati, USA) . The medium used was Difco Blood Agar
base number 2 , which has the fo llowing composition - Proteose peptone Difco 15g .•
Liver Digest 2.5g., Bacto Yeast extract 5g ., Sodium chloride ~g" 1 Bacto - agar 12g.,
Distilled Water 1 litre pH 7.4. According to Meynell and Meynell (1965)
estimates of bacterial numbers by colony counts in plates are more precise than
that of dilution counts in liquid media. They quote the standard samplin'g error
as the square root of the mean count, which means that the accuracy increases
with the number of counted colonies. Because some micro-organisms may not
develop colonies on the particular culture medium (Jones 1979), TVC can be
an underestimate of the total bacterial population, an error that Gounot (1967b)
claims to be up to 1~1o . Thus while TVC does not measure the total bacteria
population, it does provide precise comgarative data.
The plates weOe incubated at both 37 C for 24 hours and at 22 0 C for three days.
Incubation at 37 C is a standard technique, because the majority lo f pathogens
grow best at this temperature. The counts at 37 0 C were very low for percolation
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Table 2.

Site

Total Viable Counts (ml
refer to Fig. 1.

Description

-1

) after 3 days at 22~C for G.B. cave.

Si te Depth
T
under
11/4/79 25/4/79 16/5/79 21/5/79 6/7/79 24/8/79 25/2/80
ype surface
(m)

E _N B

drip from boulder choke

seep

10

E N P

drip from small rift

seep

U G S L slow drip stalactite

seep

E N T

slow drip stalactite

D A V

shower from aven

GOT 0 drips from aven
large

shower inlet

The sites

70

<40

15

240

<40

27

1000

seep

27

34000

<40

520

shaft

40

·1000

<40

850

flow

46

shaft

1200

5700

1400

<40

590

410

1306

930

300

110

590

6700

300

6800

53

10000

<40

1400

1000

40

10000

2100

P C small stream inlet

flow

50

70

<40

140

<40

3200

<40

74

W P 0 V intermittent inlet

flow

53

200

W P A V shower from large aven

shaft

55

W P N W drip stalactite

seep

60

MUD

wP

780
520 ·

190

<40

1900

220

<40

<40

<40

1000

1600

110

1400

74

190

WP 3

s l ow drip from roof

seep

R A

drip stalactite

seep

63

74

740

R I

drip inlet

seep

63

300

<40

440

110

110

H A V

shower from aven

shaft

78

8000

<40

6900

410

<40

220

H S L

slow drip stalactite

seep

82

3000

>3000

190

1300

<40

G 0 H A slow drip stalactite

seep

82

3000

<40

1200

480

<40

300

GOP I drip from roof

seep

82

5000

<40

7100

560

110

670

_ GOT W slow drip stalactite

seep

115

7500

110

fast drip stalactite

flow

131

370

G C S L slow drip stalactite

seep

135

440

shaft

140

220

G C F

B A V

shower from aven

Stream

see text

Soil

see text

60

520

520

260

1500

850

>1000

1000

520

5500

520000

water, often less than forty , the minimum limit of detection when using a Spiral
Plater. No dire ct statisti cal relation existed between the 37 0 C and 22 0 C data
sets (line a r correlation 0 . 5S not significant at 95% level) due to the different
microorga ni sms c u ltured at these two temperatures. Because the ave rage
temperature for percolation water in G.B. Cave is S.5 0 C to 10oC, one set of
samples was a l so incubated at SoC for seven days. The TVC for the SoC culture
were Slightly higher than those for the 22 0 C culture, but not enought to make a
significant difference in the discussion of the results . This agrees with
Gounot ' s observation that decreasing the incubation temperature merely slows
down the development of the culture, but that it does not materially alter the
viability of the different species (Gounot 1967a, p.34; 1969, p.105). Therefore
22 0 C waS adopted as the standard incubation temperature. Table 2 presents TVC
after 3 days at 22 0 C using the Spiral Plate Method for all sites sampled on
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seven separate occasions . "Stream" is a sample f rom Tynings Swallet st re am where
it emerges underground in the Gorge, and "soil" i s a sample from a soil water
suction sampler (Soiltest Inc . Evanston , USA) s i tuated at -100 cm in the soil
above the Gorge .
Because Fischer (1958 ) recorded chemotrophs in water, we also a ttempt ed to
isol a te colonies of Azotobacter
spp ., Nitrobacter
sPP '/ Nitrosomonas
spp. a nd the
anae robe Clostridium
spp .
Azotobacter spp . and Clostridium spp . were g rown on
media described in the Oxoid manua l (19 61) ; the nit ri fy in g bacteria were
det ermined with the metho d of U. S. Depa rtment of the Inte rior (1977), pp .7 3 - 78.
RESULTS
In orde r to investigate the consistency of bacteri a l counts through times a t
each s ite , the data f rom Table 2 were r anked according to their TVC. The figures
for 25 Ap ril 1 9 79, when a ll counts but two were l ess than fo r ty , were not
included , neith e r were TVC for Stream or Soi l (Table 2) . To test i f the f igures
for each site a r e from one or more populations the Kruskal l Wall i s o n e way
analysis of variance was app l ied (Siegel 1956) . The res ults indicate that data
f r om a ll s ites a r e drawn f r om the Same popu l a tion (Pr o b ab ility 0 .5 ) . Even when
the s i tes were grouped into s h afts , flows a nd seeps using the size of void from
which they issue (m, cm and mm respectively) , or when they were grou ped in four
gro'ups with different depths ( 0 - 30 , 31- 60 , 61 - 90 , > 91 m be l ow the surface), the
dat a stil l fo rm a homogenous population (Probability 0 . 5 and Probabili ty 0 .9
respec tively) . This indicates that there i s no tendency fo r any systematic
variation between s i tes , neither the depth nor the type of inflow c ont rollin g
the bacterial numbers in percol at ion wate r. The conclusions a re not changed if
missing data is eliminated by us in g sites which were samp l ed on every date.'
Table 3 Average ranks for To tal Viable Co unts, grouped according to : (a) sampling date
and (b) sampling site . A high s imilarity in TVC is indi cated by similar values for the
average ran ks . Data from Table 2 .
a)

Date:

b)

Site :

Date
11/4/ 79
1 6/5/79
2 1/5/79
6/7/79
24/8/79
25/2/80

Rank
48
51
42
26
35
37

Sites except White Passage .
Site
ENB
ENP
UGSL
ENT
OAV
GOTO
MUD
RA

HAV
HSL
GOHA
GOP I
GOTW, GOI
GCSL , BAV

J

Average Rank

White Passage Sites.

Rank
40X
40
42
51
39
54
57
43
43
46
39
50
44x

Site
WPPC
WPOC
WPAV
WPNW
WP3
RI
RA

42

Average Rank
X

=

Rank
20
35
25
29
34
25
43

28

only 1 measurement

However, the average ranks (Table 3) show tha t sites in White Passage a ppea r
to have consistently low counts'. When t he inlet s in White Passage are grouped
and tested aga inst a ll o thers, a significant difference exists ( P robability 0.01).
These low counts may be att ributed to the stony na ture of the soil above this
area , which has been mined extensively in the past . The lower biological
activity in this area is supported by lower carbon dioxide concentrations in
soil a ir, although this may also be explained by increased soil permeability.
The soil above the entrance series is a ' r ela tivel y undisturbed clay loam,
while the deepest drips a re situa ted under a cultivated field.
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WPPC in particular has a consistently low count , although a sample from this
inlet did contain more bacteria than any of the other samples on 6 Ju l y 1979 .
MUD on the other hand was almost free of bacteria that day , while it had a high
ave rage rank. The possibility of confusion between samp les from these sites
cannot be rejected. Examination of other data for this day, however, shows
that the values tend to be lower than for other samp ling times, as indicated
by the low rank (Table 3). This may be rel ated to the much drier soil on this
date , when a soil moisture deficit of 76 mm existed; the soil was saturated on
a ll other sampling days . How this change in soil moisture affects the underg round microbial population is not certain because the variat i ons in TVC cannot
be explained by differences in flow between the various sites , as li s shown in
Figure 2 for 16 May 1979. Nor do the chronological variations in TVC for one
site rel a te to variations in discharge as is ill ustrated b y Table 4 . The
explanation may therefore be related to decreased micro-organism activity caused
by drying of the soil rather than h yd rological factors. To test i ~ seasonal
variations are important the Kruska ll Wallis test was a lso applied to the data
grouped a ccording to sampling data. At a significance level of 0 . p5 no
difference exists between the various groups, b ut a t a significance leve l of
0 .1 the different dates form separate populations . When the figures fo r
25 April are included the populations are different at a significance level
of 0 . 001 . This implies either a temperature o r s o il moisture effect may be
important and therefore suggests a shallow soil sou rce for the bateria , rather
than a deepseated, isothermal, f i ssu re source . A similar conclusion was re ached
by Sinton (19BO), who explaine~ the , relation bet~een antecedent ra~nfal~ and the
numbers of Bacillus stearothemoph7-lus ~n groundwater ~n the Canterbury Pla~n a s
due to the translocation of bacteria from the soil to ground water during
infiltration.
Table 4
Site
Date
11/4/70
25/04/70
18/05/79
21/05/79
06/07/79
24/08/79
25/02/79

Discharge and Tot a l Viable Counts a:ter 3 days at 22 0 C for 3 s ites
in G.B . Cave. For sites see Fig . 1 .
ENT
T V C
Discharge
-1
ml
1 sec - 1
34000

2.B
< 40
1.5
1 ,2
520
590
1.5
410
0 . 45
1300
0 .5
n o t sampled

=::-.:p
T V C
m1 - 1

::)iscna r ge
1
- sec -

24 0

2 .9

<' 4 0

0.3

1200
57 CO
14 00
< 4 (;
93 0

1 .5
0 .5
0 . 01
5 .0
1.4

MUD
T V C
Discharge
-1
ml
1 sec - 1
1 00 90
< 40
1400
1000
<40
10000
2160

lOB
BO
60
20
70
60
600

If the population of bacteria in the limestone fissu res is resident, a source
of nutrients must be available to support them , pre sumably either particulate or
dissolved organic matter washed in :row the soil a bove. If dissolved organic
matter (DOM) is the main n ut ri ent source ( a s is suggeste d by Atkinson 1977b) one
would expect that a high DOM content ~ould rel a te to high TVC, but figure 3
shows that this is not the case in G. B . Ca ve . Because most values for 25 April
1979 are less than forty when dete rmin ed by the Spira l method, f i gu r es are used
in Fig . 3 that were determined by the stand a rd pour plate technique , which has
a lower minimum detectability . This is acceptable , because the counts yielded
by the Spiral method a re at least as precise as those obtained by standard
methods (Hedges, Shannon and Hobbs , 197B). Determinat ion of p a rticul ate
organic matter by oxidising the filtrate from large samples of percolation
water was unsuccessful , and indicated that the organic content , was very low
even for shaft flows. Yet , Laverty (1977) found that particulafe matter in
cave st reams contained organic material in almost a ll cases; he did not
investigate percolation water. Material in suspension will be filtered out
in tight fractures, and therefore particulate matter will be restricted to the
near surface horizons and to the more open fissures . If particulate organic
matter is the source of nutrients for the microbe s in percol at ion water we would
therefore expect the large ayens and the highe s t drips to have the highest TVC.
Yet, when these inlets (ENB, ENP, DAV, GOTO, WPAV, HAV , WPOV) are grouped a nd
tested against all other drips, no significant difference exists between the two
populations (Probability 0 . 5) . Therefore , we must conclude that the b acte rial
counts merely reflect random fluctuations in the numbers of bacteria washed
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out from the soi l . This indica te s that there is a re ady movement of bacte r ia
f r om the sur fac e to depth in the unsaturated zone, which i s unrelated to th e
probable size of the fissure s feeding the va rious drips . We therefore accep t
tha t, in contrast to the di ffuse flow component of the satur ated zon e of the
a q uife r discussed be low , the unsatu r ated zone of a lime stone a q u i fe r i s not
abl e to f ilter water adequate ly, a fact a l so re cognis ed by Allen an d Mo rri son
(1 973) and Sinton (1980) .
Pe rcol a tion water waS a l so inve st igated for chemotrophic bacteria . The
combined test for NitY'osomonas
spp . a nd NitY'obacteY'
spp . showed that no
nitrifying bacteria we re present in the samples . Ha rri gan a nd McCance (1966,
p . l0l) described colonies of Azotobacterspp . as "ra i sed , convex, smooth , white,
semi-opaque , moist a nd viscous , 4 - 8 mm diameter" 3.nd such co l onies were n ot
prese nt on the ma nnitol aga r cu l tu r es . However, strains of A. insignis and
A. macY'ocytogenes
, g rown on the same medium, developed " s ma ll tr a nslucent
colonies, which may have been p r esent on the test cu lt u r es but were not recorded.
The test fo r Clostridium
spp . waS negative fo r a ll samp l es apa rt f rom WPAV
which contained 1 colony per mI .
We must conc l ude that perco l ation wate r in G . B . Cave does not contain
chemotrophic bacteria , an obse r vation that i s suppo r ted by the r esu l ts of Barr
a nd Kuehn e (1971). They fai l ed to i so l ate nitri fying bacteria f r o m mud in a
drip pool and from soi l benea th a l a r ge stalactite in the Mammoth cave sys tem ,
Kentucky , USA , whil s t the microbe is found in abundance in st re am sediments
throughout this cave (Fli e rma ns and Schmidt, 1977) . Whitelaw and Ree s (1980)
found that the vadose zon e of the cha lk aquife r in England cont a ined l a r ge
numbers of chemotrophic bacteria. They sugges t ed that the mi crobes were
r esident on the fissu r e walls, a possibi lity that we did not inves ti gate in
G.B . Cave .
Although we found that p e rcol ation wa ter has a mic r of l o r a th at is n o t
directly control l ed by di s cha rge fluctuations , Bar r and Kuehn e (1 9 71), p . 90)
c l aimed tha t water sampl es from unde r ground rivers: " r evea led max imum 14000 to
3 5000 per ml, counts during flood stage .... "
They alSo ma int aine d tha t the
productivity of bottom si lt s in a perco l a tion - wate r - fed pool i s abou t o ne tenth
of that of the f lo o r of the under g r ound river , perhaps r e lated to the ava il ab ility
of a suitable o r ganic substrate . This suggests that swa llet water will gene r al l y
have higher bacte ri a l coun ts than perco l ation water, an assumpti on tha t we
investigated in the Mendip Hills . T ab l e 6 shows TVC af ter 24 h ours at 3 7 0 c for
fou r majo r s wa llets o n Mendip ana l ysed by Bristol Wate rwo r ks o n 11 November 1980 .
Comparative data are a l so g i ven in Table 5 fo r percolation and swa llet water in
G . B . Cave on six different dates . The TVC fo r the swallet is gene r a ll y higher
tha n tha t fo r pe r colation water . Thus a high swallet compone nt in the r echa r ge
to a spring s hould result in higher bacterial n umbers than when percolation water
is dominant . All s wa ll et water from the Mendip Hills, a nd much of the satu rated
zone , is drained by conduit flow . The success of pa r ticu l ate trace r s such as
Lycopodium
spores has indic a ted th at conduits have tu r bu l ent flow a nd a very low
T ab l e 5

Average and r a nge (in brac kets) of T otal Vi ab l e Counts (ml - 1 ) afte r
24 hou rs at 3 7 0 C fo r percolation a nd swal l et water in G . B . Cave

Date

Pe rcolation
130+ «40 ( < 40
990+ «40 52+ «40 88 + «40 290+ « 40 -

11/4/79
25/4/79
16/5/ 79
22/5/79
6/ 7/79
24/8/79

Wate r
780)

Swalle t Water
< 40
1200
150
< 40
1400

)

7800)
150)
440)
1300)

270+

Ave r age
No te:

560+

+ indicates va lues < 40 included in ave r age CiS 40
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Table 6

Total Viable Counts (ml- 1 ) af ter 24 hours at 37 0 C for s~allet streams
sampled November 1980. Data from Bristol Waterworks Lt i '
Blackmoor Swallet
Longwood SWallet
Tynings Swallet
Manor Farm Swallet+

360
500
660
2000

+ sampled above farm
filtering capacity (Atkinson 1977a) . Therefore high inputs of bacteria into a
conduit will result in high TVC at the springs . Following these arguments TVC
might be an additional indicator of the r atio of swallet water to percolation
water. We checked this for springs in the Mendip HillS that a re sampled and
analyzed on a fortnightl y basis by Bristol Waterworks. Average counts fo r
sel€cted springs are given in Table 7. Because the swallet component of most
of the springs will be much lower in surrmer than in winter two additional figures
a re given , one for the June/July (dry) and one for Novembe r /Decembe r (wet) .
These figures are averages, calculated from TVC given for the years stated in
column 4 of Table 7.
Table 7

Ave rage Total Vi a ble Counts (ml - 1 ) afte r 24 hours at 3 7 0 C for Mendip
Sources. Data from Bristol Waterworks Ltd . Figures in brackets are
for years 1974, 1975 and 1976 only.

Source

Annual Mean

June/July
Mean

NO'Jernber /December
Mean

Years of
Record

S Erings

st. Dunstans Well
Rickford
Cheddar
Rodney Stoke
Gurne y Slade
Banwell
Cross
Sherbourne
Boreholes
Egford
Oldford
Chelvey Ba tch
Wells Athletic Ground
Callow Rocks Quarry

500
250
151
20
30
21
30
24
19
9
3
5

125 6( 1940 )
250
1 09(107)
20
8
18(27)
43(47)
4(4)

545(370)
250
180( 122)
20
24
45(23)
1 6( 19)
18(8)

12(18)
3(3)
2
1

26(10)
1{1 )

2
2

69 , 71,74 , 75,76
79
68 to 78
74,75,76
74,7 5 ,76
74 ,75,7 6 ,78,79
74, 75 ,76,78
74,75,76 , 78
74,75,76,79
74,75,76,79
74,75,76
80

St . Dunstans Well (ST659479) is known to be fed by a large proportion of
swallet water mainly through the large Stoke Lane Slocker stream (ST669474);
Smith(l 9 75) quoted a s wallet waterproportion of 26%. Both Cheddar spring
(ST466539) and Rickford (ST485594) have several known si zeable s~allets but are
thought to be primarily fed by percolation wate r. Rodney Stoke (iST487503),
Gurney Slade (ST631495) and Banwell (ST399592) have only minor Swallet inputs,
while Sherbourne (ST586550) and CrosS Springs (ST416547) have no known swallets
at all . Oldford (ST786506) , Egford (ST756481), Che1vey Batch (ST474679), Wells
Athletic Ground (ST786506) and Callow Rocks Quarry (ST450551) are boreholes into
the Carboniferous Limestone for which the swallet component is unknown but
probably very small (ST450551) . In general the bacterial counts follow the
expected pattern with gre a ter TVC values with increasing amounts of swallet
recharge . The winter counts are also higher than the summer values , again
indicat i ng increased swallet components . The converse of this pattern for
St . Dunstans Well may be due to groundwater pumped into the swallet from Moons
Hill Quarry in the winter months, while the high summer count for Cross Springs
ca~ be attributed to one exceptionally high count in June 1975 .
The low counts for the boreholes are of particlar interest, because they draw
water from the deep saturated aquifer and are presumably fed to a large extent ,
if not totally, by diffuse flow, although several are sited at historic sp rin g
locations . The reason for the low counts might be that the deep aquifer. is a
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host il e env ironment for IT,icrobes, but this is in contradiction to Al tovskii ' s
(1961.)' and McNabb and Dunlop ' s (1975) observations . Therefore we suggest that
the diffuse saturated groundwater flow in limestones has significant filtration
capacity due to a combination of laminar flow and tight fractu r es . Unfortunately
no other absolute i ndicators a r e establi shed to differentiate between the dif fuse
and conduit component of limestone springs , and it is thus not poss ibl e to
further test this suggestion . Recentl y , research has indicated that concentra tions of Radon in spring water may give an answe r to this prob l em , but the
results are not yet conclusive .
We therefore propose that in the Carboniferous Limestone aquife r of the
Mendip Hills three water types may be distinguished using the TVC figures.
Firstly, swal l et recharge which flows in the aquifer in conduits has a high
TVC (>500 ml - l ) . Second l y , percolation recharge which is integrated into
solutionally enlarged fissures and conduits has an intermediate TVC (50 to
300 ml - l ). Finally , diffuse flow waters in the saturated aquifer in tight
fractu r es have a low TVC «50 ml - l ) . This diffuse flow water can be derived
f r om two sources , either vertical percolation f r om the unsaturated zone, or
l ate ral recharge of condu it waters caused by head differences between the
conduit and fractures adjacent to it ( Atkinson et aI , 1973) . There is a
considerable ove rl ap in the TVC va l ues between the three categories.
Unfortunately it iS , difficult to distinguish between the three classes in
the data so far discussed , e.g . Table 7 . However, during the lowest summer
flOWS , swallet contributions are often negligible compared to the spring
dischar ge . The sp ring TVC may therefore indicate the ratio between percolation/
conduit and diffuse flow waters . Fig . 4 presents TVC and discharge data for
Chedda r Resurgence for 1977/78 . L0n¥ recessions during July and August , and
October gave l ow TVC of about 50 ml. In contrast s ignificant summer recharge
in late August increased TVC to a maximum of 760 ml - l , and was undoubtedly
associated with both increased swallet rechar ge and perco l ation into conduits .
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1978

If the TVC of diffuse flow is 2 ml- l (from boreho le data) and the percolation/
conduit,TVC average is 88 ~l-~ (GB data,6 J uly 1979 under ~ry cOfditions) then
the sprlng TVC of 50 ml- l lndlcates a dlffuse f l ow proportlon of about 55% .
The probable error in this figure is l arge , and a more detailed s a mpling and
analysis scheme would be required be f ore much confidence cou ld be attached to
the results. However , the calcu lation does suggest that f u rther work on
bacterial populations in karst g r oundw aters would significantly contribute to
our unde rst anding of the flow dynamics and storage of karst aq uifers .
CONCLUSION

I

The unsaturated zone of the li mestone aqu i fer a l lows unhindered movement of
bacter i a from the soil to depth whether the fl ow i s of condu it (Shafts) or
diffuse (seeps) type. Concentrated saturated dr a inage (conduit i lOW) does not
have t he ability to filter this microbial input . Diffuse saturated f low ,
however , has a significant filtration capa city, and y iel ds water with low TVC .
Further work on b acte ri a l populations in ka r st a r eas may th e r efo~e permit
separa tion of conduit an d diffuse flow components to spring flow ) Although
TVC per se a r e not a criterion fo r water qua lity (Allen and Ge ldreich, 1 9 75;
the preference for low counts in domestic water supplies is recognized
internationally (Allen and Geldreich 1975; Bonde 1978; Robeck 19~9). In view
of these recommendations the results for the Mendip Hills are important and
stress once more the vulnerabil ity of conduit-fed karst springs ~o microbial
pollution.
I
ACKNOWLEDGMENTS

We would like to thank the University of Bristol Spelaeological Society nor access to
G. B. Cave, the University of Bristol Geography Dept . for ass istance, and Dr. A.E. Jephcott,
Directo r, Public Heal th Laboratory, Bristol, for permission to use the labora ~o ry facilities;
Mr. F. Swee ting o f Wessex Water Authority 'k indly ana l ysed samples for dissolved Organic
Matter; ~u. D. I ves of Bristo l Waterworks provi ded access to l ong term records of bacterial
numbers in Mendip springs and Mr. P . Hodg e provided supporting discharg e data.1 Thanks also
to phil Chapman f or proof - reading and helpful commen ts, and to Simon Godden for drawing the
diagrams.
At the time of research one of the authors (H.F.) received a grant from Ph ilips
van der Willigenfonds, The Ne therlands.
REFERENCES
Allen , M.J. and Geldreich , E . E ., 1975 , Bacteriolog i cal cri teria for groundwater qual ity .
eroundwater, Vol. 13, No . 1, pp . 4 5-5l.
.
I
Allene' M. Jd'wan
t d ~ Mo~Or~l' son ,

roun

a e.,

V<.

11 ,

SN·Mo · "1 1973 , 6 Balco terial movement t hrough fractured bed1r ock .
•

,

pp . -

.

Al ' tovsk ii, M.E., 1 96 1, The microflora of underground waters and its impo rtance in the
formation o f na tural gases , sulfur deposits and oil. Trudy l'nst. Mikrobiol . Akadkauk
SSR, Vol . 9, pp . 57-63 (in Russian).
Atkinson, T. C ., 1977a, Diffuse flow and condu it flow in limestone terrain i n the Mendip
Hills (Great Britain). Journ. Hydrol . Vol . 35, pp.93-110.
Atkinson, T. C ., 1977b, Carbon dioxide in the atmosphere of the unsaturate d zone; an
important control o f groundwatE r h ardness in l i mes tones . Journ . Hydrol ., Vol . 35,
pp.1l1-1 23 .
Atkinson, T. C ., Smith, D.I., Lavis, J .J. and Whitaker, R.J., 1 973 , Experiments in tracing
underground waters i n limestone. Journ . Hydrol ., Vol . 19, pp.323- 349.
Barr, T.C. and Kuehne, R.A., 1971, Ecological studies in the Mammoth Cave
Ann . Speleol ., Vol . 26, No . 1, pp.47 - 95 .

~ysJem

of Kentucky.

Bonde, G.R., 1 9 78, Importan ce of non-faecal co lifo rms and germ counts as qualiJty criteria
for potable water. Aqua, Vol . 1, pp . 6 -1 2.
Caumartin, V., 1957, La microflore des cavernes.
pp.59-64.

24

Notes Biospeleologiques, Vol . l2 , No . 2,

Caumartin, V., 1961, La microbiologie souterraine: ses techniques ses problemes.
Bot. du Nord de la France, Vol . 14, No.3, pp.53-60.

Bull. Soc.

v., 1963, Review of the microbiology of underground environments. Nat. Speleol.
Soc. Bull . Vol. 25, No .1, pp.1-14.

Caumartin,

Caumartin, v. and Renault, P., 1958, La corrosion biochimique dans un reseau karstique et la
genese du mondmilch. Notes Biospeleologiques, Vol. 13, pp.87-l09.
Chodorowski, A., 1959, Les· recherches bacteriologiques. In: Les etudes biospeleologiques en
Pologne. Speleologia (Bull. Speleoclub Warshaw) , Vol . 1, No .3, pp.126 - 127.
Collins, C.H. and Lyne, P.M., 1970,

Microbiological Methods . Butterworths, London. pp.454.

Crickmay, J.H. and Bendall, R.A., 1949-1950, A survey of G.B. Cave, Charterhouse upon Mendip,
Somerset, Proc . Univ . Bristol Spel . Soc ., Vol . 6, No . 2, pp.174-2 0 0.
Dudich, E., 1930, Die Nahrungsquellen der Tierwelt in der Aggteleker Tropfsteinhohle.
Al latani Kozlemenyek, Vol. 27, pp.77-85.
Dudich, E., 1933, Die Klassifikation der Hohlen auf biologisher Grundlage .
und Karstforschung, Vol . 3, pp.35-43 .

Uitt . HOh len

Fischer, E., 19 58, Results of bacteriological analysis of cave water in Zimnej i Kasprowej.
IV Zjazd Hydrobiologow Pols kich w Krakowie, p.140 (Abstract in Polish) . .
Fliermans, C.B. and Schmidt, E.L., 1977,
Vol . 9, pp.1-19.

Nitrobacter in Mammoth Cave . Int . Journ . Speleol .,

Ginet, R., 1960, Ecologie etnologie et biologie de
pp.153-237.

Niphargus I . Ann. Speleol ., Vol . 15, No.1 ,

Arthrobacter dans les limons souterrains. Ann .
l ' Institut Pasteur, Vol . 113, No . 6, pp.923-945.

Gounot, A.M., 1967a, Role biologique des

Gounot, A.M., 1 96 7b, Microflore des limons souterrains.
pp.23 - 146.

Ann . Speleol. , Vol . 22, No .1,

Gounot , A.M., 1969 , Activite productrice de la microflore des limons argileux souterrains
Proc . 4th Int . Spel . Congr . Ljubljana, Vol . 4-5, pp.103-108.
Hawker, L.E., Linton, A.H. (Ed.) ,1 979 . Microorganisms: Function, Form and Environment.
2nd Edition, Arnold, London. 70pp.
Harrigan, W.F. and McCance , M.E., 1966,
pp.100-10l.

Laboratory Methods in Microbiology, Academic Press,

Hedges, A.J., Shannon, R. and Hobbs, R.P., 1978, Comparison of the prec~s~on obtained in
counting viable bacteria by the Spiral Plate Maker, the Droplette and the Miles and
Misra methods. Journ . Appl . Bacteriol ., Vo. 45, pp.57-65.
Hodorogea, P., 1972, Recherches micr obiologiques dans la grotte de Topolnita (Roumanie).
Tr av . Inst . Spel . "Emile Racovitza", Vol. 11, pp.335-342.
Jones, J.G., 1979, A guide to methods for estimating microbial numbers and biomass in fresh
water. Freshwater Biological Association, Scientific Publication No. 39, pp.212.
Laverty, M., 1977, Some aspects of cave geochemistry.
Earth Sciences, University of Leeds, pp.62.

Unpublished M. Sc . thesis, Dept. of

Liddo, S., 1951, Ricerche batteriologiche nell'aria delle grotte di Castellana.
Societa Italiana di Biologia Sperimentale, Vol. 197, No . 3, pp.496-498.
Lovett, T., 1949, Micro-organisms in caves.
No. 10, pp.51-52.

Bulletino

Cave Science (Bull . Brit . Spel. Ass.) Vol. 2,

25

Mason-Williams, A.M., 1969a, Comments on the bacterial populations of small pools in caves.
Proc. 4th Int . Spel. Congo Ljubljana, Vol. 4 - 5, pp.16l-l66.
Mason-Williams, A.M., 1969b, A note on the effects of tracer dyes on microbial populations of
streams. Proc . 4th Int. Spel. Congr. Ljubljana, Vol . 4 - 5, pp.167-l72.

J

Mason -Williams, A.M. and Benson-Evans, K., 1958, A preliminary investigation i to the bacterial
and botanical flora of caves in South Wales. Cave Researc h Group (Great Br itain) Specia l
Publ. 8, pp.70.
McNabb, J.F., 1977, Current developments in assessing the role of subsurface biological activity
in groundwater polution. in Groundwater Quati ty Measurement, Prediction and Protection .
Water Research Centre Conference, University of Reading, England, Sept. 1976, pp.95-ll4.
McNabb, J.F. and Dunlap, W.J., 1975, Subsurface biological activity in relation to ground
water pollution. Groundwa ter, Vol 13, No .1, pp.33-44.
Meynell, G.G . and Meynell, E., 1 965,
Univ·. Press, pp.347.

Theory and Prac tice i n Exper i mental BacteJiology . Carob .

Molnar, M., 1961, Beitrage zur Kenntnis der Mikrobiologie der Aggteleker Tropfsteinhohle
"Baradla". Annales Uni versitates Scientarum Budapestinensis Rolan do Eotvo s Nominatae .
Sectio Bio l ogica, Vol . I V, pp.130-131.

Oxoid Manual ., 1961, Issued by the oxide division of Oxo Ltd., London.
Robeck, C.G ., 1969, Microbial problems in groundwater.

Gr oundwater , Vol . 7, No . 3, pp.33-35.

Savage, D., 1969, A revised survey of G.B. Cave, Charterhouse on Mendip, Somerset.
Univ . Bristol Spe l. Soc. , Vol. 12, No .1, pp.126.
Siegel, S., 1956,
pp.3l2.

Nonparametr i c

Statistics

f or the

Behavioral

Pr oc .

Sciences.Mc Graw-Hill / Kogakusha,

Sinton , L.W., 1980, Investigations into the use of the bacterial species Bacillus
stearothermophilus and Escher i chia coli (H2.S positive) as tracers of groundwater
movement. New Zealand Mi ni stry of Wor ks ana Development Wate r and Soil Technical
Publ ication 17, pp.24.
Smith , 0.1., 1975, Limestones

and

Caves

of t he Mendip Hill s. David and Charles, pp . 424.

U.S. Dept. of the Interior, 1977, Methods for collection and analysis of aquat i c biologica l
and microbiological samples. Techniques of ivater Resources Inves t igations of the U. S.
Geol . Survey. , Ch . A4, Book 5, pp.332.
Varga, L. and Takats, T., 1 960 , Mikrobio1ogische Un t e r s u c hung en des S c h1ammes eines
wasser10sen Teiches der Aggte1eker Barad1a Hoh1e. Acta Zoo . Acad . Sci . Hung ., Vol . 6,
No . 3- 4, pp.429-437.
Whitelaw, K. and Rees, J.F., 1980, Nitrate reducing and ammonium oxidizing bacteria in the
vadose zone of the chalk aquifer of England. Geomicrobiol . Journ. Vol . 2, No . 2,
pp .17 9-l87.
H. Friederich ,
Department of Geography,
University of Bristol,
Bristol . BS8 ISS

P.L. Smart,
Department of Geography,
University of Bristo l,
Bristol. BS8 ISS

26

I

R.P. Hobbs
Public Health Laboratory,
Myrtle Road,
Bristol. BS2 8EL

Transactions British Cave Research Association. vol.9, no.l, pp.27-37, February 1982.

THE INFLUENCE OF SOME MATERIAL PROPERTIES ON
THE DEVELOPMENT OF TROPICAL KARST TERRAIN
by Michael J. Day
Abstract
The role of material properties in the development of tropical kars~ terrain deserves
greater attention. Previously developed morphometric indices make it possible to compare areas
of te rrain and hence t o begin to examine lithological controls upon morphology. Three properties,
purity, petrographi c character, and hardness, were analysed in each of 13 areas of tropical
karst terrain in the Caribbean and Central America. Most of the limestones are very pure.
Petrographically, biomi cri tes and micrites dominate . The limestones present a wide range of
hardnesses.
A negative correlation exists between purity and hardness. Limestone purity is
reflected in different terrain types and there is a correlation between terrain type and
hardness of the limesto ne. These initial investigations deserve further continuation.

Tropica l karst terrain is characterised by great variety but there have been
ve ry few attempts to examine th i s with respect to differences in material
properties of the limestones upon which the landforms are developed.
In large part , investigation of the influence of bedrock nature upon karst
terrain morphology has been hindered by the absence of a coherent clas sification
of landform and terrain types. Development of morphometric indices both of
individual l a ndforms and assemblages (D ay , 1977, 1978, 1979, 1981) has made it
possible to compare different areas of terr a in realistically;
this in turn makes
it possible to begin to examine lithological controls upon morphology.
Tropica l karst terr ai n is of b as ically three types:
Type I
Terrain characterised by enclosed depressions of a ll types and
subdued hills.
Ty pe II Terrain in which enclosed depressions and residual hills attain
approximately equal prominence .
Type III Terrain characterised by isolated residual hills separated by
extensive near-pl ana r surfaces .
There is a gradual transition between the three types and, in anyone given
area, more than one type may coexist. Type I terrain constitutes "doline karst" .
Types II and III a re generally referred to as " kegelkarst", type II equating with
"cone/cock pit karst" and type III with "tower karst". On the basis of the ratio
of their ve rtic a l component (C v ) compared with their horizontal component (C h )
twelve types of l an dform unit can be recognised within these three categories.
If it is a c ombination of the se individual units , terrain can be classified in
terms of the classe s of the positive and negative components (Figs. 1 & 2).
The 36 possible unit associations mesh with the tripartite terrain classification
(Fig. 3). Where the c a tegor y of positive and negative components diverges by
two or more units the one having the higher value is dominant both in terms of
visual appearance a nd contribution to theoverall terrain nature, where values
differ by le ss than two units both components are of similar importance. Although
elementary and possessing li mitations (Day, 1978) this scheme provides an index
of terr ai n t ype upon which comparisons may be based.
A variety of lithological properties, especially purity, porosity and
permeability, have bee n suggested to be influential in promoting the development
of different tropical karst types . Sweeting (1958) and Urquhart (1958) noted
that in Jama ica " cockpit karst " is developed on pure, hard and fissile limestones
while "doline karst" i s present on those which are marly or impure. Monroe
(1964, 19 68) pointed to the res t riction of specific karst types in northern
Puerto Ric o to distinct limestone units and suggested that purity is an important
factor. Jennings and Bik (1962) indicated, however, that there was no clear
association between limestone purity and terrain type in New Guinea.
Thi s paper is dedicated to the memory of George Sweeting.
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Verstappen (1 964) concluded tentatively from obser vat ions in New Guinea that
water absorption capacity and poro sity a re impor tant fa cto r s and t h at kegelkarst
is develope d especi a lly on limes t ones with a high porosity. Low porosity was
suggested also by Wilford and Wall (19 65) to account fo r the lack of kegelkarst
in Sarawak .
The petrogr a phic n a ture of limestones is one va ri able which can be expected
t o influence landform development, particularly s in ce it is closely associated
with other variables such as pu rity , porosity, water abso rption capacity a nd
mechanical st r ength . Textural diffe r ences are in f l uent i a l in the development
of l a ndf o rms o n a s in g l e limestone formatio n (S weetin g and Sweeting, 1969);
Swe et ing (1973 , p.326) suggested that "B oth g r a in s i z e and porosity may be more
important o n the macro-Scale."
In Folk's (1959, 1 962) system of classification emphas i s is placed upon
determination of textu re, spa rry calcite content and porosity , aspects of the
composition which are li ke l y to influence and be re flected in the morphology
of l andfo rms . Texture is one p rin cipal fac t o r in dicat ing susce ptibility to
corrosion because it i s a re flection of the internal construction of the roc k ,
p a rticul a rl y with rega rd to spac ing o f the constituents a nd ava il a ble
interstices between the se . Water abso rption , retention and transportation
capa city of a rock depend largely upon porosity , i n terms both of pore size and
conn ec tivity . Limestones of differing texture exhibit distinctly v aried
porosities. Micrites h ave a l ow po r os ity , gener a ll y 5% or l ess , owing to the
dense, compac t nature of the microcrystalline paste or cement . Sparites
possess porosities generally between 5 and 1 0% ; l arge j ux t apos ed sparry
calcite pl a te s and/o r mos a ics r est rict the available pore space . Biomicrites
and biosparites have porosities up to 25% where the g ranu lar and fragmental
n atu re of the g r oundmass and al lo chems permits maximum inte r st itial development .
Ign o rin g the affects of lithologic factors such as f i ssu rin g , jointing an d
s t y l o lite development , increasing porosity re su lt s in increasing susceptibility
to corrosion because the ca rbonate is in contact with more wate r (Schoell e r,
1950; Sweeting , 1972) .
Dolomitis ation involves recrysta llisation , which reduces porosity by the
infilling of interstices. According to Powers (1 962 ), dOlomitisation of up to
8~~ of the limestone results i n decreasing porosity;
this increases in the
80% to 9~~ dolomite r a nge a n d again decreases as dolomite exceeds 90%. Within
dolomites the importance of voids, either primary or secondary, was demonstrated
by Jennings and Sweeting (1963) and by Newell et a l (1953) .
The presence of qu a rt z as an associated (p a rent ) mineral h as been correl a ted
with resista nce to corro s ion (Schwa r za cher , 1958). Conversely , the presence of
accessory miner a ls, particularly py rite, has been indicated to lead to incre a sed
corr osion of the limestones;
the sulphide is converted to the more soluble
sulphate (gypsum) by oxidation a nd the sulphuric acid which is produc ed in this

29

reaction itself promotes corrosion of the limestone (Schwarzacher, 1958;
White, 1960).
Apart from the chemical implications of limestone texture and content, these
a lso affect the mechanical properties of the rock. For example, the mechanic a l
s trength of rocks is closely related to their porosity and consolida tion
(Jennings, 1971; Day, 1978).
The mechanical properties of limestones are a s important in controlling
landform development as are the chemical contents, despite the faFt tha t the
denudation of limestone terrains is accomplished e s senti a lly by chemical
corrosion. Although process variables may be affected by the chemica l and
petrologic nature of the rock they a re no less influenced by mechanical f a ctors
and ultimately these are probably more importa nt in determining whether for
example, steep slopes are developed and maintained in a limestone terrain. In
the Yucatan for example, the alternation of coherent lithified beds and weaker,
unlithified beds may account for cenote formation (Sweeting, 1973). One
important aspect of rock mechanics is the strength of the ma teria~l in terms of
resistance to s ,t resses imposed by erosive a gents. Surface strengths, both
compressive and shear, are obviouSly o f critica l importance in this context.
PROCEDURE
During the course of an extensive inv estigation of karst terrain morphology
in the Caribbean and Central America (Day, 1978) the relationships between
landform morphology and three properties, purity, petrogra phic character, and
mechanical strength, were investigated. In are a s where terrain morphology was
quantified rock samples were collected f or laboratory analysis and experimentation. Thin sections were prepared for petrog r a phic analysis and chemical
purity of the limestones was established by determination of their acid
insoluble residue content (for details see Day , 1978). In the field in situ
measurements of compressive strength were made using a Schmidt Test Hamme r
(Day and Goudie, 1977; Day, 1980).
RESULTS
Table I summarises the results of the insoluble residue determinations undertaken. In view of the small number of samples analysed, caution is necessary in
any interpretation of these results but certain general conclusions c a n be drawn.
Table 1

Summary of insoluble residue contents of Caribbean and Centr a l
American limestones
Lithology

Location

Insoluble residue
content (% by weight)

x
Mexico (Yucatan)
Guatemala (Peten)
Belize
Jamaica

"

Puerto Rico

"

"
"

Antigua
Guadeloupe
Barbados

Carrillo Puerto
Piste
Peten
Petem

1. 98

Pet~n(dolomitic)

3. 8 7

Dolomitic facies
Biomicrites
Micrites
Claremont *
Swanswick
Somerset *
Browns Town *
Walderston
Montpelier *
Lares
Aguada
Aymam6n
Cibao
Ponce
Antigua Formation
Biomicrites
Pliocene facies
Pleistocene facies

4.54

3.1 0
2.61
4.11

2.11
1. 78

0.13
0. 0 9
0. 0 8
0.12
0.16
0.23
1. 27
12.75
1.25
8.59
1.17
18.07
2.11
1. 84
0.99

N

s

0.037
0.100
0.285
0.109
0.099
0.393
0.094
0.097
0 .01 0
0 .012
0.012
0.035
0.014
0.020
0.056
4.372
0.084
0.301
0.008
10.654
0.244
0.265
0.054

7
5

2
6

3
5
3
4
5

10
5

25
5

10
6
4
5
3
4
10
5
8
3

All determinations except those marked * carried out using 5N Hydrochloric acid;
those marked * carried out using IN Acetic acid (see Day, 1978).
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with the exception of the Puerto Ric an Aguada limestone and the Antigua
Formation limestone, the facies sampled are very pure, containing less than
10% acid insoluble residue. Outstanding are the various members of the
Jamaican White Limestone Formation, the least pure of which, the Montpelier
limestone, contains only 0.23% insoluble residue and the purest of which, the
Somerset limestone, contains only 0.08% insoluble residue. All other facies,
.. ith the exception of recent Pleistocene reef limestone in Barbados, contain
insoluble residues amounting to more than 1%. Within the context of carbonate
rock analyses (Sweeting, 1972, Table 1 (a), p.ll) these results a re not
remarkable. The highest insoluble residues determined, 12.75% in the Puerto
Rican Aguada limestone and 18.07% in the Antigua Formation limestone, appear
exceptional . Although the residues were not analysed with re spect to their
chemical or lithologic content, it is apparent from inspection that in the
Aguada limestone the residue is mainly quartz and in the Antigua Formation
limestone the residue is mainly clay.
Table 2 summa rise s the results of the petrographic analyses with respect to
location and geological fo rmation. The fu ll a n alyses of individual sections
are presented elsewhere (Day, 1 978) . Only seven of the limestone sections
examined are sparry;
by contrast 44 are either biomicrites or micrites.
This is not surprising in that " ... since limestones are particularly
susceptible to alteration , older limestones tend to be more crystalline and
sparry ."
(Sweeting, 1972, p.19).
The limestones examined are all Cretaceous
or younger , most are Tertiary . The youth of these rocks may also be the most
important factor in exp l aining the relative absence of recrystallisation.
Texturall y the rocks are variable although there is a dominance of fine to
medium- grained examples. This textural tendency is also reflected in the
estimated porosities .
In terms of mineral contents 47 (83%) of the sections are of limestones
composed entirely of ca lcite and ten (18%) are of dolomitic limestones.
Quartz is present, both in prismatic and granular forms , in 36 (63%) of the
sections . The only accessory mineral detected is pyrite and the only other
mineral recorded is limonite , which occurs in the form of cloudy brown patches
in 13 sections.
Table 3 presents a summary of the results obtained from in situ Schmidt
Hammer testing of unweathered limestones. Limestones are highly variable in
te rms of their compressive strength (Carson and Kirkby, 1972, p.88; Sweeting,
1972, p.ll) and the Caribbean and Central American examples are not unusual,
presenting a represent a tive limestone sample ranging from very soft to very
strong materi a ls. The softest (non-weathered) limestones recorded are the
poorly l ithified Pleistocene limestones in Barbados «10) and Yucatan «10)
and the poorl y lithified beds in the other Yucatan limestones (15.0 and 19.1).
Among the lithified older limestones the softes t is the Aymam6n limes tone of
Puerto Rico (12.5). The hardest limestone recorded ir tr.e study is the dolomitic
Peten lime stone of the Yucatan and Guatemala (39.9).
CORRELATIONS BETWEEN THESE FACTORS AN D THEIR REFLECTION IN TERRAIN TYPES
Mechanical strength might be expected to vary with differences in chemica1
composition a nd petrographic n atur e of the limestones as these relate to
density , coherence a nd porosity. Table 4 presents dat a on insoluble residue
contents and hardnesses; Table 5 presents a compari son of hardnesses and
results of the petrographic analyses .
There i s , at the 0 . 05 significance level, a ne gat ive correlation rs = -0.50,
between limestone purity, as expressed by the insoluble residue content, and
the hardness.
In other words, the hardest limestones a r e those with the
highest percentage of non-carbonate material. This result is rather unexpected
in that the inclusion of non-c a rbonate material might be expected to indicate
a less homogeneous rock in which differential compaction is present. The
primary mineral, apart f r om calcite and dolomite , present in the limestone is
quartz, which is much harder than calcite.
Similarly, from the petrographic
evidence it appears that those rocks containing significant amounts of quartz
are no le ss compact and coherent than the purer examples. This result suggests
that the hardness of the limestones is more dependent on internal structure
than upon the m~neralogical content. This finding indirectly substantiates
the value of the petrographic classification utilised here in that it is the
texture of the rock which is a critical factor in determining its strength.
A comparison of the petrographic determinations with the results of the
in situ Schmidt Hammer testing (T ables 5 and 6) indicates several important
points. The most striking of these is the fact that the three lithologies
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Table 2

Summary of limestone petrographic analyses
Vl
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..-I

III
H

•.-i

Q)

Vl

s::

S

s::

. .-i H

Ill ·.-I

o

Q)
.j..l

0, .

Guatemala

peten
Dolomitic
facies

Be li ze

A

B
C

Jamaica

Montpelier

Troy
Browns Town
·walderston

Biomicrite
Biomicrite
Do lomitic
biomicrite
Dolomit ic
limestone
Biomicrite
Micrite
Fossil iferous
Micrite
Dolomitic
limestone*
Biomicrite
Biomicrite
( ?)

Swanswick

Biosparite

*

Somerset

Biosparite

Bonnygate
Lares

Foraminife ral
Micrite
Biomicrite

"

Aguada

Biomic rite

"

Surface
crust
Aymamon

Puerto Rico

"

Antigua
Guadeloupe
Ba rbados

Fine

Dolomite/ TT++ 10
ca l cite
20
Calcite/
30quartz
40
20Calcite/
quartz
30
Calcite/
3 0quartz
40
Ca lcite/
40quartz
50
Calcite/ ----<10
quartz

Biomicrite

Medium- Calc ite/
coarse quartz
Medium Calcite/
quartz
Calc ite/
Fine
quartz
Medium Ca l cite/
qu a rtz
Fine
Ca lci tel
quartz
Calcite/
Fine Medium quartz
Calcite/
Fin e medium quartz
Medium Calcite

Biomicrite

Coarse

. *
Spa rlte
Biomicrite

Ponce

Spari te

Antigua
Forma tion
Miocene
limestone
Pliocene
limestone
Pleistocene
limestone

Biomicrite
Biomicrite

Calcite

z

lO-

35.9

5

35 .7

2

37 .7

2

IS
lO-

IS
lO -

IS
37 . 9

2

IS
<10

39 . 9

3

< 10

39 . 8

3

38 .2

3

38 .2
32.6
32.6

2
2
2

l O-

lO-

IS
<5
<5
5

42 .3( s)2
32 . 1

3

29 .7

2

36 . 3

2

< 10

33 .1

2

< 10

30 . 4

2

30 lO- 35 . 2
40
IS
30 34 .5
lO 40
IS
+++
7 0 - ..:::10
47.5
80 I
30lO- 12.5
40
IS
50- <1 0
35 .2
60
3010- 33.3
40
~5
30lO- 33.4
40
IS
2015- 29.8
30
20
50 <10.0
----<10

3

* Indicates significant variations from this specification.
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Table 3

Summary of Schmidt Hammer hardness values for unweathered lime stones,
CE._ltral America and the Caribbean

Location

Lithology

Mexico
(Yucatan)

Ca rrillo
Puerto
Poorly lithified
beds In a bove
Piste
Poorly lithifi ed
beds in above
Pleistocene
limestoI!e
Poorly lithified
beds In above
Dolomitic Peten
limestone
Peten limestone

Guatemala
(Peten)
Belize

Jamaica

"

Puerto Rico

Antigua
Guadeloupe
(Grande Terre)
Barbados

Dolomitic Peten
limestone
Dolomitic
limestone
Biomicrites
Micrites
Montpelier
Browns Town
Walderston
Swa nswick
Bonnyga te
Somerset
Lares
Aguada
Aymamon
Lower Ponce
Antigua
Formation
Miocene
limestone
Pliocene
limestone
Poorly lithified
Pleistocene
limestone

R value
x
s

Number of
impacts

35 . 9

2.97

40

19.1

0.77

20

35.7
15.0

3.05
1.00

20
10

26.5

0.81

10

<:1 0.0

0 . 00

10

40.1

2.11

50

37.9

1.90

30

39.7

1.25

35

39.8

2.87

30

38.2
38.2
32.6
32 .1
29.7
36.3
30 .4
33 .1
35.2
34 .5
12.5
35 .2
33 . 3

2.51
2.51
2.21
2.32
2.50
1. 25
2.01
3 . 22
1.02
0.91
3.78

40
40
40
80
30
200
30
20
40
140

2.11

4.27

20
55

33 .4

2.13

40

29 .8

2.12

35

<:10. 0

0.00

15

no

which exhibit the highest Schmidt Hammer hardness values, the Peten dolomitic
facies, the Belize dolomite facies and the Troy limes tone of Jamaica, are all
dolomitic. Only in the case of Troy limestone was extensive recrystallisation
detected in the thin section yet recrystallisation has probably occurred in all
three cases, destroying the original limestone texture and leading to increased
cementation strength . All three rocks exhibit fairly low porosities suggesting,
within the context of Powers' (1962) results, that the extent of dOlomitisation
is considerably less than 75%.
Hardnesses for the other textural groups are similar although the predominance
of biomicrites over other groups makes it difficult to assess the constancy of
any distinction. Biomicrites and biosparites have similar hardnesses yet
micrites, whose lo~ porosity might be expected to result in higher values, are
rather lower than the other groups. The two biosparites have R v~lues v ery
similar to those of the biomicrites, 34.7 as opposed to 34.2. Sparites are
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Table 4

1nsoluble residue contents and compressive strengths of Caribbean
and Central American limestones.

Location

Lithology

Mexico
(Yucatan)

Carrillo Puerto

1.98

12

35 . 9

8

Pist~

3 .1 0
2.61

16
15
18

35 .7
40.1
37 ~ 9

9
1

39 .7
I
39 . 8
38 .2
3812
32.6
32 .1
29.7
36 . 3
33.1
35 .2
34 . 5
12.5
35.2
33.3
33 .4
29.8
<1 0 . 0

3

Guatemala
(Peten)
Belize
.Jamaica

Puerto Rico

Antigua
Guadeloupe
Barbados

Table 5

Mean insoluble
residue
(% by weight)

Pete!D
Peten

4.11

Dolomitic Peten
limestone
Dolomitic limestone
Biomicrites
Micrites
Montpelier
Browns Town
Walderston
Swanswick
Somerset
Lares
Aguada
Aymamon
Lower Ponce
Antigua Formation
Biomicrites
Pliocene limestone
Pleistocene "

Purity
rank

3 .87
4 .54

19

2.11

13 .5

1. 78
0 .2 3
0.12
0.16
0 . 09
0 . 08
1.27
12.75
1. 25
1.17
18.07

2·11

.1.84
0 .99

10
5
3

4
2
1
9

20
8
7

21
· 13.5

11
6

Mean R
value

Hardness
Fank

6

2

4 .5
4 .5
16
17
19
7

15
10.5
12
20
10.5
14
13

18
21

Mean Schmidt Hammer hardness values for different textural classes.

Textural
class

Number lof
lithologies
in class

Mean R
value

Dolomitic
limestones

40.7

3

Spari tes
Biosparites
Biomlcrites

35 .2
34 .7
34 .2

1

Micrites

33 .7

.

2

11 (excluding
Puerto Rican
Aymamon
limestone)
3

Slightly higher, 35 .2, and micrites Slightly lower, 33 .7 than these (Table 5) .
Table 6 indicates the insoluble residue, petrographic nature and mean R value
for each of 13 areas of terrain classified according to the system outlined
previously . No immediately obvious systematic relationship exists between the
terrain type and the three variables which were selected for examination.
However, whilst there is no distinct connection between terrain type and
petrographic character, all terrain types occurring predominantly on biomicrites,
the other two variab le s demonstrate rather more distinct associations. Type II
terrain is, except in the case of Aguada limestone of Puerto Rico, developed on
relatively pure limestones (mean insoluble residue 3 . 23%) whereas Type I and
Type III terrain occur on limestones of lesser purity (mean insoluble residues
5.51% and 6 . 93% ,respectively) . Apart from this very generalised association ,
there is very little definite rel ationship . Type I terrain in Jamaica,
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Table 6
Terrain
type

Insoluble residue, petrographic determination and mean R va lue of
limestones forming different terrain types.
Location

Lithology

Mean
insoluble
residue

Petrographic
spec ific a tion

Mean R
value

(%)
I

Jamaica
Barbados
Antigua
Yucatan

II

III

Browns TownWalderston
Pliocene
limestone
Antigua
Formation
Carrillo Puerto

Guatemala
Belize

Peten limestone
Cretaceous
limestone
Jama ic a
Browns TownWalderston
Swanswick
Puerto RicoLares
Aguada
Guadeloupe Miocene
limes tone
Belize
Cretaceous
limestone
Guatemala Dolomitic Peten
limestone
Puerto RicoAymamOn
Ant igu a
Antigua
Formation

0.14

Biomicrite

30 .9

1.84

Biomicrite

29 . 8

18.07

Biomicrite

33 .3

1.98

35 .9

4.11
2.11

Sil iceous
biomici"i te
Biomicrite
Biomicrite

0 .14

Biomicrite

30 .9

0.09
1. 27
12.75
2.11

Biosparite
Biomicrite
Biomicrite
Biomicrite

36 .3
35 .2
34.5
33 . 4

4.54

Dolomitic
limestone
Dolomitic
limestone
Biomicrite
Biomicrite

39 .8

3 . 87
1. 25
18.07

37 .9
38.2

39 .7
12.5
33 . 3

Ba rbados and the Yucatan, for example '. is developed on relatively pure limestones,
as is Type III terrain developed on the Aymam6n limestone in Puerto Rico. There
is no significant variation between the insoluble residue contents of lime stones
from the three terrain types, as determined by the Kruska l-Walli s H test
(Kruskal and Wallis, 1952).
Th e most st rikin g correl a tion is between terrain type and the hardness of the
rock types as demonstrated by the Schmidt Hammer. Type I terrain is developed
on limestones having a mean R va lue of 32.5, Type lIon limestone s with a mean R
value of 35 .2 and Type IlIon limestones with a mean R value (ignoring the
Aymamon of Puerto Rico) of 37 .6 . Application on the Kruskal-Wallis H test
demonstrates that there is, at the 0 .05 level, a sign ificant difference between
the R va lue s obtained in the three te rrain types;
limestones on which type III
terrain is deve lope d demonstrate the greatest hardness and those on which
Type I terrain is developed exhibit the low est R values. This result i gno re s
the Puerto Rican Aymam6n limestone where type III terrain is developed on a
limestone which demonstrates extremely well developed su r face hardening and
hence higher effective surface R values (Day, 1978; Ireland , 1979).
Although these three variables, purity, texture and hardness, have all been
a lluded to as important controls on the development of tropical karst terrain,
in this study only hardness demonstrates any correlation with terr ain tYPe,
the most upstanding and spectacular forms of Type III terrain being developed
on hard limestones and Type . I terrain being most evident on limestones having
lower R values . This result must be treated judiciouSly, however, as the sample
size is small. Also the predominance of biomicrites makes it difficult to
investigate fully the role of petrographic character. The oeserved correlation
between insoluble residue and R values also suggests that terrain type may show
a correlation with the former, as well as the latter, if a larger sample could
be utilized. In summary, these initial investigations, although inconclusive
in themselves, suggest that the role of lithological variation, particularly
hardness, as a measure of mechanical strength, is deserving of greater attention
from karst geomorphologists working in the tropics .
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TEMPERATURE CHARACTERISTICS OF SEEPAGES IN FOUR WEST MALAYSIAN CAVES
by J . Crowther
Abstract
The temperatures of groundwaters were determined regularly over a one - year period at a
total of 121 seepage points in four Malaysian caves. The average temperatures of seepage waters
are 2° · to 3°C below mean annual surface temperatures, and the temporal variability of temperatures
at individual sites varies inversely with residence time within the aquifer and directly with
the amount of contact with circulatory cave air.
It is shown that in a humid tropical
environment, water temperature data provide a sound basis for distinguishing different types of
underground seepage and for characterising the hydrological properties of the aquifer overlying
a given cave.

Seepages in caves are particularly important from a geomorpholpgical viewpoint in that they often provide the first pOint s of access to groundwater after
it has entered the aquifer . Since much of the chemical aggressiveness of soil
waters is expended in the uppermost few metres of rock (Pitty, 1968; Williams ,
1968), the hardness content of such seepage waters may be used as a basis for
estimating limestone erosion rates. Frequently, however, groundwaters become
saturated with calcium carbonate before they issue into a cave, and under these
circumstances uncertainties arise as to how much secondary deposition may have
occurred within the aquifer prior to emergence. This problem is most acute in
humid tropical regions where high groundw a ter temperatures favour rapid
deposition. The amount of deposition is likely to be affected by the volume
and velocity of flow, by the residence time and, in particular, by the degree
of contact with air within the aquifer . Whilst considerable insight into the
hydrological properties of a limestone
may be gained from waterl chemistry and
discharge measurements (Cooke, 1971; Jennings, 1979; Pitty, 1966; Williams and
Dowling, 1979), the amount of contact with a ir is less easily determined . Water
temperature data may be important in this respect. Recent studies have
demonstrated that water temperature variability provides an effective means of
characterizing karst risings (Jacobson and Langmuir, 1974: Shuster and White,
1971). Hitherto, however, few temperature records are available for diffuse flow seepages in caves, and the possibility of using these as a basis for
distinguishing different types of underground seepage has been largely overlooked.
The temperature of a given cave seepage depends essentially upon three factors.
Firstly, the initial temperature of water entering the limestone is important,
especially in the upper part of the aquifer. Changes in the temperature of
recharge wa ters have been detected in ma n y groundwaters (Domenico and P a liauskas,
1973; Hackbarth, 1978). Secondly, groundwater temperatures are modified by
contac.t with rock within the aquifer . Heat transfer is primarily by conduction,
with the rock acting a s a source or sink of heat depending on the direction of
the temperature gradient. Finally, heat transfers occur where waters encounter
circulatory air within the aquifer . Underground air temperatures are affected
by a wide range of variables. These include air movement, external conditions ,
the configuration of underground passages, distance from the surface and the
liberation and absorption of latent heat by condensation and evaporation
(wigle y and Brown, 1976). Because of the diverse natur al controls which
influence the temperature of seepage waters, the effects of individual variables
are difficult to isolate at a single site. However, when a large number of sites
are investigated within a given cave or series of caves, broad trends in the
data may suggest some overriding controls. The present study reports on
measurements made at regular intervals over a one - year period at a total of
121 autogenic
seepages in four caves in West Malaysia. Attention focuses
specifically upon the mean temperatures and temperature variqbilities of these
sites.
FIELD AREA
The four caves investigated lie to the west of the Main Range of the Malay
Peninsula at between 3 and 7~ (Fig. 1).
The climate is of an equatorial
38

lODE

monsoon type, with rainfall in
excess of 2000 mm. Temperatures
are unifo rml y high throughout the
year a nd exhibit littl e seasona lity .
The me a n annual temper a ture varies
from 26 . 3 to 2 6 .9 0 C and the annual
temger a ture r an ge varies from 1 . 0 to
1. 6 C (Table 1). Gua Batu, Gua Anak
Takun and Gu a Tempurong have
develope d in ve r y pure, massive,
Palaeozoic limestones which have
been recryst a lli ze d b y regional
metamorphism (Table 2). In co~trast,
the Perlis Mine Cave/Subway Tunnel
system occurs in rel a tively impure
Palaeozoic limestones which havebeen
les s strong l y aff ected by metamorph i sm and retain much of their
original bedding. A genera l account
of the geology a nd geomorphology of
the region was presented in an
earlier volume of the Transactions
(Crowther, 1978a) .
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Table 1

Location of caves investigated .

Climatic data for meteorological stations
four caves (*data after Dale, 1963).

~n

the vicinity of the

GUA BATU &
GUA ANAK TAKUN

GUA
TEMPURONG

Mean annual
rainf all (rom)

2441

3260

2089

Mean annual
temperature (OC)

26.3

26.5

26.9

Annual temperature
range* (OC)

1.0

1.3

1.6

Annual mean
diurnal temper ature
range * (oC)

9.9

10.4

8.8

Table 2

PERLIS MINE
CAVE/SUBWAY TUNNEL

Geohydrological characteristics of the four caves.(~Data based on
all seepages investigated by the author. The low flow rate of many
of the seepages prevented reliable temper a ture determination, and the
sites discussed in the present paper mostly have discharges in excess
of 10 ml/min.)
GUA
BATU

Bedrock
characteristics
Principal flow
paths

GUA ANAK
TAKUN

GUA
TEMPURONG

Very pure,
massive marble
Tight joints
& air - filled
conduits

Tight joints

39

PERLIS MINE
CAVE/SUBWAY
TUNNEL
Some impure beds,
moderately
metamorphosed

Tight joints

Joints, bedding
planes and air filled conduits

Table 2 (contd)
Approximate depth 60 - 140
of limestone
above cave (m)

30 - 40

200-400

20-120

Median discharge
of seepages
(ml/min)

1.0

2.6

30 1. 1

11.2

1. Gua Batu

This is a large cave system with passages totalling almost 1.S ' km in length .
It is located in Bt. Batu, an isola ted tower karst hill. A detailed survey
(Heynes-Wood and Dover, 1929) and descriptions of the cave (Crowther, 1978a;
Soepadmo and Ho, 1971) have been published. Although there a re no permanent
streams, certain sections become flooded to depths of 30 cm or more during
heavy rainfall as considerable volumes of water spill into the main caverns
from air - filled conduits in the roof. The l a tter appear to be very old, highlevel passages which are closely connected with the surface of the hill.
Between storms they yield only small trickles of water. Other seep~ges in the
cave are mostly from stalactites fed by tight bedrock joints . In many cases
these waters have percolated through more than 1 00m of limestone befo r e
emergence.
2. Gua Anak Takun
A survey and description of this cave appea red recentl y (Crowther, 1981).
The seepages, which are entirely from stalactites in the cave roof, are
distinguished by their low discha rge (T a ble 2). The thickness of the overlying
limestone is also considerably less than in the -other caves .
3. Gua Ternpurong
This passes through the G. Gajah-Tempurong tower karst hill in the Kinta
Valley (Crowther, 1978a and 1978b). The roof is unbreachec. Most of the
seepage wa ter issues fromstalactiticdeposits after perco1ating lMhxough as much
as 400 m of limestone.
4. Perl is Mine Cave/ Subway Tunnel
The cave, which is unnamed on topogr aphic maps, is actively mined for tin by
Per1is Mines Ltd. It has a permanent vadose stream (mean discharge, 0 .28 cumecs)
and is located at the south - eastern corne r of Wang Tangga , a large enclosed
depression in the Setu1 Boundary Range. In plan the cave comprises a long and
generally straight passage which is guided by major bedding planes with a
dominant north-south strike. The passage is more than 1.5 km in length, but
rarely exceeds 10 m in height or width. Subway Tunnel is the natural underground
passage of the Sg. Pe1arit, the main river draining Wang Tangga. It lies
approximately 100 m downstream from the entrance of Per1is Mine Cave. / In
addition to seepages from stalactites, groundwater enters both passages from
air - filled conduits in the roof. The l a tter are less flashy in their response
to storms than the equivalent features in Gua Batu. On the whole, seepage
points are more widely spaced in this cave system than e1sewhere'i and this
probably explains the generally higher flow rates of the sites investigated
(Table 2). The presence of bedding planes is probably a key factor in that it
allows the development of integrated flow networks within the aquifer, thereby
concentrating groundwater movement along certain more favoured lines of wea~less.
Under these circumstances, it may be anticipated that groundwate 1s will be
transmitted rapidly and that the residence time will be correspondingly short.
METHODS AND EXPERIMENTAL DESIGN
Water temperatures were'measured over a period of one year at l 3-week
intervals in Gua Batu, Gua Anak Takun and Gua Tempurong, and at ~-week intervals
in the Per1is Mine Cave/Subway Tunnel system. Total immersion thermometers
(0 to 40 0 C range, graduated to 0.1 0 C) were used, these being calibrated against
each other to ensure consistent measurement. Water from the seepages was
channelled by means of a polythene funnel into a narrow-bore, polypropylene
cylinder to provide the required depth of water . So as to reduce the
possibility of the water temperature changing during collection, the study was
confined to the more active seepages , typically with discharges over 10 m1/min.
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Within this constra i nt, the sites samp l ed are broadly representative of the
range of se pages present in the four caves . Fewer data were obtained from sites
with intermittent f l ow. The standard deviation (s.d . ) of water temperature,
which is used as an index of water temperature variability , has only been
calculated for those sites at which six or more measurements wer e made . Most
of the sites investigated are of the following three types:
(1) seepages
dripping from,small stalactites les~ ~han 1.5,m in length,
(2) see r ~ges flowing
over or emerglng from large stalactltlc deposlts greater than 1 . 5 m In length ,
or (3) seepages issuing from open, air-filled conduits . The precise nature of
some sites could not be established with cert a inty . These, togethet with several
seepages which emerge directly from bedrock joints or - are contaminated with b at
guano (Crowther, 1981) are unclassified in Figures 2 and 3. Throughout the study
period air temperatures were measured in each cave and soil temperatures were
determined at 30 cm depth on the slope above Gu a Anak T akun .
I
RESULTS
1 . Mean wat e r temperatures
The overall average temperature of the 121 sites is 23.74 0 C. This is mo ~ e
than 20 below mean annual surface temperatures (Table 1 ) . Two factors may be
important in explaining this result . First, soil temperatures, a t least on
slopes with a fairly continuous vegetation canopy, are approxima te
20 C lower
than the mean air temperature. For example, the average soil temperature recorded
above Gua Anak Takun is 24 . 3 0 C. Percolating soil waters thus initially have a
relatively low temperature, and the effect of this may be transmitted unde rgroun d
by advection . as heat is carried along by water flow. A second factor is that
cave air temperatures are consistently low, the measured range being f r o m 22.84
to 24.52 0 C (Table 3). The fact that the caves receive no direct insol ati on may
be the main reason for this.
It is interesting to note that the ave rage a ir
temperature recorded at the ten underground stations (23.90 o C) differs b y less
t~an 0.2 o C from the mean temperature of the seepage waters . Thus, li n outcrops
wlth vadose and abandoned cave passages groundwater and, presumably,rock
temperatures seem to be in equilibrium with ambient soil and cave air temperatures.

IV

Table 3.

Cave air temperatur es (oC)
MEAN

Gua Batu
Station 1
2
3
4

Gua Anak Takun
Station 1
2

Gua Tempurong
Station 1
2

Perlis Mine Cave/Subway
Tunnel
S tation 1
2

23.38
22.84
23.97
24.00

MINIMUM

MAXIMUM

22.40
22.45
23.45
23.20

24.66
23.08
24 . 38
24.46

STANDARD DEVIATION
0 . 94
0 . 34
0 . 33
45
0.

24.13
23.78

22 . 90
23.00

24 . 44
24.22

0.71
0 . 42

23 .9 3
24.02

23.10
23.70

24.42
24.39

0 . 37
0.29

24.45
24.60

24.12
23.90

24 . 86
25 . 60

0 . 28
0.68

1

Marked differences in water temperature occur between the four dave s (Fig. 2) .
In Gua Batu and Gua Anak Takun , which are loc a ted less than 10 kID apart, the
overall mean values are 23 . 27 a nd . 23 . 26o C, respectively. Notably higper
temperatures were recorded in Gua Tempurong and Perlis Mine Cave/Subway Tunnel ,
the corresponding figures being 24.01 and 24 . 63 0 C. The progressive increase
in water temperature northwards reflects the pattern of surface temperatures
within the peninsula (Table 1). A further striking feature of these data is
difference in the variability of mean temperatures within each cave . Thus , fo r
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example, the seepages in Gua Batu display a much wider range of tempe ratures
than those in nearby Gua Anak Takun. This is probabl y attributable to the greater
diversity of natural controls in the former , larger and more complex cave system,
and suggests that this characteristic of water temperature dat a might be utilized
as an index of groundw ate r behaviour in individual caves . Figures for the
standard deviation of mean water temperatures are presented in T a ble 3 .
InGua Tempurong, seepages from stalactites les s th a n 1.5 m in len gth a re
significantly wa rmer than those from larger stalactites (randomiz ation test ,
Siegel, 1956; E < O.OOl), the average values bein g 24 . 15 a nd 23.71 0 C, respectivel y .
Since air temperatures as low as 23.1 0 C were recorded in Gua Tempurong (Table 2) ,
the lower temperatures of seepages from the larger s tal ac tites are a ttributed to
their greater contact with cave a ir . In addition t o direct cooling, reductions
in temper atu re may also be c aused by evaporation from the thin f ilms of water
which often occur on the surface of the larger stalactitic deposits, and by
endothermic calcite formation as c a rbon dioxide is lost from the water. However,
the effects of the latter mechanism are thought to be sma ll (Gascoyne, 1974).
In the remaining caves, no significant differences in mean water temperature
were observed between the three systematic groupings of seepages (Fig. 2). As
the thickness of limestone overlying the latter caves is considerably less than
in Gua Tempurong , spatial variations in groundwater temperature resulting from
localized differences in the temperature of surface recharge wate rs are more
like l y to persist in the cave seepages. Consequently, the effects of variations
in the amount of contact with cave air are likely to be less re ad il y detected .
2 . Water temperature variability
Water temperature fluctuations a t the 96 seepages for which six or more
measurements were made have an average standard deviation of 0 . 260 C, with a
0.08 to 0 . 620C r ange . This compa res with ave rage s.d . values of 0.05 0 and
1 . 40 0 C , respectively, for deep , bore - hole groundwate r and surface streams in
this karst a rea (Crowther and Pitty , in press) .
Notable difference s in water temperature variability occur between the four
caves (Fig. 3) . Seepages in Gua Anak Takun and Gua Tempurong exhibit small
fluctu ations , with ave rage standard deviation values of 0.22 a nd 0 . 24 0 C,
respectivel v . In contrast, the correspondi ng figures for Gua Batu and Perlis
~ine Cave / SubwayTunnel are 0 . 27 and 0 . 29 0 C. This pattern appears to be largely
determined by rel a tive proportions of the three principal types of seepage
(Fig . 3) . Thus, seepages from stalactites less than 1 . 5 m long exhibit least
variability , the average s . d . value for the four caves being 0 . 21 0 C, with a
maximum figure of 0.28 C . Appreci a bly wider temper a ture fluctuations occur
at those seepages assoc iated with larger stalactitic forms . The average s.d.
for 26 such sites is 0.30 0 c . However , the widest temperature variability
(mean s.d., 0.40 0 C) waS observed at those points where water spillS fro m airfilled conduits in the cave roof . With only one exception, the diffe r ence in
the average s . d. values of these broad groupings of seepages within each cave
is statistically significant (Table 5).
These results suggest that water temperature variability increases directly
with the duration of contact with cave air . Confirmation of this is provided
by a small group of five seepages which emerge directly from bedrock joints and
have an average s . d . value of 0 . 17 0 C ( r ange, 0 . 12 to 1 . 19 0 c) . The mean s .d.
figure for cave air temperatures is 0 . 48 0 C, with a 0 . 28 to 0 . 94 0 C range (Table 3) .
The progressive widening of tempera ture fluctuations from the smaller stalactites,
through the larger stalactites to the air-filled conduits clearl y reflects
diffe r ences in the extent to which the wat ers have adjusted to the more variable
temper atu res of circulatory cave air. An additional factor might be important
in the case of the open conduits . Flow rates at many of these sites respond
quickly to storms , indicating rapid transmission of water f r o m the ground su r face .
Unde r these ci r cumstances the wate r s are like l y to be influenced by surface
temperatures, which are inherently more variable tha n those underg r ound .
Diurnal temperature fluctuations , for example , are in the orde r of 10 . 00C
(Table 1).
As i n the ca s e of mean water temperatu r es, the amount of va r iation in the s . d.
values also differs from cave to cave, with Pe rl is Mine Cave/Subw~y Tunnel
display i ng the widest range (Fig . 3). The standard deviations of the s . d . values
a r e p r esented in Table 4.

,
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Table 4.

Indices of temperature characteristics of seepages in the four caves .
GUA BATU

GUA ANAR
TARUN

GUA
TEMPURONG

Standard deviation of mean
water temperatures (OC)

0.251

0 . 112

0.247

Standard deviation of s.d.
values for individual
sites (oC)

0.072

0 . 048

0.056

Table 5.

PERLIS MINE
CA\fE/SUBWAY
TUNNEL
0.392

Statistical significance of the difference in the average s.d. of water
temperatures of the principal types of seepages in the four caves
(randomization test). Figures refer to probability levels (N.S.
not significant) *Key :
I . Seepages from stalactites less than
1.5 m in length; II . Seepage~ from larger stalactitic dl pOSits;
III. Seepages from open condults.

TYPES OF SEEPAGE*

GUA BATU

GUA ANAR
TAKUN

GUA
TEMPURONG

PERLIS rINE
CAVE/SUBWAY TUNNEL

I & II
I & III
II & III

0 .05
0.05
N . S.

0 . 001

0 . 05

0 . 001
0 . 001
0.05

DISCUSSION
1 . Characterization of cave seepages
The present study clearly demonstrates that water temperature variability is
a useful tool for distinguishing different types of seepage water in tropical
caves. Most notably , such data provide a me a ns of assessing the extent to which
a given groundwater has come in contact with circulatory air within the aquifer,
thus enabling researchers to identif y more precisely those seepage waters which
have encountered little or no air prior to emergence . Such waters are of
particular significance in ~at they are li kely to have lost only small amounts
of calcium carbonate through secondary deposition and consequently provide a
sound basis for estimating gross solution r ates .

B

A

23-3

23'4

23·5

0·2
0·3
0 '4
Water temperature variabilitY(5.d.~C)

Mean water temperature (OC)

Figure 4.

Temperature characteristics of guano-affected seepages in
Gua Batu (blank) and Gua Anak Takun (shaded):
A:
B:

Mean water temperatures.
Water temperature variability (s.d.).
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Data from the guano-affected seepages in Gua Batu and Gua Anak Takun further
illustrate the usefulness of teMperature measurements in this respect (Fig. 4).
In the first cave the majority of such waters issue from high-level, air-filled
conduits in the roof. By contrast, in Gua Anak Takun they are confined to that
part of the main cave located beneath an upper pussage which is frequented by
bats. The two passages are separated by approximately 12m of bedrock and
water emerges into the main cave from tight water-filled fractures. The
seepages in Gua Batu exhibit notabl y wider temperature fluctation
than
o
those in Gua Anak Takau, the average s.d. valies being 0.29 andO.20 C
respectivel y . They are also slightly warmer than those in Gua Anak Takau, the
0
corresponding mean figures being 23.4 and 22.9 C. Whilst the
characteristics of these particular seepages were initially ' established
independently of temperature measurements, the potential utility of such data
in caves where the precise nature of individual groundwaters is less certain,
is readily apparent.
2. Characterization of aguifers
Where the sites investiga ted are broadly repre sentative of the seepages in a
p a rticular cave, then temperature data may also be used to provide some measure
of the hydrological complexity of the aquifer . Two simple indices have been
proposed in the present study :
(1) the standard deviation of the mean
temperatures observed at each seepage over a one-year period, and (2) the
standard deviation of the s .d. figures for the various sites . These indices
have proved useful in distinguishing the four Malaysian caves (Table 4) . Thus,
groundwater flow in the a quifers overlying Gua Anak T akun and Gua Tempurong,
which have the smallest values of these indices, is almost entirely confined
within tight, water-filled fractures . Since the residence time of these waters
is likely to be quite long, temperature variations present in the recharge waters
will be considerably moderated within the aqpifer . The Perlis Mine Cave/ Subway
Tunnel system represents the other extreme. Here a more rapid transmission of
water through the limestone favours the persistence at depth of spatial and
temporal variations in temperature induced by surface conditions. Additionally
some seepage waters , issuing from conduits, have considerable contact with the
cave air which causes further variability. Groundwaters entering this cave
system are there fo re heterogenous in character , and this is reflected in the
high values of the proposed indices. Clearly, this a pproach may have general
applicability as a basis for comparing caves within a given climatic zone . .
The possibility of using indices of temperature variability in world-wide
comparisons remains to be explored.
CONCLUSIONS
Despit e the diverse n atu ral va riables which influence groundwater temperatures,
three factors appear to a ccount for much of the spatial and temporal variability
of seepage temperatures in Mal a ysian caves. Firstly, the average temperatures of
cave seepages are 2 to 3 0 C below me an annual surface temperatures . Secondly,
wate r temper atu r e variability diminishes with increased residence time within
the aquifer. Fin a lly , water temperature variability varies directly with the
amoun t of contact with circulatory cave air. The study demonstra tes that in a
humid tropical envi r onment water temperature data, most notably those related
to water temperature va riability, provide a sound basis for differentiating cave
seepages and for characterizing the hydrological properties of the aquifers
overlying individual caves .
ACKNOWLEDGEMENTS
The fieldwork was funded by a N.E.R . C . studentship and a grant from the University of Hull.
The Chairman of the Tou rist Deve l opment Corporation (Malaysia) and the management of Perl is
Mines Ltd., respe ctively , kindly allowed unrestricted access to Gua Batu and Perlis Mine Cave.

45

REFERENCES
Cooke, H.T., 1971. A study of limestone solution under tropical conditions in north-east
Tanzania. Trans. Cave Res. Gp. Gt. Br., Vol. 13, pp.265-276.
Crowther, J., 1978a. Karst regions and caves of the Malay Peninsula, west of the1 Main Range.
Trans. Br. Cave Res. Assoc., Vol. 5, pp.199-214.
Crowther, J., 1978b. The Gunong Gajah-Tempurong Massif, Perak and its associated cave system,
Gua Tempurong. Malay. Nat. J., Vol. 32, pp.1-17.
Crowther, J., 1981. Small-scale, spatial variations in the chemistry of diffuse-flow seepages
in Gua Anak Takun, West Malaysia. Trans. Br. Cave Res. Assoc., Vol. 6, pp. 168-177.
Crowther, J. and Pitty, A.F. (in press). Water temperature variability as an indicator of
shallow-depth groundwater behaviour in limestone areas in West Malaysia. J. Hydrol .
Dale, W.L., 1963. Surface temperatures in Malaya. J. trop . Geog., Vol. 17, PP.5 j -71.
Domenico, P.A. and Pal iauskas, V.V., 1973. Theoretical analysis of forced convective heat
transfer in regional groundwater flow. Bull . geol . Soc . Am., Vol . 84, pp.3803-3814.
Gascoyne, M., 1974. Hydrological investigations in Northern Venezuela. Trans. Br. Cave Res.
Assoc., Vol. 2, pp.169-179.
Hackbarth, D.A., 1978. Groundwater temperatures in the Athabasca Oil Sands area Alberta
'I
.
Can. J. Earth Sci ., Vol. 15, pp.1689-1700.
Heynes-Wood, M. and Dover, C., 1929. Fauna of the Batu Caves, Selangor. J . f ed. Malay St .
Mus., Vol. 14, pp.325-387.
of som1e carbonate
Jacobson, R.L. and Langmuir, D., 1974. Controls · on the qual •;ty var;at;ons
••
spring waters. J. Hydrol., Vol. 23, pp.247- 265.
Jennings, J.N., 1979. Hardness controls of cave drips, Murray Cave, Cooleman Plain, Kosciusko
National Park. He l ict ite, Vol. 17, pp.30-38.
Pitty, A.F., 1966. An approach to the study of karst water. Univer sity of Hul l, Occasiona l
Pape rs i n Geography, No .5, pp.70.
Pitty, A.F.,· 1968. The scale and significance of ~olutional loss from the limestone tract of
the Southern Pennines. Proc. Geol . Ass., Vol. 79, pp.153-178.
Siegel, S., 1956. Nonparametric stati stics f or the behavioural s ciences. McGraw-Hill Book Co.
Inc. 312pp.
Shuster, E.T. and White, W.B., 1971. Seasonal fluctuations in the chemistry of limestone
springs: a possible means for characterizing carbonate aquifers. J. Hydro l." Vol. 14,
pp.93-128.
Soepadrno, E. and Ho., T.M. (eds)., 1971. A Gui de t o Batu Caves. Malayan Nature Society and the
Batu Caves Protection Association, Kuala Lumpur. 30pp.
Wigley, T.M.L. and Brown , M.C., 1976. The physics of caves. Pp.329-358, in The Science of
Speleology, Ford, T.D. and Cullingford, C.H.D. (eds.) Academic Press.
Williams, P.W., 1968. An evaluation of rates and distribution of limestone solution and
deposition in the R. Fergus Basin, W. Ireland, Pp.1-40, in Contribution to the study of
k~rst,

Research Schoo l of Pacific Studies, Department of Geography, Publication G15.

Williams, P.W. and Jennings, J.N. (eds.). Australian National University, Canberra.
Williams, P.W. and Dowling, R.K., 1979. Solution of marble in the karst of the Pikikuruna
Range, Northwest Nelson, New Zealand. Earth Surf. Processes. Vol. 4, pp.15-36.
Manuscript received June 1981.

J. Crowther,
Geography Department,
St. Davids University College,
Lampeter, Dyfed. SA4 7FD

46

Transactions British Cave Research Association, vol.9, no.l,pp.47-54, February 1982.

A TECHNIQUE FOR SAMPLING SOIL AIR : SOME RESULTS
~ D METHODOLOGICAL IMPLICATIONS
J.Crowther
Abstract
This paper describes a diffusion well method for sampling soil air which has proved
satisfactory for repetitive carbon dioxide measurements over a one year period in some karst
soils of West Malaysia.
Results from a tower karst foots lope soil demonstrate that carbon
dioxide concentrations increase with depth and exhibit a close positive correlation with the
total amount of rainfall in periods of 1-32 or 1 - 64 days before sampling. Evidence is
discussed which suggests that: (1) air with markedly different carbon dioxide concentrations may
be obtained from a given soil using different methods of sample extraction, and (2") air
extracted by existing sampling techniques is atypical of that present in the near-saturated
z one which develops at the base of soil profiles at times of substantial groundwater recharge.

The importance of soil carbon dioxide in the chemical weathering of lime stones
is well-established. The present paper describes a technique for sampling soil
air Which has been used successfully i n a long-term investigation of carbon
dioxide in some tropical karst soils in West Malaysia . Important methodological
implications which emerge from the results are considered. In particular,
attention focuses on the possibility that diffe rent r esults might be obtained
at a given site using different methods of ai r extraction and on the relationship between measured carbon dioxide concentrations and the actual solutional
pote ntial of soil waters.
EXISTING XETHODS
Bunting and Campbel l (1 975) , Grable (1966) and Macfadyen (1970) outline some
of the difficulties associated with soil air sampl in g . Samples of several ~l,
suita ble for gas chromatographic analysis, can be obtained directly fro m soil
pores using a metal capillary probe and a small glass syringe (Pritchard and
Brown, 1979; Wong, 1974). Volumes of up to 40 ml, needed for analysis using
a Lloyd type gas a nalyser (Lloyd, 1958), a re usually obtained by installing
either diffusion wells (Boynton and Compton, 1944; Burford, 1973; Cooper,
1975; Vine , et al. , 1943; Yamaguchi et a l., 1962) or carbon dioxide permeable
collection vessels (Harley and Brierley, 1953 ; Xacfadyen, 1970; Martin and
Pigott, 1965; Nicholson and Nicholson , 1969) in the soil . In the first method
samples are extracted by syringe and the soil remains undisturbed once the well
has been installed. The second method is less satisfactory for r epe titive
meaSurements a t a single site since some disturbance is inevitable during
sampling. A mechanical pump is normally required to extract the larger samples
of over 100 ml needed in the Draeger (Miotke, 1974) and Orsat methods of
analysis (Jakucs, 1 977) .
PRESENT METHOD
The equipment used in the present study (Fig . 1) waS designed to provide
samples of 30 to 40 ml for replicate analysis using a Lloyd-Gallenkamp gas
analyse r. The diffusion well, which is inserted into an auge r hole in the soil,
comprises thick - Walled steel pipe, 34 rom internal diameter and of a length equal
to the sampling depth. The pipe is open at the bottom to a llow free entry of
soil a ir, and an access tube (6 rom o.d . ) passes through a metal plate which is
welded at the top. Throughout the sampling system air - flow is controlled by
Hoffman clips attached to flexible PVC tubing of 6 rom bore. One such valve is
pushed firmly onto the access tube, forming an air-tight seal. Because the
area of PVC tubing exposed below the clip is small and a carbon dioxide
diffusion through such tubing is likely to be Slow, errors arising from this
source are considered to be negligible. However, in field trialS in West
Malaysia the PVC proved to be extremely VUlnerable to termite attack.
Plasticine moulded around the tubing was a satisfactory deterrent.
A large and robust syringe was required to extract the required volume of
air, particularly from wetter and denser soils. The outer casing, constructed
of clear perspex, allows immediate detection of defects in the piston.
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Figure 1.

Equipment used for sampling soil air: A:Diffusion well,
B:Syringe, C:Enlarged section of sample intake assembly.
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The latter is made from aluminium with a rubber seal, and the rod is of lightweight aluminium tube. The sample intake assembly comprises a glass tube
connected to the base of a polypropylene y - shaped a daptor ( 6 mm o . d . ) by means
of a short length of PVC tubing. One arm of the adaptor l eads to the diffusion
well and the second to the storage bladder . In order to make the intake
assembly more resilient to knocks, it is mounted in a rubber bung . The internal
wallS of the syringe and the joint between the bung and the perspex c ase are
lightly coated with silicone grease to maintain ai r - tight seals.
Marked changes in gaseous composition can , occur during the storage of soil
air samples (Bunting and Campbell, 1975; de Jong and Schappert, 1972;
Macfadyen, 1970). In tests on a wide range of storage vessels, rubber football
bladders were among the least permeable to carbon dioxide and proved particularly
suitable for field use . Throughout the study samples were taken between 13 . 00
and 14.00 hrs and were transported to the laboratory in a well-ventilated
position in the re ar of the field vehicle. The rate of carbon dioxide loss
under these conditions was determined experimentally. When expressed as:
Amount o f CO 2 lost in 1 hr x 100
Initial concentration of CO
2
the values for the 15 sampling bl a dders used in the study r a nged between 1.6 and
2.3. A typical diffusion curve is shown in Fig. 2. Such curves were used to
estimate carbon dioxide loss du ring storage, which never exceeded 4 hrs. There
was no significant change in the permeability of the bladders over the one year
study period.
SOME RESULTS FROM KARST OUTCROPS IN WEST MALAYSIA
Temporal variations in carbon di oxide in a tower karst foots lope soil, Kinta
Valley, Perak .
The study site is located on a forested colluvial (or alluvial?) footslope
of G. Tempurong (Crowther, 1982). The soil is neutral to slightly acidic in
reaction an d has a clay to sandy clay texture. It has moderately developed,
subangular blocky peds in the surface horizons (bulk density, 1.06 g/cm 3 ), but
is more massive at depth (b . d., 1. 65 g/cm 3 ). Carbon dioxide concentrations at
15, 30 and 60 cm, and soil moisture at 15 cm, were determined at approximately
6-week intervals over a one year p e ri od .
The carbon dioxide and soil moisture data are summarised in Table 1.
Table 1 Carbon dioxide and moisture levels (expressed as % by volume) in a
footslope soil, G. Tempurong.
MEAN
Carbon dioxide
15 cm
30 cm
60 cm
Moisture
15 em

0.65
0.94
1.94
25.4

MINIMUM
0.38
0 .71
1.03

MAXIMUM
0 . 96
1.3 6
3 . 67

19.4

30 . 8

STANDARD DEVIATION
0.21
0.26
0 . 98
4.55

The increase ln mean carbon dioxide levels with depth suggests that gaseous
diffusion, the principal mechanism qf soil aeration (Grable, 1966; Stolzy, 1972),
is sufficiently impeded from the deeper soil horizons by the long flow paths to
the surface that carbon dioxidebuilds up to concentrations in excess of those
in the uppermost horizons, where rates of biogenic carbon dioxide production are
usually higher. Marked fluctuations in carbon dioxide were observed at each
depth over the study period, the range at 60 cm, for example, being from 1.03
to 3.67 per cent. From the standard deviations it can be shown that the number
of samples required to estimate the mean carbon dioxide content to within
10 per cent at the 0 .05 probability level ranges from 29 at 30 cm to 98 at
60 cm. Correlation coefficients were calculated for the relationships between
soil carbon dioxide (and soil moisture) and rainfall totals during a wide
range of pre-set antecedent periods, using the method outlined by Pitty (1966)
for the investigation of karst waters. For each sampling depth the closest
correlation is with an antecedent period, such as 1-2 or 1-64 days, which begins
on the day of sampling, rather than with periods such as 16-31 days where there
49

is a lagged response. The results obtained are summarised in Figs. 3 and 4.
In each case the peak correlation coefficient is statistically significant
( P <0.05). Soil moisture at 15 cm correl ates most closely with rainfall in the
ante cedent period 1-8 days. This suggests that on average rainwater from most
storms is retained by the soil for about 8 days in amounts which are sufficient
to affect significantly the moisture level at 15 cm. In contrast, fluctuations
in carbon dioxide are most strongly related to rainfall amounts during antecedent
periods of 1-32 or 1-64 days. It is well-established that where a soil has
adequate aeration the numberof micro-organisms and, hence, rates
soil
respiration vary directly with soil moisture (Campbell and Biederceck, 1976;
Shameemulla et aI, 1971). The present results suggest that there ~re periodic
oscillations in the microbial population of the footslope soil in iresponse to
long spells of wet or dry weather.

0t

Comparison of measured carbon dioxide concentrations and the calcium hardness of
shallow subsurface flow in the Setul Boundary Range, Perlis.
The site is located on a forested,35° hll1slope at the south-eastern corner
of Wang Tangga, a large enclosed depression in the Setul Boundary Range. The
soil is a slightly acid cl ay, with a well developed crumb structur~ (bulk density,
0 .72 to 0.91 g/cm3 ) . At 60 cm, which is typical of the depth of t 'he thicker
soilS in the area, the carbon dioxide concentration averaged 0.78 per cent, with
a 0.53 to 1.21 per cent range over the one year period. Nearby , ~ combination
of natural collapse, caused by gully erosion during storm runoff, and the
activities of local tin prospectors have exposed a section of the soil and upper
part of the bedrock. The exposure yields considerable volumes of water during
wetter periods or after particularly heavy downpours. The precise position of
the soil-rock interface cannot be determined with certainty because the surface
is thickly mantled by secondary deposits. It seems likely, however, that the
majority of seepages correspond with flow lines at the base of the soil in the
upper, most weathered layer of bedrock.
92 water . samples were analysed from a
total of 16 seepage points. The results are summarised in Table 2.
Table 2

Hardness properties (expressed as ppm CaC0 3 ) of sha llow-depth
subsurface waters in Wang Tangga .
MEAN

Total hardness
Calcium hardness
Magnesium hardness
Alkaline hardness
Non-alkaline hardness

341.9
280.8
61.1
340 .7
1.2

MINIMUM*

MAXIMUM *

STANDARD
DEVIATION

263 . 6
211 . 0
49.6
263.3
0.0

395 . 9
326.0
80.2
395 . 3
5.9

38.6
31 .1
10.2
37 .7
2 .24

*Based on means of 3 to 8 samples from each of 16 seepage points.
All the waters are supersaturated with respect to calcite (Crowther, 1980).
While pH may change considerably in response to a fall in the partial pressure
of carbon dioxide as the waters seep towards the exposed face and i emerge at the
surface , changes in total hardness are thought to be small. This l is confirmed
by the fact that no detectable decrease in hardness was found in water which had
flowed as a thin surface fi lm for a distance of 1.5 m from a seepkge point.
It is assumed, therefore, that the observed hardness values provi~e a reliable
estimate of the solutional potential of soil waters at this site.
The relationship between the calcium content of saturated calcite solutions
and the partial pressure of carbon dioxide in the pure CaC0 3 -CO Z-H 2 0 system is
well established (Picknett, 1973). A curve for this relationshlp at 25 0 C (cf.
mean seepage temperature of 24.4 0 C) may be constructed from the dat a presented
by Picknett (1973, Table 5, p.72). From this the concentration o~ carbon
dioxide corresponding with a mean calcium hardness of 280.8 ppm is approximately
2.6 per cent, which is more than three times greater than the measured mean
value of 0.78 per cent at 60 cm. Whilst the former figure must be regarded with
some caution because of the complex nature of natural karst waters (see, for
example, review by Picknett et aI, 1976), especially in this case the presence
of magnesium ions, it is unlikely that errors from this source can account
completely for a difference of this magnitude. Furthermore, the ephemeral
flow of seepages and their topographic setting suggest the watersl have a ve:y
shallow subsurface origin. Consequently, the carbon dioxide ric~ 'ground alr'
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effect, postulated by Atkinson (1977) to explain the discrepancy between
measured soil carbon dioxide concentrations and the hardness of seepage waters
in the Mendip Hills , is nut thought to be operative. Thus, it is concluded that
the soil air sampled by the present method of extraction is unrepresentative of
the air with which soil waters come into equilibrium during periods of groundwater recharge.
IMPLICATIONS FOR SOIL AIR SAMPLING IN LIMESTONE SOLUTI f N STUDIES
Use of different methods of soil air sampling.
Since the presence of water reduces the volume of air - filled pore space in a
soil, thereby impeding diffusion, it may be anticipated that carbon dioxide
levels will increase after storms. The absence of a significant positive
correlation in the tower karst foots lope soil between carbon, dioxide and rainfall
amounts during antecedent periods shorter than 1-8 days may simply be caused by
the dominant effect of longer-term fluctuations in microbial activ~ty as outlined
above. Additionally, however, it might reflect the soil air sampl~ng technique
adopted. The diffusion wells have a cross - sectional area of only 9.1 cm 2 , whereas
the injernal volumes of the 15, 30'and 60 cm wells are approximately 135, 270 and
540 cm ,respectively. As a consequence, changes in the gaseous composition of a
diffusion well will take place very slowly compared with those of the air-filled
pore spaces in the soil. Thus, while carbon dioxide levels in the soil pores may
fluctuate considerably from day to day or from hour to hour , the p~esent sampling
method and, presumably, others which utilize diffusion wells or carbon dioxide
permeable collection devices are relatively insensitive to such changes. It is
postulated, therefore, that techniques of air extraction which rely on gaseous
diffusion have a low degree of resolution with respect to temporal variations in
soil carbon dioxide and that short-term fluctuations can only be reliably
monitored using those methods which permit direct extraction of air from soil
pores . An important corollary of this is that samples with differf nt carbon
dioxide,concentrations might be obtained from a given site using different
extractlon methods.
Relationship between measured carbon dioxide levels and the actual solutional
potential of aguifer recharge waters.
Where a soil cover is present groundwater recharge can only take place when
the water- holding capacity of the soil is exceeded. Because of the high rates
of evapotranspiration which obtain in the Malay Peninsula, such conditions will
only occur during spells of wet weather or following particularly heavy downpours.
On the other hand, in temperate regions, such as Britain, most recharge occurs
during the winter months (Pitty, 1974). At such times the soil immediately above
the soil-rock interface will be almost saturated anQ the air in this zone will be
largely confi~ed to isolated bubbles in the otherwise water - filled macro - pores.
Gaseous diffusion will virtually cease and it is reasonable to suppose that the
carbon dioxide content of the gas bubbles will increase as a result of
microbial and root respiration in the soil which is in direct contact with the
air. Air in such bubbles cannot be sampled directly in the field using metal
capillary probes or the Draeger method since water will be drawn into the
equipment during sampling . Also, there will be little gaseous exchange between
the air in the soil and that in diffusion wells (or carbon dioxide permeable
containers) which penetrate the near - saturated horizons. Consequently , even
when samples can be o"b tained at times of groundwater recharge, they will have
lower carbon dioxide concentrations than the air in the saturated zone . The
results from Wang Tangga certainly indicate that the carbon dioxide content of
air sampled by the diffusion well method is considerably less than that
predicted from the chemistry of shallOW subsurface waters. This finding has
important implications for limestone solution studies in that the carbon dioxide
concentration of air obtained by any of the existing sampling methods is unlikely
to be representative of air present in the near-saturated zone during the
critical periods when groundwater recharge occurs.
CONCLUS IONS
Four main conclusions may be drawn from the results and experience gained in
investigating soil carbon dioxide in the Malay Peninsula.
(1) The diffusion well and method of sample extraction and storctge developed in
the present study provide a reliable, yet relatively cheap and extremely robust,
means for repetitive field sampling at a range of depths.
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(2) Marked temporal and depth variations in soil carbon dioxide may be
encountered in a tropical karst terrain. Measured carbon dioxide levels
in a tower karst footslope soil vary directly with rainfall totals during
antecedent periods of 1-32 or 1-64 days, and increase with depth. Detailed
long-term dat a are required before mean carbon dioxide levels a t a given site
can be specified with some certainty.
(3) Air in diffusion wells is rel a tively insensitive to short - term fluctuations
in soil carbon dioxide. Results obtained by the present method, and by others
which rely on diffusion, might therefore differ significantly from those
obtained using direct methods of soil a ir extraction.
(4) Field evidence a nd theoretical considerations suggest that soil air
extracted by existing s a mpling techniques is atypical of the air present in
the near - saturated zone which develops at the base of soil profiles a t times
of substantial groundwater rechar g e.
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