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Environmental pressures on
conserving cave speleothems: effects
of changing surface land use and
increased cave tourism

A. Baker†§ and D. Genty‡

Speleothems (stalagmites, stalactites, etc.) have long drawn visitors underground to visit limestone caves
throughout Europe, and since the start of the twentieth century many public show-caves have been
established. For example, in the British Isles today there are over 20 show-caves; the most visited may
receive in excess of 500000 visitors annually.

Recent research has highlighted the potential destructive influence of visitors to caves by the effects of
respiration, which can generate elevated CO2 concentrations, and by their heating effect, which can raise
temperatures by up to 3°C. Values of up to 5000ppm of CO2 have been reported in both private and public
caves, but with clear evidence that the passage of visitors through the cave system causes increases of up
to 200%. It has been suggested that such elevated CO2 may cause the destruction of speleothems within
the caves, as increased CO2 leads to a higher equilibrium concentration of calcium within the drip waters
feeding the speleothems, and hence causes dissolution of existing features, although it has to be noted
that there is a significant natural variability of cave air CO2 and it is against this that the anthropogenic
effects of visitors has to be judged.

Data are presented here for both cave air CO2 concentration and temperature, as well as a third variable,
that of the drip-water calcium concentration, which is also a key determinant of speleothem growth and
may be affected by surface land use changes. It is demonstrated that cave speleothems may be at risk
from the increased passage of tourists, but that this risk is highest in caves where ventilation is poor and
where either the calcium ion concentration of the drip waters is low (<2·0mmol l−1) or where there have
been or are likely to be significant changes in surface land use, which decrease the drip-water calcium
concentrations and hence make corrosion more likely.
 1998 Academic Press
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number of tourists visiting cave systems has Exeter, Amory Building,Introduction
Rennes Drive, Exeter,increased over the last 50 years, with annual
EX4 4RJ, UKtotals ranging from tens of thousands (e.g.

Caves, caverns and grottoes are well known 40000 per year at Poole’s Cavern, Derby- ‡CNRS, Université de
Paris-Sud, Laboratoiretourist attractions in many countries within shire), to over half a million per year (e.g.
d’Hydrologie et deEurope. For example, in France cave paint- Grotta di Castellana and Grotta Grande del Géochimie Isotopique,

ings and other hominid remains provide a Vento, Italy and Han sur Lesse, Belgium). Bât. 504, F-91405 Orsay
Cedex, Francemajor tourist attraction, drawing visitors The presence of large numbers of tourists

primarily to the Dordogne region. In the Brit- within natural cave systems has the potential §Present address:
ish Isles, it is the cave speleothem deposits for altering the local climatic and en- Department of Geography,

University of Newcastle(stalagmites, stalactites, curtains, etc.) which vironmental conditions. In particular, the
upon Tyne, Dayshprovide the selling point and attract tourists. presence of lighting within the cave system Building, Newcastle upon

In addition, it is the speleothem deposits may change the thermal conditions within Tyne, NE1 7RU, UK

within British cave systems that often des- the cave (Cigna, 1993), and also allow the
Received 15 Octoberignates them Sites of Special Scientific In- invasion of light-loving species; in the Dor- 1997; accepted 24 May
1998terest (SSSI) (Waltham et al., 1997). The dogne this, combined with the increase of CO2
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Figure 1. Corroded speleothem Din-stm1, developed on an artificial pavement constructed in 1959 in
the Cave of Dinant (also called ‘La Merveilleuse’, Belgium). Vertical thin section, natural light, field height=
1mm; hiatuses indicate annual corrosion caused by either natural and/or anthropogenic variations in CO2.

concentration, caused algae damage to the of CO2 in cave systems have been empirical,
with no theoretical underpinning (Dragovichcave paintings in the Lascaux cave and ul-

timately caused its closure and a replica cave and Grose, 1980; Villar et al., 1984; Craven,
1996). In addition, if one considers the en-to be constructed (Delluc and Delluc, 1984).

The presence of a large number of visitors to vironmental threats to the preservation of
speleothems, then one has also to considerthe cave will also raise the temperature and

decrease the humidity of the cave and has both: (1) potential variations in the calcium
ion concentration of the waters feeding them;been well documented (Villar et al., 1984; see

also references in Cigna, 1993); for example, and (2) temperature, as these are the other
main factors determining speleothem growththe combined effect of installing lighting and

increased visitor numbers increased cave air (Dreybrodt, 1980, 1988). In this study the
authors provide a theoretical model whichtemperature by 3°C in the Grotta di Cas-

tellana in Italy. Another cause for concern will enable an improved risk assessment to
determine which caves contain speleothemshas been the impact of raising the CO2 con-

centrations in the cave systems through the which may be under threat.
respiration of the tourists (Dragovich and
Grose, 1980; Villar et al., 1984; Craven, 1996).
It has been suggested that increasing the Theories of stalagmite
concentration of CO2 may cause speleothems deposition
within the cave to corrode rather than con-
tinue to grow, and thus destroy the main

Speleothems form by the degassing of waterstourist attraction (Figure 1). In addition, at
a concentration of 0·5%, both the US Gov- that are supersaturated with calcium car-

bonate (Holland et al., 1964). This super-ernment and UK long-term exposure CO2

safety limits are reached; CO2 toxicity can saturation is achieved by the prior
passage of the waters through the overlyingaffect health at this concentration and higher

depending on individual’s metabolism and soil; here the waters dissolve CO2 that is
present in elevated concentrations in the soilexposure time. Until recently, the only studies
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profile (Figure 2). This CO2 forms carbonic with long-term (inter-annual to centennial)
increases in cave air CO2 or decreases inacid that dissolves the limestone:
water calcium ion concentration, corrosion
will occur over a similar time period. Al-(1)CaCO3+H2O+CO2→Ca2++2HCO3

−

ternatively, seasonal corrosive events may
occur. For example, maximum CO2 con-When the waters emerge in the cave voids and

the above reaction proceeds in the reverse centrations are observed in summer (Ek and
Gewelt, 1985). This timing often correspondsdirection, they can potentially precipitate cal-

cite in the form of speleothems. This is only with the summer minimum of calcium ion
concentration (Pitty, 1966; Baker, 1993).possible if supersaturation with respect to cal-

cite has been achieved, and because of in- Thus corrosion of speleothems in summer
would be the mostly likely seasonal effect ofhibition effects for calcite crystal formation, a

Saturation Index of >0·3 with respect to calcite changing CO2 and calcium ion concentration.
is required for deposition to occur (Plummer
and Busenberg, 1982). Should the cave air CO2 In situ measurements of thebe higher than that contained within the water
then further dissolution of calcite will occur as environmental factors
the waters try to reach a new, higher equi- controlling speleothem
librium with respect to calcium ion con-

depositioncentration. If the latter process is due to an
artificial increase in CO2 (e.g. from the passage
of tourists), then this dissolution may be of Cave air carbon dioxide
speleothem which has been deposited under
previous conditions of low CO2. The concentration of CO2 in cave atmospheres

has been widely researched for natural en-The geochemistry of speleothem deposition
is well understood, both in terms of the pro- vironmental conditions (Ek and Gewelt,

1985) and shown to be highly variable, withcess (Holland et al., 1964) and the rate of the
process (Dreybrodt, 1980; 1988; Baker and values ranging from 340 to 10000ppm (the

latter significantly higher than most nationalSmart, 1995; Baker et al., 1998). In particular,
although the calcium concentration of the health and safety limits). Much of this vari-

ability can be explained if there are changeswater feeding the speleothems is partially
dependent on the overlying soil and geology, in soil or vegetation type on the surface, as

it is this soil CO2 which typically providesthe calcium ion concentration boundary be-
tween supersaturation (potentially speleo- the source of CO2 in the cave. In addition, cave

morphology can determine both the absolutethem depositing) and undersaturation
(potentially speleothem eroding) is known to concentrations of CO2 and also spatial vari-

ability within a cave; for example a cave withdepend also on the temperature of the cave
environment and the CO2 concentration of two entrances may be well ventilated and

thus excess CO2 will be removed. Carbonthe cave air (Dreybrodt, 1988). This re-
lationship is demonstrated in Figure 3 for dioxide has been demonstrated to be po-

tentially higher (from ×1 to ×4) in the rooftemperatures of 5 and 10°C, and suggests
that in order to understand the effects of of caves rather than at the floor, especially

in confined passages and over short timechanging environmental conditions on spe-
leothem formation, both the natural and an- periods, as the roof is nearer to the input

waters which are often degassing CO2 (At-thropogenic variability of the calcium ion
concentration in the waters supplying the kinson, 1977), as well as over long time

periods in descending dead-end passagesspeleothems, the cave air temperature and
the air CO2 concentration should be con- where there is little air flow (Ek and Gewelt,

1985). Seasonal variations also occur, as soilsidered. In addition, the figure suggests that
the most important factors leading to cor- CO2 production is highest in summer, and

thus cave air CO2 levels also rise at this time;rosion of the caves would be those of changes
in drip-water calcium concentration and cave for example a ×3 seasonal variation was

recorded at Ste-Anne Cave at Tiliff in Bel-air CO2. Dissolution or corrosion of existing
speleothems by variations in these variables gium (Ek and Gewelt, 1985, and the authors

observed a×1·75–2·5 increase in CO2 in sum-may occur over two time periods. Firstly,
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Figure 3. Relationship between changes in CO2, temperature and calcium ion concentration and
speleothem deposition and erosion. Temperatures of 5°C (dotted) and 10°C (solid) lines are shown.
Hypothetical anthropogenic changes A to F in temperature, CO2 and calcium ion concentration are shown

(see text).

mer in the two Dordogne cave systems the cave on that day (r>0·85). Craven (1996)
observed similar effects at Cango Cave in Southstudied here.

It is against this natural variability of cave Africa and similar results have been reported
from the Grotte Font-de-Gaume in Franceair CO2 that the anthropogenic effects of vis-

itors have to be judged. Each human typically (Daubisse et al., 1984). In a 1995 study where
over 3000 visitors were entering Cango Caveexhales 3–4·5% CO2. With a typical resting

expiration rate, this amounts to 200ml of CO2 each day between 09:00 and 00:00h CO2 in-
creased to a maximum of 27000ppm from anmin−1, so a party of 50 tourists will emit 10l

of CO2 min−1 (Dragovich and Grose, 1980). The original value of 800ppm (Craven, 1996). Few
other studies have been published (Cigna, 1993latter workers observed an increase in CO2 in

the Jenolan Caves, Australia, a cave receiving and references therein; Villar et al., 1986; Ek,
1990; Huppert et al. 1993), but the resultsc. 100000 visitors per year. CO2 levels increased

from 400 to 1500ppm after tourist visits to the suggest that the impact of tourism on caves
may increase the CO2 concentrations by ancave during the day; with the levels returning

to atmospheric condition overnight. They ob- order of magnitude, depending on the cave
ventilation, and that these variations are likelyserved that the highest daily peak CO2 cor-

related with the number of tourists entering to vary diurnally.
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Hills, SW England (Richards, 1987), that ag-Calcium ion concentrations
ricultural changes over the last 30 years have
increased the calcium ion loading by ×2;The amount by which the calcium ion con-
similarly Friederich and Smart (1982) ob-centration of the waters feeding speleothems
served significantly lower calcium ion con-exceeds the corrosion boundary value (sat-
centrations at GB Cave within the section ofuration index of calcite less than >−0·3),
the cave overlain by rough grassland com-and the sensitivity of the ion concentration
pared to that which was used for arable crops.to surface environmental change, both deter-
Baker and Smart (1995) observe a lower thanmine the importance of environmental
average calcium load for speleothem formingchanges on this variable. Absolute calcium
drip waters at Kent’s Cavern, a site overlainion concentration depends on: (1) the soil CO2
by private houses.production, which is related to soil tem-

perature and moisture (Smith and Atkinson,
1976; Woo and Marsh, 1977), as this de-

Temperaturetermines the acidity of the water; and (2) the
pathway by which the water is transmitted

Figure 3 demonstrates that an increase inthrough the limestone aquifer, which controls
temperature will lessen the chance of cor-the extent to which complete saturation with
rosion of speleothems occurring, but also thatrespect to calcite is reached. These controls
the influence is negligible compared tohave been modelled to obtain a global re-
changes in CO2 and drip-water calcium con-lationship linking soil CO2, temperature and
centration. Typically, caves exhibit fewwater-flow path by back-calculating from em-
changes in temperature on either a diurnalpirical spring and well data (Drake, 1980;
or annual basis, as they are buffered from1983). In addition, one would expect that
surface temperature changes, and have abecause cave drip-water calcium ion con-
temperature equal to the mean annual tem-centration is derived from soil CO2 dissolution
perature (Wigley and Brown, 1977), with tem-of limestone, cave air CO2 in natural caves
perature variability increasing as thewill be higher in those with high drip-water
entrance to the cave is approached. Thuscalcium concentrations.
most caves within British Isles, France andAlthough many studies have measured the
Belgium have mean temperatures of betweencalcium concentrations of waters in limestone
8 and 13°C. The effects of tourism on cavesprings, streams and bore holes (for example,
temperatures which have been reported sug-Smith and Atkinson, 1976; Smart and Frie-
gest that changes of up to 1°C are possiblederich, 1981; Pentecost, 1992) fewer have
during the passage of tourist parties, andanalysed those supplying speleothems due to
that the temperature declines back to thethe much lower discharge rates. These stud-
natural mean within 15–120 min (Cigna,ies (for example, see Pitty, 1966; Stenner,
1993); the largest permanent rise in tem-1973; Baker and Smart, 1995; Baker et al.,
perature has been observed by the same au-1997) confirm a typical range of 0·2–4·0mmol
thor to be 3°C over a 20-year period. Suchl−1 for waters which have evolved according
variations suggest that temperature changesto Equation (1), with higher values possible
alone will have little effect on speleothem andwhere enhanced dissolution of limestone has
cave-wall corrosion, although a secondaryoccurred due to the presence of sulphate min-
effect of lowering humidity may be significanterals. Seasonal variation of calcium ion con-
(see below).

centration occurs with coefficients of
variation of between 1 and 100%, the vari-
ability being highly dependent on flow routing

Comparison of hypothetical(Pitty, 1966; Smart and Friederich, 1981).
Even fewer studies have investigated the ef- environmental effects and
fects of changing land use on drip-water cal- empirical datacium concentration, although any changes in
soil CO2 production will ultimately affect the
waters. Baker and Smart (1995) suggest from From the evidence presented in the previous

section, it is apparent that significantstream calcium evidence from the Mendip
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changes in all three variables that affect spe- (1) Changes in flow path of the water feed-
leothem deposition can occur. These changes ing the speleothems may occur. Such changes
are presented in theoretical form in Figure in flow path may either increase or decrease
3, where six hypothetical changes in cave the calcium load of the water because they
environmental conditions are shown. If the may alter the residence time of the ground-
line of change passes from supersaturated to water within the limestone. Such flow switch-
undersaturated waters there is the potential ing is part of the natural characteristics of
for corrosion of speleothems at the site: karst groundwater flows (Smart and Frie-

A: postulates a change of ×2 in CO2 con- derich, 1981; Baker et al., 1997), often ob-
centration of the cave atmosphere (i.e. due to served as short-term effects after changes in
the passage of tourists), without an as- rainfall intensity or quantity. However, long-
sociated change in drip-water calcium con- term flow switching may also be induced by
centration (suggesting no change in overlying anthropogenic changes, such as increased ir-
land use). rigation of agricultural land or by the leaking

B: postulates a×0·5 decrease in drip-water of water mains in urban areas. Such effects
calcium concentration with no associated would either divert the flow away from the
change in cave air CO2 concentration, a pos- ‘natural’ pathway, and thus stop speleothem
sible effect of changing land use but no in- deposition, or decrease the calcium ion con-
crease in tourism. centration by decreasing the groundwater

C: is the reverse of the above, where land residence time, or both.
use change may double the soil CO2 con- (2) Many of the anthropogenic effects will
centrations and thus increase the calcium vary on a seasonal or daily time-scale, instead
concentration of the waters feeding the spe- of being permanent, and often these will co-
leothems, with no associated change in cave incide with natural variations. One example
air CO2. would be the increase in CO2 from tourists

D: postulates both a ×2 increase in CO2 visiting the cave in summer, a period when
and a ×0·5 change in calcium ion con- cave air CO2 would already be expected to be
centration. Figure 3 suggests that this com- high due to natural processes. Winter con-
bination of changes is potentially the most ditions could well be more critical, even if
catastrophic as undersaturation is reached

visitor numbers are lower, as this is a period
with a smaller change in calcium ion con-

of low cave air CO2 concentrations, and maycentration and air CO2 than would be neces-
thus result in a significant increase in CO2sary if only one of the two variables was
from natural levels. Similarly, land useaffected. This hypothetical situation is pre-
changes may enhance the seasonal effect,cisely what can happen when show caves are
especially if it is due to a change in use toconstructed, with new buildings changing the
arable agricultural production, as root res-land use above the cave as well as tourists
piration is concentrated within a short grow-increasing the CO2 within the cave.
ing season.E: demonstrates the effect of a hypothetical

(3) As the boundary between su-increase of 3°C in the temperature of the
persaturated and aggressive waters is ap-cave, generated due to the installation of
proached, the growth rate of speleothems islighting and/or an increase in the number of
known to decrease as equilibrium is reachedtourists, with no change in the CO2 of the
(White, 1984; Dreybrodt, 1988). Thus the hy-cave air or calcium ion concentration of the
potheses in Figure 3 do not take account ofdrip waters.
time evolution, which may lessen the effectF: is a hypothetical relationship between the
of environmental changes if they involve acalcium ion concentration of the waters and
slow change in the evolution of the watersCO2 under natural conditions, where in-
near to equilibrium. In addition, inhibitioncreasing calcium in the drip waters and in-
of calcite crystal precipitation may occur atcreased cave air CO2 are both functions of
calcium ion concentrations and cave air CO2changing soil conditions and thus co-vary.
concentrations above the saturation thresh-Hypotheses A to F above are simplifications
old (typically the saturation index of calciteof the real impacts of environmental change
>0·3; Plummer and Busenberg, 1982); there-on cave systems. In particular it has to be

recognized that: fore speleothem deposition may cease before
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Table 1. Environmental conditions at nine cave systems in Europe and USA

Location Drip-water calcium Surface Cave air CO2 Comments
concentration vegetation (ppm)

(mmol l−1)

Kent’s Cavern, 2·09±0·58 (N=36) Gardens 340–500 (N=5) Show-cave and SSSI
Torquay

Brownes Folly 2·29±0·37 (N=84) Secondary 300–1400 (N=4) Nature Reserve
Mine, Bathford woodland

Grotte de Villars, 3·23±0·54 (N=36) Secondary 800–3000 (N=6) Show-cave
Dordogne woodland Site Classé

La Faurie, 4·11±0·87 (N=10) Grassland 800–4500 (N=3) –
Dordogne

Uamh an Tartair, 0·92±0·07 (N=23) Peat 340 (N=6) SSSI
Assynt

GB Cave, 1·59±0·39 (N=6) Arable/ 340–400 (N=3) Calcium data from
Mendip Hills grassland Stenner (1973)

CO2 data from P. L.
Smart (pers. Comm.)
SSSI

Poole’s Cavern, 2·43±0·17 (N=72) Secondary 340–500 (N=5) Calcium data from
Peak District woodland Pitty (1966)

Show-cave and SSSI

SSSI, Site of Special Scientific Interest.

the boundary between supersaturation and Dordogne, France) have been collected by the
authors (Baker et al., 1998; Genty, unpubl.aggressive waters is reached.

(4) As temperature increases within the data; Baker, unpubl. data). Although in some
instances the data are limited (especially withcave system, the relative humidity is likely

to decrease, as determined at several sites by respect to the number of cave air CO2

samples), several points can be noted. In par-Cigna (1993). Decreased humidity within a
cave is likely to increase the evaporation rate ticular, it can be seen that sites with a calcium

ion concentration of below 2·0mmol l−1 areof water within the cave, which has the po-
tential for depositing evaporative calcite. This more prone to suffer from environmental

changes as they are closer to equilibrium andmay have a different crystal structure to cal-
cite formed by the usual process of the de- small changes in CO2 are likely to cause a

shift from supersaturated to aggressive wa-gassing of CO2, being more porous (Genty et
al., 1997), and often classed as being crumb- ters. All British Isles sites fall within this

category, conversely, caves within France anding or matt in appearance and thus less ap-
pealing to the tourist. While knowledge of Belgium tend to have a mean calcium ion

concentration of over 3·0mmol l−1, and thusthis process is limited, a small change in
temperature or relative humidity near a would seem to be less likely to suffer from

any observed amount of change in drip-waterthreshold value for evaporative calcite for-
mation may cause significant visual changes. calcium ion concentration or change in cave

air CO2.In Table 1 and Figure 4 we present data
for cave sites for which calcium ion con-
centration, cave air CO2 and temperature are
known or can be estimated. Data for Pooles Environmental pressures and
Cavern (Derbyshire, England) and GB Cave cave conservation
(Mendip Hills, England) have been compiled
from the literature (Stenner, 1973; Friederich

This study has highlighted the relativeand Smart, 1982; Hill, 1986; Pitty, 1966); data
for other sites (Browns Folly Mine, Wiltshire, importance of changes in environmental con-

ditions on the preservation of cave stalactitesEngland; La Faurie and Grottes de Villars,
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La Faurie, Dordogne

Brownes Folly Mine,
England

Grotte de Villars,
Dordogne

GB Cave,
Mendip Hills

Uamh an Tartair,
Scotland

Poole's Cavern,
Derbyshire
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Devon

1.0

Figure 4. Actual ranges of calcium ion concentration and CO2 for seven cave systems. Threshold between
corrosion and deposition for 10°C is shown; all cave sites are within ±1°C of this value except Uamh an

Tartair (6·5°C).

and stalagmites. In particular, although pre- of the site to environmental change and per-
mit the action of any necessary remedialvious studies have concentrated on the effects

of increased CO2 derived from tourist res- measures. Controlling CO2 and temperature
may require installation of a fan to circulatepiration, this study suggests that changes

in calcium ion concentration may be more the air (Daubisse et al., 1984) which may
have the secondary benefit of reducing theimportant. In addition, the sensitivity of a

cave to environmental change can be readily elevated radon levels often found within cave
systems (Hyland and Gunn, 1994). Con-monitored; calcium ion concentrations of cave

waters can be determined automatically by trolling calcium ion concentration is less
simple and may require strict controls on theutilizing conductivity meters which have

been calibrated against calcium ion con- use of overlying land (for example, Gillieson,
1996).centration (Ford and Williams, 1989); CO2

can also be automatically monitored using In this study, the cave system most sens-
itive to changes in environment is Uamh anCO2 samplers, and temperature can also be

automatically logged. Such data logged for a Tartair, NW Scotland, a site which is not a
show-cave but is a SSSI. This site is so close tovariety of locations and water sources over

an annual cycle will determine the sensitivity the boundary between speleothem deposition
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Baker, A., Barnes, W. L. and Smart, P. L. (1997).and erosion that even a doubling of at-
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content of stalagmite drip waters in Lower Cave,gas climate change scenarios (Houghton et Bristol. Hydrological Processes 11, 1541–1555.

al., 1990), may be sufficient to destroy the Baker, A., Genty, D., Dreybrodt, W., Barnes, W. L.,
stalagmites at this well-ventilated site. Ana- Mockler, N. J. and Grapes, J. (1998). Testing

theoretically predicted stalagmite growth ratelysis of thin sections of supposedly ‘actively
with recent annually laminated samples: im-forming’ stalagmites at the site (i.e. those
plications for past stalagmite deposition. Geo-with active drip sources) reveal that although
chimica Cosmochimica Acta 62, 393–404.

the waters are slightly supersaturated with Cigna, A. A. (1993). Environmental management
calcite, the stalagmites have not been grow- of tourist caves. Environmental Geology 21, 173–

180.ing over the last 1000–2000 years. These
Craven, S. A. (1996). Carbon dioxide variationsstalagmites, which started to grow 5000 to

in Cango Cave, South Africa. Cave and Karst10000 years ago (Baker et al., 1993 and un-
Science 23, 89–92.publ. data), are thus most sensitive to de- Daubisse P., Vidal P., Vouvé J. and Brunet J.

struction by yet another anthropogenic cause. (1984). La Grotte de Font-de-Gaume: art pa-
For show caves, the significant implication of rietal, protection, conservation et intervention.

Editions P. Fanlac, pp 32–40.results presented in this study is that land
Delluc, B. and Delluc, G. (1984). Lascaux II: ause changes are potentially more important
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groundwaters. Journal of Hydrology 61, 223–modification of surface vegetation, such as
226.replanting or vegetation control. Dragovich, D. and Grose, J. (1980). Impact of
tourists on carbon dioxide levels at Jenolan
Caves, Australia: an examination of micro-
climatic constraints on tourist cave develop-
ment. Geoforum 21, 111–120.Acknowledgements

Dreybrodt, W. (1980). Deposition of calcite from
thin films of natural calcareous solutions and
the growth of speleothems. Chemical GeologyThe authors thank H. Versaveau and Th.
29, 89–105.Baritaud for the access to Villars cave, M.

Dreybrodt, W. (1988). Processes in karst systems.Trapp for permission to sample at La Faurie Springer-Verlag, 288 pp.
Cave, Scottish Natural Heritage for access Ek, C. (1990). La Merveilleuse, nouvelle grotte de
to Uamh an Tartair, Buxton Civic Trust for Dinant. Edition Grotte de Dinant, Belgium, 64

pp.access to Pooles Cavern and The Wildlife
Ek, C. and Gewelt, M. (1985). Carbon Dioxide inTrust for access to Brown’s Folly Mine. Jim

cave atmospheres. New results in Belgium andGrapes, Department of Geography, Uni-
comparison with some other countries. Earth

versity of Exeter, performed the AAAS ana- Surface Processes and Landforms 10, 173–187.
lyses of calcium. Ford, D. C. and Williams, P. W. (1989). Karst

hydrology and Geomorphology. Unwin-Hyman,
601 pp.

Friederich, H. and Smart, P. L. (1982). The clas-
sification of autogenic percolation waters inReferences
karst aquifers: a study in GB Cave, Mendip
Hills, England. Proceedings of the University of
Bristol Spelaeological Society 16, 143–159.Atkinson, T. C. (1977) Carbon dioxide in the at-

Genty, D., Baker, A. and Barnes, W. L. (1997).mosphere of the unsaturated zone: an important
Comparaison entre les lamines luminescentescontrol of the groundwater hardness in lime-
et les lamines visibles de stalagmites. Comptesstones. Journal of Hydrology, 35, 93–110.
Rendus de l’Acadamie de Science, Paris, II 325,Baker, A. (1993). Speleothem growth rate and pa-
193–200.laeoclimate. Unpublished PhD Thesis, Uni-

Gillieson, D. (1996). Caves. Oxford: Blackwell Pub-versity of Bristol.
lishers, 324 pp.Baker, A. and Smart, P. L. (1995). Recent flowstone

Hill, C. A. and Forti, P. (1986). Cave Minerals of thegrowth rates: Field measurements in com-
World. Huntsville, USA: National Speleologicalparison to theoretical predictions. Chemical Geo-

logy 122, 121–128. Society of America.



Conserving cave speleothems 175

Holland, H. D., Kirispu, T. W., Huebner, J. S. and their Solution. Bowling Green, Kentucky: Na-
tional Water Well Association, pp 57–87.Oxburgh, U. M. (1964). On some aspects of the

Smith, D. I. and Atkinson, T. C. (1976). The erosionchemical evolution of cave waters. Journal of
of limestone. In Ford, T. D. and Cullingford,Geology 72, 36–67.
C. H. D. (eds), The Science of Speleology. (T. D.Houghton, J. T., Jenkins, G. J. and Ephraums,
Ford and C. H. D. Cullingford, eds), pp. 151–177.J. J. (eds) (1990). Climate Change. The IPCC
London: Academic Press.Scientific Assessment. Cambridge: CUP.

Stenner, R. D. (1973). A study of the hydrology ofHuppert, G., Burri, E., Forti, P. and Cigna, A.
GB Cave, Charterhouse-on-Mendip. Proceedings(1993). Effects of tourist development on caves
of the University of Bristol Speleological Societyand karst. In Karst Terrains: Environmental
13, 171–226.Changes and Human Impact. (P. W. Williams,

Villar, E., Bonet, A., Diaz-Caneja, B., Fernandez,ed.), Catena Special Supplement, pp. 251–268.
P. L., Guiterrez, I., Quindos, L. S., Solana, J. R.Hyland, R. and Gunn, J. (1994). International
and Soto, J. (1984). Ambient temperature vari-comparison of cave radon concentrations iden-
ations in the hall of paintings of Altamira Cavetifying the potential alpha-radiation risks to
due to the presence of visitors. Cave Science 11,British Cave Users. Health Physics 67, 176–179.
99–104.Pentecost, A. (1992). Carbonate chemistry of sur-

Villar, E., Fernandez, P. L., Guiterrez, I., Quindos,face waters in a temperate karst region: the
L. S. and Soto, J. (1986). Influence of visitors onsouthern Yorkshire Dales, UK. Journal of Hy-
carbon concentrations in Altamira Cave. Cavedrology 139, 211–232. Science 13, 21–23.Pitty, A. F. (1966). An Approach to the Study Waltham, A. C., Simms, M. J., Farrant, A. R.

of Karst Water. University of Hull, Occasional and Goldie, H. (1997). The Caves and Karst of
Paper in Geography No. 5. Britain. Geological Conservation Review Vol-

Plummer, L. N. and Busenberg, E. (1982). The ume 12, London: Chapman and Hall.
solubilities of calcite in CO2 saturated solutions White, W. B. (1984). Rate processes: chemical kin-
at 25°C and 1 atmosphere total pressure. Geo- etics and karst landform development. In
chimica et Cosmochimica Acta 40, 191–202. LaFleur, R. G. (ed.) Groundwater as a Geo-

Richards, D. A. (1987). The Influence of Post-war morphic Agent. (R. G. La Fleur, ed.), pp. 227–248
Land-use Change on the Total Hardness of the Oxford: Oxford University Press.
Waters of the Cheddar Falls, Somerset. Un- Wigley, T. M. L. and Brown, M. C. (1977). The
published Dissertation, University of Bristol, physics of caves. In The Science of Speleology.
Bristol. (T. D. Ford and C. H. D. Cullingford, eds), pp.

Smart, P. L. and Friederich, H. (1981). Water 329–358. London: Academic Press.
movement and storage in the unsaturated zone Woo, M.-K. and Marsh, P. (1977). Effects of vegeta-
of a maturely karstified aquifer, Mendip Hills, tion on limestone solution in a small Arctic
England. Proceedings of the Conference on En- basin. Canadian Journal of Earth Science 14,

571–581.vironmental Problems in Karst Terrains and


