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Abstract 

The hydrogeological effect of limestone extraction from open 
pits (quarries) depends on the location of the site in the 
landscape, the vertical and horizontal extent of the excavation, 
the methods used to excavate the stone, and the extent of 
karstification. Groundwater quality is commonly affected by 
quarrying through increased fine sediment concentrations and 
accidental spillages. Removal of any soil cover allows direct 
access for pollutants into the aquifer, a problem which may be 
exacerbated by licensed or illegal tipping of waste following 
cessation of stone extraction. Quarrying also removes the entire 
subcutaneous (epikarstic) zone which is an important ground- 
water store, together with part or all of the unsaturated zone. 
Pumping of water from the excavation will change the ground- 
water balance and can alter the direction and amounts of 
conduit flow, particularly if the quarry extends beneath the 
water table. Prediction of such impacts is difficult, especially 
when the limestone is karstified, such that there will always be 
a degree of uncertainty associated with the impact of the 
workings. Hence, it is essential that for new quarries monitor- 
ing is undertaken prior to, throughout, and following mineral 
working, with options for mitigation if mineral working causes 
an unacceptable impact. When a quarry ceases to be worked, 
the direct impacts on groundwater quality may rapidly decrease 
but there are important implications for after-use of the 
site. Impacts on groundwater quantity are likely to be more 
long-term. 

Keywords." environmental impact, limestone, quarries, water 
quality, water resources 

Introduction 

Limestone is an important resource in most industrial 
countries and its extraction from open-pits represents 
the most visually obvious and the most dramatic anthro- 
pogenic impact on karst terrains affecting both land- 
forms and geomorphological and hydrogeological 
processes. The latter include impacts on groundwater 
quality and quantity which may be manifest some 
distance from the actual extraction site. Surprisingly 
little attention has previously been given to these 
impacts although there is a more substantial literature 
on the impacts of underground mining both for 

carbonate-hosted ores and for minerals such as coal and 
iron ore which are interbedded with limestones. Two 
main themes emerge from this literature: the impacts of 
inrushes of groundwater to excavated galleries (Yuan 
1992; Adamczyk et al. 1988) and the impacts of de- 
watering operations designed to reduce these inrushes. 
The latter include derogation as a consequence of de- 
watering and the resultant loss of springs and water 
supplies (Bocker & Hegyi-Hovanyi 1983; Alfoldi 1984), 
together with the impact of widespread ground subsid- 
ence and sinkhole formation as a result of dewatering 
operations (Kleywegt & Pike 1982; Vegter & Foster 
1992). Such problems have relevance to sub-water table 
limestone quarrying. 

The destruction of both relict and active caves by 
quarrying has been recorded in many countries (e.g. 
Gillieson 1989; Stanton 1990), and the wider geomor- 
phological impacts of limestone quarrying and possible 
techniques for their amelioration have been described by 
Gagen & Gunn (1987) and Gunn & Bailey (1993). 
Although the focus is primarily geomorphological, there 
are hydrogeological implications, particularly as both 
Gunn & Gagen (1987) and Kiernan (1989) note acceler- 
ated growth of dolines as a result of quarrying activities. 
Other authors who have considered the hydrogeological 
aspects of limestone quarrying include Michel (1988), 
who examined the conflict between groundwater 
exploitation and limestone extraction in Germany, and 
Ekmekci (1993) who briefly outlined some impacts of 
extraction on karst groundwater systems, with particular 
reference to quarries near Ankara, Turkey. In Britain, 
the main focus of research into the hydrogeological 
impacts of quarrying has been in the Mendip Hills 
(Stanton 1966; Atkinson et aL 1973; Stanton 1977; 
Harrison et aL 1992; Raymond 1994). Here, the plan- 
ning authority proposed a 'sacrifice' area in order to 
save more aesthetically pleasing and geomorphologically 
distinct areas. It was suggested by Stanton (1966) that 
stone reserves be maximized by deep sub-water table 
working. More recently however, Stanton (1989, 1990) 
has argued that limestone is more valuable in situ as a 
water resource and for its amenity value. Much investi- 
gation on sub-water table quarrying in limestone is 
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148 S.L.  HOBBS & J. GUNN 

being undertaken by environmental consultants working 
both for quarrying companies and regulatory authori- 
ties. Given the confidential nature of this work little is 
published; thus it is not possible to cite many case 
studies. Therefore the remainder of this paper considers 
in more general terms the impacts of quarrying on 
karstified aquifers, concentrating particularly on the 
Carboniferous Limestone. The problems for prediction 
of impacts and the options for mitigation are both 
considered. 

Hydrogeological importance of stone 
extraction technique 

The extraction of limestone has accelerated markedly in 
recent years as a result of a world-wide increase both in 
the demand for limestone and in the technical ability to 
excavate, transport and process large tonnages of rock. 
For example, in Britain production of limestone (includ- 
ing chalk and dolomite) in 1993 was 130 million tonnes 
(British Geological Survey 1994), more than for any 
other mineral except North Sea oil/gas. Stanton (1977) 
suggested that annual removal of limestone from the 
Mendip Hills by quarrying first exceeded that removed 
naturally in solution at some stage in the 1700s or early 
1800s. Similarly, Gunn & Gagen (1989) estimated that 
quarrying will have removed more limestone from the 
Peak District by the end of this century than natural 
processes over the whole of the Holocene. The increased 
production has been paralleled by a decrease in the 
number of quarries but a substantial increase in 
their size, resulting in a greater potential impact. The 
increased output of limestone has only been made 
possible by technological advances in extraction 
techniques, particularly the use of explosives. 

In order to excavate large tonnages of limestone 
efficiently, blasting is necessary to fragment the rock for 
further handling and processing. Both the type of explo- 
sive used and the blast design influence the amount of 
blast-induced fracturing of the remaining unexcavated 
rock, and hence its permeability, porosity and hydraulic 
conductivity. For example, Smart et al. (1991) suggest 
that in sub-water table quarries the blast zone beneath 
the quarry floor may be considered as a separate aquifer 
characterized by high fracture density, low primary 
porosity, and negligible conduit development. Eckmeci 
(1993) further suggests that this may lead to changes in 
the direction of underground drainage such that more 
water may move in one direction and less in another. 
Explosive type and blast design also influence the form, 
and future development, of the blasted rock face (Gagen 
& Gunn 1987; Gunn & Bailey 1993). Increased 
permeability as a result of blast-induced fracturing may 
accelerate drainage towards the quarry face, and 

enhance the development of both subsidence and 
solutional dolines (Gunn & Gagen 1987). 

Potential impacts upon the unsaturated zone 

It has generally been considered that the unsaturated 
zone only contains a small percentage of the total 
volume of storage in a karst aquifer. For example, 
Atkinson (1977) calculated that only 12% of water in the 
Cheddar Spring Catchment, England, is stored within 
the unsaturated zone. However, Smart & Friederich 
(1986), working in the same area, suggested that storage 
in the unsaturated zone is comparable to that in the 
saturated zone due to a well developed subcutaneous 
zone (detailed below). In the Causse Comtal, France, 
over 60% of storage is in the unsaturated zone (Dodge 
1984), and the unsaturated zone accounts for almost all 
storage in two catchments near Waitomo, New Zealand 
(Gunn 1986). The differences may be accounted for by 
lithology, hydrogeology and drainage basin size. 

Where present, high storage in the unsaturated zone is 
largely due to a well developed subcutaneous (epikarstic) 
zone. Here solutionally enlarged voids are present 
immediately beneath the soil, overlying limestone which 
has undergone only limited weathering (Fig. 1). The 
ability of this zone to store significant quantities of water 
is due to the presence of these voids and only a small 
number of vertical migration routes (subcutaneous 
drains). Following rainfall, water accumulates in the 
subcutaneous zone until the available storage is full, at 
which time lateral flow towards the subcutaneous drains 
will occur allowing rapid vertical transmission of water. 
This storage represents an epikarstic aquifer which, 
when not draining via subcutaneous drains, leaks slowly 
via fractures and fissures in the transmission zone 
(Fig. 1). 

Where the unsaturated zone is thin or has a poorly- 
developed subcutaneous zone and/or fracture/fissure 
network, storage will usually be low and the impact of 
quarrying on groundwater quantity will be minimal. 
However, where a thick, well developed unsaturated 
zone is present then storage, and hence potential 
impacts, may be much greater. In both cases quarrying 
will substantially modify the routing of recharge 
through the unsaturated zone, and deterioration of 
groundwater quality may occur. 

Although some limestone areas have little or no soil 
cover, in most there is sufficient to support at least 
grass/shrub vegetation. In these areas, the first impact of 
quarrying is the removal of soil and vegetation, thereby 
reducing evapotranspiration losses and increasing effec- 
tive rainfall. In England, a change from grass to bare 
ground is likely to increase annual effective rainfall by 
about 8% in the north and by up to 40% in the Mendip 
Hills (Harrison et  al. 1992); in warmer countries the 
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Fig. 1. Schematic representation of recharge, flow and storage types present in carbonate aquifers (from Hobbs 1988). 

increase will be higher. This additional water generally 
forms 'run-in' to the quarry, mostly as surface flow since 
the quarry floor becomes partly sealed due to packing 
of fractures, fissures and joints with dust and rock 
chippings compacted by vehicle movements. Runoff is 
often turbid and may be channelled to some form of 
pond or soakaway. From these some water is lost by 
evaporation, partly negating the results of vegetation 
removal whilst the remainder may directly infiltrate into 
the quarry floor or be locally utilized. Unless great care 
is taken to settle out the majority of the fine material, 
deterioration of water quality is likely to occur, either in 
the groundwater system or in the receiving stream. For 
example, in the Derbyshire Peak District, water was 
discharged from Eldon Hill Quarry into a closed depres- 
sion for many years. This in turn feeds a cave where 
there has been a significant accumulation of fines which 
have partially blocked a water-filled conduit. 

In addition to point-source pollution, the removal of 
soil will alter the potential for diffuse contaminant 
inputs. In agricultural areas devoted to intensive crop 
growth, inputs from non-point agricultural sources such 
as fertilizers and insecticides will be reduced. However, 
other inputs may increase as the soil, which is normally 
an important zone of filtration and water purification, is 
removed. In the longer term, there will be changes in the 
amount and locus of solutional erosion, as in most 
karsts the soil is the major source of carbon dioxide, and 

the majority of solution takes place in the subcutaneous 
zone which not only represents a major store in the 
unsaturated zone, but also controls water movement 
therein (Williams 1983). During periods of heavy rainfall 
the subcutaneous zone becomes saturated and water 
flows laterally towards zones with enhanced vertical 
permeability, subcutaneous shafts, which transmit water 
rapidly to the saturated zone (Gunn 1981; Friederich & 
Smart 1982). Thus, if the subcutaneous zone is removed 
during quarrying the hydraulic function of the un- 
saturated zone is partly destroyed. The net result of 
these near surface changes is likely to be an increase in 
annual and peak discharges but a decrease in base flows. 
For example, Stanton (1990) has recorded increased 
winter and decreased summer discharges from springs 
draining quarried areas in the Mendip Hills. However, 
quarrying through the unsaturated zone may also inter- 
sect vadose cave streams, resulting in increased surface 
runoff in the quarry and loss of water from the natural 
groundwater regime with the potential to reduce spring 
discharges. 

Overall, it may be concluded that quarrying in the 
unsaturated zone is likely to result in relatively local 
impacts, such as increased runoff, reduced water quality, 
re-routing of recharge water through the aquifer, and 
localized reduction in groundwater storage. These may 
be considered largely as water management issues which 
do not impinge on the large scale groundwater resource. 
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This not withstanding, in some areas attempts have been 
made to mitigate the effect of reduced unsaturated zone 
storage (for quarries remaining above the water table) 
by creating a 'compensation' pond in the zone of 
water table fluctuation. Such a pond, which is sized to 
represent the estimated loss of unsaturated zone storage 
due to quarrying, is allowed to fill during winter, then 
naturally declines during the summer to support spring 
discharge and borehole abstractions. 

Potential impacts upon the saturated zone 

Once a quarry has reached the lateral limits of its 
planning boundary and extracted all the stone possible 
from the unsaturated zone it has to work beneath the 
water table to win more reserves (although it is recog- 
nized that many operators proceed with sub-water table 
workings prior to exhaustion of dry stone for reasons 
such as stone quality, provision of a water supply and 
for operational purposes). Where the aquifer in question 
has a large seasonal fluctuation in water level then it is 
possible to work stone during dry periods and allow the 
quarry to flood through the wet season. This is the 
'minima' impact method of sub-water table working, 
although as will be discussed below, the creation of 
flooded workings can significantly modify groundwater 
behaviour in their vicinity. More commonly, where 
stone is won from beneath the water table it is by 
dewatering the aquifer. Water is pumped out from a 
central low sump in the quarry floor, from abstraction 
boreholes around or within the quarry, from galleries, or 
from trenches. 

Pumping from a quarry will reduce the hydraulic head 
and thus lower water levels in the rock draining to the 
quarry. In those limestones which are relatively homo- 
genous something approaching a classic cone of depres- 
sion may develop. However, the anisotropic nature of 
most limestones means that an uneven 'zone' of depres- 
sion is more likely, with preferential development along 
the areas of highest permeability. The form of the zone 
will also be affected by any permeability barriers, such as 
clay or fractures filled by vein minerals. Water pumped 
out of the aquifer is usually discharged into a surface 
water course, and hence is likely to be lost from the local 
groundwater system thereby reducing spring flow(s), 
drying up water supplies and possibly changing the 
overall direction of underground flow (Fig. 2; modified 
from Harrison et al. 1992). 

In addition to seepage by diffuse flow into sub-water 
table workings, phreatic conduits may be directly inter- 
sected potentially causing severe problems in terms of 
both inflow of water to the quarry and loss of resource 
by conduit drainage and by severing a flow route. The 
area at risk will be a function of conduit geometry and 
the transmissivity of inter-conduit blocks. For example, 
in the Mendip Hills, where conduits are developed down 

dip, they tend to have the form of a loop in long section, 
the gradient of their rising and falling limbs being 
determined by the local dip. The height difference 
between the peak of one limb, and trough of the next 
may be considered as the amplitude of the conduit. 
Where conduits have a high amplitude, with peaks at the 
water table, then the area at risk is reduced to that 
between the quarry and the first section of the conduit 
which reaches the water table. If the limestone is of a 
high transmissivity then leakage can take place from one 
section of a conduit to another, thereby increasing the 
area at risk of derogation. The risk of derogation may 
also be increased if old choked passages are flushed and 
become operational again due to changes in the hydro- 
geological regime induced by sub-water table oper- 
ations. If the conduit flows along the strike of the 
limestone, then conduit development may be more 
regular in long section, showing no distinct rising 
and falling limbs. In this case the conduit gradient 
would be shallow, and the area at risk to derogation 
would depend on the level at which the conduit was 
intersected. Water loss from conduits can occur even 
where they are not directly intersected. For example, 
Edwards et aL (1991) demonstrated that quarry 
dewatering near to phreatic conduits can induce 
groundwater flow out of such systems and into the 
surrounding diffuse flow zone. In this case, repeat dye 
traces from a series of sinking streams which were 
undertaken at various stages of sub-water table working 
indicated an increase in loss of water from phreatic 
conduits as the zone of depression increased around the 
quarry sump. 

Other hydrological and hydrogeological 
impacts 

Sub-water table quarrying may also impact upon surface 
water courses fed by karst springs. Firstly, there is the 
potential for contamination from increased suspended 
sediment loads and from pollutants such as fuel oils. 
Although regulatory authorities may specify limits on 
the amount of sediment that discharge water can con- 
tain, these limits may be exceeded during periods of 
heavy rainfall. Such exceedance may result in a breach 
of consent conditions and the possibility of prosecution. 
A second possible impact is flooding downstream of the 
dewatering discharge point. As the requirements for 
dewatering are often greater in winter when surface 
watercourses also tend to have a greater discharge, the 
potential for flooding increases. The increases in flood 
flows will be accompanied by decreases in base flows and 
some streams may cease to flow during drier parts of 
the year. 

Quarrying of adjacent non-limestones may also 
impact on the hydrogeology of a karstified aquifer, and 
where a spring has a large component of allogenic 
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Fig. 2. Schematic diagram showing the potential effects of sub-water table quarrying on the water table (modified from 
Harrison et al. 1992). 

recharge any deterioration in the quality of this water 
can be significant. For example, a sinking stream, which 
supplies up to 26% of the discharge from St Dunstans 
Well, a spring in the Mendip Hills, was contaminated by 
run-off from a quarry extracting rock from Silurian 
volcanics, and as a result the spring could no longer be 
used for potable supply (Stanton 1977). 

In addition to direct hydrogeological impacts, it was 
noted in the introduction that large scale dewatering of 
limestone aquifers to permit mining operations has 
resulted in extensive surface lowering and sinkhole col- 

lapse. The dewatering of open pits for stone extraction is 
a more recent phenomenon and has involved individual 
sites rather than large regions. Nevertheless, it will be 
interesting to see if similar effects occur. 

Predicting the impacts of sub-water table 
quarrying 

In contrast to the relatively local impacts of quarrying in 
the unsaturated zone, sub-water table quarrying may 
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Fig. 3. Carbonate aquifer classification: assessment of the potential impacts from sub-water table quarrying (modified after 
Smart & Hobbs 1986). 

have large scale, long-term impacts which must be 
predicted when quarry workings are proposed. Prior to 
assessing these impacts it is necessary to characterize the 
aquifer, especially to determine the degree of karstifi- 
cation. This is important as prediction of impacts is 
more problematic the more karstified an aquifer is. 
Karst aquifers can be defined in terms of their three end 
member attributes of recharge, flow, and storage (Smart 
& Hobbs 1986). Recharge is ranged between concen- 
trated and dispersed end members, the former being 
characterized by large inputs at discrete points (e.g. 
sinking streams), the latter by smaller inflows at a much 
larger number of points (e.g. rainwater infiltration 
through the soil). Flow varies between conduit and 
diffuse end members. Conduit flow occurs in open 
channels with relatively high velocities giving rise to 

turbulent flow. Diffuse flow is confined to tight fractures 
and pores with small openings; velocities are low and 
flow is laminar, obeying Darcy's law. Storage varies 
between high and low end members and includes water 
stored in the soil, subcutaneous zone, conduits, and the 
saturated zone and is expressed in terms of the storage 
volume and annual recharge. The end members of the 
recharge, flow, and storage types can be plotted on three 
orthogonal axes to form a cube, the position of an 
aquifer within which can aid selection of the most 
suitable methods for predicting impacts. Four groups 
(and two sub-groups) have been defined based on the 
type of recharge, flow and storage present (Fig. 3) as 
follows. 

Group 1: represents aquifers with high storage, con- 
duit flow and variable recharge. The prediction of the 
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impact of quarry dewatering is most difficult in these 
aquifers as it is highly dependent upon the likelihood of 
the workings intersecting an active conduit. As storage 
in these aquifers is significant they can present a substan- 
tial water resource; hence the potential impact can also 
be significant. The group can be split into two sub- 
groups: 1 a with concentrated recharge, lb with dispersed 
recharge, although there will be a continuum between 
these extremes. Examples of aquifers with conduit flow 
and a high proportion of concentrated recharge include 
the catchments of St Dunstans Well in the Mendip Hills, 
and Russet Well in the Peak District. Examples of 
aquifers with conduit flow and only limited concentrated 
recharge include Banwell Spring in the Mendips and 
the Holme Grove Risings/Bubble Springs in the Peak 
District which form the source of the River Lathkill. 

Where concentrated recharge is dominant the poten- 
tial impact is much greater and more difficult to predict. 
Although the resurgence(s) for such concentrated inputs 
can often be determined, the exact course or depth of the 
conduit is not normally known along its full length. 
Intersecting one of these conduits may dewater a large 
area down the hydraulic gradient from the quarry and 
could present significant problems for disposal of the 
discharge, especially if, as is sometimes the case, the 
water becomes turbid after heavy rain. Such impacts 
are also possible in aquifers with dispersed recharge al- 
though the conduits are usually (but not always) less well 
developed in the upper reaches of spring catchments. 

Group 2: represents aquifers with low storage, conduit 
flow and variable recharge. Prediction of impacts within 
this group is no simpler than for group 1, but with low 
storage the number of water supplies and size of springs 
supported by the aquifer is likely to be much smaller. As 
with group 1, this group can be sub-divided according to 
recharge type, the potential impact due to the possibility 
of the intersection of conduits fed by sinking streams 
being higher where concentrated recharge is present. An 
example of a low storage aquifer with concentrated flow 
and moderate amount of concentrated recharge is Ogof 
Fynnon Ddu in South Wales. 

Group 3: represents systems with dispersed recharge, 
diffuse flow and low storage. They may be typified by 
thin limestones with seasonal springs. However, they 
may also occur where thicker rock sequences are present 
such as the Carboniferous Limestone beneath the Ribble 
Valley. In this instance the storage is reduced by the 
presence of shale and mudstone bands such that the 
utilisable storage is low, the flow is diffuse and recharge 
is dispersed via leakage through overlying boulder clay. 

The group 3 systems are 'minor or non-aquifers' and 
present no problem from a hydrogeological viewpoint 
for sub-water table quarrying. They are not a significant 
water resource, but if the potential impact must be 
determined (for planning permission for example) then, 
formulae applicable to homogeneous aquifers can be 
used to give a best estimate, in such cases, the limi- 

tations of these formulae to fissure flow systems must 
be emphasized when quoting predicted impacts. The 
importance of local geology and topography should 
always be considered. 

Group 4: represents aquifers which have diffuse flow, 
high storage and variable recharge, an example of which 
is the Pwllwy Spring to the north of Cowbridge, South 
Wales. Diffuse flow at this location has allowed a 
borehole to be drilled adjacent to the springs, which is 
now used for public water supply. Because these aquifers 
have high storage they provide a useful resource which 
may be derogated by sub-water table working. They 
may also support moderately large springs, which 
in turn may provide stream/river base flow. As with 
group 3 the potential impact can be assessed using 
standard formulae providing that their limitations are 
understood. 

Within the central area of the cube an aquifer may not 
fall into a distinct group. One such example is a series 
of springs in the Peak District along the Wye from 
Cowdale to Cheedale/Millers Dale. These drain a large 
block of limestone to the north whose characteristics 
could place them in either group lb, or group 4. In such 
cases a judgement will have to be made as to which are 
the most suitable methods to determine the potential 
impact of subwater table quarrying. There are a number 
of methods of determining where an aquifer falls in the 
proposed classification (Fig. 3). The first is by field 
observation and/or desk study utilizing geological and 
topographic maps, borehole information and abstrac- 
tion data, as well as caving reports, dye trace studies, etc. 
Spring hydrographs can also be examined to determine 
if discharge is flashy or not. Examples of the effect of 
varying recharge, flow, and storage on the spring 
hydrograph are given in Smart & Hobbs (1986). A third 
method is to continuously monitor the electrical con- 
ductivity of spring discharge water, the coefficient of 
variation of which (for a representative time period) can 
indicate the degree of karstification. In a similar manner, 
turbidity pulses may also be used (Hobbs 1988). Finally, 
direct measurements of aquifer permeability in a statisti- 
cally significant number of, and suitably located, 
boreholes can be used (Smart et al. 1991). In most cases, 
only limited information will be available and a subjec- 
tive estimate of the position of the aquifer within the 
classification will have to be made. 

Once the nature of a karst aquifer has been defined, 
the most suitable method of prediction can be assessed 
and the risk to the aquifer of quarrying determined. 
Methods range from the use of numerical formulae 
(Geoffrey Walton Co. and Nottingham Univ. 1988) and 
computer models for more homogeneous aquifers, to 
plotting the position of sinking streams, cave passages 
and springs in karstified aquifers, in addition to more 
general field based hydrogeological techniques. Given 
the technological advances in computer systems, it 
is now possible to model successfully very complex 
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Table 1. Hydrological and hydrogeological features potentially at risk from sub-water table limestone mineral operations, and options 
for mitigation 

Feature at risk Potential impact Mitigation measure 

1. Water quantity 
Groundwater resource 
Physical loss of aquifer 
Groundwater abstractions 
Spring flow 
Surface water flow--too low 
Surface water flow--flooding 
Surface water abstractions 

2. Water quality 
Groundwater 

Surface watercourses 

Reduction or loss of resource 
Reduction or loss of resource 
Loss of supply 
Reduction or loss of flow 
Ecology/fisheries/amenity 
Structural/ecological damage 
Loss of supply 

Poor quality limits range of 
use of resource 

Ecological impact, loss of resource 

Artificial recharge 
None 
Alternative source (e.g. mains/augmentation by recharge) 
Augmentation 
Augmentation 
Water management 
Alternative source (e.g. mains/augmentation) 

Water treatment prior to use 

Clean-up, re-stock flora and fauna, treatment prior to use 

aquifers, even those with a moderate degree of hetero- 
geneity. There will always remain a degree of uncer- 
tainty associated with predictions of the potential 
impacts of mineral workings in karstified limestone 
aquifers. Thus, following prediction of potential impacts 
a risk assessment, including an analysis of the associated 
uncertainties, should be undertaken to determine if the 
risks outweigh the need for the stone reserves. In most 
instances such decisions will not be clear cut, and a 
pragmatic approach may be required. This may entail 
specification of a comprehensive monitoring regime such 
that any impacts can be identified at an early stage. 
Proposals for mitigation should also be outlined so that 
these can be implemented if monitoring identifies an 
impact. 

Options for monitoring and mitigation 

Sub-water table workings may impact upon both the 
quantity of water present in an aquifer and its quality. 
The main features of concern, the potential impact upon 
these, and the options for mitigation are outlined in 
Table 1. 

Of the features at risk, it is the groundwater resource 
per se that is the most obvious. This may be reduced by 
mineral workings due to loss of both unsaturated and 
saturated storage capacity and due to dewatering. How- 
ever, recharge to the aquifer may also be increased due 
to a reduction in evapotranspiration when vegetation is 
removed, although it may later decrease if restoration to 
a lake or wetland takes place. Such an increase will also 
be negated once workings proceed to sub-water table 
levels and groundwater is abstracted. The importance of 
such a loss will depend upon the potential utilization of 
an aquifer. For instance, where recharge is low, then 
sustainable aquifer use will be small, and the resource 
may be classed as limited. The options for mitigation 

are few, the most obvious being the artificial recharge 
back to the aquifer of any pumped water. However, this 
relies on the presence of suitable recharge sites 
sufficiently removed from the abstraction point to avoid 
re-circulation and the sites also have to be well inte- 
grated with the aquifer to accept the sometimes large 
volumes of water pumped. The use of boreholes for 
artificial recharge is often impracticable as there is 
a large degree of uncertainty as to whether sufficient 
voids, which are well integrated with the aquifer, will 
be intersected. Although some improvement in water 
acceptance may be possible via acidization/explosives 
this may not improve local rock permeability sufficiently. 
In some instances it may be possible to utilize recharge 
trenches or sumps. 

Historically in Britain, mitigation of derogation has 
been carried out in preference to more technical sol- 
utions which replenish the lost resource. For example, 
supplies lost or reduced by dewatering may be compen- 
sated, or replaced, by water from another source such as 
the mains supply. Streams fed by springs which have 
dried up can be augmented by water discharged from the 
quarry, provided that pipes can be laid from the sump to 
the spring. If this water is stored, either in a suitably 
sized surface reservoir, or by constructing a sump in the 
base of the quarry, then it may be possible to maintain 
surface water courses during the summer months. How- 
ever, both options are problematical: surface reservoirs 
are expensive and rely on suitable nearby sites, and 
quarry sumps limit lateral development and become 
inoperable as the quarry penetrates the saturated zone to 
greater depths. On occasions it is necessary to ensure a 
similarity in quality between augmentation water and 
the 'original' groundwater discharge in order to preserve 
any site specific flora/fauna or depositional features such 
as tufa. In some countries, e.g. Germany, legal regu- 
lations are such that water abstraction takes priority 
over limestone quarrying, and workings must remain at 
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least 2 m above the known water level in the vicinity of 
the quarry (Michel 1988). 

Where surface flows are reduced due to increased 
leakage rates through the stream bed it may be possible 
to reduce these by sealing leaky section(s) with a suitable 
clay or membrane. Such operations must be undertaken 
in conjunction with habitat re-construction in the areas 
affected. 

Flooding caused by discharging groundwater, 
pumped to dewater workings during periods of high 
natural flow in surface water courses can affect upon 
structures adjacent to the stream, and stream bank flora 
and fauna. Such flooding can be avoided in many 
instances by good water management practices and 
by adequate assessment of likely surface water flows 
and quarry discharge requirements. In extreme cases 
flooding will occur irrespective of quarry discharges. 
However, at such times dewatering should cease so as 
not to exacerbate problems. Often a large sump in the 
quarry floor can be used as a 'buffer' to temporarily 
accommodate high rainfall totals, although such 
buffering is limited by sump volume. 

Impacts upon water quality are generally associated 
with suspended sediment, or accidental spillages of fuel 
and oil etc. The latter can be minimized by good 
practice, such as bunding around storage tanks and 
re-fuelling areas, and limiting vehicle maintenance to 
specific areas with controlled runoff/oil interceptors etc. 
In addition, the use of underground pipes and storage 
tanks should be avoided, unless the tanks are double 
skinned, with leak detectors, and pipes are contained 
within secondary channels, also with leak detectors. 
High loading of suspended sediment in surface water 
courses can be prevented by good water management 
practices such as separating surface water and ground- 
water, utilizing settlement lagoons, and installing 
continuous turbidity monitors on discharge outfalls, 
with automatic shutdown if trigger levels are exceeded. 

Potential impacts upon cessation of mineral 
working 

Once mineral working has ceased at a site it may either 
be left dormant, or be re-developed. If a sub-water table 
working is left dormant then it will fill with water at a 
rate depending upon local rainfall, evaporation, and 
groundwater flow. During the early part of this period 
any derogated springs will be unlikely to re-commence 
flowing as water will be flowing into storage in the 
quarry void. Given that this will have a storativity of 
100% as opposed to 1 to 3% for karstified limestone, 
groundwater levels may take some time to recover. 
Furthermore, because the void will have an infinite 
transmissivity the quarry will have a flat water surface. 
Thus, groundwater levels close to the quarry, especially 

up the hydraulic gradient, will never recover to their 
previous levels and some springs may never return, 
depending upon their proximity to the quarry. 

Like all man-made holes in the ground, disused lime- 
stone quarries may be used as formally constituted waste 
disposal sites, and unless considerable care is taken 
there may be rapid migration of contaminants and 
minimal dilution of leachate prior to arriving at a spring. 
Edwards & Smart (1989) quote one instance in the UK 
of landfilling in a disused Carboniferous Limestone 
quarry in South Wales where no liner system was 
employed. Leachate from the landfill moved rapidly to a 
spring over 2 km away resulting in gross contamination. 
Subsequently the landfill was capped with a low per- 
meability layer to reduce leachate generation. Similarly, 
Bodhankar & Chatterjee (1994) document waterborne 
disease and serious illness resulting from the contami- 
nation of public water supplies by pollutants from an 
unlined limestone quarry used as a disposal site for 
urban waste. For this reason the development of disused 
quarries in karstified limestone as landfill sites is not 
generally recommended although with care and use of 
appropriate liners it may be possible to reduce the risk of 
pollution to an acceptably low level. In assessing the 
suitability of a limestone quarry as a potential landfill 
site its location is of some importance (Sendlein & 
Palmquist 1977) as are points at which to monitor for 
potential leachate migration (Quinlan et al. 1986). It has 
been suggested that deeper quarries may be more suit- 
able for landfill because fissure size and frequency tends 
to decrease with depth. However, it is important not to 
assume that this is always the case since water tracing 
and related studies carried out independently by the 
authors have revealed high groundwater flow velocities 
(> 100 m/day) at depths of up to 50 m beneath the floors 
of already deep quarries in areas with no known conduit 
development. If disused quarries are used as landfills 
then composite engineered liners should be installed 
with leak detection systems where appropriate. 

Not only do landfills present a problem directly from 
leachate generation, but also from contaminants intro- 
duced from fires. In the English Peak District several 
fires have occurred in limestone quarries which have 
been used to dispose of vehicle tyres. Such fires can 
result in contamination of groundwater with phenolic 
compounds, zinc, cyanide, and polyaromatic hydro- 
carbons. Even though no pollution at springs was 
detected, this may have been due to an inadequate 
monitoring programme, monthly sampling being 
adopted, rather than a sampling regime tied to spring 
discharge response to rainfall. 

Although the main focus of the use of worked out 
quarries for landfills is associated with licensed landfill- 
ing, illegal 'fly' tipping can also be a problem, especially 
in small isolated workings. At such locations there is no 
regulation of waste disposal, and with no liner present to 
limit any leachate migration, the potential for impact 
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upon local spr ings/groundwater  abstractions may  be 
significant. In recent years, p lanning authori t ies in the 
U K  have placed much  greater  emphasis  on the end use 
of  worked  out  quarries. Consequent ly ,  many  planning 
applications now propose schemes for the restorat ion of  
mineral  workings to include nature  walks a round  
f looded workings which can also be used for sport  
fishing, sub-aqua diving and boating. In such instances, 
the prediction and main tenance  of  the final rest 
water  level is of  impor tance  if a safe and sustainable 
envi ronment  is to be created. 

Conclusions 

The need for stone reserves is often such that  quarries 
are developed in karstified l imestone aquifers. The 
impact  of  this can be a reduct ion in, or loss of, g round-  
water  resources, reduced flow from springs and in 
surface water  courses, and potential ly an impact  upon  
the quali ty of  these features. The predict ion of  impacts  
may  be very uncertain.  In such cases, development  
should only proceed where a comprehensive  moni tor -  
ing regime is implemented,  and where measures are 
proposed for mit igat ion,  should the aquifer  be affected. 
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