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Challenges in the characterization and prediction of the hydrogeology

and geochemistry of mined ground

P. L. YOUNGER' & N. S. ROBINS?

'Hydrogeochemical Engineering Research and Outreach, Department of Civil Engineering,

University of Newcastle, Newcastle upon Tyne NEI 7RU, UK

2British Geological Survey, Maclean Building, Wallingford Oxfordshire OX10 8BB, UK

Abstract: Although mining is no longer a key industry in the UK, the international mining
industry continues to expand. One of the principal legacies of past mining in Britain is water
pollution emanating from abandoned mine voids and waste rock depositories. This has
necessitated many expensive technical evaluations and remedial programmes in recent
years, from which important lessons may be drawn for the still-growing mining industry
overseas. Perhaps the single most important lesson is that there can never be too much
information on mine hydrogeology and geochemistry available at the post-closure phase. As
this phase is also the longest in the overall life cycle of any mine, it should be given
appropriate consideration from the outset. The post-closure studies described in this paper
and in this volume (as well as elsewhere) highlight the dearth of hydrological data that are
usually available when compared with the wealth of geometric information available from
mine abandonment plans. It is advocated that the collection of appropriate environmental
data is built into the initial mine development plan and that monitoring commences from the
green field site onwards. The uncertainties related to predictive modelling of mine water
arisings are considerable, whilst those of predicting mine water quality are even greater.
Numerous pointers towards robust mine water management strategies are identified, and a
call for ‘defensive mine planning” is made, in which relatively modest investments in
hydrogeochemical control measures during the exploration and exploitation phases of the
mine life cycle will yield dividends in the post-closure phase. With such measures in place,
and enhanced monitoring data to hand, the conjunctive application of physical and
geochemical evaluations will eventually provide much-needed predictive tools to inform site

management decisions in the future.

Exploitation of the Earth’s mineral wealth by
mining has been an unrelenting pursuit of
mankind since the earliest days. Underground
flint mines of Neolithic age are still accessible in
southeast England (Holgate 1991), and by the
Bronze Age underground metal mines were well
established in many parts of western and
southern Europe (Shepherd 1993). Mining
activity accelerated with the dawn of the
Industrial Revolution when coal came to occupy
a central place in the resource inventory, and
mining has continued apace ever since. Although
mining has long been in decline in the much-
worked areas of Europe, at the global scale the
mining industry continues to expand, at present
mainly in the form of open-pit mining. The
recent closure of some very large surface mines
in Europe (Fig. 1) and North America (Bowell
2002) provides valuable lessons for the mining
industry worldwide. With many of the larger
open pits currently nearing their feasible limits

(which often reflect groundwater-related slope
stability constraints; see McKelvey et al. 2002),
a future renaissance in deep mining is to be
expected within the next few decades. Hence, the
lessons to be learned from recently closed deep
mines in Europe will retain applicability else-
where for decades to come, and will indeed prove
invaluable in the development of other uses of
underground voids, such as disposal of high- and
medium-level radioactive wastes in deep reposi-
tories. It is the purpose of this paper to outline
some of the key findings of recent research into
the hydrogeological and geochemical character-
ization of active and abandoned mine systems,
and to identify challenges for future research.

The British experience: some lessons
learned the hard way

Even the newest mining economies will even-
tually come to share the superannuated status

From: YOUNGER, PL. & RoBINS, N.S. (eds) 2002. Mine Water Hydrogeology and Geochemistry. 1
Geological Society, London, Special Publications, 198, 1-16. 0305-8719/02/$15.00
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(a)

Fig. 1. (a) The main working pit (western basin) of the Westfield Opencast Coal Site, Fife, Scotland, as it appeared
in the height of its productivity in 1974 (after Robins 1990). The far side of the pit is the highwall, 245 m in height,
the outermost benches of which lie along the Ochil Fault, through which considerable quantities of groundwater
entered the mine, as explained in the text. (Photograph: British Geological Survey, catalogue number D 1748, used
with permission.) (b) The Westfield site viewed from approximately the same position on 12 December 2001.
showing the pit lakes that have developed in the mine voids since coaling ceased. (Photograph: P Younger.)

which now characterizes much of the European
mining sector. When large systems of inter-
connected mines finally come to be abandoned,
the experiences of the environmental conse-
quences of various closure strategies gained in

the former mining districts of Europe should
prove invaluable to developing intelligent closure
strategies. Nowhere are the long-term environ-
mental consequences of mining and mine closure
more evident than in Britain, from which some of
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the best-documented cases of mine water
pollution are recorded (e.g. Robins 1990; NRA
1994; Banks et al. 1997; Younger 1994; 1998;
2001; 2002; Brown et al. 2002).

Although the British Empire dominated much
of the world until the early twentieth century,
ensuring that Britain could therefore obtain
mined commodities from a wide range of
sources, there remains a substantial legacy of
mining within the UK itself, for two reasons:

e mining was carried out in the ‘Cassiter-
ides’ {widely considered to refer to the
tin mining district of Cornwall) from the
earliest eras of recorded history. Copper
mining was underway in the Bronze Age,
most notably in North Wales, and both
Roman and Mediaeval workings for
argentiferous galena are scattered through
much of the uplands of Wales, northern
England and the Isle of Man (with a few
mines also in Scotland). Hence, there is a
substantial environmental legacy from
very ancient mines;

e while it is, indeed, true that the British
Empire was able to exploit mineral
resources the world over, the heavier bulk
minerals were expensive to transport and
were therefore largely sourced from home.
It is only since the mid twentieth century
that the bulk of UK demand for ferrous
and base metal ores has been satisfied by
imports (e.g. Goldring & Juckes 2001),
and the demise of the domestic coal
mining industry is ongoing even as we
write, battered by a combination of cheap
imports of coal and changes in govern-
mental policy in favour of other sources of
energy (Powell 1993).

When mining was the major source of
employment in much of northern and western
Britain, environmental damage was considered a

small price to pay (Fig. 1a). The benefits of full
employment and municipal prosperity more than
compensated for any misgivings over polluted air
and water. The magnificent Georgian architec-
ture of the city centres of Manchester, Glasgow
and Newcastle upon Tyne are testimony to the
industrial wealth created by the Victorian coal
mining industry. However, the unsightly oil shale
bings of West Lothian, the uneven surface of the
M1 motorway between Nottingham and Shef-
field (due to coal mine subsidence) and the
numerous flooded areas of former farmland in
Cheshire (due to solution mining of halite) are
other less desirable consequences of past mining
activity. Less apparent to the casual observer is
the damage that past mining has done and is now
doing to the aqueous environment. Large
volumes of Carboniferous grits and sandstones
are contaminated with sulphate-rich ground-
waters, which cause serious ecological degra-
dation where they discharge to surface
watercourses. Current estimates are that some
600 km of British streams and rivers are damaged
by polluted discharges from abandoned mines
(about 400km from coal mines (Table 1), with
the remainder from metal mines; Younger
2000a). The costs associated with responsible
remediation of such pollution are often so
substantial that they beg the question as to
whether they might have been minimized had our
forefathers pursued extraction and mine waste
management a little differently (e.g. Younger &
Harbourne 1995). While hindsight is of little
value for the owners of existing problematic
abandoned mine sites, it has some value for
owners of other mines which are currently in the
planning or extractive phases, and is therefore
indulged in to some degree in the examples that
follow.

One of the most problematic aspects of
effective mine site management is the mismatch
between a keen twenty-first century environmen-
tal consciousness and the (often undocumented)

Table 1. Ferruginous discharges from coal mines in UK (after Younger 2000a)

Coalfields Number of Mean Fe Total length of rivers and
identified concentrations streams contaminated
discharges in discharges by ochre

(mg/l) (km)

South Wales, North Wales 90 17 109

Warwickshire, Nottinghamshire, S — 2.5

Derbyshire, Staffordshire

Yorkshire, Durham and Northumberland 120 17 61

Lancashire, Cumbria 25 20 35

Scotland—Midland Valley 167 27 180
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realities of site evolution over periods of decades
or even centuries. It is, perhaps, obvious that this
problem is at its most marked in areas where
mining has been underway for thousands of
years. However, even where a mineral deposit
has only been mined within the last few decades,
the legacy of mining decisions made by previous
owners many years ago can act as Serious res-
traints on post-closure management and re-use of
a site. Such problems are further exacerbated
where frequent changes in site management have
resulted in the loss of all non-statutory records of
mining and mine waste disposal practices. The
Westfield Opencast Coal Site (OCCS) in Fife,
Scotland, provides a revealing example of these
sorts of problems. The Westfield OCCS worked a
sequence of Carboniferous strata which was
unusually rich in coal: the site had an overburden
to coal ratio of only 2.2, which compares with
values in the range 15-30 at most other Scottish
opencast sites. Westfield commenced production
in the 1950s, and in its main productive period
between 1961 and 1986 it yielded more than
25 million tonnes of coal (Grimshaw 1992).
Figure la shows the main working pit as it
appeared in 1974, in the period of peak output.
The highwall of the pit reached a total height of
245m, making Westfield the deepest opencast
coal mine ever worked in Europe (Grimshaw
1992). One of the few drawbacks of this
phenomenally rich site was its poor mine water
quality, with total iron concentrations reaching
1250mg 1~ (Robins 1990). It seems likely that
the principal source of such high iron concen-
trations is active pyrite oxidation in and above
the zone of water table fluctuation in the large
masses of waste rock and washery fines that were
tipped into the pit some decades ago. However,
the absence of detailed records of mine waste
disposal practices in the 1960s and early 1970s
prevents the a priori identification of acid-
generation ‘hotspots’ within the bodies of mine
waste. Another problem arising from previous
mining decisions is the unnecessarily high water
make of the open pit, which was occasioned
by incautious holing through the Ochil Fault in
the 1970s, inducing inflow of good quality
groundwater from Devonian strata which lie to
the north of the site (Robins 1990). Now that
coaling has finally ceased at Westfield, the
former open pits have partly flooded to form pit
lakes (Fig. 1b). The current site owners are
implementing a number of measures to prevent
the site posing any problems to the adjoining
river system. By judicious positioning of a major
rock bund within the void, the relatively weakly
mineralized water crossing the Ochil Fault has
been retained to form a pit lake of good quality.

Meanwhile, state-of-the-art facilities have been
installed to control water levels and discharged
water quality in the other pit lake, which remains
markedly acidic at the time of writing. The
current after-use plans for the site are visionary
and wholly in line with the modern philosophy of
sustainable development, that is that the site is
being developed in a manner which meets the
needs of the present which both improves
environmental quality and does not limit the
scope for future generations to make their own
decisions about the best use of the site. However,
the options open to today’s engineers and
planners are unquestionably limited by the
actions of previous generations of miners
whose work pre-dated the emergence of the
concept of sustainable development.

The most infamous case of acid mine water
pollution to have arisen in Britain within the last
few decades is without doubt that associated with
the 1991 closure of Wheal Jane, an underground
tin-zinc mine located in the Camon Valley,
Cornwall. (‘Wheal’ is a Celtic (Cornish) word
meaning ‘mine’.) The sudden release of an esti-
mated 50 million litres (M) of highly polluted
water and sludge from an old adit resulted in
highly visible staining of the Fal estuary and the
Western Approaches of the English Channel
(Bowen et al. 1998). A flow of contaminated
water ranging between 8 and 15 Ml day~' has
continued ever since. This pollution prompted
immediate public expenditure of some £8.3
million for amelioration works, and a further sum
of similar magnitude for the identification of a
long-term strategy to deal with the discharge
(Knight Piésold & Partners Ltd 1995). Current
total expenditure at this one site had reached £20
million at the time of writing, a few months
before the 10th anniversary of the original
outburst.

The Wheal Jane case illustrates some inter-
esting points of wider interest.

e Although there has been a risk to ground
and surface waters from mining for a
very long time, the scale of modern mining
methods and the gradual change in
environmental consciousness have worked
together to exacerbate risks to the point of
unacceptability. Metal mining began in the
area around Wheal Jane as long ago as
2000 BC, and peaked in the Victorian era,
before ceasing altogether in the Camon
Valley in 1913. The modern workings
began in 1969, only to close again in
1978 for hydrogeological reasons (i.e.
the excessive costs of dewatering which
fell upon Wheal Jane after the adjoining
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Mount Wellington Mine closed in April
1978; Davis & Battersby 1985). For 12
years the mine lay abandoned, and will
certainly have been discharging acid water
to the Carnon River, although there are no
records of any environmental outcry. It is
only the post-closure pollution following
the 1980—-1991 period of working that has
finally given rise to environmental agita-
tion. Is this because the spectacular 1991
outbreak was truly unique, or because the
environmental damage that was once
acceptable when mining was the major
source of employment in the area is no
longer acceptable in a rapidly greening
Carnon Valley?

¢ The environmental costs of mine water
pollution are illustrated in bald cash terms
by the Wheal Jane case, which probably
represents an upper-bound estimate of the
costs of remedial —preventative pump-and-
treat interventions. Although its onset was
heralded by an instantaneous and see-
mingly unexpected outburst at surface, the
ongoing generation of acidity as the water
table fluctuates in shallow workings has
been the main focus of remedial action,
and this is precisely the process which
gives rise to most concern and most
remedial costs at the majority of other
mine water pollution sites in the UK.

These two observations have particular sig-
nificance in the current Europe-wide debate on
whether a more specific regulatory framework is
needed to control pollution and related hazards
associated with catastrophic spills from mine
sites. The heightened consciousness that has
given rise to this debate has been fostered by two
spectacular tailings dam failures, at Aznalcéllar
in Spain (Grimalt et al. 1999) and at Baia Mare in
Romania (UNEP 2000). Following these two
events, there have been widespread calls for
tighter regulation of mine waste, resulting in
consultation by the European Commission for a
new EU Mine Waste Directive. Laudable as this
intention may be, it is nevertheless the case that,
in the longer term, more environmental damage
is wrought by polluted drainage from abandoned
workings than from waste rock/tailings deposits.
For instance, a survey of all known mine water
discharges in Scotland found that abandoned
workings were responsible for around 98% of
cases, with spoil heaps and tailings repositories
contributing only about 2% of the total (Younger
2001). Hence, launching new regulatory legis-
lation in response to a spectacular tailings dam
failure runs the risk of overlooking the main

problem in the long run. The reason for this is
simple: even the largest spoil heap receives
recharge from a very small area compared to the
hundreds of square kilometres underlain by old
workings.

The full range of problems associated with the
flooding of abandoned mine workings in Britain
has been catalogued by Younger & Adams
(1999) as follows, arranged in approximate
order of decreasing incidence/environmental
severity.

a. Surface water pollution, after voids have
eventually flooded up to ground level,
leading to acidic and/or ferruginous
discharges (Table 1) (which sometimes
also contain elevated levels of other
ecotoxic metals, most notably zinc) into
previously ‘clean’ streams (e.g. NRA
1994). The consequences of such pollution
can extend to abandonment of public water
supply intakes, fish deaths and impover-
ishment of aquatic flora and fauna (Kelly
1999), poisoning of land animals that drink
the water, and removal of a critical food
source for birds and mammals which prey
on freshwater fish.

b. Localized flooding of agricultural, indus-
trial or residential areas, particularly
where structures have been inadvertantly
constructed over former mine entries
(e.g. Younger & LaPierre 2000; Younger
2002).

c. Temporary loss of dilution for other
pollutants in surface waters as former
pumped discharges cease to augment flows
(e.g. Banks et al. 1996).

d. Owverloading of sewers by mine water
inflows, exacerbated by clogging by ochre
precipitates (see Younger 2002).

e. Pollution of overlying aquifers by upward
migration of mine water (e.g. Robins &
Younger 1996; Younger & Adams 1999).

f. Temporarily accelerated mine gas emis-
sions, driven ahead of the rising water
table (e.g. Robinson 2000). While media
attention is usually paid to the risk of
flammable methane emissions, methane is
such a light gas that it will have normally
vented to surface anyway if an upward
pathway exists. In this context, the more
worrying prospect is of ‘stythe’ (carbon
dioxide), which is more dense than air, and
will thus lurk above the water table until
hydraulically forced upwards.

g. The risk of subsidence as rising waters
weaken previously dry, open, shallow old
workings, primarily through slaking of
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seat-earths underlying pillars of coal left to
provide roof support (e.g. Smith & Colls
1996).

Looking world-wide, it is important to add
the specific problem of acidic pit lakes to the
above list of issues. Although there are few
examples of polluted pit lakes formed in former
open-pit mine voids in the UK (the Westfield site
mentioned above being a case in point), they are
widespread in other countries, where they may
be a principal mine water management issue
(Bowell 2002; Holton et al. 2002). These pit
lakes can form sinks for regional groundwater
flow (by evaporative water loss) or else they may
be ‘flow-through lakes’, which give rise to
plumes of polluted water in the surrounding
aquifers down the hydraulic gradient (Neumann
& Sami 2002; see Younger et al. 2002 for further
discussion of this matter). Polluted pit lakes pose
environmental hazards of their own, such as
exposing migratory waterfowl to toxins if they
rest on the lake (Bowell 2002) and/or releasing
harmful gases (such as radon), which may
accumulate in the closed depression of the pit
and pose a health risk to rock climbers and
others who may informally use the pit lake and
surroundings for recreational purposes (e.g.
Holton et al.2002).

Towards robust management strategies

On first inspection, this list of possible impacts
of water level rise after mine closure (a process
termed ‘mine water rebound’) is bewilderingly
broad. In reality, the full range of impacts is
unlikely to be experienced in any one case, and
thus the key to effective management is to employ
a characterization and prediction strategy based
on sound hydrogeological principles (e.g. Kuma
et al. 2002), preferably executed within a risk
assessment framework, such as RBCA (risk-
based corrective action) (e.g. Banwart &
Malmstrom 2001; Banwart ef al. 2002; Holton
et al. 2002). On this basis, a social—environmen-
tal cost—benefit analysis should be developed,
which provides the principal tool for deciding on
the desirability of alternative remedial actions.
The costs which need to be evaluated include
(Younger & Harbourne 1995):

e environmental damage, such as loss of
aquatic habitat and damaging the liveli-
hoods of terrestrial animals that feed on
aquatic plants and animals;

e damage to property and commerce, such
as rendering further abstraction of water for
public or industrial use impossible, damage

to commercial fisheries, and the disin-
centive to urban redevelopment posed by
visible stream pollution, etc.;

e damage to society, such as loss of visual
amenity, loss of sport fisheries, etc.;

e the expenditure associated with various
remedial strategies.

It is frequently found that the cost of a
preventative strategy in relation to post-closure
water pollution from mines is small compared
with that of the potential damage and cost
of amelioration (Younger & Harbourne 1995;
Robins & Younger 1996). Nevertheless, the nece-
ssary investment has not always been forth-
coming, and it has only been since the advent of
the UK Coal Authority in 1994 that a rolling
programme to address the worst of the abandoned
coal mine discharges in the UK has been
established. No comparable programme yet exists
for metalliferous mines.

The foundation of a successful cost—benefit
evaluation of remedial options for a polluting
mine water discharge is a source characterization
initiative, which is largely hydrogeological and
geochemical in technical content (e.g. Knight
Piésold & Partners Ltd., 1995). However, where
funds for remedial actions have been scarce,
finance to support independent scientific research
into mine water hydrogeology and geochemistry
was virtually non-existent before the mid-1990s.
Then in 1996 the Environment Agency and
Northumbrian Water Ltd launched a joint pro-
gramme of research into ‘improved modelling of
abandoned coalfields’ (see Younger & Adams
1999 for details). Subsequently, the Natural
Environment Research Council and the Coal
Authority have funded significant research into
various aspects of the topic (see Banwart
et al.2002; Gandy & Evans 2002; Nuttall et al
2002; Robins ef al.2002; Whitworth 2002). The
bulk of research to date has concerned the rate of
mine water rise and prediction of outflow loca-
tions and flow rates, with geochemical work
being as yet far less well developed. A future
objective is the conjunction of investigations into
both the physical and geochemical evaluation at
the same time, as advocated by Johnson &
Younger (2002).

Predictive physical modelling tools developed
by UK-based researchers since the mid-1990s
have included:

e semi-distributed, lumped parameter
models applicable at fairly large scales.
The best example of this genre is the
Fortran code ‘GRAM’ (Groundwater
Rebound in Abandoned Mineworkings;
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Sherwood 1997). The code and its
application has been widely discussed
(e.g. Younger et al. 1995; Sherwood &
Younger 1997; Younger & Adams 1999;
Burke & Younger 2000; Adams &
Younger 2001). One of the shortcomings
of GRAM is its inability to cope with
declines in head-dependent inflow as
rebound proceeds; modifications of the
concept to incorporate this phenomenon
have been developed by Banks (2001) and
Whitworth (2002).

e full physically based models, in which a
pipe network model (representing major
mine roadways, etc.) is routed through a
variably saturated porous media (the VSS-
NET code; Younger & Adams 1999;
Adams & Younger 2001, 2002);

e (three-dimensional) 3-D visualization soft-
ware (VULCAN) that allows identification
of mine water flow paths and outflow zones,
which has been successfully linked to
various hydrological simulation codes
(Dumpleton ef al. 2001; Robins et al. 2002)
including GRAM.

Predictive geochemical models have a much
weaker pedigree to date. Simple assay techniques
popular in surface mining applications, such
as ‘acid—base accounting’ (ABA) in which the
sulphide content of a waste rock is compared
with the content of buffering minerals (princi-
pally calcite), provide some information on the
pollutant generation potential of strata under
highly specific conditions. While these con-
ditions may be satisfied to some degree in open-
cast coal mining situations (Kleinmann 2000),
ABA is generally far more difficult to apply to
other settings with more complicated hydro-
geological characteristics, such as many base
metal mines and virtually all deep mines (for coal
or metals). Add to this the usual absence of
historic ABA results for the strata formerly
disturbed by deep mine workings that have long
been abandoned but continue to pose a pollution
risk, and the need for an alternative to simple
ABA is imperative (e.g. Banwart & Malmstrém
2001). While advances in this regard have been
made for the case of pit lake wall rocks (Bowell
2002) the geometric disposition of reactive
minerals in disturbed strata surrounding deep
mine voids is far harder to characterize/
conceptualize. Standard geochemical modelling
codes, such as those belonging to the PHREEQE
family, have found a certain amount of tentative
application in such cases (e.g. Younger et al.
1995), but severe problems of parameterization
have inhibited their widespread uptake. Simpler

mass-balance models have been coupled to
GRAM by Sherwood (1997), and applied in
‘stand-alone’ mode by Banwart & Malmstrom
(2001). A post-processing water quality predic-
tion protocol was developed for application
to rebound predictions yielded by VSS-NET
(Younger & Adams 1999; Younger 20005).
Although this has proved to be fairly robust in
field applications, it cannot be regarded as being
anything more than a ‘first approximation’
(Younger 2000b). More recently, initial steps
have been taken to couple numerical simulation
codes to a novel object-oriented code simulating
pyrite oxidation and the attenuation of acidity by
a variety of reactions identified from field and
laboratory studies (e.g. Gandy & Evans 2002).
Full-scale application of kinetic geochemical
modelling to the derivation of management plans
for real problem sites remains a state-of-the-art
venture, which has so far been attempted in very
few recorded instances: a good early example is
provided by Hattingh ez al. (2002).

It is clear that significant areas of uncertainty
remain with regard to hydrogeological and
geochemical processes in and around mined
systems, and these must be addressed if the
challenge of developing robust mine water
management strategies is to be realized. In the
following section we attempt to identify some of
the key hydrogeological and geochemical uncer-
tainties in this context. Although all the papers in
this volume contribute to the struggles to diminish
these uncertainties and rise to these challenges,
much remains to be done.

Hydrogeological uncertainties
and challenges

Uncertainties

Much of the discussion that follows derives from
our experience in addressing the principal hydro-
geological question that arises from the cessation
of dewatering of mines: i.e. where and when will
mine waters decant to the surface environment or
adjoining aquifers?

Obviously, the discharge points from any
groundwater system tend to be topographic lows
(for surface decant) or stratigraphic/structural
lows (for decant to adjoining aquifers). There are
two basic approaches to identifying such features:

e q priori identification by applied geologi-
cal mapping (e.g. Younger et al. 1995;
Younger & Adams 1999);

e automated identification of decant points
using distributed, physically based ground-
water flow models coupled with digital
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terrain models (e.g. Adams & Younger
2001) and/or digital geological structure
models (e.g. Dumpleton et al. 2001).

The question of when such decants will become
operative can only be addressed by some form of
predictive hydrogeological modelling. Although
suitable simulation codes now exist (e.g. Sher-
wood & Younger 1997; Younger & Adams 1999;
Banks 2001; Whitworth 2002) the parameteriza-
tion of models for real systems remains fraught by
issues of system complexity and the general
inadequacy of basic information.

There are three principal areas of hydrogeo-
logical uncertainty surrounding any investigation
of mined ground to determine optimum post-
closure management. These may be grouped
under three headings:

e shortcomings in data needed to character-
ize the hydrogeology of mine systems;

e scarcity of information on hydraulic pro-
perties and processes;

e problems of scale.

These problems have all been identified by
previous workers (e.g. Younger er al. 1995;
Sherwood & Younger 1997; Adams & Younger
2001; Whitworth 2002), although rarely dis-
cussed in any detail. We will now consider each
of these sources of uncertainty in turn, with the
aim of identifying priorities for future data
collection.

Shortcomings in data needed to characterize
the hydrogeology of mine systems

With regard to the availability of data, Sherwood
& Younger (1997) have noted that predictive
hydrogeological modelling of mined systems
typically suffers from both a lack of certain types
of information (principally hydrological data)
and a super abundance of other information
(mine plans). It is extremely rare to find extensive
groundwater monitoring networks outside the
operating areas of deep mines. Surface mines,
being more conspicuous, have often had to fight
harder for mining permits and will thus usually
be better served with monitoring wells. However,
there are a number of common problems with
these monitoring wells:

e They are rarely situated in the most optimal
locations. This is because mine owners
rarely have property rights in the most
suitable locations outside of their curtilage,
and may not receive the most cordial of
welcomes from aggrieved neighbours to
whom they make requests for access for

purposes of borehole drilling. (Opponents
of a surface mine development may well be
suspicious that the borehole is a clandestine
exploration borehole rather than a benign
monitoring well.) Such limitations on the
ability of minor operators to actually
monitor the impacts of their dewatering
operations are a key issue in relation to
demands from regulators for extensive
monitoring networks; in some cases,
effective monitoring may require that
regulators exercise their powers of com-
pulsory access (although we are not aware
of any cases where this has occurred in the
UK).

e To save money, monitoring wells around
quarries are often drilled by the company’s
blast-hole drillers during periods when
their ordinary workload is temporarily
light. Notwithstanding their drilling pro-
wess, blast-hole drillers are rarely au fait
with the intricacies of hydrogeological
monitoring well completion, so that the
resultant monitoring wells too often yield
data of little or no use.

In the face of absent or poor piezometric data,
the hydrogeologist is often faced with having to
make unsubstantiated (and potentially drastic)
assumptions about piezometric head distri-
butions in and around mine workings. Given
the importance of head-dependent inflows in
governing the rate of flooding of workings after
abandonment (for further discussion of this point,
see Younger & Adams 1999; Banks 2001;
Johnson & Younger, 2002; Whitworth 2002),
this is a serious source of uncertainty.

At the other extreme, a retrieval of all available
mine plans for even a relatively small area of
multiple-horizon mine workings will generally
yield a bewildering volume of paper. The
challenges associated with transforming these
plans into digitally available, hydrogeologically
relevant data suitable for modelling purposes
are substantial (e.g. Dumpleton et al. 2001,
Robins et al. 2002). The modeller therefore often
struggles to simplify the vast amounts of
information to the point of identifying a few
critical features (e.g. points of potential hydraulic
connection between otherwise separate volumes
of mine workings; Sherwood 1997). There is
always a risk of over simplification on the one
hand, or the retention of unwieldy degrees of
detail on the other, and only an experienced
practitioner is likely to strike the right balance
with any alacrity.

In addition to these ‘hard” sources of
information, we have found that it is often
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necessary and desirable to fill substantial gaps
in data availability for areas with a long mining
history by resorting to anecdotal information.
Miners usually remember vividly which parts
of the workings were wettest, for instance, as
these will have been the subject of repeated ‘wet
working claims’ (i.e. requests for wage sup-
plements, payable where the working was
rendered particularly uncomfortable by the
presence of dripping or lying water). Officials
who had responsibility for mine safety assess-
ments will also have been keenly aware of the
positions of aquifers or bodies of old flooded
workings in relation to active workings, and
may well have been involved in drilling
boreholes to assess the water pressures in such
workings. However, anecdotal information
needs to be treated with caution, especially
where the information is second hand (‘My
Grandfather told me ..."). A classic case of
misleading anecdotal information is presented
by Adams & Younger (2002), who report a case
in which some supposed ancient workings were
widely believed by miners to exist, but which
ultimately proved never to have been excavated
when the rising mine water reached them and
responded as it would to unworked crystalline
bedrock of very low storativity (Adams &
Younger 2002).

Given the variable sources of data used in the
hydrogeological assessment of mined systems, it
is always valuable to establish the sensitivity
of the predictions made to the quality of the
data used. Where numerical models have been
constructed such sensitivity analyses can be
undertaken using conventional methods (e.g.
Sherwood & Younger 1997; Burke & Younger
2000; Dumpleton et al. 2001). Where compu-
tational resources permit, it is probably best to
face the uncertainties squarely and undertake the
modelling in probabilistic mode, using Monte
Carlo methods or some other stochastic simu-
lation protocol (e.g. Younger et al. 1995;
Sherwood 1997; Sherwood & Younger 1997).
From our experience with such modelling efforts,
we would rank the critical data needs for mine
water modelling in the following order of
decreasing sensitivity:

e the geological framework, and thus the
hydraulic relationship of mined ground to
adjacent country rock including aquifer
units;

e mine geometry (defined by abandonment
plans), and estimates of void space volume
and interconnectivity between void spaces,
areas of goaf, etc., which are derived from
these;

e sources and piezometric characteristics of
lateral head-dependent inflows into mine
voids;

e operational mine dewatering records;

e post-closure water level monitoring data;

e local rainfall recharge and the ways in
which this is transmitted to voids at depth;

e historical evidence of pre-mining piezo-
metry (from shallow wells and springs);

e anecdotal evidence of mine water occur-
rence during and after working.

Scarcity of information on hydraulic
properties and processes

With the best data-set in the world uncertainties
would still remain, not least because of the
difficulties inherent in assessing and conceptua-
lizing flow processes in the complex of voids and
country rock which together constitute a mined
hydrogeological system. These difficulties are
manifest in problems such as:

e water budgets that cannot be brought into
balance over annual time-steps (e.g.
Robins et al. 2002);

e substantial over-or underprediction of the
rates of mine water rise in an abandoned
system (e.g. Adams & Younger 2002);

e difficulties in predicting the required
pumping rate for a new (or renewed)
dewatering system (e.g. Davis & Battersby
1985; Nuttall et al. 2002).

The detailed reasons for these difficulties are
multiple and vary from case to case, but they all
ultimately derive from uncertainties in hydraulic
properties of the mine voids and their surround-
ing strata. There is a fundamental paradox
inherent in the determination of the hydraulic
properties of mined ground, which may be
summarized as follows:

e we know that mining changes the saturated
hydraulic conductivity and storativity of
the enclosing strata;

e drainage of the affected strata into the
dewatered mine voids leaves the strata in
an unsaturated condition;

e it is not possible to measure the saturated
hydraulic conductivites of unsaturated
voids;

e while these can be measured once the
strata are saturated once more, by the time
this happens the original motivation for
predictive modelling will have been over-
taken by events.

In rare cases, hydraulic tests undertaken in
boreholes drilled into still-saturated strata
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overlying active mine workings have revealed
the temporal variations in transmissivity (and, to
a lesser degree, storativity), which are induced
by deformation of the rock mass due to void
closure/goafing (e.g. Booth 2002; Dumpleton
2002). The hydraulic properties of abandoned
flooded voids can also be assessed using various
test-pumping approaches. The predominance of
turbulent flow in flooded voids can be inferred
by numerical simulation of the time-drawdown
data obtained from such tests (e.g. Adams &
Younger 2001, 2002; Nuttall er al. 2002), and
can also be revealed by means of tracer tests
between shafts (e.g. Wolkersdorfer 2002) and by
changes in natural water quality (Nuttall er al.
2002).

Problems of scale

Even where direct measurements exist from
which to characterize mine void flow regimes
and the hydraulic properties of the adjoining
strata, they are highly unlikely to be available at
sufficient spatial density to support meaningful
interpolation of values for unmeasured points in
the system. While this problem is by no means
unique to mined groundwater systems, it is
especially vexing in this context both because
measurement points tend to be somewhat more
sparse than in public supply aquifers and
because extreme variations in hydraulic con-
ductivity and storativity typically occur over
very short distances in mined ground. Very real
problems, therefore, exist in attempting to
conceptualize and model the hydrogeological
behaviour of mined ground over the full range
of scales relevant to many management
decisions (i.e. from a single dewatering well to
an entire inter connected coalfield; e.g. Robins
et al. 2002).

To overcome these problems it is possible to
apply the various modelling tools summarized
earlier in this paper, each of which has been
deliberately developed for application at a given
scale (e.g. Sherwood 1997; Younger & Adams
1999; Adams & Younger 2001; Banks 2001).
At the very finest scales, it may be necessary
to develop physically based models in which
individual mine roadways/shafts are resolved
and represented by one or more elements of a
pipe network (e.g. Adams & Younger 2001). At
intermediate scales, ‘ponds’ of highly intercon-
nected workings can be identified and modelled
using semi-distributed water balance models
(e.g. Sherwood & Younger 1997; Banks 2001;
Robins er al. 2002; Whitworth 2002). At
the coarsest of scales, very simple models
(which may be no more than manual calculations

relating mined void volumes to average annual
recharge rates) may provide as good information
as any more sophisticated approach. Whichever
approach is adopted, the customary lack of data
will inevitably necessitate frequent updating of
rebound predictions in the light of the latest data.
A good example of repeated updating of rebound
timing predictions is provided for the case of
Whittle Colliery, Northumberland, by Parker
(2000).

Geochemical uncertainties and challenges

For all of the uncertainties that beset assessments
of mine water quantities, the position in relation
to prediction of mine water quality is many times
worse. The difficulties in applying standard geo-
chemical modelling packages to real mine water
cases has already been mentioned. These diffi-
culties have prompted two extreme responses: the
first is to eschew superfluous detail and model
the release of pollutants from weathered mine
waste using simple mass-balance calculations
(e.g. Banwart & Malmstrom 2001; Banwart et al.
2002; Loredo et al. 2002). At the other extreme,
attempts have been made to numerically model
the generation and multispecies transport of acid
mine waters and spoil leachates through both the
source bodies of mine waste rock (Gandy &
Evans 2002; Hattingh er al. 2002) and in the
aquifers infiltrated by such leachates (Saaltink
et al. 2002). Such efforts have revealed the
persistence of the following problems, which
serve as barriers to further advances in predictive
geochemical modelling:

e Lack of information on the nature and
kinetics of several key sink—source reac-
tions for the major mine water pollutant
species (e.g. Bowell 2002; Saaltink er al.
2002). For instance, recent results suggest
that the precipitation-dissolution kinetics
of potassium jarosite (which help to buffer
pH around 1.8 in very acidic mine waters)
are hysteretic, with dissolution occurring
much more slowly than precipitation (e.g.
Saaltink et al. 2002).

e The inherent difficulties in assigning
appropriate ‘active surface geometries’
to those fractions of the rock mass (such
as pyrite) that act as pollutant sources
(e.g. Younger et al. 1995). Standard
‘shrinking core’ models have been found
to produce adequate results for highly
comminuted waste rocks (e.g. Gandy &
Evans 2002) and simple reacting fraction
representations for pit lake wall rocks
have also proved to have some predictive
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power (Bowell 2002). However, the same
cannot truly be stated for flooded or
partially flooded deep mines (e.g. Hat-
tingh et al. 2002; Nuttall et al. 2002), and
significant progress in this regard is
unlikely to be made before a wider
range of comprehensive hydrogeochem-
ical data-sets have been acquired for
representative mine systems (along the
lines of those presented by Nuttall et al.
2002; and Hattingh et al. 2002) and
analysed using inverse geochemical mod-
elling techniques.

o Numerical limitations, which arise when
the transport of a large number of species
is simulated using a multispecies geo-
chemical modelling code. Run times
increase markedly in proportion to both
the dimensionality of the transport domain
(i.e. if a 1-D flow field is replaced with a
3-D flow field) and to the number of
pollutant species considered. Even with
the very latest versions of popular reactive
transport codes, single runs can easily take
12—-18h where six or seven species are
simulated for more than 20 time-steps in a
2-D flow field. With such slow run times,
the analysis of uncertainty by means of
Monte Carlo analysis is generally out of
the question. While further advances in
computer technology can be confidently
expected to ease this problem over time, it
may well be several years before stochas-
tic, multi species 3-D transport modelling
can be applied routinely for geochemical
systems characterized by rapid reactions,
such as those which dominate the evol-
ution of mine water chemistry (e.g.
Banwart et al. 2002).

Given that predictive geochemical modelling
is still subject to such considerable practical
limitations, it will be many more years before
pollution exposure risk assessments will be able
to advance beyond the current state-of-the-art as
presented by Holton et al. (2002).

Towards defensive mine planning

Given the myriad problems associated with
polluted waters draining from abandoned mine
voids, the question must be asked: can new mine
workings be designed so that such problems
will be averted in future when these workings
are finally abandoned? We would argue that the
various experiences gained recently in relation
to abandoned workings provide the basis for a
new paradigm in mine design, which we term

‘defensive mine planning’. As we conceive
it, defensive mine planning starts from the
acknowledgement that closure is the longest part
of the mine life cycle, and is, therefore, worthy
of respect from the very start of a mining
project. An appropriate level of respect for the
ultimate post-closure phase would be manifest in
different ways at different stages in the mine life
cycle. Table 2 summarizes some preliminary
suggestions in this regard, together with their
rationale.

Of course ‘defensive mine planning’ has
long been practised for health and safety
purposes: for instance, entire bodies of regu-
lations have long governed mining below water
bodies (e.g. Orchard 1975) and the safe design
and monitoring of mine waste tips. We propose
that compliance with these regulations be
augmented by the implementation of relatively
simple additional measures, along the lines
proposed in Table 2, in order to minimize post-
closure environmental management problems.
We do not envisage that the measures we
propose will increase the cost burdens of mining
companies; rather, they will substitute a little
extra expenditure during the exploratory and
working phases of the mine life cycle for
substantially greater expenditures that would
otherwise be incurred after closure (when cash
flows are generally at their most negative).

While the simple suggestions made in Table 2
are highly preliminary in nature, and may be
viewed as idealistic when one considers the
considerable inherited legacies that beset the
opening of new mines in areas which have
previously been subject to intense historic/
prehistoric mining (e.g. Davis & Buttersby
1985), we think that the general approach of
basing environmentally-defensive mine plan-
ning on hydrogeological and geochemical
principles has considerable potential for the
future. It is beyond the scope of this volume
to fully realize this potential, but we hope
the readers will find many signposts in the pages
that follow.

This volume arises from a meeting of the Hydro-
geological Group of the Geological Society of Londen,
which was co-sponsored by the Applied Mineralogy
Group of the Mineralogical Society, that was held at
the headquarters of the British Geological Survey,
Keyworth, on 15 February 2001, and includes a
number of additional papers on related themes. Our
own insights represent the fruit of much research
funded by NERC, EPSRC, the Coal Authority, the
Environment Agency, UK Coal, Scottish Coal and
many other mining companies.



Table 2. Examples of ‘defensive mine planning’ measures (based on hydrogeological and geochemical principles) applicable at different stages in the life cycle of a mine

Stage in mine
life cycle

Proposed measures

Relevance to long-term environmental performance of mined
system

Exploration

Detailed design

Site preparation

Main phase of
extraction

Mine waste
management

(1) Assay the overburden for long-term pollutant release potential;

(i) ensure adequate after-use of exploration boreholes, either by:
(a) efficient back-filling and sealing; or

(b) by equipping them for hydrogeological monitoring purposes (see Kuma
et al. 2002)

Plan pillar locations and geometry of major mine access features to facilitate
easy blocking of potential post-abandonment hydraulic pathways

(1) Construct mine access features consistent with detailed design;

(i1) locate mineral processing and tailings/waste rock storage facilities in those
portions of the site least likely to give rise to environmental pollution in
emergency situations

(1) Careful design of panels/pillars/benches to minimize the inducement of
excess water inflow from surrounding strata;

(i1) local *over-dosing’ with calcite stone dust and/or topical grouting of high-
S—high-K zones to minimize later pollutant mobilization

Make provisions for selective handling/careful disposal of the most pollution-
generating waste rock (using methods such as co-mingling with reductants/
alkalis, O, exclusion, by means of water covers/dry covers, etc.)

(i) Allows minimization of long-term water quality liabilities by
careful handling;

(i1) (a) minimization of long-term water make, and, therefore, of
liabilities associated with site drainage;

(i1} {b) acquisition of pre- and syn-mining hydrogeological data to
allow full assessment and planning of mitigation measures for any
water management problems arising from dewatering and/or mine
abandonment

Minimization of deep circulation of waters after mine closure,
which should help to limit rock—water interaction residence times
and therefore keep salinities as low as possible

(1) Minimizes post-closure costs to achieve management objectives;
(ii) achieves compliance with standard water quality protection
policies of regulators; will also make eventual decommissioning less
expensive to achieve

(1) Minimizes water make and all associated costs:

(ii) minimizes mobilization of acidic ions in mine water after mine is
flooded

Pre-empts possible future water quality liabilities, which would
likely be very long term in nature.
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Mine
abandonment

Restoration

After-care

(1) Engineer any long-term preferred drainage routes for ‘permanence’;

(i1) seal major mine access features at or just below anticipated climax water
table position;

(ii1) consider the installation of (?replaceable) in situ reactive media in main
shafts/declines to provide treatment of polluted drainage prior to surface
discharge;

(iv) make sure facilities are in place for monitoring of rebound and climax water
table positions

(i) Ensure that hydrological issues are given suitable prominence in restoration
plans for underground voids and mine waste depositories;

(i) involve all relevant stakeholders in financial and institutional arrangements
for post-closure site maintenance and monitoring activities;

(iii) implement any short-term intensive water treatment measures during the
“first flush’ (see Younger 20005, c)

(i) Implement post-closure site maintenance and monitoring activities;

(ii) implement long-term (?passive) water treatment measures as appropriate
(see Younger 2000c)

(1) Ensure long-term drainage routes are predictable and reliable;

(ii) minimize deep circulation (and therefore salinization) of mine
waters;

(iii) maximize the potential for emergence of good quality water at
the ground surface;

(iv) secures long-term monitoring to allow early identification of any
problems/demonstration of system stability to third parties

(1) Minimization of long-term pollutant release through restricting
access to acid-generating materials by O, and/or H,O;

(11) establishment of a secure socio-economic foundation for
long-term site management/after-use;

(iii) avoids any legal problems during the period of most elevated
pollutant concentrations

(i) Achieve stable post-closure water management system;

(ii) ensure long-term attainment of water quality objectives in
receiving watercourse
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The effects of longwall coal mining on overlying aquifers

COLIN J. BOOTH

Department of Geology and Environmental Geosciences, Northern lllinois University, DeKalb,
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Abstract: The hydrogeological effects of longwall mines are vertically zoned. The heavily
fractured strata immediately above the mine dewater, but they are typically overlain by a
zone of low permeability that prevents shallower aquifers from draining to the mine.
However, shallow bedrock aquifers experience head changes caused by fracturing during
subsidence. New fracture void space takes up water, causing large head drops especially in
confined aquifers. Increased fracture permeability affects heads because upper aquifers in
high relief areas lose water through fractured aquitards to lower aquifers, and because the
higher permeabilities lower hydraulic gradients and up-gradient heads, and increase down-
gradient discharge. In addition, a secondary drawdown spreads out laterally through
transmissive aquifers from the potentiometric low in the subsiding zone. After undermining,
water levels may recover due to closure of fractures and to recharge flowing back into the
affected area. Studies at two active longwall mines in Pennsylvanian coal measures in
Ilinois support the conceptual model, with variations. Unconsolidated, unconfined aquifers
were not significantly affected by mining. At one site, heads in a moderately transmissive
sandstone declined due to mining but recovered fully afterwards. Increased permeability led
to enhanced well yields, but water quality deteriorated, probably because of oxidation and
mobilization of in situ sulphides during the unconfined and recovery phases. At the other
site, heads in a poorly transmissive sandstone fell rapidly during subsidence and did not
recover; hydrogeological responses varied at the site scale due to variations in bedrock—drift
continuity. Predictions and monitoring schemes can be guided by the general conceptual
model, but must consider local hydrogeological variations. Effects in shallow aquifers not in

direct contact with the mine can be simulated using readily available flow models.

This paper discusses the generalized conceptual
model of the hydrogeological effects of longwall
coal mining on overlying aquifers and the shallow
groundwater system that has evolved from
numerous case studies since the 1970s. As an
overview paper, it includes numerous references
and summarizes previously published studies by
the author. The main geographical focus is on the
Carboniferous (Pennsylvanian) coalfields of the
eastern and mid-western United States. The
general principles apply to other areas, but
specific impacts may differ substantially because
of geological differences.

The paper is divided into two major sections.
First, the mechanisms and impacts of the hydro-
geological response to longwall mining are dis-
cussed, including information from previous
studies in various coalfields. Second, a long-
term investigation at two sites in Illinois, USA, is
described, which illustrates the application of
the general conceptual model but also shows
the different responses that result from minor
variations in the geological setting within the
same coalfield.

Mechanisms of the hydrogeological effects
of longwall mining

Longwall mining is an economic, efficient form
of underground coal mining that is characterized
by almost total extraction of large areas of the
coal seam and by the resultant rapid, predictable,
extensive subsidence of the overlying strata and
ground surface. It contrasts with supported me-
thods such as room-and-pillar (bord-and-pillar)
mining, in which pillars of coal or re-stacked
rock are left to support the mine roof, but which
may produce irregular, localized subsidence long
after mining has finished.

The hydrological impact of longwall mining
operates through two quite distinct mechanisms:
drainage and subsidence. All underground mines
are low-pressure groundwater sinks during active
mining. If the overlying strata are sufficiently
permeable, groundwater will drain into the mine,
creating inflow and drainage problems, and some-
times depletion of aquifer resources. Aquifers in
close contact with the mine are generally dewa-
tered. Shallow aquifers separated from the mine
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by confining layers may be unaffected by drain-
age to it.

After mining has ceased a mine may flood,
producing a high permeability pathway that
distorts regional groundwater flow, particularly if
the mine is connected with others to form an
extensive flow network. When entire mining
areas are closed down, the rebound of regional
water levels after long-term depression can create
substantial mine water discharge problems, as
observed over the last decade in coalfields in
England (e.g. Younger 1998; Burke & Younger
2000). On the other hand, deep mines in low-
permeability environments may remain dry for
years after mining operations have ceased, as
reported for some mines in Illinois (Cartwright &
Hunt 1983).

Longwall mining also affects the groundwater
system through subsidence and strata movements.
These movements are expressed in the defor-
mation of existing fractures and the creation of
new ones, changing the hydraulic properties of
the strata and, consequently, the hydraulic
gradients, heads and groundwater flow patterns,
independently of drainage to the mine itself.

Description of longwall subsidence and its
hydrological effects

A primary engineering problem of any under-
ground extraction is roof control, i.e. preventing
damaging collapse of the roof strata that the
extracted material formerly supported. In room-
and-pillar mines, this is achieved by limiting
the span of the openings such that the roof is
supported between pillars of coal or re-stacked
rock. In contrast, longwall mining completely
extracts large areas of coal by using a deliberate,
controlled collapse of the roof over the mined-
out area, while keeping only a limited working
section of the mine supported. Modern longwall
mining, which is well described in the mining
engineering literature (e.g. Bieniawski 1987), is
more efficient, safe and economical than room-
and-pillar mining. It became increasingly used in
the USA through the 1970s and 1980s, first in
the Appalachian coalfield, later in Illinois and
more recently in Utah (e.g. Kadnuck 1994).
Longwall mining has been widely used in the
UK and adopted in various forms in many other
areas, for example South Africa (Hodgson 1985),
New South Wales (Holla 1991) and Nova Scotia
(Reddish et al. 1994), and as short-wall mining
under weak sandstone in Western Australia (Nik-
raz et al. 1994).

Longwall mining completely removes large
rectangular areas (panels) of coal, typically

several kilometres long by 150-300m wide.
The roof over the narrow strip of working area
across the width of the panel is temporarily
supported using moveable hydraulic jacks, which
bear the load of the immediate roof strata. The
coal is cut from the working face by a shearer and
removed to pillar-supported side tunnels on a
conveyor belt. The supports are advanced as the
coal face is removed, and the unsupported roof
behind them collapses into the mined-out void.

The strata above the immediate roof settle onto
the collapsed material, and so on up through the
overburden to the ground surface, where a
subsidence trough develops that approximately
outlines the mined-out panel. The ground at
the advancing front of the trough undergoes a
sequence of horizontal tension and compres-
sion described as a ‘subsidence travelling wave’
(Schmechel ez al. 1979). Within the overburden
strata, this sequence occurs as volumetric dilation
followed by compression.

The strata movement is manifested as fractur-
ing, bedding separation and changes in existing
joint apertures, causing substantial changes in
fracture porosity and permeability. These in turn
lead to changes in potentiometric heads, ground-
water flow patterns and well yields in shallow
bedrock aquifers. Previous studies (e.g. Hill &
Price 1983; Walker 1988; Matetic & Trevits 1991,
1992; Booth & Spande 1992) have demonstrated
a typical response of rapid (but often temporary)
decline in potentiometric heads, caused by the
sudden increase in fracture porosity, and altera-
tion of hydraulic gradients, caused by increased
permeabilities. These effects are due primarily
to in situ hydraulic property changes within the
shallow bedrock aquifers, not to drainage into
the mine. Despite subsidence, a zone of low-
permeability strata generally maintains overall
confining characteristics and prevents hydraulic
connection between the shallow aquifers and the
mine (Singh & Kendorski 1981; Coe & Stowe
1984; Booth 1986; Rauch 1989). Thus, there will
be a hydrological response in a shallow aquifer
even if the mine itself is dry.

Deformation zones above the mine. The domi-
nant form of deformation over the longwall panel
is vertical settlement. However, there is con-
siderable variation in the nature of the stress and
deformation at different levels in the overburden
due to the characteristics of the mine geometry,
the equipment and the lithology. For example.
the hydraulic supports will bear the weight of
roof strata only up to a certain height. Above that
level, the overburden load is distributed in a pres-
sure arch onto the side, front and rear abutments,
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including the caved area (US: ‘gob’; UK: ‘goaf’).
Higher strata sag but are essentially self-support-
ing. Thus, several deformational zones have been
identified over longwall panels (e.g. Peng 1986;
Rauch 1987):

1 - a caved zone, typically 2—8 times the
height of the workings, in which roof
material collapses directly into the mined-
out longwall area;

II - a heavily fractured zone, typically 30—
40 times the height of the workings, in
which the strata break by vertical fractures
and horizontal bedding-plane separations;

III — above that, a continuous deformation
zone which subsides coherently with
little extensive fracturing;

IV — a zone of well-defined and open frac-
turing at the ground surface and in the
shallow strata, which can move more
freely than the deeper strata.

The thicknesses of these zones vary with the
lithology and from area to area, but provide a
convenient framework for understanding the hy-
drological response. The most important hydro-
logical division of the overburden is into three
zones:

1. — a deep, intensely fractured, highly per-
meable zone, which corresponds to zones I
and II above and dewaters into the mine;

2. — an intermediate zone, typically devel-
oped in a shale-dominated interval, which
subsides coherently with little fracturing,
maintains overall confining (low perme-
ability) characteristics and corresponds to
zone III above;

3. — a near-surface fractured zone, corre-
sponding to zone IV above, in which aqui-
fers are affected by in situ fracturing but
not generally by drainage into the mine,
from which they are separated by the in-
termediate confining layer.

SURFAGE CRACKS
DUE TO SUBSIDENCE
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The presence of the intermediate confining
zone is a critical aspect of longwall hydrology. It
was first noted (Fig. 1) by Singh & Kendorski
(1981) and has subsequently been affirmed by
many researchers (e.g. Coe & Stowe 1984; Booth
1986; Tieman & Rauch 1987; Rauch 1989,
Hutcheson et al. 2000). The successful operation
of longwall mines under lakes and the sea convin-
cingly demonstrates that a confining zone nor-
mally exists and that highly permeable fractures
directly connecting the mine to the surface gen-
erally do not occur.

Subsidence engineering guidelines dictate
minimum separations between longwall mining
and overlying productive aquifers or surface
water bodies (Holla 1991; Singh & Kendorski
1981). Similarly, a minimum thickness of the
relatively unfractured, confining layer is necess-
ary to maintain hydraulic separation between the
mine and shallow aquifers, although the critical
value depends on lithology, structure and topo-
graphy. For example, in their integrated model,
which simulated elastic strains and resulting per-
meability changes above a longwall mine in a
theoretical setting of the Appalachian Plateau
type, Elsworth & Liu (1995) found that the
critical separation between the mine and well
bottoms, separating the wells with permanent
water-level losses from those that were unaf-
fected, recharged or only temporarily depressed,
was of the order of 90 m under valleys and 150 m
under hilltops and plateaux.

However, in the appropriate geological setting,
the effective confining separation can be much
less. For example, Van Roosendaal ef al. (1995)
observed that an overburden dominated by shales
and glacial clay prevented the loss of water from
shallow sand aquifers to a longwall mine only
60 m deep in Illinois, USA.

Time-related deformation at the edges of the
panel.

Deformational styles are also distinctly
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Fig 1. Strata deformation zones above a longwall mine (Singh & Kendorski 1981).
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zoned laterally around the subsidence trough. For
example, geotechnical studies by the Illinois
State Geological Survey (ISGS) at the Jefferson
County site in Illinois (see below) indicated
maximum surface tensile and compressive
strains at 22 and 60m, respectively, inside the
edge of a 183-m wide panel (Mehnert et al
1994). Time-domain reflectometry (TDR) cable
studies distinguished shear and extensional move-
ments. The strata in the interior were dominated
by vertical extensional separations, while the
edges of the panel were largely characterized by
subsurface shear fracturing and open extensional
fractures at the ground surface. Elsworth & Liu’s
(1995) model simulated a zone of vertical separa-
tion in the lower strata directly over the panel,
and zones of shear failure and increased vertical
permeability (as a function of strain) in the abut-
ment region and the near-surface zone at the
sides of the panel.

Any point in the shallow strata above the panel
will first experience tensional stresses and exhibit
shear deformation as the face approaches. At
the ground surface, tension cracks open up. Then,
as the face undermines and passes the location,
the ground subsides rapidly, and bedding separa-
tions and increased permeability occur within
the strata. Subsequently, the location undergoes
compressional stresses, and fractures in the inter-
ior of the subsidence trough partially close up,
with a decrease of permeability down from the
tensional peak.

Within the subsidence trough, stress differ-
ences should cause systematic spatial zonation of
the hydraulic effects. Whereas the inner trough
undergoes both tension (dilation) and then com-
pression, the outer margins (rear, sides and final
front) undergo only the tensional phase of the
subsidence wave. They should thus have a
greater residual increase in permeability than the
inner zone, exhibit anomalous potentiometric
levels and increased vertical leakage, and may
act as a corridor of preferential groundwater flow.
A post-mining groundwater flow model would,
therefore, include an approximately rectangular
inner area of slightly increased permeability sur-
rounded by a border of more increased perme-
ability (Booth ez al. 1998).

Previous field studies of permeability changes

The permeability of a single fracture is approxi-
mately proportional to the aperture (width of
the opening) squared, and of a set of fractures
to the aperture cubed (as described in Domenico
& Schwartz 1998). Thus, increases in fracture
aperture or bedding-plane separation cause signi-
ficant increases in fracture permeability. These

in turn can create changes in the local hydraulic
gradients, inter-aquifer leakage and the ground-
water flow field, some of which may be per-
manent.

Changes in hydraulic properties vary substan-
tially according to the strata position relative to
the mine both vertically and laterally. Complex
changes occur in the caved or heavily fractured
zone immediately above the extraction and in the
pillars and ribs surrounding the mine, signifi-
cantly affecting water inflow to the mine. Aston
& Singh (1983) and Aston er al. (1983) reviewed
several studies conducted at English mines,
which showed permeabilities increasing to tran-
sient peaks as the mine face approached, then,
after the panel had passed, declining to a slightly
increased residual level. Neate (1980), whose
studies were included in the review, measured
permeabili