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Abstract

Singh, R.N., 1989. Onigin of mine water from interpretauon of water analysis data. Min. Sci. Technol., 9:
149-167.

Various techniques of interpreting mine water analysis data for a coal mining environment are briefly
outlined. A brief review of the hydrochemical techniques indicates that an application of a tnangular
diagram method for identifying source characteristics seems to be very promising. This technique has been
used to establish source characteristics in the North Derbyshire and the northeastern coalfields of
England. Several case histories presented in the paper indicate that regular analyses of mine water can
indicate the gradual dilution of the water from the source and may indicate the onset of an underground
inundation. This technique has been applied to assess water danger in the undersea mine workings of
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Northeastern England.

Introduction

Underground mining operations below the
groundwater table or the piezometric surface
are associated with seepage or inflow of water
and consequently the mine workings are likely
to be wet. Under these circumstances, a range
of control measures should be adopted in
order to carry out mining operations in an
efficient and safe manner. However, if an
unexpected inflow of water is encountered, it
is necessary to regularly monitor (1) the quan-
tity of mine water inflow with time and (2)
the chemistry of the mine water in order to
determine its source.

If the source and quantity of water ac-
cumulation in relation to the size of mine is
known and the rate of inflow can be esti-
mated, the danger of inundation and the ex-

tent of water danger can be assessed. Regular
monitoring of mine water seepage rates can
give an indication of water danger and the
chemical analysis of water may indicate the
source of water or possible dilution of water
from a large surface accumulation. Thus, by
judiciously following the above mentioned two
procedures, a mine Operator can obtain the
correct forecast for the water problem and
adopt effective remedial measures. For exam-
ple careful coal mining operations under large
accumulations of surface water in the Sydney
Basin in New South Wales, Australia antic-
ipated a problem of leakage of dam water
into the underlying workings: A method of
chemical analysis of mine water was used to
prove that the surface water was not leaking
into the underground mine workings [1].
This paper deals with the method of data
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analysis, the presentation, and interpretation
of water analysis results. The general water
chemistry of the Coal Measures is described
and 1s compared with the water chemistry of
the surface accumulations of water endanger-
ing the mine. Methods of comparing water
chemistry from various sources are discussed.
By means of selected case histories, the paper
illustrates the method of determining the
origin of mine water.

General water chemistry

The most important chemical parameters
of a water sample from the Coal Measures are
as follows:

(1) Salinity: Total dissolved solids may vary
between 0 and 300,000 mg/1. The chemical
components present in water from under-
ground coal mines include chlorides, sodium
and a small amount potassium, calcium, mag-
nesium and sulphate or barium.

(2) Insignificant components are carbonates,
silicates, iron and manganese

Usually, sodium and potassium appear to-
gether in the chemical analysis results, as
shown in Table 1.

Sources of water

The purpose of geohydrochemical analysis
is to isolate one of the following sources of
water entering mine workings: underground
aquifers or old surface or underground mine
workings.

In order to interpret the water analysis
results, firstly it is necessary to have some
method of comparison. A brief review of some
of the methods is presented in the following
section.

Methods of comparison

The following methods are considered:
(1) Comparing chemical components

TABLE 1

Water analysis resuits (mg/1)
Appearance Shghily opaque
pH value 7.0
Suspended solids -
Suspended Fe as Fe, 05 14
Total Fe as Fe,0, 6
Total hardness (CaCO,) 4600
Calcium hardness (CaCO,;) 2000
Total alkalinity 200
Phonolphthalein alkalinity -
Ca 800
Mg 630
Na 35690
Fe 1
Mn 1
Chlorides 57600
Sulphates 730
Nitrate -
Ba -
Sr _
Total dissolved solids 95600
Ammonium -

(mg/1) as a percentage of the total dissolved
solid.

(2) Kimpes method: In this method, water
compositions are reported in milli-equivalents
per litre and plotted as logarithmic values
with the points joined to form a “hydrogram”.
This approach emphasizes the similarity of
water samples rather than the differences,
and therefore it is not suitable for identifying
the onset of inundation.

(3) Comparison of the equivalent ratios of
the related ions Na /Mg, Ca /Mg and Cl/SO,:
These parameters show a considerable over-
lap from different sources of water and a
comparison between different samples from
various sources is therefore difficult.

(4) Triangular graph method: The main
problems of the interpretation of water analy-
sis results using this method include identifi-
cation of the various factors to be studied in
the analysis, and data handling and manipu-
lation, especially when a large number of
results are available.



TABLE 2
Water sample data analysis (mg/1)

Total hardness

(CaCOy) 4600
Calcium hardness

(CaCO;) 2000
Total alkalinity 200
pH 7
Tozal Fe 14
Ca, 800,20 40 »
Mg, 630,/12.1 52 } (Ca+Mg 92.0)
Na, 35690/23 1551
Fe, 1/18.62 0.05
Mn, 1/27.47 0.036
Ba, 1/68.67 0.01

164390 Total cation

Cl, 57600,/35.6 1622.53

SO,, 730/48.03 15.20
1637.73 +6.17 Total anion

Total dissolved solids, 95,600
Na/Cat, 1551.73 /1643.8% = 0.94
Mg /(Mg + Ca), 52.0/92.06 = 0.56
C1/S80,, 1622.53/15.2 =106.75

An analysis of earlier work has enabled the
following conclusions to be made:

(1) No individual characteristics can un-
equivocally identify the source of water in-
flow.

(2) The interrelationship of proportions of
the various components may be relevant in
ascertaining the source of underground water.
In this context, Na, Ca and Mg form 99%
metals in solution (milliequivalents/1 by di-
viding by equivalent weight) [3]. The active
components of Na, Ca and Mg (mg/l) are
converted to milliequivalents/1 by dividing
by equivalent weights obtained from chemical
tables.

Table 1 shows a typical water analysis re-
sult obtained from a coal seam in an undersea
working. The results are calculated as shown
in Table 2 and the data are summarized as
the Na/Cat. ratio, the Mg/(Mg + Ca) ratio,
the pH level, total dissolved solids (TDS) and
the C1/SO, ratio. The calculated results can
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be plotted on a wnangular graph. In order 1o
use water analysis techniques for idenufying
the source of water, 1l 1s necessary 10 establish
a database for defining source characterisucs.

Establishing source characteristics

A meticulous sampling programme 1s nec-
essary for collecting water samples f{rom
within coal seams, goaf samples from sources
up to 60 m above the coal seam, borchole
samples from various aquifers above the seam,
and samples from old mine workings.

The interpretation of the water analysis
results in order to identify the source of the
water 1s difficult. However, in the past 15
years, several thousand water samples show-
ing a wide range of qualities have been tested
in underground coal mines in the U.K. [4]. It
1S now possible to identify recogmzable gual-
ity patterns in water lying in undisturbed
strata. The basic principles which are in-
volved in idenufying the source of water are
as follows:

(1) Ratios of ionic concentration: A study of
analytical data from water samples has re-
vealed a common pattern of interrelationship
between the ionic concentrations of the salts
dissolved in the water [S]. A log/log plot of
the ionic concentration of sodium, potassium,
magnesium, calcium, barium and manganese

Cl (mg/h)

[l

10* + T
162 10° 104 10
Calcium and Magnesium swons (mg/l)

Fig. 1. Relauonship between calcium and magnesium
and chloride ions in the Harvey and Maudlin Seams,

Northumberland {2}
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Fig. 2. Spaual disuribution of chlorides in confined
aquifers showing a gradual increase with depth and a
stepwise variation over a fault [7].

against the concentration of ammonium, bi-
carbonate and chlorides shows a linear re-
lationship. Figure 1, for example, shows the
calcium and chloride relationship in water
samples obtained from a confined aquifer.

(2) Spatial distribution of dissolved salts: It
has been widely observed [2,5,6] that the chlo-
ride ion concentrations in water encountered
in successively more deeply confined Coal
Measures aquifers invariably increase with
depth. This 1s also true of the cation con-
centrations illustrated in Fig. 2.

Establishment of water quality characteristics
of the Coal Measures

Based on the above principles, water sam-
ples from confined Coal Measures aquifers,
unconfined aquifers and abandoned under-
ground coal workings have been known to
have characteristic water quality features.

Water quality patterns of confined aquifers

The evidence suggests that dissolved salts
are in geochemical equilibrium with the strata
with which they are in contact, but are able to
migrate freely over geological time between
confined aquifers. A similarity in the water
quality pattern has been observed in Coal

Measures outcrops and in the concealed coal-
fields. In parucular, pH values and oxidation
potential are comparable 1n these two situa-
tions. It has been further observed that the
increasing concentration of salts with depth
may be attributed to a movement of salt-
bearing water along bedding planes, with an
associated vertical movement of brine across
the bedding planes under artesian pressure
[5].

Thus, water from confined Coal Measures
aquifers will have the following chemical
characteristics:

(1) Alkalinity of the groundwater initially
increases, and then decreases with depth.

(1) Sahnity of groundwater increases with
depth both in a single aquifer and in deeper
aquifers.

(111) The chloride, sodium, magnesium and
calcium content of the water increases with
depth.

(iv) Manganese, barium, strontium and
ammonia were found 1n deeper Coal Meas-
ures aquifers and their concentrations in-
crease with depth. Suiphate ions are absent,
or only occur as traces.

Figure 2 shows the general relationship be-
tween 1onic concentration and depth in the
confined aquifers in a British coalfield. The
quality changes in a confined aquifer along
the bedding planes when the aquifer is a
dipping aquifer, and stepwise quality changes
occur when an aquifer is cut by a fault. Thus,
it 1s possible to predict the presence of
hydraulic discontinuities from the changes in
the water quality results and also to inter-
polate the aquifer. Figure 2 also shows the
variation 1n the chloride contents of an aquifer
system in the British Coal Measures. It should
be noted that there is a gradual increase in
the chloride ion content in the aquifer with
depth.

Water quality of unconfined aquifers

The chemical characteristics of ground-



water in an unconfined aquifer will differ
greatly depending on the type of aquifer—
whether it is outcropping or “incropping’.
The groundwater in outcropping aquifers,
which are normally 50-100 m deep, has a low
chloride concentration (< 100 mg/1), is very
hard (Ca = 100-500 mg/1), and has sulphate
concentrations of 50-300 mg /1.

The groundwater characteristics of incrop-
ping aquifers occurring beneath overlying
aquifers 1s mntermediate between the typical
Coal Measures and the overlying strata.

Water in flooded abandoned mines

The chemical characternistics of water in
abandoned workings are essentially identical
to the chemical propertics of parent in-
filtrated water together with the oxidation
products of pyrite. Thus, abandoned mine
water contains iron and other sulphates, low
concentrations of H,S and dissolved sulphates
remaining in the water indefinitely. Addition-
ally, the pH value is stable between 5.3 and
6.8 and the oxidation potential is low.

Influence of carbon and chloride contents of
coal on the chloride concentration of the aquifer
water

Based on the geochemical analysis of brines
in Coal Measures aquifers and on the chem-
ical analysis of the adjoining coal seams, a
relationship between the carbon content of
the coal, the chloride content of the coal and
the chloride content of the groundwater has
been established in order to allow the predict-
ion of the chloride content of the ground-
water in a confined aquifer from the chemical
analysis of coal.

In many coalfields, mine water may
originate from one or a combination of several
surface or underground water sources. It may,
therefore, be necessary to ascertain the source
horizon and recharge mechanism of the water
in order to determine any danger of
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catastrophic inundauon. This is partcularly
mmportant in undersea mining where it is nec-
essary to establish whether the water flowing
into the mune workings has onginated from
one of the following sources: (1) from a dis-
crete aquifer, (2) from an aquifer being re-
charged verucally from the seawater, (3) di-
rectly from old underground mine workings,
or (4) from an aquifer which is being re-
charged by mnfiltration of surface water at the
strata outcrop and which 1s percolating down-
dip along the plane of the aquifer.

Origin of mine water in the North Derbyshire
Coalfield

The need for rapid identification of the
source of mine water has been recognized by
mining engineers since the Lofthouse inrush
of 1973. Chemical analysis of water has been
in use in the North Derbyshire and Not-
tinghamshire Coalfields since 1969, but the
pracuce has been continued on a more regu-
lar basis since the appointment of a geologist
in 1973. Since then, it has become a regular
practice to idenufy the source of water as
soon as it first appears in any of the under-
ground workings.

A general geological descripuon of the
North Derbyshire Coalfield, which includes
the site of investigation, 1s given in {9]. The
exposed part of the coalfield including the
E-dipping Coal Measures has also been dis-
cussed in [9]. Unconformable Permian beds
are exposed towards the eastern side of the
coalfield and the main structural feature of
the coalfield is an anticline running ap-
proximately NW-SE. The coalfield is inter-
sected by numerous faults. In total, there are
fifteen coal seams, the deepest outcropping in
the west and the shallowest outcropping in
the east. The sandstone beds above the coal
seams form the Coal Measures aquifers and
present water seepage problems for the un-
derground mine workings. Simlar to the trend
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in other coalfields, the water problem gradu-
ally increases from west to east. The actual
intensity of the water problem depends on the
atutude of the strata, the method and se-
quence of working, the presence of faults, the
accumulation of water in old workings, and
the thickness of the protective barrier be-
tween the old workings and the current work-
ings.

This section briefly presents a case example
where the source of water was successfully
identified with the help of chemical analysis.

Water percolation in the pit bottom area

The site concerned is a medium depth un-
derground coal mine in the North Derbyshire
area, U.K.

Access to the coal seams was obtained
through a pair of circular shafts reaching the
bottom of the Second Ell seam at a depth of
430 m. The water problem manifested itself in
the form of a water seepage in the pit bottom
area in the Second Ell Seam which completely
saturated the silty mudstones surrounding the
bottom section of the shaft, presenting a seri-
ous strata deterioration problem.

There are two well known sources of water
in close proximity to No. 2 shaft in the Top
Hard and Second St John seams. A pro-
gramme of water sampling and analysis was
initiated to determine the origin of the mine
water. The main aim of the study was to
confirm whether the water originated from
either of the two known sources or whether it
was a mixture of the two waters or had
originated from a new, unidentifiable source.

Water samples were taken from locations
A-F (Fig. 3). Sample A was taken at the inset
to the Second St John seam 199 m above the
pit bottom. Water in this inset originated only
from one direction and was constantly re-
plenished by the strata water. This water 18
normally piped to the water garland within
the shaft from which it is transferred to the
water lodgment at the lower levels. Samples

No. 2 Shaft

A
23lm
Second St john
E D
B 299m
C Toep Hard Seam
F
5 436m
halt Side d Eit S
Affected by Secon eam
Water b= Shaft Sump

Fig. 3. Source of mine water causing deternoration of
rock mass strength at the pit bottom (A-F are water
sampling points).

from this source have been analyzed many
times and the essential characteristics have
been established.

Water samples B and C were ‘taken from
the water garland above and below the Top
Hard inset in order to identify any source of
dilution of the samples originating from sam-
ple point A. Water samples D and E were
collected at either side of the shaft inset to the
Top Hard seam 131 m above the pit bottom.
Water at this inset is replenished from several
known directions and sources. The chemical
charactenistics of this water have been estab-
lished through chemical analyses over a period
of 20 years. This water is disposed by siphon-
ing down to the pit bottom sump from where
it is pumped out of the mine.

Sample F was collected and analyzed at a
site of strata deterioration at the pit bottom.

From Table 3 the following observations
regarding the water chemistry may be made:
(1) Samples A, B and F have the same range
of total hardness, while samples D and E
possess a similar range of total hardness; (2)
the calcium contents of samples, A, B and F
are all very similar whereas those for samples
D and E are an order of magnitude less; and
(3) the sulphate contents of samples E and F
are much higher than those of A, B and D.

The cation contents of the samples were
calculated in millequivalents by dividing the



TABLE 3
Water analysis results {(mg/1)

Samples

A B D E F
Depth (m) 228 293 299 299 332
pH 6.8 1.7 7.4 7.8 6.8
Total hardness 5800 5400 1700 2450 6300
Alkalinity 4500 3400 600 1030 3700
Ca 1800 1900 240 280 1850
Sr 200 10 5 10 220
Mg 316 400 270 260 400
Ammonium <1 <1 <1 <1 <1
Ba <15 <20 <30 <27 <13
Mn 01 0.1 0.3 0.2 0.3
Na 11000 12000 11000 11000 11300
Sulphate <5 16 10 417 228
Chlorides 22700 21270 9400 10990 24820

See Fig. 3 for location of samples.

values expressed in milligrammes per litre by
the equivalent weight of the ion under consid-
eration. The chemical analyses of samples A,

B, D, E and F are plotted in Fig. 4. [t can be
seen that A, B and F cluster together on the
left-hand side of the diagram, while D and E

{F) Water found at the pit bottom

Na/Z Cat=0.97
TM/(Mg+Ca)=0.254
pH=6.8

Total Hardness=5800

{A) 2nd St John Water

Na/Z Cat=0597
IMg/{Mg+Ca)=0.254
pH=6.8

(D) Mg/I(Mg+Ca) =065
Cl7S0, =1273
Na/Cct =083

(E) ZMg/(Mg+Ca)=0.603

Total Hardness=5800 A/ / [ [ T L\ N\ Na/ICat=051
ST T VN NN Cl/S0, =3569
/7] T T U N ‘
AN U VSN
(B) Shaft AV AN
Na/ Cat=0.8528 /7 /7 / T T 1T TV U\
pH=7.7 YA AN NN
Cl/SO, =1800 /7 T.B] | OV VNN
osf /T T T N NN
S S Taal T T VNN NN
VAR 50 ISR N NN WA VD N M.
VAR AR A S N N U N N
T T
i i
/ / / / | | RN RN
YA A A SR S S W W U
/ / /A j | [N N\ N\
YAy / ] ] | \ A A\ N
a0l o Lo L] . VN N
0.1 0.2 0.3 0.4 0.5 0.6 G 08 09 1 Mg
Mg/ {Mg+(a)

Fig. 4. Chemical analysis of water samples taken at points A-F (Fig. 3 and Table 3).
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cluster together on the top nght-hand side.
This confirms that E and D are the water
samples originating from the Top Hard seam
and which form part of the same family of
water.

It can also be concluded that sample F,
representing the water which was the cause of
concern, appears to be a sample of the Sec-
ond St John water. Examination by the col-
liery staff revealed fractures in the water pipe
at the Second St John’s seam and that not all
the water was being transferred down the
shaft to the sump as intended. It was further
observed that some water was finding its way
down to the affected level through strata
breaks. It may also be possible that the leakage
water collected some sulphate on its way 10
the pit bottom.

Source of water entering mines beneath
surface reservoirs

Coal mine workings below the surface re-
servoir in the Southern Coalfield of New
South Wales, Australia have given cause for
concern to the Dam Safety Committee re-
garding the integrity of the storage of water
and loss of water to the underground coal
mine workings [1]. The general stratigraphical
sequence is shown in Fig. 5.

Sandstone
Baldhill Claystone

300m

Bulgo Sandstone

Y Stonewell Park Claystone

Scarborough Sandstone

Wombarra Shale

Coalcliff Sandstone
Bulli Coal Seam

Fig. 5. Stratigraphic sequence of Bulli seam.
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Fig. 6. Role of water seepage in Wongawilli seam work-

ings in close proximity to the Avon Dam.

The coal seam concerned, the Bulli seam, is
10 m thick, and from this seam 3 m of coal
are extracted from the bottom section by
caving. The overlying strata are aimost hori-
zontal, but are intersected by many faults and
dykes. The dominant overlying strata are
sandstone with an undisturbed permeability
of 107" m/s. Water seepage into the coal
seam generally originates from the upper sec-
tion of the Wongawilh seam. Full extraction
of the coal seam causes only minor inflows to
the workings, which continue over a short
period before ceasing entirely. Geological dis-
continuities act as water barriers rather than
as a flow path; faults and dykes were gener-
ally dry, but when wet they showed small
seepages.

Figure 6 shows the mode of inflow into the
coal seam. The maximum inflow was noticed

TABLE 4

Chemical analysis of water at Wongawilli Colliery and
the Avon Reservoir

Mine water Reservolr water

pH 7.7 6.2

Cl 25,0.7 19, 0.53

SO, <2,0.04 < 2,0.04

Ca 24,12 1, 0.05

Mg 11,091 1, 0.08
Na+K 22,0.96 6,0.26
Alkalinity 135, - 5, -

TDS 190, — 33, -

Each component given in milligrammes per litre and
milliequivalents, respectively. TDS—total dissolved
sohids.
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Fig. 7. The chemistry of the Avon Reservoir water and
the Wongawilli Colliery water. TDS-—1otal dissolved
solds.

in the area where the coal seam has changed
to cinder, which is highly permeable and por-
ous. Table 4 shows the chemistry of the water
sample at the colliery in 1982, and that of the
Avon Reservoir.

The triangular diagram of the water analy-
sis is shown in Fig. 7, indicating distinct
water chemistries from two sources. Further
chemical analysis of the water over a 5 year
period has shown no significant change in the
water chemistry. Thus, the dilution of
groundwater due to inflow of the surface
reservoir water has not taken place. The con-
sistent chemical differences in the two waters
suggest that the overlying rock mass is not
acting as a flow path for the surface water.

Application of water analysis for the de-
termination of the origin of water in undersea
mine workings in Northeastern England

Introduction

Coal mining in Northeastern England, par-
ticularly in the South Durham undersea coal-
field, presents special water problems of fairly
large magnitude by British standards. For
example, the amount of water pumped per
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tonne of coal raised in this area 15 9.3 t as
compared 1o the natonal average of 2.5 1
Past expernience has shown that water prob-
lems in the area can be aunbuted to sca
water, water from Permian aquifers, water
from old mine workings and water from out-
crops which is percolating into worked out
coal seams.

One of the major concerns associated with
working this coalfield safely 1s the need to
ensure that the water from the first three
sources does not enter the mine workings in
catastrophic quantties. Experience has shown
that there have been no incidents of seawater
mrush into the mine workings. Most of the
water problems accrue from the Permian
water or from water from old workings. This
section briefly shows how hydrochemical
analysis can be used to evaluate water prob-
lems in the Northeastern England coalfield.

Geological environmeni

The areas of interest are the Coal Measures
surrounding Blackhall, Horden, Dawdon and
Westoe Collieries in the north of England. In
this coalfield, the Coal Measures have a total
thickness of 750 m. The coalfield can be
divided into an exposed coalfield in the west
and a concealed coalfield in the east (Fig. §)
[8]. A diagrammatic W-E crosssection is
shown in Fig. 9. The Coal Measures in the
east are overlain unconformably by Permian
strata predominantly consisting of Magnesian
Limestone. The Permian outcrops can be seen
along the Coastline near Wearmouth in the
north and at Hardepool in the south (Fig.
10).

Stratigraphy

The sea near Blackhall Mine is about 50 m
deep, gradually increasing, towards borehole
No. 2 in the east (Fig. 9). The subsurface
below the seabed comprises a variable thick-
ness of Permian beds interbedded with
anhydrites. The Permian strata are mainly
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Structures

Upper Magnesian Limestone, anhydrite and
The basin in which the Carboniferous has

Lower Magnesian Limestone, all underlain by

a vaitable thickness of yellow sand (uncon-
solidated sand, sandstone and breccia) which
gradually decreases in thickness towards the
east. This arenaceous layer lies unconforma-
bly over the Carboniferous and forms an im-
portant aquifer and source of water to the
mine workings. The Coal Measures them-
selves comprise a variable thickness of inter-
bedded mudstones, siltstone, seatearths and
sandstones forming the Carboniferous cyclo-

therms [9].

been deposited i1s irregular in shape with a
general trend from northwest to southeast.
The general dip of the Coal Measures is to-
wards the east, ranging from 5° to 10°, with
a pitching syncline as the main structural
feature. Other major structural features are
faults and dykes which may have a significant
bearing on the water problem in the coalfields
of the area. Two main fault systems strike
NNE-WSW and NW-SE. A number of
minor faults systems strike N-S and E-W.
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Two distinct dyke systems occur in the
coalfields, one in the Coal Measures and other
in the Tertiary. These dykes occur mainly in
the coastal area and have been found in many
of the coalfields in the Durham area. They
contain many cavities interconnected by a
system of well-developed fissures, and conse-
quently they may form excellent aquifers if
charged by water from the Permian strata.

Hydrogeology
The hydrogeology of the Northeastern
England Coalfield is extremely complex, and

3 for orientation.

the major hydrogeological features include
aquifers, the interface between the Coal
Measures and the Permian strata, aquicludes
and aquitards, structural features acuing as
flow paths, and structural features acung as
barriers to groundwater flow.

(1) Coal Measures aquifers: The Coal
Measures consist of mudstone, siltstone, shale,
coal and sandstone. Mudstone, siltstone and
shale offer resistance to groundwater flow,
whereas the sandstone beds facilitate this {low.
Sandstone beds are highly capable of trans-
mitting water through their interstices and
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can develop very high prnimary permeability
and a very restricted specific vield. If they are
recharged by a Permian aquifer from an
unconformity, or from the sea, they may form
very good secondary aquifers.

{2} Permian aquifers: Basal Permian sands
display a very well established intergranular
permeability but the variatuon in thickness
and lithology affects the local flow regime.
They generally form very good aquifer sys-
tems, providing excellent flow paths in both
the vertical and lateral directions.

The Magnesian Limestone, when it out-
crops at the seabed, may become completely
saturated across its entire thickness, forming
a major aquifer. It may also contain water
under a very high hydraulic pressure head.
Magnesian Limestone may also have a well-
developed system of solution channels or cav-
ities, providing very high secondary permea-
bility. However, local variations in lithology
can produce impermeable or semipermeable
horizons, severely restricting the vertical and
horizontal flows.

(3) Wazter at the Permo-Carboniferous inter-
face: The amount of water at the Permo-
Carboniferous interface above a coal seam in
an undersea coalfield may be considered as
equivalent to 1 m of rainfall per annum fall-
ing on the surface above an exposed onshore
coalfield where the hydraulic pressure head is
equal to that due to the depth from sea level
It is also important to note that many test
boreholes to the basal sand have not encoun-
tered any heavy feeder of water [8]. Thus, it
may be concluded that the Permo-Carbonifer-
ous interface may not necessarily be consid-
ered as the location of vast quantities of
water.

(4) Aquicludes and aquitards: The Carbonif-
erous mudstone and siltstone make very good
aquicludes and aquitards capable of restrict-
ing the groundwater flow both in the vertical
and horizontal directions, and Anhydrite beds
in the Triassic also form good aquitards. Thus,
the Carboniferous strata, under favourable

conditions, have hydrogeologically healing
characteristic: A sufficient thickness of
carboniferous strata acting as a barrier be-
tween the source of water and the mine work-
ings may be used as the main method of
controlling the inflow of mine water.

(5) Structures acting as flow paths: Two
fault systems occur in the Carboniferous and
Permian strata. The minor fault system does
not present any appreciable water problems
in the undersea workings in Northeastern
England. However, major faults can create a
water problem by acting as conduits, and by
bringing Permian strata close to permeable
sandstone beds which may easily be recharged
with water over geological time. Thus, sec-
ondary Coal Measures aquifer systems are
formed in close proximity to the mining
horizons. -

Certain dykes having natural interstices or
joint systems may also form very good
aquifers.

(5) Structures acting as aquicludes: Faults
and dykes may also act as barmers to
groundwater inflow.

Site description and water problems

Site description

Blackhall Colliery is the southernmost col-
liery in the coastal region of the Durham
Coalfield. The sinking of the shaft at Black-
hall took place between 1909 and 1913, when
a peak rate of inflow into the shaft of 70,000
1/min was recorded. Workings at Blackhall
Colliery have been carried out extensively in
the Low Main (J) seam and the farthest face
has been worked 8 km from the shaft bottom.
In the other seams, only a very limited amount
of coal extraction has been carried out, the
exception being the Lower Hutton seam (L),
in which mining operations were mainly con-
centrated in the vicinity of the shaft bottom.

A major fault divides the take of the col-
liery into two distinct areas (Fig. 10). In the
southern part, the Coal Measures occur in
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Fig. 11. Geological section through the Coal Measures on the north and south side of the Blackhail fault 110,110
Boreholes to left of fault, see Fig. 12, to right of fault, see Fig. 13.

successively higher blocks so that there is a
gradual reduction in the thickness of the
Carboniferous cover above the Low Main
coal seam. It may be seen in Fig. 10 that the
High Main seam has been thrown out by the
fault towards the southern end of the colliery
boundary. The Low Main seam, which lies 80
m below the High Main seam, also ap-
proaches very close to the base of the Per-
mian and causes an excessive make of water.
Figure 11 shows various geological sections
through the strata. In the southern area, the
amount of cover between the Low Main seam
(J) and the base of the Permian thins to the
east and southeast. It may be seen that in
borehole 18u, the required parting is 115 m,
thinning down to 85 m in borehole 30u. In
the area north of the major fault, the thick-
ness of parting between the Low Main (J)
coal seam and the base of the Permian in-
creases abruptly towards the east: 105 m in

borehole 15u, increasing to 140 m in borehole
27u. It has been suggested that the major
fault shown in Fig. 12 is a hinge type, with its
pivot situated at the left of face J13 and
throw gradually increasing 10 37 m eastwards
across the workings [10]. Figure 13 illustrates
the plan of the Low Main (J) coal seam
workings in the northern sector of the mine.

Wazter problems and discussion of results

A distinction can be made between the
mechanism of groundwater inflow in the
southern and northern sectors of the Black-
hall Colliery. In the southern sector of the
mine, at the downthrow side of the major
fault, about 51% of the faces have suffered
water influx while 49% of the faces have
remained dry. Five main points regarding the
mechanism of flow have been considered: (1)
The direcuon of face advance, (2) strain
caused by longwall extraction at the base of
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Fig. 14. Water samples taken at the maingate and tailgate at different locations and dales al J31 face, Biuckhan
Colliery.

the Permian, (3) the mode of inflow, (4) the
width of extraction, and (5) primary, or sec-
ondary permeability.

The southern secior. (1) Direction of face
advance: In the southern sector of the mine it
has been noted that the coal faces advancing
towards the major fault are 100% wet, with
the exception of J93 face which is very nar-
row and therefore dry. The largest recorded
inflow rate was 3600 1/min at J 24 face,
followed by J26 face which had a maximum
inflow rate of 2300 1/min. It may also be
noted that when the onentation of faces was
changed in such a way that the face advance
was parallel to the main fault, the incidence
of wet faces decreased to 40%.

(2) Mode of inflow: The mode of inflow
experienced in the southern sector was similar
to the situation where there is a sudden in-

crease in nflow and an exponential deercase
with ume. For example, the peak infiow rute
at J24 face was 3600 | /min with 4 base inflow
rate of 800 1/min. The reduction in fuce
width at J27 reduced the base rate of water
inflow 1o 500 1/min. It was observed that e
narrow face at J93 did not suffer any water
influx.

(3 Predicted rensile strains: Predicied
tensile strains were calculated in the manner
suggested by Orchard [12]. The strains on the
faces working at right angles to the direction
of the major fault were 6-8 mm/m at the
base of the Permian and 2 mm/m at iae
seabed. Similarly, the tensile strains of the
reoriented faces parallel 1o the major {aults
ranged from 4 10 6 mm/m at the base of the
Permian and were 1 mm/m at the seabed.
Thus, the amount of water influx to the faces
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in the southern sector can be correlated to the
amount of strain at the base of the Permian
and 10 the progressive thinning of the cover
to this base.

(4) Width of workings: The width of long-
wall faces has a direct bearing on the amount
of strain developed at the base of the Permian
and at the seabed. It follows that for the same
seam depth and thickness of extraction, the
narrower face hs a lower strain than the wider
faces, and consequently, a smaller inflow of
water.

(5} Primary or secondary permeability: It
has been suggested by Aston and Whittaker
[10] that the overlying Coal Measures above
the Low Main seam at Blackhall Colliery may
contain discontinuity systems associated with
structural and sedimentological features. Fur-
ther, secondary aquifer systems in the sand-
stone units are probably formed by direct

vertical recharge from the Permian.

It may seen in Fig. 12 that the average
width of faces in the southern sector is be-
tween 120 and 140 m. In J26 face, the face
length was reduced from 135 to 78 m and
there was a reduction in the water inflow rate
of 2300 1/min to 1200 1/min. A new face
started near J26 had a width of 65 m, and the
maximum rate of inflow recorded here was
900 1/min with a base flow rate of 500 1 /min.

The northern sector. In the northern sec-
tor of the Blackhall colliery (Fig. 13), only
four out of ¢leven faces encountered water.
The rate of inflow at J31 face was initially
700 1/min gradually increasing to 2700 1/min
as the face advanced towards the fault. Simi-
larly, the rate of inflow to J35 face was 1100
1/min increasing to a flow rate of 1600 1/min
as the face advanced towards the fault. In the
other two wet faces, J15 and J32, the rate of
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Fig. 15. Water seepage from the Permian at J31 face. Samples taken from borehole No. 147 as the face advanced

towards the fault, Blackhall Colliery.



inflow remained constant at 100 and 4060
1/min respectively.

(1) Direction of face advance: In this sector
all but one face advanced at right angles to
the major fault.

(2} Mode of inflow: The mode of inflow in
the northern area has been observed as a
seepage through the fault barner.

(3) Tensile strain: It may be shown that
three faces, J15, J31 and J32, developed
ground strains at the base of the Permman of
between 6 and 7 mm/m and ground strains
of less than 2 mm/m at the seabed. The
ground strains developed by the J35 face at
the base of the Permian were 3 mm/m and
those at the seabed were 2 mm/m. Ground
strains calculated for the two adjoining faces

Coal Seam Waoter

1. B February
2 4 August
3 10 November
4 11 November
S 14 November
6 16 November
7. 17 November
8 25 November
9 30 November
10 4 December
11. S December
12 12 December
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can reach 7-9 mm/m at the base of the
Permian and 2 mm/m at the seabed.

(4) Width of workings: Out of eleven faces,
three were 133-165 m wide and the re-
mainder were 43-350 m wide. Thus, it 1s be-
lieved that the narrower faces will develop
low ground strains and will offer less inflow
potenual from secondary fissures which de-
velop due to this ground strain.

(35} Primary or secondary permeability: In
the northern area, the water problem on J31
and J35 can be related to the effect of the
directions of longitudinal strain termunaung
against the major fault. No major fault occurs
in the vicinity of these faces and the rate of
water inflow i1s constant. Thus, the water in-
flow problem can be associated with the flow
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Fig. 16. Chemical analysis of water showing progressive influx of Permian water as J35 face advanced towards the

fault, Blackhall Colliery.
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regime related to mining induced ground
strains.

Chemical analysis results.  Figure 14 shows
the chemical analysis of water samples col-
lected in the area around J31 face at various
sampling points and on different dates. Also
marked on this graph are the resulis of chem-
ical analyses of Permian water from an un-
derground borehole intersecting the Permian
aquifer. The results for seawater are also

shown on the graph. Three different families .

of water showing different sources can be
clearly seen in Fig. 14. Figure 15 shows water
seepage in the area of J31 as recorded in
borehole No. 147 at different dates as the
face progresses towards the main fault. It
may be seen that the chemistry of the water 1s
gradually changing to that of Permian water
as the Low Main seam water becomes pro-
gressively diluted by the Permian water, this
indicates a free flow of water from the fault
plane. Similarly, Fig. 16 shows the water anal-
ysis in the area of J35 where the water chem-
istry again gradually changes to that of Per-
mian water as the face approaches the
boundary fault.

Conclusion

Chemical analysis of water has indicated
that there are characteristic groundwater
zones in the Coal Measures: normal shallow
water, deep confined aquifer water and water
from old workings. The water in shallow un-
confined aquifers is characterized by a high
sulphate content (50-300 mg /1), low chloride
content (< 100 mg/l) and significant hard-
ness (Ca = 100-500 mg/1). The water from
confined aquifers has high ionic contents of,
sodium, calcium and magnesium. Deep con-
fined aquifers contain manganese, barium and
strontium, and the levels of these progres-
sively increase with depth. The water from
old workings is characteristic in having
originated from a source modified by the
presence of the oxidation products of pyrites.

This water contains 1ron sulphate and traces
of H,S. The pH i1s 5.3-6.8.

Routine chemical analysis of groundwater
can give an indication of the onset of inunda-
tion from a major aquifer or old workings. A
case example of such an analysis has been
shown in order 1o indicate the importance of
this technique in determining the origin of
mine water.

The main purpose of this paper was to
present an appreciation of the geohydrochem-
i¢al analysis technique for the determination
of the origin of mine water. Indeed, this tech-
nique 1s particularly suitable for mines
situated in areas of complex hydrology and
hydrogeology which may have several sources
of water posing a danger of inundation to
mine workings. ,,

The presentation of groundwater data on
triangular diagrams has been used to de-
t¢rnﬁne the origin of mine water in the North
Derbyshire Coalfield. It is possible to dis-
tinguish between water emanating from an
aquifer and water emanating from old work-
ings. A distinction can also be made between
the waters entering a mine from two different
aquifers.

The chemical analysis technique has also
been applied to determine the origin of mine
water in the undersea coalfield off Northeast-
ern England where multiple sources of surface
and underground water render the under-
standing of the mechanism of water inflow to
the mines particularly difficult.
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