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Abstract The Almond River Catchment, Scotland, has experienced significant coal and oil shale mining over
the last 300 years. Examination of surface water quality data from 1994 to 2008 indicates that this legacy
continues to impact water quality. During low flows, elevated iron and sulphate loadings in the river are cor-
related with both coal and oil shale mining areas, most likely from pyrite oxidation at abandoned mine sites.
On certain river sections iron loading decreases due to in-stream precipitation. Both iron and sulphate con-
centrations in the river water show significant flow dependence due to: the re-suspension of river bed iron

precipitate; and sulphate dilution.
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Introduction

Production of heavily mineralised discharge wa-
ters is a phenomenon observed worldwide at ac-
tive and abandoned mine sites. Mine closure
commonly results in increases in the concentra-
tion of dissolved ions in discharge waters caused
by groundwater rebound and subsequent flood-
ing of the mine. Discharge of these waters at sur-
face can have serious environmental
consequences for the recipient rivers and surface
water bodies. Waste rock brought to the surface in
the process of mining can also produce similar dis-
charge waters on exposure to atmospheric oxy-
gen and precipitation.

Coal mining is widespread throughout the UK
and Europe. The risks to the environment from
abandoned coal mining and the mechanisms of
contaminant production are, therefore, well stud-
ied and characterised (e.g. Younger 2001). Contam-
inant production in the form of elevated levels of
iron (Fe?*, Fe3*) and sulphate (SO4%7) in mine dis-
charge waters has widely been attributed to the
oxidation of pyrite, either by the ingress of oxy-
gen and/or oxygen rich waters into a subsurface
mine system or surface mine waste. When these
waters discharge at surface iron precipitate
(Fe(OH);) is formed, due to the oxidation of dis-
solved iron. This results in the characteristic or-
ange ochre seen at mine sites around the world.
Proton acidity (H*) is also produced by pyrite oxi-
dation, however, levels of acidity are usually miti-
gated in discharge waters by carbonate mineral
reactions in the mine, a process termed ‘carbon-
ate buffering’ In Scotland where most coals are as-
sociated with carbonate rich rocks, such as
limestone, discharge waters are, therefore, gener-
ally maintained at circum-neutral pH. Mine waste
discharge waters, however, usual produce more
acidic discharge waters due to lower pyrite-car-

bonate mineral ratios (Rees et al.2002).

The environmental impacts of oil shale mining
are poorly characterised compared to other, more
common, forms of mining. Oil shale and coal bear-
ing rocks have similar pyrite contents, up to 5%,
and both are usually associated with marine lime-
stones. Pyrite oxidation and carbonate buffering
reactions are, therefore, likely to be of principle
control on the chemistry of oil shale mine dis-
charge waters, as with coal. Oil shale mines in Scot-
land (Carruthers et al.1927) and Estonia (Erg 2005)
have been documented as producing contami-
nated waters similar to those associated with
abandoned coal mines.

The Scottish Oil Shale industry exposed mined
oil shales to temperatures above 500 °C to extract
the organic content of the shale as a form of crude
oil (Louw and Addison 1985). Industrial processing
of the shale by this method is likely to have oxi-
dised any pyrite in the shale, preventing further
pyrite oxidation when the shales are deposited as
waste. Scottish oil shale wastes have been noted
as containing significant amounts of iron- Fe,Os-
12% and sulphur- SOs-3.2% (Burns, 1978). Weather-
ing of the oil shale waste may result in the release
of iron and sulphur in discharge waters, however,
probably at lower concentrations than those
caused by the comparatively vigorous oxidation
of pyrite. This paper outlines the scale and distri-
bution of historic oil shale and coal mining activ-
ities in the Almond River Catchment and uses
surface water quality data to assess environmen-
tal impact.

The Study Area

The Almond River Catchment is located in the cen-
tral belt of Scotland, between Glasgow and Edin-
burgh (Fig. 1). The area has a history of over 200
years of intensive mining for both coal and oil
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Figure 1 The Distribution of Mining, Mine Waste and Oil Shale Waste in the Almond River Catchment.

shale which has resulted in significant impacts on
the quality of surface water (Pollard et al. 2001).
Over 300 sites relate to the extraction or disposal
of mined or quarried mineral resources in the
catchment, the majority of which being coal and
oil shale mines, although less amounts of lime-
stone, slate, sandstone, metals and clay were also
mined. Scottish shale oil was produced, almost en-
tirely, within the river catchment due to the min-
ing of oil shale from the Scottish oil shale group.

Methods

Extensive and detailed datasets of the geology/hy-
drogeology, water quality and land use history of
the Almond River catchment were acquired from
the British Geological Survey (BGS), Scottish Envi-
ronment Protection Agency (SEPA) and West Loth-
ian Council (WLC) respectively. These data were
used in an integrated catchment scale investiga-
tion of the Almond River Catchment.

Spatial Analysis — Mine datasets provided by
WLC and the BGS were refined through field obser-
vations and analysis of historic data sources (Win-
ter 2001, MacDonald et al. 2003). Mine location

data was refined sufficiently to be able to confi-
dently identify the dominant mine types (i.e. sub-
surface, opencast or mine waste site) and mined
mineral resources. Historic land use data was then
compared, in ARC GIS, to the geological and hydro-
geological data. Principle mining areas relating to
different mined resource were identified. Spatial
comparison of field data and surface water quality
data sets was then undertaken.

Water Quality Data - Scottish Environment Pro-
tection Agency (SEPA) provided data for all moni-
toring stations in the catchment for the purpose
of this study. Iron and sulphate data were used to
assess the impact of mining on the quality of
water in the Almond River Catchment. Daily flow
readings from four gauging stations in the catch-
ment were used in calculating flow readings at
each monitoring station. Flow readings at the
monitoring stations were calculated by multiply-
ing the flow reading at the nearest gauging station
by a correction factor calculated from the relative
catchment area ratio between the monitoring sta-
tion and the nearest gauging station. This method
of flow calculation was deemed suitable as the cal-
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Figure 2- Concentration flow dependence of iron and sulphate at monitoring point 12 in the Almond
River Catchment.

culated catchment ratios where high (close to 1)
due to the proximity of sample stations to gaug-
ing stations. Flow readings were then used to ei-
ther analyse the relationship between river water
chemistry and flow or to calculate the loading of
the selected chemical parameters across the Al-
mond River catchment.

Mining

Mining in the Almond River catchment dates back
to the pre-industrial revolution however it was
not until the late 18", early 19" century that large
scale industrial coal mining became widespread.
Oil shale mining started later, in the 1860’s, with
the invention of the oil shale heating and extrac-
tion method, developed by James Young. Early
shallow mining targeted the most accessible coal
and oil shale seams and produced small amounts
of mine waste. Advances in technology allowed
deeper mining, producing increased mine waste.
The total volume of mine waste from the oil shale
industry is estimated at 150 million tonnes
(McAdam 1993). The volume of coal waste is
thought to be much less, particularly, as some of
the main coal mine areas of the catchment have
since been redeveloped. Coal was transported to
be burnt in homes and factories whilst oil shale
was processed and then deposited within the
catchment in large waste accumulations, known
locally as ‘Bings’. Almost the entire mined volume
of shale oil industry was deposited as waste follow-
ing the extraction of the oil shales’ = 14% organic
content. Oil shale mining went into decline in the
early 20™ century, due to competition from for-
eign oil, finally closing in the 1960’s after the with-
drawal of over forty years of government tax relief
(Louw and Addison 1985). Coal mining continued
until widespread UK closure began in the 1980’s.
Mine closure in an area with such significant

amounts of close proximity mining (Fig.1) has re-
sulted in the continued production of large vol-
umes of mine discharge water following
groundwater rebound.

The scale and distribution of mining and the
resulting mine waste across the Almond catch-
ment is not uniform and several distinct areas of
mining activity can be identified. Coal mining oc-
curred in the south west of the catchment, target-
ing coals in the Scottish Coal Measures, Passage
Group and Limestone Coal Group. Oil shale min-
ing occurred in the central east of the catchment
targeting the 20 workable oil shale seems in the
Oil shale group. This produces a clear geographic
divide between coal and oil shale mining in the
catchment. The exact number, distribution and
chemistry of mine discharges across the catch-
ment are unknown. Reduced water quality and
how it relates to the distribution of mine sites, in
Fig.1, is used here to asses the environmental im-
pact of mining in the catchment.

Water Quality

Elevated median concentrations of iron (0.680—
1.59 mg/L) and sulphate (91—177mg/L) in waters
sampled at 12 monitoring points (Fig.1) on the
main tributary of the Almond (Table 1), demon-
strate the impact of mine discharges on the qual-
ity of water. Comparison of concentration data to
the hydrological conditions at the time of sam-
pling reveals that in stream concentrations are
often heavily flow dependent. Iron and sulphate
concentrations recorded at monitoring point 12,
on a monthly basis over a 15 year monitoring pe-
riod 1994—2008, when compared to flow data
show two different flow dependent relationships;
iron concentrations increase with increased flow
whilst sulphate concentrations reduce with in-
creased flow (Fig.2). All 12 of the monitoring points
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along the Almond River, although it is less pro-
nounced at monitoring points with small catch-
ment areas, display the same relationships. At
monitoring point 12 the relationship of iron to
flow can be approximated to a power law with and
an R? = 0.635. Flow dependence of iron in surface
waters has been observed, although over shorter
monitoring periods with smaller distribution of
flow values, in similar heavily mined catchments
where it has been related to a change in the source
of in-stream iron (Mayes 2008). Dissolved iron,
when exposed to oxygen, precipitates rapidly pro-
ducing iron rich precipitates coating river beds in
heavily mined areas. Re-suspension of these pre-
cipitates is thought to be responsible for the in-
creases in iron concentrations recorded at high
flow values.

Sulphate shows a different flow dependent re-
lationship as it does not readily precipitate on ex-
posure to oxygen and, unlike iron, is not stored on
river beds ready to be re-suspended during peri-
ods of high flow. This reduction is caused by dilu-
tion as the mass of sulphate in the river channel
remains near constant whilst the volume of water
increases. Iron and sulphate concentrations, there-
fore, as the main contaminants associated with
mining will best represent the impact of mining
on water quality at low flow values. At higher flow
values the input of iron from mine discharges are
masked by the re-suspension of river bed iron pre-
cipitates (Mayes 2008). Iron concentrations at
high flow maybe useful as an indication of the
amount and location of the ‘stored’ river bed iron.

Concentration data was also used to calculate
loading at each of the 12 monitoring points; load-
ing being a measure of the total mass of iron or
sulphate that passes each monitoring point. In-
creases in load between monitoring points repre-
sent the input of iron and sulphate from mine
discharges, whilst reductions represent precipita-
tion. Figure 3 shows the box plot distribution of
loading values, calculated from the concentration
and flow data, for iron and sulphate at monitoring
points along the main Almond River tributary
during low flow events 1994—2008. Low flow is
defined here as flow values falling below the 30™
percentile for the distribution of flow values
recorded at each monitoring point during the
monitored period (1994—2008 Fe, 1994—2006
sulphate). The box plots for the load distribution
at each monitoring point show 5™ 10", 25" 50"
(median), 75" 90™, 95™, percentiles and the mean.
Geometric mean is used for the iron loading val-
ues due to the power law relationship of iron and
flow outlined previously. The mean value of the
distribution of loading at each point is joined by
the dashed line to give a visual representation of
the mean loading profile along the river. An up-
ward trend on the loading profile represents the

input of fresh iron or sulphate, whilst a downward
trend represents precipitation. The plots show be-
tween a1and 2 order magnitude increase in load-
ing of both iron and sulphate from one end of the
catchment (point 1) to the other (point 12). This is
a clear indication of the impact of iron and sul-
phate heavy mine discharge waters, controlled by
pyrite oxidation, on the quality of surface water.

The geographic divide between coal and oil
shale mining (Fig.1) in the Almond Catchment al-
lows more detailed interpretation of load in-
creases observed in the loading profile. In
addition to the visual assessment of the profile in-
dicating the impact of each area on loading in the
Almond river water, cumulative loading can be cal-
culated from the sum of the loading increases
along the river to give a semi-quantitative assess-
ment. Sulphate cumulative loading is not calcu-
lated due to the lack of data at points 7, 8, 9 and 11.

Coal mining areas show mean low flow iron
and sulphate loading increases between monitor-
ing point 1 and 3 and point 5 and 6 indicating the
input of iron and sulphate from coal mine dis-
charge waters. The cumulative low flow iron load-
ing increase between points 1and 6, attributed to
coal mining, is calculated at 0.113 g/s. Discharges
from both subsurface mining and surface water
deposits are likely to contribute to the recorded
load increases.

The increase in the iron load, of 0.204 g/s, be-
tween monitoring points 6 and 7 is attributed to
amix of coal and oil shale mine discharges as trib-
utaries entering the main Almond river tributary
here drain both coal and oil shale mining areas.
Sulphate is not monitored at point 7 although a
load increase would be expected.

Oil shale mining areas show mean low flow
iron load increases between point 7 and point 9
and iron and sulphate load increases between
point 10 and point 12 which indicate the input of
iron and sulphate from oil shale mine discharges.
The cumulative low flow iron loading increase be-
tween points 7 and 12 is calculated at 0.115g/s. Dis-
charges from oil shale waste as well as subsurface
mine discharges maybe contributing to the
recorded load increases. Subsurface mine dis-
charge waters are, however, thought to dominate
because the industrial processing of the oil shale
is likely to diminish the pyrite content. Weather-
ing of the waste may release iron and sulphate,
mentioned previously, which could potentially
contribute to observed load increases.

Loading values (Table 1) and profiles (Fig.3) cal-
culated at low flow in the Almond catchment
clearly demonstrate that both coal and oil shale
mined areas contribute to iron and sulphate load-
ing on the main Almond tributary. Indicating
both areas discharge significant volumes of mine
discharge water to the surface water environment.
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Figure 3 Box Plot of the distribution of Iron (1994—2008) and Sulphate (1994—2006) loading values at
low flow vs. distance

Table 1 Iron and Sulphate concentration and loading at 12 monitoring points on the main Almond River
Tributary- geometric means are used to for iron due to flow dependence of concentration values.

Iron 1 2 3 4 5

6 7 8 9 10 11 12

Median (mg/l) 1.265 1.195 1.590 1.300 0.880
Mean (mg/l) 2.367 1.599 1.668 1.486 1.075
Low flow (g/s) 0.012 0.038 0.089 0.072 0.068
High Flow (g/s) 3.058 4.678 9.445 9.706 10.104

1.175 1.300 1.015 0.915 0.790 0.779 0.680
1.206 1.260 1.134 1.071 0.955 0.928 0.815
0.104 0.308 0.387 0.389 0.256 0.276 0.371
15.378 30.164 50.273 46.620 49.059 50.397 34.739

Sulphate

91.900
96.223
2.376

127.500
132.129
9.246

131.500
132.447
20.585

178.550
244.192
49.416

176.000
230.740
53.895

Median (mg/l)
Mean (mg/l)
Low flow (g/s)

124.000 nd.
120.600 nd.
161.190 nd.

114.000
113.887
230.283

177.000 nd. n.d. nd.
192.438 nd. n.d. nd.
62.876 n.d. nd. nd.

Cumulative iron loading increases along the
length of the monitored section calculated at
0.432 g/s, will in part be derived from natural
sources, however, due to the scale of mining in the
catchment (Fig.1), mining is though to be the dom-
inant iron source.

Iron load whilst increasing from one end of the
catchment to the other also show a reduction in
load between monitoring point 3 (0.089g/s), 4
(0.072g/s) and 5 (0.068g/s) and between point 9
(0.389g/s) and 10 (0.256g/s). Precipitation of iron,
out of solution, between monitoring points ac-
counts for these reductions in load. Iron precipi-
tates readily in the presence of oxygen, however,
aload reduction will only be observed in monitor-
ing data when the mass of precipitated iron is
greater than mass of the input of ‘fresh’ironi.e.in
tributaries which do not receive significant vol-
umes of water from mine discharges. This appears
to be the case in the Almond catchment; river sec-
tions where aload reduction is recorded generally
do not have any close proximity mine sites (Fig. 1).
Sulphate loading does not show any reduction in
load between 3, 4 and 5 and although sulphate is
not monitored at point 9 it is unlikely any reduc-
tion would be observed because sulphate precipi-
tation is not oxygen dependent.

During high flow events iron loading is up to

130 times greater than loading at low flow. High
flow is defined here as flow values falling above
the 70™ percentile for the distribution of flow val-
ues recorded at each monitoring point during the
monitored period. Load is increased to this level
due to the flow dependence of iron concentra-
tions (Fig.2) which are increase by the re-suspen-
sion of river bed iron. High flow load increases
between all monitoring points except point 8 and
9 and point 11 and 12 indicating stored river bed
iron is re-suspended from river beds across the
catchment.

Conclusions and Further Work

This catchment scale study has highlighted the
scale and distribution of coal and oil shale mining
in the Almond River catchment and the contin-
ued impact that these historic activities have on
the quality of surface water. Historic coal and oil
shale mining has produced a semi urban land-
scape with over 200 mine sites and significant vol-
umes of coal mine waste and oil shale waste.
Water quality monitoring and flow data show
clear contaminant concentration and flow rela-
tionships with iron being heavily flow dependent,
approximated to a power law relationship. This re-
lationship is attributed to the re-suspension of
iron ‘stored’ on rivers bed across the catchment.
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Low flow load reductions in monitoring data
demonstrate precipitation and ‘storage’ of iron on
river beds. High flow load increases demonstrate
the re-suspension of iron occurring on river beds
across the catchment. Low flow iron and sulphate
load increases occur in both coal and oil shale
dominant mining areas. This indicates that both
mine types impact the quality of river water in the
catchment. Iron and sulphate levels in discharge
waters are controlled, primarily, by the oxidation
of pyrite at the mine site. Coal mine waste is
thought to contribute to the water quality im-
pacts, however, the contribution of oil shale waste
to iron and sulphate loading in oil shale areas is at
present difficult to determine. Further investiga-
tions into the pyrite content of oil shale waste and
the chemistry of discharge waters would be re-
quired to confirm and quantify the impact of oil
shale waste on water quality.
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