Hydrology and Earth System Sciences, 1, /97-204 (1997) © EGS

Hydrology & Earth
System Sciences

(5

Acidification in Three Lake District Tarns: Historical long
term trends and modelled future behaviour under
changing sulphate and nitrate deposition

P.G. Whitehead', J. Barlow?, E.Y. Haworth® and J.K. Adamson*

! Aquatic Environments Research Centre, Dept. of Geography, University of Reading, Whiteknights, Reading, RG6 2AB.
% Dept. Civil Engineering, Imperial College, University of London, Exhibition Road, London W1.

® Institute of Freshwater Ecology, Ferry House, Ambleside, Cumbria, LA22 OLP

* Institute of Terrestrial Ecology, Merlewood Research Station, Grange over Sands, Cumbria, LA11 6JU

Abstract

Three upland Lake District Tarns, Scoat, Greendale and Burnmoor, have been evaluated using MAGIC (Model
of Acidification of Groundwater In Catchments) to reconstruct past, present and future chemical behaviour. The
modelled historical changes in acidity are compared with palaeoecological estimation of pH to demonstrate
model validity. Chemistry as simulated for all anions and cations and two of the three lakes are shown to have
undergone significant acidification. The effects of changing atmospheric pollution levels on lake chemistry is
evaluated and 80-90% sulphur reduction levels are required to achieve zero alkalinity. The impacts of increased
nitrogen deposition are assessed and are shown to further delay reversibility.

Introduction

Acidification is a continuing problem in upland Britain
where high loadings of oxides of sulphur and nitrogen
impact thin base—poor soils and create acid conditions.
There have been significant developments in understand-
ing the processes controlling acidification, particularly as
a result of the Royal Society Surface Waters Acidification
Programme (Mason, 1990) and pioneering research in
Scotland (Harrison and Morrison, 1982). Catchment
studies across the UK have provided data for process
studies and modelling of acidification trends. Jenkins ez
al. (1990a, b) and Whitehead ez a/. (19882, b, 1993)
applied models to catchments in England, Scotland and
Wales and Wright et al. (1990) and Cosby et al. (1985a,
b) simulated behaviour in catchments in Norway and
North America.

The Lake District in the UK is an area receiving high
loadings of acidic deposition and has a geology which is
susceptible to acidification (Kinniburgh and Edmunds,
1986). In this paper three upland tarns (see Figure 1)
have been studied to investigate trends in acidification,
explore critical loads and- to assess the potential for

reversibility and investigate the impact of nitrogen on
upland acidification.

The MAGIC Model

The MAGIC (Model Acidification of Groundwater in
Catchments) model developed by Cosby et al. (1985a, b),
has been explicitly designed to perform long term simu-
lations of changes in soil water and stream water chem-
istry, in response to changes in atmospheric acidic
deposition. The model is based on the assumption that
surface-water chemistry is determined by reactions taking
place in the soils within the catchment.

The model includes terms describing the important
phenomena controlling a system’s chemical response to
acid deposition, yet is restricted in complexity so that it
can be implemented on diverse systems with a minimum
of a priori data. It is a physically-based conceptual
model, using lumped representation of the spatially dis-
tributed catchment processes. The model is based on the
mathematical representation of the processes thought to
be the primary catchment controls on acidification
namely:
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1. Anion retention of catchment soils (eg. sulphate
adsorption)

2. Adsorption and exchange of base cations and alu-
minium in soils

3. Alkalinity generation by dissociation of carbonic acid
at high CO; partial pressures in the soil, with subse-
quent exchange of hydrogen ions for base cations

4. Control of Al concentration by an assumed equilib-
rium with a solid phase of AI(OH);3

5. Weathering of minerals in the soil to provide a source
of base cations

6. The key driving factor in MAGIC is the deposition of
oxides of sulphur and other inputs over long periods
of time (see Figure 2)

The MAGIC model simulates these processes by using:

1. a set of equilibrium equations which quantitatively
describe the equilibrium soil processes and the chemi-
cal changes that occur as soil water enters the stream
channel.

2. a set of mass balance equations which quantitatively
describe the catchment input/output relationship for
base cations and strong acid anions in precipitation
and stream water,
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Fig. 1 Location of the study sites in the western Lake District
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3. a set of definitions which relate the variables in the
equilibrium equations to the variables in the mass bal-
ance equations.

The model has its roots in the Reuss Johnson concep-
tual system (Reuss and Johnson 1985) but it has been
expanded from a two component Ca-Al system to
include other important cations present in catchment
soils. The chemical conditions in the soil are assumed to
be uniform throughout the. depth considered and the
vertical stratification of soils is assumed to be unimpor-
tant. These assumptions are probably too overly restric-
tive for short term water quality response but, for use in
long term average water quality studies, it is more valid.
Many of the dynamic quality changes arising from spatial
heterogeneity disappear into slower long term changes,
which are determined by single bulk properties of the
whole catchment (Cosby et al., 1985a, b)

The Lake District Tarns

Of the three tarns studied, two are very acidic, Scoat
Tarn and Greendale Tarn and one is only slightly acidic,
Burnmoor Tarn. The tarns are close to each other in the
Wasdale/Eskdale area (see Figure 1).

The catchments that drain into the tarns are treeless
moorlands characterised by rough grasses and mosses,
with the land use confined to low intensity sheep graz-
ing. The bedrock of the catchments is igneous Ordovi-
cian of the Borrowdale Volcanic series, which is slow
weathering. The major ions which are made available by
weathering bedrock, are Ca®>*, Mg®* and some Na*, with
K" derived chiefly as input from precipitation (Sutcliffe
and Carrick 1983). Scoat Tarn is a small deep corrie
tarn, in a west facing valley with steeply sloping walls
surrounding the lake and represents a glacial source area
during the most recent part of the Pleistocene glacia-
tions. Bare rock covers 29% of the catchment with the
eastern slopes mainly rock and boulders, while those to
the north and south are less steep and covered with
rough grass and sphagnum. Two small streams drain into
the tarn from the catchment and the outflow from the

‘western corner flows into Wastwater via Nether Beck.

The littoral area of the lake is composed of gravels,
bedrock and boulder scree. Burnmoor Tarn is the largest
upland lake ‘in the English Lake District and occupies
the saddle area between areas of high ground. It probably
served as a through route for ice during the glaciations
and substantial deposits of glacial till are present around
the tarn, which results in the catchment having a com-
paratively . high base saturation for its bedrock geology.
There are four main inflow streams to the north and
northwest, with the outflow at the eastern end immedi-
ately joining the Hardrigg Beck, which drains the slopes
of Scafell: Greendale is intermediate between Burnmoor
Tarn and Scoat Tarn in terms of glacial origin, having
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Fig. 2 Sulphate deposition trajectory used with the MAGIC simulation

both areas of scree and bare rock as well as till deposits.
Information on Tarn characteristics is given in Table 1.

Table 1. Summary Lake statistics

Scoat  Burnmoor Greendale

Tarn Tarn Tarn
Estimated Rainfall (myr™) 3.30 2.10 3.30
Estimated Discharge(myr™) 2.77 1.76 2.77
Lake Area (ha) 5.20 24.00 2.10
Volume (m? X 106) 0.42 0.89 0.20
Catchment Area (ha) 92 226 89
Tot vol in (m*yr™?) 330.6 525.0 280.8
Retention Time (yr) 0.13 0.17 0.07

The fish population of Scoat Tarn is small and elec-
trofishing at the outflow in 1989 produced only three
trout (UKAWMN 1991). There are similarly poor fish
stocks at Burnmoor Tarn where electrofishing in 1989
produced a minimum density of 0.016 fish m™.

Palaeolimnological record

The historical pH change derived from the diatom
reconstruction of a sediment core at Scoat Tarn shows a
very marked decline of planktonic species. There is a
decrease in the circumneutral species being replaced
mainly by the acidophilous species and acidobiontic taxa
especially in the more recent, post-1850, sediment. The
Index B pH reconstruction indicates that there has been
a decrease, from 6.1 at the base of the core to 4.6 in
1985. The historical pH values can be seen in Fig. 3
along with the error bounds of the diatom analysis of
+0.3 pH units (Haworth 1985, Haworth ez al. 1988).

The main acidification dates from about 1850 and ana-
lysis of zinc and magnetic minerals in the core (Haworth
1993), which are indicative of atmospheric contamina-
tion, shows increased atmospheric contamination. At
Greendale Tarn the acidification was also confirmed by
Haworth (1993) who identified the expansion of the more
acid tolerant taxa as the pH decreased after about 1900.

The palaeoliminological record of diatom assemblages
in the sediment at Burnmoor Tarn (Haworth et al. 1987),
show little indication of change or evidence of recent
acidification experienced at other tarns, despite the influx
of atmospheric pollutants. The diatom-reconstructed pH
remains constant at about 6.2; however, there are changes
in the proportions of plankton taxa in post-1850 sedi-
ments, suggesting a very slight shift to a more acid flora
over the last 100 years. Clearly the loss of alkalinity has
not been sufficient to cause a significant change in pH.
The historical pattern and intensity of acid deposition
will be similar for each site and so the different response
of the catchments is clearly influenced by the difference
in their neutralising capacity.

Rainfall, soil and tarn chemistry

The' rainfall chemistry used as an input to the MAGIC
model is from Ennerdale, 4km north west of Scoat Tarn
which is the same distance from the sea and therefore,
can be assumed to receive the same sea influence as that
of Scoat Tarn. The catchment is in a very wet part of the
country with Scoat Tarn receiving an estimated annual
rainfall of 3300mm whilst Burnmoor Tarn receives a
lower annual rainfall total of 2100 mm (see Table 1).

The volume-weighted mean annual concentration of
the rainfall chemistry is given in Table 2 for the period
1982-1990. ‘
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Fig. 3 Scoat Tarn MAGIC and diatom pH values

Table 2. Weighted Average Bulk Precipitation Chemistry
for Ennerdale (all units peq I except pH)

pH H* Na Mg K Ca NH; Cl NO; SO4
1982 47 200 1950 460 5.0 13.0 13.0 2410 80 43.0
1983 4.8 193 1341 330 6.1 359 229 1714 239 452
1984 47 28.1 1306 332 50 334 269 1631 284 556
1985 49 17.6 80.1 211 2.5 267 23.1 197.1 206 41.1
1986 4.9 192 1497 348 34 250 235 1767 234 455
1987 48 210 865 201 22 229 206 1029 221 387
1988 4.8 160 1170 280 20 80 120 1340 100 37.0
1989 4.8 164 1210 280 3.0 223 110 1338 162 446
1990 47 21.2 2283 531 5.5 223 178 2834 203 59.5

The Lake District is a maritime region and the rain-
water contains relatively .large quantities of sodium and
chloride ions. The rainfall chemistry is characterised by
large concentrations of calcium, sulphate, nitrate and
ammonium ions, far in excess of marine origins, indicat-
ing the considerable anthropogenic deposition in the
area. Excess calcium in the bulk deposition relative to
that of sea water concentration has been recorded before
(Sutcliffe ez a/ 1982) and is probably derived from wind
blown dust from the south and east (Gorham 1958). The
rainfall collector is at an altitude of 112m, but the catch-
ments under study are at a much higher altitude. Depo-
sition has been shown to differ with altitude (Fowler ez
al. 1988) and therefore there could be significant differ-
ences in the composition of bulk deposition received
from that measured, as a result of orographic cloud.

Soil surveys were made of the catchments to provide
information on soil characteristics for the model. A sum-
mary of the soil chemistry can be seen in Table 3.
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Table 3. Soil Characteristics—weighted averages

Scoat Greendale Burnmoor
CEC meq kg™ 197.1 246.9 219.5
Na % 1.1 1.5 1.6
K % 0.8 1.1 1.2
Ca % 3.8 7.2 12.7
Mg % 3.1 5.4 5.5
Al % 91.1 84.7 78.9
Base Sat % 8.8 15.3 21.1

Three major soil types were encountered in the catch-
ments, rankers, peats and podzolic soils. The rankers are
shallow soils with rock within 40 cm of the surface while
the peats have poor hydraulic conductivity; therefore nei-
ther play a large part in neutralising acidity. In contrast,
the podzolic soils are developed mainly in thick deposits
of glacial till which will be a richer source of cations for
neutralisation. At Scoat Tarn, podzolic soils are located
well back from the shore and hence are not able to neu-
tralize much of the water that enters the tarn. Burnmoor
Tarn has the greatest proportion of podzolic soils com-
pared to the other two sites and these are located both
adjacent to the tarn shore and in the source areas of
inflowing becks; therefore soil water from the peats and
rankers could be neutralised by the buffer rich soils
before entering the tarn.

The water chemistry of all three tarns has been mea-
sured as part of the United Kingdom Acid Waters Mon-
itoring Group (UKAWMG) Study. Lake chemistry data
are also available from previous studies by the Fresh-
water Biological Association from 1953. Sutcliffe et a/






