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Abstract

Springs are important groundwater discharge points on the high altitude (>800m) plateaux of the Cairngorm mountains, Scotland
and form important wetland habitats within what is often a dry, sub-arctic landscape. The hydrogeochemistry of a typical spring
in the Allt 2> Mharcaidh catchment was examined between 1995-98 in order to characterise its chemical composition, identify the
dominant controls on its chemical evolution and estimate groundwater residence time using 'O isotopes. Spring water, sustained
by groundwater flow in shallow drift deposits and fractured bedrock, was moderately acidic (mean pH 5.89), with a very low alka-
linity (mean 18 geq I'!) and the ionic composition was dominated by sea-salts derived from atmospheric sources. Geochemical
modelling using NETPATH, predicted that the dissolution of plagioclase mainly controls the release of Si, non-marine Na, Ca,
K and Al into spring waters. Hydrological conditions influenced seasonal variations in spring chemistry, with snowmelt associ-
ated with more rapid groundwater flows and lower weathering rates than summer discharges. Downstream of the spring, the
chemistry of surface waters was fundamentally different as a result of drainage from larger catchment areas, with increased soil
and drift cover, and higher evaporation rates. Thus, the hydrogeochemical influence of springs on surface waters appears to be
localized. Mean &'80 values in spring water were lower and more damped than those in precipitation. Nevertheless, a sinusoidal
seasonal pattern was observed and used to estimate mean residence times of groundwater of around 2 years. Thus, in the high
altitude plateau of the Cairngorms, shallow, coarse drift deposits form significant aquifers. At lower altitudes, deeper drift deposits,
combined with larger catchment areas, increase mean groundwater residence times to >5 years. At high altitudes, the shallow,
permeable nature of the drifts dictates that groundwater is vulnerable to impacts of environmental changes that could be usefully
monitored at spring sites.

Introduction

The Cairngorm mountains in northern Scotland comprise
the largest high altitude area in the British Isles with
upland plateaux forming an extensive area of land above
1000m altitude (Gordon ez al., 1998). High altitude springs
(above 800 m) are common in the Cairngorms; these are
found at zones of perennial groundwater discharge from
shallow aquifers comprised of various glacial and
periglacial deposits (Soulsby ez al., 1998). These springs
are thought to be recharged by the substantial volumes of
meltwater released from the ablation of large winter snow-
packs (Rodwell, 1991; Soulsby ez al., 1997a, 1999a). The
springs are an extremely important and distinct compo-
nent of the functional ecology of montane habitats in the
Cairngorms (Gordon ez al., 1998). The mountain plateaux

are characterised by freely draining regosols, and experi-
ence high wind speeds (frequently in excess of 40 m s7')
and sub-zero temperatures for much of the year
(Nethersole-Thompson and Watson, 1981). Thus, mois-
ture is often limiting and the springs form wetland habi-
tats for a number of rare plants such as the moss Pohlia
wahlenbergii var. glacialis (McVean and Ratcliffe, 1962;
Rodwell, 1991). Moreover, these wetter areas support a
range of invertebrates which provide a major food resource
for many of the arctic bird species that contribute to the
conservation value of the Cairngorm region (Thompson
and Whitfield, 1993).

The hydrological and ecological importance of high alti-
tude springs is by no means unique to the Cairngorms; the
presence of highly fractured rocks and shallow drifts that
characterise many temperate mountain regions creates
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similar conditions for both perennial and ephemeral
groundwater discharge areas (Hill and Neal, 1997; Hudson
and Golding, 1997; Decker ez al., 1998). Consequently, in
addition to their ecological value, springs can contribute
significantly to the quantity and quality of streamflows in
headwater areas that often support public water supplies
further downstream. Despite this, Leibundgt (1998) notes
that shallow upland aquifers with poor soil cover and short
transit times render springs vulnerable to the effects of
atmospheric air pollutants, such as acidic oxides and heavy
metals, and of climate change. There is growing recogni-
tion that holistic investigations of groundwater-surface
water interactions at high altitude spring-fed wetlands can
be diagnostic tools to examine the environmental sensitiv-
ity of mountain landscapes (Williams, 1991; Cantonati and
Ortler, 1998). Unfortunately, the remoteness of many
areas and resource constraints dictate that such studies are
relatively scarce.

Recent research has indicated that groundwater
resources in upland areas in the British Isles are often
larger and more extensive than previously realized
(Edmunds and Savage, 1992; Jenkins et al., 1994; Neal et
al., 1997). More specifically, hydrogeochemical studies
have shown that groundwater contributions to streamflows
in the Cairngorms are substantial at both high and low
flows (Soulsby ez al., 1998; Wade et al., 1999). Recent
developments in the application of stable isotope tracers
such as oxygen-18 ('0), have also been shown to be
extremely useful in catchment hydrology in identifying
water flow paths and estimating residence times in major
water stores (Kendall ez 4l., 1995; Soulsby ez al., 1999a, In
press). In this study, such hydrogeochemical techniques
are applied in order to examine in more detail the hydro-
logical and hydrochemical processes influencing shallow
springs in the Allt a’ Mharcaidh catchment in the
Cairngorms. Specifically, the objectives of the paper are to;
(i) characterise the seasonal features of spring water chem-
istry and assess the effect on surface waters further down-
stream, (i) identify the main controls on the evolution of
spring water using the hydrogeochemical code NET-
PATH and (iii) apply stable isotope tracers to identify the
recharge mechanisms and residence time of water in high
altitude aquifers. The significance of the findings are then
discussed in relation to the sensitivity of upland water
resources to environmental change such as acid deposition,
climate change, overgrazing and recreational pressure, all
of which are important in the Cairngorm region (Conroy
et al., 1990; Watson, 1990; Soulsby er al, 1997a; Dunn,
and Langan, 1997)

Study area

The Allt a’ Mharcaidh drains a 10 km? experimental catch-
ment on the western side of the Cairngorm mountains,
which ultimately discharges into the river Spey (Fig. 1).
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The catchment spans an altitudinal range from 320 m at
the gauging station to 1111 m at the summit of Sgoran
Dubh Mor, and is underlain by an intrusive biotite gran-
ite associated with the later stages of the Caledonian
Orogeny. The dominant minerals that comprise the gran-
ite are plagioclase, K-feldspar, biotite, chlorite, kaolinite
and quartz. The granite is covered by a variety of locally-
derived drift deposits ranging from glacial boulder fields to
moraines and gelifluction deposits (Gordon et al.,1998). At
high altitudes (> ca. 800 m), these drifts tend to be shal-
low (<5 m) and relatively coarse. In the lower parts of the
catchment, colluvial processes have resulted in much
deeper accumulations of relatively fine drift which may
exceed 10 m. Although a massive rock, the upper granite
is weathered and dense networks of fractures are present
where the granite is exposed. It is believed that this results
from deep chemical weathering during the Tertiary,
though in places the weathered granite has been exposed
by successive glaciations and the weathered regolith has
been incorporated into various drift deposits.

At high altitudes, poorly developed alpine podzols are
the dominant soils; these lie on top of the freely draining
drifts and shattered bedrock which characterise the higher
altitude plateau of the Cairngorm region. Many small
springs are present at these high altitudes (>800 m) where
groundwater re-emerges at discharge sites which may be
perennial or ephemeral (Rodwell, 1991). Around the
spring discharge points, rich bryophyte and vascular plant
assemblages are found dominated by species such as Poklia
wahlenbergii var. glacialis, Deschampsia cespitosa and
Saxifragia stellaris (Rodwell, 1991); such sites generally
form the source of first order streams draining from the
high altitude plateaux. At lower altitudes, the deeper drift
deposits are usually less freely draining and are overlain by
more mature soil profiles, with peaty podzols covering
steeper slopes and deep peats mantling flatter valley bot-
tom areas (Soulsby et 4/, 1999b). A narrow band of allu-
vial soils fringes the main stream channel of the Allt 2’
Mharcaidh where it has incised into various valley bottom
drifts. The main vegetation assemblages reflect these soil-
topographic units; with lichen-A4zalea heaths mantling the
alpine soils, northern blanket bog vegetation characterising
the peats and lichen-rich boreal heather (Calluna) domi-
nating the peaty podzols. Like much of the Cairngorm
region, the semi-natural habitats in the catchment are pri-
marily managed for nature conservation and are part of a
proposed National Park. However, most of the Cairngorms
are in private ownership and have been managed as part of
highland estates for sporting interests, particularly shoot-
ing. Consequently, red deer populations in the area are
maintained at un-naturally high levels. However, the
mountain area is also being increasingly used for various
recreational pursuits including climbing and hillwalking.

Mean annual precipitation in the Allt 2> Mharcaidh
catchment is around 1,200 mm, with as much as 40% of
this falling as snow during the winter (Soulsby et al.,
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1997). Mean monthly temperatures (at 575 m) range from
1.2 °C in February to 10.3 °C in July. The mean daily flow
of the catchment at the Gl gauging station is approxi-
mately 0.25 m? s7!, giving a mean annual runoff of ca. 800
mm, with annual evaporation estimated at around 350 mm
(Soulsby er al., 1999b). Low flows fall below 0.1 m3 s,
whilst flood peaks may exceed 15 m3 s!. The annual
hydrograph reflects the importance of snowmelt, with
March generally being the month with the highest mean
daily flow, whilst June and July experience the driest con-
ditions and lowest streamflows (Dunn and Langan, 1998).
Hydrogeochemical and hydrometric analysis has shown
that, over the course of the year, groundwater sources
account for 40-50% of streamflows, whilst near-surface
hydrological pathways in peaty soils are the main sources
of storm runoff (Soulsby ez al., 1998).

Methodology

The extensive data collection programme in the Allt
a’ Mharchaidh has been described elsewhere (Ferrier and
Harriman, 1990; Soulsby et al., 1999b). The key data col-
lected as part of this project was gathered between March
1995 and April 1998. Spring water was collected at fort-
nightly intervals from the site G4 in a groundwater dis-
charge zone at an altitude of 970 m. Observations since
1985 show that the spring is perennial and drains a hills-
lope mantled with various coarse, shallow drift deposits
that are subject to freeze thaw action (Soulsby ez al., 1998).
Unfortunately, the remoteness of the spring and resource
constraints prevented continuous flow measurement at the
site. Nevertheless, the spring effectively forms the source
of one of the major tributaries of the Allt a’ Mharcaidh and
spot gaugings show that flows range from <5 157! in sum-
mer to > 50 1 s! in the late spring/early summer when
snowmelt is occurring. The tributary was also sampled at
G3 approximately 1.5km further downstream at an alti-
tude of 530m where its catchment area is some 2.96 km?2.
Weekly samples were also collected from the Allt a
Mharcaidh gauging site at G1 (altitude of 330 m) as part
of long-term monitoring. In addition, precipitation was
collected at 4 sites around the catchment, with rainfall
(bulk deposition) being collected throughout the year and
additional snow samples being collected during the winter
months. Precipitation samples were usually collected fort-
nightly, though severe winter weather sometimes resulted
in a 3 week interval. All samples were analysed for pH,
alkalinity and major cations and anions, as well as having
the oxygen isotope (130/'%0) ratio being measured.
Charge balance was carried out on all samples that were
used for geochemical modelling and showed less than 5%
difference between anions and cations. This was important
to ascertain as the geochemical modelling package is based
on a mass balance approach. All analyses was carried out
according to standard procedures at the laboratories of the
Macaulay Land Use Research Institute in Aberdeen.

Ratios of '80/160 are expressed on delta units 580 parts
per mille (%) defined in relation to SMOW (standard
global mean ocean water) (Craig, 1961a,b). Hydrometric
data from the catchment automatic weather station (AWS)
and gauging station (G1) were also used for precipitation
and streamflow measurements.

The NETPATH computer code was used to model the
major hydrogeochemical reactions contributing to the evo-
lution of spring water chemistry over the year. The model
is described in detail by Plummer ez al. (1991). Briefly, it
is an interactive code that reconstructs mass balance reac-
tions to identify possible geochemical processes that are
consistent with the evolution of the water chemistry
observed between two or more points along a flow path.
The model can be constrained by identifying minerals and
processes that are thought/known to be important at a
particular site. Typically a range of models is produced by
NETPATH from which it is usually possible to identify
the most feasible prediction on the basis of thermodynamic
and kinetic considerations. Despite limitations in this
modelling approach (see Appelo and Postma, 1993;
Drever, 1997) it can provide a useful insight into the prob-
able processes governing groundwater chemistry (Chen ez
al., In press; Soulsby ez al., 1998; Malcolm and Soulsby,
In press).

Seasonal trends in 6'%Q0 values were modelled in pre-
cipitation and groundwater using sine functions of appro-
priate amplitude and frequency for the three study years
between 1995-98. Details of the technique are given by
Dewalle et al. (1997) and only a brief description follows.
Periodic regression analysis was used to fit a seasonal sine
wave model to annual &'80 variations as;

' 180 = X + A [cos(ct—-0] 1)

where 680 is the predicted oxygen-18 level in %o, X is
the mean annual value in %o, A is the §'%0 annual ampli-
tude in %o, ¢ is the radial frequency of annual fluctuations,
t is the time in days after the start of the period under
investigation, and @ is the phase lag or time of the annual
peak oxygen-18 values in radians.

Mean residence times for water to move through the
groundwater system were also estimated using a simple
steady-state, well-mixed model in which precipitation is
assumed to mix rapidly with resident water in major catch-
ment stores (Maloszewski et al, 1993; Stewart and
McDonnell, 1991). The model assumed that the decrease in
the amplitude of outputs relative to inputs provides a basis
for determining residence times (Unnikrishna ez al,, 1995).
Thus, sine waves are fitted to input and output water 6'*0
concentrations and an exponential distribution of transit
times is assumed. The mean residence time (7) or the mean
age (in years) of water leaving the system is calculated as;

T = [(422/ A=y — 105 @)

where Azl is the amplitude of the initial water and Az2 is
the amplitude of the resulting water. Given the simple
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nature of the model, the size and complexity of the Allt 2’
Mharcaidh catchment and data limitations (particularly for
precipitation inputs), the results were taken only as
indicating residence time to a first approximation
(Unnikrishna et al., 1995). Nevertheless, studies elsewhere
suggest that the model should be reasonable for such pre-
liminary assessment in montane catchments (Maloszewski
and Zuber, 1993).

Results

HYDROGEOCHEMICAL CHARACTERISTICS OF
SPRING WATER

The ionic concentrations measured in the spring are low
and are indicative of shallow groundwater circulation
(Edmunds and Savage, 1992). Groundwater discharging
from the spring at G4 was enriched in most elements com-
pared to precipitation (Table 1). The mean pH of spring

water was 5.87 compared with 4.88 for precipitation. In
both precipitation and spring water, ions derived mainly
from marine sources, Na and Cl, form the dominant cation
and anion respectively (Fig. 2). Despite enrichment of
weathering-derived elements such as Si, excess-Na and
Mg, Fe and Al, concentrations are very low and alkalinity
generation is extremely limited at 18 peq 171, Chloride con-
centrations are similar to those measured in precipitation,
probably reflecting low evaporation rates at high altitudes,
where soils are freely draining and short, patchy vegetation
cover minimizes interception and transpiration rates. The
SO4 enrichment in spring water probably reflects
enhanced inputs in occult and dry deposition at high alti-
tudes, particularly on winter snowpack surfaces (Helliwell
et al., 1998). Concentrations of N, both as NO3-N and
NH4-N, are very low in springwater, and below detection
for much of the year. It does appear, however, that some
atmospheric N is retained within the vegetation and soils
of the spring catchment, particularly as bulk precipitation

Table 1. Mean and range (in brackets) of spring water chemistry (Ueq 1), along with that
of streamwater in G1 and G3 and precipitation 1995-98.

Precipitation Spring (G4) G3 stream Allt a Mharcaidh (G1)
pH 4.88 5.87 5.93 5.97

(3.97-5.91) (4.93-7.00) (5.12-6.51)  (5.01-6.83)
Alkalinity -1 18 36 59

(-3-0) (20-54) (22-85) (24-117)
Cl 64 64 83 98

(1-283) (51-90) (50-216) (63-165)
SO4 21 41 43 44

(2-122) 37-79) (27-68) (27-67)
NOs3-N 3 3 2 2

(0.3-16) (<1-94) (<1-13.6) (<1-12)
NH4-N 6 4 3 1

(1-76) (<1-114) (<1-85) (<1-11)
Na 56 79 106 132

(1-247) (67-91) (70-207) (85-180)
K 2 4 4 6

(144 (14 27 (3-12)
Ca 8 17 30 43

(1) (12-23) (12-21) (28-62)
Mg 13 17 25 29

(1-57) (11-19) (17-59) (21-47)
Si — 240 300 393

(179-272) (129-395) (155-540)
Al — 4 6 8
(0.6-11) (1-39) (1-42)

Fe — 0.1 0.2 0.4

(0.04-3) (0.04-1.81) (0.04-2.6)

412



Hydrogeochemistry of montane springs and their influence on streams in the Cairngorm mountains, Scotland

® Gauging stations
Automatic weather station
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Sigoran Dubh Mor

Alluvial soils|__|
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Peaty Podzols
Alpine Podzols

Fig. 1. Allt a’ Mharcaidh catchment showing (a) topography and main sampling points and (b) soil distribution.

collectors will underestimate dry and occult inputs
(Helliwell et al, 1998). Highest concentrations of N
species tend to occur during the snowmelt period where
preferential elution has been observed (Jenkins et al.,
1993).

HYDROGEOCHEMICAL CHARACTERISTICS OF
STREAMWATER

Downstream of the spring, stream water chemistry at G3
and G1 reflect additional hydrological inputs from acidic
soil waters and deeper groundwaters, which enhance many
of the patterns observed at G4 (Fig. 2 and Table 1). Thus,
the mean concentrations of weathering derived ions
increased by as much as 50% and alkalinity generation was
significantly greater (approximately 200% increase) though
still modest. This presumably reflects the higher tempera-
tures, larger catchment area and increased water residence
times that would be anticipated as one moves downstream.
Average Cl concentrations increased by almost a third at
G3, which would be consistent with increased evaporation
rates in the lower catchment. Sulphate levels increased
only slightly downstream, despite likely increases in evap-
oration, probably reflecting the decrease in atmospheric
inputs with decreasing altitude. Similar patterns of change
were observed between G3 and G1, though a reduction in
N species was observed at G1 which may reflect lower
inputs or greater retention in the lower catchment.

In addition to these spatial differences, spring water
exhibits a much less variable chemistry compared to sur-
face water at Gl and G3 (Figs. 2 and 3). This appears pri~
marily to reflect the more complex hydrological pathways
that occur as the catchment size increases, and soil and
drift cover change. Thus, at the catchment (G1) and sub-
catchment (G3) scale, runoff during storm events is gen-~
erated mainly by near-surface hydrological pathways in
peaty soils that reduce the alkalinity of streamwaters as
well as diluting most other species (Wheater et al., 1991,
1993; Ogunkoya and Jenkins, 1993). The decrease in alka-
linity is particularly evident in the Piper diagram in Fig.
2. In contrast, baseflows are derived mainly from deeper
groundwater sources which have a more constant chem-
istry with higher concentrations reflecting the longer resi-
dence times (Soulsby ez al., 1998). Thus spring discharges,
though responsive to precipitation events (particularly
snowmelt) are less flashy than streamwaters and are atten-
uated by the nature of deeper flow paths through coarse
drift material. Consequently, a much more stable chemical
composition appears to result. However, these comments
are tentative in the light of the under-representation of
samples during the spring snowmelt period when inacces-
sibility or avalanche risk precluded sample collection (¢f
the spring period of 1995 and 1996 in Fig. 3), though sam-
ples from 1997 and 1998 appear to support this view.

The time series plots in Fig. 3 show the increasing con-
centrations moving downstream, particularly for Cl, Si and
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Fig. 2. Piper diagram showing the composition of spring water in the Allt a’ Mharcaidh in relation to precipitation and streamwater chemistry

at GI and G3 at high (> Q 19) and low (< Q95) flows.

Ca. Seasonality is much more pronounced for Si and Ca
in stream waters presumably reflecting the seasonal switch
between summer baseflows and winter storm events
though some instream biological influence on Si may
occur. Nevertheless, spring waters do exhibit some sea-
sonality with low Si concentrations in February 1997 dur-
ing the melt period when the low temperatures and
presumably shorter residence times reduce weathering
rates. Higher concentrations subsequently occurred later
in the summer. The variability of SOj4 reflects preferential
elution in the snowmelt period, particularly in 1995/96
when high concentrations were observed. However, vari-
ability was generally damped and SO4 concentrations
increased slightly downstream probably reflecting evapora-
tion effects.

MODELLING THE HYDROGEOCHEMICAL CONTROLS
OF SPRING WATER CHEMISTRY

The evolution of springwater chemistry was examined
using the NETPATH model. Precipitation inputs were
compared with spring water outflows during the autumn
(Sept—Nov), winter (Dec—Feb), spring (Mar-May) and
summer (Jun—Aug) periods. The model was constrained
by examining only the weathering derived elements Si, Al,
Ca, Mg, Na and K. In addition, the main mineral phases
known to be important in Cairngorm granite were
identified as plagioclase, K-feldspar, biotite and kaolinite.
Although these phases were specified, none was forced in
the simulations.

Very low weathering rates were predicted by the model,
consistent with the low solute concentrations observed in
spring water (Fig. 4). The model predicts that plagioclase
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weathering is by far the most dominant control on the
release of elements, with only minor contributions from
K-feldspar and biotite. Kaolinite was predicted as being
the main weathering product being precipitated within the
aquifer. Seasonal NETPATH simulations predicted that
weathering rates are approximately 15-30% higher during
the summer and autumn, compared to winter and spring.
This appears to reflect hydrological and climatic differ-
ences with more rapid rates of groundwater throughput
and colder temperatures during the winter period, even
when snowmelt is occurring at relatively higher tempera-
tures. Overall, the low mineral dissolution rates probably
reflect the dominance of relatively insoluble minerals
resulting from the long history of weathering since the
Tertiary, cold temperatures and the coarse nature of the
drifts.

ISOTOPE HYDROLOGY OF SPRING AMD
STREAMWATERS

The 6'®0 values measured in spring water were extremely
damped compared with those of precipitation (Table 2 and
Fig. 5).. As anticipated, spatially averaged precipitation
6'%0 values (which showed no consistent spatial variation)
exhibited a roughly sinusoidal pattern, with water enriched
in 30 dominating summer precipitation, whilst winter
snow inputs were depleted in 80, in agreement with
Dansgaard (1964). In comparison, the oxygen-18 content
of spring waters varies little throughout the year implying
a well-mixed groundwater source (McDonnell ez al,
1991). However, higher 8'30 values reflect more enriched,
well-mixed. water discharging during the summer and
autumn, whilst isotopically depleted water was observed
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Fig. 4. NETPATH predictions of seasonal mineral dissolution/ pre-
cipitation rates (mmol 1) controlling the hydrogeochemistry of
spring waters.

during the late winter and early spring. Again this is con-
sistent with snowmelt recharging the shallow aquifers in
the drift, resulting in less thorough mixing. The isotope
values of spring water are much closer to those of winter
precipitation throughout the year, implying that most
recharge is facilitated by winter rainfall and snowmelt.

Compared to the damping and limited range in 6'%0
values at G4, 6'80 values in stream water at both G3 and
G1 are more variable (Table 2 and Fig. 5). This is consis-
tent with a more attenuated groundwater response to
hydrological events at G4, and the more dynamic mixing
of groundwater and soil water sources in storm event
runoff in G1 and G3 (Soulsby ez al., 1999a). Nevertheless,
680 values in G1 and G3 baseflows exhibited even less
variability than G4, indicating an extremely well-mixed
groundwater source in the lower catchment.

These seasonal patterns of 6'%0 values were used to
estimate the mean residence time of groundwater for each
individual year by fitting a sine-wave to the annual cycle

Table 2. Mean, maximum and minimum &30 (%o0) values
for precipitation, streamwaters and springwaters in the
catchment 199598 (baseflow = flow <0.10 m3 s™1).

Mean Min Max
PRECIPITATION
Summer rainfall —6.82 -16.04 247
Winter snow -8.84 2093 455
GROUNDWATER
G4 Spring -9.19 -9.74 —-8.86
G3 baseflow -9.46 -9.83 -8.99
G1 baseflow -9.44 -9.69 -9.16
STREAMWATER
G3 -9.61 -10.55 -8.43
Gl -9.28 -1044 -8.45
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Fig. 5. Oxygen-18 variations in GI, G3 and G4 in the hydrological year 1996-97.

(using weighted monthly mean concentrations) of precipi-
tation and groundwater variations using Eqn. 1. Figure 6
shows the model simulations plotted against the raw data
sets to show the degree of variatiability more clearly. The
degree of damping was then examined by comparing the
amplitude in modelled groundwater &80 values with
those in precipitation using Eqn. 2. Given the relatively
crude fit of the model to the precipitation data (» < 0.05),
the residence time estimates are considered as first esti-
mates from the available data, providing previously
unknown insight into probable mean water residence times
in the catchment. The model simulates the monthly vari-
ation in isotope signatures of springwater at G4 (p < 0.01)
and baseflows in G3 and G1 reasonably well, though the

latter were not statistically significant. To a first approxi-
mation, the model suggests a mean residence time of 2
years for springwaters suggesting that even at altitudes
above 900 m, fractured bedrock and shallow superficial
drifts form significant aquifers that sustain spring-fed wet-
lands and initiate first order streams. Clearly the mean res-
idence time belies the fact that a spectrum of flow paths
with a range of residence times is likely to sustain spring
flows.

Further downstream, modelled baseflow 630 values at
G1 and G3 were extremely damped with mean residence
times estimated in excess of 5 years (Table 3). The longer
mean residence times reflect the deeper and less permeable
drifts in the lower catchment, and the larger drainage
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e
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Fig. 6. Sine wave regression models of precipitation, spring water and streamwater oxygen-18 levels.
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Table 3. Predicted mean 6'%0 levels and mean estimated
residence times (years) of spring water and stream water
in the Allt 2> Mharcaidh catchment from sine wave regres-
sion analysis, 1995-98.

Mean Amplitude Residence n
(%) (%) time (yr)
PRECIPITATION -7.61 1.47 84
GROUNDWATER
G4 Spring -9.21 0.1 23 73
G3 Baseflows 947 0.03 >5.0 53
G1 Baseflows 944 0.02 >5.0 104

areas. This is consistent with hydrometric data which
show that the specific discharge of the lower catchment
(downstream of the G2 and G3 confluence) during low
flows (3 I'! s7! km?) is less than half that of the G3 sub-
catchment (8 I'! s! km?). These residence time. estima-
tions for groundwater in the Allt 2> Mharcaidh imply that
significant recharge must occur through the freely drain-
ing alpine soils that cover 40% of the catchment. Some of
this recharge then emerges at relatively localised spring
discharge point. However, it appears that a significant
amount of this recharge follows relatively long and/or slow
flow paths to sustain groundwater-surface water interac-
tions along the main channel network in the valley bottom.

Discussion

The springs of the Cairngorm mountains are hydrological
features that have unique ecological characteristics and
provide the sources of many upland streams. The chemi-
cal composition of the Allt a Mharcaidh spring is
extremely dilute and slightly acidic, resulting from the
highly weathered nature of the drift aquifer. The peren-
nial nature of the spring and the damping of 80 isotopes
implies that surprisingly large amounts of groundwater
storage exist in high altitude drifts and fractured rocks of
the Cairngorm plateaux. The main recharge mechanism
seems to be via snowmelt through freely draining alpine
soils. As the geology, soils and topography of the catch-
ments of other high altitude springs in the Cairngorms are
comparable, it is reasonable to speculate that other spring
sites have similar hydrochemical characteristics, though
more extensive sampling is required to confirm this (¢f Hill
and Neal, 1997; Neal, e al., 1998). These high altitude
aquifers of the Cairngorms are not common in other
mountain areas in the British Isles, where peat coverage is
greater or more peaked mountains have limited high alti~
tude drift (Rodwell, 1991).

Comparison of the chemical characteristics of the spring
with downstream surface waters shows that these chemical
features are localized to the headwaters of mountain

streams and emphasises their conservation importance in
the Cairngorm area. The wetlands that they support are
isolated features in the Cairngorm plateau and the combi-
nation of cold snowmelt and ultra-oligotrophic water
appears to sustain the relatively rare assemblages of flora
and fauna that contribute to the biodiversity importance of
the area (Gordon ez al., 1998).

The shallow nature of the drift aquifer, thin soil cover
and relatively short residence times of spring waters
demonstrate that these areas are vulnerable to environ-
mental change, including acidic deposition, climate change
and land use changes (Ramspacher ez al., 1992; Leibundgt,
1998). In particular, pollutants such as acidic oxide and
heavy metals from atmospheric sources can readily conta-
minate groundwater and rapidly be routed to downstream
freshwater environments via such shallow aquifer systems.
Regarding acid deposition, although sulphur deposition in
the Cairngorms has declined over the last decade-or-so
(Soulsby ez al.,, 1997b), N deposition is still increasing,
although actual deposition rates are relatively low. The
sequestration of N by terrestrial or aquatic ecosystems, as
implied by this and other more detailed studies, may lead
to fundamental changes to their nutrient status. In such
oligotrophic systems, modification to the structure, func-
tioning and composition of terrestrial and freshwater com-
munities could occur (Pitcairn and Fowler, 1989). In areas
of such high conservation importance, these changes
would generally be undesirable, though further work is
required to ascertain the current and likely future extent
to which systems are approaching N-saturation.

Shallow groundwater systems are also vulnerable to the
effects of climate change, especially if snowpack accumu-
lation is reduced and temperatures increase as predicted
(Gordon et al., 1998). The NETPATH simulations pre-
sented here suggest that higher weathering rates might be
expected if future predictions of warmer and wetter cli-
matic conditions in the Cairngorms are correct. These may
in turn alter the chemical composition of water (by
increasing base cation concentrations) in spring-fed plant
communities. These are believed to be highly sensitive to
water quality and may also change in composition as a
result (Rodwell, 1991). Although little can be done to man-
age such large scale environmental change, there is a need
for conservation management to recognise that montane
ecosystems are dynamic and responsive to climatic change.

Other threats to shallow groundwater systems include
the potential for bacterial contamination from both high
deer populations and human activities in the mountains. In
parts of North American mountain areas, such as the
Rockies, water courses and springs can be unfit for con-
sumption as a result of bacteria from large mammals and
human recreationalists. High deer densities in the
Cairngorms have the potential to contaminate water
sources with bacteria in faeces. Intensive recreational use
of the Cairngorms, together with the growing international
mobility of mountain recreationalists has also increased the
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range of bacterial agents that can be introduced into the
upland environment. In particular, the increasing popular-
ity of wild camping and overnight bivouacs in certain
‘honey pot’ locations carries a potential pollution threat
(Soulsby ez al., 1999¢). Shallow aquifers, thin soils and rel-
atively rapid rates of transit dictate that montane ground-
waters may be particularly vulnerable and, although little
evidence of contamination is currently available, studies to
date have been sparse.

Remote high altitude springs are potentially vulnerable
to many such pressures and monitoring of their hydro-
geochmeical and ecological conditions could provide
extremely useful indicators of environmental change. The
rapid turnover of water in spring/aquifer systems dictates
that they should exhibit rapid responses to any such
changes, and they provide a setting where integrated
assessment of physical, chemical and ecological effects
could be examined. Thus, more extensive and detailed
work on a wider range of spring sites is a research prior-
ity in the Cairngorm region.
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