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Abstract

Acid Neutralization Capacity (ANC) data for ephemeral stream and shallow groundwater for the catchments of the upper River
Severn show a highly heterogeneous system of within-catchment water flow pathways and chemical weathering on scales of less
than 100m. Ephemeral streams draining permeable soils seem to be supplied mainly from shallow groundwater sources. For
these streams, large systematic differences in pH and alkalinity occur due to the variability of the groundwater sources and vari-
ability in water residence times. However, the variability cannot be gauged on the basis of broad based physical information col-
lected in the field as geology, catchment gradients and forest structure are very similar. In contrast, ephemeral streams draining
impermeable soils are of more uniform chemistry as surface runoff is mainly supplied from the soil zone. Groundwater ANC
varies considerably over space and time. In general, the groundwaters have higher ANCs than the ephemeral streams. This is
due to increased chemical weathering from the inorganic materials in the lower soils and groundwater areas and possibly longer
residence times. However, during the winter months the groundwater ANCs tend to be at their lowest due to additional event-
driven acidic soil water contributions and intermediate groundwater residence times.

The results indicate the inappropriateness of a blanket approach to classifying stream vulnerability to acidification simply on
the basis of soil sensitivity. However, the results may well indicate good news for the environmental management of acidic and
acid sensitive systems. For example, they clearly indicate a large potential supply of weathering components within the ground-
water zone to reduce or mitigate the acidifying effects of land use change and acidic deposition without the environmental needs
for liming. Furthermore, the high variability of ephemeral stream runoff means that certain areas of catchments where there are
specific problems associated with acidification can be identified for focused remediation work for the situation where liming is
required.

The case for focused field campaigns and caution against over reliance on blanket modelling approaches is suggested. The
results negate the conventional generalizations within hydrology of how water moves through catchments to generate stream-
flow events (from Hortonian overland flow to catchment contributing areas).

Introduction

Major attention has been given in recent years to using
chemical techniques for splitting stream hydrograph
responses in relation to rainfall) soil water and groundwa-
ter contributions. For example, many studies in isotope
hydrology have shown that much of the water entering
streams during periods of high rainfall has been in soil and
shallow groundwater storage since the streamwater has the
isotopic signature of previous rainfall events (Sklash and
Farvolden, 1979; Rohde, 1981; DeWalle et al, 1988;
Bonnell e al.,, 1990; Neal and Rosier, 1990; Neal ez al.,
1992a; Durand et al., 1993). One particularly important
hydrograph splitting technique has been End-Member
Mixing Analysis (EMMA) which uses chemicals to finger-

print the stream water derived from hydrochemically dis-
tinct areas of the catchment such as soil and groundwater
stores. These chemical components include base cations,
conductivity, acid neutralization capacity (ANC) and Gran
alkalinity (Christophersen ez al., 1990; Hooper ez al., 1990;
Neal ez al., 1990; Robson, 1993; Hill and Neal, 1997).
Hydrograph splitting techniques using ANC in the
upper parts of the River Severn in the Plynlimon area have
indicated that groundwater provides an important compo-
nent to stream flow generation even at times of high flows
when soil or rain waters might be expected to dominate
(Neal et al., 1990; Robson et al., 1990; Robson, 1993). For
these early studies, a groundwater component had not
been sampled and a groundwater composition was simply
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inferred from stream baseflow ANC. Recent work has con-
firmed that such groundwater occurs within the catchment
(Neal et al,, 1997a,b). These findings are potentially of
major importance for understanding water movement and
chemical transfers through upland catchments traditionally
thought of as having low ANC, insignificant groundwater
transit routes and insignificant storage capacity (Neal et al.,
1997a,b).

In this paper, the theme of groundwater supplies to sur-
face water runoff is developed further based on new infor-
mation on groundwater and surface water runoff
chemistry. From this, an assessment is made of (a) the
complexity of hydrological groundwater—soilwater flows
and (b) the importance of groundwater to stream flow gen-
eration, within the Plynlimon catchments.

Rationale and Analytical Details of
Hydrograph Splitting Using ANC
ACID NEUTRALIZING CAPACITY

For hydrograph splitting, ANC is used here because (a) it
is easily measured with high accuracy, (b) it behaves con-
servatively on groundwater—soilwater mixing and (c) it
provides a clear marker between the soil and the ground-
water zone (cf Neal ez al., 1990; Robson er al., 1990;

Robson, 1993).
ANC is defined, according to Reuss et al., 1986, as

ANC = X strong base cations — X strong acid anions (1)
For Plynlimon waters, ANC is approximately given by the
equation
ANC = [NaH*]+[K*] + 2[Ca®* ]+ 2[Mg**]+ [NH}] -

[C1"]-[NO;] - 2[SO% ]~ [F]

@

and, using the charge balance constraint,
ANC = Z weak acid anions — X weak base cations A3)

which is approximated by

ANC @ [HCO57] + Z[Organionic charge] — Z[Orgcationic

charge] - Z'[AICa'ttionic charge] + z[AlAnicanic charge]
- [H*] *)

For measurement purposes, ANC is determined by the
equation

ANC & AlkGran — 3*Al + AOrg (5

where AlkGran, the Gran alkalinity (in gEq 1! units), is a
measure of the bicarbonate and, in part, the organic acid
buffering less the amount of acidity ({[H*]) in natural
waters: Al is the total aluminium concentration (uM) and
AOrg (UEq I'!) represents the component of organic acid
charge not neutralized during the Gran alkalinity titration
(Robson, 1993).

AlkGran Was determined electrometrically for the present
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study by acidimetric titration in a pH range of 4.0 to 3.0
using a Metrohm autotitrator. In this pH range, AOrg ®
0. Aluminium concentrations were determined using
inductively coupled plasma emission spectroscopy. The
analytical protocols and methodology are provided by Neal
et al. (1988) and Robson (1993) although for these earlier
studies the Gran alkalinity was determined in the pH
range 4.5 to 4.0. For this higher pH range, AOrg can
sometimes be more significant. However, initial examina-
tion of the results show an insignificant difference between
the two methods and there is no problem of incompara-
bility of data. For the present study only data for the acidi-
metric titration in a pH range of 4.0 to 3.0 is presented.

HYDROGRAPH SPLITTING USING ANC

For the Plynlimon streams, ANC decreases with increas-
ing flow (Figure 1). Under baseflow conditions, stream
waters are bicarbonate bearing, of low acidity and contain
base cations mainly derived from weathering reactions
involving aluminosilicate and carbonate minerals within
the bedrock. Under stormflow conditions, a much higher
proportion of stream water comes from the soil zone where
acidic aluminium bearing conditions apply and where base
cation concentrations are low due to (a) the lack of
weatherable bedrock components or (b) an insufficiently
long residence time or (c) a combination of both (Neal et
al., 1990; Robson ez al., 1990). Given a knowledge of the
groundwater and soilwater ‘endmember’ ANC concentra-
tions within a catchment, the percentage groundwater
within surface runoff can be determined by a two compo-
nent mixing analysis based

% groundwater = 100 * (AncC g eammater — ANCoitmater) /
(ANCgroundwater - ANCsoilwater) (6)

Study Area and Sampling Strategies

The Plynlimon catchments of the upper River Severn and
Wye have been the subject of intensive hydrological study
since the late 1960s and detailed hydrochemical investiga-
tion since the late 1970s (Hornung ez al., 1986; Kirby ez
al., 1991; Reynolds et al., 1984, 1986, 1988, 1989, 1992;
Neal ez al., 1990a,b, 1992b, 1997a—d; Robson, 1993).

In the present study, the upper parts of the River
Severn are examined. Details of the study area are pro-
vided by Kirby ez al. (1991) and Hill and Neal (1997), but
as background information for the reader, the following
provides details of the basic catchment characteristics. The
upper Severn area comprises three major tributaries, the
Afon Hafren, the Afon Hore and the Nant Tanllwyth with
respective catchment areas of 3.67, 3.08 and 0.89 Km?
(Figure 2). The upper reaches of the Afon Hafren and
Afon Hore, which originate on an extensive plateau of
acidic moorland and peat soils, have an altitude range of
about 320-740 m.a.s.l. For the lower half of the Afon
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Upper Afon Hafren
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Hafren and Afon Hore, the catchments are associated with
plantation spruce forest introduced onto the acid moorland
in various phases since the late 1930s. The Tanllwyth
catchment is in the lower part of the upper Severn catch-
ment area and is completely forest covered. The underly-
ing geology is comprised of Ordovician and lower Silurian
grits and shales, while the overlying soils range from peats,
podzols, stagnopodzols to gleys. Apart from minor thin-
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Fig. 1. Plots of ANC vs stream flow for the upper and lower Hafren
and the Nant Tanllwyth. Note in the case of the Tanllwyth, base-
Sflow ANC is particularly high due to the influence of a borehole near
to the stream which during development opened up fractures in the
rock and increased groundmwater supplies: upstream of the borehole,
baseflow ANC is about 59 UEq I and this compares with a value
of about 800 at the downstream point.

inputs to stream flow generation is assessed for the present
study using information collected on drainage from small
ephemeral streams and from shallow boreholes (Figure 2).
These data are used to characterise the soilwater and
groundwater endmembers, respectively. As information on
these compositions is only available for the Hafren and
Tanllwyth catchments, only these systems are dealt with
here. Also, while the stream waters have been monitored
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