








































































































































































































































































































Surface Water Gleys that exhibit varied hydraulic properties (Cruickshank, 1957). These soils have a
variety of parent materials ranging from Triassic Sandstone till to sands. Figure 1b, which is after the
HOST classification (DANI) for N. Ireland, shows the potential for wide ranging infiltration rates in
the caichment. Land use in the Enler Catchment is predominantly agricultural, includmg arable
pasture, dairy pasture, and rough pasture. Diffuse mputs of agricultural contaminants to groundwater
are likely to occur, in this catchment, where arable land is found on the Triassic Sandstone unit (Clarke,
et al. 1990). Fertiliser application on the catchment is extensive and has resulted in increasing nitrate
levels in the River Enler ranging from 5 mg/l in 1987 to peak levels of up to 40 mg/l in 1997 (DoE,
1997). With the introduction of the EC Nitrate Directive (91/ 679), the Enler Catchment is likely to be
designated a Nitrate Vulnerable Zone thus making determination of water tramsport increasingly
important.

The Enler catchment overlies two aquifer systems. The upper drift aquifer consists of sand and
gravel deposits up to 6 m thick underlain by sub-glacial tilf, and is contained in a glacial channel cut
between the Triassic Sherwood Sandstone to the north and the Silurian Greywacke to the south. It was
suggested by Foster (1969) that recharge to the sand and gravel aquifer from direct precipitation could
amount to 4.5 MI/d with additional recharge from streambed leakage. Robbins (1996) has suggested a
recharge of 60mm/a over the catchment. The hydraulic conductivity of the aquifer in this area is
around 102 m/d (Robins and Shearer, 1994). The lower main aquifer in the catchment, the Sherwood
Sandstone, is considered an excellent source of groundwater (Kalin & Roberts, 1997, Gibbons &
Kalin, 1997). The Sherwood Sandstone has a refatively high porosity of 24 %, a transmissivity of up
to 250 m/d, and a storativity in the order of 10°. This aquifer has no known outcrop and, although it
covers an extensive area outside of the catchment boundaries, it has been suggested that the only
significant source of recharge to the aquifer is by induced leakage from the overlying Quaternary
deposits in the Enler Catchment.
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Figure 1b. HOST classification of soils in the Enler Catchment with sampling locations for stable
isotope profiles in the unsaturated zone.



The lack of major surface water resources in this area snggests that much of the effective recharge
contributes to groundwater recharge and has thus caused interest in utilisation of the groundwater
resources for both public and private use since the 1930°s. During the 1960°s and 70’s hydrogeological
studies were carried out in this area by the Geological Survey of Northern Ircland. These studies -
revealed a highly productive aquifer system that could be easily exploited to complement the public
water supply (Price & Foster, 1974, Bennett, 1976). Since the 1970’s groundwater withdrawal in the
area has been on the increase. Currently about 8,000 m*/d is extracted from the Sherwood sandstone
aquifer and 1,000 m*/d from the sand and gravel for public supply, not including an undefined use by
industry and agriculture (after Department of Agriculture for Northern Ireland).

WATER BALANCE OF THE ENLER CATCHMENT

The complexity of surface hydrology makes estimating recharge in the Enler Catchment using the
water balance approach difficult. Not all components of the water balance can be measured accurately
through time within a given catchment. Precipitation is quantifiable with proper instrumentation,
however areal representation is a problem. Evapotranspiration (ET) can be estimated directly by
physical means (Essery & Wilcock, 1990), or calculated from meteorological data (Ben-Asher, 1978).
It is generally accepted that ET is the component most in error, with typical errors of 15-20%.
Infiltration in the catchment is the residual of the water balance equation, and therefore subject to
compounding of potential errors in the other terms. The general water balance equation as applied here
to the Enler drainage system and is given by;

P= ET+Q+R+AS
(2)

where P 1s precipitation, ET is evapotranspiration, Q is stream flow, R is net effective recharge and AS
is the change in soil moisture over a given time period. All are expressed in mm over the catchment
area.

The Belfast Climate Office measured precipitation on the Enler Catchment daily at four sites. Rain
gauges are the standard Meteorological Office Mark II rain gauge (Met. Office, 1982). The Thiesson
polygon method (Shaw, 1985) was applied using rainfall measurements from nearby gauges. Here,
rainfall measurements were weighted by the fractions of the catchment area represented by each gauge,
and then summed over the catchment area.

Of all the processes in the hydrological cycle, ET is the most difficult to quantify for this catchment,
due to the complexity of processes involved and the wvariability of transpiration rates from
heterogeneous vegetation. In this study ET was computer generated using the Penman-Monteith
combination equation which modifies the original Penman equation (Penman, 1948) by introducing
canopy and aerodynamic resistance terms (Allen et al., 1989). Meteorological observations of wind
speed, relative humidity, wet and dry bulb temperature, and net daily radiation were measured by the
Belfast Climate for the study area. These observations were then used to calculate ET and Soil
Moisture Deficit (SMD). The River Enler is gauged daily by the Hydrometrics unit of the Dept. of
Agriculture for Northern Ireland. The only gauging structure in the catchment is a flat-V weir at
Comber. The river flow is measured in m’/s and was subsequently converted into mm over the
catchment area for the calculation of the water balance. _

The results of the monthly net infiltration calculated from the water balance on the Enler Catchment,
between the years 1987-96, are shown in figure 2. This graph indicates that the calculated monthly
effective infiltration values show a cyclic pattern mdicating that recharge is most likely occurring
during the winter months and an increase in SMD occurring in the summer months. Assuming winter
precipitation first makes up for the summer increase in SMD, this graph would suggest that overall,
little or no recharge to the groundwater system occurs in this catchment. The annual recharge for the
catchment was also calculated for this data and varies considerably between -60 and 90 mm over the
catchment area. In some years the catchment experiences a ‘negative’ recharge value indicating a loss



of water from the catchment. This again would suggest that overall little or no recharge contributes to
the aquifer system below the Enler Catchment. This is in contrast to the findings of Foster (1969) who
suggested a higher average infiltration of 128 mm per annum. The discrepancy in the infiltration values
is difficult to explain particularly as the method used in previous studies were not referenced.
However, this does indicate the uncertainties in using this approach to understand or predict water
movement in the unsaturated zone.
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Figure 2. Graph showing the calculated net infiltration in the Enler Catchment over the period 1987-1996.
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Figore 3. Net Infiltration to groundwater calculated on an annual basis from the Water Balance.



The use of the water balance technique for recharge evaluation is the standard approach used in
Ireland. Figure 3 shows the overall ‘net’ annual infiltration on the Enler Catchment for the periods
1987 to 1996. K is interesting to note that a number of years during this period result in #o recharge to
the groundwater system. The errors involved in evaluation of each component of the water balance
were high for this catchment, and error in the recharge may be up to 100% when considering
propagation of the errors for each of the measured values. Also water balance calculations were
insufficient to identify recharge mechanisms, and thus are of limited use when considering pathways for
contaminant transport. Therefore it was decided to investigate the potential of using environmental
isotopes in the unsaturated zone to enhance the knowledge of recharge mechanisms and infiltration rates
in the study catchment as storm event vary in stable isotopic composition and there is a pronounced
annual cycle of stable isotopes in Irish precipitation (40 years of data from IAEA precipitation network
at Valentia).

EXPERIMENTAL METHODS

Isotopes have been used as tracers of water movement for over 40 years in both arid climates
(Allison ef al., 1984) and temperate climates (Bath ef al., 1982). Water movement in the unsaturated
zone was first investigated using stable isotope techniques in Germany (Zimmerman ef al., 1965, 1966)
and a useful summary of isotope studies in the unsaturated zone is given by Fontes (1980, 1983). More

‘recently investigations have focused on using isotopes to determine the recharge rate and identify
recharge mechanisms (Dincer et gl., 1974; Saxena & Dressie, 1983; Saxena, 1987). Of all tracers, °H,
*H, and '*0 most accurately simulate the movement of water in the unsaturated zone as these isotopes
are bound withun the water molecule itself, and are therefore most useful.

Stable oxygen isotope analysis of soil water was determined using the direct equilibration method
developed at the Queen’s University of Belfast (McConville ef al., 1999). Approximately 8 cm® of soil
was placed into pre-weighed 10 ml pierccable screw top glass vacutainers. The vacutainers were
weighed and placed on a specially designed vacuum line which removed air from the sample vials via
capillary needles, and CO, was introduced (McConville ef al., 1999). The sample vials were transferred
into a constant temperature water bath, specially designed at Queens University for use with a Gilson
autosampler, and allowed to equilibrate with CO, for 12 hours at 25 °C (Epstein & Mayeda, 1953).
The samples were automatically transferred into the mass spectrometer via the MultiPrep system
(Micromass, 1998) which automatically pierced each sample vial and transferred an aliquot of CO, to a
-80 °C cold trap, and then the dried CO,; was transferred to the Prism III IRMS for analysis
(Micromass, 1995). Using this method small soil samples can be accurately analysed for the §'°0
content providing high resolution profiles with acceptable accuracy’s of + 0.1 %e. The results of 8'°0
analysis of water are expressed permil (%o) relative to VSMOW.

The stable isotopic composition of rainfall varies from storm to storm and throughout the year.
Thus, water travelling through the unsaturated zone will vary in isotopic composition. At each of the
10 sites in the catchment, approximately 15 cm of top soil was removed. Samples were obtained using
a drive-in-sampler that consists of a specially constructed strengthened metal sample tube, 60 mm
internal diameter, with side windows. The sample tubes were driven into the ground by a hydraulic
jack hammer, which delivered 900 blows per minute, using a porfable compressor unit. The sample
tubes were then removed from the ground using a specially designed clam and jack system. Soil
samples were then removed from the sampie tube, via the side windows, in 20 mm increments and
placed in a vacutainer for 8'°0 analysis or bagged for water content. All samples were carefully
handled and stored in order to minimise sample contamination or pore water evaporation. Larger soil
samples were removed for particle-size distribution and permeability dgtermination. The depth of
coring was dependent on soil conditions but was usually up to 1.5 m to 2.0'm deep.



RESULTS AND DISCUSSION

A number of sites were sampled m each of the soil types outlined above so as to give a
representative view of the recharge characteristics through soils with differing properties. The number
of profiles taken in each classification was mainly dependent on its % area in the catchment. Ten sites
were sampled i total. Four sites were chosen on the swface water gleys, as this class represents the
largest arca in the catchment, and then 2 each in the alluvium, sand and gravel, and brown earth soil
types. An example of one 5'°0 profile obtained at site 7, which corresponds to a surface water gley, is
shown in Figure 4.
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Figure 4. 5'%0 and soil water content for Field site 7



The soil type for this site is documented as a surface water gley overlying a glacial till, which should
exhibit slow drainage. The drill log obtained for the site did not show the presence of ‘gley” at the top
of the profile. It did however indicate a soft glacial till. Figure 4 shows the %0 and water content
results for soil profiles obtained at this site. The water content profile shows a uniform water comtent
of approximately 17% below 50cm depth, while above this the water content increases sharply to
approximately 30%. This would be indicative of the soil profile found at this location with the higher
water contents representing the gleyed topsoil and the uniform water content below this representing the
uniform glacial till. The 8'°0 profile for this site shows bands of isotopic activity. The upper 1m of
the profile scems to exhibit a cyclic variation in the "*0, with a range of over 2%, while the below Im
depth, the 8'°0 is very uniform with an average of 6.4 + 0.2%,. This difference in isotopic pattern
may be partially explained from the drill log obtained at the site that clearly shows two distinct soil
types with the mterface corresponding to the depth at which the change in isotopic pattern occurs.

One suggestion may be that each soil type has different hydraulic conductivities, While the top soil
band allows infiltration at a rate which facilitates the preserving of the isotopic signature in
precipitation, the lower soil has a much slower permeability causing the isotopic signature to be lost
due to diffusional re-distribution and mixing. In this case water movement may be more pronounced
laterally along the soil boundary interface. Another suggestion is that the physical or chemical soil
properties may influence the -ability of the soil to store the §'°0 signature, in that different soil types
may exhibit different §'°0 profiles even when the infiltration rate is similar. Although the uniform §'*0
of the lower part of the profile does not supply information on possible infiliration rates, the upper
cyclic may contain vital information. The hypothesis suggested in this research is that the cyclic
variation in the top 1m represents a seasonal isotopic signature with winter rainfall being depleted in
8'*0 and summer rainfall being enriched. The isotopically depleted peaks at depths 30cm and 70 cm
representing the winter rainfall of 1997/98 and 1996/97 respectively, and the enriched peaks at 50cm
and 90cm representing the summer rainfall of 1997 and 1996 respectively. From this it can be assumed
that in both years water in this profile has travelled 40cm each year. 8'°O results obtained from the
precipitation collected at the Queen’s University gauging station support this hypothesis. Average §'°0
n precipitation for winter 1997/98 and 1996/97 are —6.8%o and —6.9%o respectively, while for summer
1997 and 1996 it is —6.0%o and —5.1%o respectively. This correlates well with values found from the
8'%0 profile of —7.1%o and —6.7% for the winter of 1997/98 and 1996/97 respectively, and —5.7%o and
—35.1%o for the summers of 1997 and 1996 respectively. Assuming a rate of water movement of 40cm
per annum and using equation {1), the infiltration rate in the upper 1m of the profile can be calculated
as 1.3 x 10° m/s. This value correlates reasonably well with the Guelph Permeameter measurement of
8 x 107 m/s obtained at this site. Assuming the minimum water content of the profile, approximately
11% (by weight) to be that of field capacity, the 6r was calculated as 14% (by volume). This is much
lower than that expected from a glacial till, however, the profile did contain some sand and substantial
amounts of stones, which would reduce the field capacity. Therefore using equation (1), a recharge of
approximately 22mm/a was calculated through this profile.

Using this method of interpretation, recharge rates calculated from the 8'°0 profiles of the four main
soil types are summarised in table 1. An average recharge rate was calculated for the entire Enler
Catchment by proportioning the recharge rate of each soil type, found from 80 profiles, according to
the percentage area covered by the that soil type. The table shows that although recharse rates are fast
through the sand and gravel deposits of the Enler valley the area covered by these deposits is small and
therefore the amount of recharge is low. Similarly, although it has been suggested previously that the
glacial tills in the Enler Valley inhibit infiltration considerably (Robins & Shearer, 1994), and recharge
in this study was found to be relatively small, the large percentage area of glacial till produced a
substantial recharge amount through the glacial tills. The recharge in the Enler catchment was
calculated by multiplying the recharge rate through cach soil type, estimated from 5'°0 profiles, by the
proportion of area of catchment covered by that soil type (table 1). In this way average recharge in the
study area was calculated as 66mm/annum. This value is supported by Robins & Shearer (1994), who
quoted precipitation as ca. 900mmy/a, potential evapotranspiration as 460mm/a, and if streamflow is
taken as ca. 380mm/a (section 3.5 .4) the remaining infiltration is 60mm/y.



Soil Type % Area of Enler Recharge Contributing Recharge

Catchment (mm/a) {min/a)

Sands and Gravel 76 250 19

Alluvium 3.9 240 3

Brown earth on glacial 16.9 60 10

till
Surface water gley on 54.8 22 12
glacial till '

Usban areas 163 100 17

Total recharge over the Enler Catchment G6mm/annum

Table 1. Summary of infiltration rates through soil types in the Enler Catchment and associated areas.

CONCLUSIONS

Tt has been shown that, although still widely used, the water balance method of calculating recharge
to groundwater in the Enler catchment contains substantial uncertainty and did not give an indication of
potential contaminant transport pathways. This paper outlines a method, using the stable isotope O-18
of water that has the potential to accurately describe both the quantity and mechanisms of water
transport in the unsaturated zone. The isotopic method has been demonstrated to provide an excellent
tool for the study of recharge mechanisms in temperate climates. The 8'°0 profile obtained is shown to
be strongly dependant on the rate of water movement through the profile. This research showed that the
input of 5'%0 in precipitation is held in the unsaturated zone of temperate climates under certain
conditions, and can therefore be used as a useful indicator of water movement. Water Balance
Techniques are simplistic and relatively inaccurate. In this research, a water balance calculated for the
Enler Catchment showed a potential 100% error in the recharge variable, and also gave no indication of
recharge mechanisms. Infiltration rates for different soil types estimated from 8'°0 profiles in the study
catchment, and summed according to the area of the relative soil type, giving an average infiltration rate
of 66mm/year for the Enler Catchment. This value is consistent with previous estimates, and the 3"0
profiles can provide valuable information on recharge areas and mechanisms.
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