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Abstract In the groundwater under Nottingham, nitrate concentrations are as
high as they are in the surrounding rural groundwater. Fertilizer and
agricultural practices are the main sources of rural nitrates, but are
insignificant in the city environment. Urban sources of nitrogen in
groundwater include leaking sewers, leaking water mains, landfills and
industrial chemical spillages. We have recently completed a major field and
modelling study of Nottingham to identify and quantify recharge sources and
amounts, and loadings of solutes. A novel approach of combining a water
balance with multiple solute balances provided the first estimates for a UK
city. Sewers contribute about 13% of the nitrogen loading. The size of the
nitrogen loading from leaking water mains is more important at about 36% of
the total, because they provide over half the recharge in the urban area. The
remaining 50% of the N loading includes parks, gardens, landfills and
industrial spillages.

INTRODUCTION

Nitrate is often seen as an agricultural pollutant of groundwater, and might be expected
to occur at higher concentrations in the groundwaters surrounding a city than in those
beneath it. However several studies have shown small differences between rural and
urban nitrate concendrations, due to the non-agricultural sources of nitrogen that are
concentrated in cities. For example, in Coventry {(UK) the ratio of wban to rural
concentrations was 1.4 (Nazari ef al., 1993), and similar resulis have been noted
elsewhere in the UK (Lemer et al, 1994), North America (Flipse ef al., 1984) and
Burope (Razack ef al, 1988). Urban groundwater is valuable but underused (Lerner,
1996), and a better understanding of the sources and loadings of urban nitrogen will help
to make most effective use of this resource. This paper aims to give some estimates and
illustrate the significance of non-agricultural sources of nitrogen for groundwater from a
case study of Nottingham (UK) (Barrett et al., 1997; Yang ef al., in press).
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Fig. 1 Geology and groundwater of the Nottingham area (after BGS, 1981; Charlsey et
al., 1950).

GEQLOGY AND HYDROGEQLOGY

Nottingham was chosen for the study, offering contrasts and similarities with previous
work in Birmingham and Coventry (Rivett ef al., 1990; Burston er af., 1993; Ford &
Tellam, 1994). It has no significant superficial cover to complicate interpretation, and
has rural areas nearby for comparison.

Groundwater is principally found in the Triassic Sherwood Sandstone Group
(Fig. 1). This is a fluviatile red-bed sequence which varies in thickness from zero in the
west to over 150 m in the north. A typical regional hydranlic conductivity is a few
metres per day. Matrix porosity is about 25-35%, specific vield about 10-15%, and
there is some fracturing. It is confined to the east and south by the Mercia Mudstone
Group, and overlain in the vallevs of the rivers Leen and Trent by alluvium.

Regional groundwater flow is to the south and east, discharging into boreholes
with high pumping rates and the two rivers (Fig. 1). Pumping for public supply started
in the late 19th century, and is continued by a network of one urban and six rural
pumping stations, supplemented by surface water from the River Derwent (Edwards,
1966; Severn Trent Water information).
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METHODS

The overall approach to the study had three components:

— regular sampling of expected recharge sources (precipitation, rivers, water mains,
sewers) and groundwaters (tural and urban, deep and shallow boreholes);

— use of groundwater flow and solute transport medels for Cl, SO4 and total-N to
quantify recharges from sewers, mains and precipitation;

— interpretation of the chemistry and quantities of recharge to estimate solute loads
from the various sources.

NITROGEN CONTENT OF RECHARGE AND GROUNDWATER

The inorganic quality, as expressed by concentrations of major ions, is poorer in the
urban than rural area. None of the concentrations are high enough to be of concern,
except for nitrate (Table 1). This is the only major ion to have similar concentrations in
urban and rural areas and exceeds the drinking water limit of 50 mg I in many
locations. Ammonium was observed sporadically, most often in shallow, urban
samples.

The results of analyses for nitrate, ammonium and total-N in Nottingham’s
precipitation, river water, mains water and sewage are summarized in Table 1. In the
river and mains water samples, nitrate is the dominant species (as would be expected
given the oxic conditions). The precipitation samples contained a greater content of
ammonium (generally of the range 2-10mgl”') and lesser content of nitrate
(7-10 mg 1), It should be noted that the total nitrogen concentration of the precipitation
samples is not so different to the mains water due to the high proportion of nitrogen
contained in ammonium. Not surprisingly, the raw sewage samples analysed contained
negligible nitrate concentrations, but high ammeonium (28-52 mg 1”'}. On two occasions,
total nitrogen was measured in the sewage samples. Comparing ammonium and the
higher total nitrogen concentrations suggests that 32-38% of the nitrogen was as organic
nitrogen. Thus sewage provides a large potential source of nitrogen.

The range of concentrations seen in the shallow urban groundwaters is not
significantly different from that of the deep groundwaters. The rural shallow boreholes

Table 1 Summary of average nitrogen concentrations in Nottingham waters during 1995--1996 (mg I').

Possible recharge waters  Mains Sewage Rainfall River Lean River Trent
No. sites sampled 21 i 9 5 6

NO; 17.3 <1.3 87 16.8 18.2

NH, bd (<0.035) 38.1 5.5 0.4% (.88
Organic N nm 19.1 nm nm nm
Groundwaters Caves Shallow urban Shallow rural Deep urban Deep rural*
No. sites sampled 6 1t 4 20 5

NO, 43 44 73 51 54

NH, 0.67 0.11 0.1 0.67 0.35
Organic N nim nm nm mn nm

bd = below detection nm = not measured
*Unconfined only.
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have consistently higher concentrations than the rural deep boreholes, which suggests
there may be a future upward trend in rural nitrates.

Conditions in the aquifer are generally oxic, so nitrogen is generally as nitrate, but
it can be organic or ammonium in the recharges, before oxidation in the aguifer.
Similarly sulphur is normally as sulphate.

QUANTIFYING RECHARGES

The hydrology of a city is too complex to be able to quantify recharges directly. There
are three recharges to estimate for Nottingham (precipitation, mains and sewers) and
each 15 expected to vary in space and time. Qur approach has been to simultaneously
calibrate four flux balance models, thereby maxinuzing the information used and
minimizing uncertainty in the outcome. The fluxes were groundwater and the three
conservative chemical species, chloride, sulphate and total nitrogen. A groundwater
flow model and three solute transport models were constructed and calibrated against
groundwater level hydrographs and all available measurements of solute
concenfrations, including a few measurements from the nineteenth century. The area
was divided into six zones, and the study period of 1850-1995 was divided into six
different recharge and solute periods, based on analysis of the growth of the urban
area. Time was further subdivided into 13 periods to include variations in pumping.
The models used much smaller discretizations to solve the governing equations, with
grid sizes down to 250 m and time steps of one year.

Full details of the methods and results are given by Yang ef al. (in press).
Averaging their estimates over the urban area for the most recent period gives the
following estimated recharge rates:

Total recharge 211 mm yeat’!
Recharge frorn mains leakage 138 mm year™
Recharge from sewer leakage 9 mm year’'

SOURCES OF NON-AGRICULTURAL NITROGEN

Table 2 summarizes the sources of nitrogen for urban groundwater. Some root zone
leaching will occur, as in agricultural areas. An urban feature of soil processes will be
the disturbance due to housing developments. This will be equivalent to ploughing up
permanent pasture which is known to be a major input of nitrogen in agricultural areas.
Leakage from sewers and water mains are mainly urban sources, as are the various
forms of contaminated land.

The modelling exercize has enabled us to quantify the average concentrations of
total-N in urban and rural recharges for Nottingham, as shown in Fig. 2. This shows
that urban and rural loadings have approximately kept in step with each other. The last
task is to quantify the contribution of each of the sources to these overall inputs, The
modelling study estimated the inputs from sewers as equivalent to a recharge of
10 mm year' of sewage with an average concentration of 30 mg N I, The modelling
also quantified the contribution from leaking mains as 138 mm year' at an average
concentration of 5.6 mg N 1.
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Table 2 Sources of nitrogen in urban groundwater.

Category Origin of nitrogen Form reaching groundwater
Root zone leaching Atmospheric inputs NG,
Urban fertilizer use NO,
Bouse-building NO;
Sewage infiltration Leaking sewers NH, and
Septic tanks organic-N
Water supply leakage Drinking water NO,
Contaminated land Leaking landfills NH,
Gas works NH,
Industrial spillages Various chemicals
Miscellancous Urea de-icing of airports and bridges Urea

»
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Fig. 2 Average nitrogen concentrations in recharge for the Nottingham aquifer,

Sources such as landfills and contaminated land are not associated with any
regional recharge that can be separated by the modelling, and all these N sources are
lumped in with rainfail recharge. An estimate can be made by assuming that soil
processes in open ground (leaching from gardens and parks) has given a constant
concentration of N in the recharge passing through this ground. Fixing this
concentration at 3 mg N I”', which is the value from the earliest period of the model,
gives a soil-N loading equivalent to 6.6 kg ha”' year over the limited open area. The
loads from contaminated land and house-building have been estimated by difference,
and all the estimates are shown in Fig. 3. These are average loads for the unconfined
aquifer in the current urban area. They are averages over the three zones which are
now urban, and so include their temporal transition from rural to urban status.

The estimates in Fig. 3 give a total-N loading in the urban area of 21 kg ha™ year
in the recent period. This is divided between the various sources in the ratios:

Leaking mains 37%
Leaking sewers 13%
Soil leaching 9%
Others (contaminated land, industry, ete.) 41%

Sewage is likely to make its greatest impact on groundwater in a city such as
Nottingham due to permeable soils and a deep water table. At less than 15% of the
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Fig. 3 Average nitrogen loadings for the urban area of Nottingham. “Others” includes
contaminated land, industrial spills, house-building,.

total nitrogen loading, this impact is not severe. Leaking water mains make a major
contribution fo N loads in Nottingham. They may be the easiest of the various sources
to control by changing the quality of drinking water; reducing leakage may have the
counter effect of increasing N concentrations in groundwater by reducing dilution of
the stronger recharges. Our experience of urban pollution studies suggests that it is
probable that the contributions from industrial spillages and contaminated land will
reduce rather than grow in the future. House-building will continue to disturb soils and
release N in urban and suburban areas in the UK.

CONCLUSIONS

The groundwater under Nottingham is of poorer quality than in nearby rural areas.
Nitrate concentrations are similar in urban and rural areas, and frequently exceed the
drinking water limits. There is evidence of pollution by leaking sewers. Although total
recharge in the city is similar to that in the urban area, the components are very
different. Mains leakage is the major recharge source in the city, and leaking sewers
contribute about 10 mm year.

Nitrogen loads are similar for the rural and urban aquifers, but from very different
sources. Sewers contribute <15% of the nitrogen load to the urban aquifer, and the
major contributors are leaking water mains and general urban pollution from
contaminated land and industry; house-building may also be significant.
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