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Assessment of groundwater pollution
potential

J. Chilton, O. Schmoll and S. Appleyard

Using the knowledge of the regional groundwater conditions and the nature of the human
activities and their possible impacts on groundwater quality provided by Sections I and
II, this chapter describes the assessment of groundwater pollution potential, and
illustrates the approach with two case studies. The intention of the chapter is to indicate
the general scope and scale of what is required to assess groundwater pollution potential,
rather than to provide detailed technical guidance on how it should be done. This more
detailed technical material, aimed more at the practising professional actually carrying
out such an assessment, can be found in, for example, Foster et al. (2002) and Zaporozec
(2002). Chapter 15 builds on this assessment to provide guidance on establishing
groundwater management priorities to reduce the impact of pollution, either by
increasing the protection measures at drinking-water sources (Section IV) or by
controlling pollution sources and the activities causing pollution (Section V).

Assessment of groundwater pollution potential in a given drinking-water catchment
may be conducted under a wide variety of conditions and at varying spatial scales and
levels of sophistication (Foster and Hirata, 1988). As a result, the assessment can produce
a wide range of outcomes. The conditions may range from simple settings with almost
self-evident identification of one or two key hazards (e.g. high density of poorly sealed
latrines on a shallow aquifer) to highly complex urban and industrial scenarios with
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diverse human activities, in which the key sources of pollution are difficult to identify.
This complexity may perhaps be coupled with small-scale variations in geology and
hydrogeological conditions, rendering vulnerability assessments equally demanding.
This broad variation means that assessments of pollution potential can require an equally
broad range of sophistication, ranging from reconnaissance surveys of the major
potential sources of groundwater pollution to detailed surveys of chemical or microbial
pollutant loads and even to simple modelling of, for example, the leaching potential of
pesticides used in the catchment. This implies that experienced professionals from the
hydrogeology and environmental engineering disciplines will normally be needed, both
to help decide on the level of sophistication required, and to undertake the assessment
itself.

NOTE p This chapter indicates the general scope and scale of what is
required to assess groundwater pollution potential, rather than
providing detailed technical guidance on how it should be done. In
the context of developing a Water Safety Plan this chapter supports
risk assessment for groundwater fed drinking-water supplies.

14.1 THE OVERALL ASSESSMENT PROCESS

Prior to undertaking the assessment of groundwater pollution potential, the first exercise
is to decide upon the area to be protected around the drinking-water source. This may
include the entire extent of the aquifer system in which the source occurs at one extreme,
or may involve delineating the specific catchment or zone of influence of the supply
source or sources in question. This will normally be the hydrogeologically-defined
capture zone from which the recharge is derived, as in the Barbados case study (Section
14.5), or may just be a simple radius around the source. Guidance is given in Chapter 17
on the establishment of such zones. Once the area of investigation has been defined, then
the process described below can be undertaken. However, it is important to note that
groundwater catchments do not always follow surface water catchments and may cross
both local and national administrative political boundaries. Thus selection of the correct
and appropriate area is critical. Near national borders, it may even involve international
discussions and agreements for successful implementation of groundwater protection and
the associated control measures or other management responses.

In view of the complexity of factors affecting pollutant migration and the uniqueness
of each field situation, it would be logical to treat each activity or source on individual
merit and undertake independent field investigations to assess pollution potential (Foster
and Hirata, 1988). However, because of the high cost of such investigations, simpler but
consistent procedures for assessing pollution potential at modest cost are needed. The
reader should not, therefore, be unduly discouraged by the complexity of
hydrogeological conditions and pollutant behaviour. Using the understanding of the
former gained from Chapters 2 and 8, and of the latter from Chapters 3, 4, and 9 to 13,
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useful assessments of groundwater pollution potential can be achieved on the basis of
existing information combined with some field reconnaissance.

As shown in Figure 14.1, the potential for groundwater pollution to occur is
determined by the interaction between the microbial or chemical pollutant loading which
is being, or might be, applied to the subsurface environment as a result of one or more of
the types of human activity described in Chapters 9-13, and the aquifer vulnerability,
which depends on the intrinsic physical characteristics of the soil and strata separating
the aquifer from the land surface, as described in Chapter 8.
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Figure 14.1. Groundwater pollution potential (adapted from Foster and Hirata, 1988)

The factors that define aquifer vulnerability (Chapter 8) are summarized here for
convenience along the horizontal axis of Figure 14.1, and it is the identification and
characterization of the factors that determine pollutant loading on the vertical axis that is
the subject of this chapter.
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The matrix in Figure 14.1 does not assign quantitative scores, but rather depicts a
relative classification of pollution potential, and the components of both pollutant loading
and aquifer vulnerability can have broad ranges from low to high. Thus a combination of
high pollutant loading and high aquifer vulnerability provide the most extreme pollution
potential in the top right corner of the figure. Adopting this approach, it is possible to
envisage situations in which an aquifer is highly vulnerable, but there is little or no
danger of pollution because there is no pollution load, or vice versa. Both are consistent
in practice. The former might occur on an uninhabited coral limestone island, and the
latter where an urban area with many small pollution sources is separated from an
underlying deep aquifer by a thick sequence of impermeable clays or silts.

Whether the pollution potential derived in this way will be translated into a serious
quality impact producing problems for drinking-water supplies using groundwater will
depend on several factors. These include the mobility and persistence of the pollutants
within the groundwater flow regime and the scope for further dilution in the saturated
zone. The economic and financial scale of the impact will depend on the value of the
groundwater resources affected, including the investment and operating costs in abstract-
ting the water and delivering it to consumers, and the cost of finding alternative supplies,
as well as the broader societal and environmental value of the groundwater where, for
example, there are many small-scale community or private wells and boreholes.

If the relationship in Figure 14.1 could be fully quantified in probability terms, it
would become a more formal indication of the likelihood that groundwater in an aquifer
would become polluted at concentrations above respective guideline values. While this
may be possible for some diffuse pollution sources such as agriculture and unsewered
sanitation, experience suggests it is much more difficult to quantify microbial and
chemical pollutant loads to groundwater for most point sources. Further, given the
uncertainties about pollutant behaviour outlined below and in Sections I and II, a
qualitative or semi-quantitative assessment of the potential for pollution of groundwater
to occur is, for many settings, the best that situation analysis can achieve. This is,
however, likely to be more than adequate as a basis for initiating consideration of actions
for protecting groundwater, and for focussing more detailed investigation or monitoring
on the activities or sources judged to be the most significant.

142 COMPONENTS OF ASSESSMENT OF POLLUTANT
LOADING

The series of questions that need to be answered in an assessment of pollutant loading are
shown in Figure 14.2. The six questions and the associated components of the
assessment are presented one above the other, and linked sideways by arrows to the box
representing pollutant loading to denote that they are not necessarily part of a sequential
decision process. The information needed to answer these questions must come from a
survey or inventory of likely pollutant sources, including identification, location and
characterization of all sources, including where possible their historical evolution (see
checklists at the end of chapters of Section II). Further discussion of data collection
procedures and design and implementation of pollution inventories is provided by Foster
et al. (2002) and Zaporozec (2002).
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Assessment of groundwater pollution potential

COMPONENT OF ASSESSMENT

Assess human activities present in the drinking-water catchment and possible
associated pollutants

* Type of activity: agriculture, sanitation, industry, mining, waste disposal, landfils, traffic
* Distribution category: point, multi-point, line, diffuse
* Types of pollutant (€.g. pathogens, nitrogen, pesticides, etc.)

Sources: Table 14.1 and Section Il

Assess pollutant transport and attenuation

+ Scope for pollutant elimination (or degradation)
* Scope for pollutant retardation

Source: Figure 14.3 and Chapters 3 and 4

Assess mode of pollutant disposition in the subsurface

+ Hydraulic loading associated with the pollutant
* Depth below ground at which effluent is discharged or leaching occurs

Source: Figure 14.4

I t quantity

i from human activity

Source: Section Il

1
J

Assess intensity of pollution in local

+ Pollutant concentrations relative to WHO Guideline Values or other relevant standards
* Proportion of recharge affected at this concentration

Source: Figure 14.5 and Box 14.1

Assess duration of application of pollutant load

+ Probability that pollutant will be discharged in subsurface
* Period or intervals for which pollutant load is applied

Source: Figure 14.7

Figure 14.2 Components of assessment of pollutant loading
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The information needed to answer the first question in Figure 14.2 is summarized in
Table 14.1, in which the human activities in Chapters 9-13 are listed with many of the
main types of pollutants and their category of distribution as point, line or diffuse
sources. Table 14.1 also indicates which of the activities are accompanied by significant
hydraulic loading by additional volumes of water, and for which of them the protective
soil layer is by-passed in the method of usage or disposal of the potential pollutants.
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Table 14.1. Summary of activities potentially generating subsurface pollutant loading (modified

from Foster et al., 2002)

Type of human activity Character of pollutant loading
Distribution Main Relative By-pass of
category typesof hydraulic soil zone
pollutant  loading
Agriculture (Chapter 9)
Cultivation with:
Agrochemicals D NP
Irrigation D NPS +
Sewage sludge and wastewater D FNOS +
Animal feedlot operation:
Leakage from unlined effluent lagoons P FN + +
Land discharge of effluent P-D FNS +
Sanitation (Chapter 10)
Leakage from on-site sanitation P-D FN + +
Land discharge of sewage P-D FNOS +
Leakage from sewage oxidation lagoons P FNO ++ +
Sewer leakage P-L FNO + +
Industry (Chapter 11)
Leakage from effluent lagoons (process water) P OMS ++ +
Tank and pipeline leakage P OM + +
Accidental spillages P oM +
Land discharge of effluent P-D OMS +
Well disposal of effluent P OMS + +
Mining (Chapter 11)
Mine drainage discharge P-L MSA + +
Leakage from sludge lagoons (process water) P MSA + +
Leaching from solid mine tailings P MSA +
Oilfield brine disposal P S + +
Waste disposal and landfill (Chapter 12)
Leaching from waste disposal/landfill sites P NOMS +
Traffic (Chapter 13)
Highway drainage soakaways P-L OMS ++ ++
Tank leakage P o + +
Application of chemicals P-L PS
Groundwater resource management (Chapter 8)
Saline intrusion D-L S
Recovering water levels D 0S4
Drawdown of pollutants due to abstraction D OMS
Wellhead contamination p FN ++

Distribution category: P — point; D — diffuse; L — linear. Main types of pollutant: F — faecal
pathogens; N — nutrients; O — organic compounds including chlorinated solvents or aromatic
hydrocarbons (BTEX); P — pesticides; M — metals; S — salinity; 4 — acidification

Relative hydraulic loading: + to ++ (increasing importance; relative volume or impact of water
entering with pollution load). By-pass of soil zone: + to ++ (with completeness of by-pass of soil

and depth of penetration into unsaturated and saturated zones)
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A simple approach to illustrating four of the components of Figure 14.2 is shown in
Figures 14.3 to 14.5 and 14.7. These are based on diagrams originally developed by
Foster and Hirata (1988), but modified to refer to the groups of human activities
described in Chapters 9-13 and summarized in Table 14.1.

The four diagrams presented here are intended to be used conceptually, i.e. to provide
a general and largely relative indication of which features of the selected activities
contribute most to the potential for pollution of groundwater to occur. Qualitative
interpretation of the four diagrams will help to indicate where efforts to improve the
information base should be concentrated. Experience of assessing pollutant loading
potential, including in the two case study examples, suggests that, in many situations, the
complexity of human activities, industrial processes and waste disposal practices means
that careful and detailed investigations using the checklists from Chapters 9-13 are
required.

Pollutant mobility and persistence

Figure 14.3 helps to answer the question about mobility and persistence by locating the
main classes of pollutants according to their potential for degradation and elimination or
pathogen inactivation and die-off respectively, and/or retardation by the processes
described in Chapters 3 and 4. The former include chemical reactions such as
precipitation and complexation as well biodegradation, and the latter comprise
adsorption, filtration and cation exchange. Thus mobile and persistent pollutants such as
chloride and nitrate are relatively little affected by these attenuation processes in aerobic
conditions in the aquifer and the overlying strata. For these pollutants, dilution will
usually be the main attenuation process that operates. More readily degraded and
retarded pollutants such as pesticides, bacteria and viruses can be significantly restricted
from reaching aquifers if the overlying strata have adequate attenuation capacity in terms
of clay and organic carbon content and microbial activity.

While Figure 14.3 is helpful conceptually, it is emphasized that this general guide has
limitations. Firstly, pollutants within the simple groupings given in Figure 14.3 may
behave differently, and for hydrocarbons and pesticides the tables in Chapter 4 and the
references from which they were derived can provide more specific information.
Secondly, while the aerobic, alkaline conditions specified in the title are the most
common and widespread in groundwaters, changes in pH and Eh conditions can have
important influences on mobility and persistence (Lyngkilde and Christensen, 1992;
Christensen et al., 1996). Eh, the redox potential, is a measure (usually in millivolts) of
the intensity of oxidizing or reducing conditions within a groundwater system. Positive
potentials indicate that the system is relatively oxidizing, and negative potentials
represent reducing conditions (Hem, 1985). The influence on pollutant groups of
reductions in pH or Eh, representing more acidic and reducing conditions respectively, is
shown in Figure 14.3. Thus most metals become significantly more mobile in acidic
and/or reducing conditions, and ammonium and nitrate are mutually sensitive to the
oxidation status of the groundwater. Some pollutants, in particular arsenic and
chromium, have several forms of natural occurrence. These can have different chemical
valencies or oxidation status, and their possible behaviour in response to changes in
acidity or oxidation status is too complex to be represented simply on Figure 14.3.
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A final note of caution is that the figure can be considered broadly applicable to
aquifers in which groundwater movement is intergranular or in a network of small
fractures (Chapter 2). In the very rapid groundwater flow conditions of karstic aquifers,
however, water and microbial and chemical pollutants may be moving so fast that the
processes of elimination and retardation do not have time to operate.

Even allowing for these cautionary notes, the likelihood of reaching groundwater can
be assessed in qualitative terms for potential pollutants identified or anticipated from the
situation assessment and from Table 14.1. This likelihood increases from bottom left to
top right of Figure 14.3.
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Figure 14.3. Characterization of mobility and persistence of pollutants in aerobic, alkaline
conditions (adapted from Foster and Hirata, 1988)

Mode of disposition

The next characteristic of pollutant loading potential (Figure 14.2) is the mode of
disposition, i.e. how the pollutant enters the subsurface. This is a combination of the
hydraulic loading or surcharge associated with or imposed by the pollution source, and
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the depth below the ground surface at which either effluent is discharged or leaching
from solid residues occurs, and is illustrated in Figure 14.4.

Thus conventional, rainfed agriculture takes place at the ground surface with a
hydraulic loading only from infiltrating rainfall. Irrigated agriculture may produce
significantly higher hydraulic loading, depending on the number of crops per year and
type of crops, and the irrigation methods used. Many other potential sources of pollution
originate below the soil — including leaking sewers, unsewered sanitation, industrial
effluents and soakaway drainage from highways. Depending on the precise mode of
disposition, the pathway to groundwater may be greatly shortened for several of these, as
depicted in Figure 14.4. Unlined landfills can generate highly concentrated leachates
which may enter the subsurface at considerable depth if the waste has been disposed of
in excavations formerly used for quarries or pits. Disposal of industrial effluents into old
wells or specially constructed disposal wells transports pollutants directly to the water
table, often with significant local hydraulic loading (Figure 14.4). An accidental spill at
the land surface may have apparently limited potential to cause groundwater pollution.
However, highways, railways and airfields often drain to the subsurface by soakaways,
greatly facilitating more rapid transport of pollutants to groundwater (Figure 14.4). The
potential to cause pollutant loading, and likely scale of impact, increases from bottom left
(small loading at the ground surface) to top right (high hydraulic loading close to or at the
water table).
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Figure 14.4. Characterization of mode of pollutant disposition (adapted from Foster and Hirata,
1988)
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Pollutant quantity

Within a general assessment of potentially polluting activities, it is clearly desirable to
obtain as much information as possible about each of the components shown in Figure
14.2. Thus in answer to the question about how much of the pollutant is initially released
by or leached from the human activity in question, it would ideally be possible to
estimate the actual quantities of pollutants at the time and place of release into the
environment. For pathogens or faecal indicators these would usually be expressed in
counts of organisms per 100 millilitre, and for chemicals in units such as litres or
kilograms of, for example, D/dense/light non-aqueous phase liquid (D/LNAPLS) spilled
in an accident or leaked from a tank or pipeline, kilograms of nitrogen fertilizer applied
per ha, or cubic metres of landfill leachate and the concentrations of pollutants in the
leachate. Because of the infinite variety of scope and scale of human activities that
potentially generate pollutants (Table 14.1), a simple tabulation of quantities, estimation
methods or published sources that could be used to answer the question ‘how much
pollutant?” is not feasible. While some indications of pollutant quantities for some
activities such as nitrogen fertilizer applications and leaching losses (Conway and Pretty,
1991), unsewered sanitation (ARGOSS, 2001) and landfill leachates (Stuart and Klinck,
1998) can be obtained from literature sources, for the most part estimates of pollutant
quantities must be attempted for the specific situation encountered.

For a few types of individual point sources, estimating the quantity of pollutant
released may be a simple matter of site observation, for example, the volume of liquid
leaked from a ruptured road or rail tanker, or a catastrophic failure of a fuel tank, tailings
dam or similar structure of known volume. For the majority of even apparently ‘simple’
point sources, pipelines, broken sewers, landfills, lagoons, dams and tanks, leakage is
likely to have been slow, intermittent or continuous over considerable time periods, and
from storage or conveyance systems with largely unknown but probably variable
discharges and pollutant concentrations. Further, the complexity and considerable
diversity of many of the major potential pollutant sources and the fact that, especially in
urban areas, sources may be spatially distributed over a large area, such as to cause a
complex mosaic of many small pollution sources, means that the load from and
consequent impact of any individual one is very difficult to isolate. In the case of the city
of Leon in Mexico, for example, which is a centre of leather processing, some 530
tanneries of varying sizes are distributed throughout the urban and suburban areas
(Chilton et al., 1998). These use varying and largely unknown amounts of processing
chemicals including chromium salts and solvents, and discharge polluting wastes. Some
discharge their polluting wastewaters into the urban sewer network, and some directly to
the ground. Separate collection and treatment of the chromium-rich and highly saline
effluent from these dispersed, small-scale industries would be difficult and costly and
would require relocation of the tanneries to a designated industrial area. For these and
similar small-scale, dispersed industrial and commercial activities, mapping their
locations may be feasible, if time-consuming (Zaporozec, 2002). The next step of finding
out about the volumes and concentrations of effluents may, however, be much more
difficult, not least because the owners and managers may be unwilling to pass on the
information if their waste disposal practices are not environmentally sound, or even
illegal. In the Barbados case study described at the end of this chapter, it was relatively
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easy to locate the few hazardous industries, but very difficult to find out about their
actual disposal practices because most were probably discharging effluents directly into
the underlying coral limestone aquifer.

In practice, therefore, experience shows that estimating the amounts of pollutants
released is highly problematic for all but the simplest scenarios. Nevertheless, the ideal
information requirements outlined above should still guide the pollutant source and load
surveying process. They constitute the basis for subsequent detailed investigations of the
most important pollutant sources and loads, by inspection of premises, processes and
waste disposal practices and the sampling of effluents. The checklists provided in
Chapters 9 to 13 address these information requirements.

Intensity of pollution

If the amount of pollutant released into the environment is known or can be estimated,
what are the likely pollutant concentrations or faecal indicator or pathogen numbers at
the pollutant source? This component, the intensity of pollution, is depicted in Figure
14.5, showing that pollutants from various human activities may be introduced into the
environment at a wide range of concentrations, up to many orders of magnitude greater
than those that would be acceptable for drinking-water or environmental standards.
There is in fact a whole spectrum of occurrence, from industrial spills or traffic accidents
in which a completely undiluted pollutant may be released at the surface, to the impact of
agriculture and on-site sanitation, which is likely to produce pollutant concentrations in
the same range as, or up to 10 or 100 times greater than guideline values. The former is a
point source which directly impacts only a very small proportion of the total volume of
recharge (Figure 14.5) and is potentially diluted in the larger water volume within the
groundwater flow system, whereas the latter may impact a high proportion of the total
recharge (Figure 14.5), depending on the land use distribution in the recharge area and
the proportion of land that is cultivated and fertilized. The figure also shows that
unsewered sanitation will affect an increasing proportion of the recharge as the density of
installations increases from rural to suburban and urban areas.

While conceptually helpful, Figure 14.5 is again a simplification of what is actually a
rather more complex situation. Firstly, most of the human activity boxes as pollution
sources in the figure include several distinct pollutant groups (Table 14.1). As an
example, source concentrations of agricultural pesticides in the soil at the time of
application may be three or four orders of magnitude greater than guideline values,
whereas nitrate would rarely be more than one order of magnitude greater. Similarly for
on-site sanitation or leaky sewers, faecal indicator or pathogens at source may range up
to several orders of magnitude per 100 ml, whereas initial nitrogen concentrations would
be much less excessive. Initial concentrations are high, but subsequent attenuation
processes are very active. Secondly, the horizontal scale extends to very high
concentrations to accommodate high solubilized concentrations in groundwater adjacent
to spillages of NAPL organic compounds that have relatively low WHO guideline
values. For other sources, the range of concentrations may encompass the dissolved
solute concentration in the very localized recharge water originating from the source.
While generally indicating which activities affect only a small part of the catchment
recharge but at high or very high concentrations, and which affect more of the recharge



386 Protecting Groundwater for Health

but at more modest concentrations, the figure may not be exactly comparing like with
like. Potential polluting activities identified in the situation analysis should be located on
Figure 14.5, and their pollution loading potential increases from bottom left to top right.

100% \ ‘

Agriculture

HIGH

Diffuse

»

10%—]

Multipoint

P 19—

Leaking
sewers

Waste disposal K
and landfills Industrial

0.1%— | effluents

Point

PROPORTION OF LOCAL
RECHARGE AFFECTED

Accidental events/spills
industry, traffic, mining

LOW

0.01% T T T T T
10° 10' 10° 10° 10* 10° 10°

A

LOwW » HIGH

POLLUTANT CONCENTRATION
(Relative to WHO Guideline Values)

Figure 14.5. Characterization of intensity of pollution (adapted from Foster and Hirata, 1988)

For some diffuse sources of pollution, semi-quantitative estimates of the likely
concentrations of persistent pollutants in local recharge may be possible, given many
simplifying assumptions (Foster and Hirata, 1988). Approaches to doing this have been
developed for chloride and nitrate from unsewered sanitation (Box 14.1) and for nitrate
and pesticides from cultivated land (Foster et al., 2002) (see Sections 14.5 and 14.6).

Box 14.1. Estimation of nitrogen loading from unsewered sanitation

Estimates of the possible concentrations of nitrate in the local groundwater recharge in
areas of unsewered sanitation can be made for aerobic groundwater systems using the
following equation (Foster and Hirata, 1988):

_1000-a-A-f

0.365-A-U+10-1 (Eqn. 14.1)
where: C is the concentration in mg/l of nitrate in the recharge (expressed as nitrate-
nitrogen), a is the amount in kilograms of nitrogen excreted per person each year, A is
the population density in persons/ha, f is the proportion of the excreted nitrogen leached
to groundwater (reflects and integrates both the condition of latrines and the vulnerability
of underground to nitrogen leaching), U is the non-consumptive portion of total water
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usage in /person/day, i.c. the amount returned to the sanitation system, and I is the
natural rate of infiltration for the area in mm/a.

Using this equation Figure 14.6, shows sensitivity of nitrate concentrations in
recharge to variations in I, u and f, and indicates that many urban and suburban settings
are capable of producing troublesome nitrate concentrations in the underlying
groundwater.
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Figure 14.6. Estimation of the potential nitrate-nitrogen load in groundwater recharge in
areas of unsewered sanitation (adapted from Foster and Hirata, 1988)

Overall population density and the proportion using unsewered sanitation comes from
basic demographic information obtained using the checklist in Chapter 10, and the
regional rate of natural infiltration (a proportion of the total rainfall) from the checklist at
the end of Chapter 8. The amount of nitrogen produced per person (5 kg) in excreta each
year is known from the literature (ARGOSS, 2001). Greatest uncertainty surrounds the
proportion of the excreted nitrogen that will be oxidized and leached in the local
groundwater recharge. A range of 0.2 to 0.6 is generally considered to be possible in
shallow aerobic aquifers (Kimmel, 1984), and the actual proportion depends on the type
and condition of installation, the per capita water use, the amount of volatile losses from
the nitrogen compounds, the amount of nitrogen removed in cleaning and the geological
setting and hydrochemical conditions. In some karstic limestone aquifers, almost all of
the nitrogen deposited in sanitation systems may be oxidized and leached. The
application of this approach is described in the Barbados case study (Section 14.5).

For high population densities in urban and suburban areas, local infiltration and
recharge could be decreased by reductions in permeability in some areas due to surface
sealing by built-up areas, and increased in others where collected urban drainage is
disposed of to the subsurface, and also increased by leakage from water mains. In mixed
areas of sewered and on-site sanitation, leakage of poor quality water from the sewers
may further complicate the estimation.
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For most point sources of pollution, the best than can usually be achieved is a relative
pollution potential ranking based on the class of pollutants likely to be involved and the
possible hydraulic loading, given the major uncertainties about the concentrations of
pollutants in industrial effluents, mine waste and landfill leachate and their precise mode
of disposition in the subsurface.

Duration of pollution

The final consideration (Figure 14.2) is how long the pollution has been going on for, or
is likely to continue. Figure 14.7 provides an indication of the time over which the
pollutant load is applied and the likelihood that pollution loading will occur. Thus an
accident, spillage or catastrophic leak from a damaged tank may be of very short
duration (Figure 14.7) and not penetrate into the subsurface if emergency action to
contain the pollutant is taken quickly. If emergency action to deal with accidental
pollution is not taken quickly, then solid or liquid pollutants may remain where they were
released, either at or below the ground surface, and subsequently be subjected to leaching
to groundwater. The slow solubilization of subsurface non-aqueous phase liquid (NAPL)
sources, potentially lasting decades, even centuries, is a key concern in this regard.
Delays in dealing with accidents thus tend to move such accidental pollution sources
upwards and to the right in Figure 14.7.
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Figure 14.7. Characterization of the duration of contaminant load (adapted from Foster and Hirata,
1988)
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Diffuse sources of pollution may also persist for many years or decades and, as in the
case of the Perth study (Section 14.6), increase significantly with time as the city has
grown and developed. These may be highly likely to cause a pollutant load (Figure 14.7),
the magnitude of which will be determined by the characteristics of the other
components described above. Thus as for the other components, the pollution potential
increases from bottom left to top right.

143 OUTCOME OF ASSESSING POLLUTION
POTENTIAL

The outcome of assessing the pollution loading potential would be a list of the pollutants
expected to reach the aquifer in combination with a semi-quantitative assessment of their
respective concentration levels. The process shown in Figure 14.2 provides the
information for positioning activities and pollutants on the Y-axis of Figure 14.1. As
indicated in Figure 14.1, these then interact in varying and complex ways with the
different intrinsic factors used to describe aquifer vulnerability in Chapter 8, and this
interaction determines the level of groundwater pollution potential.

The six components of Figure 14.2 each contribute to the overall assessment of
pollution loading potential on the right hand side of the figure. The interaction between
these components is, however, complex. As an example, if the water table is very close
to the ground surface, then unsewered sanitation using pit latrines or septic tanks may
enter directly into groundwater, with greatly enhanced likelihood of pollution. Similarly,
discharge of highway drainage to soakaways may produce high hydraulic loadings and
direct connection to the groundwater, with consequent high pollution potential. This
complexity of interaction means that it is conceptually unwise to try to combine them
into a single index of overall subsurface pollutant load, and technically difficult to do so.
Even where the authors have combined them into a five class qualitative rating scheme
(Zaporozec, 2002), they have depicted the intermediate steps in the process so that the
dominant factors can be identified. Combined indices can have the result of producing a
similar overall ranking for activities and subsurface conditions that are very different, but
for which one dominant factor has been largely responsible for the outcome. This is also
a concern for vulnerability depiction, and one of the reasons for the debate mentioned in
Chapter 8 between those who define aquifer vulnerability in relation to a universal
pollutant, and those who would prefer to define vulnerability separately for various
classes of pollutant. Combined indices may also mask the components for which control
measures would be most effective in reducing pollution potential, i.e. replacing a highly
toxic and persistent chemical in an industrial process with a less environmentally
threatening compound, or changing the mode of disposition to lessen the potential for
pollution to occur.

A further complicating factor is that pollution potential will itself change with time, as
human activities at the ground surface change. This is particularly important in the urban
and suburban areas illustrated in the two case studies, and it is important to have at least a
qualitative indication of both historical and future changes in likely pollution sources.
These can affect all of the groups of human activities described in Chapters 9-13;
increases in fertilizer use, development of irrigation, new pesticides, replacement of on-
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site sanitation with sewerage systems, developing or declining industries, changes in
industrial processes, effluent treatment and disposal, closure of mines. Stricter
environmental legislation may require responses that in turn also reduce potential
pollutant loads. Surveys or inventories to assess the situation and provide the answers to
the questions in the checklists are likely to need regular reassessment to confirm their
continuing validity, and updating of information where there are major changes.

Changes in pollution loading can lead to major changes in groundwater quality. As an
example, long-term increases in the application of nitrogen fertilizers to crops increase
the leaching losses, leading to accumulation of nitrogen in the soil and unsaturated zone,
and produce widespread upward trends in groundwater nitrate concentrations in many
regions of the world (Chapter 9). Abating or reversing trends is often the objective of
legislative control, and the withdrawal of the herbicide atrazine for non-agricultural weed
control in the United Kingdom in 1992 has produced a reduction in concentrations in
some of the public supply sources drawing groundwater polluted by this activity.
However, responses of observed groundwater quality to changes in pollutant load are
often delayed because of the slow movement of water and pollutants along the
groundwater pathway. Further, in the case of removal or reduction of a pollution source
at the ground surface, there may be significant amounts of pollutant accumulated in the
unsaturated zone en route to groundwater. Pollutant concentrations in groundwater may
continue to rise long after the source has been removed, and reversal of the trend may not
occur for many years. This situation is seen at other groundwater supply sources affected
by atrazine pollution from non-agricultural usage.

Where specific pollutants can originate from more than one major human activity,
determining their origin is desirable, otherwise protection and control measures may be
directed at the wrong source and hence be apparently ineffective. The most important of
these are probably chloride and nitrate, which can be derived from leaking sewers,
landfills, unsewered sanitation, livestock farming and agricultural fertilizers. High
chloride concentrations may also indicate saline intrusion in coastal areas or the use of
salt for road de-icing in cold climates. These pollutants can thus be indicators of impact
from both rural and urban activities. Nitrate in particular can be problematic, as
unsewered sanitation and agriculture often occur in close proximity. This situation occurs
in both case studies and is common in many locations. Because of its importance for
drinking-water quality, the nitrate needs to be traced back to its source so that control
measures can be correctly targeted. A method that has been successfully applied is to use
the distinctive isotopic signatures of nitrogen from animal and human excreta and from
inorganic fertilizers to characterize the nitrate observed in the groundwater (Heaton,
1986; Aravena et al., 1993; Exner and Spalding, 1994; Rivers ef al, 1996), and hence its
origin. The distinctions are not, however, always unambiguous as denitrification can also
modify the isotopic signature of the nitrate in groundwater. Alternatively, trace elements
associated with high groundwater nitrate concentrations, such as zinc and boron, or
pharmaceuticals, may be indicative of a sewage rather than an agricultural source (Lerner
and Barrett, 1996).

Where an observed or anticipated pollutant may have originated from numerous
small sources as, for example, in a large industrialized city, especially one with a long
and complex industrial history, then it is likely to be technically difficult and
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unrealistically expensive to determine the precise origins, locations and characteristics of
pollution sources (Rivett et al., 1990; Ford and Tellam, 1994). In such circumstances
efforts are better directed at protection and control of all potentially hazardous sources
rather than trying to prove the precise origins of the pollution.

144  USING GROUNDWATER QUALITY MONITORING
TO SUPPORT THE ASSESSMENT

A qualitative categorization of pollutant loading is an essential element of assessing
pollution potential and ultimately the urgency of management responses to protect public
health. Evidence of pollution from any existing groundwater quality data is highly
valuable to support, confirm or validate the assessment of pollution potential, and where
such data are available, they should always be used. In Perth, Australia, (Section 14.6)
groundwater quality monitoring data have existed for many years, and in Barbados
(Section 14.5) groundwater quality monitoring was established to complement the
assessment of pollution potential. The role of groundwater quality data in relation to
other sources of information is discussed in more detail in Chapter 6.

In some circumstances, however, groundwater quality data become highly significant
or even essential for risk assessment and management decisions, i.e. where assessment of
pollution potential proves to be difficult or inconclusive. This could arise if vulnerability
is uncertain due to a lack of essential components of the data specified in Chapter 8, or if
pollutant loading is very difficult to assess because there are many, small, dispersed or
superimposed sources whose types and amounts of pollutants are unknown. The latter
situation will often be encountered in urban and periurban areas in developing countries,
where industrial and commercial activities are widely dispersed and individually small,
informal or unregistered and extremely difficult to assess, as was the experience in the
Barbados case study summarized below.

If there are no groundwater quality data and an inventory of pollution sources proves
too difficult or inconclusive, then some selective groundwater quality sampling and
analysis from existing abstraction sources can help to provide a rapid assessment of
pollution potential. If such a preliminary reconnaissance survey shows evidence of
serious pollution, then human resources will need to be made available to start
characterizing the main pollutant sources. There is in fact a close link between assessing
pollution potential and monitoring, as preliminary surveys of groundwater quality and
pollution sources are both important to assist parameter selection in the establishment of
long-term routine groundwater quality monitoring programmes (Chapman, 1996;
UNECE, 2000).

145 THE BARBADOS CASE STUDY

The small but densely populated Caribbean island of Barbados is almost totally
dependent on groundwater for public water supply to the resident population and large
numbers of visiting tourists. The groundwater resources of such island communities are
often limited and of high value, the need for protection is readily apparent and
degradation of the groundwater quality would have serious implications, as alternative



392 Protecting Groundwater for Health

supply options are limited and/or very costly. Although the study was undertaken from
1987-1992, it can still be used to illustrate both the assessment of pollution potential
outlined in this chapter, and the approaches to and results of the assessment of
information needs in Section II.

Existing groundwater protection measures and the reasons for the study

The vulnerability of the coral limestone aquifer of Barbados has long been recognized.
To protect the bacteriological and chemical quality of groundwater used for public
supply, the Barbados government established a policy of Development Control Zoning
around existing and proposed public supply sources in 1963. Five zones were delineated
(Figure 14.8) based on a simplified estimation of pollutant travel time through the
aquifer. A travel time of 300 days for Zone 1 was selected to be significantly greater than
the subsurface survival time of enteric bacteria, and a 600-day travel time was selected
for Zone 2. Controls on potential pollution sources such as soakaway pits and septic
tanks for domestic and industrial wastewater, fuel storage and industrial development are
imposed within the zones (Table 14.2). In 1963, this was an important and farsighted
piece of legislation, representing one of the earliest examples of a groundwater protection
policy. However, there had been little or no groundwater quality monitoring since its
introduction from which the effectiveness of the zoning could be evaluated, and this was
a principal objective of the study.

LEGEND

- zone 1
] zone2
|:| zone 3
D zone 4
[_1] zones

® public supply source

B e P4

Figure 14.8. Control zones in Barbados (Chilton ez al., 2000)
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Table 14.2. Principal features of development control zone policy (modified from Chilton et al., 1991)

Zone Definition Maximum Domestic controls Industrial
of outer depth of controls
boundary  soakaways

1 300 day None No new housing or water connections. No No new
travel time  allowed changes to existing wastewater disposal except industrial

when Water Authority secures improvements development

2 600 day 6.5m Septic tank of approved design, dischargeto  All liquid
travel time soakaway pits. Separate soakaway pits for industrial

toilet effluent and other domestic wastewater. wastes to be
No storm run-off to sewage soakaway pits. No dealt with as

new petrol or fuel oil tanks specified by
3 5-6 year 13m As above for domestic wastewater. Petrol or ~ Water .
travel time fuel oil tanks of approved leak proof design I\A/Iuthonty.
4 All high land No limit No restrictions on domestic wastewater so:lial;;npit
disposal. Petrol or fuel oil tanks of approved
leak fdosi depths as for
cak proot desigh domestic waste
5 Coastline  No limit No restrictions on domestic wastewater (column 3)

disposal. Siting of new fuel storage tanks
subject to approval of Water Authority

Drinking-water Supply

Barbados covers about 430 km® and its population is stable at about 250 000. The overall
population density is 6/ha, but ranges from 30/ha in the urban southern and western coastal
areas to 4/ha in the rural areas (Chilton et al, 1991). At the time of the study, seventeen
large abstraction wells operated by the Barbados Water Authority supplied about 115 ml/d
and more than 95 per cent of the population were connected to mains water supply. Only a
small proportion, mostly along the southern coastal area, had mains sewerage, although the
development and extent of mains sewerage has increased since the time of the study. There
were a few private wells, but many are no longer in regular use and the remainder were
used for irrigation. The small number of public supply wells helped to facilitate the
drinking-water catchment protection policy outlined above.

Groundwater conditions

The coral limestone forms a highly productive aquifer about 100 m thick, which contains a
freshwater lens up to about 25 m thick, but thinning to 3 m close to the coast. The
permeable nature of the aquifer is demonstrated by the almost total absence of surface
drainage and the presence of karstic caves. As is typical for such coral limestones, soils are
thin and were expected to provide little protective cover. Perusal of soils data and
discussion with local agriculturalists indicated, however, that because of the frequent
volcanic activity in the Caribbean region, soils are better developed, thicker and with more
clay than might have been anticipated. As a consequence, the whole surface of the
limestone aquifer was considered to have high, but not extreme, vulnerability to pollution
(Figure 14.1). This somewhat simplified the assessment of pollution potential, as there was
no requirement for defining and mapping vulnerability within the study, which therefore
concentrated on the Y-axis of Figure 14.1 and the questions in Figure 14.2.
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Annual rainfall varies from 1200 mm/yr at the coast to 2200 mm/yr in the interior,
providing an equivalent range of some 250-650 mm/yr of recharge. The high annual
recharge is roughly equal to the total groundwater storage of this relatively small aquifer.
This is an uncommon feature, and implies short residence times and rapid groundwater
renewal. Given the lack of surface streams, defining the groundwater catchments was not
easy, and the imprecise boundaries followed the rather poorly defined surface watersheds
and the buried topography of the coral limestone aquifer.

Approach to the assessment of pollution potential

The study comprised assessments of likely pollution sources in the Belle and Hampton
drinking-water catchments, which together provided 90 per cent of the public water sup-
plies of the island, and cover 55 and 67 km” respectively. The work was undertaken pri-
marily by the Barbados Ministry of Health’s EED, with technical support from the BGS
funded by DFID and the Caribbean Programme Office of the Pan American Health
Organization. The results of the assessment for Barbados are summarized in Table 14.3
by giving the qualitative and semi-quantitative responses to the questions in Figure 14.2.

In such a small and intensively developed island, pollution threats could be expected
from urban, industrial and agricultural activities (Table 14.1). That these three were
likely to be important enough to warrant detailed investigation was apparent from the
first reconnaissance drive through the catchments, which indicated the range of urban,
suburban and rural population densities, the dominance of sugarcane cultivation
supplemented by horticulture and the wide variety and distribution of small-scale
industries. Using Table 14.1, pathogens, nitrate from fertilizer and sanitation, agricultural
pesticides and salinity were readily identified as potential pollutants requiring further
assessment incorporating the components outlined in Figure 14.2.

To evaluate the likely impact of human habitations, information about population
distribution, sanitation coverage and types was obtained by the Environmental
Engineering Division (EED) project team from existing census data and from the records
of the Public Health Inspectorate. For industry, an initial survey used the yellow pages
business section of the local telephone directory to identify industrial and commercial
premises in the catchments. These were each visited by the EED team, using a
questionnaire to obtain information about the industrial chemicals and processes used
and the methods of waste disposal. A second detailed survey of the farms and estates in
both catchments also used questionnaires and follow-up site visits, to determine
cultivation practices, cropping regimes, fertilizer applications and pesticide usage.
Support in the design and interpretation of the agricultural survey was provided by staff
of the Agriculture Department and of the Government Analytical Laboratory. For both
the industrial and agricultural surveys, many additional sources of information — other
government departments, universities and the National Oil Company, for example, were
consulted, emphasizing that even in relatively small catchments such as these, complex
land use and human activity means that the inputs of many technical disciplines are
needed and a wide range of institutions are likely to have useful information. Being
relatively small catchments, there were no problems related to differences between
hydrological and administrative boundaries, and being a small island community, inter-
institutional awareness, knowledge and cooperation were fortunately good.



powdie

JARIN BRI
Juizene puE MO[ SUONEd
‘30 ‘pasn payoea] uonodoxd  -1jdde apronoasur (y dey))
IBigoydnpue  punod-wiod -3uo] qud) sown Surkrea uo Surpuadop SAOAINS WO pasn spunod-wod
SuonenuUAoU0d  uo urpuadop -sis1od ‘ofiqowr  1oj pasn spunod ‘AD OHAA SW 00 paurelqo ey/3y g Jo sonadord
o] Je juasaxd Y3y J10J Y3y -WoOd [enpIAIPUI -()] JO SUONENUIOUOD o)dnjosuon (2A0qe se) MO] Uo paseq
skem[e ouIzeny 0} 9JRI-OPOIA UYSTIH 0} RIOPO]N Inq TRIAOUYSTH  “Ojeropour 0} Mo -eordde opiqioy 0} 9[qISSON  9JBISPOW 0} MO SOpIoNSoJ
10y Ajqeqoxd
nq “Q[qeLIeA 21N} B2 EREIN
PUE[ JUSWIYIED JO -[NOTHOY DINBIN]  JO Uone3L
PpuE[ pajeAn[nd Sunyooyo Suisearour  9,(G-G¢ 03 dFIeyoar  woy AJuo umouy|  Areyuowjddns
-uou Woxy IOUINJ popasu AMMOIOY I AD OHM SOUI} S3SSO] Suryoes] inq £q Surpeo| duojsow] J1qOIoR
9Breyoa1 s QIMNONIOY  PUB PAYSIQRISd ¢-] JO SUONBNUIOUOD  “IK/BY/N S OE] PISeIoul JUWos ur juaysisiod SIDONURYD0.LTD
uonn[Ip JYe g USry  -Suoy oueoredns QJeI)IU POJEINSS  OUBOTEINS 0] SUOT)  TPIM JNq ‘MO[ pue 1o YA UOYDALND
‘I/N-EON S 8- ysSig UYSIH 01 9BIOPON Qwanxo 0} ySI  ‘Qjeropowr 0y mo] -eordde 1ozinio 03 9[qISNSoN  Qwanxe 0) YSiH JenIN  Imnoudy
(L'p7 om31) (uopodg)  (pyromsiy) (g1 umsL)
QWOANO uoneordde (1 2m31y) jueynfjod uonisodsip aousisiad pue £
empunoiduy (1'pl 2msL) - (8 12ded)) [[e1AQ Jouonem( uonnfjod Jo Aysuayup Jo Anueng) JOOpON  -T[Iqou JueIn[jod
SUONE.HUIIU0D [enudyod Aqerduna : ’ ’ ’ i (rersqe)  (rvioiqel)
PIAIISqO uonnfog Rymby Surpeoy juenpiod jo yuduodwio) jueinfod LAY

sopeqreq Joj [enuajod Suipeo] juein{jod Jo JUSWSSIASSY € dqe L



Appomb yod 0)
Speo1 Jes[d PIOYIIO WOx peox skemexeos
0} Aoua3unuoo £q 110 paugaun jo 0} paureIp spds
PaysIqeIsd yodsuen juonbaiy speol Y3y SUOQIEO0IPAT] [D1UaP12OD
Sumoyuowr oN MO yS1ig Mo -Iom ‘Mo Q)RIOPOUT 0} MO'] pueIENSoy 0} AJRIOPOJA OIBIdPOW O} MO onewory ongeIL
SUONRNUIIU0D pasnun mou Juauodwod
MO[ SWLIUOD QuIOS ‘pOyST[qrIS [emsnpur S[[Fpue]
Sunoyuow -3uoy ‘sypuey QNI M d)sem MO[[eys [esodsip
paywry Mmo7q ysIH Mmo7q ‘RIOPON 20[ K]qeqo1d  pjoyesnoy Ao [ews ‘Mo Mmo7q S[eRIN Q)seMm pIjog
Snonunuod Amuenb o) ojqeun S[[om pjo Juanyffo
1O POYSI[QEISS  SUOTBIUIOUOD AT Jnq ‘sotnsnpur ur [esodsip pim Jo jpsodsip
Surydures payun Suorjoudesn  oyeWINSI JOU P[NOO [rews £q pasn  y3ry Junuooseq 12 pup pupy
ur punoj QUON Mo7 ySig MOT QIRIOPOW 0} MO JNQ “DJRIOPOUI 0} MO  SUNOWIE [[BWIS nQ ‘M0 QJRIPOW 0} MO SJUOAJOS :Ansnpuy
[ Q01/Xew
LO1xg01dn (onoqe
PUE 7700 7] SIAD ysiy Se) 9jeIopow
-1sod 2406 01 dny QJRIPOIA] UYSIH 0} 9JRIOPOJN  QWRNX? 0 YSIH 9)RIOPOW 0} MO umowu 0} MO QJBISPOW 0} MO suagoyreq
Tenuajod
Seare AD OHM SOSBAIOUT
UBQIN JSosUap soum g 03 dnaq (ueqn)  sAemexeos Jo
ur [/N-SON S 1 (uequn) PINoo 951eyda1 [eoo]  eysuosiad ¢ pue asning ‘(ueqn)
0 dn ‘seare et Jer JjeIopow ul suonenudouod  (Jemt) eysuosiod JJeISpOW uoneNues
Ut [/N-“ON 8- -OPOIA 0} MO YSIH 0} (jernn) MO oWRNXd 0)YSIH  ‘M0[ 0} 9[qISSON  fuosivd pd TN G 0) (e MO OWANXd O) YSIH leniN aNs-uQ
(VR QIUONRS)  (ppl omdt]) (g1 oIok)
QWONO uoneordde (¢'¢1 2mn3ry) juejnjod uomisodsip doudssisiod pue K3
Jyempunois ur  (['py 2andyy) (8 19dey))
[[e12AQ Jo uopem(  uonnjjod jo Aysuajuy Jo Kyuendy JOSPON  -Tiqou jueinjod
SUONBIJUIIUO0D renudjod Aypqersuna (rvisaqe)  (I'viaqel)
PIAIISqO uonnfiod Rymby Suipeoy jueniod jo yusuoduio) jyuepngog LAY




Assessment of groundwater pollution potential 397

Potential pollution threats identified and evidence of impact

The survey results were compiled in spreadsheets and plotted in map form for both
catchments, and the map of potential pollution threats for the Belle catchment is shown
in Figure 14.9. Potential for groundwater pollution from all three major categories of
activity were identified and pollution loadings estimated for unsewered sanitation (Box
14.1) and fertilizer usage. Thus the high density of unsewered sanitation in the urban part
of the Belle catchment compared to the rural parts of both catchments presented a threat
of nitrate and microbial pollution, which was confirmed by the results of the associated
groundwater quality monitoring. Some industries, such as dry cleaning, paint distribution
and photographic processing, were identified as using hazardous chemials and disposing
of small volumes of untreated effluents directly into the coral limetone aquifer. The
mode of disposition of these small amounts of industrial effluents into soakaways or old
wells thus provided a notably high potential to pollute groundwater (Figure 14.4 and
Table 14.3). However, they were few, widely dispersed and of very small scale, and no
significant impact was detected on groundwater quality in the associated sampling
programme. The most widespread and likely threats from industrial and commercial
premises were presented by fuel stations and by small vehicle repair workshops.

Belle catchment

1 Government House X Hazardous industry
3 Codringfon + Other industry

5  Codington PS A& Gassiation

9 Salters C Car body repair
13 Waterford PS A Quarry

14 Applewhaits PS <> llegal dumpsites
20 Pine Cenfral €  Closed cumpsites
26 Newmarket O  Official dumpsites
27 Culloden Farm
28 Mount Wilton
30 Belle PS B Public supply well
31 Clifton Plantation @ Imigation well
32 Andrown Factory O Unused well

Figure 14.9. Potential pollution sources in the Belle catchment, Barbados (adapted from Chilton et
al., 2000)
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The agricultural survey highlighted a move away from traditional cultivation of
sugarcane to much more varied cropping, especially horticulture. Sugarcane is an
efficient user of nitrogen fertilizer as it grows continuously, but vegetables and flowers
have shorter growing seasons and are often less efficient users of soil nitrogen. They are
also often grown in Barbados with supplementary irrigation, and for these two reasons
higher nitrogen leaching may be expected (Figure 14.4). Groundwater nitrate
concentrations of 4-8 mg NOs;-N/l were observed everywhere in the rural areas of both
catchments, indicating universal but modest impact from agriculture, but there was no
evidence of an overall increasing trend during the five years of the study or indeed when
the results of the continuing groundwater quality monitoring programme were reviewed
later by Chilton et al. (2000).

Estimates of nitrate concentrations in recharge reflecting the nitrogen loading from
on-site sanitation were made as shown in Table 14.4, using the equation given in
Box 14.1. The annual recharge is known to be higher over the hilly rural interior than at
the more urbanized southern coastal belt, and per capita wastewater generation is
assumed to be slightly lower in the rural areas that are, nevertheless, largely connected to
the mains water system. Observed nitrate groundwater concentrations support these
estimations, remaining in the range 4-8 mg NO;-N/I in the whole of Hampton and the
northern part of Belle and only rising above 10 mg NO;-N/1 in the southern, urban part of
the Belle catchment with the superimposed nitrogen loading from the more dense on-site
sanitation facilities (Chilton et al., 1991; 2000). Sampling for faecal coliforms at the
same wells supports this interpretation, with more frequent and higher counts broadly
correlating with the higher nitrate concentrations.

Table 14.4. Estimated nitrate concentration in recharge affected by on-site sanitation

Components of mass balance calculation: Urban (Belle) Rural
_ 1000-a-A-f (Belle and
0365-A-U+10-1 Hampton)
a Nitrogen load (kg N/person/year) 5 5
A Population density (persons/ha) 31 4
F  Proportion of nitrogen leached 0.6 0.6
U Per capita wastewater generation (I/d) 250 200
I Annual recharge (mm/yr) 300 500
C Concentration in recharge (mg/l NO5-N) 16 2-3
Range of observed nitrate concentrations (mg/l NO;-N) 4-10 4-8

Horticulture has a much greater variety of pests associated with it than sugarcane —
and hence a wider range of herbicides and insecticides are used in their cultivation. A
combination of pesticide usage data and published physicochemical properties —
solubility in water, persistence as defined by soil half-lives and mobility from partition
coefficients (Chapter 4) — was used to estimate susceptibility to leaching to groundwater
and hence to select pesticides for monitoring. Pesticide sampling in the monitoring
programme detected the almost ubiquitous presence of atrazine, but at low
concentrations. This is one of the herbicides most widely used in sugarcane cultivation,
but there was little evidence of the main insecticides used. This probably resulted from
the wider area (of sugarcane) to which atrazine is applied, compared to the more limited
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areas of horticulture, and from the mode of application. Atrazine is a soil-applied
herbicide, whereas most of the insecticides are foliar (applied to the plants themselves)
and the former is thus more likely to be leached to groundwater.

During the assessment, additional potential pollution sources in the form of poorly
maintained oil wells, illegal dumping of solid waste and highway drainage became
apparent from visual inspection of the catchments, conversations with residents and
organizations. In particular, transport by road tanker of crude oil from the oilfield to the
port terminal presented a hazard of traffic accident, spillage and drainage directly into the
coral limestone aquifer.

Outcome of the assessment of pollution potential

The assessment successfully identified the main potential pollution sources from urban
domestic waste disposal and agricultural activities (Table 14.3). As the whole of the
aquifer outcrop is considered to have high vulnerability, the outcome of the pollution
loading assessment translates to a position on the Y-axis of Figure 14.1 and thence a
ranking of groundwater pollution potential (Table 14.3). The associated monitoring
programme established in the study has confirmed that elevated concentrations of nitrate
and pesticides do result. Although they occasionally exceed guideline concentrations in
private wells, they are lower in public supply wells. The Development Control Zone
policy appeared to have been successful in protecting the island's groundwater, which
had remained of good quality in spite of the dense population and rapid development. It
was recommended from the results of the study that the Development Control Zone
policy should not be relaxed, despite pressure from housing and industrial developers,
and that the assessment should be extended to the remaining catchments along the
island’s west coast. It was, however, difficult to evaluate the bacteriological impact from
simple monitoring because the public supply sources were equipped with in-well
chlorination that prevented collection of pre-chlorination samples. More costly purpose-
built sampling boreholes within the control zones would be needed for this.

The Barbados case study can also be used to illustrate key features of the situation
analysis from the chapters and associated checklists in Section II (Table 14.5).

While the development control zone policy had clearly served Barbados well, the
study identified the main threats, and highlighted the need for continuing vigilance to
protect the island’s groundwater. Management priorities identified in the study are shown
in Table 14.5. While the resident population is unlikely to grow, water demand probably
will, partly to meet the growing tourism industry, and this may bring land use changes,
such as more golf courses and increasing local demand for horticultural products. Since
the study, waterborne sewage has been extended to significant parts of the centre of
Bridgetown and the southern coast. This helps protect the coastal zone by reducing
pollutant loading to the groundwater discharging to the sea. Waterborne sewage may
also need to be targeted at areas where housing is encroaching into the development
control zones. This means that, to keep pace with changing circumstances, the situation
analysis and pollution potential assessment should be updated, probably on a five-yearly
basis. A further recommendation was that the assessment of pollution potential should be
extended to the catchments of the wells along the west coast (Figure 14.8).
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Table 14.5. Key features of the situation analysis for the Barbados catchments

Component Key features Specific difficulties

Collecting information ~ Relatively few institutional stakeholders, and good EED staff had many other

(Chapter 6) communication and cooperation between them tasks: difficult to find time
for survey work

Socioeconomic setting  Dense population, relatively high economic status and  Increasing water demand

(Chapter 7) relatively high environmental awareness and high per capita
consumption

Hydrogeology, Whole aquifer/catchment vulnerable: no need for Defining catchment

vulnerability and vulnerability mapping boundaries in absence of

susceptibility to Small island, thin freshwater lens, possibility of saline ~ surface waters

abstraction intrusion

(Chapter 8) . . .

Large public supply wells with protection zones
Agriculture Trend from sugarcane to horticulture — increasing None, good data on crops,
(Chapter 9) range of pesticides fertilizer and pesticide use

Human excreta and
sanitation
(Chapter 10)

Industry
(Chapter 11)

Waste disposal
(Chapter 12)

Traffic
(Chapter 13)

Existing water quality
data
(Chapter 14)

Establishing
groundwater
management
priorities

(Chapter 15)

Large difference in housing density between rural and
urban areas, significant loading from the latter

Easy to distinguish the few sewered areas at the coast
from the larger and separate unsewered areas
Small-scale and widely dispersed, mostly commercial
and light industry

Little usage of potentially polluting materials, but
sometimes with poor effluent handling

Small landfills for domestic waste in old quarries

Pollution potential evident, particularly during road
transport of oil to the port terminal

Almost none: groundwater quality monitoring
established as part of the study

None, good data for
population density and
water usage

Easy to map industrial and
commercial premises and
obtain information on types
of pollutant, but very diffi-
cult to obtain effluent types,
amounts and disposal
methods

Some former landfills with
unknown contents, but
outside the study
catchments

Good local analytical
facilities but some staff
constraints for sampling due
to other EED tasks

Recommended that controls should not be relaxed despite development pressures

Continued assessment of agricultural activity as crops are changing: potential for
increase of nitrate and/or pesticide pollution from horticulture, some with irrigation

Better implementation of good practice for handling, treating and disposing of

industrial effluents

Better implementation of good practice for oil transport and traffic accident responses

Extend sewage collection in the most densely populated areas

Abstraction well controlled to prevent saline intrusion but maintain monitoring of

salinity
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14.6 THE PERTH CASE STUDY

Perth is the only large urban centre in Western Australia and is dependent on
groundwater for about 70 per cent of all water use, and about 50 per cent of its public
supply. Groundwater is pumped from both a regional unconfined aquifer and deep
confined aquifers. The latter are well protected and recent initiatives to urbanize their
recharge area have been successfully fended off, and the land has remained in govern-
ment ownership, being used only for a limited amount of forestry. To restrict future
development initiatives, discussions on establishing protection zones have been initiated.

The shallow aquifer, however, has been affected by contamination. As the city has
expanded, the urban area has encroached on to land in the recharge area which was
previously under rural land use or completely undeveloped. The dramatic land use
changes which have accompanied the rapid growth of Perth are shown in Figure 14.10.
As this is a common situation elsewhere in the world where cities are expanding rapidly,
the experience gained in Perth is considered very appropriate as a case study to illustrate
how the risks of contamination of groundwater resources important for water supplies
can be assessed using the principles outlined in this chapter.

100% —— |

90%
B0%

70% Cinative bush
mseplic/sewered
o horticulture
mvacant

@ seplic
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B parks

60%

Land use of total area

1945 1963 1968 1975 1983 1989
Year

Figure 14.10. Development of land use in the Perth area (adapted from Barber et al., 1996)

Socioeconomic setting

Although it has a population of only 1.3 million, Perth’s metropolitan region covers an
area equivalent to many large European cities (Figure 14.11). This is because Perth is
very much a garden city, with most of the population living in detached houses with
large gardens of lawn and exotic shrubs on 500 to 1000 m’ blocks. This makes the
overall population density (230/km?) lower than the other major cities in Australia and
much lower than equivalent cites elsewhere in the world.

Hydrogeological conditions

Fortunately, Perth overlies a very large fresh groundwater resource that forms an
important component of the city’s water supply and maintains ecosystems around
environmentally significant lakes and wetlands. Groundwater occurs in an unconfined
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aquifer throughout the region, and in several confined aquifers. The groundwater in
storage represents some 500 years of current annual abstraction. Boreholes of up to
1000 m depth supply water with a salinity of only 180 mg/1 total dissolved solids (TDS).
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Figure 14.11. Location map of Perth showing major groundwater features

However, the shallow groundwater beneath urban areas is highly wvulnerable to
pollution owing to the sandy soil and the generally shallow water table, and in some
areas pollution has restricted groundwater use and has had an adverse impact on
wetlands. Further, the growth of the urban area has overtaken wellfields which were
previously located in areas of rural land use, and has compromised water quality.

Water supply situation
The gardens in Perth require watering for about six months of the year because of the

region’s dry Mediterranean type climate, and are responsible for up to 80 per cent of
domestic water use. The shallow water table and unconsolidated sand aquifer mean that
groundwater is easily available to most private properties. As a consequence, beside the
public water supply wells (mapped in Figure 14.11), there are about 135 000 privately
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owned small diameter boreholes or dug wells with spear points, which are used for gar-
den irrigation in Perth. This has greatly reduced the demand from public water supply
schemes. The average in-house usage of water of drinking-water quality in Perth is about
120 /capita/day. Households that do not have access to domestic bores will typically use
another 110 l/capita/day of water of drinking-water quality for watering gardens. The
application rate of water from domestic bores during summer is of the order of
12 I/day/m*/house.

Impact of urban development on groundwater quality

From Table 14.1, the principal hazards likely to cause groundwater pollution are
commercial and industrial point sources within the industrial areas of Perth
(Figure 14.11), and widespread but low levels of diffuse pollution from fertilizer use on
gardens and from septic tank leachate. The potential point sources of pollution include a
range of light industries, petrol service stations and pest control depots (Appleyard,
1995a), which have either accidentally or deliberately disposed of wastes, and about 100
former waste disposal sites (Hirschberg, 1993a; 1993b). Pollution surveys suggest there
are about 2000 known or suspected sources of groundwater pollution within the whole
region, and contaminant plumes from 100-1000 m or more in length have extended from
some of these sites through residential areas where private boreholes are used (Benker et
al., 1996). Water quality surveys have detected a wide range of contaminants in shallow
private boreholes near many of these sites, commonly at levels that exceed national
drinking-water criteria. Although this groundwater is generally not used for drinking,
other routes of exposure, such as droplet inhalation or eating irrigated produce have not
been thoroughly assessed. Groundwater contamination in at least one private borehole
was sufficiently severe to be toxic on prolonged skin contact and to kill plants irrigated
with the water (Appleyard, 1995a).

There is also widespread leaching of nitrate from fertilizer use on gardens, and of
nitrate, ammonia and bacteria from septic tanks. Estimates of pollutant loading suggest
that about 1600 tonnes of nitrogen and 480 tonnes of phosphorus are applied annually to
lawn areas in Perth (Sharma et al., 1996). Although much of the phosphorus is bound up
in soil profiles, up to 80 per cent of the applied nitrogen may leach to the water table
(Sharma et al., 1996). About 160 tonnes of nitrogen are discharged by groundwater to
the Swan River each year, and up to 10 tonnes of nitrogen for each kilometre of coastline
is discharging annually into the marine environment (Appleyard and Powell, 1998).

Nitrate concentrations in groundwater beneath Perth generally exceed 1 mg/l, and are
often greater than 10 mg/l NO;-N. The nitrate originates from these sources, and
concentrations generally increase with the age of urban development (Appleyard, 1995b;
Barber ef al., 1996). Gerritse et al. (1990) estimated that between 80 and 260 kg/ha of
nitrogen fertilizer is applied in urban areas of Perth each year, which is comparable to
many agricultural application rates. Using these rates as a basis, from their estimate of
nitrate loading they suggested that concentrations in groundwater in these areas should
be at least 40 mg/l NOs-N. Observed concentrations are generally much lower, sugges-
ting that significant denitrification must be taking place in the aquifer. The broad scatter
of nitrate concentrations in groundwater in urban areas of Perth indicates that denitrifica-
tion is not occurring uniformly, and/or that nitrogen inputs are not uniformly distributed.
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Fertilizer use is particularly high in the horticultural areas located on the fringes of the
urban region, as more than one crop is grown per year. Typically, 500-1500 kg/ha of
nitrogen (mostly as poultry manure) are applied to crops each year (Lantzke, 1997), and
this exceeds the capacity of plants to take up nitrogen by a factor of 4-7 (Pionke et al.,
1990). A combination of high intensity (Figure 14.5) and high potential (Figure 14.7)
help to make horticulture an activity with high potential for polluting the underlying
groundwater (Table 14.6). This reflects the situation in Barbados, where the rapid growth
of horticulture was identified as a potential pollution hazard requiring further assessment
(Table 14.4), and the presence of intensive horticulture should always be given careful
attention in the assessment process outlined in this chapter. As a consequence in Perth
excessive nitrate leaching occurs and nitrate concentrations up to 100 mg/l NOs-N have
been observed directly beneath horticultural areas.

Denitrification is favoured where aquifer redox potentials are less than about 300 mV,
but there is some evidence that redox potentials increase in the older urban areas in Perth
due to the sustained impact of urban recharge processes (Appleyard, 1995b). This may
mean that current nitrate concentrations in groundwater beneath urban areas are not
sustainable given current fertilizer usage, and that future nitrate concentrations beneath a
large part of the Perth metropolitan area will exceed drinking-water guidelines.

A further source of nitrogen as well as faecal pathogen pollution of shallow
groundwater beneath Perth is the use of septic tanks. Currently about 25 per cent of the
urban area which was mainly developed in the 1950s and 1960s, is unsewered. There is a
programme to replace septic tanks with sewer connections, but existing groundwater
pollution from this source will take many years to dissipate.

Table 14.6 illustrates how the processes outlined in this chapter can be used to assess
the relative hazards that particular pollutants in Perth’s groundwater pose to its use as a
source of drinking-water. As for Barbados, Table 14.6 provides qualitative and semi-
quantitative responses to the questions in Figure 14.2. The assessment provides an
indication of the potential magnitude of the loadings posed by a specific pollutant, and on
how abundant it is likely to be in groundwater based on land use, aquifer vulnerability
and measures of the rate at which the contaminant is discharged to groundwater.

Based on the approach outlined in this chapter, Table 14.6 indicates that the pollutants
of most concern in shallow groundwater in Perth are pathogens discharged by septic
tanks, high concentrations of nitrate in horticultural areas and benzene concentrations
near petrol service stations. This assessment process can then be used to select
management strategies to ensure that these pollutant sources do not affect the health of
water consumers. This has been done in Perth by establishing drinking-water SPAs and
wellhead protection zones where land use can be strictly controlled to minimize the risk
of contamination. The risk of contamination from septic tanks is also being managed by
progressively installing sewers in the few remaining areas of Perth which are currently
unsewered, and the risks of contamination from service stations are being reduced with
new codes of practice that require double lined underground storage tanks for fuels with
intensive monitoring. A number of measures are also being implemented to reduce
nitrate contamination by horticulture. These include training programs for farmers,
changing land use in very sensitive areas and requiring farmers to manage their activities
according to nutrient management plans.
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Establishing groundwater
management priorities

O. Schmoll, 1. Chorus and S. Appleyard

Management priorities for protecting groundwater will vary widely between settings.
Once the pollution potential has been assessed for a given catchment (as discussed in
Chapter 14), the priorities for management will depend on the public health burden this
pollution is expected to cause currently and in the future. This will determine the urgency
with which preventative or rehabilitating management responses are needed.

Management responses will also vary widely, as the feasibility of technically
appropriate interventions will depend on the social and economic context in each setting.
Also, choices can often be made among a range of responses to a problem, and
participatory approaches are likely to lead to different decisions by different
communities.

Situation analysis and management decisions for a groundwater catchment need to be
based on sound information and on a clear, well-documented decision-making process.
Uncertainties and gaps in the information base need to be transparent. This chapter
discusses criteria for determining management interventions in relation to their urgency
for protecting public health, and in relation to their feasibility for a given catchment.

© 2006 World Health Organization. Protecting Groundwater for Health: Managing the Quality of
Drinking-water Sources. Edited by O. Schmoll, G. Howard, J. Chilton and I. Chorus. ISBN:
1843390795. Published by IWA Publishing, London, UK.
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15.1  ENSURING THE SUITABILITY OF INFORMATION

Establishing a well-documented inventory of all of the available information for a
proposed groundwater management area is usually the first step in assessing the pollution
risks if groundwater is used as a source of drinking-water. Such an inventory forms the
basis of decisions about how potential water quality health risks will be managed.
Chapter 6 and the checklists at the ends of Chapters 7-13 provide guidance on what type
of information might be included in such a catchment inventory.

Decisions about managing risks to human health usually require the following factors
to be addressed to be effective and sustainable (adapted from US Congress Commission,
1997).

o The decision making process is iterative — in general, health-risk management
decisions need to be periodically reviewed as further information becomes
available. An iterative approach helps ensure that management strategies remain
up to date with new scientific findings, technological developments, and with
national or international best practices.

e Decision making is participatory — broad participation with a range of interested
or affected parties improves the quality and diversity of opinions that inform the
decision-making process. Participation also increases the likelihood that risk
management decisions will be accepted and implemented by the relevant parties.

o Decision making is well-informed — risk management decisions generally need to
be based on information from a variety of sources and on different types of
information. Information used may include scientific data, anecdotal records,
information about regulatory requirements and socioeconomic information for
the region.

o Decision making is contextual — management decisions must be appropriate to
the social and economic realities of the specific region. Simply adopting practices
developed in other parts of the world where there are differences in the level of
expertise or available resources to implement management decisions generally
does not work. Management practices developed locally are more likely to be
sustainable.

e Decision making is holistic — focusing management decisions on only one issue
may not lead to better health outcomes for communities in the longer term. In
general, protecting and managing drinking-water quality should be seen in the
context of being one item in a package of measures to protect the health of
communities.

Ensuring that information gathered addresses the above factors generally helps
prevent many of the pitfalls that often affect decisions made about how drinking-water
supplies are managed, particularly the following two:

¢ crucial information gaps lead to poorly informed decisions which cause resources
to be wasted on ineffective measures or even lead to health problems as
illustrated in Box 15.1;

e decisions on measures urgently needed to improve public health are sometimes
not taken or are unduly postponed because information gaps are used as an
excuse for not allocating resources to the measures.
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Box 15.1 Cholera Epidemic in Peru in 1991

Andersen (1991) reports that during the 1980s a decision by local water officials
to stop chlorinating water pumped from many of the wells in Lima, Peru
contributed to more than 300 000 cases of cholera and over 3500 fatalities. The
reason given for the decision against disinfection was the perception of a cancer
threat from chlorination by-products.

Studies indicating a small statistical lifetime risk of cancer from trihalomethanes
and other chlorination by-products were interpreted as demonstrating a more
significant health risk than the threat from waterborne pathogens. It is possible
that the scale of the epidemic could have been greatly reduced had all of the
information about the respective health risks of waterborne pathogens and
chlorination by-products been available and understood by the relevant decision
makers, and had the relative risk been assessed.

In general, there will always be gaps in the information gathered, and management
decisions will often have to be made based on some degree of uncertainty. However, if
there are potentially significant risks to human health, the lack of information should not
be used as an excuse to delay reasonable and cost effective measures to protect health. If
concerns are substantial although the risk level is uncertain, consideration should be
given to short-term measures that can be implemented to protect health. This may
involve temporary provision of an alternative drinking-water source until the information
gaps have been sufficiently closed and the supply demonstrated to be safe, or appropriate
control measures have been implemented. In some cases both risks and potential
management measures may be self-evident. These generally relate to elements of good
environmental practice which can be implemented without the requirement for a detailed
pollution potential assessment.

Detecting information gaps during the situation analysis is an iterative process
which feeds back into improving the quality of the available information, and
helps ensure the inventory is relevant to the local region and water supply.
Although obtaining additional information generally requires more investment, it
is important to recognize that this effort is usually fairly minor in relation to the
resources that may be required to implement some engineered management
measures. The additional information may also be important in determining the
most cost-effective solution. It is often crucial to be able to convince those
responsible for financing management decisions such as funding bodies,
government, or donor agencies, to fund such investigations before beginning an
activity. This may be facilitated through ongoing consultation with these bodies,
and by ensuring that both the information inventory and the criteria used in
assessing its value as a basis for selecting management options are well
documented and supported by the water consumers.
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15.2  PRIORITIZING POLLUTANTS IN GROUNDWATER
WITH RESPECT TO URGENCY OF MANAGEMENT
RESPONSES

In supply settings where polluted groundwater may affect drinking-water quality,
adequate management responses for the protection of public health are required. The
determination of their urgency involves a site specific prioritization of individual
pollutants in relation to their sources (e.g. polluting activities) on the basis of the
following two aspects:
o the extent of the existing groundwater pollution level (e.g. from monitoring data),
or the current or predicted groundwater pollution potential of a contaminant in a
given setting (as defined in Chapter 14);
e the public health burden, i.e. severity and extent of health consequences.
Management responses for contaminants with the greatest public health burden and
the highest pollution level or potential should receive higher priority than those whose
health impacts are mild or whose occurrence in groundwater is unlikely. This
prioritization approach is conceptually depicted in Figure 15.1.
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PUBLIC HEALTH BURDEN

LOW

LOW » HIGH
POLLUTION LEVEL

Determined from monitoring

POLLUTION POTENTIAL

Estimated from aquifer vulnerability and pollutant loading
Predicted for events
Predicted trend over time

Figure 15.1. Urgency of management responses required to protect public health
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The scheme in Figure 15.1 is similar to other risk ranking matrixes commonly used
for relating the consequence (e.g. severity and extent) of impacts to the likelihood of an
event occurring (WHO, 2004; SGWA, 1998; Deere et al, 2001; MOH NZ, 2001).
However, it is different with respect to the role of events causing groundwater pollution:
while in general reviewing the likelihood of hazardous events is of crucial importance for
risk assessment, groundwater pollution tends to be a more continuous process, €.g. from
leaky sewers, poorly sited or designed latrines, waste disposal sites or agricultural
activities. Although a pollution event may suddenly occur on the soil surface (e.g.
through a tank truck accident or a farmer applying manure), occurrence in the aquifer is
often more continuous, and the time pattern with which the pollutant may appear in the
aquifer depends on hydraulic loading (i.e. rainfall patterns) as well as on aquifer
vulnerability. Nitrate is an example that highlights how discrete contamination events on
the surface may lead to continuous contamination of the aquifer.

The pollution potential, as defined in Chapter 14, encompasses both aquifer
vulnerability and pollutant loading (in terms of pollutant load and hydraulic load) and
thus already includes an assessment of the probability that polluting events on the soil
surface result in groundwater contamination. Therefore, for determining the urgency of
rehabilitating or preventative management responses, the scale in Figure 15.1 is not event
likelihood, but rather pollution potential in terms of the probability of groundwater
pollution occurring.

Tables 15.1 and 15.2 give an example of a simple prioritization matrix which applies
the general concept of Figure 15.1. The classification scales in Tables 15.1 and 15.2 are
based on a qualitative ranking rather than having quantitative values. This reflects the
uncertainty of estimating pollution potential and public heath burden. Such a ranking
scheme therefore has a relative nature: the aim is not a quantification of risk in absolute
terms, but to identify the management responses that need to be most urgently addressed.

The approach shown in Figure 15.1 as well as in Tables 15.1 and 15.2 can in principle
be expanded to a quantitative or semi-quantitative assessment by reducing uncertainty
through improving the knowledge base. For the pollution potential, this would require
analyses of the range of contaminants in the groundwater on a regular basis as well as
monitoring or modelling of peak concentrations during events and changes over
extended time spans to identify trends in order to calculate the dose the population would
receive from drinking-water. For the public health burden, the categories for the size of
the population affected and the severity of the effect would be calculated and expressed
by the concept of Disability Affected Life Years (DALY) as a common public health
unit which summarizes all health outcomes caused by a certain disease agent (i.e.
chemical or pathogen) and provides an estimate of the burden of disease of this agent
(Havelaar and Melse, 2003; WHO, 2004).

For most settings, however, the management of groundwater resources will be
substantially improved by a simple approach of setting priorities based on a relative
ranking of the urgency of issues as discussed above. Guidance for estimating the
pollution potential is provided in some detail in Chapter 14 and in Section II of this
monograph. Specifically for chemicals, Thompson ef al. (in prep.) also provide guidance
on deriving priorities for management from the use of chemicals and the conditions in
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the catchment. The following will briefly address some general aspects of ranking the
public health burden of contaminants which frequently occur in groundwater.

Table 15.1. Simple prioritization scheme: consequence and probability scales (adapted from WHO,
2004; MOH NZ, 2001)

Scale for assessing severity and extent of impacts on public health

Public health burden Description Position on Y-axis in
(consequence scale) Figure 15.1
Insignificant Insignificant Low
Minor Minor impact for a small population
Moderate Minor impact for a big population
Major Major impact (potentially lethal) for a
small population
Catastrophic Major impact (potentially lethal) for big High
population

Scale for assessing the probability of groundwater pollution occurring

Pollution potential ~ Description Position on X-axis in
(probability scale) Figure 15.1
Insignificant Well protected aquifer and insignificant Low
pollutant/hydraulic load
Low Low aquifer vulnerability and minor
pollutant/hydraulic load
Moderate Low aquifer vulnerability and significant
pollutant/hydraulic load
High High aquifer vulnerability and significant
pollutant/hydraulic load
Very high High aquifer vulnerability and substantial High

pollutant/hydraulic load

Table 15.2. Simple prioritization scheme: ranking matrix for determining the urgency of
management responses (adapted from WHO, 2004; MOH NZ, 2001)

Pollution Public health burden (consequence)

potential Insignificant ~ Minor Moderate Major Catastrophic
(probability)

Very high High High Extreme Extreme Extreme
High Moderate High High Extreme Extreme
Moderate Low Moderate High Extreme Extreme
Low Low Low Moderate High Extreme
Insignificant Low Low Moderate High High
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Ranking of contaminants according to their public health burden
Ranking microbial and chemical contaminants in groundwater in terms of their public
health burden depends to a large extent on site-specific factors, and it is not possible to
develop an absolute ranking scale that will fit all cases. However, as a general rule the
importance of contaminants in groundwater can be ranked in the following decreasing
order:
e waterborne pathogens (Chapter 3);
e naturally occurring groundwater constituents such as fluoride and arsenic
(Chapter 4.1);
e nitrate (Chapter 4.2);
o industrial chemicals such as chlorinated or aromatic hydrocarbons (Chapter 4.3),
pesticides (Chapter 4.4) or metals (Chapter 4.5);
e pharmaceuticals and endocrine disruptors (Chapter 4.6).

This ranking is indicative only but is typical of both the observed occurrence of
contaminants in groundwater and the severity of the health burden that they cause. It can
be used as a preliminary ranking if no other site-specific information is available.

Waterborne pathogens pose a much greater immediate threat to public health than
chemical contaminants and are generally considered to have the highest priority for a
management response before chemical contamination issues are considered. In situations
where the pollution potential for pathogens is also considered to be high, the
implementation of management measures is considered to be extremely urgent
(Figure 15.1). Conversely, in situations where the pollution potential is considered to be
low (for instance, due to the fact that groundwater is being pumped from a well-
constructed deep tubewell in a porous medium aquifer), a management response will be
considered to be much less urgent, and addressing other contaminants, such as some
accumulating chemical contaminants, might have a higher priority.

As discussed in Chapter 4, fluoride and arsenic n groundwater supplies may have
significant effects on public health. These contaminants are generally of natural origin,
and in many situations their concentration is low in groundwater. Their presence in
health-relevant concentrations in a given groundwater supply depends on local
geological factors and on specific hydrochemical conditions (Chapter 8) being present in
the aquifer to allow these chemicals to be mobilized from sediments or bedrock into
groundwater. Therefore it is essential to specifically address the possible presence of
natural groundwater constituents in the catchment-specific situation analysis. This should
include undertaking specific sampling and chemical analysis for these constituents, and
obtaining information about the local geological conditions to determine whether there is
a risk of land use or groundwater pumping increasing the concentrations of fluoride or
arsenic in groundwater. This information will help determine where these chemical
constituents should plot on the matrix in Figure 15.1.

In some situations, nitrate is of concern to public health because of potential health
effects on bottle-fed infants (i.e. metHb, particularly in the presence of simultaneous
microbial contamination; see Chapter 4.3), the large inputs of this chemical to
groundwater in areas with intensive agriculture and/or on-site wastewater disposal, and
its tendency to accumulate in aquifers. The potential health consequences of nitrate
contamination will vary depending on the size of the population exposed (which in turn
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strongly depends on social factors, i.e. prevalence of breast feeding and parental
knowledge) and this will affect where this contaminant will plot on the scheme in
Figure 15.1.

With the exception of localized major point sources of contamination, exposure to
chemical contaminants such as heavy metals, organic pollutants (e.g. chlorinated or
aromatic hydrocarbons), and pesticides through drinking-water is usually a less
immediate threat to public health. One aspect is that the major exposure pathways to
these substances are usually air pollution and food rather than drinking-water (WHO,
2004). For protecting public health, management of these greater sources of
contamination might be more urgent than addressing their occurrence in water. Although
implementing management measures to deal with these contaminants is usually less
urgent for most groundwater supplies, there may be circumstances in which a situation
assessment may indicate the probable presence of very high concentrations in
groundwater due to local contamination, raising the management priority of one or more
of these chemicals.

Pharmaceuticals, endocrine disruptors and most pesticides rarely occur in
groundwater in concentrations that have been shown to be hazardous to human health. In
most cases the ranking following Figure 15.1 will therefore result in a rather low urgency
for management response. However, in many societies there is increasing concern over
traces of pharmaceuticals and pesticides found in groundwater used as drinking-water
sources. Such issues may be addressed in the priority setting matrix by including other
criteria, such as public perception and value judgements, in addition to public health
burden. Where public concern over pharmaceuticals or pesticides makes the headlines,
management measures may indeed be ranked as urgent. However, scientifically
substantiated assessment of the public health impact will always need to be the most
important criterion for setting priorities and for defining the urgency of management
responses in order that resources are not diverted from more pressing public health
problems.

In summary, the simple ranking scheme presented in Figure 15.1 and in Tables 15.1
and 15.2 is based on the relative likely health burden caused by a number of
contaminants, and not their absolute magnitude, and thus simply indicates management
priorities. Waterborne pathogens may cause immediate illness and their presence in
water requires an urgent management response either in the catchment or at the water
supplier’s operational level (i.e. treatment). Chemical contaminants usually require long-
term exposure to cause health effects. Consequently, management measures for
chemicals are of less urgency in most circumstances and measures may be delayed until
management responses for the control of pathogen contamination have been
implemented.

Assessment of persistent contaminants

Unlike waterborne pathogens, which survive in groundwater for a limited period of time
(Chapter 3), some chemical contaminants may persist in groundwater over a long period
of time, with little or no attenuation. In situations where there is a continuing source of
chemical contamination and the loading rate at which the chemical is leached into
groundwater is greater than the rate at which the contaminant is removed by physical,
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chemical or biological processes in the aquifer, concentrations of the contaminant in
groundwater may progressively accumulate with time.

The most common example of this behaviour is nitrate contamination in groundwater
in regions where intensive agriculture is poorly managed. Nitrate concentrations in
groundwater in these regions often continue to increase over many decades if appropriate
land use management practices are not implemented. Accumulation has also been
observed for various industrial chemicals (e.g. chlorinated solvents) and some pesticides
(e.g. atrazine).

For such contaminants rehabilitation of groundwater quality is typically difficult and
costly, and interventions may be needed before concentrations reach health-relevant
levels. The process of prioritizing management responses therefore needs to address the
issue of contaminant accumulation by estimating trends or using a prediction of the
contaminant concentration in groundwater at some future time if no management action
is taken to stop or reduce the polluting activity or practice. An outcome of such an
assessment would be to indicate whether the contaminant could become an urgent
management priority unless the source of contamination were to be removed or the
loading rate greatly reduced. Such an assessment could be used to help set priorities for
progressively changing land use within a catchment area to protect groundwater quality
in the longer term or to introduce changes such as appropriate chemical handling
practices in small or large industries.

Specific advice on predicting long-term nitrate concentrations in groundwater in
urban and periurban environments where there is limited information can be found in
Lerner (2000) and ARGOSS (2001).

15.3 SELECTION OF MANAGEMENT OPTIONS

The last step in the situation analysis for a groundwater supply is to select possible
management options that are appropriate for the magnitude of the health risk posed by a
specific contaminant. The range of possible measures for protecting groundwater from
becoming polluted through human activities is discussed in some detail in Sections IV
and V of this monograph.

Once the urgency of an intervention to protect public health has been determined,
apart from the technical adequacy of the measure, selecting effective management
options also needs to consider the following aspects:

e delayed response time between management interventions (i.e. removing the

contaminant source) and measurable reduction of aquifer pollution;

e Dbarriers in place in addition to groundwater protection (e.g. treatment);

e socioeconomic feasibility of management responses.

Aquifer response time

Aquifers tend to respond only slowly to changes in contaminant loading due to retention
processes such as adsorption and desorption to soil particles (see Chapter 4). Moreover,
due to slow flow rates and long retention times of water in many aquifers, elevated
contaminant concentrations may remain present for many years. This effect has
particularly been shown for contamination with chemicals such as nitrate or some
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pesticides (e.g. atrazine). For example, the response time between successfully
implemented measures targeting the reduction of nitrogen loading from agriculture in the
catchment area and measurable reduction of nitrate concentration in groundwater can
range between a few years and several decades (Behrendt ez al., 2000).

In situations where groundwater used for drinking-water supply is contaminated and
where the implementation of management measures is assessed as urgent for protecting
public health, the delay in response needs to be taken into consideration. As discussed
below, measures in addition to those protecting or rehabilitating the aquifer from
polluting activities might be needed (e.g. water treatment, change of source) in order to
provide safe drinking-water.

The delay in response is an inherent property of the groundwater system that cannot
be changed by any management measure. It is therefore important to recognize that
control measures for reducing chemical contamination (e.g. nitrate, pesticides) in
groundwater are likely to show results in the long term only and that short-term ‘success
stories’ are rarely achievable. When planning and implementing management actions,
this issue needs to be adequately communicated both to communities using the resource
for drinking-water supply and to funding agencies and politicians in order to avoid
misplaced expectations and disappointment that may impair the political or financial
support.

Multiple barriers

Wherever possible during the process of selecting management options, it is important
not to select just one measure and rely on it for the long-term protection of public health.
In particular, relying on water treatment alone to prevent health problems from
contaminated groundwater may be a high-risk management strategy for some
contaminants, particularly microbial contaminants. This could have significant public
health consequences if the treatment system fails or mistakes are made by the operators
of the system and water treatment is ineffective (O’Connor, 2002).

As depicted in Figure 15.2, risks to public health can generally be minimized when a
group of complementary management measures are implemented together to ensure that
there are several barriers in place between a potential source of contamination and a
water consumer, particularly when the contaminant can have a major impact on health.
The presence of several barriers means that the overall water supply is protected from a
system failure or human error at any one point in the system because there are backup
protection measures, and thus the water supply becomes a fail-safe system. This multi-
barrier principle is one of the basic principles of drinking-water hygiene (WHO, 2004).

Typical barriers in groundwater supplies include:

e management practices in the catchment area to reduce contaminant inputs from
human activities into groundwater (see Chapters 21-25);

e source-water protection through control of land use in protection zones (see
Chapter 17);

e adequate design, construction and maintenance of water supply wells (see
Chapter 18);

e treatment of pumped groundwater (LeChevalier and Au, 2004);

¢ ensuring adequate disinfection residual in the water distribution system;

e protection and maintenance of the distribution system (Ainsworth, 2004).
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Figure 15.2. Reducing health risks by using multiple barriers to protect a water supply (adapted
from Hrudey, 2001)

The extent to which these barriers are needed will depend on an assessment of the
possible health outcomes of contaminants, the size of the population relying on the water
supply, the resources available for management, and an assessment of the costs of
implementing management practices against the possible benefits in the specific
situation.

Many low-income countries lack the resources or expertise to implement a broad
range of groundwater protection measures, and in some countries it can be difficult to
convince key political decision makers of the importance of groundwater protection for
long-term water safety. In such situations water treatment or the provision of another
source of water are important immediate health protection measures.

Socioeconomic feasibility

Groundwater protection measures do not have to be expensive, and small incremental
changes over a period of time can greatly improve the quality of groundwater or avoid
degradation of quality. Even simple inexpensive measures such as ensuring that
defecation is not carried out within 10 m of a water supply well and ensuring that surface
run-off is diverted away from the well will significantly reduce public health risks from
such a water supply (ARGOSS, 2001; Howard et al, 2003). Other groundwater
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protection measures will require investments, e.g. constructing latrines, improving seals
on wellheads or improving drainage of roads. Funding for these may or may not be
available. Designating protection zones in the immediate vicinity of a wellhead or
extended further into the aquifer’s catchment may be inexpensive to the authority doing
so, but — as discussed in Chapter 5 — can disrupt the livelihoods of inhabitants of the land
above the aquifer or can have substantial economic consequences for them. In some
settings, though interventions may appear appropriate in theory, institutional capacity is
too weak to implement them.

Unless a catchment is largely uninhabited and unused by humans, the aquifer
protection measures introduced in Sections IV and V of this monograph will often
intervene in the way people are currently doing things, and will work only if the
stakeholders in the catchment are willing to make changes. This pertains to land use in
general, but also to practices, e.g. in agriculture, sanitation or handling and storing
hazardous chemicals. Therefore, while for a given setting the urgency of mitigating or
preventing groundwater contamination is determined from an assessment of pollution
potential and public health burden (Section 15.2), selecting appropriate management
measures requires a further step, i.e. assessing their feasibility in the specific setting.
Feasibility depends on a variety of factors, such as cultural values, public perception,
education, land tenure rights, socioeconomic status, legal requirements and institutional
capacities (see Chapters 5 and 20). These factors need to be evaluated in relation to the
management responses envisaged. The result of such an evaluation may be that
socioeconomic measures are a crucial part of the management package, equally or even
more important than the actual technical measures to protect the aquifer.

As discussed in some detail in Chapter 5, public communication and consultation is
not only an important tool for assessing the potential of aquifer pollution and the
feasibility of measures suggested by scientists and engineers. Beyond this, participation
of the population affected by groundwater protection measures is key to developing
approaches that will be supported locally and can therefore be implemented more
readily. Where people’s livelihoods are positively affected by a protection measure,
rather than the measure being perceived as only having a negative impact, particularly in
the short term, interventions are more likely to be accepted and maintained. It is
important to communicate that increasing costs arise not only from the protection of the
resource, but also from its deterioration. In this context, there may be conflicting interests
between different stakeholders in the catchment. For example, abandoning a resource
and piping in water from a more distant one in order to be able to continue a polluting
activity may be in the interest of some, but others who could not afford a more expensive
supply would prefer protection. The planning of groundwater protection measures will
need to consider how the needs of all stakeholders can best be incorporated into the
policy, and how costs can be minimized while maximizing protection.

Figure 15.3 conceptually depicts that both urgency of an intervention and the
feasibility in a given setting will determine which type of management action can be
taken. Management responses to technically similar problems may be very different
between settings, depending on what is locally feasible.
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Figure 15.3. Selection of management responses in relation to their urgency and feasibility

The upper right-hand corner of Figure 15.3 shows that where urgent groundwater
protection measures are assessed to be feasible, the key management action is their rapid
implementation. Additional short-term measures at the point of consumption (e.g.
treatment) may be necessary until the groundwater quality shows a response to the
protection measure (see example settings A and C in Table 15.3). Where interventions
are urgent, but it is not feasible to improve groundwater in the medium term (bottom
right-hand corner of Figure 15.3), the primary response to protect public health will be
management actions other than groundwater protection, as safe groundwater is not likely
to become available in the short term (see example setting B in Table 15.3). However,
these tend to involve either use of a more distant source or treatment, both of which are
costly. In settings in which an aquifer can still be rehabilitated, an extended process of
community consultation and discussion may therefore lead to additional action for
groundwater protection or remediation in the longer term. As discussed in Chapter 5,
feasibility may be increased by socioeconomic measures such as compensation
payments for restrictions on land use, but also by e.g. improving tenure rights to make
protection attractive in the longer term.

A different group of situations are those in which management responses against
contamination are assessed to be less urgent (see Chapter 15.1). If feasibility is also low
(e.g. for protecting an aquifer from low levels of pesticides), no action would be taken
other than improving risk communication to the public if there is a concern (bottom left-
hand corner of Figure 15.3). However, where measures to prevent such pollution are
feasible (upper left-hand corner of Figure 15.3; see example setting E in Table 15.3),
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implementing such measures would be appropriate. Such a decision would follow the
precautionary principle. Precautionary action is likely to be more feasible in settings in
which the public perception values the resource and clean water is a widely accepted
goal, and particularly where the overall public health and socioeconomic conditions
enable such a priority to be set.

Table 15.3. Examples for the selection of management responses in relation to their urgency and

feasibility

Groundwater Urgency Groundwater Feasibility  Alternative and/or

pollution problem protection measure supplementary
measures

Example setting A Extreme Improve construction High Additional short-

with periodic detec- and maintenance of -> upper term water treatment

tion of high E. coli wells right-hand  (e.g. boiling,

counts in poorly Construct latrines corner of disinfection)

constructed wells in downgradient from Figure 15.3

a shallow vulnerable wells

aquifer adjacent to

an open defecation

area

Example setting B Extreme  Improve construction Low Abandon wells and

with periodic detec- and maintenance of - bottom rebuild in unconta-

tion of high E. coli wells right-hand  minated area, or

counts in poorly Construct latrines corner of provide alternative

constructed wells in downgradient from Figure 153  water source (e.g.

a shallow vulnerable wells use of water tankers)

aquifer adjacent to Public consultation

an open defecation for increasing

arca feasibility of aquifer
protection

Example setting C~ High Ensure setback distances High Public

with periodic detec- to sources of pollution - upper communication

tion of high E. coli Improve construction right-hand  about wellhead

counts from conta- and maintenance of corner of protection

minated run-off in wells Figure 15.3

poorly constructed

wells

Example setting D Moderate Implement control Low Provide appropriate

with nitrate measures for stock - bottom  bottled water for

contamination from density as well as for right-hand  bottle-fed infants;

agriculture in application of fertilizers ~ corner of and/or encourage

properly constructed and manure Figure 153  breast feeding

tubewells

Example setting E.~ Low Implement training High Improve risk

with pesticide programme for farmers = upper communication to

contamination from on good practice in left-hand the public

agriculture in choice, applicationand ~ corner of

properly constructed disposal of pesticides Figure 15.3

tubewells




Establishing groundwater management priorities 425

Management actions for the contaminants ranked as urgent may result in
simultaneous remediation of those with a lower urgency ranking, e.g. where nitrate
loading from human excreta occurs together with faecal indicators, measures reducing
the latter are likely to also reduce the former. Such benefits need to be included in the
case for measures that are being proposed.

Generally, where socioeconomic conditions indicate that the availability of financial
resources for advanced drinking-water treatment is low, maintaining groundwater quality
as a cheap and safe resource not requiring treatment may be particularly important.
Under these circumstances it is probable that the situation analysis would identify aquifer
and/or wellhead protection as a high priority.

The important exception to the general scheme shown in Figure 15.3 is where
groundwater contains toxic natural constituents such as fluoride or arsenic at
concentrations that are of health concern. In these situations, groundwater protection
measures will not reduce the concentrations of these constituents and water treatment or
providing alternative sources of drinking-water are the only effective management
options. This does not mean that groundwater protection measures are abandoned in
these situations, as other possible contaminants derived from land use will still need to be
managed to prevent contamination of the water supply even if it is being treated to
remove the natural chemicals such as arsenic or fluoride.

154 DOCUMENTATION AND REPORTING

Comprehensive and easily understood documentation of the situation assessment is
important as it enables both the decision-making process for a specific supply and the
information on which the decisions were made to be clearly communicated to water
consumers, regulatory and funding agencies and other stakeholders. In particular,
documentation is important for the following reasons:

e Documentation of the sources of information that were used to make
management decisions enables the quality of the information to be assessed. This
can help identify whether there are any major gaps in the information used which
may affect both the assessment of groundwater pollution risks and the measures
selected to manage groundwater quality.

e Potential water consumers and the general public have a right to know what
potential contamination risks occur in an existing or proposed groundwater
supply and about how these risks will be managed. Water consumers need
assurance that their water supply will not pose a public health threat, and demand
a high level of accountability from water suppliers and government regulatory
agencies for decisions made about drinking-water safety (CELA, 2001).

e A report of the results of the groundwater source assessment is a powerful tool to
initiate discussions with a wide range of stakeholders about the need to protect
the quality of groundwater in a region.

e Good documentation allows decisions about water quality management to be
easily evaluated and updated as new information becomes available.
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e Good documentation together with ongoing consultation with the community
and key decision-makers helps secure funding and community support for
implementing groundwater protection measures to ensure that drinking-water
will not affect public health.

The whole process of the situation analysis should be documented formally in a report
by the situation assessment team. As well as describing the results of the situation
analysis and the criteria for decisions made in the assessments, the report should include
the technical details such as key persons involved in conducting the situation analysis,
when the information was collected, the sources of data (e.g. from site inspection,
statistics, government bodies, universities, published/unpublished information), contact
persons for information, and the location and format of storage of the information. A key
component of this report will often be a series of maps of the catchment area showing the
aquifers and groundwater conditions, vulnerability, groundwater supplies, land use and
human activities which highlight the major potential sources of groundwater pollution. If
possible, these should be in GIS format at a common scale so that they can be easily
overlaid and updated.
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