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Science at the
Environment Agency

Science underpins the work of the Environment Agency. It provides an up-to-date
understanding of the world about us and helps us to develop monitoring tools and
techniques to manage our environment as efficiently and effectively as possible.

The work of the Environment Agency’s Science Department is a key ingredient in the

partnership

between research, policy and operations that enables the Environment 5&

Agency to protect and restore our environment.

AA?NL \\/AM&L«
Steve Killeen O

The science programme focuses on five main areas of activity: SO

Setting the agenda, by identifying where strategic science can i
evidence-based policies, advisory and regulatory roles; Y\
e

r

Funding science, by supporting programmes, prOJects ple in
response to long-term strategic needs, medium-term |or|t|es and
shorter-term operational requirements;

Managing science, by ensuring that our pro and projects are fit
for purpose and executed according to mtern | scientific standards;

Carrying out science, by undertakin N — either by contracting it
out to research organisations and cgn cies or by doing it ourselves;

Delivering information, advice, and techniques, by making
appropriate products available to czur policy and operations staff.
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Executive Summary

Source protection zones (SPZs) form a key part of the Environment Agency’s policy
and approach to controlling the risk to groundwater supplies from potentially polluting
activities and accidental releases of pollutants.

Although the Environment Agency has defined SPZs for over 2,000 public potable
supplies, major non-public potable and sensitive commercial supplies in England and

them for new sources. This report updates the methodology for defining groundwater

N

Wales, there remains a need to update SPZs as circumstances change and to define ('VQ

source protection zones. %

A manual published by the Environment Agency in 1996 described the methodolo
be followed to define SPZs. The subsequent 12 years have seen advances in |
delineation techniques and in the use of geographical information systems (
is linked to increased availability of spatial data in electronic formats and?
development of national databases such as the Water Resources GIS, Cafchment
Abstraction Management Strategy (CAMS) and the Environment Ag /British
Geological Survey (BGS) aquifer properties manuals. The policy f] ork has also
changed with GP3 (Groundwater protection: policy and practic 3 — tools)
replacing PPPG (Policy and Practice for the Protection of Gr, @water), and the
advent of the Water Framework Directive.

This report is a comprehensive revision of the 1996 N 71t draws on advances in
groundwater research over the period and chang undwater protection policy. It
provides detailed guidance to Environment Ag swaff, its contractors and other
organisations and their consultants on the pr: ures and methods to be adopted in
the definition of SPZs.

With over 10 years’ experience in zon ’ation and groundwater protection, the
Environment Agency has reviewed t Zs used and made some modifications to
their definition. The revised defini he zones is:

e SPZ1 - Inner Pro‘%tion Zone is defined as the 50 day travel time from
any point below ater table to the source. This zone has a minimum
radius of 50%getr:

o SPZ2 — QMer Protection Zone is defined by a 400 day travel time from a
point ;@ the water table. The previous methodology gave an option to
Qe@)SPZZ as the minimum recharge area required to support 25 per cent
o rotected yield. This option is no longer available in defining new

PZs and instead this zone has a minimum radius of 250 or 500 metres
round the source, depending on the size of the abstraction.

5@- SPZ3 - Source Catchment Protection Zone is defined as the area
around a source within which all groundwater recharge is presumed to be

O discharged at the source. In confined aquifers, the source catchment may

be displaced some distance from the source. For heavily exploited aquifers,
the final Source Catchment Protection Zone can be defined as the whole
aquifer recharge area where the ratio of groundwater abstraction to aquifer
recharge (average recharge multiplied by outcrop area) is >0.75. There is
still the need to define individual source protection areas to assist operators
in catchment management.

A fourth zone SPZ4 or ‘Zone of Special Interest’ was previously defined for some
sources. SPZ4 usually represented a surface water catchment which drains into the
aquifer feeding the groundwater supply (i.e. catchment draining to a disappearing
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stream). In the future this zone will be incorporated into one of the other zones i.e. SPZ
1, 2 or 3, whichever is appropriate in the particular case, or become a safeguard zone.

Delineation of a protection zone is not simply a modelling approach but combines a
number of stages as follows:

1. Data collation and conceptualisation
L
2. Calculations, modelling and hydraulic capture zone production \%
3. Technical review of hydraulic capture zones with modification, where Q
appropriate, of the zone boundaries to produce the final SPZs (L

4. Documentation and publication of final SPZs.

The revised manual details the recommended approach for these four stages. 06
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1 Introduction

The Environment Agency originally published Version 1.1 of this manual in August
1996. The subsequent 13 years have seen advances in available delineation
techniques and in the use of geographical information systems (GIS). This is linked to
increased availability of spatial data in electronic formats and the development of
national databases such as the Water Resources GIS, Catchment Abstraction
Management Strategy (CAMS) and the Environment Agency/British Geological Survey
(BGS) aquifer properties manuals. The policy framework has also changed with GP3
(Groundwater protection: policy and practice. Part 3 — tools)' replacing PPPG (Policy
and practice for the protection of groundwater),? and the advent of the Water

Framework Directive.? 0@

This new review and manual is a comprehensive revision of the 1996 origin @ws
on advances in groundwater research over the period and changes in gr un@
protection policy to present up -to-date methodologies to aid source prote%s
definition. With over 10 years’ experience in the application of source tion zones
(SPZs) to protect groundwater, the Environment Agency has revie e SPZs used
previously and made some modifications. $

O

water capture zone

1.1 Objectives

This manual provides the technical background t
delineation. It has three objectives:

¢ To outline the Environment Agency’s approach to the protection of
groundwater sources as part giitsenational policy of groundwater protection
as set out in Groundwater tion: Policy and Practice. Part 3 — tools

(GP3) (Environment h 07a)

e To provide detaileg,g ce to Environment Agency staff, its contractors
and other organiggiqQns and their consultants on the procedures and
methods to be dodted in the definition of SPZs;

e To descri e update methods that can be used for SPZ delineation.

This manual is an ut from an Environment Agency research project to:

E@the scientific, technical and policy basis for future protection and
\ uard zones around groundwater abstraction sites;

eview and recommend cost-effective options for delineating such zones.

\@

! Environment Agency 2007a
> NRA 1992

% See http://www.environment-agency.gov.uk/research/planning/33106.aspx for information
about the Water Framework Directive.
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1.2 Definition of groundwater source protection
zones

GP3 uses two methods for mapping the potential risk to aquifers from polluting
activities:

™ . L
¢ groundwater vulnerability mapping; \Q

¢ determination of source protection zones (SPZs).

SPZs indicate those areas where groundwater supplies are at risk from potentially (QDQ
polluting activities and accidental releases of pollutants. SPZs are primarily a pollcy

used to control activities close to water supplies intended for human consumption. T

final SPZ is strongly based on model outputs, but may be modified to allow for 9
uncertainty, information or local knowledge that cannot be modelled. This mea

the production of most SPZs is a two-stage process. The first stage is the pr%

time of travel areas and total catchments using modelling or manual met

appropriate. This is followed by technical review and, if necessary, bouncm/i

adjustment to produce the actual SPZ.

SPZs have been defined for nearly 2,000 groundwater sources.@e are wells,
boreholes and springs used for major potable uses, in particu% lic drinking water
supply. Three zones have typically been defined: E K

e SPZ1 - Inner Protection Zone is define
any point below the water table to the s
radius of 50 metres (Section 2.2).

0-day travel time from
his zone has a minimum

e SPZ2 - Outer Protection Zone is ¥§ined by a 400-day travel time from a
point below the water table. The previous methodology gave an option to
define SPZ2 as the minim ‘rge area required to support 25 per cent
of the protected yield. Thj n is no longer available in defining new
SPZs (Section 2.3).

e SPZ3 - Source C‘*Qnt Protection Zone is defined as the area
around a sourc n which all groundwater recharge is presumed to be
discharged gt th urce. In confined aquifers, the source catchment may
be displace e distance from the source (Section 2.4).

A fourth zone, SP one of Special Interest’ was defined for some sources. This
usually repres a‘surface water catchment which drains into the aquifer feeding the
groundwater” %y (i.e. catchment draining to a disappearing stream). In future, this
zone eith \Je defined as a safeguard zone or it will be incorporated into one of the
other ZQQ .SPZ 1, 2 or 3, whichever is appropriate in the particular case (Section
2.1).

’Suotected yield is the rate of groundwater pumping from a source used to
@eate each SPZ around that source. It is defined as the maximum authorised and
stainable rate of groundwater pumping that can take place from the source in
C) question (Section 2.5).

*

\
&\(\ 1.3 SPZ determination procedure

The Environment Agency estimates that there are over 2,000 public potable supplies,
major non-public potable and sensitive commercial supplies in England and Wales. It
has defined SPZs for the maijority of these, but there will remain a need to update SPZs
as circumstances change and to define them for new sources.
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There are also upwards of 70,000 small potable sources, of which a relatively large
proportion are in secondary aquifers in rural areas where complex fissure flow may
occur or where the local hydrogeology is not well documented. It will not be practicable
or efficient to formally publish zones (using models or manual methods) around such
sources. Nevertheless, a potable source is always assumed to have a default minimum
Inner Protection Zone with a radius of 50 metres and a default minimum SPZ2 with a
radium of 250m. The protection of small sources is discussed in Section 4.3.

This manual provides an update of the procedure for defining SPZs. The main changes
to the previous manual are:

e changes in the procedure for definition of the SPZ2 (i.e. dropping the 25 p
cent rule) and use of a default minimum radius of 250 or 500 m around th
source;

e merging of SPZ3s where these cover a significant part of the aquifeg

outcrop; 0

e modifications in the shape of modelled SPZs to take account?ﬂﬁer
ed wit

hydrogeological information that cannot be readily incorpgsgt hin many
of the models; @
e changes in the procedure for assessment of the u inty in SPZ
boundaries; K
e updating of the tools used to model hydrauli ure zones.
These changes have been introduced to provide § pragmatic approach to SPZ
delineation, reflecting an improved understandi oundwater protection and its
implementation. But they are also important t ieving zones that are robust in

planning terms and which can be linked more firmly to the policies set out in GP3.

*
The Environment Agency does not int@immediately revise previously defined
SPZs. For the foreseeable future, jt i y define new SPZs for new sources, or after
significant licence amendments o e it receives credible information concerning
the accuracy of existing SPZ ay revise a SPZ if it is to be used for the basis of
a Water Protection Zone or&ouard zone and we are not sufficiently confident of the

existing delineation for that er use.
The determination of refers to the overall process (Figure 1.1) that covers:

e data co@on and conceptualisation;
° c?a@tions, modelling and hydraulic capture zone production;

,\efinition of final SPZs, documentation/report, maps, review and
qublication.

and Regional staff should liaise closely throughout the SPZ determination process
nsure local knowledge/data are included.

T ’@m phases are described in subsequent sections. Relevant Environment Agency
e

It is worth emphasising at the outset that delineation of SPZs is not simply a modelling
exercise. In fact, for many sources, modelling may not be the most appropriate method
of SPZ definition. In these cases, the use of manual methods or default zone shapes is
recommended.

Furthermore, it must be remembered that the SPZ process, like the groundwater
system it operates on, is dynamic. No SPZ is immutable. Not only do groundwater
conditions change, especially in extensively exploited aquifers, but also further
information comes to light which enables the aquifer to be more accurately

Science Report — Groundwater source protection zones: review of methods 3



represented. A point will eventually be reached, however, when the simulation of the

natural system is sufficiently accurate that further effort on data collection and

modelling will not significantly improve the accuracy of the delineated hydraulic capture

zone. lt is difficult to define objectively when this point has been reached. It is usually a

subjective decision based on the perceived accuracy of a hydraulic capture zone and

the costs of further data collection/modelling to improve the accuracy. Further

alterations may be required when defining the formal SPZ from the hydraulic capture q x
zone. \

process inherent in all good modelling practice. Data are gathered, a conceptualisation
of the system is derived and a model is set up, calibrated and results provided.
Comparison with real conditions may prompt the collection of further data, which may%
amend the way the system is conceived to function, generating a need for furtherO

SPZ3 (sometimes called ‘Capture zone’) delineation is a good example of the iterative (.VQ

modelling, and so on. g

It is also vital that a system of quality assurance is an integral feature of the
determination process. This enables any existing SPZ to be scrutinised rd party
or provides an easy means to assess the methods used. We can then, if rigcessary,
employ improved techniques as they become available and appropgigteNThe quality
assurance system needs to extend beyond the actual SPZ deterny n stages to
include accessibility to the input data available at the time, to t del codes used
and the simulation runs, and to the output map/SPZ files.&ib

1.4 Environment Agency’s r sgd responsibilities

The Environment Agency has a statutory duty onitor and protect the quality of
groundwater in England and Wales, and to conserve its use for water resources. The
Environment Agency’s statutory powe dolicy objectives in respect of groundwater
are set out in the GP3 (Environment 2007a). This document explains the
Environment Agency’s policy in r the control of activities that could give rise to
pollution in SPZs. 96

The SPZ maps produced b nvironment Agency are a key resource to:
e help prioriti &ggulatory action on existing threats to groundwater;
o filter ne posed) activities in applying policy for new development.

The Environgng«gency has introduced a second stage to SPZ definition by allowing
adjustments ount for uncertainty. In so doing the Environment Agency is
demonstra@reater confidence in the application of GP3 policies in the SPZ.

Activiti evelopments will be considered strictly as being either one side of the

Z0 e@x dary or the other. If they straddle the line, the activity will also be considered
i

Environment Agency plans to only update SPZs in response to particular needs or
rogrammes. Such updates may be in response to the availability of new data or a
change in the authorised abstraction.

Where hydrogeological investigations associated with a proposed development cast
doubt on the validity of existing SPZs, the Environment Agency may consider revision
based on any relevant new evidence provided as time and resources allow. It may also
consider revisions put forward by a third party provided they are fully compliant with the
SPZ methodology. But given that the methodology aims to account for uncertainty and
sets a basis for policy, this should not be done lightly. The Environment Agency will
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only enter into such discussion where there is clear evidence that the basis for the
existing zone is flawed.

The Environment Agency may also use SPZs as the basis for safeguard zones
(European Commission 2007) or water protection zones. These will be used at
sources at risk of groundwater pollution resulting in a deterioration in the quality of
water abstracted leading to a likely increase in treatment needed to supply good quality
water used for human consumption.

SPZs are also likely to underpin the development of Drinking Water Safety Plans (DWI
2005). These will require water companies to undertake a catchment risk assessment

to identify activities which may pose a risk to abstracted groundwater quality and for

which it may be appropriate to implement measures. é\,

3
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Need identified to create new SPZs or
update existing zones

‘ Data Collation and Conceptualisation
\

v
New Sources Updating Existing Sources
Data collation Update data and conceptualisation

Completion of proforma
Conceptualisation

| Calculation of Hydraulic Capture Zones |

Manual, analytical and / or modelling
approaches applied

Output
Hydraulic catchment zones

\eﬁvvlew of zone, including consultation
ith source operator / developer

N
O’ Regional sign-off

’\6 Delivery of SPZ shape files, completed
SPZ spreadsheet and report to Head

Office Groundwater Policy and Process

21172-S01.cdr

Figure 1.1 Overview of SPZ definition process

Science Report — Groundwater source protection zones: review of methods



2 Source protection zones

This chapter describes the basis for defining inner, outer and catchment zones, and
how and why they are defined. Note that some adjustments have been made to the
definitions from the previous manual (PPPG; NRA 1992). q o

The Environment Agency’s groundwater protection policy (GP3; Environment Agency

2007a) deals with the management and protection of groundwater from pollution. It Q
includes the definition of groundwater source protection zones (SPZs) around

individual sources to provide a means for assessing the risk of contamination by

human activities. GP3 sets out policy statements linked to the acceptability of activitie%\,

| < g\\}

2.1 Background Y
Below is a description of the zones as they were defined in the previ manual and

the changes that are made later in this document : s
a

e SPZ1 - Inner Protection Zone is defined by a 50%
point below the water table to the source or a i 50-metre radius
from the source, whichever is larger. It is loca @ mediately adjacent to
the well. It is designed to protect against € ¥afsmission of rapidly
degrading toxic chemicals and some -dorne disease (Section 2.2).
The Environment Agency’s ground otection policy sets the tightest
controls on human activity in this

vel time from any

The SPZ1 boundaries are adjysted where the aquifer is confined beneath
substantially low permeabi§ terial or where deep unsaturated zones or
patchy drift cover are pr &Section 7.4). This is a precautionary
measure to guard aga& e case where rapid pathways for contaminant
transport are present as deep structures. The 50-metre radius inner
protection zone i umed by default for any potable source (licensed or
not) in the abse of an SPZ defined formally and published by the

Environme ,(Qgency.

e SPZ2 Protection Zone is defined as a 400-day travel time or, for
existin Z2s, 25 per cent of the source catchment area, whichever is the
Ia@For future SPZ delineation the 25 per cent rule will be dropped as
di sed in Section 2.3, though a minimum radius of 250 or 500 m will be

\efined around the source depending on the size of the abstraction. The

00-day travel time is based loosely on consideration of the minimum time
5\@ required to provide delay, dilution and attenuation of slowly degrading
pollutants (BGS 1991). The zone is generally not defined for confined

OQ aquifers (Section 2.3).

0 e SPZ3 - Source Catchment Protection Zone* is defined as the area
. 6 needed to support the protected yield from long-term groundwater
\ recharge. In areas where the aquifer is confined beneath impermeable
&Q strata, this source catchment may be located some distance from the actual

abstraction.

* Also referred to as the ‘total catchment’, Total Capture Zone or Catchment Protection Zone.
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e SPZ4 - Zone of Special Interest. We will no longer define or use SPZ 4 —
‘Zones of Special Interest’. Where protection is needed we will define a
Safeguard Zone or assign the appropriate SPZ 1, SPZ 2 or SPZ 3 to the
area in question. The procedure for defining these zones is as set out in
the Karst section in Section 4 below. We must use suitable justification in
assigning the appropriate SPZ status to these areas.

The first two zones are based on the travel time of potential pollutants through the
saturated zone. SPZ3 represents the recharge area.

SPZs were defined in the previous manual based on the recommendations of a project

undertaken by the British Geological Survey (BGS) in 1991 to research the scientific O

background for groundwater protection in the recharge capture areas to critical
sources. The only exception was that the introduction of the 25 per cent rule by the
Environment Agency in the definition of SPZ2 because the use of a 400-day tray,

zone in thick high porosity aquifers (e.g. Permo-Triassic Sandstone) resulted i
relatively small zones that were considered to provide insufficient protectjon es
(Section 2.3). ?\

The Environment Agency subsequently defined SPZ4 or ‘Zones of ial Interest’
where local conditions required additional protection. These zone wcally represent
the surface water catchments to streams or areas of land drainj the aquifer from
outside of the outcrop area. They must contribute a significa
groundwater source yield. This pathway, particularly for k

uifers, can provide a

rapid pathway for contaminants to migrate to the groyn sources (travel times
from the point of entry into the aquifer to the sourcg of the order of hours or
days).. \

The hydraulic capture zone is defined as th -day, 400-day or catchment zone

derived through the modelling process. The revised SPZ methodology introduces a
formal step between the definition of the aulic capture zones and the SPZs. This
process allows for pragmatic adjustm ,& is described in more detail in Section 7.
These SPZs will influence the ma& nt of activities within the catchment to the

source. \

211 SPZ deli t& in other countries

Other countries us ction zones to protect abstractions from human activities that
could give rise to p ion. Table 2.1 (at the end of the chapter) provides a summary of
the zones dafi by 12 countries and international context for the zones defined by
the Envirm@g gency. The approaches include:

Qs

\ e whole catchment.

tting zones based on travel time and/or minimum distance;

&e are some similarities in approach (e.g. use of ‘560 days’ and catchment protection

nes). The majority of countries define the equivalent of an inner protection zone used
principally to protect from pathogens. The travel time for this zone varies from 10 to
100 days, although is more commonly 50-60 days. The use of a 400-day travel zone or
25 per cent zone is unique to the Environment Agency.

The following sections provide the rationale for defining SPZs and set out the basis for
the changes described in this document.

8 Science Report — Groundwater source protection zones: review of methods



2.2 SPZ1 — Inner Protection Zone

The Inner Protection Zone is used to control a wide range of activities that could pose a
significant risk to groundwater such as landfill, major developments and septic tanks
(GP3; Environment Agency 2007a). The main purpose of this zone is to reduce the risk
of pollution from rapidly degrading chemicals and some pathogens. While this is
reasonable for some cases, there is evidence that some pathogens (particularly
encysted protozoa and viruses) may persist for longer than the 50-day travel time
below the water table (Taylor et al. 2004).

contamination incidents continue to occur. Such incidents may indicate:

Groundwater quality monitoring for a large number of sources shows that 0

¢ the presence of rapid pathways; 0%

¢ the persistence of pathogens — not only bacteria but spores, oocy
viruses (greater than 50 days); and/or

o that activities giving rise to pollution within the Inner Protectio%e are not
effectively controlled.

The definition of the Inner Protection Zone therefore incorporate@we protective
measures. These are:

¢ the use of maximum daily abstraction (see S@Z 5);

e a minimum radius of 50 metres;

¢ no allowance for any attenuation @xay, retardation etc) within the

unsaturated zone.

The determination of the 50-day travel i qne relies on adequate definition of
aquifer properties, in particular intergr: rL‘Qﬁdnematic porosity. For example, in
drawing the Inner Protection Zonef undwater source in the Permo-Triassic
Sandstone, an intergranular kine% orosity (typically 10-15 per cent) is often
assumed, whereas tracer tesxin ater quality monitoring may indicate that
contaminant movement is vb ures and a lower porosity (<2 per cent) may be more

appropriate (see Sectio§<.b

No changes to the cr@ r defining the Inner Protection Zone are proposed here.
However, the size 1 should be modified where tracer tests or water quality
monitoring pro ng evidence of rapid movement of contaminants (including
pathogens) $ éwat the zone should be determined using:

N approprlate intergranular kinematic porosity (e.g. fissure rather than
Qntergranular porosity as discussed in Section 4.2); and/or

\ ¢ manually adjusted to include the identified source and pathway (Section 7).

\

C) 2.3 SPZ2 — QOuter Protection Zone

SPZ2 is defined by the 400-day travel time or, for SPZs delineated under the previous
methodology, by 25 per cent of the source catchment area, whichever is the larger.
The 25 per cent rule tends to apply in thick high porosity aquifers such as the Permo-
Triassic Sandstone where the 400-day travel time zone can be relatively small (several
hundred metres across). This area of the travel time zone can be underestimated for
one or both of the following reasons:
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e Contaminant movement may be via fissures rather than by intergranular
flow and, therefore, a lower kinematic porosity should apply. Tracer tests
have provided evidence that fissure flow can occur over hundreds of
metres in the Permo-Triassic Sandstone (Section 4.2) (Ward et al. 1998,
Tellam and Barker 2006).

¢ The full aquifer thickness may have been assumed in defining the zone .
(based on borehole depth) whereas flow to the borehole may be drawn \

largely from specific horizons. As a result, the Darcy velocity and travel time

zone will be underestimated. (.VQ

These assumptions may result in insufficient protection to the groundwater source. \

However, the travel time from the edge of the 25 per cent SPZ can be very large wi
travel times in the range of tens to hundreds of years. They are therefore inappropgiale
for the activities currently requiring control under GP3 such as pipelines and lar( D
industrial sites.

The continued use of the 25 per cent rule is, therefore, not recomme and the
following modifications to the procedure for defining SPZ2 shobe adopted:
m

¢ modification of the size of SPZ2 where tracer tests \& onitoring data
provide strong evidence of a rapid pathway to the water source

(<400 days) (see Section 7.4);

¢ use of lower kinematic porosity or satura Ger thickness where
available data indicate this is appropriz;tgge. ontaminant movement is via
fissure rather than intergranular flow ction 4.2);

¢ minimum radius of 250 m, though should not extend outside the source
capture zone for sources with a protected yield of <2,000 m*/day;

*
e minimum radius of 500 m @rces with a protected yield of
>2,000 m®day but notie g beyond the source capture zone.

In most cases, the 400-day hydra one is likely to exceed the minimum radius; its

purpose is to afford a minimygNevel of protection to the source and to provide a default

zone where hydrogeologicC a are limited.

The influence of pumpi te, kinematic porosity and aquifer thickness is examined in

Appendix A. Figure, @ strates the influence of these factors on the radius of a 400-
s

day hydraulic zone uming a flat water table) and Figure 2.2 shows the equivalent
travel times io@ault radii of 250 and 500 m.
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Figure 2.1 Influence of pumping rate, kinematic porosity and aquifer thickness
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Figure 2.2 Equivalent travel time for r’ninimum radius of 250 and 500 m

X
2.4 SPZ3 — Sourcé(gtchment Protection Zone

SPZ3 is defined as the are ed to support the protected yield from long-term
groundwater recharge. {or ily exploited aquifers (i.e. groundwater abstraction
represents a significan Eggcentage of aquifer recharge), much of the recharge area will
be covered by SPZ

Due to the interfere between abstraction boreholes and seasonal variations in
groundwater® it is difficult to define individual Catchment Protection Zones with
certainty. $gxistig SPZs can show gaps between them that can present problems in
applyin ¥er protection policies.

, the main policy statements that apply to the SPZ relate to landfill location
use pollution. These are similar to those applied to the aquifer as a whole. As a
t, there can be limited benefit in defining individual Catchment Protection Zones.

o provide a more pragmatic approach to zone delineation, the Environment Agency
has therefore taken the decision to define the entire outcrop area of a heavily exploited
aquifer as the Catchment Protection Zone when the ratio of licenced abstraction to
recharge is >0.75. This ratio has been determined empirically based on a review of the
existing SPZ cover in heavily exploited aquifers (there is no apparent benefit in
providing a higher level of accuracy for Catchment Protection Zones). The scale of this
assessment should be at Catchment Abstraction Management Strategy (CAMS)
groundwater management units or groundwater body scale.

1 2 Science Report — Groundwater source protection zones: review of methods
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The Environment Agency will only produce SPZ 3 zones for sources, where it is
necessary for the needs of other users of SPZs. This applies particularly to Water
Companies and their statutory duties to produce Drinking Water Safety Plans that
include assessment of risks to raw water quality and require knowledge of catchments
(DWI, 2005).

heavily exploited aquifers with a ratio greater than 0.75, is aimed at preventing
abstractors and regulators deriving and working with different zones.

The production, by the Environment Agency, where necessary of SPZ 3s for sources in Q o
SPZ3s may also play a future role in Safeguard Zones designated under the Water ('VQ

Framework Directive or Water Protection Zones.

Figure 2.3 gives a schematic representation of the three SPZ zones defined in this %
manual. A\

(&

Total Capture Zone 3

;

Quter Zone 2

Inner Zone 1

.\
3
A

|

Regional Flow Di 'Dné
Minimum distance for Zone 1 = 50m
21172-504.dwyg O

Figure 2.3 Scl@)c representation of Inner, Outer and Source Catchment

Protection Zones
"o

Minimum distance for Zone 2 = 250m

2.5 rotected yield
Tg&?ected yield of a source is the groundwater pumping rate used to delineate

PZ around that source.

Qeally, it should be based on the following rates taken from the abstraction licence for
the source:

¢ licensed maximum daily quantity regarded as the protected yield and used
to derive the SPZ1 for the source;

¢ licensed annual quantity divided by 365 to give the protected yield and
used to derive the SPZ2 and SPZ3 for the source.
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The protected yields associated with the SPZs of each source should be established as
early in the delineation process as possible and when considering the conceptual
model.

Protected yields can be less than the licensed quantities in the following
circumstances:

¢ Licensed quantity unobtainable. This is usually when the maximum Q ¢
licensed daily quantity exceeds the hydraulic capacity of the borehole or \
aquifer. In this case, the protected yield should be regarded as the Q
maximum quantity that can be physically obtained from the source works
described within the licence. This may be obtained by reference to test
pumping results or the source reliable output. \

e Licence quantity unsustainable. This is usually when the annual Iic&
quantity, when taken with other nearby licences, exceeds the avalil
groundwater resources. In such cases, the Environment Agency,|i g
staff for the catchment should be consulted to agree a sustai
abstraction rate.

¢ Licence quantity unreasonable as it far exceeds the nt or
predicted rate of abstraction. In this case the prot yield should be
agreed with the operator based on the recent abs@io rates together
with any reasonable forecasted increases. Agai ironment Agency
licensing staff should be consulted.

The protected yield for spring sources is discusse@ @ion 4.5.

&\
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Table 2.1 Summary of protection zones in Europe, Australia and the USA \(L

Country Size Inner zone Outer zone Relation to catchment &ment
q karst aquifers, the aquifer source
protection area may be also be
England and 400 days or minimum 0 mapped as the Inner Protection
W 9 50 days and 50 m minimum  25% of recharge Whole catchment ?N area.
ales . :
catchment Zones of Special Interest (i.e.
Q surface water catchments located
$ outside of aquifer outcrop area).
Ireland 100 days or 300 m Whole@ment or 1,000 m Karst » whole aquifer source
protection area
w tchment (sub-divided
Austria <10m 60 days e catchment areas,
. \ ed on radius of 2 km)
Denmark 10m 60 days or 300 m \1 0-20 years
France <1 hectare 50 days Whole catchment
Holland 60 days (replaced by risk . 100 years
assessment) @
@\.o Whole catchment (subdivided
for large catchment areas
Germany 10-30 m (Zone I) 50 days (Zone Il) &6 based on radius of 2 km) (Zone
)
O 5-50 years (hydrogeological
Hungary 20 days \ 182.5 days protective zone)
Minimum 10 m 180-365 days de g .
b Whole catchment (protection
Italy (absolute on vulnerability zard
. . zone)
guardianship zone) (respect zong)
*
a) 50 days or 40-280 m 3,500 days or 350-2,400 m . ,
Portugal 20-6 (}mr) depending on aquifer depending on aquifer type P_rotect|on zone de_flned as larger of
: : distance or travel time zone.
type (intermediate) (outer)
Switzerland 10m ually defined Double size of middle zone
Australia 10 years Whole catchment
USA 01 00-400 feet Whole catchment (Well Head
~

Protection Plan)
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3  Factors controlling the
geometry of hydraulic
capture zones

This chapter provides an overview of the factors that control the size and shape of Q
time-of-travel and capture zones around boreholes. No account is taken of other (L
criteria used in drawing zones such as the minimum 50 m radius for the Inner \
Protection Zone.

L
O
?“\)

3.11 Principal components Q

3.1 Hydrogeological factors

derived from precipitation or leakage from surface water may flow to that

The capture zone to a borehole is the area within which all a @recharge whether
source. &

be defined as the limit of the cone of depressio bstraction borehole.

It is important to distinguish the capture zone fro ‘@ of influence. The latter can
S:& a

In the case of a horizontal groundwater surface}®e capture zone and the area of
influence to a borehole are coincident. Forthe case of a regional hydraulic gradient, the
two zones will not coincide as shown re 3.1.

The geometry of hydraulic captur%@ is dependent on the following hydrogeological
factors:

abstraction rateé\
e recharge; \
¢ hydraulj Qdaries (edge of aquifer, stream, lake, etc.);

lic conductivity and its spatial variation (both vertically and

Ry
hO\ tally);

¥nematic porosity and its spatial variation (both vertically and horizontally);

\Q'Qaquifer thickness;

OQ ¢ hydraulic gradient;

¢ direction of groundwater flow.

Many of these factors are interdependent. Their influence in the delineation of steady-
state protection zones is summarised in Tables 3.1 and 3.2.

The ability to simulate accurate hydraulic capture zones is limited by data. The main
deficiency is the lack of data on the variability of aquifer properties due to aquifer
heterogeneity. Most current models use average aquifer properties to generate
hydraulic capture zones. The catchment scale zones tend to be least affected as model
aquifer properties are often more representative of the regional scale.
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Inaccuracies will tend to be greater for zones of a length-scale less than a couple of

kilometres and/or for those aquifers with heterogeneities that affect flow and transport
at a km scale or greater, in particular aquifers with dominantly fracture flow and/or karst

such as the Chalk and the Carboniferous Limestone.

Manual modifications to hydraulic capture zone boundaries should be made where

source-specific knowledge/data show that the hydraulic capture zone is incorrect

(Section 7).

The geometry of protection zones will also vary with time as the groundwater head
changes in response to variations in aquifer inflows and outflows such as recharge and
abstraction. In most cases, however, these variations are not taken into account in
defining hydraulic capture zones due to the models used and/or absence of data to
define these changes. This does not preclude taking time-variant factors into accou

through manual modifications to zone boundaries (Section 7) or the use of mod

such as MODFLOW (Section 6).

‘e cz

N

*

— 70l —

Pumping well

Land surface

\ROFILE

L]

?‘0

: i IMPERMEABLE
; %VW LAYER
\ _ Drowdown T
P : contours :
l Z0l cz
Xl N
A Y dar=> .
Q ¢ \ 7)) ¢
Z, §
Q\ Adapted From
Gusdlines for Delneation of .
Wilhead Protection Areas” K
0 Us EPs. (1987} —__—_ /GROUNDWATER
B DIVIDE
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X

Figure 3.1 Source capture zone and the zone of influence around a pumped well
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Table 3.1 Factors controlling the shape and area of hydraulic capture zones

Type of zone

Area Shape

50 and 400 days

Catchment Protection
Zones

As for factors in area column plus:
boundary conditions

Abstraction rate
Kinematic porosity .
Aquifer thickness

Hydraulic conductivity

Recharge (direct and

indirect)

. (Hydraullc gradient and
dlrectlon)

As for factors in area column pIu

Hydraulic conductivity 0
Aquifer thickness g
(Hydraullc gra nt@
direction)’

[ ]
e Boundaries
[ )

Abstraction rate
e Recharge (direct and o
indirect)

Notes: "The term hydraulic gradient is given in brackets as this factor is de ent on groundwater
flow, aquifer thickness and hydraulic conductivity.
Table 3.2 Influences on the geometry of hyd&@pture zones
Parameters Influences

Aquifer thickness

Kinematic porosity

Hydraulic conductivity

Hydraulic grad| %
Abstract@&

sX‘Yge (annual)
o

Boundaries — no flow

Boundaries — recharge
head dependent

\ Msmissivity of the aquifer and the
nd hence directly affects the area of
shape of hydraulic capture zones. A 50
ickness results in an approximate
aand an increase in the width of the zone.

direct affect on the area of the 50 and 400

Aquifer thickness determines
volume of water in the aqu
50 and 400 day zones a
per cent decrease in aquifer
doubling of the zon

Kinematic porosit

day zones. cent decrease in porosity results in a 2—4 fold
increase in e area

The horggontdand vertical hydraulic conductivity mainly affect the
shap tection zones in terms of the width and the downgradient

en he zone. An increase in the horizontal hydraulic conductivity
crease the width of the capture zone to a borehole. In practice,
h vertical horizontal conductivity is rarely considered due to lack of
ta/information.

The hydraulic gradient affects the width and downgradient extent of the

hydraulic catchment zone — the steeper the gradient the narrower the
zone.

The abstraction rate directly affects the area of hydraulic protection
zones. Interference between abstraction boreholes can greatly affect
the shape of zones, producing ‘tails’ and ‘holes’.

The rate of groundwater recharge directly affects the area of the
catchment zone. The areas of 50 and 400 day zones are less sensitive
to recharge rates. Recharge from surface run-off from adjacent drift or
karstic areas can distort the catchment zone.

No flow boundaries, faults and groundwater divides constrain the
shape of hydraulic protection zones.

Head-dependent boundaries affect the shape and possibly reduce the
area of hydraulic capture zones (particularly the catchment zone).

18
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3.1.2 Shapes of source protection zones

SPZ1 — Inner Protection Zone

based on modelling using uniform aquifer properties. They tend to be circular or
ellipsoid in form reflecting the cone of depression around the abstraction borehole.

Inner Protection Zones generally have a fairly simple geometry as they are normally g .
The areal extent of an Inner Protection Zone is dependent on aquifer thickness, ('VQ

hydraulic conductivity and kinematic porosity.

These zones can greatly over-simplify the actual shape of the 50-day zone due to th
lack of information on the variability of aquifer properties around the source. For 0
example, Robinson and Barker (2000) explore how the shape of a 50-day zone
changes in relation to variations in fracture hydraulic properties, orientation a

densities. ?“

SPZ3 — Catchment Protection Zones Q

The shape of Catchment Protection Zones can vary from th @Ie to the complex as
illustrated by Figure 3.2. 9‘

Complex shapes can generally be attributed to:

> :
¢ interference effects between groun %stractions;

e groundwater/river interactions;

e |ateral variations in hydraugcs?erties;

converging groundwater flow.

¢ natural pattern of diveggi
Aquifer heterogeneity and int er&e between groundwater abstractions are the main
causes of complex shapes. elled hydraulic capture zones do not tend to show the

effects of the former becau e uniform aquifer properties used (related to the lack
il

of information on their v&a'b y).
Long narrow captur s can occur where the source is located some distance from
the aquifer bounda d/or where the abstraction is small; the hydraulic gradient is

relatively ste,e[%the transmissivity is relatively high.
The modi%ﬁh of modelled complex and long shapes is discussed in Section 7.3.

N

— Outer Protection Zones

Q er Protection Zones are generally intermediate in shape between Inner and
0 atchment Protection Zones, with complex shapes arising through interference,

heterogeneous aquifer characteristics or the characteristics of the source (e.g. the
Q‘\% presence of adits).

Science Report — Groundwater source protection zones: review of methods 1 9
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3.2 Field data factors

The calculation of hydraulic capture zones is dependent on the accuracy and detail of
the field information describing the aquifer system. There is always uncertainty
associated with these data because:

o field data are sparse but parameter values are required for the whole of the
aquifer unit;

¢ the data may be based on estimates of average or regional conditions
which may not be representative of local conditions in the vicinity of the \
source; 6

¢ aquifer parameters may be derived from tests carried out on source@
may not be typical of the regional aquifer;

e estimates of parameters derived from pumping tests may be %dent on
the method of analysis used and/or duration of the test; Q

o field values may be functions of scale or of local condifQys’(e.g. estimates
of effective rainfall may be based on data from on ut rainfall may
vary significantly over the catchment).

Errors can also arise when using field data in calculafi models, for example:
¢ the assumption of conditions requirin ’e§@ tes of average flows, recharge
and groundwater levels for calibrati uth estimates may be derived from
sparse, and possibly unrepresenta, lime series data);

o extrapolation of point measurgs)figld values and parameter estimates over
the model domain.

Examples of the problems that ca sociated with data used to construct predictive
groundwater flow models are€i< Table 3.3.

Table 3.3 Poss&lzle@blems when transferring field data to a model

Parameter Fi@" Implication for model

Hydraulic @nping test data may only be available for Model values may be

conductivity larger groundwater abstractions which were  overestimated and will

\ probably located in areas of higher have uncertainty.
permeability.
Q Pumping tests may have been carried at
different rates or duration, and the values
@ derived may be representative of different

Q\ volumes of the aquifer.
O A range of permeability values may be

quoted based on different methods of
analysis of a pumping test.

Transmissivity values only may have been
quoted with no information on aquifer

thickness.

Kinematic porosity  Limited data may be available. Model values may be
Tracer or laboratory testing is required to estimates or based on
measure kinematic porosity but is rarely expert opinion.
undertaken.

Groundwater levels Groundwater level contours are often drawn Model takes no account of
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Parameter Field Implication for model

based on an interpretation of limited water ~ seasonal or long-term

level data and may not fully account for changes.

lateral and horizontal variations in aquifer Model calibration
properties. dependent on interpreted
The water levels measured in a borehole groundwater levels.

may be more representative of local
conditions (e.g. the borehole may only
partially penetrate the aquifer).
Groundwater levels vary with time whereas
a single average value is often used in a

model.

Aquifer base There may be limited data (borehole Usually only estimates 1%
records, flow logging, permeability testing) the effective thicknes%
on the effective base of the aquifer (e.g. the available and the

effective thickness of the Chalk is typically base of the aquifa
g this

less than the total thickness of this defined by gubt
formation). value from { undwater

surface Jhis\approach
rge amount of
ation of the field

particularly where drift cover is present. articularly for catchments
No account may have been taken o with a drift cover or in
variation in rainfall over the mod karstic areas.

Recharge Recharge values may be estimates, a @3 may be in error,

Groundwater/river  Stream gauging data may be Q& Modelled groundwater/river
interaction providing a measure of the 3wif\orioss in interaction cannot be
river flow due to groundwater interaction. checked and hence
Little or no data on vall ostom/alluvial hydraulic capture zones
deposits separating K m aquifer. may be in error.

&
3.3 Assumption!K limitations of calculations and
models  Q

The geometry of captyr nes can also be influenced by the methods used to
delineate them. Fo ple, manual or analytical methods (Section 6.5) generally
produce simple sha SPZs. Numerical models (Sections 6.7—6.10) can enable more
accurate hyd@ capture zones to be drawn because they are based on a more
detailed rqpres®entation of the hydrogeological environment.

Whatev@e chosen method for delineation, assumptions are made to simplify
co al world hydrogeological systems. Typical assumptions made during capture
ineation, with examples of possible implications, include:

O o Particular conditions prevail. In reality, groundwater flow varies with time.

The orientation and geometry of predicted capture zones, delineated
assuming particular conditions, should be interpreted in relation to actual
field data to ensure the approximation is reasonably valid. The impact of
model assumptions has been explored by Rock and Kupfersberger (2002).

¢ Groundwater flow is horizontal. This assumption may lead to anomalous
zones, for example around partially penetrating boreholes where vertical
flow in the vicinity of the borehole may be significant. In this case, the
actual borehole capture zone may be very different to that delineated with a
two dimensional model. In most cases, however, there will be insufficient
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data/information on the vertical hydraulic conductivity and its spatial
variation to justify modelling in three dimensions.

¢ Flow in the aquifer is by intergranular or by diffuse fracture flow. In
karstic aquifers, groundwater flow is non-Darcian, i.e. conduit flow occurs
through discrete open fracture zones and cave systems. In such aquifers,
flow velocities are high (up to several km/day). Travel times from the edge
of the catchment to the source can be of the order of days or even hours
such that the Inner Protection Zone (50-day travel time) may coincide with
the Catchment Protection Zone. Catchment zones in such environments Q
can not be adequately resolved using methods assuming Darcian flow. (L
More detail on source protection in karst systems is given in Section 4.1. \

o Poor resolution of the model (e.g. grid density) relative to the areal ext
of the hydraulic capture zone;
¢ Relative accuracy of the model when simulating observed cond@ch

as groundwater levels; ?
e Assumptions made in assembling the model, including sfér of field
data to the flow model;

e Bias in interpretation during the construction an(ybﬁtion of the model

or during zone delineation. E K

Some sources such as springs and adit systems, whj e several hundred metres
in length and exert controls on flows to the borehoLe&r wide area, present

particular problems for modelling. A series of rule hﬂ een developed for delineating
the associated capture zones (Section 6.9).

*

3.4 Model specific is

A number of issues may influencq ccuracy of hydraulic capture zones delineated
with numerical models, partic®arly those methods that rely on discretisation of the flow
domain. These issues inclu

¢ Model me acing (Figure 3.3). Insufficient resolution around pumped
wells res a poor approximation of the cone of depression. When

particl ing this leads to inadequate divergence of particles and narrow
capfere Zones.

*
oss\ﬁ}a sinks. These occur where an abstraction does not account for all the
w into a model cell element. In this instance, particle tracking algorithms
Qcan struggle to determine the pathway for individual particles (to the

5\@ abstraction or out of the cell).

Q o Partial penetration (Figure 3.4). Single layer models can not adequately
O represent boundary conditions (e.g. a river or a well) that only partially
C) penetrates the thickness of the aquifer.

‘\6 These issues apply to the finite difference model MODFLOW. Other models,
Q particularly finite element models, permit larger changes in mesh scale. Weak sinks
& and mesh spacing problems are less of an issue with these models.
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3.3 Influence of model grid spacing on zone definition
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str'@ Model calibration

Ghe accuracy of modelled capture zones depends on the satisfactory calibration of the
0 model. Figure 3.5 illustrates the effect of poor calibration to groundwater levels on

. protection zone definition in a thin unconfined aquifer.
Q\ Calibration refers to the process of varying initial parameter estimates to more
& accurately model observed field conditions. It is important to decide the acceptable

range of parameter variation in advance of model calibration.
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4  Source protection in special
cases

The aim of this chapter is to draw together issues related to SPZ definition in particular Q A
hydrogeological environments and aquifers. It deals with: \

e Kkarst sources; (QVQ
e kinematic porosity and sandstone sources; \
e small sources; 0@

e sources with limited data;

e spring sources;
¢ heavily abstracted aquifers. Q E
4.1 Karst sources £

methodology for delineation of SPZs in karst aquife o describes karst in different

aquifers and how this might influence the del@ Zs.

411 Karst .

Those of our aquifers that may be r@%d as karst (e.g. Carboniferous Limestone) or
that exhibit at least some karm .g. Chalk) features present some significant
problems in defining SPZs thgi a equately protective without being over protective

This section provides an overview of karst hydrogeol§3§ Qsets out a proposed
P

or covering very large areas nd.
Karst features include:
. conduit&\&)lution enlarged features;
e cavgs;
oS w holes — also known as sinkholes, dolines and swallets;
@pikarst — the interface zone between soil and rock in karst landscapes;

\ ¢ rapid groundwater flow (tracer tests showing flow velocities of km/day);

OQ e springs;
C) e dry valleys.

In such areas a large component of flow may well be rapid and non-Darcian. There
may be substantial seasonal variation and the importance of swallow hole and other
solution features may also vary over time.

An abstraction source may be fed by streams which drain to the aquifer via swallow
holes. Such streams may drain large areas of impermeable or low permeability strata
above or adjacent to the karstic aquifer. Travel times from the swallow hole to the
discharge point (groundwater source) may be very rapid (hours, days) such that in
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order to protect the abstraction it is necessary for the SPZ to incorporate the surface
water catchment feeding the karst system.

The source SPZ may therefore comprise two components:

e a surface water catchment area on the impermeable drift non-karstic strata
concentrating recharge through swallow holes

e a more conventional saturated groundwater flow capture zone.

Equally, there may be areas of land where such run-off or perched groundwater does
not provide flow to the source in the relevant timescale. For these areas inclusion in
the SPZ would be overprotective.

In short karst presents major challenges to delineation and an assessment will neﬁ%
be made on the most appropriate method for SPZ determination based on
availability, resources and the complexity of the system.

For the majority of sources in karst areas, SPZs are best deIinea?wslng field
mapping and manual methods rather than analytical or numerica iques which
assume Darcian flow since these latter are unsuitable. Numeric els have been
developed to represent karstic systems however, for SPZéneatlon they are

impractical.

4.1.2 Methodology for delineation of In Karst
Delineation of SPZs in karst dominated aquifer }rgely be based on manual
methods supported by field investigations (e.gN{gcer tests) and appropriate
calculations.

*
There are some basic principles that s@e followed :

e where areas of land can b y recognised as not contributing water to the
not be included within the SPZ; and

abstraction source thx
o where areas of land d the edge of the recognised aquifer do contribute
water to the sou should be included in the SPZ as described below.

The latter are best eé*nsed as a surface flow area that provides run-off to a rapid
flow aquifer such a@rst limestones. Hence:

1. SPZs @Id be based on a conceptual understanding of the water flow in that
loagtiord A defensible conceptual model is required for all SPZs produced.

?ﬁ should be delineated on horizontal flow times of water to the receptor

2.

Q’\ This would normally refer to water that is groundwater (i.e. in the saturated
zone), but could also include perched shallow interflow/overland flow from an
aqwtard that runs off into a high porosity or fracture flow aquifer. This case is
inadequately covered in current policy documents and led to different
interpretations in different Regions.

3. Areas of land that do not provide water to the source within the relevant
timescale should not be included in an Inner or Outer Protection Zone.

Where this relies on an impermeable covering layer the nature of the layer must
be sufficient to protect the source from all activities including those below
ground or that require excavation. The covering layer must not provide a rapid
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pathway, via shallow interflow/overland flow, to the source. Lias mudstones and
other regional aquitards are a good example of a low permeability layer that
could provide such protection. Other strata may provide suitable protection, but
the Environment Agency would need additional and extensive evidence that this
is the case before this area could be excluded from the SPZ.

In summary the method involves the following stages:

Data collection including tracer tests (Section 4.1.3). (QVQ

1.
2.

Field inspection of each source and its possible catchment area to asses
the importance of:

e active or dry springs and watercourses; :0

¢ topographic and geological features.

Develop a conceptual understanding of the source catchme%ed on
spring/borehole behaviour, karst features, dry valleys, i%rﬂ es, etc.
|

Calculate the hydraulic capture zone (recharge area water balance
calculations. This should be regarded as the mini area for the
following reasons.

e Tracer tests may also demonstrate tha @rge is drawn from a larger
area than that calculated using wa$ ce calculations.

e The catchment area may vary o\ally and the capture area should
allow for this variation. In ma st areas, for example, the
catchment areas of perennial low=level springs can expand to include
the catchments of seaso@ﬁgh-level springs as the latter dry up.

It is recommended that ,\etal catchment area should represent late
summer conditions i erage year (not ‘worst case’ but worse than
average).

Define the bm@f%es of the hydraulic capture zone based on:
e calcula ,&mcharge area — for some karst sources, the recharge area
sho treated as a minimum area (see point 4 above);

>

éo ical and hydrogeological boundaries;
[ ]

acer tests (see Section 4.1.3);

Q\ pollution incidents;

e mapping of underground cave systems.

Define SPZ 1 based on:

tracer tests (where available);

other information such as pollution incidents;

understanding of the behaviour of the the surface water catchment and
its interaction with the groundwater, such as the location of sinking
streams that support the potable source;

¢ manual calculations (see Section 6.5) assuming low fissure porosity.
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7. Define the 400 day zone and catchment zone. In most cases the
boundaries of the 50 and 400 and catchment zones will be drawn as co-
incident (i.e. tracer tests have indicated travel times of less than 50 days
within the catchment). Given the physical dimensions of karstic aquifers
in England and Wales, breakthrough travel times of greater than 50 days
will not be common in the conduit system. The delineation of separate
Outer and Catchment Protection Zones would normally only be
considered where it is possible to map with confidence a geology type
which itself does not have a conduit flow system, but that does discharge
groundwater to a potable source via a karstic aquifer with an active
conduit system. The definition of Outer and Catchment Protection Zones
would then be based on the assessment of the 400 travel time isochron i
this geology type prior to discharge to the karstic aquifer where the
potable source is located

8. Define the ‘allochthonous’ part of the catchment. Many karstic s
capture surface water through sinking streams that have all
catchment underlain by low-permeability bedrock. Although urface
water from the allochthonous catchment pose a risk to kagstic*sources,
groundwater discharge from this allochthonous area ta%e karstic aquifer
is considered insignificant. The hydraulic capture zg%oundaries may
need to be modified to include the surface water% ent to streams
draining to swallow holes and which support« ndwater source.
Review information from tracer tests or poll @ cident data to
determine whether to include this catc@ﬁo@w the Inner Protection Zone

*

based on travel times. \
9. lIdentify areas which can be exc\@om SPZs (e.g. areas with an

impermeable layer that affords prot®ction to the source). Justification will
need to be provided to su,pggthe exclusion of such an area.

les and review these based on conceptual

understanding of loc egional groundwater flow.

10. Define proposed SPZ bQ
11. Finalise SPZ boskda 5.

12. Record the ba@or SPZ determination (see Section 7).

41.3 Data @rces, data reliability and records of methodology

The main sot of data are likely to be:
,%oence files;

®~ geological and hydrogeological maps;
Q ¢ local knowledge;
OO ¢ historical records (e.g. cave group memoirs and local archives);
e tracer tests.

Local knowledge should be validated using independent sources where possible to
avoid conflict, while historical records should be checked at source to ensure reliability.

Key data will be information on:
o karst features;

e spring flows;
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¢ variations in groundwater level and flow direction.

These data may need to be supported by discussions with quarry operators and local
groups (nature trusts, cavers, etc.).

Tracer tests '\q o

Water tracing tests provide the most positive evidence in defining Inner Protection

Zones. Q
When using the results from tracer tests, it is essential to assess whether the results O
are appropriate to the catchment and the level of confidence that can be attached to 6

them. The following should be considered:

¢ how the test was undertaken (e.g. sample points, tracer used, sz@

method and analysis);

¢ what information was collected (e.g. groundwater levels, row?r?cer

recovery); Q

e reliability of the test; $

e at what time of year were the tests carried out2 ence suggests that
measurements made late in the summer whe ndwater is at its normal
lowest level are the most representative. drogeologists find it useful
to define the ‘standard travel time’ of ar underground connection
as the travel time when the resurgegcA\l its long-term average yield.

¢ whether the tracer test was approp for the specific environment tested.

Information on tracer tests may be avail fPom universities, local archives, cave
groups, the British Geological Survey , WRc, quarry operators and the

Environment Agency. E

41.4 Aquifer type

Palaeozoic lime@res (Carboniferous limestones)

The Carbonit and other limestones, including limestone conglomerates, of the
Mendips, We Pe&nnines, north and south Wales and elsewhere are characterised by
mature@ andscapes and very extensive cave development. Caves and major
cogﬂ@ stems are generally determined by cave exploration and/or groundwater
tra .

& Palaeozoic limestone water supplies are obtained from springs or resurgences.
ome borehole sources do exist, though both these and spring sources draw water
0 from a karstic drainage network. Spring sources can be large with mean outputs

. sometimes exceeding 1,000 litres/second [86 million litres/day (MI/d)] and represent the

&Q\ outlets for integrated underground cave drainage systems.

In most well-karstified Palaeozoic limestone catchments, the underground streams flow
at rates comparable with those of surface streams. The areas between the main
underground conduits are drained by minor tributary conduits with similarly rapid flow.
Standard travel times of a few days are common, so the greater part of such
catchments usually require levels of protection typical of an Inner Protection Zone.
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The methodology described in Section 4.1.2 is likely to be the most appropriate for
Palaeozoic limestone sources.

Jurassic limestones

In general, the Jurassic limestones are less hard and compact than their Palaeozoic
equivalents, retaining some primary porosity and permeability. The main limestones in
southern England are the Great Oolite, the Inferior Oolite (Lincolnshire Limestone) and
the Portland and Purbeck limestones. Many thin but extensive limestones are also
known and these include the Blue and White Lias, the Junction Bed, the Fuller’'s Earth

Rock, the Forest Marble, the Cornbrash and the Osmington Oolite. In northern E

England, there is the Corallian of Yorkshire and northern extensions of the Lincolns

Limestone.

Most of the large abstraction boreholes in the Great and Inferior Oolites of the g
Cotswolds draw water from deep within the confined zone, remote from e
natural springs. In such areas with no long established groundwater row%B
development is likely to be immature. Nevertheless, preferred flow r s {0 the
boreholes will already be in process of establishment and enlarge %\ few large

q .
N
Q
WV

s, karstic

springs do exist in the confined zone and must be fed by chann t are karstified to

some degree. @

Where groundwater is abstracted from the unconfined G d Inferior Oolite
aquifers, flow is typically controlled by fractures and (e.g. faults, etc.). These
enhanced flow zones lead to karstic recharge. (¢

The zoning procedure described in Section 4@e applied to the Lincolnshire
Limestone where karstification is known or suspseted. In areas where there is no
evidence of karstification, methods of hyd uli’c capture zone delineation based on

analytical or numerical modelling assusgi arcian flow may be used supplemented,
where appropriate, by local hydroie&l knowledge.

Chalk Os\

The Chalk aquifer car& the development of the following karst features:

o solutiom ged fissures characterised by rapid travel times and high

boreho elds;
*
o sd’@n features such as swallow holes that may provide the focus for

’ﬁ;oundwater recharge;
@ high flow systems characterised by travel times of km per day;

Q e large springs that are likely to be supplied by an integrated drainage system
of karstic conduits.

(9\ general, karst development in the chalk is immature.

The zoning procedure described in Section 4.1.2 can be applied to Chalk areas where
karstification is known or suspected. In areas where there is no evidence of
karstification, methods of hydraulic capture zone delineation based on analytical or
numerical modelling assuming Darcian flow may be used supplemented, where
appropriate, by local hydrogeological knowledge.

The delineation of capture zones around sources in winterbourne catchments may
cause problems. Winterbournes are streams that typically flow in winter but dry up in
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summer, and characterise the Chalk country of southern England. The problem is that
the total catchment area of a large borehole beside a winterbourne is likely to flip from
one configuration to another in step with changes in the winterbourne itself. Typically,

at high flows and groundwater levels, with the stream gaining along its length, the

source catchment will be an area on the borehole side of the valley. As flows and levels
diminish, the stream loses water to the borehole and the source catchment expands to

include the relevant stream catchment. When the winterbourne dries, the source
catchment takes in both sides of the valley but may lose remote parts of the stream
catchment. Time of travel zones show equal variability.

In determining SPZs for catchments including winterbournes, a good conceptual model (L

is required and should involve discussion with local hydrogeologists to determine whic

parts of the catchment should be included in the protection zones. This may involve }é\'

manual modification of hydraulic capture zones which have been drawn using mo
to represent seasonal variations in catchment areas. g

The Permo-Triassic and Devonian Sandstones are characterised

4.2 Kinematic porosity and sandstone s é
atively high total

porosity (typically 10-30 per cent). The aquifer can be tens to s of metres in

table.
The conventional model for these sandstone aquife
e contaminant movement is mainly vi \granular flow;

e kinematic porosities of 10—15 per cem® are appropriate.

However, the use of these values in thj ffers can result in relatively small Inner
(50 day) and Outer (400 day) Protectj es as illustrated by Figure 4.1.
Tracer tests provide the most reI| urce of information on rates of contaminant

majority of these tests were rtaken over relatively short distances (metres to tens
of metres). The tests indica at flow was mainly intergranular, with kinematic
porosities in the range 4 per cent, but in one case flow was by fissure flow over a
distance of at least

movement, though there is 03 d published data (Ward et al. 1998) and the
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Figure 4.1 Radius of 50 and 400 day travel time zone dependent on kinematic

Tty
The most recent review of contamy ovement in the Permo-Triassic Sandstone
was by Tellam and Barker (2006) oted that an important consideration was
whether fractures are intercorfgeci®d over distance. They tentatively concluded:

o fissure flow don@es for distances <10 m;
¢ both fissuge intergranular flow are present for distances of 10-100 m;
o intergr@r flow dominates for distances >100 m.

Investigation’@ some of the main groundwater pollution plumes in the Permo-
Triassic dstne (Four Ashes and Mansfield) indicate that plume migration is largely
ntergranular porosity. However, groundwater flow and contaminant

trans ay be via fissures and higher borehole yields are typically associated with
ystems. The use of a kinematic intergranular porosity could result in an
stimate of the time of travel zone.

gure 4.1 presents calculations of travel times and the size of 50 and 400 day zones
for a range of fissure and intergranular kinematic porosities. It is likely that:

¢ contaminant migration to an abstraction source is a combination of fissure
and intergranular flow;

¢ the significance of fissure flow will be greater over shorter distances and
most relevant to the 50-day zone.

The approach to be followed for sources in the Permo-Triassic and Devonian
Sandstones is as follows.
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Collate and review available hydrogeological information for the source
borehole(s) including data from tracer tests, groundwater pollution, water
quality monitoring, geophysical logs, CCTV and borehole yield.

If information on kinematic porosity is available from tracer tests or other

reliable sources (e.g. groundwater investigations of contaminant migration),

use to define the time of travel time zones as follows:

— Use a default kinematic porosity of 5 per cent to determine SPZ1
(50 day) and SPZ2 (400 day) time of travel zones. This assumes that
groundwater flow to the abstraction is due to a combination of fissure
and intergranular flow. The relative contribution of fissure and
intergranular flow is rarely known and this default value is conS|dered
be a reasonable assumption based on scoping calculations (see

Appendix A). %0

— Use a lower kinematic porosity value of 1-2 per cent if field ey
(pollution event, turbidity data, bacteriological monitoring) S
strong evidence for rapid flow to the abstraction borehole.

— Use a higher kinematic porosity value such as 10 p % if available
data (e.g. tracer test) provide strong evidence th is by
intergranular flow only. In most cases, howev r@z use of a default
radius will result in a larger protection zone! {

— Record the justification for the selecti
&

— Determine Inner and Outer Protect ;
— Check if protection zones are congjstent with known pollution problems.

ematic porosity.

In the absence of any evidence for thmance fracture flow in the vicinity of the

source boreholes then distance rules

4.3

Small

prg{@

O

used as follows:

o SPZ1 (Inner Protectio )- Apply the 50 m default rule.
o SPZ2 (Outer Proté%n Zone). A minimum radius of 250 m for sources with

a protected yiel ,000 m*/day or a minimum radius of 500 metres for
sources witth@ protected yield of >2,000 m*/day. In either case, the radius
should no, d outside the Catchment Protection Zone.

S&II sources

sé% (typically abstraction rates of <100 m®day) can present the following

or hydraulic capture zone delineation.

Data are often limited or of poor quality.

¢ The width of the catchment zone can be very narrow. Where there is no or

limited data on the direction and gradient of groundwater flow, there will be
significant uncertainty on the location of the zone.

The use of numerical methods (e.g. MODFLOW) is usually impractical as
relevant data are unlikely to be available and there will be difficulties in
setting up a model grid of sufficient accuracy to represent the flow field
around a small source. In these cases, analytical methods are more
suitable for hydraulic capture zone definition.
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An example of limited data on defining hydraulic capture zones for small zones is
uncertainty in the hydraulic gradient. If the hydraulic gradient is unknown, for example,
the model assumes a flat water table and the resulting zones are circles. This will
underestimate the extent of the SPZ in the upgradient direction. This problem can be
overcome to some extent by using estimates of hydraulic gradient based on the
surface topography, although sensitivity analysis is required to assess the effects of

parameter uncertainty. q X

Table 6.2 summarises techniques used in England and Wales to delineate hydraulic
capture zones. Recommendations on their use for small sources are given in Q
Table 4.1. In summary the methods are:

e Manual supported by hydrogeological mapping techniques where data ar%\,
limited;

¢ Analytical solutions or analytical element methods (Sections 6.5 an
where:

— Darcian flow; ?“

— direction and gradient of groundwater flow are know @reasonable
certainty; $

— estimates of permeability and kinematic porogg @e available.

o Use of pre-defined zonal shapes, based on esentative selection of
regional parameters, may be used to pr redible but rapidly applied
SPZs for the many private supplies w I e a low SPZ programme

priority, but a high public health sigifiqnee. A compendium of such
standard simple shapes, together Wiy instructions on their use, is given in
Volume 3 of Groundwater protection for small sources (Environment
Agency 1995). These repres He Environment Agency recommended
technique for pre-defined hapes.

In all cases, SPZ boundaries sho@ e account of:
e geological and h eological boundaries (Section 7);

e any additionwg information such as tracer tests and pollution incidents.

20 m®/day should ed. This should provide additional protection. In addition, our

For sources with an @action of <20 m3/day, a minimum abstraction rate of
policy is that @si;e should have a minimum protection of a default SPZ1 radius of

50 m and a d SPZ2 of 250m radius.

4&@ Sources with limited data

rces with limited data should be defined using manual methods (Section 6).

he absolute minimum information that should be obtained is the licensed yield. For
spring sources, the total discharge of the source should be estimated.

9
&Q\ Every effort should be made to:

e measure or estimate the spring or borehole water level elevation (This may
assist in defining the area of the catchment that could contribute to the
source based on elevation.);
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¢ obtain information on geological and hydrogeological boundaries that could
be used to define SPZ boundaries;

e conduct a site visit to obtain details of the catchment, including a survey of
geological and other features within the immediate environs of the source.

4.5  Spring sources ,\Q ‘

For spring sources, the licensed groundwater abstraction is typically less than the total Q
spring discharge. However, the total spring discharge should be used for SPZ
delineation rather than the licensed abstraction. é\,

Spring SPZs are typically drawn using manual mapping methods (Section 6.4) as
information on the source is often limited to the elevation of the spring. The sprl%
source can also be complicated; for example the source may comprise a nu
springs and significant engineering works may have been undertaken to

collection of the water for supply purposes.

A site visit should normally be undertaken to determine details o@ng source.

4

4.6 Heavily abstracted aquifers 6

In heavily abstracted aquifers, the source protectw%%vlll cover a significant
proportion of the recharge zone. As a result, SP ely to be adjacent or will be
separated by relatively thin slivers. The certaigt tcan be attached to the

t

boundaries of individual SPZs is likely to be lo hese will be sensitive to:
e changes in abstraction; @ *
e seasonal variations in r@ﬁater level;
¢ the ability of the d inbtool (model) to delineate the hydraulic capture
zone of the grou ter abstraction in such a complex system.

In addition, the same gr\nm ter protection policies are likely to apply to the whole
aquifer area rather th@ individual SPZs. In heavily abstracted areas, therefore, the
entire aquifer rech ea should be defined as a source protection area.

This principlg iggprecautionary and would appear to ease the burden in defining SPZ3

source catch protection zones. However, the statutory duty of water companies to

produce king Water Safety Plans requires them to know the source of their raw

water s i€s. If in heavily exploited aquifers the Environment Agency stopped

defing e whole groundwater management unit as SPZ3, water companies would

h efine catchments for their own sources. In areas where more than one water

Qpany abstracts from a groundwater management unit, it is desirable to have a
sistent conceptualisation for zone definition.

Therefore there is a requirement in heavily exploited aquifers to:
*

\ ¢ define the entire aquifer recharge area as a source protection area, SPZ3,
&Q making this the published zone;

¢ where necessary and in collaboration with water companies separate SPZ3
are defined, making these available to the public water supply (PWS)
operators.
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The Source Catchment Protection Zone (SPZ3) can be defined when the ratio
of groundwater abstraction to recharge is >0.75 for a specified area of aquifer, normally
considered to be at the scale of CAMS groundwater management units or larger.

Figure 4.2 illustrates the method. In summary, the procedure is as follows.

This is the sum of the licensed annual quantities of potable/PWS

abstractions abstracting from this area of aquifer divided by 365. Any

restrictions placed on abstraction at individual sources by group licences should Q
normally be ignored.

¢ Determine the aggregate protected yield for the aquifer area in question. g
L

¢ Determine the long-term average groundwater recharge per day for the same \
area of aquifer.

e Calculate the ratio of abstraction to recharge. gé

e If ratio >0.75, define aquifer area as SPZ3 for publication. Then d finO
individual SPZs, if required for specific sources, to be provided to%,e
operators only.

e If ratio <0.75, define individual SPZ3s for publication. §
h

Aquifer Average Recharge = 70mL/d
Groundwater Abstraction = 59 mL/d

Ratio Abstraction Recharge = 0.84

Define whole outcrop as source catchment zone

Individual source

Groundwater catchment or, e

management unit divide

Abstraction source
+ Cn

4
ﬂg'u e 4.2 Application of the heavily exploited aquifer method

38
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Table 4.1 Recommended techniques to delineate small source protection zonex%

Description Comments N e
Groups wells into hydrogeological domains/aquifer types enabling clagéi ion of behaviour.
Hydrogeological mapping Must apply in all cases at paper map level and be used in conjuncti other methods to ensure results

Arbitrary fixed radius circles (AFRC)

Calculated circular zones based on recharge and
abstraction (plus kinematic porosity and thickness
for Inner and Outer Protection Zones)

Standard simple shapes based on idealised
representation of local conditions

Analytical element modelling with WHAEM'

Numerical modelling with MODFLOW

make geological sense.

A default 50-metre radius zone (AFRC) is possibly the only op%r either very small sources or those for
which further effort is not justified. Q

Easy to apply.
Is clearer when applied to groups of similar abstracjj d recharge.
Where no aquifer parameters are available, this e used with 50 m default AFRC.
Problematic if actual daily rates are much gre han annual licensed quantity divided by 365.
Only suitable for Inner and Outer Protection if no hydraulic gradient available.
Underlying concept easy for non-specigli\s ¥ grasp.

*

A previous compendium of standar used analytical models based on parameter values typical of
aquifers in England and Wales (E ent Agency 1995).

Analytical element models can be d to define zones where data are adequate.
Otherwise use standard sh capture zones (see above).

Generally only justified umerous small sources occur across a small area or in vicinity of large sources
already being mod

Notes

' Well Head Analytical Element Model

<&
&8

OO

S

\
O\‘r

X%
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Q\'
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5 Data collection and the
conceptual model

This chapter considers:

¢ the development of conceptual model(s) describing the hydrogeological
system,;

¢ the collection of information to form the conceptual model;

q .
N
Q
WV

¢ the reliability of information and quality assurance procedures. 0@

The delineation of useful source protection zones (SPZs) requires a sound
understanding of the overall hydrogeological regime. A conceptual model is

useful way to explain and record the hydrogeological understanding dev uring
the delineation process and is a requirement for Environment Agency SP

of the factors and processes governing groundwater flow in a cl efined block of
aquifer.

Conceptual models are the means of communicating an ding understanding.

Conceptual models are a quantitative description and/or a diagr:w*representation

Ultimately the success of the model depends on its valjek igure 5.1 shows the steps

involved in developing a conceptual model. . \
More detailed guidance on the development of eptual models can be found in:

¢ Guide to good practice for the development of conceptual models and the
selection and application of ematical models of contaminant transport
processes in the subsurfac ironment Agency 2001a);

e Groundwater resourc elling: guidance notes and template project
brief (Environmeng Ag 2002).

O

51 Data ¢ tion

Historically, significQoriginal data collection was required to enable SPZ delineation.
The data coUe@ process has now changed following the development of:

o’(e"gl nal models covering the majority of the principal aquifers;

Qelectronic datasets within the Environment Agency and other organisations

uilding on existing interpretations rather than going back to original information. In

I %ﬁompal aquifers, the emphasis is now on collating reports and electronic datasets
e

ondary aquifers, it may still be necessary to go back to original data sources.

The availability of data, particularly for aquifer parameters and recharge, is extremely
variable. Historically, information was derived from investigations oriented towards
resource development and the testing of established sources, mainly in the principal
aquifers. Where SPZs are to be derived in secondary aquifers or remote from the main
areas of public supply in the principal aquifers, extrapolation from other areas may be
inevitable.
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Data Sources

Electronic in formation e.g
License Sites

Pollution Incidents

Other hydrogeological investigations such as Regional

GIS layers e.g Geology

Model Reports

Regional
Settings

A4

Description of geology, aquifer extent, topography

Hydrogeology

Hydrogeological boundaries, layering, confining strata,
groundwater levels/piezometric heads, flow directions
| and gradients, vertical gradients. Evidence of
groundwater recharge and discharge. Aquifer thickness.

Data Sources

Rainfall and recharge estimation. Likely distribution and
variation in recharge. Locations of rivers and streams,
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&: Figure 5.1 Example of a conceptual model prepared for SPZ delineation
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The extent, accuracy and level of detail of data required to establish an adequate
conceptual model needs to be balanced against resources and potentially the size,
importance and vulnerability of the abstraction(s). Where resources are limited
prioritisation of those factors that most affect the SPZ will be necessary. These are:

e recharge;

¢ aquifer hydraulic properties; \Q ¢

e boundaries;

e ground/surface water interaction. (L

51.1 Licence and source information 06

Information related to the abstraction licence and the construction of the sougc %Id
be compiled on either a ‘by source’ or ‘by lead source’ basis. This inform?l ould
include:

¢ licence number(s) and locations of source(s); sQ
e maximum daily and annual license quantities;
¢ depth of borehole, open intervals and geolog|¢ rmations.

This information will come mainly from Environmen
If the SPZ is being redefined, paper proforma;sa$s previous SPZ delineation

Area or Regional offices.

should be available. However, it is still neces uch cases to enter the source and
licence data in the data collation spreadsheets.

Other sources of information include t &e operator/water company. The British
Geological Survey holds extensive w, ell records at Wallingford, the majority of
which are now available digitally t vironment Agency in the Wellmaster

maps, thematic maps, memoif§ regional guides, reports and borehole records, etc. at

database. The BGS also hold&e formation such as geological and hydrogeological
its National Geosciences D @ ntre at Keyworth.

The abstraction licenc are crucial when setting:

e source @ected yield;

o a@bstraction rates to be protected and to be used in of the definition of
S

The def@ns of protected yield are given in Section 2.5.

x<Q

C) The following electronic datasets and sources are useful during conceptual model
development and in the calculation of SPZs:

Electronic data sources

Q ¢ groundwater levels from the Environment Agency WISKI database and/or
& contoured during other projects;

¢ surface water flow information from the Environment Agency WISKI
database including spot gauging information indicating accretion or losses
from surface water;
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e Environment Agency nationally available GIS layers including:

solid and drift geology;

rivers and lakes;

— digital elevation information (DTM/DEM);

L
OS basemaps for geo-referencing. \Q

¢ BGS major and secondary aquifer properties manuals (Allen et al. 1997,

Jones et al. 2000).° ('VQ

51.3 Previous studies, reports and data

Where previous regional hydrogeological studies have been completed, the@

reports and electronic data (where available) should be obtained. ¥~

nt Agency

Regional water resource modelling studies commissioned by the Environ
f@scalibration

have large electronic deliverables including the reports, model data
information and probably spatial datasets in GIS format. $

514 Spatial extent of data collation

The area to be covered by data collation depend %
e size and number of abstractions; $
¢ local geology; @ .
e recharge; \'

e presence or absence %daries.

For sources that are being re&essed, the original Source Evaluation Reports (SERs)
should be used and update reports and electronic deliverables from regional
water resource modeIIirm'ro cts should be obtained where the source(s) are located
within such models.

For sources that h@not previously had SPZs defined, the spatial area for data

collation shoyl determined as part of conceptual model development and in

discussion wi vironment Agency staff. This is particularly important in aquifers with

complex r&harge processes such as those where the outcrop is partially covered by

drift dep@s or karstic landforms. In such cases, surface catchments draining onto and

regh the aquifer may be extensive and lie in directions contrary to the regional
ater flow direction.

O

&
QS

® Available from the hydrogeological reports section of the BGS Bookshop
(http://shop.bgs.ac.uk/Bookshop/
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5.2 Assessment of data

5.21 Representativeness and precision of data

Appropriately qualified and experienced hydrogeologists should handle the assessment
and interpretation of the data and information leading to the formation of a conceptual
model. The involvement of Environment Agency staff with an experienced feel for the
characteristics of a region or area is an especial advantage.

Among the factors to consider are:

o Representativeness of the data: critical consideration should be given @
the validity and significance of point values from pumping tests or é
laboratory values against those representing bulk aquifer properti
Pumping tests, for example, may commonly yield aquifer charactgr
influenced by fissuring in the vicinity of a borehole, which ma
appropriate as regional values for use in a model. This proces§ may be
assisted by comparison with existing models in related ggc®nparative
areas where more appropriate model parameters hav derived;

o Data precision: accurate grid references are crifj ources should be
located to a minimum precision of 10 m. As a rule, data such as
grid references and boundaries derived fro , photocopies, paper or
film copies should be scrutinised with @ @ the inherent inaccuracies or
instabilities associated with those me x ccuracies of scale due to

b

distortion or stretching of the media sufficient to cause error, which
may be significant in terms of the st of the final modelled SPZ.

Digitised maps should be regarded with i@n unless there is detailed information
available on their origin, accuracy and wlal scale at which they were created.
Although many of the inputs to a can reasonably be regarded as fixed, others

necessarily represents eithe moment in time or an approximation to an assumed

such as source abstraction rages vary with time. The modelling process
average situation. Whateve case, it should be clearly defined and justified prior to

use in the model.
The use of models&nﬂict with the idea of using licensed abstraction rates in order
to delineate the ma%imum possible SPZ size. It may be that this simply leads to
destabilisatien e model in aquifers that are historically over-licensed. In reality,
actual abstga:n' may fall short of what could legally be taken.

ration can only be effectively carried out by using actual abstraction
hen comparing model outputs against measured water levels and
ater contours from the same period.

C) 5.2.2 Quality assurance of collated data

The use of the data collation spreadsheets, databases and GIS is recommended to:
¢ assist in the compilation and cross-checking of basic information;
e become a source of reference.

Use of these software tools reduces, but does not eliminate, the possibility of error.
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Grid references should be scrutinised carefully, especially those of sources for which
SPZs are to be derived. A key check is to verify the location co-ordinates with the
licence file map. Plotting of well locations within GIS and comparison with other
mapping (e.g. within construction reports) can help to highlight inaccuracies.

Grid references derived from secondary databases (e.g. from regional modelling
projects) should also be scrutinised.

If required, grid references should be verified by site visits.

N

For other data, normal quality assurance practices should be observed. (QVQ

9.3 The conceptual model 0@

The preparation of plans, contour maps, cross-sections and diagrams is essert
the development of a conceptual model. It often highlights data gaps an
inconsistencies, and provides a method for checking that assumptions rrrm%wense in
the light of existing data. Presentation of these figures also serves theepdrting
function and enables others to gain a rapid understanding of the sy %‘

the selection
rocesses in the
ources modelling:
cy 2002) indicate the
xample figures.

Guide to good practice for the development of conceptual mo
and application of mathematical models of contaminant tran
subsurface (Environment Agency 2001a) and Groundwat,
guidance notes and template project brief (Environm
topics to be covered in conceptual models and inc,

As a minimum the conceptual model should in \
¢ a text description;

e sketch diagrams of the gro@t&r—surface water flow and transport
system and processes;

e an integrated data,m owing:

solid geology, where appropriate, drift cover;

water ta iezometric surface for main aquifer units;

surf@ d groundwater abstractions and discharges;
+ ction of groundwater flow;
&\etails of the source boreholes;
Q— if applicable, details of any nearby large structures (constructions);
\Q — locations and details of any known pollution incidents;

impoundments, transfers, spot measurements and catchments.

OQ — other surface water features including river gauging stations,

Depending on the complexity of the hydrogeological regime and the size and
importance of the source(s) additional figures may be appropriate including:

¢ river profiles showing geology, water table and flow accretion for the main
rivers;

¢ maps showing distributions of average recharge and aquifer properties;

e cross-sections showing groundwater levels and flows.
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In areas with developed regional models, some of these figures may already be
available from modelling study reports.
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6 Defining hydraulic capture
Zones

The main basis for source protection zones (SPZs) is the definition of hydraulic capture Q ¢
zones. This chapter considers the available methods for calculating hydraulic capture \
zones from simple manual calculations, through analytical solutions, to modelling

techniques and software. Guidance is given as to the appropriate tools to use, but the

final choice of methods is left for the user to determine. \

This calculation phase is not the final step in the SPZ process. Further refinement an@
alteration of the hydraulic capture zones may be required to complete the delineatj

O

process (Section 7).

6.1 Previous modelling tools E
The FLOWPATH modelling package was chosen as the main too %Z calculations
by the National Rivers Authority (predecessor to the Environ ency) in the early

1990s. FLOWPATH is not a recommended option for futugee
developer no longer supports the software. The applicati
modelling package is described in the original SPZ
further. Guidance is provided on updating existin

ation because the
he FLOWPATH
nd is not considered
ATH models (Section 6.7).

The other commonly used modelling packages HPA (semi-analytical model)
and MODFLOW/MODPATH. The WHPA pack has been superseded by WHAEM
(Well Head Analytical Element Model) an@@ updated package is described in

Section 6.6. é\,
6.2 Choice of t thue

A wide range of techniq staiIabIe for calculating hydraulic capture zone areas
around sources. Table resents a hierarchy of approaches to delineation of
hydraulic capture z nging from the simple to the complex.

In practice, th;@#e on of a suitable approach will depend on factors such as:
*

o th ailability of hydrogeological data for the source and surrounding
\guifer environment;

che perceived hydrogeological complexity of this environment, particularly in
\ relation to the amount of data;

OQ o the time and resources available and necessary to achieve an acceptable

0 delineation.

Table 6.2 lists applicable methods and software groups, detailing the respective
parameter requirements and their respective advantages and disadvantages.

The choice of model can be a complex decision and the temptation to use a more
sophisticated (generally more rigorous but more resource intensive) model must be
resisted if the existing data are inadequate or the use of the results does not demand it.
The model is a working tool to achieve a specific objective — in this instance to enable
the delineation of usable protection zones — and not an end in itself.
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To illustrate the range of techniques, two extreme cases can be considered:

o Where there is little existing site data, an area of complex
hydrogeology and a need to establish SPZs quickly. The use of any
model in these circumstances would probably be inappropriate and,
pending the acquisition of the additional data needed, the only reasonable
and cost-effective course of action is to construct the zones using Best o
Professional Judgement. That is, taking best estimate meteorological and Q
aquifer property data combined with topographic, drainage and other site \
information and defining the zones using manual techniques and Q
hydrogeological interpretation. This process may be assisted by the use of (L
simple analytical models to confirm that the intuitive choice of zone \
geometry is consistent with the likely range of aquifer properties. The %
minimum response is to define a circular area around the source; in m%
cases, this will be preferable than defining no zone at all. This will b
common response for small sources and is already defined with@
Water Code (MAFF 1998),° where a minimum 50 m protecti s
recommended. Where appropriate and depending on the in%?éﬂon
artel

available, it is possible to use another simple shape sucI'Q lipse.

o Where an existing and proven hydrogeological available
from which the hydraulic capture zones can b ined. The
boundaries of such a model are likely to enco s@A number of sources
for which SPZs are needed under GP3 (Envir nt Agency 2007a), some
with a high priority for definition and othe er priority. However, it
would be normal practice to define all nes within the modelled area
as this can be done with only mod {ional cost. Regional groundwater
models exist for principal aquifer ere they are required to aid the
management of groundwater resourc®s. They are restricted to those
aquifer units with large volumgs,ofygroundwater pumping or where there
are large-scale developme h as groundwater river support or artificial

aquifer recharge scheEe%

Some groundwater SPZ def s%ns will fall between the two extremes described above,
whereby modelling solugpn | be appropriate but no regional models are available.

The general approac@sing semi-analytical, analytical element and numerical
models to define h@u ic capture zones is to:

. @the groundwater flow field;

é\'elease particles close to the source;

\ track the particles back through the flow field to define travel times zones.

. 60
QS

6 Available from: http://www.defra.gov.uk/farm/environment/cogap/
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Table 6.1 Hierarchy of hydraulic capture zone delineation approaches

Method of delineation Comment on applicability

Best Professional The need for BPJ arises when there is a lack of data or the

Judgement (BPJ) hydrogeological regime is highly heterogeneous, or there is an
important need to define a SPZ quickly. Q R
BPJ arises at two levels. First to decide whether it is appropriate to \
define a SPZ at all. This is a valid judgement, though in most

limitations, it is better to have a zone to flag up a need for caution in
land management decisions rather than not have one and risk the \
issues being ignored.

Secondly, if the decision is to have a SPZ, use BPJ to define @
with the sparse data available using essentially manual tec S
This situation commonly arises, for example, with small 33 the

circumstances and providing all users of the SPZ understand the (LQ

various methods available are set out in more detailg n6.4.
Manual methods/ Applied when data are available on the source and thgre is limited
analytical solutions, e.g. aquifer information. Of use particularly for smateqrces as an aid to
simple recharge circles BPJ.

and Bear and Jacob

Analytical element models A widely applicable method that ca t@dly developed to cover
% e

e.g. WHAEM, Split, simple single sources to relatively x aquifers with many tens
WinFlow of sources.
Some software (e.g. WH Qde simple analytical solutions
(recharge circles, etc.) Ir tools. This enables the

progression from si ytical solution methods to more
complex modelling withim®ne package. This can help to provide
additional checki of’model solutions and to develop confidence in
results.

This is nQr x’robust and cost-effective method.

Distributed numerical Whege s already exist, there is the potential to use them for
models hyd% pture zone delineation. Experience suggests that the
e.g. MODFLOW/ a %on of regional models for SPZ work is not necessarily a

MODPATH 3 st tforward or inexpensive option.

Qﬂ DFLOW/MODPATH models can be developed specifically for
ydraulic capture zone delineation. Although the data demands for
O such models are much less than for time variant regional models,
. % they do require more information and time to develop than analytical
\ element techniques. Due to the longer time involved in setting up
\ MODFLOW/MODPATH, it is recommended that this method is only
used after an analytical element model has been developed.

G %ﬂ al methods Many geostatistical methods reported in the literature are applied to
eﬁ, consider the spatial variations in aquifer properties and incorporate
Q the potential influence of these on groundwater flow paths.
O However, the use of such methods is likely to be impractical in terms
0 of time, cost and data availability.
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Table 6.2 Advantages and disadvantage of different methodologies for hydraulic capture zo gtl‘eation

Classification

Capture zone method

Parameters that can be
represented

Advantages

Djs %n?ages

Best Professional
Judgement

Manual methods/
analytical solutions

Manual methods/
analytical solutions

Analytical element
models

Hydrogeological
mapping

Fixed radii circular zones

Calculated zones based
on recharge and
abstraction

Standard shaped zones
based on idealised
representation of local
conditions

Analytical modelling —
WHAEM, Split, WinFlow,
QuickFlow

X

System boundaries and
approximated divides

None

Recharge

Time of travel
Abstraction rate
Kinematic porosity

Hydraulic gradient
Hydraulic conductivity
Aquifer thickness
Kinematic porosity
Recharge

— but all as single valu
parameters

Hydraulic gradien%

Hydraulic cond@

Aquifer thicpes

Kinematicity

Recharg€

Simpl& re}harge/barrier
daffes

bility possible

gb

Should be combined with all other
methods

or in areas with indistinct boundaries

Good for karst and fractured aq% Not quantitative

with strong geological control

Low cost

Easy and quick to imp‘@tQ
Highlights lack of d@

Low cost

Easy and quic émplement with
minimal uirements

Som | basis

Can represent a very simple system
4sy and quick to implement
emi-quantitative

Capture zones based on idealized
representation of local aquifer
conditions

Can represent a simple system
Quantitative

Simple and uniform boundaries and
recharge allowed for

No technical basis
Does not have regard to local
hydrogeological conditions

Simplistic, does not represent detailed
local hydrogeological conditions

Local conditions may differ significantly
from those used in the initial delineation
Data may not be available

Darcian flow assumed

Modest data requirements

Assumes infinite aquifer

Does not allow complex boundary and
recharge effects to be considered

o)

b
¢ e limited parameter
}ﬂa
N
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6.3 Translating conceptual models into hydraulic
models

Before starting to translate the conceptual model into a numerical representation, it is
important to consider the capabilities and limitations of flow modelling techniques. \q ¢

There are circumstances, for example, where the available software is inappropriate for Q
the complexity of a particular problem and/or the available data provide a poor

description of the aquifer, and where modelling may not actually assist in the zonal (L
delineation process. It is important to recognise the limitation of modelling in this

respect and a manually derived capture zone may be the only reasonably practicab

option. When not to model is a subjective decision balancing justifiable cost agai

likely validity and usefulness of the output. Such decisions need to be made be%

modelling begins and false accuracies implied.

The transfer of the conceptual model to a groundwater flow model requir%’evel of
idealisation within the computer code adopted. The process of ideali altual values

to modelled values should be well documented in order to make t

understandable, repeatable and hence defensible. In particular, @should be a
he design of the

model grid, boundary conditions, aquifer properties, river/ teractlons

reasoned justification of the values used within the model i |nc
abstractions and groundwater recharge.

Transferring a conceptual model to a groundwate, &@del requires the accurate
locating of geological and hydrogeological bou ' his is assisted by directly
transferring spatial map information into mode{i ftware. All relevant abstractions
must also be identified and accurately located in‘the model domain; direct transfer of
co-ordinates using data files is the prefer ngethod.

Areal variations of recharge, transmi storativity and kinematic porosity need to
be converted into a form that can dled by the computer code. The distribution of
these parameters in the mod may require adjustment, within the constraints
set by the conceptual model kchleve the necessary degree of calibration.

Groundwater flow modeglg ecessarily an iterative process, with revision of aquifer
parameters, boundari ., and even the re-formulation of the conceptual model
possibly necessary Qeve the required accuracy and ultimately the defensible
delineation of sour@apture zones.

Additional gl e on the construction of numerical models is given in:

x@uide to good practice for the development of conceptual models and the
election and application of mathematical models of contaminant transport
5\@ processes in the subsurface (Environment Agency 2001a);

Groundwater resources modelling: guidance notes and template project

QY .
C)O brief (Environment Agency 2002).

6.4 Manual methods

Hydrogeological mapping techniques are an essential component of delineating SPZs
(particularly Catchment Protection Zones) to ensure SPZ boundaries are consistent
with geological and hydrogeological features (see also Section 7.4). In some cases,
they may represent the best method for defining zones (e.g. in karstic aquifers, or
where data are limited or do not justify the use of a numerical model; see Section 4).
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Hydrogeological mapping should consist of:

e collation of geological and hydrogeological maps (geological boundaries,
outcrop area, catchment divides, rivers, etc.);

¢ development of a conceptual model of the source catchment including
supporting cross-sections;

¢ site visit (more relevant to karst or spring sources than borehole sources);

¢ recording basis for defining SPZ boundaries.

6.5 Simple manual methods and analytical solutio@

This section describes:
¢ simple manual methods of delineating circular hydraulic capt?&s;
¢ analytical solutions that produce ellipsoidal hydraulic cap zdnes.

These methods are only suitable: $
¢ where field data are extremely limited; &

¢ when rapid SPZ delineation is required; b
o for comparison with, and checking of, @mplex techniques.

6.5.1 Catchment protection areas

*
The area Ag (m?) of a source catchmeﬁ@region subject to annual recharge R, (m)
may be calculated from the simpl?\/\% alance relationship as:

Protect iel
A, = 1o ecRed yield Os\ Equation 6.1

protected yi@%he source = groundwater pumping rate (see Section 2.5).

where:

This calculatir@n only be used as a guide because recharge over the catchment
area may reasons such as the presence of drift deposits, variable vegetation

metric surface is horizontal, the catchment to an abstraction source may be
d to be circular and hence the catchment radius can be readily calculated

re 6.1). Although this situation does not normally occur in practice, it is a useful
roximation where there are insufficient data to determine the hydraulic gradient and
e direction of groundwater flow.

Equation 6.1 has been used to delineate catchment areas around those sources (within
the national SPZ programme) for which there are insufficient data to justify the use of
numerical models equation. However, the SPZs have generally been modified
manually to have regard to local geological and topographical boundaries.

In some instances, the interference between adjacent or nearby abstraction boreholes
may need to be taken into account. In such cases, semi-analytical or numerical models
are more appropriate. The use of such models has shown that the geometry of
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hydraulic capture zones can be complex and that zones drawn by manual methods
may represent an oversimplification of the true geometry.

R =/ Total abstraction
n Recharge

Abstraction Well
2 £t_ v
bna
CIRCULAR PROTECTION ZONES

Pumping Rate (Q) §
.
NGO >

bna

& & ping rate (m*d)
Saturat X i i
Aquifer effective porosity
Thic| t = time period (d)

(b)
b = aquifer thickness (m)

2NT251 ek

Figure 6.1 Protecti@one delineation using volumetric flow method

6.5.2 50 an@O day capture zones

An estimate’cg%area Ap (m?) of a time of travel, t4 (days), capture zone can also be
computed¥sing a volumetric approach as:

AA&Q Equation 6.2

R

q(m®d) = either the protected yield + 365 or the licensed maximum daily
quantity (depends on whether it is the 50 or 400 day capture
zone that is being calculated for Inner or Outer Protection Zone)

b = aquifer thickness (m)

n = kinematic porosity.

This equation makes no allowance for recharge and assumes the aquifer thickness is
constant.
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Without information on the direction of groundwater flow, hydraulic capture zones may
be assumed to be circular with radii calculated as illustrated in Figure 6.1. But where
the zones intersect boundaries (faults, edge of outcrop, etc.), these are used to define
the limits of the SPZ and the radius of the circle is increased to give the correct area.

These manual calculations make a number of gross simplifying assumptions regarding
the nature of the aquifers. However, they have been found to be useful in giving a rapid
indication of the size of SPZs in situations where more complex calculations are

inappropriate.
The simple manual methods described above are normally used in situations whe%6
water level or hydraulic gradient data are absent. In the more general situation
the hydraulic gradient can be determined, theoretical methods are available t ibe
the flow field around a source and hence delineate time of travel zones. v

re®.2) of a

6.5.3 Analytical solutions

The equation (Bear and Jacob 1965) describing the boundary line (Fi
hydraulic capture zone around a borehole in a confined aquifer of iR
uniform hydraulic gradient is given by:

X q a }
where: \¢ \:

abstraction rate (m*/d) $\
hydraulic conductivity (m/d)

[ hydraulic gradieﬁ@ry;
b = aquifer thicb@m)
xandy = co-ordilé% [

X
O\\

extent with a

Equation 6.3

~ Q
1 1

rections (m).
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Equation 6.3.cge solved to give the maximum up-gradient width Y of the hydraulic
capture zone\'

Y, :éc Equation 6.4

7, the maximum down hydraulic gradient extent as:

q .
= Equation 6.5
O™ = a

>
\6 The co-ordinates of points (x,y) along the isochron, or line in the aquifer, from which the
Q time of travel t4 to the abstraction borehole are identical can be described by the
following equation:

Science Report — Groundwater source protection zones: review of methods 55

e
| t Piezometric surface
/‘;4 | during abstraction Q
i i 2)



Equation 6.6

. - zsinw
e’ =e | cosw+

w

where, to facilitate ease of use, z, w, and t" are non-dimensional quantities defined by:

« kit
=2 W= =M Equations 6.7
X, X, nX,

For points along the x-axis, the line passing through the borehole in the direction of
regional groundwater flow, Equation 6.7, reduces to:

t" =z —log(l+z) Equation %,

The travel time from any point to the source can readily be calculated using Q
Equation 6.8, but the inverse problem of determining (x,y) given tq4 requires th %
numerical methods. Such methods are included within the Well Head Analyti

Element Model (WHAEM) package developed by the US Environmental ion

Agency (US EPA) (Section 6.6). Q

6.6 Analytical element models (0.§

Analytical element models were first developed in the ea@ms, with examples
including WHPA and QuickFlow. These have now b erseded, in part due to

developments in the analytical element techniqueg, Iso due to changes in
computer power and operating systems.

The Analytic Element Community (http://www.arf@lyticelements.org) defines the
Analytical Element Method (AEM) as: .

‘... a technique for solving prob n continuum mechanics that is based
on the superposition of anal&' nctions and requires no discretization of

the model space.’
The advantages of the AEN&\alculating hydraulic capture zones are as follows:

e Only boun onditions are discretised, not the domain of the model. The
numericalsgotion is calculated continuously throughout the study area.
There @10 issues with grid size.

o A@an model large areas yet retain great accuracy in small regions. This
mewns cones of depression around pumped wells are represented
\scurately and particles backward tracked from pumped wells follow
Qealistic paths. This is vital in SPZ calculations.

solved quickly. Additional complexity can be added incrementally.

Q’\@o AEM models have simple input, can be developed rapidly and generally

¢ Irregular boundaries can be represented.

¢ Rivers can be included — by defining river location, river level and a simple
leakage term.

¢ Multiple abstraction sources can be represented and particle tracking can
be performed for all of these sources.

e Simple variations in aquifer properties (thickness and hydraulic
conductivity) and recharge can be represented, although the model may
become unstable if this becomes too complex.
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Analytical models can represent non-uniform flow fields and therefore provide a close
match to observed conditions. As a result, they start to approach the complexity that
can be achieved using a numerical flow model.

The disadvantages of the method are as follows:
o Very complex spatial changes in parameters cannot be represented.

¢ The range of boundary conditions is limited compared to distributed
numerical models such as MODFLOW.

represent multiple layer aquifer systems. However, three-dimensional (3

N

¢ The majority of AEM models are two-dimensional (2D) and cannot (L
D)
u \

modelling for hydraulic capture zone definition is rarely considered beca
of lack of data/information on the vertical hydraulic conductivity and itsg

could be represented. Current AEM models and computing power now p&rjégreater
heterogeneity to be simulated, with many hundreds or thousands of bounadgry condition
elements including abstraction wells and rivers/streams. é

spatial variation. g
The application of early AEM models was limited by the low level of comgle»’@h

A review of currently available AEM modelling software was u en as part of the
project to update this manual. The review identified a short li EM software for
more detailed assessment. The aim of the review was to & the applicability of
each model and to highlight the software that may be itable for time of travel
and hydraulic capture zone calculation. Table 6.3 uxe oftware considered.

From the list in Table 6.3, two software packag }highlighted as being particularly
applicable to the calculation of hydraulic capt oNes used for delineation of SPZ
hydraulic capture zones. These are:

*
o WHAEM - the successor t \@”A with continuing development by US

EPA; %

e WinFlow — the A n@l developed by ESI Ltd
(http://www.esint tional.com/) and sold with its pumping test software
Aquifer Win32.

The recommendation &se two packages is not prescriptive. Any software that can
perform calculation@ draulic capture zones adequately can be used.

These two softyare Packages are recommended ahead of the others in Table 6.3 for a
variety of red including:

Q y are actively developed and this is thought likely to continue;

x<r

support is likely to be available in future years;

OQ o they have intuitive user interfaces without additional complications;

o they work natively (without file conversion) with common data transfer file
formats such as shapefiles (.shp) for both import and exporting;

they can use and display a wide range of other files such as .tif images for
OS basemaps;

¢ they are standalone, i.e. they are not tied to specific versions of other
software packages that may be upgraded (e.g. ArcGIS).
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Table 6.3 Assessed analytical element modelling packages

ND

Modelling Computation Version Graphical Licence Comment
system engine assessed user
(solver) interface
WHAEM2000 GFLOW1 Version 3.2.1 Yes Open Source Successor to WHPA
Sept 2007 Artist Licence, Continued development
Free funded by US EPA
WinFlow Proprietary Version 3 Yes Proprietary ESI Ltd is the develo@
and vendor.
Now sold as part of
Aquifer Win32
Visual SPLIT, 2.0 Yes Open Source Open sou ject with
BlueBird BlueBird 2005 Free flow tragSgoj® and
Cardinal and opti packages
Ostrich 6
ArcAEM SPLIT 2.2 (beta) Uses Open Source, T AEM is driven
2006 ArcGIS Free ing ArcGIS as a user
Q interface
Current version requires
ArcGIS v9.1
TWODAN Proprietary 5.0 Yes ﬁ ry Fitts Geosolutions is the
1998 developer and vendor.
TimML TimML 3.0 pen Source, Simulates multi-layer s
Feb 2007 Lesser General flow.

Ns’\\

Public Licence

(free)

No user interface

*
Figure 6.3 illustrates the use of WHAE\@efine hydraulic capture zones.
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6.7 Recommendations for updating FLOWPATH
models

FLOWPATH was used for the bulk of SPZ delineation during the 1990s. As a

consequence, a large number of FLOWPATH models exist. If these models are

accepted as representations of the aquifer system then, following a relatively rapid Q .
assessment that no major changes have occurred in hydrogeological understanding or \
environment, it is acceptable to reuse the existing interpretation.

Where SPZs require updating and the electronic FLOWPATH files are available, there (QVQ
are three options: \

1. Use the FLOWPATH model as the basis of an AEM model. This could 6
include the use of Groundwater Vistas as an intermediate step to ext\gc
FLOWPATH model information. (Groundwater Vistas is capable o%
creating a MODFLOW model based on FLOWPATH files, fro
can be exported).

2. To convert the dataset to a MODFLOW finite dlfference del and
complete the update using MODFLOW for the flow Eg n and

ata

MODPATH for particle tracking. Again this require se of
Groundwater Vistas.

3. Tofind an old FLOWPATH executable and @ete the update using
FLOWPATH.

&
The first option is recommended. It is possible to %&te the majority of FLOWPATH
models within AEM models, particularly WH using Groundwater Vistas, it is
possible to export data from the FLOWPATH el in geo-referenced files. This
conversion to an AEM model should be a atively rapid exercise.

The second option of conversion to W/MODPATH is potentially more time-
consuming. It can be problemat| ve appropriate flow solutions in MODFLOW
and, beyond this, setting up and of MODPATH is required. As AEM models are
rapid to set-up, it is recommenged at the first option be tried before moving to
MODFLOW/MODPATH. Th roach of FLOWPATH to MODFLOW conversion has
already been adopted vironment Agency’s Southern Region to maintain
usability.

The third option, to Q_OWPATH is essentially a retrograde step as it does not
address the fa LOWPATH is no longer sold or supported. At some point, with
operating sy’s@hanges it will not be possible to run FLOWPATH on a normal PC. It
is recom that FLOWPATH datasets be converted to another format.

Wher ctronic files have been lost, it may be practical to re-create essentially the
del using AEM software based on paper records. If the FLOWPATH model
accepted representation of the aquifer, this option is preferred. If not, re-
dﬁeptuallsatlon and a new model are recommended.

\(O 6.8 More complex models

&Q More complex modelling tools may be required in:

e aquifers with extensive heterogeneity —particularly in base elevation or
hydraulic conductivity;

¢ larger regional aquifers that cannot be split practically into smaller units.
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In these cases, AEM models may not be capable of simulating the degree of
heterogeneity required to achieve an acceptable representation of the hydrogeological
system.

The MODFLOW/MODPATH codes are discussed below in more detail because of their
widespread use in the UK and elsewhere in the world.

The MODFLOW code developed by the US Geological Survey (USGS) has been the q ¢
Environment Agency’s preference for regional-scale water resources models since the \

late 1990s. As such there is a wide body of MODFLOW experience both within and

outside the Environment Agency. MODFLOW is a fully distributed quasi-3D finite

difference model capable of representing a wide variety of boundary conditions.

MODPATH is a USGS-developed particle tracking program written for use with \

MODFLOW. Simulating groundwater flow using MODFLOW and then performing %

backwards particle tracking from around pumped wells is a viable option for SPZ

calculations. There are, however, some drawbacks which are discussed belo g

MODFLOW and MODPATH were applied in the mid-to-late 1990s for S wreation
in some areas of complex hydrogeological environments. An example is t
Environment Agency’s Southern Region SPZ model of the ltchen ca ent. Such
models typically have hundreds of rows and columns with widely @E} spacing to
provide a refined grid around abstractions to allow better definifj the flow field and
to facilitate particle tracking accuracy. The mesh density is ¢ @trated around
pumped wells to enhance particle tracking accuracy.

A further option for SPZ delineation is to adapt regi r resources models based
on MODFLOW. Over 20 regional models have b %’ loped in England and Wales
over the last 8-10 years. These models have u@i rid spacing. Typical grid sizes
are 200, 250 or 500 m. The adaptation of a régj model for SPZ delineation was
completed with the West Midlands Worfe model. However, conversion of a regional,

time variant model to steady state with s antially increased mesh density around
pumped wells is not a trivial exercise. ,\' itional rows and columns are added,

boundary conditions such as stre§®5 require re-defining.

The use of regional flow modgs i
complications of:

attractive for SPZ delineation due to the

e converting thqs'v lant models to steady state;

¢ refining ntly spaced meshes;

o re@m boundary conditions (particularly stream cells).
*

Until a clegy a ost-effective methodology is developed to utilise the ‘in built
knowled regional models, the conversion of regional water resources models for
SPZ @tion is not recommended.

N

(& Adits and other elongate sources

Adits and similar elongated sources present additional difficulties in defining SPZs as
they can distort the flow field and provide rapid pathways for contaminant movement.
Typically information on the influence of the adit on the flow field can be limited.

Approaches to the delineation of SPZs around such sources include the following:

o Define default distances around the feature. The SPZ is defined by marking
their location on a map and defining a minimum 50 m width strip around
them where they extend beyond the Inner Protection Zone. Where the adit
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extends beyond the Outer Protection Zone, both a minimum 50 m Inner
Protection Zone and a minimum 250 m Outer Protection Zone are defined
as illustrated in Figure 6.4.

¢ If numerical methods are used, the adit can be represented by a high
permeability zone. Information on the relative flow contribution to the
source from each adit, together with detailed local water level data, is R
required to calibrate the model. This is performed by adjusting the Q
permeabilities representing the adit to simulate the observed water level \

data. A more rigorous numerical approach to representing adits is given in Q
Environment Agency (2001a), which also shows that the approach of ‘L

representing adits with high permeability zones is adequate in most cases.

¢ Divide up the adit into sections and represent each section as a discret 6
borehole in the model. The protected yield is divided between the
boreholes according to the known or perceived contribution of e 6 on

to the adit yield. :

e Extended inner zone {minu@
/ ™ _~ 50m inner zone radius)®
@of Groundwater flow

$ _Outer zone
aner zone\
l

ey !

| |

Adit

¥

Abstraction borehol¥¢

X T

QO
\'\ Adit

Q Extended outer zone (minimum
) H

250m outer zone radius)

0 Figure 6.4 Minimum dimensions of zones around wells with adits

&
QS

v
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6.10 Model procedures and guidance
Sources of guidance relevant to SPZ modelling procedures include:

¢ Guide to good practice for the development of conceptual models and the
selection and application of mathematical models of contaminant transport q °
processes in the subsurface (Environment Agency 2001a); \

e Groundwater resources modelling: guidance notes and template project

brief (Environment Agency 2002). (QVQ
These documents give guidance on: é\'

¢ the modelling process from data collation, processing and interpretati

through to conceptual models; g
e creating numerical models; 0
¢ their calibration and final use. E

However, there are a number of issues specific to modelling for %&:ulations which

are described below. %
6.10.1 SPZs and over-exploited aquifer 6

& :
In the 1990s SPZ programme, some problems ar g\&hen developing steady state
models for aquifer units which are overexploi licensed abstractions exceeding
estimates of recharge.

Where this occurs, the recent actual abs i®én quantities given normal operation of
the source should as a minimum be d rather than the full licence. This is the
preferred option, particularly if the y doubt as to whether the full licence can be
obtained. 6

Consultation with the Iicencﬁ@er and Environment Agency licensing staff regarding
their future plans for the,so and their view of the abstraction to protect yield is also
recommended (Secti@.

6.10.2 PRagli gtracking
&

The follomrecommendations are made for completing particle tracking to estimate
hydrauls ure zones:

5\@- Set particles at a release radius of <20 m from the source;

indicates that 40 particles typically yield sufficient resolution to define a
catchment zone area. However, good practice is to check the resulting
hydraulic capture zone shape to determine whether this is adequately

defined and, if not, repeat process using additional particles.

OQ ¢ Release a minimum of 40 particles. Experience from zone calculation

¢ In WHAEM, reduce the tracing step size to ensure maximum resolution
when completing particle tracking. If particle tracks appear to cross, then
the tracing step size is too large.

¢ When calculating catchment zones, extend the tracking time sufficiently to
enable particles to reach model boundaries or internal recharge sources.
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The length of tracking time will vary depending on the model, but times in
excess of 50,000 days may be required.

e For more complex numerical representations such as conducting particle
tracking using MODPATH with MODFLOW, the depth of release of
particles needs to be considered.

the depth of penetration and the well construction. This usually leads to

— In single layer models, the depth of particle release should be guided by \Q ¢
the release of larger numbers of vertically distributed particles.

— In multi-layer models, further consideration is required where wells
represent abstraction from several horizons. The vertical distribution of
particles should aim to reflect the relative contribution to well yield fro,
the distinct horizons. Particle tracking in multi-layer models can leg&t
unexpected results including development of separate ‘tails’ and
between recharge areas. The vertical hydraulic conductivity
particle release have a strong influence on the results of pg™
in a multi-layer model. The definition of the SPZs from the f§draulic
capture zones should be done with extreme care, givﬁe relative lack
of data/information on the vertical hydraulic conducgi\iydand its spatial

variation.
b{b
6.11  Uncertainty \Q

&
The delineation of SPZs as set out in the previ ésion of this manual required a
sensitivity analysis to determine zones of ‘coM&{nCe’, zones of ‘uncertainty’ and ‘best
estimate zones’. This involved changes in the values of recharge, hydraulic
conductivity and hydraulic gradient by s ied amounts (typically 20 per cent), but
necessitated 27 separate model runs, rocess is time-consuming and the
Environment Agency’s experienc s@« only one of these zones is used — often the
best estimate zone for Chalk sou% nd the zone of uncertainty for the Permo-
Triassic Sandstone sources.

A more pragmatic appr ach@jetermining SPZs is therefore required, but one which
reflects uncertainty in to&gnoeptual understanding of the flow regime around a source
and uncertainty in pa ter values.

A two-step approa ould be used for the uncertainty analysis that aims to address

both these as of uncertainty in a pragmatic manner:

o’@imited sensitivity analysis on the best estimate hydraulic capture zones
ased on realistic variations in the main parameter values of the model;

5@- hydrogeological judgement to modify the best estimate hydraulic capture
zones.

Ghe two-step approach is summarised in Table 6.4. The second step is explicitly
C) included in the process to define the SPZs from the hydraulic capture zones as

0\% described in Section 7.

,Q(\
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Table 6.4 Approaches for uncertainty analysis

Step Method Requirements
1. Sensitivity Three groundwater model runs Parameter ranges have to be specified
analysis based on best estimate model: and justified before the start of

e decrease in recharge;

e increase in hydraulic
conductivity;

e decrease in hydraulic
conductivity.

One particle tracking run based
on the best estimate model:
decrease in kinematic porosity

Part of the procedure for final
SPZ delineation as set out in
Section 7.

2. Hydrogeological
judgement to
modify best
estimate
hydraulic capture
zones

\

modelling.

Recommended sensitivity variations
are:

e recharge —15%

h ’
e hydraulic conductivity +30%

e kinematic porosity —30%. \fL
Any sensitivity variations shouldg&%
i

within the parameter ranges s d.

Where hydraulic capture z ve

been modelled usinga n i
model and this provi acceptable
simulation of groundw&er conditions,
the sensitivity a js may be limited

to the kinem$ osity.
Reportln cManges is mandatory,
tog Xn any supporting

info %

)

6.12 Transfer of calcula%n.output to GIS

Following satisfactory modelling and@ele tracking, or analytical calculation of the
ft

hydraulic protection using one or

he techniques described in this section, the

environment. Transfer to GIS enables:

results need to be transferred<<
o further modifica o be made to zone boundaries as part of final SPZ

definition (SQgti'o );

e storage

Z publication.

mation in a standardised form;

e easpof
*
Where p 'clﬁ:king has been used, the following recommendations for transfer are

made:

o
OQ

QExport the particle tracks as shapefiles (.shp) to provide maximum
compatibility with current GIS software.

Export 50 day, 400 day and catchment zones patrticle tracks separately.

Export each source separately using a unique filename composed of the

source name, licence number and the path line type (e.g. 50 day).

The export of other information such as the abstraction well locations is recommended

for quality assurance purposes.

Where analytical calculations have been made, typically leading to circular or
ellipsoidal areas, these areas should be transferred to the GIS environment —

preferably using the shapefile (.shp) format.
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7  Definition of SPZs

This chapter describes the process for the final definition of source protection zones
(SPZs) following the process to define hydraulic capture zones (Section 6). The
transition from calculations to definition of final SPZs is an important step. Calculated
areas should be examined carefully, the conceptual model and spatial datasets such
as geology re-considered, and the zone potentially altered prior to final SPZ definition.

Reasons for altering calculated areas when completing SPZ definition include: ('VQ

¢ moadifications to ensure that SPZ1 (Inner) and SPZ2 (Outer) meet the
minimum criteria noted in their definitions in Section 2; 6

¢ adjustment of hydraulic capture zone boundaries where additional
geological and/or hydrogeological information is available (e.g. ge @I
boundaries, results from tracer tests, etc);

e practical changes (e.g. to remove overlaps after re-calculgtion Ef a single
source) or, if required, extension to include all the area en two large
abstractions. This also includes the removal of ‘long te§ common issue

with modelled areas (Section 7.2). @
This step also acknowledges that the model and calculati &o S recommended in this
manual cannot capture all aspects of real life hydrogeo systems — particularly the
detailed spatial variability of aquifer properties asspg; ith aquifer heterogeneity.
Some of their shortcomings can be addressed, to \ ent, by applying professional
knowledge and judgement.

All adjustments to hydraulic capture zones require documenting. Decisions made
during this stage should also be justified. ple alterations such as an extension to
reach a geological boundary due to it ximate representation within a model
require only little justification. Whege raulic capture zone has been altered for
more complex reasons (e.g. bas racer test results), additional justification is
required.

most easily completed in GIS. Therefore, it is recommended that all adjustments
are completed within environment. The Environment Agency has developed GIS
tools specifically to@y in the adjustment and documentation process these will be
detailed in a C@a on report to this volume.

N
7.16(\|n|t|al zone definition steps in GIS

The examination of calzulat@reas and comparison with other spatial datasets is

he GIS environment (see also Section 6.12). Where particle tracking has been
mpleted, it is recommended that the tracks be transferred in a geo-referenced
electronic file such as the .shp shapefile format.

&’\ection gives recommendations regarding the transfer of hydraulic capture zones

The first task within GIS is to import the hydraulic capture zone files containing 50 day,
400 day and catchment zone information. As a quality control step, the actual locations
of source(s) should also be transferred to GIS. Additionally the loading of an OS
basemap is recommended to ensure that geo-referencing is correct.

If particle tracks have been imported, the second step is to draw an envelope around
the particle tracks to create an area as the basis of the zone. This step should be

66 Science Report — Groundwater source protection zones: review of methods



repeated for 50 day, 400 day time-of-travel and total catchment areas. GIS tools
developed by the Environment Agency are available to help automate this process.

In cases where the total aquifer area has been designated as a catchment protection
area, boundaries are likely to be defined from existing GIS layers.

After production of initial zones, two further steps can be completed:
L
e calculation of the initial zone areas in m?; \%

e drawing of 50 m and 250/500 m circles centred on the abstraction source. Q
These feed into further steps detailed below. O

N
7.2 Adits and other elongate sources

The models for SPZs for sources made up of adits or other elongate fea 0
(Section 6.9) need to be checked to ensure they meet the following defauNcriteria.

e The Inner Protection Zone is defined by marking the locg¥pr*of the adits or
other elongate features on a map and defining a minj 0 m width strip
around them if they extend beyond the 50-day cam one.

o Where the adit extends beyond the 400-day &e zone, both a minimum
50 m Inner Protection Zone and a m|n|m Outer Protection Zone
need to be defined (Figure 6.4).

7.3 Minimum shape fact3§

Modifications can be made to the bou @Bf SPZs to deal with the situation where

the modelling process may have res hydraulic capture zone shapes
characterised by long thin tails or here are gaps/holes between zones
(Figure 7.1).

In reality, these features arﬁ\y to be a function of the accuracy of the model
(particularly in dealing erence or small abstractions). A high level of
uncertainty will be ass d with the precise location of these features and, therefore,
their relevance to a rotection.

In summary t thedolloWing modifications can be made:

Ncatmg tails. Remove the smaller and less significant odd shapes and
‘\nles by adopting a minimum shape factor of 50 m. This can be achieved
y moving a 50 m radius circle around inside the zone in GIS. Elongated
5\@ tails should be truncated at the point where the 50 m circle touches both
sides.

OQ ¢ Incorporation of larger holes into the adjacent SPZs. The Environment
0 Agency will need to consider the significance of this change to aquifer
protection and catchment activities.

difficult to defend areas which have considerable uncertainty and applying the

Q These modifications are pragmatic rationalisation of hydraulic capture zones, removing
& precautionary principle when infilling between zones.
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——Capture zone beyond circle removed

50m Circle moved along tail until fit obtained

using analytical or numerical fgode¥s’to provide more reliability. Examples of cases
where adjustments may be @ priate include:

e additional inf&mation may be available on groundwater flow (e.g. from
tracer tes at was not incorporated in the model;

e model daries may not precisely follow actual boundaries (e.g.
ical boundaries), reflecting the precision of the model in representing
th features.

Figure @rovides an illustration of adjustments related to boundaries.
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Boundary extended to include
information from tracer test

Hydraulic zo, @:ed to edge
of aquif & ce final zone

@"\‘@

Figure 7.2 Final mo&;@’ﬁon of hydraulic zones
Modifications can be undertaken § asis of:
S

¢ geological bound ge of outcrop, faults etc);

¢ hydrogeolo ical@mdaries (e.g. fully penetrating rivers, groundwater

catchment gijdes), although there should be a reasonable level of certainty
daries are accurate. For example, a detailed accretion
profile @ e available showing a reach of stream loosing a significant
quagntity t€.g. >50 per cent of the protected yield) within the likely catchment

rce. If the model does not simulate this stream behaviour, this may
s%f y truncating the SPZ at the stream if the particle tracks extended
yond it.

5@. tracer tests demonstrate that additional areas of the catchment should be
included in the Inner, Outer or Catchment Protection Zone based on travel

OQ time and pathway;

() ¢ point pollution incidents demonstrate that additional areas of the catchment
. 6 should be included in the Inner, Outer or Catchment Protection Zone based
\ on travel time and pathway. There will need to be strong evidence that
Q there is a pollutant linkage between the pollutant source and the
& abstraction.

¢ smoothing of model boundaries if these were influenced by a model grid.

Results from the sensitivity analysis (Section 6.11) should be used in conjunction with
other information. For example, data on a pollution incident may suggest that there are
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areas outside the hydraulic capture zone that might need to be included in the SPZ, but
the exact pollution source is not known. The model sensitivity analysis in these cases
may confirm which pollution sources are most likely to occur in the real capture zone of
the source.

For catchments where sinking streams (swallow holes) are present close to the
source(s), it may be appropriate to include the surface water catchment of the streams
(see Section 4.1) within the appropriate SPZ. It may also be appropriate to include the
catchment for areas from which surface water drainage feeds to an aquifer.

¢ details of the change;

N

For each modification, the following should be recorded: ('VQ

¢ justification for modification (i.e. geological boundary, tracer test, etc.).&
The use of GIS will facilitate this process by overlaying appropriate layers. g

The level of justification should be appropriate; movement to a geologic t may
require relatively little justification while modifications based on tracer test¥esults would

require additional information. Q

Modification to hydraulic capture zones can be mad ere is a substantial and
proved confining layer around a source as follows, \

7.41 Confining layers

e SPZ1 - Inner Protection Zone sh >shown as a minimum 50 m
radius zone. But where there are n or planned major man-made
subsurface structures such as tunnels or access shafts, the SPZ1 should
be delineated and shown. ,\? .

e SPZ2 - Outer Protectjo e is not normally shown where a confining
layer is present (shou minimum of 5 m thick). If part of the 400-day
time of travel zon&extiems beyond the extent of the (>5 m thick) confining
layer, this part o uter Zone should be displayed. Under the confining
layer, the b the Outer Protection Zone should be shown as a

dashed Ilr&rowde a guide in understanding the groundwater flow path

to the a on borehole and to assist in the assessment of activities
(e g q mg) that could involve removal of the confining layer.

Catchment Protection Zone. The Catchment Protection Zone
ss' ide the confined area must be shown. Where a possible confining layer
low permeability cover occurs around the source, this area should be
@Qdentified on the SPZ maps using hatched shading. This indicates an
element of doubt regarding the degree of protection afforded by the cover,

though normally a low recharge area should have been incorporated into
the model.

Q which may or may not have been represented in the modelling process,

In the context of SPZ definition, major bedrock aquitards such as the Mercia Mudstone,
Gault Clay and London Clay are classed automatically as a confining layer. The
Environment Agency reserves the right to assess the importance of superficial deposits
or minor, intra-formational bedrock aquitards on a site-by-site basis. Its occurrence
should be included in the conceptual model and the Environment Agency must agree
its importance at the onset of modelling. The agreement is important if the modelling is
undertaken by a contractor.
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7.5 Final checks on SPZ compliance

The final check on whether modifications are complete is to ensure that criteria related
to definitions of the Inner Protection Zone (SPZ1), Outer Protection Zone (SPZ2) and
Catchment Protection Zone (SPZ3) as set out in Section 2 are met.

L
7.51 SPZ1 - Inner Protection Zone '\q

The minimum radius around the source (including adits) should be 50 m. This (QVQ
modification may be required for sources with small protected yields or for sources in \

thick, high porosity aquifers (i.e. the radius of the hydraulic capture zone may be 6

<50 m). Figure 7.3 illustrates the modification of hydraulic zones to comply with 0

minimum distance criteria. %
A second possibility is that the hydraulic capture zone may not extend to 50 ¢n,\ ich

case the zone should be expanded to a minimum radius of 50 m around rce
location. In all other cases, the 50-days travel time should be employed to\define the
zone (Figure 7.3). The mapped precision of the source is particularly&pificant when

delineating such small zones.

Where the source consists of multiple boreholes, the 50 m crj should apply to all
the boreholes used for abstraction and any associated a Q tellite boreholes
connected underground.

A problem can arise if, due to the scale of modell|
considered as a single source. Such occurren be flagged and subsequently
checked to ensure that all the constituent pa source are given the minimum
protection required by GP3 (Environment Agency®2007a) and are located accurately on

the final map. S
x&

()
7.5.2 SPZ2 - Outer n Zone

The minimum radius arounm
<2,000 m*/day) or 500 ng,(pM¢écted yield >2,000 m*/day (Section 2.3), but should not
extend beyond the bo@/ of the Catchment Protection Zone. This modification may

be required for:
e SO thh small protected yields;

*
sc%;ces in thick, high porosity aquifers (i.e. the radius of the hydraulic
s\apture zone may be less than 250m).

?‘Qr ultiple source has had to be
d

ource should be 250 m (protected yield

In 9388, use of an appropriate kinematic porosity may avoid the need to
e this change.

Q sources that include an adit that extends outside the Outer Protection Zone, the
0 one should be extended by a minimum of 250 m around the adit (Section 7.2).

&
QS
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QS

Define protection zone
as 50m circle

-

a) 50 day hydraulic zone smaller than 50m minimum radius

Define protection zone

XN

c) 50 day hydraulic zone larger lhanwmmimum radius

Figure 7.3 Mo%:@ns of hydraulic zones to comply with minimum distance criteria
*

N
7.5.3 &PZ3 — Catchment protection zone

Fo @ily abstracted aquifers, the whole recharge area (see Section 2.4) can be
@e d as the Catchment Protection Zone for a collection of sources. In such cases,
Environment Agency will normally draw boundaries along CAMS groundwater

()Qanagement unit boundaries.

7.6 Delivery of final SPZs

Final SPZs should be produced in electronic format. Electronic format provides the
flexibility for end users to produce printed diagrams containing additional layer
elements to their own specification.

With current Environment Agency GIS systems, a .shp shapefile is most appropriate.
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SPZ shapefiles should comply with the Environment Agency’s standard format
including a completed attribute table.

The shape and associated ArcGIS files should be forwarded to the national SPZ
dataset custodian.

It is not necessary to produce paper map output.

L
Delivery of SPZs within ArcGIS project files (.mxd) should be avoided. \q
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8 Quality assurance, reporting
and publication

Source protection zones (SPZs) form an important element of the Environment
Agency’s groundwater protection policy and approach (Environment Agency 2007a) in
controlling unwanted development or land use changes.

From a developer’s point of view, the reasoning behind the delineation of each SPZ (L
should be readily available and open to public challenge. \

From the source operator’s point of view, the method of deriving each SPZ should 6
freely available in order to give confidence in the degree of protection to ground
supplies. Q

For these reasons, the methods of quality assurance used in deriving th and in
particular a report documenting the process are important.

A final publication step is required in order for SPZs to be used for dwater
protection.

4
8.1 Quality assurance \Qb

The different hydrogeological environments, leygl derstanding, data and methods
adopted in deriving each SPZ makes a unifo oach to quality assurance difficult.
The aim of the quality assurance recommendatid®s made below is to:

¢ help achieve consistent q i@ ¢

e ensure calculations argr%e able;

e justify the decisior{g m to, and within, the Environment Agency and to
third parties.

The recommendations qu;;ity assurance procedures are as follows:

e The pr igh of SPZs should be carried out using accepted project
control edures and a declared quality plan that conform to QA
st rds such as ISO 9001. This applies to SPZs produced both internally
aNy external contractors.

ésfﬁere should be a clear audit trail that details the technical and practical
@ decisions used to derive each SPZ. The audit trail should cover all steps of
\ the process including:

information sources used;

— conceptual model;

description and justification of assumptions;

calculations;

— model files and calibration (where appropriate);

— adjustments of hydraulic capture zones and their justification.
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This is in effect a report on the derivation of each SPZ. The format of this
report is discussed in Section 8.2.

e The provenance of the data used in deriving each SPZ should be made
clear. For example, the rationale behind the protected yield used to derive
each SPZ should be clear and, wherever possible, agreed with the source
operator.

o Where practical, the data used in deriving each SPZ should be cross-
checked. Where information is thought to be uncertain, decisions on its
verification, use or exclusion should be documented.

¢ All the data and reports specific to deriving each set of SPZs should be
open to public inspection. In particular, groundwater source operators
should be made aware of the existence of SPZs as well as the repo
detailing their delineation. Equally, consultants representing develoy
should have access to the same reports — especially when inves{igh
associated with particular developments may result in data t b2
support, or lead to, revision of zones. Equally any proposed ci@nges to
SPZs made by other parties needs to be supported by t me level of

information. $
¢ Development from simple calculations and analy @o utions through to
a

more complex modelling is encouraged. Simp of the envelope’
calculations can help to highlight errors and i@sstencies when
developing more complex models. Suc s&%checking would be recorded
when working under a quality assura ’\ em such as ISO 9001.

¢ The method use for SPZ calculati stould be well-documented. If new
techniques are adopted, these requir€ testing against analytical or well
understood situations. For in ce, the recommendation of WHAEM
follows an evaluation of th I in a range of situations.

8.2 Source ev tion reports

The reporting of SPZ zoigde Ineation is made in Source Evaluation Reports (SERSs).
The aim is to maintaiR a§e¥tord of the SPZ definition process and the data used. SERs
should include:

e SO data. This should include licence details, grid references of
b les, Ordnance Survey location map, construction details, pumping
st information, etc.

@QConceptual model. This can be source-specific, but may refer to existing
\ reports or an overall conceptual model for an aquifer or resource unit.

OQ ¢ Model representation. Again this may be source-specific or for an aquifer

or resource unit.

¢ Hydraulic capture zone creation through to adjustments and final
definition of SPZs.

The 1990s proformas filled out by Environment Agency hydrogeologists contain detail
concerning the source(s), aquifers and known hydrogeological understanding.

Documentation and justification of any alterations made during the SPZ delineation
process is required — particularly the final definition steps described in Section 7.
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In terms of reporting the SPZ process, the combination of database and GIS means
that much of the SER content can be prepared automatically. However, manual
incorporation of information such as conceptual model sketches and diagrams not
developed in electronic form is still necessary.

The record should detail the methods used to construct the sets of SPZs around each
source. Under relatively uniform hydrogeological conditions where multiple sources
have been defined simultaneously, it is recommended that a shared report section be
developed describing common elements.

Overall, the reporting should contain sufficient detail such that an independent
professional hydrogeologist can understand the data and methods used, and the
decisions made to construct each SPZ.

Q .
N
Q
WV

&
8.3 Review 0@0

Before finalisation and publication, all SPZs will be reviewed internally by%ﬁor
Environment Agency hydrogeologists. The Environment Agency will seek review
by the source operator.

In some cases, newly defined SPZs may be put out for wider m tation if the
Environment Agency considers it necessary to obtain vie s{ other interested
parties.

Nevertheless, the Environment Agency will alwaysu\@rinal arbitrator on the shape
of the published SPZs.
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List of abbreviations

2D

3D
AEM
AFRC
BGS
BPJ
CAMS
GIS
GP3

Mli/d
PPPG
SER
SPz

US EPA
USGS
WHAEM

two-dimensional

three-dimensional

Analytical Element Method \Q )
arbitrary fixed radius circles Q

British Geological Survey ‘L

Best Professional Judgement é\'

Catchment Management Abstraction Strategy 0

geographical information systems Og

Groundwater Protection: Policy and Practice: Part 3 —tool
[Environment Agency 2007a]

million litres/day §

Policy and practice for the protection of gréu@!er [NRA 1992]

Source Evaluation Report

source protection zone "\\Q
US Environmental Protectionq@/

US Geological Survey

Well Head Analytical t Model
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Appendix A: Outer zones and
Permo-Triassic Sandstone

This appendix provides an overview of the options for delineating Outer Source Q ¢
Protection Zones (targeted at Permo-Triassic Sandstone aquifers) assuming that the \
25 per cent rule is dropped.

Dropping this rule could potentially result in under-protection of some sources (L
(Section 4.3) and, therefore, the following rules have been considered:

1. Use lower kinematic porosity for sandstone in the range 1 per cent (fissure 6@
15 per cent (intergranular). The Permo-Triassic Sandstone aquifer is
characterised by a high total porosity (typically 20-30 per cent), but tr %
(Ward et al. 1998) indicate that kinematic porosities of 10-15 per
appropriate (Section 4.2).

ore

2. Use minimum radius (as per Inner Zone). Radii in the range ®1 000 m have
been considered. $

Simple calculations (Section 6.5) have been used to examin
o different default radii and values for kmemah&sny,

o degree of protection provided in term o ercentage area of the source
catchment recharge zone.

A review of licensed abstractions from the PermTriassic Sandstone aquifer in the
Midlands area indicates yields ranging from 500 30,000 m*/day, with an average of
about 5,500 m*/day. The depth of the Holes ranges from 50-300 m, with a
typical depth of 150 m. This might s at a typical aquifer thickness of about
100 m is not unreasonable. 6

Analysis \O

The following analy'& been undertaken to examine these options:

1. Compairg detdult radii of 250—1,000,m with calculated radius for 400 day zone
for ré@ values for pumping rate, recharge, kinematic porosity and aquifer
thw]'e (Figure A.1). These calculations assume a flat water table.

late percentage area (compared with source catchment recharge area) for
\ 0 day zones for a range of values for pumping rate, recharge, kinematic
porosity and aquifer thickness (Figure A.2).

3. Calculate travel time for different default radii (Figure A.3).

0 4. Calculate percentage area of outer hydraulic zone (compared with source
catchment recharge area) for different default radii (Figure A.4).

0\
&Q The values used are:

e pumping rates of 1,000-10,000 m®day;
¢ aquifer thickness 50-150 m;
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kinematic porosity 0.01-0.15, though the focus has been on values of
0.03-0.05;

recharge of 0.25 m/year.

Some of the examples of the size of the outer hydraulic zone resulting from a
combination of kinematic porosity and minimum radius are illustrated in Table A.1.

Table A.1 Size of outer hydraulic zone

Pumping Aquifer

rate
(m*/day)

Recharge

thickness (mlyear)

(m)

Kinematic Calculated

porosity

radius (m)

Percentage
area source
catchment
zone

Comment

5,000

5,000

5,000

5,000

1,000

1,000

1,000

1,000

O

10,000

&
\oo
(,\\'

100 0.25

100 0.25

100 0.25

100 0.25

100 0.25

0.25

100 0.25

100 0.25

0.01

0.1

0.05 35
-

798

252

@ o 252
100 0{6 0.1 113

0.05

0.03

0.05

0.03

160

206

505

602

27

\;o

RS
\Qb

0.03$\1\'

9.1

27

5.5

9.1

5.5

9.1

limited protection to
source

Need for large
default radius or
lower porosity

Relatively small
area; use of default
radius of 400 m
would increase area
t0 6.9%

Use calculated 400
day zone

Use of 1% for
sandstone difficult
to justify over this
length scale

Small area and
limited protection to
source

Need for large
default radius or
lower porosity

Use of default
radius of 250 m
would increase area
to 13.6%

Use of default
radius of 250 m
would increase area
to 13.6%

Use of default radii
<500 m makes no
difference

Use of default radii
<500 m makes no
difference

A simple calculation has also been made for an equivalent kinematic porosity assuming
the pathway consists of a combination of fissure flow (1 per cent) and intergranular
porosity (10 per cent) as illustrated in Figure A.5. The available information on fissure
interconnection in the Permo-Triassic Sandstone (Tellam and Barker 2006) indicates
that path lengths are of the order of tens of metres, although one tracer test (Ward et

86

Science Report — Groundwater source protection zones: review of methods



al. 1998) proved fissure flow over a length of 280 m. This indicates that the fissure
length necessary to give an equivalent porosity of 5 per cent for a path length of 250
and 500 m is about 140 m and 280 m respectively. This is a relatively long fissure
length and suggests that the lower end of the default range of kinematic porosity for the
400-day travel zone is 5 per cent.

Observations

The main observations from this analysis are:

1.

A 250 m circle appears reasonable for small sources (<2,000 m®day) when \
compared with the source catchment area. For larger sources, however, thi %
gives a relatively small percentage area. A 500 m circle provides a more 6
reasonable zone size for higher pumping rates. g

2. Using kinematic porosities of >0.05 results in relatively small 400 nes
(less than 5 per cent for source catchment area for aquifer thicknegs of 100 m
and recharge rate of 0.25 m/year) results in a need to place gfed}er reliance on
default radius or to use a lower value for kinematic porosit

3. Fissure kinematic porosity of 1-2 per cent is difficult ify over length scales
of several hundred metres. Five per cent is more r ble, but needs to be
used in combination with a default radius to proy equate protection for
some sources (e.g. sources characterised p k saturated aquifer
thickness). @\

Recommendations Q) .

e Use a default kinematt @elty of 0.05 for the 400-day hydraulic zone.

¢ Use the following QiffeNe#it radii, according to the pumping rate, to prevent
small outer zon large sources.

— Usea 25%0|rcle with a pumping rate <2,000 m®day.
— Use m circle with a pumping rate >2,000 m®day.

o Qo%re the 400-day zone with the default radius and adjust manually as
|Ilb§ ed in Figure A.6.
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Radius of travel time zone (m)

Figure 1 Radius of 400 day travel time zone dependent on
kinematic porosity
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Area (percent)

100

Figure 2 Recharge area of 400 travel time zone dependent on
kinematic porosity
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Equiavelent Kinematic porosity

Figure 5 Equivalent kinematic porosity
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