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Assessment of the relative vulnerability of groundwater to pollution: 
a review and background paper for the conference workshop 
on vulnerability assessment 
C. Barber l , L.E. Bates!, R. Barron l & H. Allison l 

The need for assessment of regional vulnerability of groundwa•
ter to pollution from surface activities is highlighted. It is generally 
considered that efficient broad· scale assessments should be based 
on a small number of readily available spatial coverages which 
delineate hydrogeological settings. 

A variety of approaches reported in the literature is reviewed. 
These include empirical (e.g. the DRASTIC system), determinis•
tic, probabilistic, and stochastic techniques. Empirical approaches 
have been criticised for being subjective, whilst physically based 

Introduction 
Recent national interest in environmental protection has 
given emphasis to groundwater protection strategies, 
moving the focus from containment of pollution to one of 
pollution prevention. This change has increased the need 
for aquifer vulnerability assessment to assist in developing 
and applying protection strategies. Vulnerability has been 
defined as a relative evaluation of the potential exposure of 
a groundwater resource to contamination from planned and 
unplanned sources (A WRC, 1992). The need for vulner•
ability assessment is highlighted by widespread production 
and use of vulnerability maps in North America, Europe, 
and elsewhere in recent years (e.g. see Aller & others, 
1985; Foster, 1987; Breeuwsma & van Duijvenbooden, 
1987; de Smedt & others 1987; Anonymous, 1992). 

The usefulness of relative vulnerability assessment is 
generally regarded as being twofold. First, some mecha•
nism is needed to provide information to regulators, 
land-use planners and developers as to the spatial distribu•
tion of areas which are more (or less) vulnerable to 
pollution. It is rarely intended that these assessments take 
the place of site-specific impact assessment. These would, 
however, indicate those areas where more detailed site 
assessment and investigation is needed (e.g. see Aller & 
others, 1985). In theory at least, this should improve the 
efficiency of the regulatory process allowing groundwater 
protection agencies to avoid log-jams of proposals for new 
developments. Second, with increasing interest in the 
environment, there has been a greatly increased emphasis 
on groundwater quality monitoring as part of regional 
protection strategies and also for compliance monitoring. 
Clearly, labour-intensive groundwater monitoring, which 
is currently the norm, could be made more efficient and 
effective if focus could be given to areas more vulnerable 
to pollution. 

A wide range of techniques has been proposed and 
developed for vulnerability assessment at a variety of 
scales. Most of these have the stated aim of helping to focus 
attention on areas more vulnerable to pollution, although 
some try to take this further and become at least predictive 
in a semi-quantitative sense (e.g. Meeks & Dean, 1990; 
Villeneuve & others, 1990). 
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deterministic techniques are more appropriate for sub-regional 
predictive (quantitative) assessment and are tied to specific 
perceived processes. Probabilistic techniques are data intensive 
and involve groundwater numerical modelling as they are thus 
inappropriate for broad, regional vulnerability assessments based 
on readily available spatial variables. It is concluded that 
stochastic techniques offer more promise than other techniques 
involving weights-of-evidence modelling; new work in this area is 
described. 

We review here available approaches and discuss their 
merits and drawbacks in relation to attempts to validate the 
procedures. The overall aim is to produce, eventually, a 
method of vulnerability assessment applicable at regional 
(and in simplified form at State or National) scale, using 
information which is readily available from existing or 
planned databases. We regard data availability as essential 
in development of these models/assessment procedures, 
and below we evaluate the different methods against this 
constrain t. 

Assessment procedures 
Examples of the types of approaches which have been used 
for relative vulnerability assessment are shown in Table 1. 
These range from earlier attempts using standardised 
empirical approaches through to numerical modelling and 
stochastic methods. 

Most recent attempts at vulnerability mapping have relied 
on the use of a geographic information system (GIS) to 
import, manipulate, analyse and combine spatial point and 
areal (polygon) data. Use of GIS is becoming increasingly 
common as these systems provide powerful, potentially 
rapid methods of producing and presenting high quality 
mapped information. Given the ability to manipulate large 
spatial data sets, the major problem with vulnerability 
mapping is 

• choosing the most appropriate approach, 

• identifying the most appropriate data which will be used 
to define or model vulnerability, and 

obtaining the spatial data and importing this in the 
correct format into a GIS. 

We focus below on the first two of these problems. 

Choice of approach 
Stochastic 
Most early attempts at vulnerability mapping used the 
empirical approach, generally focussing on soil, geological 
and hydrogeological conditions. The type of data used in 
these approaches is summarised in column 1 of Table 2. It 
is clear that these all focus on the unsaturated (vadose) zone, 
and generally include some consideration of saturated zone 
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Table 1. Examples of types of vulnerability discussed in text. 

Scale of Example 
Type of Assessment Application Pollution hazard Identifier Reference 

Local UST -petroleum MATRIX Oregon DEQ 1991 
Local Landfill leachate Le Grand 1983 
Regional and above Universal DRASTIC Aller et at 1985 

(I) Empirical Regional Universal GOD Foster 1987 
Regional/National Universal NRA 1991 
National Aldicarb Lorber et at 1989 

(2) Deterministic Locallregional Specific pollutants Bachmat & Colin 1987 
Regional Pesticides LPI Meeks and Dean 1990 

(3) Combined Empirical - Regional Pesticides DRASTIC-CMLS Ehteshami et at 1991 
deterministic Regional Pesticides DRASTIC-PRZM Banton & Villeneuve 1989 

(4) Probabilistic Regional Pesticides VULPEST Villeneuve et al 1990 

(5) Stochastic Regional Pesticides Discriminant Teso 1989 
Regional, possible state Universal/Pesticide analysis New LWRRDC project 

weights of evidence 
models 

properties. Several include the soil zone, although some 
schemes (e.g. that used by the NRA in England (Anony•
mous, 1992) and the Belgian approach (de Smedt & others, 
1989) are ambiguous in using 'soil' but really referring not 
to (top) soil but to vadose zone. 

A second drawback identified by Meeks & Dean (1990) and 
others (referring specifically to the DRASTIC system) was 
that consideration was not given to interaction between 
chemical pollutants and the physical environment. This is 
somewhat unfair as ' impact of vadose zone' and ' aquifer 
media' in the DRASTIC scheme both were explicitly 
intended to cover pollutant attenuation (Aller & others, 
1985). This is also a feature of the NRA scheme (Fig. 1) 
and the GOD (Groundwater occurrence, Overall aquifer 
class, Depth to groundwater) approach. Other empirical 
schemes do not include attenuation, but do imply that 
higher ranking of some hydrogeological properties poten•
tially give better scope for attenuation (e .g. greater depth 
to groundwater). Although the Dutch approach (Breeu•
wsma & van Duijvenbooden, 1987) does try to address 
attenuation, it seems that there is little scope for providing 

Meeks & Dean (1990) criticised the empirical approach 
because of its subjectivity. This arises because often 
descriptive entities are assigned numerical values in these 
assessments, which provides wide scope for different 
interpretations by different people. The relative weightings 
of different attributes used to describe hydrogeological 
settings in the DRASTIC system were also questioned . The 
NRA approach overcomes this subjectivity by avoiding 
numerical ranking and expressing vulnerability in categori•
cal-hierarchical variables (Fig. 1). 

Geological Classes 
of Vulnerability 

VULNERABILITY CLASSES 1. Major Aquifers (Type A) 
These are highly penneable fOnnaJions highly productive and able to support /arge abstractions 

Soil Classes of for public supply and other purposes. 
Vulnerability 

. 2. Minor Aquifers (Type B) 
HIgh (1 , 2,3, U) These do not have a high permeability, will seldom produce /arge quantities of water for 

abstraction, but are important both for local supplies and in supplying base flow to rivers. 

3. Non-Aquifers (Type C) 

Maj or Aquifer (Type A) Intermediate (1,2) These areJormations with negligible permeability, not containing groundwater in exploitable 
quantities, but these call yield water supplies in sufficient quantities/or domestic use. 

Minor Aquifer (Type B) 

Non-aquifer (Type C) 

"----------,I Low 

Low permeability, non-water bearing drift deposits 
(superficial drift deposits which overlie the solid 
geological strata sometimes of substantial thickness). 

HI Soils which are very shallow. or susceptible to rapid by-pass flow directly to rock. gravel 
or groundwater. 

H2 Deep. permeable. coarse textured soils with low attenuation potential. 

H3 Coarse textured or moderately shallow soils with relatively high clay or orgallic matter 
cOlltent. 

HU Urban areas. The protective value 0/ soils is uncertain and therefore a high vulnerability 
class is assumed until proven otherwise. 

4. Soils of Intermediate Vulnerability (1) 

Two subclasses are recognised 

II Soils which have a moderate permeability and ability to aJIenuaJe contaminants. 

12 Soils which have an -intermediate permeability. but low attenuation potential. 

5. Soils of Low Vulnerability 
Soils with /ow permeability and high ability to attenuate contaminants. 

Figure 1. Aquifer vulnerability classes used as a basis for vulnerability map of Staffordshire, England (after National Rivers 
Authority, 1991). 



Table 2. Details of spatial attributes used in a range of different approaches to assessment of the vulnerability of groundwater to pollution. 

Stochastic! 
Spatial Attributes Empirical Deterministic Deterministic Stochastic 

DRASTIC GOD HOUAND LPI AUSTRAUA (LWRRDC Project) 
(Aller d al FOiltcr OREGON (BrceuWlma & van BELGIUM (Meeb& Dean DAKOTA VULPEST CAUFORNIA proposed range of predictor variablea 

1987) (1987) NRAI990 DEQ 1991 Duijvcnbooden 1987) (de Smedt 1987) 1990) (Lemme d al 1900) (Villeneuve d oJ 1990) (feoo 1988) (see text) 

Meteorological 
Rainfall X X 
Evapotranspiration X 
Recharge X X 

Land Surface 
Topography 
Slope X X 

Soil Layer 
Soil type X X X 
Thickness X 
Soil organic matter X 

Vadose Zone 
Media type X X X X X X 
Depth to groundwater X X X X X X X 
Percolation rate X X X 
Field capacity X 
Class content X X 
Organic matter content X 
Bulk density 
Cation exchange capacity X Depth to groundwater 

Saturated Zone Aquifer media 
Aquifer type (media) X X X X 
Aquifer type (use) X X 
Hydraulic conductivity X 
Hydraulic gradient 

PoUutant specifIC 
Adsorption coefficient X 
Retardation coefficient X X 
Solubility X 
Decay rate X X 
Octanol!water part coetic 
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more detailed description of pollutant interactions other 
than that used in DRASTIC, when assessing vulnerability 
to 'pollutants ' as a whole (i.e. considering pollutants 
universally). This is largely because different factors affect 
different pollutants in different ways. Thus, using schemes 
like NRA, GOD or DRASTIC, simply runs the risk of being 
subjective, relying an experience to decide which soils, 
rocks or settings provide the most attenuation based on 
descriptive characteristics. 

A major drawback is that these empirical models are not 
calibrated, but rely on ' experience'. They have rarely been 
validated, but when this has been attempted (with DRAS•
TIC), results have been generally poor (Banton & Ville•
neuve, 1989; USEPA, 1992). It seems likely that the 
problem is in choosing the best way to apply complicated 
assessments like DRASTIC. 

Deterministic 
The deterministic approaches, e.g. those described by 
Meeks & Dean (1990) and Bachmat & Colin (1987) use 
simplified analytical algorithms to arrive at 'leaching 
potential' indices (LPIs) or similar. In the former case, the 
LPI is expressed in terms of pollutant velocity (V/R, where 
V is average vadose zone percolation rate, and R is a 
retardation factor) , depth to groundwater (Z) and decay 
constant (A.) such that : 

Limitations of this appro ach listed in Meeks & Dean (1990) 
include simplifying assumptions used to derive equation 
(1), the possibility of preferential flow, non-equilibrium 
sorption/retardation, and facilitated transport (e.g. with 
colloids) and multiphase transport. The method also 
focuses only on pesticides, and cannot be universally 
applied . In particular, it would be difficult to apply this to 
inorganic contaminants without detailed knowledge of 
retardation factors, which for pesticides can be estimated 
from solubility as shown in Figure 2. There is also a need 
to define average soil and vadose zone organic matter 
content that limits the application of this type of approach. 
In general, the simplified deterministic approaches become 
limited by data requirements and uncertainties in defining 
mean data values . It seems likely that this type of approach 
will be limited to smaller areas, where data availability is 
less of a constraint. 

The approach of Ehteshami & others (1991) in defining 
broad-scale vulnerability using DRASTIC, and focussing 
on more vulnerable areas using CMLS (Chemical Move•
ment in Layered Soil) modelling to define more closely 
vulnerability in physical terms, offers a logical compro•
mise to reduce data requirements. However, it is clear that 
Aller & others (1985) always intended their broad relative 
vulnerability assessments to be used in this way with more 
detailed modelling (such as CMSL) for more localised 
impact assessment. 

LPI= 1000V 
R'AZ 

(1) Probabilistic 

The flow chart in Figure 2 identifies data requirements and 
computational methodology for applying equation (1). 

Chemical Properties Soil Type Distribution 
1 Ilr------------~ 

The probabilistic, numerical/stochastic modelling identi•
fied in Table 1 (Villeneuve & others, 1990) addresses the 
problem of data uncertainty, but focusses solely on the 

Crop Distribution Hydrogeologic data 
1 1 1-1 ----------1 

Natural 
Recharge 

Retardation 
Coefficient (R) 

Soil-water 
velocity (V) 

Depth to 
Groundwater (Z) 

Figure 2. Flow chart for derivation of Leaching Potential Index. 
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saturated zone. It is unlikely that this modelling could be 
applied at regional scale without extensive investigation 
and data gathering. As this suffers from the same limitation 
as the simplified deterministic approach, this will not be 
discussed further. 

Stochastic 
An approach offering an alternative to subjective empirical 
judgements and data-hungry deterministic (but physically 
based) assessments, uses statistics to identify combinations 
of factors which determine vulnerability. Combining 
overlays of these factors provides the basis for a vulnerabil•
ity map . 

In early attempts, Teso (1989) applied discriminant 
analysis to soil taxonomic data and data on pesticides in 
groundwater to determine vulnerability of groundwater to 
pollution (by pesticides). More correctly, this identified 
soil factors associated with pesticides leaching. 

The same general approach to determination of regional 
vulnerability to pollution of groundwater is being used in 
research in Australia by CSIRO Division of Water 
Resources in conjunction with water agencies in NSW, WA 
and SA. Here, weights-of-evidence techniques (Bonham•
Carter & others, 1989) are being used to determine 
association between spatial variables and presence of 
pollutants in groundwater. These techniques have been 
used to predict prospects for gold mineralisation from a 
range of spatial geological and geographic variables 
(Bonham-Carter & others, 1989). This technique has not 
been applied, to our knowledge, in hydrogeological 
applications. However, this type of modelling is particu•
larly relevant to prediction of relative vulnerability of 
groundwater to pollution using hydrogeological variables. 

In weights-of-evidence modelling, the distribution of some 
binary response variable (presence/absence of nitrate 
and/or pesticide in groundwater) is determined, and related 
to binary predictor variables, such as hydrogeological 
descriptors (e.g. presence of a particular soil type, or 
shallow depth to groundwater, etc.). In essence, this 
combines the benefits of the empirical approach (using 
combinations of available numerical, categorical and 
hierarchical variables), with available knowledge on actual 
vulnerability as determined by the response variable where 
there is a known contaminant source in the area. A 
calibrated model is thus produced. The only limitations 
should be availability and accuracy of data for response and 
predictor variables for use in the model calibration. The 

Process LEACHING 

Quantities PollutantIWater Fluxes 
(Mlvolume) 

Components Retention Capacity Infiltration 

range of spatial predictor variables to be used in the 
analysis needs careful consideration. 

A significant advantage of the weights of evidence 
approach is that descriptive variables can be used in the 
statistical analysis, either as categorical or hierarchical 
variables, such as soil classifications used in DRASTIC. 
The analysis simply determines associations of these in 
relation to occurrence of response variables (e.g. nitrate, 
pesticides). One drawback is that variables used in the 
analysis ideally should be conditionally independent. The 
aim of this research is thus to identify a small number of 
independent predictor variables which account for the 
ranges of factors expected to influence or determine 
vulnerability. Table 2 provides a start for this, but there is 
a need to develop a strategy for choosing suitable predictor 
variables. 

Predictor variables of vulnerability 
An approach for choosing appropriate predictor variables 
is shown in Figure 3. Here, the three processes determining 
vulnerability are identified as leaching (movement into the 
subsurface of pollutant and water), transport (in vadose and 
saturated zones), and removal (by biophysico-chemical 
means). 

Quantities determining the importance of these processes 
in determining vulnerability are mass/volume fluxes , 
relative velocities (taking account of retardation) within 
the aquifer, and decay, as shown in Figure 3. Components 
and spatial variables, which need to be determined to define 
or describe at least relative quantities, are shown linking in 
to each component. These are combined into lumped 
variables, which are categorical (soil, aquifer media), or 
hierarchical (recharge) , or possibly binary (redox-oxidis•
ing/reducing). Using lumped variables or combinations of 
lumped and single spatial variables in theory should be 
adequate to define vulnerability for universal pollutants . 
As indicated above, statistical analysis should overcome 
the need for making value judgements as in the empirical 
schemes. The use of lumped categorical variables, how•
ever, introduces its own problems - essentially in choice 
of appropriate categories for soil and aquifer media. 

For soils, the choice is clearer, and categories, such as those 
in the NRA scheme in Figure 1 or similar could be used. 
Obviously, as implied in Figure 3, categories ideally 
should distinguish both permeability and retention capac•
ity. Categorising aquifer media is more difficult as this 
encompasses both vadose and saturated zones, and aspects 

TRANSPORT REMOVAL 

Relative Velocities Decay 
(VIR) (Mit) 

Water flow Attenuation Bacterial Activity 

Spatial Clay Sesquioxide SOM Surface Rainfall Evapo~ Depth to Vadose zone Exchange Capacities Groundwater Redox Conditions 
variables Content Content Slope transpiration groundwater and saturated 

(topography) hydraulic 
conductivity 

~ ~ ~ ~ ~ 

Soil Media Recharge Aquifer media Groundwater Oxidising/Reducing 

Figure 3. Proposed strategy for defining predictor variables for aquifer vulnerability assessment. 
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of transport and attenuation within these zones. The 
DRASTIC scheme (Table 2) separates these zones and 
derives scores for each. It is not clear whether this can be 
done in the proposed statistical 'weights of evidence' 
modelling of vulnerability, a single-aquifer media classifi•
cation may be needed, such as that in the NRA scheme. 
Whether that shown in Figure 2 is adequate requires further 
consideration. 

Also of particular interest in choosing suitable variables is 
the availability and accuracy of spatial data shown in 
Figure 3 in Australia. In a recent study of aquifer 
vulnerability in the Tamworth area of NSW, it was possible 
to obtain quite detailed data from bore records, soils map, 
etc. (Bates, 1992). Clearly, vulnerability assessments rely 
on an adequate spatial coverage. Thus, if statistical analysis 
could be limited to a small number of easily available 
coverages, such as the lumped variables in Figure 3, then 
this type of broad regional assessment would have more 
chance of having wider application, as for example State 
and National level. 

Conclusions 
Regional vulnerability assessments are being used increas•
ingly world-wide for land-use planning and focussing of 
monitoring programs. 

Most current approaches (empirical, deterministic, prob•
abilistic) have drawbacks in their lack of objectivity or data 
requirements. 

Stochastic approaches, such as weights-of-evidence mod•
elling, offer a better alternative using readily available 
hydrogeological spatial data. For ease of applicability and 
transportability, this type of vulnerability modelling 
should use a small number of critical spatial variables. 
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Appendix. Workshop report 
The workshop on Vulnerability Assessment was one of three 
conducted as part of the Aquifers at Risk Conference. The aim of 
the workshop was to provide a forum for feedback and direction 
from practitioners involved with aquifer protection on a 
CSIRO/Agency research project funded by the Land and Water 
Resources R&D Corporation (L WRRDC). The project aimed to 
develop better techniques for aquifer vulnerability assessment. 
This followed on from previous research carried out by CSIRO in 
New South Wales (with LWRRDC and NSW Department of Water 
Resources), which evaluated the standardised DRASTIC system of 
assessing vulnerability, developed in the US. 

At the workshop, perceived needs for and limitations of regional 
vulnerability assessments were presented, as set out in the 
background paper above. Additionally, results of the case study in 
NSW were presented, and different modelling strategies to 
determine relative vulnerability at regional scale were reviewed. 
The preferred technique to be used and developed in the research, 
based on weight-of-evidence modelling, were also discussed. 

The report presents a summary of the DRASTIC evaluation study 
in NSW and reviews points raised in discussion by workshop 
participants on needs, data requirements, and appropriate scale for 
vulnerability mapping. 

Case Study: Evaluation of the DRASTIC system 
of regional vulnerability assessments, Peel Catch•
ment, northern NSW 
DRASTIC is an acronym which describes spatial variables used to 
define vulnerability in terms of hydrogeological settings. Thus 
Depth to groundwater, Recharge, Aquifer media, Soil media, 
Topography (slope), Impact of vadose zone and hydraulic Conduc•
tivity are characterised and scored for an area. Each variable is 
weighted (depth to groundwater and vadose zone impact are most 
highly weighted) and products of scores and weightings are added 
for all seven variables to define DRASTIC vulnerability indices for 
the area of interest. A map of the indices gives the desired 
vulnerability map. 

In the NSW study, an area around Tamworth in northern NSW was 
chosen for assessment of vulnerability. This was a mainly 
agricultural area which was complex geologically. Aquifer litholo•
gies consisted of high-yielding alluvial aquifers of limited lateral 
extent, interbedded fractured shale/sandstone sequences of 
Devanian/Carboniferous ages, and Permian granitic rocks which 
again had secondary (fracture) permeability. A range of groundwa•
ter resources were present and these were used extensively (> 1600 
boreholes) for irrigation and stock watering, with some communi•
ties using bore water for drinking. 

A DRASTIC vulnerability map was derived using spatial data 
provided by NSW Department of Water Resources (NSW-DWR) 
and other Agencies, imported into a geographic information system 
(GIS) at CSIRO. 

Over 130 boreholes were sampled by NSW -DWR and analysed for 
nitrate and a range of other parameters for validation of the 
vulnerability assessment. Land-uses in the vicinity of the boreholes 
were recorded at the time of sampling. The sampling scheme was 
also adjusted to attempt to obtain an even spread of sampled 
boreholes within four land-use categories (dry land pasture, 
irrigated agriculture (mainly growing of lucerne), rural residential 
and point sources (piggeries, poultry farms, and three broad 
vulnerability ranges (high, medium and low). This was done to 
facilitate analysis of water quality and DRASTIC data. 

Nitrate in shallow groundwater considered to be a contaminant 
common to all land-uses, was used to evaluate the vulnerability 
map. A preliminary list of nitrate ranges in land-use/vulnerability 
categories was presented. General conclusions drawn from the data 
were as follows: 

1. Nitrate exceeded 10 mg N/L on over 75% of boreholes near 
point sources, even in low vulnerability categories as defined 

by DRASTIC. Thus the vulnerability map underestimated 
vulnerability in the test area in general where nitrogenous 
wastes were applied to land. 

2. Nitrate concentrations in groundwater beneath dry land pas•
ture were generally the lowest (<10 mg N/L) as expected. In 
general , the range of nitrate concentrations increased with 
increasing DRASTIC index. This was also true of irrigated 
agricultural land-uses, and in general high vulnerability 
nitrate ranges were much wider than, but considerably 
overlapped nitrate ranges for low and medium vulnerability 
areas. This suggested that DRASTIC indices gave a general 
indication of relative vulnerability (which is all they were 
meant to do), although the wide ranges of nitrate in each 
category introduces significant uncertainty into the analysis . 

3. The rural residential areas showed variable nitrate ranges 
across the vulnerability groups. Presumably, high nitrate 
levels reflected proximity of boreholes to septic tanks rather 
than aquifer vulnerability. 

The principal difficulties with the DRASTIC system were 
identified as: 

1. Its subjectivity (different people can produce different 
vulnerability indices for the same area) . 

2. The wide range of data required to define hydrogeological 
settings for the seven DRASTIC variables (although this 
relates mainly to data availability and compatibility with GIS 
data formats in the study area) . 

3. Even with careful application of DRASTIC, there was only a 
general indication that this could be of use in defining relative 
vulnerability of groundwater to pollution . This system was not 
successful in defining areas less vulnerable to disposal of 
wastes from intensive agriculture, which introduces signifi•
cant uncertainty into how the DRASTIC map could be used. 

Alternative schemes for defining vulnerability would need to 
overcome these problems. 

Discussion on vulnerability assessment 
During the workshop, discussion centred on the proposed 
research project to develop a scientifically sound and practical 
alternative to DRASTIC for assessment of regional vulnerability 
of groundwater to pollution. Transcripts of the discussion were 
taken and a summary of points raised under three broad headings 
- use of vulnerability assessment, data requirements, and scale 
of vulnerability of maps, is given below. The report concludes 
with a summary points raised in conclusion of the workshop by 
Dr Nick Schofield (LWRRDC) relating to the on-going research 
project. 

Use of vulnerability assessment maps 
Most agencies represented at the workshop supported the need to 
develop a viable system for vulnerability mapping. Indeed, several 
indicated that they were in the process of developing, or had 
already developed vulnerability maps for critical areas. The type 
of vulnerability modelling envisaged in the proposed research was 
considered (by one agency) to be adding science to pragmatism. 
The educational value of these to developers and the public was 
stressed. 

There was a danger that there would be too high an expectation of 
vulnerability maps across the community . Agencies considered 
that lines drawn on a map indicating vulnerable and non-vulnerable 
areas would be accepted by regulators (councils) and developers 
with little heed to uncertainties. The latter were of concern to the 
credibility of vulnerability assessments . Consultants particularly 
were concerned that broad regional assessments would take the 
place of site specific impact assessments. In effect, they are meant 
to be complementary, providing a coarse filter in identifying areas 
requiring more detailed assessment. 

It was clear that vulnerability maps, like hydrogeological maps, 
would not be of use to all in the community . For best use of these, 
some considered that details of how maps were derived would help 
Agencies determine the best way these should be used. 
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A possible drawback to use of vulnerability maps was their effect 
on land values once they were released. There would need to be 
political acceptance of the likelihood of these effects to avoid this 
problem. Vulnerability maps should be integrated with current 
aquifer protection policies. One way of doing this is to involve 
Agencies and users in their development. 

Spatial data requirements 
The use of nitrate as response variable did not gain universal 
acceptance. Variations with time were seen as a problem in some 
areas. An alternative of using salinity or electrical conductivity 
(EC) in groundwater (e.g. to provide a natural indicator relating to 
groundwater residence time) was suggested. There was a general 
suspicion of using broad-scale groundwater quality data . 

Questions were also raised as to the use of broad variables, such as 
% clay in vadose zone/aquifer as predictor variables. Clearly, one 
type of clay (e.g. smectite) would give more protection to 
groundwater than another (e.g. kaolinite). Some broad term, such 
as presence/absence of swelling and non-swelling clays, could 
offer alternative here. 

The focus of vulnerability assessment on physical variables (as in 
the DRASTIC system) was also questioned. It was suggested that 
some emphasis should be placed on aquifer value, e.g. major/mi•
nor/no aquifer, as in the NRA (UK) scheme. This introduces a 
prescriptive element to the assessment. There was also concern that 
local experience would be superseded by publication of a 
vulnerability map based on a small number of predictor variables. 
This would certainly be the case if vulnerability maps were used 
in a prescriptive sense . 

It was highlighted strongly that there would be a need to provide 
guidance and follow-up on the use of any vulnerability mayor 
model. The need for a model which was transportable (from one 
area to another) , and therefore based on generalised variables, 
was considered desirable, but there were doubts about achiev•
ability. 

Scale 
Currently, a broad-scale map at 1:1000 000 scale had been 
produced in NSW to provide (State-wide) an indication of the 
location of important groundwater resources. A more localised 
assessment was being developed in Queensland at 1: 100000 scale, 
again being based on local knowledge. In this case, three categories 

were considered, vulnerable, not vulnerable and ' grey' . Even 
though the latter area was by far the largest and also the most 
uncertain, delineation of these areas was still seen as being useful 
to local authorities in the area. 

In Victoria, the most useful map scale was thought to be 1:250000, 
although there could be local situations where smaller scales would 
be justified. 

The case study example of the Peel catchment, NSW, presented at 
the workshop, produced a map at 1:100 000 scale, which in that 
case was ideal for the area. 

Summary 
A summary of the workshop discussion was provided by Nick 
Schofield (Land and Water Resources R&D Corporation). The 
following points were brought out in the summary. 

Vulnerability assessment by nature is going to involve fuzzy 
science, and it remains to be seen whether this is good enough to 
improve on what we already have. And good enough for what? In 
some States, developments coming from the research were seen as 
beneficial, because they would add substantially to what was 
already being done. 

From a scientific standpoint, there needs to be some proper 
evaluation of uncertainties inherent in vulnerability maps (can we 
really believe the maps?) . There are social and political implica•
tions over use of vulnerability maps, and the influence and power 
that these generate should not be underestimated. 

It was clear that some delegates were sceptical as to whether 
planners/agencies would adopt the approach being developed in the 
research. The degree to which these agencies were involved in the 
work, and their preparedness to adopt maps should be addressed in 
the research. 
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