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Abstract 

Increased use and protection of groundwater resources are seen as possible 
solutions to mitigating water scarcity in arid and semi-arid regions. The 
DRASTIC index method is one of the most commonly used approaches to assess 
groundwater vulnerability to pollution. However, this method has been criticized 
in the past due to its subjectivity as well as the failure to account for some 
important hydrogeological characteristics (e.g. multi-layer vadose zone and 
preferential flow) and specific properties of contaminants (e.g. sorption and 
decay). These problems were addressed in this study with the objective of 
improving the DRASTIC method for assessment of groundwater vulnerability to 
generic aqueous-phase contaminants. Literature data and laboratory 
measurements were used in order to define categories and weighing factors for 
hydrogeological characteristics and specific contaminant properties. The new 
DRASTIC method developed in this study provides an improved categorization 
of the impact of the vadose zone, which accounts for the following factors: 
multi-layer vadose zone, based on site-specific conceptual models; hydraulic 
properties of the unsaturated zone (flow mechanism, drainage and travel time); 
and specific chemical properties (sorption and decay). The information was 
packaged in a user-friendly format for rating groundwater vulnerability. The 
method can be used for applications in site-specific environmental impact 
assessments for new developments, for regional groundwater vulnerability 
assessment as well as in integrated water resources management. 
Keywords:  decay, DRASTIC, groundwater vulnerability, hydraulic conductivity, 
preferential flow, recharge, sorption, travel time, vadose zone. 
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1 Introduction 

Increased use and protection of groundwater resources are seen as possible 
solutions to mitigating water scarcity in arid and semi-arid regions. Groundwater 
all over the world is becoming a natural resource of strategic importance due to 
its limited availability, quality deterioration, increasing demand and limited 
replenishment. In South Africa, water resources are generally scarce and 
unevenly distributed, and a large number of towns and rural settlements depend 
on groundwater for their drinking water supply and development. Previous 
research aimed at establishing a groundwater protection strategy 
(Sililo et al. [1]). One of the main outcomes of this research was that the vadose 
(unsaturated) zone, in particular the soil, should be seen as the “first line of 
defense” to transport of pollutants from overlying land-based sources to 
groundwater. 
     Groundwater vulnerability to contamination is defined as the tendency or 
likelihood for contaminants to reach a specified position in the groundwater 
system after introduction at some location above the uppermost aquifer (National 
Research Council [2]). The degree of groundwater contamination depends on the 
intrinsic hydrogeological characteristics and the physio-chemical properties of 
specific contaminants. Different types of pollutants are attenuated to a different 
degree depending on the characteristics of the site and speciation. Knowledge is 
therefore required on the properties of the porous medium through which the 
pollutant travels, the properties of the pollutant as well as the physical, chemical 
and biological processes (Sililo et al. [1]). 
     Several methods are available for assessing groundwater vulnerability. These 
were classified as index and overlay methods, process-based models and 
statistical methods (National Research Council [2]). Overlay and index methods 
are based on combining maps of various physiographic attributes (e.g. geology, 
soils, depth to water table) of the region and assigning a numerical index or score 
to each attribute. Process-based simulation models include analytical or 
numerical solutions to mathematical equations that represent processes 
governing contaminant transport. Statistical methods incorporate a probability of 
contamination as the dependent variable. Burkart et al. [3] presented examples of 
application of statistical, overlay and index, as well as process-based modeling 
methods for groundwater vulnerability assessment to a variety of data from the 
Midwest United States. Burkart and Feher [4] developed a strategy for regional 
groundwater vulnerability assessment that integrates elements of overlay, 
process-based and statistical methods. 
     Amongst the methods for assessment of groundwater vulnerability, the 
DRASTIC index (Aller et al. [5]) is the most commonly used in South Africa. 
This method makes use of the hydrogeological factors of an area in order to 
determine the relative groundwater vulnerability to contaminants. These 
hydrogeological factors, making up the acronym DRASTIC, are depth to water 
table, net recharge, material of the aquifer, soil properties, topography, properties 
of the vadose zone and hydraulic conductivity. Each factor is assigned a weight 
based on its relative importance to groundwater contamination potential, as well 
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as a rating for different ranges of values. The DRASTIC index is then computed 
as the sum of the products of rating and weight for each factor. The DRASTIC 
index is generally built into Geographic Information Systems (GIS) – based 
maps to facilitate planning and management of groundwater protection, where 
each hydrogeological setting is a mappable unit with common hydrogeological 
factors (Thirumalaivasan et al. [6]). This practice, aimed at indicating areas at 
low, moderate or high risk from groundwater contamination, was applied in 
Israel (Secunda et al. [7]), Japan (Babiker et al. [8]), Jordan                             
(Al-Adamat et al. [9]) and New Zealand (McLay et al. [10]). 
     The DRASTIC method has been criticized in the past due to its subjectivity as 
well as the lack of some important hydrogeological characteristics and specific 
properties of contaminants. For example, Dixon [11] indicated that groundwater 
contamination potential maps were more consistent with field data when soil 
structure was taken into consideration in a study conducted in Woodruff County 
in the Mississippi Delta region of Arkansas. Sandersen and Jorgensen [12] 
explained that, even when aquifers are deep-seated and appear to be well 
protected, preferential flow paths for downward transport of contaminated water 
from shallow aquifers may occur. Melloul and Collin [13] suggested that both 
vertical and lateral flow play an important role in groundwater contamination. 
Worrall et al. [14] found that interaction between site and chemical factors 
represents the most important process in the occurrence of pesticides in 
groundwater, based on multi-annual monitoring datasets from the United 
Kingdom and Mid-Western United States. Worrall and Kolpin [15] indicated that 
the best-fit model to predict the occurrence of herbicides in groundwater of the 
Mid-West United States combined organic carbon content, percentage sand 
content and depth to the water table with molecular descriptors representing 
molecular size, molecular branching and functional group composition of the 
herbicides.  
     In this study, the aim was to modify the original DRASTIC method 
(Aller et al. [5]) to account for some important hydrogeological characteristics 
(e.g. multi-layer vadose zone and preferential flow) and specific properties of 
contaminants (e.g. sorption and decay) in order to improve, in particular, the 
reliability of the rating “I” (impact of the vadose zone). An additional aim was to 
provide a more detailed (less subjective) description of the ratings in order to 
adapt the DRASTIC method for assessment of groundwater vulnerability to 
generic aqueous-phase contaminants under South African environmental 
conditions. 

2 Improved DRASTIC method 

The rating of the vadose zone (high, medium and low) is based on a combination 
of factors that contribute to the likelihood of contaminants reaching the saturated 
zone following the path of aquifer recharge. The ability of the vadose zone to 
attenuate and/or prevent any contaminant from reaching groundwater depends on 
the following factors: thickness of the unsaturated zone, hydraulic properties and 
flow mechanism, recharge, travel time, sorption and decay. The approach used in 
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order to improve DRASTIC, involved the description and quantification of these 
factors, as well as the provision of guidelines to assist in quantifying their 
relative importance. The factors are discussed individually below. 
     The thickness of the unsaturated zone depends on the nature of both aquifer 
(confined, unconfined, leaky and semi-confined) and regolith material 
(unconsolidated, consolidated, weathered, consolidated fractured or a 
combination). Table 1 summarizes the impact of the thickness of the unsaturated 
zone and the type of media on groundwater vulnerability. The ranges of values 
reported in Table 1 were estimated based on experience. 

Table 1:  Unsaturated zone thicknesses, type of media and resulting impact 
on groundwater vulnerability. 

Unsaturated zone medium Thickness (m) 
Gravel > 50 30-50 0-30 

Clean sand > 50 30-50 0-30 
Silty sand > 30 15-30 0-15 

Silt > 15 5-15 0-5 
Unconsolidated material 

Clay > 5 2.5-5 0-2.5 
Consolidated fractured medium > 30 5-30 0-5 

Leaky aquifers > 30 5-30 0-5 
Vulnerability impact  Low Medium High 

     The dominant mechanism of aqueous-phase contaminants transport in the 
unsaturated zone is by advection along wetting front edges (with water content 
close to saturation) during the infiltration process. Due to this transport 
mechanism, the inaccessibility, high cost of measurement and spatial variability, 
saturated hydraulic conductivity is often used as a substitute for unsaturated 
hydraulic conductivity. Typical values of saturated hydraulic conductivity for 
most porous media are easily accessible (Freeze and Cherry [16]). Unsaturated 
hydraulic conductivity can be estimated if additional hydraulic properties of the 
medium are known, e.g. the water retention curve (Van Genuchten et al. [17]). 
The vertical hydraulic conductance is then calculated as a function of hydraulic 
conductivity (Eimers et al. [18]). The ranges of values for the impact of vertical 
hydraulic conductance on groundwater vulnerability are defined in Table 2. 
     Preferential flow is a complicating factor in estimating travel times of 
contaminants in dual porosity environments. Dual porosity consists of two 
interacting pore regions with different hydraulic properties, the one associated 
with the macro-pore or fracture network, and the other with micro-pores inside 
soil aggregates or rock matrix blocks. It is generally assumed that flow occurring 
through preferential paths is fast (Table 2), resulting in lower contaminant 
attenuation through, for example, sorption and decay. 
     The definition of recharge used in this study is the amount of rainfall that 
reaches the saturated zone, either by direct contact in the riparian zone or by 
downward percolation through the unsaturated zone (Rushton and Ward [19]). 
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Aquifer recharge depends on factors such as groundwater depth, climate, 
geology (lithology and structures), geomorphology, vegetation, soil conditions 
and antecedent soil moisture. A variety of methods can be applied for the 
estimation of recharge in semi-arid conditions, e.g. CMB (Chloride Mass 
Balance), CRD (Cumulative Rainfall Departures), EARTH model (Xu and 
Beekman [20]), as well as the “Qualified Guess” method based on information 
on soil, vegetation, geology as well as South African maps of groundwater 
recharge, recharge of soil water into the vadose zone and harvest potential. The 
rating of recharge rate is defined in Table 3 for various unsaturated zone 
thicknesses. 

Table 2:  Unsaturated zone flow mechanism, hydraulic properties and 
resulting impact on groundwater vulnerability. 

Flow mechanism Vertical hydraulic conductance (m2 d-1) 
Matrix < 45 45-9000 > 9000 

Preferential   > 1 
Vulnerability impact  Low Medium High 

Table 3:  Unsaturated zone thickness, recharge and resulting impact on 
groundwater vulnerability. 

Thickness (m) Recharge (mm a-1) 
0-5 0-1 1-5 > 5 
5-30 0-5 5-10 > 10 
> 30 0-10 10-100 > 100 

Vulnerability impact  Low Medium High 

Table 4:  Unsaturated zone media type, travel time to water table and 
resulting impact on groundwater vulnerability for a 5 m thick 
unsaturated zone. 

Unsaturated zone medium Travel time 
Gravel   < 1 h 

Clean sand  1 mo 1 d 
Silty sand > 1a < 1 a < 1 mo 

Silt > 0.5 a < 0.5 a < 1 mo 
Unconsolidated material 

Clay >> 1 a   
Consolidated fractured medium > 1 a 1 mo 1 h – 1 d 

Vulnerability impact  Low Medium High 
 
     Travel time is the time it takes a contaminant to move from the soil surface to 
the groundwater. This can be calculated as the ratio of the travel distance divided 
by flow velocity, where flow velocity is the volumetric flux divided by the 
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volumetric water content. Alternatively, Foster and Hirata [21] suggested simple 
equations to calculate travel time as a function of unsaturated zone thickness, 
effective porosity and saturated hydraulic conductivity (gross surcharging 
conditions), or specific retention and annual infiltration (natural infiltration 
conditions). The travel time rating for various vadose zone media is defined in 
Table 4. The database can be further expanded to include different thicknesses of 
the vadose zone. 
     Extensive laboratory experiments were undertaken in order to correlate 
sorption of different groups of contaminants to soil properties. The experiments 
made use of an extensive database of soil samples collected in South Africa over 
several decades. Sorption of representative cationic metals (Cu and Zn) and 
anions (SO4 and PO4) was measured on a large number of soil horizons. The 
main outcome of the laboratory experiments was that the diagnostic horizons, as 
defined by the Soil Classification Working Group [22], are not good predictors 
of sorption. However, six soil properties were found to somewhat correlate to 
sorption, namely clay content, organic matter content, pH, exchangeable basic 
cations, extractable Fe and Al. It was observed that sorption is variable within 
certain ranges or maximum values of these properties, and unlikely beyond these 
limiting values. The impact of sorption on groundwater vulnerability was 
therefore defined as in Table 5. 

Table 5:  Contaminant species, sorption in different soil types and resulting 
impact on groundwater vulnerability. 

Contaminants Soil properties 

Cationic 
(inorganic and 
polar organic) 

Thick, clayey profiles, 
margalitic soils; strongly 

calcareous clays; 
eutrophic peats  

All other 
soils 

 Dystrophic 
sands low in 

humus 

Anionic (inorganic 
and polar organic) 

Deep, dystrophic, 
ferrallic clays  

All other 
soils 

Eutrophic 
sands 

Organic (non-
polar) 

 Deep humic clays and 
peats 

All other 
soils 

Pure sands low 
in humus 

Vulnerability impact  Low Variable High 

Table 6:  Unsaturated zone sorption capacity, contaminant persistence and 
resulting impact on groundwater vulnerability. 

Sorption capacity Half-life 
Low < 1 h 1-24 h > 24 h 

Variable < 1 d 1-15 d > 30 d 
High  < 15 d 15-50 d > 50 d 

Vulnerability impact  Low Medium High 
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     Decay, expressed in terms of half-life, is related to organic contaminants 
subjected to physical (e.g. photolysis), chemical (e.g. hydrolysis) and biological 
(e.g. microbial) degradation. Half-lives of specific contaminants may vary by 
orders of magnitude depending on environmental factors (e.g. microbiological 
activity, pH, moisture, temperature etc.). A database of half-lives and other 
properties of contaminants was compiled by Usher et al. [23]. The impact of 
decay on groundwater vulnerability was defined in Table 6. 

3 Software application 

The rating of the factors relevant to the attenuation of contaminants in the vadose 
zone was incorporated into a user-friendly Excel-based calculator of the 
improved DRASTIC index. An example printout of the main menu of the 
improved DRASTIC calculator is shown in Figure 1. The purpose of the main 
menu is to summarize scores for each factor based on rating and weighing. The 
ratings for each factor are determined in sub-menus that include guidelines and 
theoretical description. The improved DRASTIC calculator also allows for a 
multi-layer vadose zone. 
 

 

Figure 1: Example printout of the main menu of the Excel-based improved 
DRASTIC index calculator. 

     The vulnerability of an aquifer to contamination originating at the soil surface 
can be assessed using data that are readily available, that can be calculated or 
that can be estimated using the information provided in the database of the 
improved DRASTIC calculator, based on a step-by-step procedure and 
conceptual models for specific sites. The first step in the procedure is to define 
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the unsaturated zone thicknesses using water level depths and national 
groundwater databases, as well as the nature of the unsaturated zone using 
borehole logs. The rating for the unsaturated zone thickness is then selected 
(Table 1). The second step involves the calculation of the vertical hydraulic 
conductance using available data (Freeze and Cherry [16]; Van Genuchten et al. 
[17]; Eimers et al. [18]), as well as the estimation of dominant flow mechanisms 
from available borehole logs and geological information. The rating for 
hydraulic properties and flow mechanism is then selected (Table 2). The next 
step is the estimation of recharge using available information and any of the 
methods included in the software (“Qualified Guess”, CMB, CRD, EARTH). 
The rating for recharge is selected from Table 3. Travel time is calculated using 
available data and any of the methods included in the software (flow velocity; 
Foster and Hirata [21]). The rating for travel time is selected using Table 4. 
Sorption is defined from available information on soils and types of 
contaminants, whilst decay is determined based on the contaminant species and 
the database of their properties (Usher et al. [23]). The rating for sorption is 
selected from Table 5, whilst the rating for half-lives is selected from Table 6. 
The rating scores for each factor are finally combined in the main menu to yield 
the rating of the impact of vadose zone on groundwater vulnerability. 

4 Conclusions 

An improved DRASTIC index was developed to account for hydrogeological 
factors like multi-layer vadose zone and preferential flow, as well as specific 
properties of contaminants like sorption and decay. In addition, a database of 
values and descriptors related to the rating “I” (impact of the vadose zone) was 
included in a user-friendly, Excel-based, improved DRASTIC index calculator. 
The algorithms presented in this study can be easily included into a GIS system 
for assessment of groundwater vulnerability at different scales. 
     The method can be used for applications in site-specific environmental impact 
assessments for new developments, for regional groundwater vulnerability 
assessment as well as in integrated water resource management. This has, 
however, implications with uncertainties of groundwater vulnerability 
assessment as well as data availability and scarcity. The level of uncertainty 
increases with the coarsening of input data. Similarly, the level of uncertainty 
and accuracy is associated with the coarsest dataset. National data sets can be 
used in the absence of field data. However, the recommended approach is to 
assess vulnerability at a site-specific scale. If finer resolution data sets are 
available for the area being studied, then improved levels of data certainty will 
be achieved. 
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