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Abstract: Coliform source tracking was undertaken on 48 water sources of which 42 are 

potable in 26 water supply systems spread across South Australia. The water sources  

in the study vary from unprotected springs in creek beds to deep confined aquifers.  

The frequency analysis of historical coliform detections indicate that aquifer types, depth 

to water and casing depth are important considerations; whilst maintaining well integrity 

and the presence of low permeable clay layers above the production zone are the dominant 

parameters for minimizing coliform contamination of water supply wells. However,  

in karst and fractured rock aquifers, pathways for coliform transport exist, as evidenced in 

the >200 MPN/100 mL level of coliform detection. Data indicate that there is no 

compelling evidence to support the contention that the wells identified as low risk are 

contaminated through geological strata and clay barriers. However, data strongly supports 

the suggestion that coliform detection from sample taps and wellheads stem from the 

surrounding groundwater and soil-plant sources as a result of failed well integrity, or 

potentially from coliform bacteria that can persist within biofilms formed on well casings, 

screens, pump columns and pumps. Coliform sub-typing results show that most coliform 

bacteria detected in town water supply wells are associated with the soil-water-plant 

system and are ubiquitous in the environment: Citrobacter spp. (65%), Enterobacter spp. 

(63%), Pantoea spp. (17%), Serratia spp. (19%), Klebsiella spp. (34%), and Pseudomonas 

spp. (10%). Overall, 70% of wells harbor detectable thermotolerant coliforms (TTC) with 

potentially 36% of species of animal origin, including Escherichia coli species found in 

12% of wells. 
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1. Introduction 

The security of a town water supply requires prudent management of water resources toward a 

desired level of drinking water quality. Identification of pollution sources and pathways is vitally 

important to implementing appropriate mitigation strategies that minimize risks to source water.  

In drinking water sources, the presence of faecal bacteria is considered a health hazard, as they may 

indicate the presence of human viruses, or parasites Giardia or Cryptosporidia [1]. In a groundwater 

risk assessment study [2] using a multi-barrier analysis approach, risk levels for town water supply 

wells compare favorably with respect to coliform detection. Out of 144 town water supply wells in 

South Australia, 142 wells recorded detection of coliform ranging from 1% of frequency in low risk 

confined aquifers to 87% frequency of detection in a high risk unconfined aquifer in karst limestone. 

Moreover, Escherichia coli (E. coli) had been detected, albeit at low frequency and low counts,  

in shallow wells. Coliform detection in some of the low risk, confined and semi-confined deep wells 

had been a concern for water quality management. 

Data on coliform detections in confined aquifers are rare in the literature, as confined aquifers are 

overlain by low-permeability aquitards that are commonly assumed to protect underlying aquifers from 

microbial contaminants. Borchardt et al. [3] report human pathogenic viruses in well water from a deep 

sandstone aquifer confined by a regionally extensive shale aquitard. According to Borchardt et al. [3], 

hydrogeologic conditions support rapid porous media transport of viruses through the upper sandstone 

aquifer to the top of the aquitard, 61 m below ground surface. Natural fractures in the shale aquitard 

are one possible virus transport pathway through the aquitard; however, cross-connecting wells, or 

imperfect grout seals along well casings also may be involved [3]. Powell et al. [4] report regular 

detections of sewage-derived bacteria and viruses to depths of 60 m in unconfined sandstone and to a 

depth of 91 m in confined sandstone aquifers. Similar to Borchardt et al. [3], Powell et al. [4] highlight 

the vulnerability of sandstone aquifers to microbial contamination, but do not report on the role played 

by the condition of the well or its integrity. 

Faecal pollution of water sources from warm-blooded animals including humans results in public 

health risks due to possible exposure to a wide range of pathogenic bacteria, viruses and protozoa [5,6]. 

In addition, enteric viruses are often the suspected cause of waterborne disease outbreaks [7].  

Opisa et al. [8] report that E. coli were detected in 100% of samples taken from unprotected, and 

92.6% of samples from protected public water supply wells. In a study of Staradumskyte and 

Paulauskas [9], contamination with coliform bacteria was discovered in 72.9% of investigated dug 

wells, with E. coli found in 54.8%, and intestinal Enterococci in 56.2%. Citing Blackburn et al. [10], 

Hynds et al. [11] note that diseases caused by waterborne pathogens continue to be a leading cause of 

illness in United States (US), and waterborne disease surveillance in the US indicates that 

approximately 74% of confirmed waterborne disease outbreaks occurring during the period of  

2001–2002 were attributed to groundwater sources [10]. 
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The presence of bacteria from animal sources is problematic in water supplies. For example, one of 

the problems with Cryptosporidium oocysts is they are resistant to harsh environmental conditions and 

remain ineffective for several months [12,13], posing a major problem for the water industry [14].  

Khaldi et al. [15] show Cryptosporidia oocysts and/or Giardia cysts are transported from sinkhole to 

spring and well suggesting that oocysts are subject to storage and remobilization in karst conduits.  

Karst aquifers are known to be generally more vulnerable to contamination than aquifers with 

fractured or inter-granular porosity. Microbial pathogens can easily enter karst aquifers through thin 

soils and the epikarst or via sinkholes [16]. Thus, parasitic protozoa represent an insignificant threat 

to groundwater in general, except for groundwater directly connected to surface water and 

groundwater in karst environments. 

In this study, we examine the risk status of selected water sources by identifying coliform sub-group 

and potential pathways. Aquifer pathways from hazard to receptor may exist due to the 

hydrogeological setting in a particular area, including soil and strata types, depth to groundwater and 

type of well construction and maintenance. This study builds on the development of a groundwater risk 

assessment model (GRAM) [2] and involves identifying the sub-type of coliform indicator bacteria 

present in the water sources ranging from low risk to high risk wells. The sub-typing of bacterial 

strains recovered from water supply wells constructed in different climate and geologic settings with 

different maintenance history is a valuable tool for identification of contamination sources and 

pathways. Thus, the risk status of groundwater supplies is evaluated to protect water sources by taking 

corrective measures in managing the hazard source and pathways. 

2. Study Groundwater Systems 

Coliform source tracking was undertaken on 48 water sources (out of 144), of which 42 are potable, 

in 26 water supply systems spread across South Australia (Figure 1). Non-potable springs in the 

northern region were used for comparison. The groundwater systems are located in four regions:  

Eyre, Northern, Outer Metro and South East and are described by Somaratne et al. [2]. Selected water 

sources for the coliform sub-typing study are given below in Table 1. The sample water sources were 

selected to represent different land use, aquifer type, and well construction and modelled GRAM risk 

level [2]. For completeness, a general description of the area is provided in this paper. 

The Eyre region has seven water supply systems in limestone aquifers. Two systems (Uley South 

and Streaky Bay water supply aquifer-Robinson lens) are in karstic limestone. The average annual 

rainfall and pan evaporation varies from 550 and 1500 mm respectively at Port Lincoln and 375 and 

2200 mm, respectively, at Streaky Bay. Land use is predominantly broad acre cropping and sheep 

grazing. Low salinity groundwater occurs in the areas known as fresh water lenses, in the saturated 

limestone surrounded by either dry limestone or brackish water zones. Soils in the region are 

characterized as shallow, calcareous and overlaying calcrete or limestone. The water supply systems 

Uley South, Uley Wanilla, Coffin Bay and Robinson lens are in water reserves whilst the Lincoln 

Basin water supply system is in a national park [2]. 
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Figure 1. Location of non-metropolitan groundwater supply systems in South Australia 

(after Somaratne et al. [2]). 

In the Northern region, there are 17 water supply systems including four springs. Except for the 

Para Wurlie basin and Parachilna, the other groundwater water supply systems extract from fractured 

rock/sandstone aquifers or the deep confined aquifer of the Great Artesian Basin. The climate in the 

area is typically characterized by hot dry summers and cool winters, with the highest rainfall occurring 

from May to September. Average annual rainfall is 447 mm and average annual pan evaporation  

is 1400 mm. The far north of the Northern region comprises arid lands and is bounded by the  

Simpson Desert. 



Water 2015, 7 3882 

 

 

Table 1. Water source data and GRAM [2] risk levels. 

Water Source a Source Type b Geology c Casing Type and Year d Annulus Seal Land Use e GRAM Risk Level 

Fosters Creek * Creek Fractured Rock Not applicable Not applicable Farmland High 
Hammond-Coonatta Spring * Spring Fractured Rock Not applicable Not applicable Farmland High 

Woolshed Flat spring* Spring Fractured Rock Not applicable Not applicable Grazing land High 
Blinman Mine Mine Fractured Rock Not applicable Not applicable Reserve High 

Wilmington Mine Mine Fractured Rock Not applicable Not applicable National park High 
Streaky Bay Trench 1 UC karst LS Not applicable  Not applicable Water reserve High 
Streaky Bay Trench 2 UC karst LS Not applicable Not applicable Water reserve High 
Bordertown TWS 8 UC LS Steel, 1982 No Grazing land Moderate 

Bordertown TWS 10 UC LS PVC, 2011 No Grazing land Moderate 
Millicent TWS 1 UC LS Steel, 1968 No Grazing land Moderate 

Mt Gambier TWS 9 C Sand FRP, 1996 From 0 to 183 m Township Low 
Mount Burr TWS 5 UC LS PVC, 2012 From 0 to 120 m Forest reserve Low 

Parilla TWS 4 C LS PVC, 2007 From 0 to 89.5 m Township Low 
Penola TWS 7 C Sand PVC, 2011 From 0 to 140 m Township Low 
Pinaroo TWS 4 C LS Steel, 1971 Unknown Township Low 

Kingston TWS 12 C Sand FRP, 1991 From 0 to 58 m Road reserve Low 
Blinman TWS 1 UC Fractured Rock PVC, 1996 From 0 to 3 m Reserve High 
Hawker TWS 1 C Fractured Rock Steel, 1963 No Grazing-sheep Low 
Melrose TWS 5 C Sandstone- FRP, 1991 From 0 to 87.5 m Winter cropping Low 
Orroroo TWS 7 C Sandstone- PVC, 2001 From 0 to 113.5 m Winter cropping Low 

Parachilna TWS 1 SC Sandy-clay PVC, 2005 From 0 to 5 m Road reserve Moderate 
Warooka TWS 2 UC LS Steel, 1962 Unknown Winter cropping High 
Willowie TWS 1 SC Fractured Rock PVC Rehab. in 2012 No Creek reserve Moderate 

Wilmington TWS 3 SC Fractured Rock PVC, 2009 From 0 to 48 m National park Low 
Wilmington TWS 2 SC Fractured Rock PVC, 1999 From 0 to 2 m National park Moderate 
Coffin Bay TWS 7 UC LS PVC, 2012 From 0 to 24 m Water reserve Moderate 
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Table 1. Cont. 

Water Source a Source Type b Geology c Casing Type and Year d Annulus Seal Land Use e GRAM Risk Level 

Elliston TWS 3 UC LS PVC, 1999 From 72.5 to 75 m Winter cropping Moderate 
Lincoln Basin Well A UC LS Steel, 1957 No National park High 
Lincoln Basin Well B UC LS Steel, 1959 No National park High 
Lincoln Basin Well O UC LS Steel, 1971 Unknown National park High 
Lincoln Basin Well M UC LS Steel, 1976 Unknown National park High 
Lincoln Basin Well J UC LS Steel, 1959 No National park High 
Uley South TWS 1 UC karst LS Steel, 1964 Unknown Water reserve High 
Uley South TWS 2 UC karst LS Steel, 1974 Unknown Water reserve High 
Uley South TWS 3 UC karst LS Steel, 1974 Unknown Water reserve High 
Uley South TWS 5 UC karst LS Steel, 1975 Unknown Water reserve High 
Uley South TWS 7 UC karst LS Steel, 1975 Unknown Water reserve High 
Uley South TWS 8 UC karst LS Steel, 1969 Unknown Water reserve High 

Uley South TWS 10 UC karst LS PVC, 1999 2 m from surface Water reserve Moderate 
Uley South TWS 11 UC karst LS PVC, 1999 Unknown Water reserve Moderate 
Uley South TWS 14 UC karst LS PVC, 1999 1 m from surface Water reserve Moderate 
Uley South TWS 15 UC karst LS PVC, 1999 1 m from surface Water reserve Moderate 
Uley South TWS 16 UC karst LS PVC, 1999 1.5 m from surface Water reserve Moderate 
Uley Wanilla TWS 1 UC LS Steel, 1948 No Water reserve High 
Uley Wanilla TWS 2 UC LS Steel, 1946 No Water reserve High 
Uley Wanilla TWS 7 UC LS FRP, 1990 From 12 m to 15 m Water reserve Moderate 
Uley Wanilla TWS 8 UC LS FRP, 1989 From 0 to 0.5 m Water reserve Moderate 
Mt Compass TWS 1 C Sand FRP, 1996 From 0 to 40 m Road reserve Low 

Notes: a,* Surface water sources; Fosters Creek is the water source for the Dutchmans Fosters system; TWS = Town Water Supply; e.g., Mt. Compass TWS 1 is Mt 

Compass water supply system town water supply well number 1. b UC = unconfined aquifer; SC = semi-confined aquifer; C = confined aquifer; c LS = Limestone;  
d PVC = Polyvinyl chloride, FRP = Fibre-reinforced plastic; e Winter cropping = Winter cropping and low-density livestock grazing in summer. 
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The Outer Metro region has a one wellfield at Mount Compass. The climate near Mount Compass is 

characterised by hot, dry summers and cool, wet winters with average rainfall of 840 mm per year.  

The region features irrigated horticulture (mainly berries, vegetables and olives) and cattle grazing. 

The township consists of semi-rural and residential areas. Two semi-confined water supply wells are 

located in a road reserve near the town [2]. The South East region has 19 water supply systems.  

The climate of the South East region is characterised by cool, wet winters and hot, dry summers. 

Average annual rainfall varies considerably within the region, from approximately 750 mm in the 

south near Mount Gambier, to 250 mm in the north of the region around Pinnaroo. Potential annual 

evapotranspiration increases from ~1400 mm in the south to ~1800 mm in the north. The dominant 

land use is dryland cropping and livestock grazing. There is some irrigated cropping, which includes 

pasture for dairy, wine grapes, lucerne, potatoes and cereals. Commercial forestry is a significant 

industry in the southern part of the South East (SE) region, with both softwood and hardwood 

plantations. Except in Kingston SE, Millicent and Bordertown, all water supply wellfields are located 

within townships [2]. In Mount Gambier, water supply system is the Blue Lake, a volcanic crater, but 

coliform source tracking was undertaken in confined aquifer water supply wells that are used for 

emergency water supply. 

3. Methods 

3.1. Sampling Strategy 

Based on the previous study of Somaratne et al. [2], water sources were selected to represent a 

range of risk levels and availability of historical coliform detection data. Water sources (Table 1) were 

divided into several categories, according to the level of exposure to potential bacterial contamination 

sources, (surface water, trenches, mines in fractured rock aquifers, water supply wells in karst aquifers, 

wells of good to poor condition in limestone aquifers, wells in fractured rock aquifers with either 

shallow corroded casings or pressure cemented annulus and deep casings, semi-confined and confined 

aquifers with production zones below a clay layer). This allowed historical data that were available by 

routing monitoring, of coliform detection frequency to be presented under each category, and to 

undertake coliform sub-typing to identify species present in the different source water categories.  

The overall sampling strategy was to obtain representative water samples from each of the water source in 

each category. 

3.2. Sample Collection 

Both potable and non-potable water sources were routinely monitored for bacteria. Sampling taps  

were installed in the town water supply wells so as to minimise contamination of the samples during 

collection. The sample tap was flushed for at least 3–5 min to ensure that the sample will be 

representative of the water in the well, and then sterilised by flaming with a gas burner until steam issued 

from the nozzle of the tap. Pre- and post- flush samples were collected in order to detect any coliform 

bacteria within the sample taps or within the well-head. Samples were collected in sterile polypropylene 

bottles dosed with sodium thiosulphate according to AS/NZS (Australian/New Zealand Standard) 

5667.11:1998 [17] and AS/NZ 2031:2001 [18], transported on ice, and analysed within 6 h of collection. 
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3.3. Method of Analysis 

Coliform identification involves a traditional process, Analytical Profile Index (API) biochemical 

analysis, to identify bacteria detected at the genus and species levels at the various water  

sources [19,20]. Samples and dilutions were added to Colilert®-18 sterile vessels, and Colilert®-18 

powders were aseptically added and mixed by shaking until completely dissolved. The vessel was 

aseptically emptied into a Quanti-Tray® and heat-sealed according to the manufacturer’s instructions, 

then incubated at 35 °C for 18 h. The Quanti-Tray® was inspected for yellow wells indicating the 

presence of coliforms, and under long wave UV (366 nm) light for fluorescent wells indicative of  

E. coli. Estimated counts were determined using most probable number tables supplied by the 

manufacturer. Up to 10 positive (yellow) wells of the Colilert®-18 vessels were aseptically pierced and 

the bacterial suspension struck out onto CHROMagar [21,22], plates were incubated for 24 h at 37 °C 

according to manufacturers’ instructions, before being examined. 

Both typical and atypical colonies were investigated. Typical and atypical colonies were 

subcultured to Cysteine Lactose Electrolyte Deficient (CLED) agar with andrade indicator and 

incubated at 35 °C for 24 h. Pure isolates were then identified using API20E, from a pure isolate that 

has been re-struck from the selective CLED agar onto blood agar unless otherwise indicated.  

The CHROMagar plates were photographed using the digital colony counter to show the types of 

morphologies present in the sample matrices. Up to five morphologically distinct isolates were 

selected for identification and re-struck onto blood agar to confirm organism purity. A single isolated 

colony was selected from each blood agar plate and a suspension made in physiological saline (5 mL). 

This suspension was used to inoculate an API20E strip, which was incubated at 35 °C for 24 h.  

The API reactions were read back according to the manufacturer’s instructions. API20E is a 

standardised biochemical system for the identification of Enterobacteriaceae and other non-fastidious, 

Gram negative bacilli [23]. 

The API20E strip [20] is composed of 20 micro-tubes containing dehydrated substrates. These are 

inoculated with a bacterial suspension which reconstitutes the media. After incubation for 18–24 h at  

36 °C, bacterial metabolism produces colour changes which are either spontaneous or revealed by the 

addition of reagents. The reactions are converted into a seven-digit code. The code is then entered into 

an online database, apiweb™ identification software [20] and identification is produced, usually as 

genus and species. CHROMagar Orientation Medium is a non-selective medium designed for 

isolation, direct identification, differentiation and enumeration of pathogens. The agar contains 

proprietary chromogens; these colourless compounds are composed of a substrate (targeting a specific 

bacterial enzyme) and a chromophore. Enzymatic activity of the target organism results in release of 

the chromophore. In unconjugated form, the chromophore exhibits its distinctive colour and forms a 

precipitate [23]. 

Enterobacteriaceae strains were arranged into a weighted assortment correlating to the frequency 

with which they might be found in an environmental laboratory, the API20E correctly identified 71 

(87.7%) at 24 h and 78 (96.3%) at 48 h. Reliability of genus was decided at the 90% confidence 

interval and species at the 95% confidence interval for determine consistent identification. 

The coliform species identified in this study was collected during the sampling period from 

September 2013 to September 2014, with 2–10 routine sampling rounds. In addition one round of 
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sampling was carried out for the pre- and post- flushing of the water supply wells, to detect the 

presence of coliform in the wellhead. Hence, this study provides a snap-shot view of the coliform 

species detected. 

4. Results and Discussion 

There are many potential sources of bacterial pollution in a catchment; identification of genera and 

species provides a means to determine whether particular coliform sources are originated from soil, 

water and plant systems, or introduced by way of animal faeces. Data presented are related to total 

species detected at each sampling round at each water source and are not necessarily indicative of the 

general status of a particular groundwater source. 

4.1. General Description of Detected Coliform Bacteria—Genera and Species 

Survival of coliform bacteria in soil depends on soil characteristics; warm moist conditions are ideal 

for maximum survival [24]. Bacterial survival may be low in well aerated sandy soils, but if the depth 

to groundwater is low and water flow rate is high, bacterial contamination of groundwater may be 

substantial [24]. Thus, shallow karstic aquifers, and water sources that have direct contact with moist 

soils such as dug wells and trenches are prone to high bacterial contamination. 

Total coliform bacteria that are able to ferment lactose at 44–45 °C are known as thermotolerant 

coliforms (TTC) [11]. TTC (faecal) bacteria, is a sub-group of the total coliform group because they 

can grow at higher temperatures and are found only in the faecal waste of warm-blooded animals.  

E. coli is one of the six species of faecal coliform bacteria found in animal and human waste [25]. In 

most waters, the predominant genus is Escherichia, but some types of Citrobacter, Klebsiella, Hafnia, 

Proteus, Morganella and Enterobacter are also thermotolerant. Sigler and Bauder [26] posit that, if a 

water sample is positive for total coliform but negative for E. coli, it is nevertheless important to 

determine from where the bacteria entered the system, even though the main purpose of quantifying 

coliform bacteria is to detect faecal pollution and thus the possible presence of faecal pathogens [27]. 

Coliform bacteria, other than E. coli, may originate from a multitude of sources including soil, 

decaying vegetation, industrial processes and effluent [27]. Bacteria from different pollution sources 

may consist of essentially the same species but with different strains predominating [28]. 

Bacterial colonies are identified by enzymatic activity specific to the genus or species. The 

coliforms identified in this study were recorded and an interpretation was made of the most probable 

source [29]. The usefulness of total coliforms as an indicator of faecal contamination depends on the 

extent to which the bacteria species found are of faecal origin. All members of the total coliform group 

detected in this study are given in Table 2. Acinetobacter species are considered to be ubiquitous in 

nature given that they can be recovered from almost all soil and surface water samples [30]. They 

survive on both moist and dry surfaces. In drinking water, they have been shown to aggregate bacteria 

that otherwise do not form aggregates [30]. 

Aeromonas spp. are Gram-negative rods of the family Vibrionaceae. They are normal water 

inhabitants and are part of the regular flora of animals [31]. Burkholderia comprises more than  

60 species, and present in water sources Burkholderia suggest that each group might represent a 

different genus [32]. Buttiauxella species, a new genus of the Enterobacteriaceae, isolated from 
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surface water, soil, intestine of snails and some human samples and intestinal tracts of trout [32,33]. 

Citrobacter is a genus of Gram-negative coliform bacteria in the Enterobacteriaceae family [34]. The 

species C. amalonaticus, C. koseri, and C. freundii can use citrate as a sole carbon source. These bacteria 

can be found almost everywhere in soil, water, wastewater, and in the human intestine [34]. Enterobacter is 

a genus of common Gram-negative, facultatively anaerobic, rod-shaped, non-spore-forming bacteria of 

the family Enterobacteriaceae, commonly found in soil and water. The genus Enterobacter is a 

member of the coliform group of bacteria with some are belong to the TTC group but some members 

do not as does E. coli, because it is incapable of growth at 44.5 °C in the presence of bile salts [35]. 

Faecal streptococci generally occur in the digestive systems of humans and other warm-blooded 

animals and are used as indicators for water pollution [36]. Enterococci are a subgroup within the 

faecal streptococcus group. Enterococci are typically more human-specific than the larger faecal 

streptococcus group. E. coli is a Gram-negative facultatively anaerobic, rod-shaped bacterium of the 

genus Escherichia that is commonly found in the lower intestine of warm-blooded organisms [37]. 

Since E. coli is released into the environment through deposition of faecal material, this bacterium is 

widely used as an indicator of faecal contamination of waterways [38]. The genus Hafnia, a member of 

the family Enterobacteriaceae, consists of Gram-negative bacteria which are occasionally implicated 

in both intestinal and extraintestinal infections in humans, despite the fact that the genus currently 

contains only a single species (H. alvei), commonly found in humans, animals and birds as well as soil, 

water and sewage [39]. 

Klebsiella spp. are Gram-negative, nonmotile, usually encapsulated rod-shaped bacteria, belonging 

to the family Enterobacteriaceae. Klebsiella spp. occur worldwide, particularly in tropical and 

subtropical regions, and are ubiquitous, including forest environments, vegetation soil, water, and 

mucosal membranes of host species. Specifically identified sources for some Klebsiella spp. are:  

K. pneumoniae—humans, horses, bovines, raptors, and common in all Australian mammals;  

K. oxytoca—humans, mammals (ringtail possums, gliders, and bats) throughout Australia, and insects. 

K. variicola—humans and plants [40]. Kluyvera is a small, flagellated, motile Gram-negative  

bacillus that clearly belongs to the family Enterobacteriaceae. Kluyvera is present in the environment 

as free-living organisms in water, soil, sewage, hospital sinks, and food products of animal origin [41]. 

Morganella morganii is a species of Gram-negative bacteria. M. morganii has a commensal 

relationship within the intestinal tracts of humans, mammals, and reptiles as normal flora [42]. The 

enterobacterial genus Pantoea comprises 19 species of Gram-negative, yellow or beige pigmented, 

motile rods. Members of this genus have been isolated from a wide range of environments including 

soil, water, dust, dairy products, meat, fish, insects, humans and animals. Most frequently they are 

associated with a broad range of plant hosts, as non-pathogenic endophytes or epiphytes, colonizing 

leaves, stems and roots [43]. The genus Providencia consists of five species: Providencia 

alcalifaciens, Providencia heimbachae, Providencia rettgeri, Providencia rustigianii, and Providencia 

stuartii. Providencia rettgeri is a Gram negative bacterium that is commonly found in both water and 

land environments; and Providencia stuartii is a Gram negative bacterium that is commonly found in 

soil, water, and sewage [42]. 
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Table 2. Coliform species detected in the water sources sampled in this study, together with potential origins [9,30–49]. 

Identification Code Genus Species Summary of Potential Origins 

Aci (bau, cal) Acinetobacter (Aci) baumannii/calcoacetius Environment, soil [30] 
Aer (sp) Aeromonas (Aer) Aeromonas spp. Normal water inhabitant [31] 
Bur (sp) Burkholderria (Bur) Burkholderria spp. Soil and water bacteria [32] 
But (sp) Buttiauxella (But) Buttiauxella spp. Surface water and soil, intestine of snails [32,33] 

Cit (sp) 

Citrobacter (Cit) 

Citobacter spp. 

Mainly found in soil, water sewage, and also  
in intestinal tract of animals and humans [34] 

Cit (fre) freundii 
Cit (bra) braaki 
Cit (kos) koseri/amalonaticus 
Cit (you) youngae 

Ent (sp) 

Enterobacter (Ent) 

Enterobacter spp. 

Commonly found in soil and water [35] 

Ent (aer) Aerogenes 
Ent (clo) Cloacae 
Ent (asb) Asburiae 
Ent (can) cancerogenus 
Ent (ger) gergorviae 
Ent (amn) amnigenus 2 

E (col 1) 
Escherichia (E) 

coli 1 Commonly found in intestine of warm-blooded animals [37]  
and released into environment through faecal material [38] E (vul) vulneris 

FS (sp) Faecal Streptococci (FS) Faecal Streptococci Found in digestive systems of humans and warm-blooded animals [36] 

Haf (sp) 
Hafnia (Haf) 

Hafnia spp. 
Found in humans, animals, birds, soil, water and sewage [39] 

Haf (alv 1) alvei 1 

K (sp) 
Klebsiella (K) 

Klebsiella spp. 
Ubiquitous in forest, vegetation, soil, and water environment.  

Species oxycota and pneumonia are enteric bacteria [40] 
K (oxy) oxytoca 
K (pne) pneumonia ssp ozaenae 

Klu (sp) Kluvera (Klu) Kluvera spp. Found in water, soil, and sewage [41] 
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Table 2. Cont. 

Identification Code Genus Species Summary of Potential Origins 

M (mor) Morganella (M) morganii Intestines of humans, mammals, reptiles [42] 

P (sp) 

Pantoea (P) 

Pantoea spp. 
In the environment, found in soil, water, dust, dairy  

product, meat, fish, insects, humans and animals. Found  
in association with plants, leaves, stems and roots [43] 

P( sp2) Pantoea spp 2 
P (sp3) Pantoea spp 3 
P (sp4) Pantoea spp 4 

Pro (sp) 
Providencia (Pro) 

Providencia spp. 
Found in water and land environment [42] 

Pro (ret) rettgeri 

Pse (sp) 
Pseudomonas (Pse) 

Pseudomonas spp. Ubiquitous in the environment. Humans,  
animals, contaminated water and soil [9] Pse (aer) aeruginosa 

Prt (sp) Proteus (Prt) Proteus spp. Part of the human intestinal flora, animals & birds [44] 

Rao (sp) 
Raoultella (Rao) 

Raoultella spp. 
An environmental bacteria [45] 

Rao (orn) ornithinolytica 

Ser (sp) 

Serratia (Ser) 

Serratia spp. 

Ubiquitous in soil, water, and plant surfaces  
with preference for damp conditions [46] 

Ser (mar) marcescens 
Ser (odo) odorifera 2 
Ser (fic) ficaria 
Ser (fon) fonticola 
Ser (liq) liquefaciens 
Ser (odo) odorifera 2 
Ser (rub) rubideae 

Ste (sp) Stenottrophomonas (Ste) Stenottrophomonas spp. Common soil organisms to opportunistic human pathogen [48] 

She (put) Shewanella (She) Shewanella putrefaciens group Widely distributed in nature (soil and water) [47] 

Vib (sp) Vibrio (Vib) Vibrio spp. Typically found abundantly in aquatic habitat also in salt water [49] 
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The Genus Pseudomonas of the Pseudomonadaceae family are motile Gram-negative aerobic bacteria 

plump-shaped rods, with polar flagella. Pseudomonas spp. are ubiquitous in the environment; found in 

humans, animals and plants, contaminated soil and water. Pseudomans can survive for months on dry 

surfaces [9]. Proteus spp. are part of the human intestinal flora and found in humans, animals, birds, 

and fish. Proteus spp. are widespread within the environment, including soil, water, and sewerage [44]. 

Raoultella planticola is a Gram negative, aerobic, non-motile bacillillus primarily considered to be 

environmental bacteria. Raoultella planticola is an aquatic, botanical and soil organism that does not 

typically cause invasive infections in humans [45]. Serratia spp. are chemoorganotrophic, facultative 

anaerobic bacteria with low nutritional requirements, and belong to the Enterobacteriaceae family and 

are ubiquitous in soil, water, and plant surfaces. S. marcescens produces a biofilm, with unique cellular 

and structural differentiation characteristics to those of the standard biofilms produced by 

Pseudomonas aeruginosa and E. coli. The latter bacteria produce biofilms, which consist only of 

microcolonies of undifferentiated cells [33]. S. marcescens may survive from three days to two months 

on dry, inanimate surfaces, and five weeks on dry floor. Due to its abundant presence in the environment, 

and its preference for damp conditions, S. marcescens is commonly found in moist environments [46]. 

Shewanella putrefaciens is a bacteria that is found mainly in marine environments [47]. It is a  

Gram-negative bacteria. Stenotrophomonas is also a genus of Gram-negative bacteria widely 

distributed in nature, with soil and water being the natural habitat [48]. Vibrio species are typically 

found abundantly in aquatic habitats and in salt water [49]. 

Overall, the data suggest that a wide variety of coliform of species originating from various sources, 

are present in the groundwater supplies sampled. The most widely detected species are ubiquitous in 

soil-water-plant environments: Citrobacter (65%), Enterobacter (63%), Pantoea spp. (17%), Serratia 

(19%), Klebsiella (34%) and Pseudomonas spp. (10%). Even though Escherichia species were found 

to be present in 12% of wells, several other coliform species detected can be of potentially feacal 

origin, including: Hafnia spp. (12%) Faecal Streptococci (3%) and Morganella morganii (3%). 

In the GRAM groundwater risk assessment model [2], barriers to contaminants are considered 

throughout, from hazard to receptor. The pathway component describes the likelihood of contact with, 

or transport to a receptor—the water supply well. For exposure to occur, a source of contamination or 

contaminated media must exist along with transport from the source to a point where exposure could 

occur. Therefore, understanding the potential sources causing risk and the exposure pathway forms an 

integral part of the assessment of the risk status of groundwater. 

4.2. Potential Pathways for Coliforms 

GRAM considers two types of pathways from hazard sources to receptor [2]. The first is strata 

vulnerability, indicating physical characteristics of the aquifer and its susceptibility to land use.  

The second pathway to ensure provision of adequate protection from seepage of contaminants, is the 

degree of well integrity, including of the well collar, casing and sealing of the annular space against 

physical damage. The bacteria could enter groundwater and water supply wells through many 

interacting variables related to land use, soil types, depth to water, types of geologic strata and method 

of well construction. Since springs, dug wells and trenches are in direct contact with soil-plant 
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systems, they are prone to high bacterial contamination as evidenced in coliform detection frequency 

data given in Table 3. 

The pathway for any contaminant describes the likelihood of contact with, or transport to a water 

source. The coliform detection frequency data in Table 3 were assigned to 11 different exposure 

categories (Table 4). Different categories indicate different degrees of exposure of water sources to  

a source of coliform or contaminated media. In this regard, two basic factors are considered to 

determine the vulnerability; the level of hydraulic inaccessibility of the saturated zone of the aquifer or 

production zone of the water supply well which minimize contact with the land surface and upper soil 

and strata in the aquifer; and, the bacterial attenuation capacity of the strata overlying the saturated 

zone of the aquifer or production zone of the water supply well [2]. 

The number of wells available for each well construction category varied from one to nine, and 

therefore rigorous statistical analysis proved difficult. However, apart from the recently constructed 

water wells, the large sample size (25–275) of the historical data (Table 3) enabled comparison of 

water source categories based on the frequency of coliform detection. The results show that the 

frequency of coliform detection appears to be influenced (Table 4) by aquifer type, geological strata 

(karst or fractured rock), well construction (shallow or deep casing, sealing of the annulus) and degree 

of well integrity (corroded or damaged well casing). 

Trenches are similar to dug-wells, as their walls are unsealed and provide contact with the 

surrounding sub-surface soil-water-plant root environment. Unconfined karst aquifers are known to be 

generally more vulnerable to contamination than fractured or intergranular porosity aquifers and are 

classified as high vulnerability strata. Microbial pathogens can easily enter karst aquifers through the 

thin soils and the epikarst or via sinkholes, as in the Uley South basin (Figure 2). 

 

Figure 2. Sinkholes and town water supply wells in Uley South basin. 
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Table 3. Historical coliform data and 2013/2014 data with detected species in water sources (Historical data source: South Australian  

Water Corporation). 

Water Source 

Historical Detection Frequency (%) and Quantification  

(MPN/100 mL) of Coliforms Including E. coli 

Species Detected in 2013/2014 Identification Codes  

(Abbreviations) From Table 2 

Potential Coliform Origin Year  

of First 

Sample 

Sample Size 
(MPN/ 

100 mL) 

Coliforms 

Maximum 

MPN/100 mL 

E. coli 

Detections 

E. coli 

Maximum 

MPN/100 mL 

Species 
(MPN/ 

100 mL) 

Fosters Creek 2009 15 60% 520 13% 48 
Cit (bra), Ent (sp), K (oxy, pne),  

Ser (mar), Bur(sp) 
580 Env/groundwater/biofilm 

Hammond-Coonatta 

Spring 
2005 22 95% 37,000 82%  2000 

Cit (sp), Ent (clo), E (col 1),  

Prt (sp), Ser (mar), She (put), Vib (sp) 
2400–55,000 Animal and groundwater 

Woolshed Flat spring 2008 16 100% 10,000 94% 16 

Aer (sp), Cit (sp, bra), Ent (sp, clo), K (oxy), 

P (sp3), Pro (sp,ret), Prt(sp), But(sp),  

Rao(orn), Ser (fon), She (put), Vib (sp) 

11,000–16,000 
Animal/Env/dirty water 

contamination 

Blinman Mine 2006 25 8% 11 0% 0 Cit (bra) 1 More data required 

Wilmington Mine 2005 115 72% 180 3% 2 
Cit (fre), Ent (sp, can), K (sp),  

M (mor), P (sp), Ser (mar, fon), Ste (sp) 
1–410 Animal/groundwater/biofilm 

Streaky Bay Trench 1 1985 210 90% 730 47%  140 Cit (fre, bra), Ent (sp), She (put) 870 
Animal/soil-plant/groundwater 

contamination 

Streaky Bay Trench 2 1985 197 96% 1600 59% 200 Cit (sp, bra), Ent (clo), Ser (mar),She (put) 210 
Animal/soil-plant/groundwater 

contamination 

Bordertown TWS 8 1985 124 8% 390 2% 390 Aci (bau, cal), Ent (aer, clo) 1 More data required 

Bordertown TWS 10 2012 4 3% 0 0% 0 Aci (bau, cal), Ent (aer, clo) 1600 Soil contamination 

Millicent TWS 5 1998 135 8% >200 0% 0  Cit (fre, bra), K (oxy) 3–5 Env., soil-plant, biofilms, plant roots 

Mt Gambier TWS 9 1985 145 14% >2400 0% 0  
Cit (sp,fre), Ent(sp, asb),  

K (sp), P (sp2) 
14–120 Animal, Env/soil/plant 

Mount Burr TWS 5 2013 4 0% 0 0% 0 Cit (sp) 1 More data required 

Parilla TWS 4 2008 45 4% 1 0% 0  Ser (mar) 1 More data required 
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Table 3. Cont. 

Water Source 

Historical Detection Frequency (%) and Quantification  

(MPN/100 mL) of Coliforms Including E. coli 

Species Detected in 2013/2014 Identification Codes  

(Abbreviations) From Table 2 

Potential Coliform Origin Year  

of First 

Sample 

Sample Size 
(MPN/ 

100 mL) 

Coliforms 

Maximum 

MPN/100 mL 

E. coli 

Detections 

E. coli 

Maximum 

MPN/100 mL 

Species 
(MPN/ 

100 mL) 

Penola TWS 7 2012 5 0% 0 0% 0  Ent (can), K (sp) 1–4 Env/soil/plant 

Pinaroo TWS 4 1985 265 21% >200 2% 45 Cit (bra, kos) 5 More data required 

Kingston TWS 12 1994 82 3% 2 0% 0  E (vul, her), P (sp3),Pse (sp) 10 Animal/soil, water, plant  

Blinman TWS 1 2006 25 40% 1000 8% 3 Ent (sp), Haf (sp), P (sp4) 2–34 Animal/groundwater 

Hawker TWS 1 1998 203 24% >200 0% 0  Cit (sp), Ent (clo, can) 1–21 Env/soil/plant 

Melrose TWS 5 2000 110 14% 70 0% 0  Cit (sp), Ent (sp, can), Ser (sp) 31–1000 Animal/Env/plant 

Orroroo TWS 7 2004 58 33% 980 10% 920 Ent (sp,clo) 1–2 Env/soil/plant 

Parachilna TWS 1 2006 275 33% >200 2% 170 Cit (sp), Ent (clo), E (col 1), Pse (sp, aer)  1–3 Env/biofilm/dirty water 

Warooka TWS 2 1996 114 46% 56 3% 2 Cit (kos), Ent (can), Haf (sp), Rao(sp)  6 Warm blooded animals 

Willowie TWS 1 2005 30 93% 14000 30% 14 
Cit (sp), Ent (clo), P (sp4), Prt (sp),  

Ser (mar, odo, fic), She (put), Vib (sp) 
22 Animal and groundwater 

Wilmington TWS 3 2009 34 8% >200 0% 0  Haf (sp) 730 Warm blooded animal 

Wilmington TWS 2 2005 115 46% 180 5% 25 
Ent (sp, can, ger), E (col 1),  

P (sp2), Ser (fic, liq) 
1–5 

Animal and groundwater, soil/plant 

contamination 

Coffin Bay TWS 7 2012 4 0% 0 0% 0 Ent (clo, amn), K (oxy) 1 Biofilm likely, more data required 

Elliston TWS 3 1999 104 13% >200 1% 1  Cit (sp), Ent (sp) 6 Env/soil/plant; more data required 

Lincoln Basin Well A 2006 34 47% 56 3% 1 Cit (sp, bra, you), K (pne) 1–34 Env/soil/plant 

Lincoln Basin Well B 2006 34 38% 59 0% 0  Cit (bra, kos, you), She (put) 1–5 Env/soil/plant/groundwater 

Lincoln Basin Well O 2006 57 82% 1700 0% 0  Cit (bra), Ent (amn), K (pne) 38 Biofilm likely,animal/env 

Lincoln Basin Well M 2006 35 71% >200 17% 170 
Cit (bra, you), Ent (aer), E (col 1),  

FS (sp), Pse (sp), Rao (sp), Ste (rub) 
1–>2400 Animal and groundwater 

Lincoln Basin Well J 2006 48 52% 1400 0% 0 Cit (sp, bra, you) 14 Env/soil/plant 
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Table 3. Cont. 

Water Source 

Historical Detection Frequency (%) and Quantification  

(MPN/100 mL) of Coliforms Including E. coli 

Species Detected in 2013/2014 Identification Codes  

(Abbreviations) From Table 2 
Potential Coliform Origin 

Year  

of First 

Sample 

Sample Size 
(MPN/ 

100 mL) 

Coliforms 

Maximum 

MPN/100 mL 

E. coli 

Detections 

E. coli 

Maximum 

MPN/100 mL 

Species 
(MPN/ 

100 mL) 
 

Uley South TWS 1 2006 38 71% 78 0% 0 
Cit (sp, fre, bra, you), Ent (sp, clo, can, amn), 

Haf (sp), K (sp, oxy), Klu (sp), Pse (sp) 
1–2400 Animal and possible plant roots 

Uley South TWS 2 2006 48 87% >200 0% 0 Cit (bra), Haf (alv1), K (oxy) 2–7 Env/biofilm/warm blooded animals 

Uley South TWS 3 2007 39 44% 200 2% 1 K (pne) 3 Env/biofilms 

Uley South TWS 5 2006 33 18% 770 0% 0 Ent (sp, clo, amn), Ser (sp) 2–5 Env/groundwater 

Uley South TWS 7 2006 44 25% 980 0% 0 Cit (sp) 1 More data required 

Uley South TWS 8 2006 42 45% >200 2% 1 
Cit (sp, bra, you), Ent (clo),  

Haf (sp), P (sp), Ser (sp, mar, liq) 
4–>2400 Env/groundwater/soil/plant 

Uley South TWS 10 2006 32 22% 5 0% 0 Cit (sp, bra,), Ent (amn), K (oxy) 3–7 Env/biofilm 

Uley South TWS 11 2006 35 3% 1 0% 0 Ent (clo, amn), Ser (sp) 1 Env/groundwater 

Uley South TWS 14 2006 35 17% 48 0% 0 Cit (bra), Ent(amn), P(sp4), Pse (sp), Ser (rub) 2–6  Animal and groundwater 

Uley South TWS 15 2006 45 33% >200 4% 3 Cit (bra, you), Ent (clo, amn), K (oxy) 1–200 Animal/groundwater/biofilm 

Uley South TWS 16 2006 39 23% 10 0% 0 Cit (you), Ent (clo), E (col 1), K (oxy) >2400 Animal/groundwater/biofilm 

Uley Wanilla TWS 1 2007 43 65% >200 4% 2 Cit (sp, bra, you), Ent (clo), Ser (liq) 1–23 Animal/groundwater/soil/plant 

Uley Wanila TWS 2 2007 41 27% 14 0% 0 Cit (sp), Ent (clo), K (sp) 2–3 Env/soil/plant 

Uley Wanilla TWS 7 2007 38 13% >200 0% 0 Cit (sp) 4 Env/soil/plant 

Uley Wanilla TWS 8 2007 31 24% 11 0% 0 Ent (clo), K (oxy) 1–4 Env/biofilm/soil/plant 

Mt. Compass TWS 1 2006 88 13% 77 0% 0 Cit (sp), Ent (sp, clo), E (vul) 11 Animal and Env contamination 
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Table 4. Water source category and historical coliform detection frequency. 

Category Water Sources 

Number of 

Water Sources 

in Category 

Historical Coliform 

Detection Frequency 

Mean Range 

Surface water Fosters creek, Hammond Coonatta spring, Woolshed flat spring 3 85% 60%–100% 

Trenches in limestone aquifer Streaky Bay Trench 1 and Trench 2 2 93% 90%–96% 

Mines in fractured rock aquifer Blinman and Wilmington mines 2 40% 8%–72% 

Wells in limestone aquifer with corroded casings 
Lincoln basin Wells A, B, O, M, J,  

Warooka TWS 2, Bordertown TWS 8 
7 49% 38%–82% 

Wells in semiconfined aquifers with shallow  

corroded casings in fractured rock aquifer 

Blinman TWS 1, Hawker TWS 1,  

Willowie TWS 1, Wilmington TWS 2 
4 50% 24%–93% 

Wells in karst aquifer with depth to water <15m Uley South TWS 1, 2, 3, 5, 7, 8, 10, 11, 14 9 37% 3%–87%  

Wells in karst aquifer with depth to water >15m Uley South TWS 15 and 16; Uley Wanilla TWS 1, 2, 7, 8 6 31% 13%–65% 

Wells in deep sandstone or limestone aquifers Parachilna TWS 1, Elliston TWS 3 2 23% 13%–33% 

Wells in confined aquifers  

with pressure cemented annulus  

and production zone below a clay layer 

Mt Gambier TWS 9, Parilla TWS 4, Penola TWS 7,  

Pinnaroo TWS 4, Kingston TWS 12, Mt Compass TWS 1,  

Melrose TWS 5, Orroroo TWS 7 

8 12% 0%–33% 

Wells in semiconfined aquifers with pressure  

cemented annulus in fractured rock aquifer 
Wilmington TWS 3 1 8% 8% 

Wells in limestone aquifer with  

deep casing and sealed annulus but the production  

has a large cavity (with possible link to sinkholes) 

Bordertown TWS 10 1 3% 3% 

Wells in limestone aquifer with  

deep casing and sealed annulus 

 Coffin Bay TWS 7, Mt Burr TWS 5, 

Millicent TWS 5 
3 0% 0% 
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In the Uley South basin, eight town water supply wells (TWS 1–8) were constructed with steel 

casing, in the 1964–1975 period (Table 1) and at the time of sampling were believed to be at least 

partially corroded. In addition, the well annuli were sealed to a maximum of 2 m below ground, 

leaving much of each well in contact with surrounding aquifer material. The frequency of coliform 

detection in each well varies depending on the degree of contact with surface water runoff and the 

karstic nature of the aquifer. TWS 2 had the maximum historical coliform detection, with 87% 

frequency (Table 3). 

Fractured rock aquifers are also susceptible to contamination and are considered a high vulnerability 

class, but to a lesser degree than karst aquifers [16]. Wilmington town water supply is sourced from  

an abandoned copper mine, and two wells (TWS 2 and TWS 3) are located in an unconfined fractured 

rock aquifer recharged from a steep rocky catchment subject to livestock grazing. The mine is similar 

to an uncased dug well, with high potential contaminant exposure through tree roots and insects. 

Similar to the Wilmington mine, TWS 2 has a high frequency of coliform detections (Table 3). The 

well is located on the bank of an ephemeral creek (Figure 3), and drilled to a depth of 75 m with an 

openhole production zone between 15 and 75 m. The PVC casing depth is limited to 12 m with only 

the upper 2 m of the annulus being cemented; and hence is considered prone to contamination. Despite 

the well annulus of TWS 3 being pressure cemented to the full casing depth of 53.7 m, it has 

infrequent low level detections of coliforms (Table 3). Drawdown response in TWS 2 during the 

pumping test conducted at TWS 3 shows that the wells are connected through the fracture network that 

share the same aquifer. TWS 3 is located about 50 m down-gradient from the mine, hence it is possible 

that the three water sources are linked and share recharge water from the ephemeral creek. 

 
(a) (b) (c) 

Figure 3. Mine, Wilmington TWS 2, and TWS 3 wells. (a): Mine entrance; (b): TWS 2; 

(c): TWS 3. 

Willowie TWS 1 is a non-potable water supply source, in a fractured rock aquifer with a historical 

coliform detection of 93% and E. coli detection of 30% frequency (Table 3). The well is located at the 

edge of an ephemeral creek surrounded by cropping and grazing lands. 

The well was tested for integrity and the shallow steel casing was found to be completely corroded 

and thus rehabilitated with PVC casing in 2012. Despite this, coliform detections continue, albeit at 

low counts (Figure 4), possibly due to high vulnerability of the fractured rock aquifer and the  

grazing landuse. 
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Figure 4. Coliform bacteria detection in Willowie TWS 1 from 2005 to 2014. 

Damage to well casings can provide a pathway for contaminants to enter water supply wells, even in 

low vulnerability aquifers. Melrose TWS 5 is in a semi-confined sandstone aquifer with a production 

zone set at 57.5–97.5 m depth. The well is cased with FRP, and the full casing depth (57.5 m) of the well 

annulus is pressure cemented. Due to the poor annulus seal and joining of the casing, roots have 

penetrated from a nearby tree (Figure 5a,b). As a result, the well had a coliform detection frequency of 

14%. The species detected, Citrobacter spp. and Enterobacter spp. are commonly found in the 

environment and Serratia spp. are ubiquitous in soil, water, and plant surfaces and can form biofilms. 

(a) (b) (c) 

Figure 5. Failed well casings—pathways for contaminants; (a) tree in the vicinity of 

Melrose TWS 5; (b) roots penetration through opening between PVC casing joints-Melrose 

TWS 5; (c) steel casing corrosion and lamination in Lincoln basin. 

Even though the primary mechanism of recharge is infiltrated water through the soil surface (diffuse 

recharge), high coliform detections were found in Lincoln basin wells and Warooka TWS 2. Well 

integrity testing and camera views revealed that all steel cased wells in Lincoln basin were in poor 

condition with severe corrosion (Figure 5c). As the well annuli are presumed not to be sealed  

(a historical well construction practice), the 38%–82% frequency of coliform detection found in 

Lincoln basin wells, and 42% frequency from Warooka TWS 2 well are attributable to unsealed well 

head and corroded casing. The lack of sealed annuli and failed steel casings expose the well, making 

direct contact with the surrounding soil-water-plant system, thus providing a direct pathway for 

contaminants in surface water runoff. 
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With little or no possibility of coliform bacteria, particularly of faecal origin, entering into the 

confined aquifer through the aquitard or sealed annulus, another possible pathway for the detected 

bacteria is through the well head or sample taps. This was tested by re-sampling of wells for: (a) first 

flush sample (pre-flush) that may provide total coliform and E. coli that resides within the sample tap 

and well head; (b) after standard flushing time, normally three well volumes to obtain aquifer water 

(post-flush). During both pre- and post-flush sampling, sample taps were not sterilised. The result 

show that 82% of wells show pre-flush coliform of 1–22 MPN/100 mL, and 40% of wells contains 

post-flush coliform of 1–3 MPN/100 mL (Table 5). The exception was the Uley South TWS 2 where 

200 MPN/100 mL of Klebsiella oxytoca was detected in pre-flush sampling and 18 MPN/100 mL of 

Klebsiella oxytoca found in a post-flush sample. This indicates that bacteria have the potential to reside 

within the sample tap or well head and even to form biofilms. Dislodgement of biofilms may be one 

possible reason for infrequent detection of high counts of coliform bacteria. 

Table 5. Pre- and post- flush coliform detection. 

Well Name 
Sampling 

Round 

Coliform Count (MPN/100 mL) and Species 

Pre-Flush Species Post Flush Species 

Uley South TWS 16 
1 5 K (oxy),C (bra), Ent (amn), Rao (sp) 0 - 

2 22 Cit (you), Cit (bra), Pse (sp) 2 Ent (amn), Cit (you) 

Uley South TWS 15 
1 5 Cit(bra) 0 - 

2 0 - 3 Cit (bra) 

Mt Gambier TWS 9 1 1 K (oxy) 0 - 

Wilmigton Mine 1 2 Pse (sp), Ser (mar) 0 - 

Wilmington TWS 2 1 1 Ser (fic) 1 Ser (fic) 

Uley Wannila TWS 1 
1 1 Ent (clo) 0 - 

2 1 Ent (clo) 0 - 

Uley Wannila TWS 2 1 0 - 1 Ent (amn) 

Uley South TWS 1 1 4 Cit (you), Cit (bra), M(mor) - - 

Uley South TWS 1 2 22 Cit (you), Cit (bra), K(oxy), Pse (sp) 2 Ent (amn),Cit (you) 

Uley South TWS 2 1 200 K(oxy) 18  K(oxy) 

Mt Compass TWS 1 1 1 Ser (sp) 0 - 

Lincoln Basin Well A 1 12 Haf (alv 1), Rao (sp),Cit (bra) 3 Rao (sp), Ser (sp) 

Lincoln Basin Well B 1 3 Cit (bra), Ent (amn) 0 - 

Lincoln basin well O 1 3 Ent (amn) 2 Ent (amn) 

Pinaroo TWS 4 is a steel cased confined aquifer well with an historical coliform detection 

frequency of 21%. A well integrity test indicated that the well casing is corroded. Confined aquifer 

wells, Parilla TWS 4 and Kingston TWS 12, are PVC cased wells with pressure cemented annulus to 

full casing depths. Both however, feature low levels of coliform detection (4% frequency of  

1 MPN/100 mL in Parilla TWS 4 and (3% frequency of 1–2 MPN/100 mL in Kingston TWS 12).  

This is possibly associated with incomplete sterilisation of sampling taps prior to collection of  

water samples. 

Parachilna TWS 1 well is constructed in deep unconfined sandstone aquifer in a semi-arid area  

(Figure 6a). The production zone of the well is at 66.5–72.5 m, with only the upper 5 m of annulus of 

the PVC casing pressure cemented. Depth to water is about 60 m. The well shows coliform bacteria at 
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33% frequency and E. coli at 2% frequency. The species detected (Citrobacter, Enterobacter and 

Pseudomonas) are environmental bacteria. They can grow on the inside surface areas of polyvinyl 

chloride pipes [9]. Similar to the Parachilna TWS 1, historically high coliform detections are found in 

Orroroo TWS 7 (Figure 6b), a confined aquifer well, with a production zone at 114.5–118 m and 

pressure cemented annulus to the full casing depth. As at first step towards further investigation, this 

well is planned for integrity testing. The production zone of Mount Gambier TWS 9 is at 238–250 m 

depth (Figure 6c). The annulus of the casing is pressure cemented to a depth of 183 m. Intermittent 

historical detection (in 2002, 2004, 2008) of coliform in Mount Gambier TWS 9 (Table 2) may be 

associated with well maintenance activities carried out in the past (personnel communication with 

operational staff). The well is constructed in a deep confined aquifer and the production zone is 

separated from the upper unconfined aquifer by two aquitards (Table 1), these should provide adequate 

barriers against environmental contamination. 

 
(a) (b) (c) 

Figure 6. Deep unconfined and confined aquifer wells (a) Parachilna TWS 1; (b) Orroroo 

TWS 7; (c) Mount Gambier TWS 7. 

The well head of the Parachilna TWS 1 is constructed in a surface level manhole with a top-cover.  

In a similar well-head construction in shallow wells, Hynds et al. [11] report significant association  

with TTC presence, depending on the separation distance of manhole cover to well casing cap with 

uncontaminated wells having an average 98 mm clearance, and wells with TTC presence having a mean 

clearance of 62 mm. Hynds et al. study reviewed very shallow wells (mean measured depth less than five 

metres) in a semi intensive livestock grazing environment. Citing Savageau [50], Gordon [51] suggests 

that the typical E. coli cell spends, on average, half of its life in the external environment [51,52] and 

notes that fate and survival rate in the external environment are poorly understood. 

Data indicate that there is no compelling evidence to support the contention that the wells identified 

as low risk using GRAM [2] are contaminated with coliform bacteria originating from the land surface 

and transported to production zone through soil and geological strata. However, the data strongly 

supports the suggestion that coliform detections from the sample taps and wellheads stem from the 

surrounding groundwater and soil-plant sources as a result of failed well integrity or even possible 

incomplete sterilization of the sample taps. In addition, coliform bacteria can persist within biofilms 

formed on well casings, screens, pump columns, and pumps. Disturbances during pumping can cause 

the biofilms to dislodge, releasing the coliform bacteria [53]. 
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4.3. Options for Minimizing Risk of Water Well Contamination by Coliform Bacteria 

In agricultural settings, grazing animals often come in close proximity to wellheads. As such,  

all members of the coliform bacteria family, and the parasites Giardia and Cryptosporidia which occur 

in the soil-water-plant environment and in animal manure can be present. Data indicate a relationship 

between well integrity and coliform detection, with wells with poor integrity showing high counts at 

higher frequencies and vice-versa. A number of international studies report similar findings [11,54]. 

The importance of setting a production zone of the well below an impermeable layer and maintaining 

well integrity is illustrated by Somaratne et al. [2] in the Millicent town water supply well No. 5  

(TWS 5). The depth to water in the shallow unconfined Gambier Limestone unit is 2–3 m. The upper 

aquifer unit is calcaranite, having 1 m of silty soil cover. This results in the upper aquifer unit having 

high vulnerability to contamination. However, setting the production zone below a stiff clay aquitard 

of over 20 m thick results in the vulnerability index being reduced to a negligible level. The land use is 

predominantly livestock grazing and a single tree near a waterhole adjacent to the TWS 5 acts as a 

shelter for the animals. The waterhole receives runoff from the surrounding land and scour water from 

the well. The upper part of the aquifer is known to be polluted, having nitrate (as NO3) levels 

exceeding 60 mg/L [2]. The TWS 5 well was constructed in 1967.  In 2009, coliform bacteria were 

detected at a frequency of 80% (Figure 7). However, the production zone of TWS 5 has been set below 

the impermeable clay aquitard layer 80 m from the ground surface (Figure 8). 

 

Figure 7. Coliform detection in Millicent TWS 5. 

The test confirmed that the casing was corroded through in several locations. The annulus of the 

well had not been pressure cemented, and this combined with the failed casing made a pathway of 

contact with the polluted upper part of the aquifer. A replacement well (TWS 9) with PVC casing and 

pressure cemented annulus was constructed at the site, and is currently supplying coliform free water, 

despite the fact that the adjacent waterhole is hydraulically connected to the upper aquifer. According 

to the GRAM analysis, this action reduced the risk level from High to Medium. The risk level could be 

further reduced to “Low” by removing the hazard source (removing water ponding and fencing to 

prevent animal entering). This indicates the importance of sound well design, construction, and 

maintenance (condition of well/wellhead, presence of s c our  wa t e r  ponding, presence of effective 
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sanitary seal around well head, fencing and diverting surface runoff away from well head), in 

potentially reducing the risk level and water supply source contamination. 

(a) (b) 

Figure 8. Millicent water supply wells TWS 5 and TWS 9 [2]. (a) schematic diagram;  

(b) view of the waterhole and TWS 9. 

5. Conclusions 

Overall, in the study area, 70% of sampled town water supply wells detected TTCs with potentially 

36% of species being of animal origin. E. coli were found in 12% of wells (excluding surface water 

sources, mines and trenches). Although E. coli is probably the best indicator available for pathogenic 

enterobacteria and as such remains a useful tool for water quality monitoring [55], coliform sub-typing 

provides additional information on the potential source of coliforms and the presence of feacal origin 

coliforms, even if E. coli have not been detected. 

High levels of coliform in wells can be due to poor design/construction and maintenance (corrosion, 

shallow casings, unsealed annuli). This indicates contaminant pathways exit to the production zone of 

the well making contact between upper soil layers and tree roots through fractures and solution 

features. A number of design/construction characteristics are found to be important in reducing risk 

factors, with well head finish, casing depth, cementing and sealing the annulus, sealing casing joints, 

and setting the production zone below low permeable layers all being important. 

Coliform bacteria can persist within biofilms formed within the well by naturally occurring 

groundwater microorganism. Disturbances during pumping or well maintenance can cause the biofilm 

to dislodge, releasing the coliform bacteria. In addition, well construction defects such as insufficient 

well casing depth, improper sealing of the annulus, corroded and cracked casing and poor well seals or 

caps can allow surface water or insects to carry coliform bacteria into the well. 

In a compromised water supply well where coliform sources are unknown or poorly understood, 

Microbial Source Tracking (MST) techniques [28,51] provide an opportunity to analyse water samples 

in a way that identifies the source of fecal bacteria in the sample. This can help identifying whether the 

source is human versus animal or it can sometimes involve identifying the source down to the species 

(e.g., cow, dog, kangaroo) or eliminating insignificant sources of fecal bacteria. 
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