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EXECUTIVE SUMMARY 

In recent years there has been considerable effort made to characterise biodegradable organic matter 

(BOM) due to its myriad influences on potable water treatment processes. In managed aquifer 

recharge, BOM is equally important as it has been considered the limiting nutrient in determining the 

rates of biologically mediated clogging in injection wells. This becomes especially important for 

nutrient rich reclaimed waters such as storm water and reclaimed water in unconsolidated aquifers. 

BOM in water is defined as the fraction of dissolved organic carbon that can be utilised by bacteria for 

anabolic or catabolic purposes. The character of BOM is highly complex and is a function of the origin 

of the water being recharged. The issue of predicting and controlling water biostability has fuelled 

recent research in the water industry and has been the driver for this review. 

To effectively address issues related to BOM, methods are required by which to measure its 

concentration. Two methods have received most attention, the assimilable organic carbon (AOC) 

assay and the biodegradable dissolved organic carbon (BDOC) assay. However, to date neither 

method is able to measure the entire BOM pool. All methods used to measure BOM are bioassays 

using heterotrophic bacteria. Chemical methods alone are inadequate due to the heterogeneity and 

complexity of BOM. 

A recommendation of this report is that the most suitable method for determining BOM in the context 

of water reclamation via aquifers is the commonly used BDOC method, which is available in many 

commercial laboratories. Furthermore direct measurement of clogging in standardised columns of 

porous media is likely to yield more reliable, simpler and cheaper estimates of clogging than 

standardised measures of BOM, including BDOC. Understanding microbial communities responsible 

for clogging will be helpful in understanding how to inhibit biofilm development, and further work has 

been proposed to address this goal. 
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INTRODUCTION 

The term natural organic matter (NOM) is generally used to describe a broad group of organic 

compounds present in all natural waters. Although the original term refers to organic matter from 

natural sources, NOM may also contain organic matter from domestic, industrial, or agricultural 

sources. The relevant contribution from these anthropogenic sources is highly specific and may even 

dominate in some water sources such as industrial process waters. Surface waters generally contain 

higher organic matter concentrations than groundwaters. The high variability and complexity of the 

characteristics of NOM play a significant role in its behaviour with respect to water treatment and 

managed aquifer recharge (MAR). The presence of NOM also influences the content of 

micropollutants, since it may bind and transport inorganic and organic pollutants (Pelekani et al. 1999; 

Croué et al. 2003). 

In recent years there has been considerable effort made to characterise NOM, since it plays a major 

role in many processes involved in drinking water treatment (e.g. Zappia et al. 2000, Franzmann et al. 

2000; 2002; Warton et al. 2005; Page 2006). Analogously to the issues NOM causes in water 

treatment, the character of NOM may influence MAR operational applications: from quality of source 

water to clogging issues in injection wells (Schippers et al. 1995). Understanding which fractions of 

NOM are removed by various treatment processes allows the optimisation of treatment to improve the 

removal of physical and chemical processes (e.g. coagulation, adsorption, biofiltration). 

A fraction of dissolved organic matter (DOM), which is the water soluble component of NOM, is a 

complex mixture of aromatic and aliphatic hydrocarbon structures. Given that the organic matter 

present in treated waters is essentially present in dissolved form, the particulate component can be 

considered negligible and is not further discussed in this report. As a consequence the term 

biodegradable organic matter (BOM) is used equivalently to dissolved biodegradable or labile organic 

matter. The BOM in water is a fraction of NOM that can be consumed, under certain conditions, by 

microorganisms for catabolic or anabolic purposes. The matrix and properties of BOM are highly 

complex and are a function of the water’s origin and transport pathway. The issue of controlling and 

predicting the biostability of water draws heavily from research into drinking water quality, treatment 

and distribution. Better knowledge of the biodegradation rates in biological processes, such as 

biofiltration and the clogging dynamics in near well injection systems is necessary to quantify the 

effect of BOM removal on water quality and clogging. 

 

SOURCES OF ORGANIC MATTER 

Many attempts have been made to characterise the main sources of NOM. The NOM found in water is 

primarily from the decay and leaching processes of organic materials from plants, animals and 

microorganisms and their transportation in water (Page et al. 2002a). The degradation processes may 

result from microbial activities. Depending upon the source of organic matter, NOM can be 

characterised as autochthonous or allochthonous, which implies the origin within a given system or 

outside of the system respectively. When referring to drinking water, allochthonous organic carbon 

generally originates from terrestrial catchments, while autochthonous organic carbon is derived from 

the biota (e.g. algae) growing in the water. Although the relative contribution of allochthonous and 

autochthonous may vary within the system, there are distinct characteristics that may be traced to the 

source (Page et al. 2002a). Others have shown (Biber et al. 1996) that the relative proportions of 

autochthonous organic matter in lake water is maximal in summer when biological activity is high, 
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while allochthonous organic matter is highest in winter when terrestrial runoff is highest. The relative 

contributions of the various sources of NOM can thus be highly variable. Factors inducing variability 

include the position within the catchment; seasonal and climatic changes and major hydrological 

events; point sources such as industrial or agricultural discharges and non-point sources such as urban 

or agricultural runoff. Because of this high variability, the source and resulting composition cannot 

easily be predicted. 

 

QUANTIFICATION OF ORGANIC MATTER 

This following section details some of the most common analytical procedures used to quantify NOM. 

 

Chemical oxygen demand and permanganate index 

The method used to determine the chemical oxygen demand (COD) uses a dichromate reflux and has 

been used to determine overall organic matter content in water and wastewater. Common values for 

COD vary from 5 – 15 mg / L for surface waters and are correlated to organic carbon with an 

approximate ratio of 2 - 3 mg O/ mg C. However the method detection limit (5 mg / L O2) restricts the 

application of this method to wastewaters. 

Determination of organic content using the acidic potassium permanganate (permanganate index) has 

also been used in soils (Skjemstad et al. 2006) and waters, but the low oxidizing potential of 

potassium permanganate and the conditions of oxidation specified in the method (APHA 1998) do not 

allow complete oxidation of organic carbon. For surface water the permanganate index can vary from 

2 – 15 mg O2/L. These two oxidation techniques are gradually being replaced by more accurate 

techniques for measuring organic carbon. 

 

Biochemical oxygen demand 

Biochemical (biological) oxygen demand (BOD) was first introduced in 1908 as a test to infer the 

general quality of the water and its degree of pollution by biodegradable organic matter. BOD is not an 

accurate quantitative test and should be considered as providing an indicator of the quality of a water 

body. Like COD, BOD measures the rate of uptake of oxygen by micro-organisms in the sample of 

water at a fixed temperature (20°C) and over a given period of time (usually 5 days) in the dark. To 

ensure that all other conditions are equal, a very small amount of micro-organism seed is added to 

each sample being tested. This seed is typically generated by diluting activated sludge with de-ionised 

water. BOD is similar in function to chemical oxygen demand (COD), in that both measure the 

amount of organic compounds in water. However, COD is less specific since it measures everything 

that can be chemically oxidised rather than just levels of biology active organic matter. BOD is used as 

a gauge of the effectiveness of wastewater treatment plants. Various commercial devices are available 

for its determination. 
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Determination of organic carbon 

The elemental components of NOM are primarily carbon, oxygen, nitrogen, hydrogen and sulphur, all 

bound together in a wide range of complex configurations. Elemental analysis of carbon, where carbon 

is completely oxidized can be performed on dried residues of organic matter. Usually NOM 

concentration is expressed in carbon units, because this is the dominant compound by weight in 

organic matter. 

Organic carbon contained in NOM can be either particulate organic carbon (POC) or dissolved organic 

carbon (DOC). POC is defined as the fraction of organic matter retained on a 0.45 µm membrane 

(APHA 1998). 

In drinking water applications, organic carbon is commonly used as a surrogate for the total amount of 

NOM. The carbon content is usually assessed by total organic carbon (TOC) or DOC. Most methods 

for measuring DOC in water are based on high-temperature catalytic oxidation, ultraviolet/persulphate 

oxidation or some combination of these processes. 

DOC measurement is considered a key parameter in evaluating the efficiency of the treatment 

processes with respect to NOM removal. It is also used to measure BOM by certain methods 

(biodegradable dissolved organic carbon, BDOC).  

TOC and DOC in raw waters vary considerably depending upon the source. Concentrations of TOC 

and DOC remain below 2 mg/L in most groundwater. DOC in surface waters varies widely, 1- 20 

mg/L, upland streams (1 - 3 mg/L) contain less than rivers (2 - 10 mg/L), while wetlands may contain 

high DOC concentrations (10 - 60 mg/L). 

Figure 1 illustrates the relationship between the different methods described to measure dissolved 

organic carbon. 

 

Figure 1 Overview of the quantification of dissolved organic matter 

Note that COD measurements include other oxidisable species such as chloride ions and as such 

encompasses a greater spectrum than the organic carbon pool. The relationships hold that 

quantification measures of COD ≥ DOC ≥ BOD. 
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Determination of organic nitrogen 

Organic nitrogen compounds are present in natural waters primarily in the form of peptides, 

polypeptides, proteins, and amino sugars (Aiken 1985; Bruchet et al. 1990). Acid hydrolysis is 

commonly used to breakdown these large amino compounds into their constituent amino acids which 

are then identified by routine analytical methods (APHA 1998). 

Since its introduction in 1883, the Kjeldahl nitrogen determination method has been refined and tested 

on a wide variety of substances for the determination of total nitrogen. The Kjeldahl method contains 

three steps; digestion, distillation and titration. This approach measures both organic and inorganic 

nitrogen and, thus, is used to calculate organic nitrogen in water by also measuring the initial 

ammonium concentration and subtracting this from the total. 

The determination of dissolved nitrogen can be performed using nitrate titration following elevated 

temperature digestion of organic matter (Egeberg et al. 1999). A few attempts to determine dissolved 

organic nitrogen (DON) are based on its conversion to mineral forms but these techniques suffer from 

inaccuracy. Emerging analytical tools tend to combine both DOC and DON determination in water 

with the same multipurpose instrument using thermocatalytic oxidation with infrared detection for 

carbon analysis and either electrochemical detector or chemiluminescence for nitrogen. 

 

CHARACTERISATION OF ORGANIC MATTER 

The approaches used to characterise NOM can be grouped into specific or general techniques. For the 

most part, specific techniques address determination based on the chemistry of the compounds, while 

general approaches commonly refer to fractionation techniques or to the indirect determination using 

spectral or physical properties of the NOM. The specific techniques apply to the characterisation of 

target compounds of NOM that have similar chemical properties (e.g. amino acids, carbohydrates). 

Conversely, the general techniques are aimed at generic groups of NOM that may contain various 

specific components. 

 

Fractionation methods 

Some techniques used for chemical characterisation require either sample hydrolysis or digestion prior 

to analysis and therefore are destructive. With these methods, the chemical structures of the polymeric 

constituents of NOM are not preserved, as intermolecular bonds are broken during hydrolysis. Due to 

the chemical complexity of such substances, a fractionation step can help to reduce the molecular 

heterogeneity and achieve better insight into chemical composition (Picolo et al. 2002). The 

techniques based on fractionation address the issue of segregating groups of compounds based on their 

physical properties. 

 

Fractionation using XAD resins 

Amberlite XAD resins have been extensively used to adsorb organic solutes from water since the early 

1970s (Aiken 1988). The use of XAD resins is intended not only to isolate the NOM but to fractionate 

out the humic substances as well based on the affinity of NOM components to the functional groups of 



Measurement of the biodegradable fraction of dissolved organic matter relevant to water reclamation via aquifers 6 

the resins. Humic substances is a generic term for the fraction of hydrophobic NOM that can be 

adsorbed on XAD8 resin at pH 2 and then eluted at pH 13. The humic substances (i.e. humic and 

fulvic acids) can account for 40 - 80% of DOC of surface waters. Fulvic acids represent the main 

fraction of humic substances in surface waters (up to 90%). A larger fraction of NOM can be isolated 

and fractionated using two columns in series filled with XAD8 and XAD4 resins (Aiken et al. 1992). 

Aiken (1988) makes a critical evaluation of the use of macroporous resins for the isolation of humic 

substances in water. He reports that the fractionation of DOC in a sample varies depending upon many 

factors including the type of resin, the amount of sample passed through the resin and the eluents used. 

Another criticism of the fractionation technique is the potential alteration of NOM due to the wide 

range of pH values involved. 

 

Membrane fractionation 

The use of membranes to fractionate NOM is based on the isolation of different fractions according to 

molecular cutoff of the membranes. The membrane techniques include reverse osmosis (RO), 

nanofiltration (NF), ultrafiltration (UF) and microfiltration (MF). The fractionation pathways can be 

considered based on the physical characteristics of the compounds of interest; MF and UF are 

molecular size driven, while separation by RO and NF is controlled by diffusion factors and ionic 

charges. 

Membrane filtration is an alternative way to concentrate NOM, which minimizes the potential for 

structural alteration of NOM. Due to their low molecular weight cutoffs, NF and RO can recover up to 

90% of the DOC, but concentrate salts which may interfere with subsequent analyses. 

 

Size exclusion chromatography 

Size exclusion chromatography (SEC) is based on the differential separation of molecules of different 

sizes flowing through a porous matrix. The compounds are primarily separated according to 

hydrodynamic molecular size which combines hydrophobic and electrostatic interactions between the 

resin and the analyte compounds, thereby creating an effective size of the compounds (Her et al. 

2002). SEC is a rapid and reproducible method for characterizing macromolecules according to their 

molecular weight and size distribution and is now commonly used to characterise the various fractions 

of NOM. 

 

Indirect methods 

Alternative methods for characterising NOM are not based on the measurement of specific 

components in the organic matter and are used to complement specific and advanced characterisation 

techniques. 
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UV absorbance 

The absorbance of UV light is a general characteristic of the pool of molecules forming DOC. UV 

absorbance provides overall structural information on NOM. UV absorbance at 254 nm has been used 

as a simple surrogate for measuring DOC levels (Krasner et al. 1996). 

The specific UV absorbance (SUVA) is defined as the UV absorbance of a water sample determined at 

a given wavelength normalised for DOC concentration. SUVA has been used as a surrogate for DOC 

aromaticity because it correlates well with NMR data for a wide range of DOC isolates. It thus 

provides an assessment of the general chemical composition of DOC subject to spatial and temporal 

variations. 

 

Fluorescence spectroscopy 

Because of DOM’s complexity, the measurement of fluorescence represents a simple and rapid 

technique used to characterise DOM. The fluorescent fractions of DOM exhibit intensity peaks at 

specific wavelengths. Although many advances have been made in the application of fluorescence 

spectra to characterise DOM, the assignment of structures responsible for the fluorescence behaviour 

is still largely undetermined and as such finds most promise in fingerprinting-like applications. 

 

DBP formation potential 

The chemical reactivity of NOM can be used as a general characterisation of NOM using the 

disinfection by product (DBP), and for chlorine disinfection the trihalomethane formation potential 

(THMFP) (Page et al. 2002b). The oxidant demand is an indirect parameter used to assess the ability 

of NOM to react with oxidants. There has been some success in linking general chemical properties to 

mechanisms of reactivity with chlorine and subsequent formation of chlorination by-products (Croué 

et al. 1999). Although powerful analytical tools provide needed insight into these mechanisms, a 

relatively simple measurement such as SUVA appears to be an excellent surrogate parameter to 

predict THMFP (Krasner et al. 1996). 

 

Direct Methods 

A broad range of compounds have been reported to contribute to the organic carbon of natural waters. 

However due to the heterogeneity and complexity of the DOC pool, only a limited proportion (~20%) 

can be identified at the molecular level (Gremm and Kaplan 1998). Methods for determining amino 

acids and carbohydrates are described below because of their dominance and relevance to 

biodegradability of NOM. 

 

Analysis of carbohydrates in water 

Thurman (1985) identified carbohydrates as a major constituent of the small pool of identifiable DOC 

molecules. Carbohydrates dissolved in water are present in the form of mono or polysaccharides that 

are either free or bound to DOM. Gremm and Kaplan (1998) have shown that the concentration in 

rivers varies with the hydrologic conditions of the catchment. They report increases in the dissolved 
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total carbohydrates during storm events. Merlet et al. (1996) determined that fructose, glucose, 

rhammose, mannose and galactose are major compounds found in various river waters. The total 

carbohydrate concentrations ranged from 150 to 250 µg C / L and represented 4 - 5% of the DOC of 

these surface waters. They also report that glucose is a major component of carbohydrates either in 

shallow (60 m) or deep (up to 1,870 m) groundwaters. Lower carbohydrate contents ranging from 7 to 

30 µg C / L have been reported in these groundwaters, which represents 1.5 – 20% of the DOC. 

 

Analysis of amino acids in water 

Amino acids are another specific group of compounds that can be quantified in water. Similarly to 

carbohydrates, amino acids in water are present as free or included in peptides, proteins or other 

organic molecules that may be either free or bound to the NOM. The concentration of amino acids is 

reflected in the water source; total dissolved amino acid concentrations of 20 to 350 µg/L in 

groundwater, 50 to 1000 µg/L in river waters and up to 6000 µg/L in lakes (Thurman 1985). The 

average contribution to DOC is 2 - 3% but can be as high as 13% in some eutrophic lakes dominated 

by algal blooms. 

 

Advanced Techniques for Characterisation of NOM 

Different sets of advanced techniques have been developed to provide molecular level detail on NOM. 

These techniques have aimed at providing more detailed information on structural and elemental 

composition of organic matter. 

Pyrolysis-gas chromatography-mass spectrometry (Py-GC-MS) has been used for structural studies of 

Australian NOM (Chow et al. 1999; Page et al. 2002a; Page 2006). The effects of salts are minimal 

therefore concentration techniques such as reverse osmosis and freeze drying can be used. It involves 

the rapid heating to high temperature at which all biomacromolecules (e.g. carbohydrates or amino 

acids) are degraded to lower molecular weight products of thermal decomposition (Page 2006). The 

natural biomacromolecules which are the precursors of bulk NOM are clearly identified with their 

specific fragments with little interference among the biomacromolecules. 

Although NOM from different sources will produce similar pyrolysis biomarker subunits, the 

structural variation of the subunits provides a specific fingerprint to each organic material. During 

pyrolysis the pyrolesate is assumed to represent the total organic matter; however some organic 

contents are poorly detected by mass spectrometry (Page 2006). 

Nuclear Magnetic Resonance (NMR) spectrometry using solid state 13C or liquid state 1H has also 

been used for NOM characterisation (Skjemstad et al. 2005). The 13C NMR technique is very effective 

for obtaining average functional group distributions but provides limited information on the individual 

constituents. Furthermore, NMR is influenced by the salt content, especially paramagnetic ions such as 

iron (III) which are often present in isolated NOM samples. 

 

CHARACTERISATION OF BOM 

To effectively address the issues related to BOM, methods are required to measure BOM 

concentrations. Specific applications for BOM assays include water resource assessment, water 
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treatment decisions, process optimisations, and process monitoring. There is no reference method that 

quantifies all BOM present in a sample, and an important consideration in understanding what fraction 

of the total NOM pool is being measured. Conversely, little is known of the relative importance of the 

most biologically labile BOM constituents such as carbohydrates and amino acids relative to more 

refractory BOM such as biomacromolecules. 

All methods for measuring BOM concentrations involve the use of bacteria. Chemical methods alone 

are inadequate for BOM estimation because diversity involving thousands of potentially degradable 

compounds. Some measurement methods focus on the growth of the bacteria, while others measure 

the activities of the microbes by assaying chemical changes in test water. 

 

Bioassays based on bacterial growth 

Bacteria transport organic molecules across their cell walls, degrading or oxidizing some compounds 

with an accompanying release of chemical energy (catabolism) and incorporating other compounds 

through biosynthetic reactions into biomass and new cells (anabolism). Bioassays based on bacterial 

growth focus on the fraction of BOM that is incorporated into biomass and the production of new 

cells, although the fraction that is respired is considered when estimating growth yields. These BOM 

measurements can be divided into two major categories: those that involve cultures of known bacteria 

and those that involve cultures of the indigenous bacterial community. 

 

Batch cultures of known bacterial species 

The assimilable organic carbon (AOC) concentration in a water sample is governed by simple Monod 

type kinetics; it is proportional to the density of organisms that can grow in it. This is measured by the 

AOC method where a low concentration of bioassay organisms is inoculated into culture vessels 

containing a sterile test water, the cultures are sealed and incubated at 15°C, and over a period of 

several days to weeks the density of the cells are enumerated with sufficient frequency to characterise 

the population growth curve and obtain the maximum cell densities. Cell densities are converted into 

carbon (usually acetate) concentration equivalents using empirically derived yield factors. 

Two bacterial species isolated from drinking water in the Netherlands, Pseudomonas fluorescens P-17 

and Spirillum strain NOX, are the primary bioassay organisms used in the AOC assay. Implicit in their 

use is the assumption that their metabolic capabilities either correlate with or are representative of a 

broader range of bacteria found in drinking water supplies and distribution systems.  

Because the bioassay organisms are able to grow at low concentrations of organic substrate, the AOC 

bioassay is extremely sensitive to organic carbon contamination. Theoretically concentrations of 1 µg 

C/L can be detected with the AOC method; however in practice the detection limit is closer to 10 µg 

AOC/L (APHA 1998). 

There have been a number of modifications to the original AOC method but few have repeated 

application or uptake. These modifications are listed in Table 1. 
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Table 1 Modifications to the original AOC method (modified after Prévost et al. 2005) 

Improvement sought Modification Reference 

Original method Standardised AOC method based on 

stepwise inoculation with Pseudomonas 

fluorescens P-17 and Spirillum NOX 

van der Kooj et al. (1982); APHA (1998) 

Increased speed Incorporation of 4 species in the inoculum Kemmy et al. (1989) 

 A single fast growing Acinetobacter used 

for the inoculum 

Kang et al. (1997) 

 Simultaneous inoculation with 

Pseudomonas fluorescens P-17 and 

Spirillum NOX 

van der Kooj (1990) 

 Increased inoculation density Frias et al. (1994) 

 Increased incubation temperature LeChevallier et al. (1993) 

 ATP bioassay of organisms LeChevallier et al. (1993) 

 Rapid macroscopic technique Bradford et al. (1994) 

 Rapid technique based on flow cytometry Hammes and Egli (2005) 

Reduction of contamination potential 40mL vials batched instead of 1 L flask Kaplan et al. (1993) 

Greater sensitivity Natural microbial consortium used for 

innoculum 

Hammes and Egli (2005) 

Greater biostability Samples heated to 72°C then cooled on 

ice instead of pasteurization 

Escobar and Randall (2000) 

 Use of membranes to sterilize the water 

instead of pasteurization 

Yoro et al. (1999) 

 

Regardless of how the assay is performed, the conversion of cell densities to AOC concentrations 

involves the use of yield coefficients. The bioassay was developed as an index of regrowth potential, 

not an absolute measure of carbon concentration. When a yield coefficient is used to convert the 

density of cells into units of concentration, these are expressed as substrate C equivalences. Expressing 

the AOC concentration in units of carbon extends the method beyond its original purpose, implicitly 

assumes a yield coefficient, and applies the coefficient to a mixture of substrates in a test water. Yield 

coefficients differ between P-17 and NOX by a factor of 3 for acetate and yield coefficients of P-17 

alone differ by a factor of 4 between organic acids and amino acids. Pure cultures are required for the 

determination of the yield coefficient and the organic substrate must be the limiting nutrient. 

In summary, the particular advantages of the AOC bioassay are that it is sensitive, precise, 

standardised by bioassay organisms, generally has a response parameter (colony forming units per 

millilitre) that exceeds the blank by an order of magnitude (high signal to noise ratio) and it it gives a 

measure of the potential to form new biomass. The disadvantages to the AOC method include its 

sensitivity to organic carbon concentration, a response parameter in units of substrate C equivalencies 

and the length of time required to perform the test. In addition although the method has been used in 

The Netherlands as a reference for the potential for clogging in aquifer storage and recovery wells 

(Olsthoorn 1982; Hijnen and van der Kooij 1992) there is no known link between the reference 

organisms and clogging in water reclamation applications and as such its utility for estimating BOM 

with reference to clogging is tenuous. 
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Batch cultures of indigenous bacterial species 

Testing the growth of indigenous bacteria in water samples forms the second major group of BOM 

measurement methods based on bacterial growth in batch culture. There are three basic approaches, 

each based on different techniques for quantifying growth. 

The first method is based on the measurement of turbidity, and is termed the bacterial regrowth 

potential (BRP) assay (Werner 1984; Withers et al. 1996; Page et al. 2002b). In this method, the water 

sample is first sterilized, amended with a mineral salt solution to ensure BOM is the limiting nutrient, 

and placed in a temperature controlled cuvette. The inoculum is prepared by washing the bacteria off 

the membrane used to sterilize the sample. Cell numbers and densities are adjusted to produce an 

initial density of 5 x 10
4
 cells / mL. The cuvette is constantly stirred except during turbidity 

measurements and the system is run until the batch cultures reach a stationary phase. This technique 

results in growth curves over time for the bacterial community. Two parameters are derived from the 

growth curve: growth rate, calculated as the slope during exponential growth, and the growth factor, 

calculated as the ratio of final to initial turbidity. Because the bacteria are indigenous, the results 

should be particularly relevant to the water sampled, though it does measure the growth of suspended 

rather than attached bacteria. This is of particular importance to clogging as the attached bacteria are 

generally thought to produce the biofilm causing clogging in MAR applications, similarly to the 

growth of biofilms in slow sand filters (Page et al. 2006). The method is augmented by additional 

measurements which are often made including the determination of cell numbers by microscopy and 

change in DOC concentration which provides some measure of BOM concentration and cellular yield. 

However, with a suspended batch culture grown for 40 - 60 hours at 22°C it is unlikely that all the 

most biologically labile BOM is metabolised (McDowell et al. 2006). Under some circumstances, 

growth can be detected from turbidity changes, but no change in DOC concentration is detected 

(Hambsch and Werner 1993). 

A second method based on the growth of indigenous bacteria in a batch culture is analogous to the 

AOC bioassay, except that the inoculum is a mixture of unknown species and the test parameter is 

AOC (Stanfeld and Jago 1989). The method has many of the same benefits and problems of the AOC 

method. An important difference however, is that an ATP measurement of a batch culture composed 

of mixed bacterial species is more difficult to accurately convert into cell numbers because of the 

differences in species based on ATP content per cell. As an alternative, enumeration by flow 

cytometry has been used (Stepanauskas et al. 2000; Hammes and Egli 2005). 

A third method is based on the integrated flux of bacterial mortality in a water sample (Servais et al. 

1987). In this method a sample is membrane filtered then re-inoculated with a small sub sample. The 

sample is then incubated in the dark at 20°C for 10 - 30 days to allow the indigenous bacteria to grow 

to a maximum and then decline. During the incubation period, cell densities are estimated by 

microscopic counts and sizes are estimated by microscope and biovolumes are converted to biomass 

using conversion values from the literature. A bacterial mortality constant is determined from the 

disappearance of radioactivity in the DNA of bacteria prelabelled with tritiated thymidine. The product 

of the mortality constant and the change in biomass gives the integrated flux of bacterial mortality 

(Servais et al. 1985). The data obtained by this method agrees well with the BDOC estimated from 

differences in DOC concentration in batch culture for waters collected before and after biofiltration, 

but the method is based on methods that are either difficult or laborious to measure, especially 

bacterial biovolumes, bacterial numbers, and mortality rate estimated by the thymidine method. The 

method is also dependent on several assumptions, including the conversion of biovolume to biomass 

estimates which range over an order of magnitude, and all of the assumptions regarding the tritiated 

thymidine incorporation method (Bell 1993). Because of these numerous assumptions and difficulties 

this method is rarely used. 
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Biofilm colonization monitors 

Although methods for measuring the growth of attached bacteria exposed to a continuous flow of 

water are technically not methods for measuring the concentrations of BOM, they do have many 

similarities with the BOM methods described above. Most significant is that the objective of both 

methods is to learn about the growth of bacteria and formation of biofilms. Two very different 

approaches have been suggested for devices that monitor growth, one using known species of bacteria 

that are encapsulated under silica gel and connected to the water through an agar film and the other 

more common approach using the bacterial community present in the test water. 

There are several devices that monitor biofilm colonization by the indigenous bacterial community. 

These devices are placed directly into the flow and include: incorporation sampling devices (Donlan et 

al. 1994), coupon samplers (Schwartz et al. 2003), flush mounted coupons (Camper et al. 1993), 

annular reactors (van der Welde et al. 1989), rotating disks (Hermanowicz et al. 1991) and a column 

filled with glass cylinders (van der Kooji et al. 1995). All of these devices have been utilised in 

assessing biofilm growth in drinking water distribution systems. 

The rotating disk method is relatively rapid (48 hours) and generates growth rates of attached bacteria 

whereas other methods are longer requiring at least a week to obtain a result. With the rotating disk 

method, polyvinyl chloride disks are sampled after exposure to test water and the number of one, two 

and four celled colonies are counted by direct microscopy. Additionally this method assumes that 

attachment occurs at a constant rate, no detachment occurs and all cells grow at identical rates. 

Each of the other biofilm monitoring methods uses a solid substrate of glass, polycarbonate, or metal 

that is exposed to a continuous flow of the test water for several days to months; the accumulated 

biomass is then quantified. In the case of the biofilm monitor of van der Kooij et al. (1995), glass 

cylinders are removed periodically from the vertical glass column, extracted with a commercial 

releasing agent and then analysed for ATP using the luciferin-luciferase reaction. 

With annular reactors and flush coupons inserted into pipes there is an attempt to simulate the sheer 

stress experienced by biofilms growing in water distribution systems. The biomass that accumulates in 

any of these devices can be enumerated using a number of methods, including direct microbial counts, 

heterotrophic plate counts and ATP. 

The advantages of these biofilm monitoring methods are that they integrate a number of variables 

including organic and inorganic nutrients, temperature, disinfectant, residence time and 

hydrodynamics into the assessment of biofilm formation. This information is generally not all 

available from an assay for BOM concentrations. The disadvantage of these methods are that they take 

a relatively long time to generate results, labour intensive, capital intensive and they do not separate 

the influence of BOM from the other variables (such as temperature, residence, time, hydraulics, 

nutrients). Their use in measuring biofilm growth and well clogging are also questionable due to the 

intrinsic differences of the solid substrates to which the biofilm is attached. While glass substrate-

based methods have some similarity to sandy aquifers in terms of the media composition; aquifer 

sands will also contribute a wider variety of minerals that can facilitate biofilm formation. 

 

Bioassays based on measurement of changes in dissolved organic 
carbon concentrations 

All bioassays that are based on the measurement of DOC are collectively identified as BDOC assays. 

Newer instrumentations allows detection limits of DOC as low as 10 µg/L (APHA 1998), but as 
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BDOC is calculated as the difference between two DOC analyses, the detection limit for BDOC is 

closer to 20 µg/L. A distinct advantage of using direct measurements of DOC is that the values are in 

units of carbon, also information is provided on the proportion of DOC that is non-biodegradable. 

 

BDOC with batch cultures 

Testing of batch cultures of indigenous microorganisms to measure concentrations of BOM is 

conducted with organisms that are either in suspension or attached to a solid media. Such a procedure 

was originally used to investigate lake water (Krogh and Lange 1932) and has been modified to take 

advantage of analytical methodology improvements. An example of the assay with suspended bacteria 

used for drinking water (Servais et al. 1987; 1989) filters the test water through a 0.2 µm membrane. 

This filtered water is then re-inoculated, an initial DOC measurement is made, the sample is incubated, 

and DOC is measured periodically from the same incubation vessel until no further decrease in DOC 

is observed. Incubation times are generally 10 - 30 days. However, the kinetics of BDOC metabolism 

by a suspended inoculum differ for different water qualities (Volk et al. 1994). Furthermore, 

McDowell et al. (2006) showed that with more refractory BDOC compounds, 28 day incubation could 

underestimate BDOC concentrations by as much as 25% compared to an 85  to 120 day incubation. 

They recommended a more sophisticated method involving: (1) a rapid determination of relatively 

labile DOC (measurement of DOC removal after 7 days of incubation with added nutrients) and (2) a 

42 day incubation with repeated analysis of CO2 production when determination of decomposition rate 

constants and a labile and relatively refractory component of DOC is desired. 

The advantage of the BDOC method is that it is simple to perform and is both sensitive and precise. 

The minimum detectable concentration of the test is 0.1 mg C/L or less. Since the BDOC reading 

corresponds to the difference between two DOC analyses, the minimum detectable concentration is 

linked to the detection limit of the DOC analyser. Precision of the method has been estimated at 11 - 

160 µg C/L for 109 waters in the United States (Kaplan et al. 1994) and 3 - 100 µg C/L for 18 source 

waters in Norway (Charnock and Kjønnø 2000). It has also been demonstrated that the source of 

bacteria is not a significant source of variation for the assay (Prevost et al. 1992; Servais et al. 1987). 

The small initial inoculum contains many different species and those capable of degrading the BOM in 

the test water. Those that consequently grow during the test are selected for over a period of weeks. 

The disadvantages of this method is that it takes weeks to complete, requires a DOC analyser and the 

incubation period is selected a priori. The release of soluble microbial products of metabolism are not 

considered BDOC concentrations may be underestimated. For work at low concentrations, filtration 

through membranes is problematic as it is difficult to remove all carbon contamination from the 

membranes. The original BDOC method was slightly modified by Kaplan et al. (1994) in an attempt 

to reduce organic carbon contamination and improve the detection limit. Water was filtered through 

glass microfilters prior to incubation. An additional inoculum was not required because glass fibre 

filters allow most bacteria in suspension to pass into the filtrate. 

 

BDOC with batch cultures and sand 

A substantial method development of the BDOC assay, developed specifically for drinking waters, 

involves the use of bacteria attached to sand as the inoculum (Joret and Levi 1986). In this method, 

sand from a water treatment plant filter is collected and washed with test water until no increases of 

DOC are measured in the wash. The colonised sand is placed in a 500 mL Erlenmeyer flask (100g 

sand : 300 mL water) and the batch cultures aerated at 4 L/h with air that is scrubbed by two water 

washes in series. This procedure again continues until a minimum DOC concentration is obtained 

usually within 3 – 4 days. The bioassay using bacteria attached to sand was shown to be superior by 
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Park et al. (2004) to the other methods for BDOC determination in terms of its incubation period, 

recovery, and reproducibility. Assays to estimate the precision of this method generated coefficients of 

variation ranging from 2.5 - 10% (Joret et al. 1988).  

The BDOC assay involving sand has most of the advantages of the traditional BDOC technique 

described earlier and it can be accomplished in shorter time periods because it does not depend upon 

the growth of the inoculum. Trulleyová and Rulík (2004) and Park et al. (2004) both found that the 

BDOC determination by means of commonly used suspended bacteria as the inoculum made for an 

underestimation of BDOC between 5% and 25%, compared with attached bacterial community. These 

findings were ascribed to higher microbial diversity, higher metabolic activity of attached bacteria and 

abiotic adsorption of organic molecules to inorganic support and biofilm matrix surfaces. As such this 

method holds the most promise for BOM measurement related to clogging. One disadvantage is that it 

is difficult to accomplish complete cleaning of the sand, which in turn affects the DOC detection level. 

Another type of batch culture with an attached inoculum of indigenous microflora is the recirculating 

batch reactor. In contrast to the bioassays described previously that use indigenous microorganisms in 

static batch cultures, the water is passed by assemblages of bacteria attached to inert media. Examples 

of this method include work with matrices of sand, quartz power, charcoal (Gimbel and Mälzer 1987) 

and borosilicate glass (Frias et al. 1992). Each of these batch reactors requires an inoculation period 

and an acclimation period of 80 – 120 days when the source of BDOC is changed. While typical 

measurements take only 3 - 5 days to complete, the long acclimatisation period would make it 

problematic to apply to different source waters in practice. 

 

BDOC with bioreactors 

Biological systems similar to the batch reactors just described, but operating in a continuous and flow 

through mode rather than recirculation, have been used to evaluate biological decomposition of 

organic compounds following bank filtration of river water (Gimbel and Mälzer 1987). Lucena et al. 

(1990) developed a continuous flow bioreactor as a method of rapidly measuring BDOC in drinking 

water. The BDOC measurements of a continuous flow bioreactor consist of the difference between the 

inflow and outflow. The original bioreactor design consisted of a glass column filled with sand and fed 

with test waters at 4 mL/min in an upflow mode and was modified to include sintered borosilicate 

beads as a support for bacteria and paired columns (Ribas et al. 1991). The bioreactor design was 

further modified to use commercially available components and has been utilised in several US and 

European utilities (Ribas et al. 1992; Kaplan et al. 1996). 

Numerous biological, chemical, and physical parameters influence the BDOC measurement, including 

bioreactor colonization, empty bed contact time, temperature and influent DOC concentration. 

Organisms present in the bioreactor feedwater provide the inoculum for colonization. Colonization is 

generally facilitated by higher inoculum density and viability, warmer temperatures and higher BOM 

concentration but can take 6 months or more. Once colonized, replicate bioreactors provide a high 

degree of precision, with a coefficient of variation reported at 6.3% for replicate bioreactors (Kaplan 

and Newbold 1995). Experiments with azide treatment have demonstrated that the removal of DOC is 

primarily a biological phenomenon (Kaplan and Newbold 1995) and that a large microbial biomass 

within the bioreactor provides a reservoir of potential metabolic activity that buffers the bioreactors 

from changes in chemical and physical parameters. Experiments with bioreactors that were 

continuously fed vs. those fed from reservoirs shows that the prefilter used to protect the bioreactor 

from particles contained in the test water function as pre-bioreactors as well, reducing the quantity of 

BDOC fed to the bioreactor (Dubreuil et al. 1997). Additionally, bioreactors fed with either 75 µm or 

1 µm filtered test water did not show any appreciable difference (Dubreuil et al. 1997). 
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The bioreactor has a plug flow of carbon and energy supplies in a single direction. Hence the observed 

biomass gradients within the bioreactor and information on biofilm models (Rittmann and McCarty 

1980) suggest that metabolic gradients are also likely and are important in establishing ecological 

niches that permit the many species of bacteria to inhabit the bioreactor. 

The plug flow bioreactor has been used to characterise the composition of DOM in a surface water 

(Volk et al. 1997). Data collected on five separate occasions revealed that humic substances comprised 

72 - 78% of the DOM, and on average 22% of the humic substances were degraded in the bioreactors. 

These humic substances represented 68 - 85% of the total BDOC pool. Total carbohydrates comprised 

9 - 16% of the DOC and accounted for 22 - 43% of the BDOC, with more than half of them bound to 

the humic substances. Amino acids accounted for 2 - 6% of the BDOC and similarly were bound to 

the humic substances. Without a better understanding of the degradation kinetics of the BOM 

constituents, it is difficult to know their actual importance to microbial processes contributing to 

clogging. However, work with model compounds in annular reactors have revealed higher specific 

growth rates for bacteria fed with carbohydrates and amino acids than with humic substances (Ellis et 

al. 2000). 

The most striking advantage of the continuous plug flow bioreactor is that a measurement is possible 

within the space of a few hours, the time it takes the water to travel through the reactor. This allows 

the monitoring of BDOC concentrations in nearly real-time and hence repeat sampling may be 

accomplished if required. 

The major disadvantage of a plug flow bioreactor is that it requires considerable time (~100 days) for 

colonization. Bioreactor effluent also includes DOC excreted by biofilm organisms and thus the 

measured BDOC may be an underestimate of the actual concentrations, possibly by as much as 32% 

(Kaplan and Newbold 1995). In addition, the bioreactor, like all BDOC type assays requires carbon 

limitation. Hence the addition of inorganic nutrients and oxygen may be required in some instances 

where carbon is not limiting. 

There have been a number of modifications to the original BDOC method but few have repeated 

application or uptake. These modifications are summarised in Table 2. 

 

Table 2 Modifications to the original BDOC method 

Improvement sought Modification Reference 

Original method Standardised BDOC method based on 

measurement of DOC 

Servais et al. (1987); APHA (1998) 

Increase size of measured BDOC pool Use of attached bacteria Joret and Levi 1986; Park et al. (2004) 

 Increase incubation time McDowell et al. (2006) 

Increased speed Use of attached bacteria Trulleyová and Rulík (2004); Park et al. 

(2004) 

 Use of recirculating batch reactor Gimbel and Mälzer (1987); Lucena et al. 

(1990) 

 Use of a plug flow bioreactor Volk et al. (1997) 

Reduction of contamination potential Pre-filtering of test water Kaplan et al. (1994) 
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Comparison of techniques for measuring BOM 

At present there are no absolute measures of BOM that can be used as a standard for all other assays, 

and the different methods all differ in their minimum detection limits and applicability. The 

comparison of BOM methods described above are compared in Table 3. 

It should be noted that not all methods are in common use. Some methods have been standardised such 

as the AOC and BDOC methods (APHA 1998). 

Attempts to identify the entire pool of BOM are complicated by the fact that biodegradation is a 

function of both bacterial enzymes and the character of DOM. An equally important issue is to 

determine what BOM is important to clogging in MAR. Some assays such as AOC are designed as 

indices rather than try to identify the entire BOM pool. To be useful these indices must be good 

predictors of clogging. In contrast BDOC assays attempt to quantify as much of the BOM as possible. 

Some authors have concluded that AOC and BDOC assays are complimentary and both should be 

performed (Escobar and Randall 2000; Charnock and Kjønnø 2000). 

With such a great variety of methods for measuring BOM concentrations, it is of interest to determine 

how each method compares to the others. Several studies have done this for AOC and BDOC (Kaplan 

et al. 1994; Volk et al. 1994; Charnock and Kjønnø 2000). 

Two general conclusions from these comparisons are that: 

• estimates of BOM from the AOC method are lower than those from the BDOC methods; and 

• estimates of BDOC based on suspended bacteria are less than using attached bacteria. 

In addition, correlations between methods of the same type (i.e. two ways of measuring BDOC) tend 

to be strong, but correlations between different types (i.e. AOC and BDOC) tend to be variable – 

strong in some studies and weak in others. The observation that AOC estimates of BOM are less than 

BDOC is universal. This can be explained by the differences in the metabolic capabilities of the 

bacteria. AOC is based on the metabolic capability of two bacteria while BDOC is based on the 

metabolic activities of an unknown but larger number of species. In addition the bacteria for the 

BDOC assay often comes from the test water which implies the selection for particular metabolic 

pathways has already occurred. Comparisons between the AOC assay and the BDOC assays are not 

necessarily valid because the yield coefficient for the AOC bioassay organisms must be assumed and 

these vary depending upon the character of the BOM tested. 

The reason for the differences between the BDOC measurements using suspended and attached 

bacteria is not always apparent, but may result from differences in the diversity of the metabolic 

pathways by the bacterial communities or the bacterial density. It is generally acknowledged that 

sessile growth of bacteria involves significantly different metabolic pathways to planktonic growth. 

Biofilms are a matrix of cellular and extracellular material; the extracellular material is mostly 

produced by the bacteria in the biofilm, but much of this process of carbon cycling within a biofilm is 

poorly understood. Suffice to say there are many reasons why suspended bacteria might give a 

different BDOC measure to attached bacteria. Both techniques use the indigenous bacterial 

communities; however, the bacterial species collected in a single grab sample may differ from those 

present in a continuous flow bioreactor. This refers to not only the initial strains of bacteria that 

colonize the media but also to the seasonally changing populations within the bacterial community that 

have the potential to colonize the bioreactor. Additionally the presence of the media for the attached 

bacteria should establish a greater variety of niches for species colonization. 
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BIOSTABILITY OF WATER IN MAR APPLICATIONS TO REDUCE 
CLOGGING 

When bacteria utilize BOM, part of it is catabolised into carbon dioxide through respiration and the 

rest is used for biomass production. In unconsolidated aquifers and ASR applications, an increase in 

bacterial density is usually observed as a decrease in hydraulic conductivity of the aquifer material or 

decrease in flow rate for injection wells related to clogging. This is typically caused by not only the 

increase in bacterial density but also the production of exopolymers such as polysaccharides and 

slimes present in biofilms. 

This increase in bacterial numbers due to the utilization of BOM in the injection well and the 

associated clogging phenomenon can be defined in terms of biological instability of the water. The 

importance of this instability results from the effects of several parameters and their interactions: 

BOM flux, temperature, hydraulic conditions, mineralogy and geochemistry and influent bacterial 

cells. 

 

Effect of BOM on biological stability 

Bacteria proliferate in the ASR injection well of unconsolidated aquifers as a result of the 

consumption of BOM in the recharge waters. In most cases, BOM is assumed to be the sole limiting 

nutrient for bacterial and biofilm growth (Schippers et al. 1995). 

The amount of BOM in recharge water varies over a broad concentration range as a function of the 

recharge water quality (e.g. stormwater versus treated wastewater). For traditional treatment trains, the 

BDOC values are generally in the 0.2 to 1 mg C/L range (Kaplan et al. 1994). In the case of high 

performance treatment trains such as nanofiltration or reverse osmosis, BDOC concentrations < 0.2 

mg C/L (detection threshold of the method) have been reported (Agbekodo et al. 1994; Laurent et al. 

1999). 

However, even relatively low concentrations of BOM are sufficient to produce a large number of 

bacteria. Thus when considering bacterial yield (the part of the BOM consumed that is used for 

biomass production) of 30% (Barillier and Garnier 1993), the consumption of 0.1 mg C/L enables the 

synthesis of 0.03 mg C/L of bacterial biomass, i.e. ~ 10
9
 bacteria / L. 

In drinking water distribution systems, where most work on biostability of waters has been performed, 

it has been possible to establish relationships between the concentration of organic matter and the 

bacterial biomass in a distribution system. Mathieu et al. (1992) have observed a log linear 

relationship between the density of attached or suspended bacteria and the amount of DOC degraded 

in a pipe loop system. To study the effect of BDOC on bacterial dynamics, Servais et al. (1992; 1993; 

1995) have analysed data from situations found in several full-scale distribution systems. The results 

collected covered a wide range of situations in terms of BDOC in effluent waters from treatment 

plants (0.1 - 0.7 mg C/L). The mean abundance of fixed bacteria in the distribution systems studied 

varied from 0.3 - 2.6 x 10
7
 cells / cm

2
. When these values were plotted as a function of BDOC in the 

finished water, a correlation was obtained which suggested the amount of BDOC entering a drinking 

water distribution system is a major factor controlling the fixed bacterial biomass that colonized the 

internal surface of the pipes. In the same distribution systems a correlation has been observed between 

the abundance of fixed and suspended bacteria (Servais et al. 1995). This correlation is explained by 
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the observation that in areas without chlorine, the bacteria in suspension come primarily from the 

detachment of fixed bacteria. 

These results are in accordance with those obtained by Volk and LeChevallier (1999) on annular 

reactors installed in two drinking water utility systems. In both cases, two reactors were initially fed 

with treatment plant effluent water. When biofilm densities reached a plateau, biofiltration was 

installed ahead of the second reactor, reducing the nutrient levels entering this second reactor (by 

around 50% measured in terms of AOC and BDOC for both treatment plants). This study showed that 

biofilm densities were related to the amount of biodegradable material entering the system. After a 

period of 6 months, biofilm densities were reduced by 0.5 to 1.0 log unit. Volk and LeChevallier 

(1999) mention that a period of several months following implementation of biofiltration was required 

before an effect on bacterial quality (as measured by total plate counts) in the system was observed. 

 

Defining threshold values to achieve biostability 

Several attempts have been made to define the threshold concentration of BOM below which water 

can be considered biologically stable. This work has primarily occurred in the context of drinking 

water research. These threshold values call on different methodologies for the measurement of BOM 

concentration (AOC, BDOC) and different criteria for the measurement of biological stability (Table 

4). 

 

Table 4 Threshold values of BOM for biologically stable waters (modified from Prévost et al. 2005) 

Parameter followed Threshold value Measurement 

technique 

References 

No coliform growth < 0.05 mg C/L AOC LeChevallier et al. (1991) 

 ≤ 0.15 mg C/L BDOC Volk and LeChevallier (2000) 

No HPC growth < 0.01 mg C/L AOC van der Kooij (1992) 

No E. coli growth < 0.1 mg C/L AOC LeChevallier et al. (1996) 

No V. cholerae growth < 0.05 AOC Vital et al. (2007) 

No BDOC increase ≤ 0.15 mg C/L @ 20°C BDOC Volk (1994) 

 ≤ 0.30 mg C/L @ 15°C BDOC Volk (1994) 

 ≤ 0.15 mg C/L BDOC Servais et al. (1995) 

 ≤ 0.25 mg C/L BDOC Niquette et al. (2001) 

 ≤ 0.15 mg C/L BDOC Laurent et al. (1997) 

No increase in resistance < 0.01 mg C/L AOC Olsthoorn (1982); Hijnen and van 

der Kooij (1992) 

 

Van der Kooij (1992) proposed an AOC level ≤ 10 µg/L to maintain the stability in terms of colony 

counts of heterotrophic bacteria. Values proposed by LeChevallier et al. (1991; 1996) and Volk and 

LeChevallier (2000) (Table 4) are defined as AOC concentrations that must not be exceeded if the 

appearance of coliforms in the distribution systems under study are to be prevented. Similarly, Volk 
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and Joret (1994) defined BDOC 0.15 mg C/L as a critical threshold if coliform prevention is a prime 

objective. 

The threshold value of BDOC defined by Servais et al. (1995) has been based on the relationship 

between the consumption of BDOC in the system and the BDOC content leaving the treatment plant. 

The correlation indicated that the consumption of BDOC is proportional to BDOC entering the system 

and there exists a threshold value below which there is no longer any consumption of BDOC in the 

system. This implies that when BDOC output from the plant is below this threshold, the bacterial 

activity is so limited it can no longer be measured by BDOC consumption. This threshold can 

therefore be considered the maximum admissible value for water to be considered biologically stable. 

Similar results were found by Volk (1994), Niquette et al. (2001) and Laurent et al. (1997) for other 

distribution systems (Table 4). Olsthoorn (1982) related clogging in recharge wells and BOM and 

derived a threshold criteria of ≤ 10 µg/L. This threshold value is likely to be dependent on other 

characteristics of the recharge water such as total suspended solids concentrations and the aquifer 

characteristics such as transmissivity. 

As mentioned previously, these thresholds all use different methodologies for the measurement of 

BOM and different criteria exist for the measurement of biological stability. Nevertheless, only small 

discrepancies exist between them indicating that although BOM is only one of the factors affecting 

biostability it is probably one of the most important.  

 

PROPOSED BOM MEASUREMENT METHOD FOR PREDICTING 
CLOGGING IN MAR 

Previous work on defining the biostability of water and associated critical threshold values (Table 4) 

have been primarily in the drinking water distribution system context. A new measurement method for 

BOM and definition of biostability in the well clogging context are required for MAR applications. To 

this end a new definition of biostability of recharge waters is proposed: that there be less than a 

defined decline in the intrinsic permeability of a media for the duration of the test. Durations of the 

test may require experimentation to confirm an appropriate time in which biostability can be 

measured. 

Of the BOM measurement methods described above, all methods have their limitations, but the 

modified BDOC method employing sand appears to be the best candidate for determining the largest 

portion of the BOM pool. Alternatively the bioreactor is a rapid method for BOM quantification which 

also utilises attached bacteria. Appropriate environmental conditions are required in the test bioreactor 

that better simulate the near injection well environment. 

As such the development of an in-house method for BOM determination specific to water reclamation 

via aquifers and predicting clogging appears difficult. It seems unlikely that an improved method for 

BOM determination can be found given the unknown microbiology of clogging in injection wells and 

the limitation of current methods. In addition, all current methods are considered to be indices, 

development of a modified BOM determination method would be unlikely to improve on this 

situation. Further, given their great cost in terms of capital setup, method development and quality 

control there seems little value in deriving another test that is unlikely at this stage to provide further 

specific information. 
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CONCLUSIONS 

BOM measurement techniques have been used since 1982 and a significant number of techniques are 

currently available. Numerous studies in the 1990s provided ample information on their application 

when studying treatment methods such as biofiltration and evaluating the results in model and full 

scale systems but there have been limited applications with respect to well clogging and water 

reclamation via aquifers. When comparing these methods and discussing the results with respect to 

water reclamation in aquifers a few general conclusions stand out: 

There are no absolute measures of BOM that can be used as a standard for all other assays. Two BOM 

methods (AOC and BDOC) have been standardised, but they were developed as tools for management 

of biofilm growth in drinking water distribution systems and their value for management of clogging 

in MAR is unknown. 

Some assays such as AOC are designed as indices rather than to quantify the entire BOM pool. Their 

application in water quality, treatment performance and optimisation have provided useful insights to 

managing distribution systems, but their application in the management of clogging in MAR is 

unlikely to be successful due to the extremely different environments between the near injection well 

and water distribution systems from which the bioassay organism is sourced. 

BDOC methods attempt to quantify as much as the BOM pool as possible. Batch techniques are well 

established and on-line bioreactors give promise of rapid results. It can be argued that the results using 

fixed bacteria such as in bioreactors is more representative for biofilm processes and hence MAR 

biostability determinations. 
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