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Abstract

be useful to practitioners in the field.

This review presents the current range of analytical markers which can be used to identify the sources of organic
matter in environmental waters. Both chemical and microbial markers are presented. Applications which have been
developed include identification of pollution input from human domestic sources, agriculture, landfills, and urban
runoff. DNA and RNA characteristic of individual animal species, fecal sterols and bile acids, artificial sweeteners,
commercial chemicals, and isotope ratios of carbon and hydrogen have been found useful as pollution markers. The
review is intended to both introduce the reader to this vital area of research, and to present an overview which can
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Introduction

While much research in recent years has focused on determining
the extent of pollution by pharmaceuticals and personal care products
in environmental waters, the traditional challenges of gross organic
pollution (dissolved organic carbon, DOC) and contamination by
pathogens in sewage remain. Reduction of these pollutants requires
identifying the sources. One means of this is through the use of
“markers”. Both chemical and microbial markers are used.

Impacts of DOC

The impacts of DOC in waters are several. In consuming organic
matter, bacteria deplete the dissolved oxygen content in water on
which dersirable aquatic organisms, fish and macroinvertebrates,
depend. The importance of this impact is shown by the ubiquitous use
of the measure biochemical oxygen demand (BOD), the oldest and the
most common method for assessing biodegradable organic
contaminants in water and wastewater [1]. In unpolluted waters, DOC
can range from 1 mg/L to greater than 20 mg/L [2-4]. Without
reaeration, just 3.1 mg/L DOC will deplete oxygen in water [5].
Depleted oxygen can result in a buildup of toxic ammonia and
hydrogen sulphide [1]. Degradation of DOC may release nutrient
phosphorus to water, and lowers pH through a build-up of CO,.
Lower pH and oxygen lowers redox potential, facilitating desorption of
toxic metal ions from sediments. These physico-chemical impacts
reduce biodiversity in aquatic systems.

DOC is also the most important factor influencing drinking water
treatment costs [4]. Degradation of DOC in source water through
chlorination produces hazardous disinfection byproducts, tri-
halomethanes and haloacetic acids [6,7].

Depending on the source, DOC in water may include priority
pollutants [8]. The Nationwide Urban Runoff Program conducted by
the US Environmental Protection Agency in the early 1980’s found 14
toxic organic compounds, predominantly polycyclic aromatic
hydrocarbons (PAH), in more than 10% of samples [9]. These results
continue to be observed in United States stormwater runoff [10].

Pollution from pulp and paper mills has a large variety of toxic
effects on aquatic communities [11]. A significant number of these
pollutants are classified as carcinogenic, mutagenic or endocrine
disrupting. This pollution can both cause fish kills and affect the
reproductive physiology of fish. Coking processes, oil production, pulp
mills, textile production, and tanneries all significantly elevate BOD in
receiving waters [3,11-14]. These sources also release many toxic
compounds including PAH, organic solvents, phenolic compounds,
and dioxin and other chlorination products. Landfills contribute BOD
and toxic organic compounds as well, including benzene and other
volatile organic compounds [8,15].

Even large rivers can be heavily degraded by uncontrolled organic
pollution, as is documented by Kumar and Wata in the case of the
Ganga River [3]. Before efforts to reduce organic pollution from
industry and domestic sources in Kanpur, India, in 1987 this river had
nearly been reduced to “an ecological desert”. A “much reduced” fish
production in Mumbai Harbor and the Uhas River estuary has been
attributed to organic pollution [14]. In rural areas, DOC from
agricultural fields strongly impacts receiving water quality [16].

The US EPA National Water Quality Inventory in 2004 found that
of 16% of total river and stream miles reported on in the United States,
44% were impaired or not clean enough to support their designated
uses [17]. Organic enrichment/oxygen depletion was a source of
impairment in 17% of these impaired stream miles. The top sources of
impairment included agricultural activities (38%) and municipal
discharges/sewage (15%). This report also found 30% of the 29% of
total area of U.S. bays and estuaries assessed were reported to be
impaired. Organic enrichment/oxygen depletion was again a major
cause of pollution, impairing 29% of impaired stream miles.
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Agricultural activities (11%) and municipal discharges/sewage (33%)
again accounted for most of this source of impairment.

Applications of Source Markers

Zgheib et al. present a very innovative example of using chemical
source markers to study organic matter in combined wet weather
flows containing domestic wastewater and runoff storm water in Paris
[18]. This water contains organic particles from three main sources:
runoff water, domestic wastewater and erosion of an organic in-sewer
deposit. Vegetable and animal sterols (stigmastanol, B-sitosterol and
cholestanol) can be found in runoff water, whereas different fecal
sterols are expected to be found in in-sewer stocks and wastewater.
Eight sterols were selected to distinguish between the sources of
organic matter: cholesterol, cholestanol, fecal sterols (coprostanol,
epicoprostanol, coprostanone), and phytosterols (B-sitosterol,
stigmasterol, stigmastanol).

The sterol profile of wastewater was found to be slightly different
from that of in-sewer deposits [18]. It is characterized by similar
abundances of cholesterol (30-49%) and coprostanol (34-52%), and
a low percentage of other sterols. Biofilm is distinguished from other
sewer deposits by the highest abundance of  -sitosterol (13-20%),
coprostanol between 30 and 35%, and cholesterol 27-38%. Roof and
street runoff were found to contain the same individual sterols,
especially cholesterol, B-sitosterol and stigmasterol, with a total
absence of fecal sterols.

As in other studies utilizing these markers, principal component
analysis (PCA) was applied to help interpret the rather complex results
of the sterol profiles [18]. This analysis found both sterol profiles to be
similar between the combined wet weather flows, wastewater and the
organic layer deposits, while gross bed sediment and runoff clusters
are far apart.

As discussed below, researchers have explored using molecular
markers to source pollution from treated and untreated domestic
wastewater, agricultural runoff, and urban runoff and landfill leachate.
Microbial markers are used to determine sewage impacts on
recreational waters and shellfish production.

Detecting contamination by sewage and treated wastewater

Organic contamination from human and animal sources is often
accompanied by microbial and viral contamination, constituting a
public health concern. Both biological and chemical markers have
been employed to detect this contamination with a series of analytical
methods referred to as “Microbial Source Tracking” (MST) [19].
Traditionally, the presence of indicator bacteria in water, Escherichia
coli (E. coli) or fecal coliform, and enterococci, has been tested to
determine possible contamination by human sewage. However, these
indicators require time-consuming bacterial culturing and are found
to not be specific to human sewage [20]. Indeed, one river basin-wide
study which compared different fecal indicators found a “tighter
linkage between E. coli counts and ruminant source markers than
between E. coli counts and human markers” [21]. More advanced
techniques have been developed for water analysis, most commonly
based on DNA or RNA analysis utilizing polymerase chain reaction
(PCR) technology, and also on antiobiotic resistance profiling.

Antibiotic resistance analysis (ARA) consists of culturing the
bacteria in a water sample on a series of media containing a variety of
antibiotics. A phenotype library must be assembled prior to

application of the test. This library documents the resistance of
bacteria which may present in waste to the different antibiotitics.
These bacteria are characteristic of different animal species which may
release waste to the water. The antiobiotic resistance is encoded in
plasmids, which may be lost or uptaken by bacteria, which puts in
question the stability of the libraries [19]. ARA has been observed to
produce a high level of false-positive results [22].

The most common PCR target for identification of bacterial sources
in water has been 16S ribosomal DNA and RNA [23]. The bacteria
probed are the genus Bacteroides, which are obligate anaerobes and
are among the most numerous bacteria in human and animal
intestines [19]. The PCR technique is relatively rapid as it does not
require cell culturing. This technique can be used to detect human
fecal sources in fresh and marine waters, and it can identify other fecal
sources such as ruminants, dogs, pigs, and horses [23]. PCR is labor
intensive, however, and a finger-print library is again required [19].
Liu et al. have suggested that the observed lack of specificity, leading to
frequent false positives, is due to the inability of PCR to discriminate
between sequences having “single internal mismatches” [24]. This
group designed primers with more pronounced differences in
sequence between bacteria species. A study of potential regional
variability in applying PCR assays in MST tested 280 samples from 16
countries across six continents [25]. Ruminant associated marker
concentrations correlated strongly with total intestinal Bacteroidetes
populations and with each other, indicating that the detected
ruminant-associated populations seem to be part of the intestinal core
microbiome of ruminants worldwide. However, human-targeted
assays were of relatively low specificity, indicating strong need for
improved human-targeted assays.

Chemical markers of human sewage have also been studied as
indicators of the potential presence of human pathogens. Murtaugh
and Bunch first suggested coprostanol (5p(H)-cholestan-3B-ol), a
product of the bacterial degradation of cholesterol in the human gut,
be used as an indicator of human pollution [26]. Many studies have
since been conducted associating coprostanol in water with sewage
contamination. Other fecal sterols as well as bile acids have been
enlisted in attempting to source human sewage input into waters [27].

Isobe et al. used sterol markers to perform regional monitoring of
sewage impact in Malaysia and Vietnam [28]. This study
demonstrated two great advantages of sterols as molecular markers,
stability and transportability. The compounds are more stable in
storage than are bacteria. Also, sterols concentrate in particulate
matter, and so are collected from water samples on filters which can be
easily transported. In the study gas chromatography-mass
spectrometry was used to analyze for ten sterols at 59 sampling
stations. The results showed C,; sterols to be abundant in urban areas,
with coprostanol and cholesterol predominating, and significanly Cyg
sterols, indicative of ruminants, were depleted. These sterol profiles
were typical of those previously observed in areas with heavy sewage
impact. In rural areas, C, sterols, including p-sitosterol and
stigmastanol, were dominant while only trace amounts of coprostanol
were found; this indicates contamination by non-human sources. A
strong linear relationship was observed between concentrations of
coprostanol and E. coliin both Malaysia and Vietnam.

Laundry detergent components find their way into environmental
waters and serve as good markers of wastewater. Linear alkylbenzenes
(LABs) were identified in the 1990’s to be useful in this application.
LABs are manufactured for the production of the linear
alkylbenzenesulfonate surfactants used in commercial detergent
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formulations, and are present as minor components in detergents.
LABs concentrate in suspended particulate matter and sediment,
where they are found generally in sub-pg/L or in pg/g concentrations
(dry weight), respectively [29]. In secondary water treatment,
microbial alteration results in depletion of the “external isomers,”
where the benzene ring is attached near the end of the alkyl chain, with
enrichment of “internal isomers.” The ratio of these isomers can be
used to indicate whether contamination is from secondary treatment
(high “I/E”) or untreated or primary treatment discharge (low “I/E”)
[30,31].

Takada et al. studied LABs and other markers in the Tokyo Bay and
in a deep ocean dumpsite off the eastern seaboard of the United States
[32]. The markers showed where sewage residue concentrates in the
bay. Also, sedimentation rates can be estimated using the correlation
between alkylbenzene production and sediment alkylbenzene
concentration with depth [33-35]. Isobe et al. performed a large-scale
monitoring project using LABs to show the wide-spread
contamination by untreated sewage of canals and rivers in Southeast
Asia [31].

Laundry fluorescent whitening agents (FWA) are also molecular
markers for municipal and domestic wastewaters. The two most used
detergent fluorescent whiteners are DSBP, a distyrylbiphenyl FWA,
and DAS 1, a diaminostilbene [36]. Whiteners are subject to
“photofading,” isomerization to non-fluorescent geometric isomers,
and photolysis. Hyashi et al. used these makers to track wastewater
effluents from sewage treatment through rivers and estuaries and into
Tokyo Bay [37]. Apparently due to a difference in photodegradation
rate, the ratio DSBP/DAS1 was found to decrease as the water
travelled. This ratio can be used to indicate fresh verses aged sediments
[38], and to make inferences concerning sedimentation processes [39].

Artificial weeteners used in beverages and other products are now
found widespread in environmental waters and can serve as markers
of wastewater. Sucralose and acesulfame-K are both very stable and
water soluble, resisting metabolism, decomposition and loss through
adsorption in wastewater treatment and in the environment. In a large
sampling of Swiss wastewater treatment plants, rivers, lakes and
groundwater, acesulfame-K was consistently detected in untreated and
treated wastewater (12-46 pg/L), in most surface waters, in 65% of
investigated groundwater samples, and even in several tap water
samples (up to 2.6 pg/L) [40]. Sucralose has been measured in surface
waters of 27 European countries [41] and in fresh and marine waters
of the United States [42,43].

Distinguishing agricultural pollution

Analysis of viruses has been explored in sourcing animal waste.
Adenoviruses have been suggested as indicating contamination of
human origin [44]. Formiga-Cruz et al. used PCR to analyze for
adenoviruses, enteroviruses and hepatitis A virus in shellfish and
sewage samples. The method was found to be as or more sensitive than
testing for fecal coliforms or bacteriophages. As in previous studies, all
samples testing positive for enteroviruses or hepatitis A virus were also
positive for human adenoviruses, hence the latter viruses may simplify
future pollution assays.

Gourmelon et al. have combined biological and chemical markers
to produce a “MST Toolbox” to trace the origin of the fecal pollution
[45,46]. The group recommends for distinguishing human pollution
the markers caffeine, TCEP and benzophenone and the steroid ratios
sitostanol/coprostanol ~ and  coprostanol/(coprostanol  + = 24-

ethylcoprostanol). PCR analysis of bacterial markers HF183 and
Bifidobacterium adolescentis and genotype II of FRNAPH were
determined to be indicators of human pollution. For porcine and
ruminant pollution, the use of the same steroid ratios and PCR
bacterial markers Pig-2-Bac and Lactobacillus amylovorus (porcine)
and Rum-2-Bac (ruminants) was found adequate. The markers
function best when the level of coliform in water is above 500 cfu.

Significant progress has been achieved in distinguishing pollution
from agricultural production of different animals through analysis of
profiles of fecal sterols, which vary between animal species. Recently,
bile acids have been combined with fecal sterols to more definitively
identify waste from individual animal species.

Leeming et al. published a groundbreaking analysis of feces from
humans and 14 species of animals in which 17 sterols were identified
[47]. Principal component analysis (PCA) was applied to analyze
sterols contents. Cows and sheep, humans, and hens, which group
with dogs and cats, are clearly distinguished from each other by this
analysis. Distinguishing sterol markers include coprostanol (~60% of
the total sterols in human feces), C29 sterols and 5-stanols, which
dominate the sterol profiles of herbivores, and 58- and 5a- stanols,
which were found in very low occurrence in birds and dogs feces. The
sterol content of bird feces was found to be extremely variable and
largely dependent on the diet of the animals. Only cats and pigs were
found to have fecal sterol profiles similar to that of humans. While
analysis of feces from individual animals produces clear distinctions
between sources, mixed source samples can produce “confounding
results” in source identification [48].

Jardé et al. used the sterol ratios (C,y9+Cy3)/C,; and 5B/Cy; to
distinguish animal sources in five rivers in Brittany, the principal
animal production and dairy region of France [49]. Cross-plots of the
sterol ratios contained in river particulate against type of manure
spread in the watersheds clearly indicate a systematic relationship
between sterol ratios and the type of animal breeding or animal
manure spreading on their catchments. This work was continued to
find that PCA analysis of six stanols can clearly distinguish bovine,
porcine, and human feces [50]. The analysis successfully identified
these individual sources of contamination in three river basins in
France, with the results being verified through microbial analysis.

Building on previous work with molecular markers in archeology
studies, Bull et al. present a multiple biomarker analysis flowchart for
identifying individual animal sources using 5B-stanols and bile acids
[27]. Like the sterols, bile acids concentrate in particulates and
sediment. Clearly, adding a second class of compounds can increase
the power of discrimination in delineating sources of fecal pollution.
For instance, the presences of hyocholic acids in porcine fecal material
enable it to be distinguished from human and canine contamination.

To assess the contribution of domesticated animal sources of fecal
pollution, Tyagi et al. derived a multiple regression model with
selected fecal sterols and bile acids [51]. Five compounds were found
to determine to identify pollution sources efficiently: epicoprostanol,
cholesterol, cholestanol, chenodeoxycholic acid, and hyodeoxycholic
acid. Almost 100% accuracy was obtained in identifying sources when
measuring compounds from runoff from test plots.
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Organic Pollution from Non-Animal Sources

Landfill leachate

Municipal landfill leachate can add signicant organic matter to
receiving waters [15]. Trace but potentially ecologically harmful
components of landfill leachate include phthalates, alkylphenols and
polynuclear aromatic hydrocarbons, persistent organic pollutants,
including polychlorinated biphenyls and chlorinated pesticides, and
volatile organic compounds, including chlorinated solvents [52-55].
Even as some hazardous materials used in commerce are phased out,
new ones, such as brominated and fluorinated compounds are
introduced [54]. These compounds may be so stable as to outlast
integrity of engineered landfills, so may leach and impact
environmental waters well into the future. While many of the
components have low water solubility, the compounds are solubilized
through association with soluble organic colloids in the leachates [52].

Fourie has noted that a unique feature of landfill leachate is that
both inorganic and organic contaminants have high concentrations
[56]. He suggests two ratios may serve as a “first pass testing protocol”:
A - COD x sulphate, and B - chloride x iron x ammonia; COD is
chemical oxygen demand. In landfill leachate, both these ratios will be
typically greater than 105 and 104, respectively.

In a relatively early detailed study of organic constituents leaching
from a Barcelona, Spain sanitary landfill, seventeen carboxylic acids
and a host of phenolics, alcohols and phthalates were identified [57].
These researchers suggested the gas chromatographic profile of short-
chain organic acids, derivatized with pentafluorobenzyl bromide to
allow selective detection with the electron capture detector, could be
used to identify leachate pollution in groundwater. The series of C4 -
C7 carboxylic acids was clearly recognizable in sampled groundwater
and exhibited patterns similar to those of leachate. The predominance
of the even carbon numbered acids, with a greater abundance of
hexanoic acid, “may reflect” p-oxidation sequence characteristic of
long-chain fatty acid oxidation.

Schwarzbauer et al. used gas chromatography-mass spectrometry to
analyze seepage from a municipal landfill in Germany [58]. Given the
high degree of stability and similarly high concentrations of some
compounds measured in the landfill seepage and leakage waters, these
authors suggested compounds which might serve as markers of water
pollution from  municipal landfills: the  pharmaceutical
propyphenazone, the plasticizer N-butyl benzene sulfonamide, and the
insecticide N,N-diethyl toluamide (DEET). Clofibric acid, a plasticizer,
and the herbicide mecoprop were also commonly detected. A
continuation of this work used these five compounds to study lateral
and vertical distribution of contamination as well as the long-term
emission from the landfill [59].

Alkyl organotin compounds might serve as unique makers of
landfill leachate. These compounds are used as PVC stabilizers, wood
preservatives, pesticides, fungicides, and polyurethane and silicone
catalysts [60,61]. While not found at levels considered hazardous to
the environment, the compounds are found in landfill leachates at
levels as high as 229 ng/L. Analysis can be achieved by gas
chromatography-inductively coupled plasma mass spectrometry.

Bergstrom et al. have developed a comprehensive scheme for
evaluation of landfill leachate treatment processes which may suggest
useful markers [62]. The “LAQUA protocol” includes analysis of
organic compounds, metals, inorganic ions, water-quality parameters,

and toxicity. Polar organic compounds are represented by phenol and
several phenolic compounds including 3-methyl-4-chlorophenol. A
polychlorinated biphenyl reference standard was chosen to monitor
removal of these compounds during treatment.

To characterize the biogeochemical evolution of DOC in landfill
leachates, and to interpret the origin of DOC in groundwater,
Mohammadzadeh et al. developed a technique to distinguish carbon
isotope ratios in small organic acids [63]. The analytical technique,
which interfaces a high performance liquid chromatograph to an
isotope ratio mass spectrometer, was used to analyze leachate from a
municipal landfill near Ottawa, Canada. The group found a difference
in 8'3C values for leachate acetate (-10.7%o to -16.9%0 VPDB) and the
“precursor” DOC within the landfill (-24.7%o). The enrichment of
813C in the acetate suggests secondary biogeochemical reaction, likely
methanogenesis, removes the lighter 12C from the leachate.

This approach was expanded to include potential changes in
nitrogen isotope composition in leachates [64]. Leachate from a
municipal solid waste landfill in New Zealand were analyzed for
changes in 13C composition in dissolved inorganic carbon (DIC), I°N
in nitrate and ammonia nitrogen, and isotopic changes in particulate
organic matter. Landfill leachate was found to have a distinct isotopic
signature characterized by highly enriched 13C-DIC and highly
enriched '>N-NH,4*. Downstream sites had >N values approaching
those of the leachate, elevated above both upstream and reference
stream site waters. The contrasting decrease in >N-NO;™~ values may
be explained by isotope selection during nitrification. 1*C- DIC was
enriched in landfill leachate and downstream sites; this enrichment is
explained by isotope selection during bacterial methanogenises.

Tritium levels may also be indicative of landfill leachate [56].
Luminescent paint used in watches and other devices is apparently the
source. In leachates from landfills throughout the world tritium has
been measured at levels from 10 to 20,000 times background levels. A
significant advantage of this tracer is that it is conservative, unaffected
by processes such as ion exchange and adsorption that can affect
concentrations of other contaminants moving through subsurface

geology.

Road runoff

Organic pollution from roads is a major source of PAH among
other toxic pollutants [65]. However, using PAH as road runoff
markers is complicated by the presence of the compounds in waters
from other sources including power, residential heating, industrial
activities, by the changing composition of fuels, and by evolving
emission controls used with these sources [66]. Building on previous
work of Spies et al. [67], researchers have analyzed tire rubber
components 2-(4-morpholinyl)benzothiazole (24MoBT) and N-
cyclohexyl-2-benzothiazolamine (NCBA), benzothiazolamines present
in different vulcanization accelerators, as markers of road runoff in
urban sediments in Japan [68]. Sediment cores were dated using
Cs-137 and tetrapropylene-based alkylbenzenes. “Changeovers” in the
concentrations of the markers in sediments coincide well with changes
in the production history of vulcanization accelerators. The dated
downcore profile of 24MoBT and NCBA show positive correlation
with the traffic data in the Tokyo Metropolitan Area.

Nitro-PAHs and triphenylene have been compared with sulfur-
PAHs as markers of urban stormwater road runoff [69]. Based on
abundance, source specificity, and persistence, dibenzothiophene and
triphenylene were judged the most promising among the candidate
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markers. This study found 24MoBT to photodegrade rapidly in the
aqueous phase and to not concentrate in sediment, limiting the
potential usefulness of this marker. The ratio of 1-nitropyrene to total
PAH has been found to be a useful indicator of road runoff from diesel
fueled as compared with gasoline fueled vehicles [70]. Cluster analysis
of tri-terpenes can distinguish atmospheric dust from road dust [71].

Conclusion

This review has focused on chemical and microbial markers used in
determining sources of pollution. The underlying story is how the
development of increasingly powerful analytical tools has allowed
progress in this area. Originally pollution was monitored visually, then
through laborious bacterial culturing techniques. In the 1990’s, high
resolution gas chromatography-mass spectrometry could be applied to
analyze for steroid markers and xenobiotic organic compounds. A
decade later, high performance liquid chromatography-mass
spectrometry has added the capability to readily analyze for polar
compounds, including artificial sweeteners. PCR analysis of nucleic
acids is being applied to identify bacteria in water corresponding to
pollution from specific animal hosts. This technical innovation has
greatly expanded the potential applications of pollution source
identification through analysis of chemical and microbial markers.
From the large array of potential markers, the work of many
researchers has refined the science to the point that a relatively short
list of the most useful markers may be selected for common use. As
more studies are performed, quantitative relationships between
marker concentrations and associated pollution may be developed.
Rapid, definitive identification and delineation of pollution sources
through analysis of source markers seems very possible in coming
years.
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