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Abstract: Owing to a lack of efficient solid waste management (SWM) systems, groundwater in
most developing countries is found to be contaminated and tends to pose significant environmental
health risks. This review paper proffers guidelines on the application of isotopic techniques to trace
groundwater pollution sources from data spanning from 2010 to 2020 within developing countries.
Earlier groundwater studies in those countries were mainly focused on using hydrochemical and
geophysical techniques. The limitation of these techniques is that they can only monitor the con-
centration of pollutants in the water bodies and possible leachate infiltration but cannot determine
the specific sources of the pollution. Stable isotopes of δ18O, δ2H and δ13C can confirm leachate
migration to water bodies due to methanogenesis. The high tritium in landfill leachates is useful
to identify leachate percolation in groundwater. The δ15N technique has been used to distinguish
between synthetic and organic nitrogen sources but its application is limited to differentiating be-
tween atmospheric vs. inorganic nitrogen sources. The use of a dual isotope of δ15N–NO−3 and
δ18O–NO−3 is beneficial in terms of identifying various sources of nitrogen such as atmospheric
and inorganic fertilizers but is yet to be used to differentiate between nitrogen pollution sources
from dumpsites, sewage and animal manure. The coupling of the 11B isotope with δ15N–NO−3 and
δ18O–NO−3 and other hydrochemical parameters has proven to be effective in distinguishing between
nitrate fertilizer, animal manure, seawater contamination and sewage. Therefore, in areas affected
by agricultural activities, landfill leachates, domestic or sewage effluent and seawater intrusion, it
is incumbent to couple hydrochemical (Cl−, NO−3 , B, DO) and isotope techniques (δ18O, 2H, δ13C,
δ18O–NO−3 , δ15N–NO−3 , δ11B and 3H) to effectively determine pollution sources of groundwater in
developing countries. The foregoing review will provide guidelines for studies that may aim to
critically distinguish between seawater intrusion, dumpsites, sewage and septic leachates.

Keywords: isotope techniques; groundwater pollution; dumpsites; leachate; seawater intrusion

1. Introduction

Globally, proper waste disposal is a problem due to increasing population, economic
growth and industrialization [1]. The effective management of waste is crucial for sustain-
able development, but it remains a challenge for most developing countries where over
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90% of the waste is disposed in uncontrolled open dumpsites [2]. As a result, around nine
million people die each year of diseases linked to pollutants embedded in wastes [2].

The main issues related to open dumpsites involves the increasing pollution of ni-
trates (NO3) in groundwater [3]. High nitrate concentrations affect human health and
its consumption can induce methemoglobinemia (blue baby syndrome), cancer and can
also augment hypoxia [4]. As a result, the World Health Organization (WHO) and Euro-
pean Union (EU) have set a maximum contaminant limit of 50 mgL−1 for NO3 [5]. This
concentration is approximately equal to 10 mgL−1 N.

Moreover, groundwater can be contaminated by a wide variety of compounds, which
can be natural or anthropogenic. The contamination sources can be grouped into point
and nonpoint sources. Point sources occur from a single identifiable point whilst nonpoint
sources occur due to various unidentifiable points or linear and areal sources such as:
leaching of excessive fertilizers, toxic wastes from dumpsites and seawater intrusion,
etc. These make it more difficult to monitor and enforce mitigating controls [6]. It is
noteworthy that non-point sources of pollution tend to be the major contaminant sources
of groundwater in developing countries. In light of the above, the need for monitoring
waterbodies from dumpsites and other sources of contamination is important for any water
resource management plan. According to [7], the proper management of groundwater
quality requires the identification of the specific pollution sources involved.

Previous groundwater studies by [8–11] in developing countries were mainly focused
on using hydrochemical and geophysical data which only determine the concentration of
pollutants in water samples and leachates. The principle of geophysical analysis links low
resistivity to leachate percolation from dumpsites. This principle is quite vague owing to
the fact that there are several pollution sources, such as seawater intrusion and sewage
runoffs [9] that may cause low resistivity, and this has led to its limitation in precisely
identifying leachate sources. However, with the emergence and use of isotope techniques,
researchers have been able to deduce the pollution sources and also provide more definitive
indications of the origin of surface and groundwater recharge [12]. Therefore, this review
paper summarizes the current state of the use of stable and radioactive isotopes to inves-
tigate leachate migration from dumpsites and other sources of microbial contamination.
It also emphasizes how the integration of hydrochemical, dual isotopes of NO−3 , as well
as stable and radioactive isotopes, can be used to identify the various factors impacting
groundwater pollution. This review paper also details a summary guide to using isotope
methods for the identification of pollution sources.

2. Overview of Isotope Application in Groundwater Studies

Stable isotopes and radioactive isotopes have wide applications in hydrological in-
vestigations and provide vital information, for example, aquifer–aquifer interconnection,
groundwater age and sources of groundwater pollution [13,14]. These applications are fun-
damentally focused on the general principle of tracing. The principle involves the tracking
of the movement and transformation of specific substances such as nitrate, chlorinated
compounds, carbonate and other anthropogenic compounds from water bodies. Isotope
composition is expressed as the ratios in isotope abundances relative to a standard in delta
(δ) notation [5]:

δ =

( RSample

RStandard
− 1

)
× 103, (1)

where:
Rsample are the heavy (rare) to light (abundant) isotope ratios of the sample;
Rstandard are the heavy (rare) to light (abundant) ratios of the standard.
The most widely used isotopes are oxygen (O), hydrogen (H), carbon (C), sulfur and

nitrogen (N) [7]. Environmental isotopes (Table 1) in water bodies and other materials
have been widely employed for more than eight (8) decades to advance our knowledge on
hydrogeological and environmental processes.
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Table 1. Environment isotopes used for various groundwater studies.

Element
Symbol

Isotope Ratio %Natural
Abundance

Application References

H δ 2H 2H/1H 0.015 Origin of water [15]
H 3H 10−18 Dumpsite leachate [16]
N δ 15N 15N/14N 0.366 Source of pollution [17]
Cl δ 37Cl 37Cl/35Cl 24.23 Origin and transformation of chlorinated compounds [18]
B δ 11B 11B/1ºB 80.1 Anthropogenic and geogenic pollution source [19]
O δ 18O 18O/16O 0.204 Origin of water [15]
C δ 13C 13C/12C 1.11 Carbonate source
S δ 34S 34S/32S 4.21 Potential sources of sulphate from landfill and acid

mine drainage
[7]

2.1. Using Isotopes of O, H and C to Determine Leachate Migration

The use of water in hydrogeology and environmental studies started in 1935, when
the ratios of oxygen isotope (18O/16O) were evaluated on the water of Lake Michigan,
United States of America [20]. Since then, the application of environmental isotopes
in groundwater and surface water studies has demonstrated their importance in terms
of better understanding contaminant flow as well as in pollution source identification.
Although several studies have used the isotope ratios of H and O for hydrologic and
geochemical investigations, only a few applications [16,21,22], have been reported for
dumpsites in developing countries.

Landfills generate leachate, which contains methane (CH4) and carbon dioxide (CO2)
gas, through a process called methanogenesis [23–25]. Methanogenesis is a process by
which microorganisms (methanogens) utilize organic and inorganic compounds to produce
CH4 and CO2 under anaerobic conditions [23,26,27]. According to [28,29], the microor-
ganisms tend to react more rapidly with lighter isotopes (1H) of CH4 gas leaving the
“heavier” isotope (2H) in the leachate. Since most of the lighter isotope has already been
consumed by microorganisms, the abundant amount of heavier isotopes (2H) left on the
residual CH4 of the leachate will percolate into nearby water bodies within the landfills,
causing δ2H enrichment of the affected water. On the other hand, though acid fermen-
tation and hydrolysis may cause significant reductions in the oxygen concentration in
landfills, they may not cause any variation on the δ18O isotope content. This is because
δ18O isotope fractionation is only influenced by phase changes, such as evaporation and
condensation, but is unaffected by biogeochemical reactions [25,26]. Since δ2H is enriched
whilst δ18O is unaffected by methanogenesis, this confirms their usefulness in determining
leachate infiltration in groundwater bodies. However, using stable isotopes of δ18O and
δ2H in groundwater pollution studies can only confirm that the waterbodies are being
contaminated by leachate migration associated with methanogenesis. The shortcoming
of this method is that it cannot depict the exact sources (dumpsites, sewage or animal
manures) of the leachates since those sources can significantly induce methane gas. Thus,
the combination of tritium and stable isotopes (δ18O and δ2H) can be used to determine
the sources of leachates.

The authors of [16,21,22] employed stable and radioactive isotopes of water to verify
the migration of leachate contaminant in the water bodies of Bantar Gebang Landfill,
Indonesia, Metro Manila, Philippines and Andralanitra landfill site, Madagascar, respec-
tively. To confirm the interaction of leachate with groundwater bodies, the stable isotope
compositions of the leachates and those of the monitoring wells were measured and the
results are presented in Table 2 and Figure 1, respectively.

The 2H values of the leachates were relatively highly enriched (+6 to +16‰), whilst
δ18O is depleted and ranged from−4.5 to−3.7‰ [21]. Similarly, studies by [23,24] reported
highly enriched δ2H values ranging from +30 to +60‰ in landfill leachates with respect to
local average precipitation values, and these were associated with methanogenesis. The
deuterium enrichment (−3.6 to +10.3‰) and depletion (−21.87 to +7.86‰) of leachates
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during the dry and rainy season, respectively, were also observed (Table 2). In Figure 1a, the
isotopic values (δ2H and δ18O) of water in the drier months were below the Local Meteoric
Water Line (LMWL) but fell above the LWML during the rainy season, especially for well 3
and 4, owing to increased deuterium concentrations. The forgoing deuterium enrichment
seasonal pattern observed in groundwater was attributed to leachate infiltration from the
landfill through fractures in the underlying rocks [25,26].

Table 2. Isotope data of leachate and monitoring well.

Sample
Code

Sample Type δ2H (‰)
Dry
Rainy

δ18O (‰)
Dry
Rainy

3H (TU) Reference

BG-LA Outlet and inlet leachate −3.6 to +10.3
−21.87 to +7.86

−0.42 to 0.67
−5.93 to −5.43

50.9 to 493.9 [16]

BG-MA Monitoring well down-gradient of
Plant A

−37.9 to −30.6
−37.42 to −29.80

−6.26 to −5.81
−6.02 to −5.96

14.9 to 76.7
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Figure 1. (a). Deuterium and oxygen 18 deviation from rainy to dry season [21]. (b). Tritium trends
from 2003 to 2008 of groundwater within the Rodriguez municipality, immediately downstream of
the landfills [21].

Tritium concentrations were measured in groundwater, landfill leachates, precipita-
tion and surface water at the above-mentioned sites. The conservative nature and low
detection levels of tritium enable its wide application as a pollution tracer in ground-
water studies [30,31]. Tritium isotope is naturally produced in the atmosphere at a very
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low rate through the reaction of oxygen atoms and high-energy cosmic radiation. The
produced tritium is subsequently oxidized to titrated water (THO), and thus, enters the
hydrological cycle in precipitation [32,33]. The treatment of landfill leachates via evapora-
tion (burning) converts the tritium in the titrated methane (present in the landfill gas) to
tritiated water vapor.

The trend in tritium concentrations of groundwater immediately downstream of the
landfill in Metro Manila, Philippines, is presented in Figure 1b. The mean value for tritium
precipitation within the study area was assumed to be 1.9 TU [21]. Thus, any groundwater
values above the mean precipitation value were likely inferred to have been impacted
by other anthropogenic sources of tritium within the landfill. Even though high tritium
values (>2000 TU) resulted from the atmospheric thermonuclear testing between 1952
and 1963 [34], these values decayed from 2000 to 20 TU (Canada) and from 4000 to 10 TU
(UK), the same levels at the year 1985 [30]. This is clear evidence that the high tritium
concentration in modern precipitation and groundwater may not be primarily an effect
of the nuclear bomb testing, but mainly a result of atmospheric deposition of high energy
cosmic rays and landfill leachate. Landfill leachate was detected to contain elevated
tritium concentration as far back as 1982 [35]. In the current review study, the tritium
value in the leachate ranged from 50.9 to 493.9 TU (Table 2) in plant A of Bantar Gebang
Landfill, Indonesia. Several studies [30,33,36] have established that landfills leachates
contain elevated tritium in the range of 6440 TU (760 Bq/L) (Australia), 10,000 TU (UK) and
159,316 TU (513,000 pCi/L) (USA). The elevated tritium concentration in landfill leachates
according to [33,34] is associated with luminescent dial-plates of watches, gaseous tritium
light sources (GTLS), trimphone, clocks, luminous paint, key chains and hospital products
deposited in landfills. These sources, especially GTLS, can induce up to 6.6 × 109 TU
(7.5GBq) [33]; exit signs have up to 30 curies of tritium [36]. GTLS are mostly used in
developed countries but are apparently deposited into municipal solid waste in developing
countries. The tritium concentrations in the shallow groundwater (Well 1) during the end
of the rainy season (October, 2007) match with those of the precipitation tritium values
(Figure 1b), thus indicating the immediate infiltration of rainfall. Even though groundwater
is expected to contain little or no tritium, wells 2 and 4 in the peak of the rainy season
(September, 2003) contain elevated tritium concentrations of 2.3 ± 0.5 and 5.8 ± 0.4 TU,
respectively (Figure 1b), above the mean precipitation value (1.9 TU). This may be due
to direct infiltration of leachate from the landfill of the underlying aquifer through the
fractured rocks. Furthermore, elevated tritium contents ranging from 14.9 to 76.6 TU
(Table 2) and 10.4 to 22.8 TU (Table 3) were also observed in groundwater that was down-
gradient to landfills.

Table 3. Isotope data of hand-dug wells.

Sample
Code

Sample Type δ2H
(‰)

δ18O
(‰)

3H
(TU)

Reference

Group 1 Hand-dug well down-gradient of the
landfill

−42.80 to −40.77 −6.81 to −6.63 10.4 to 22.8 [22]

Group 2 Hand-dug well upstream and 700 m
downstream from landfills

−46.63 to −39.12 −7.51 to −5.91 0.84–1.46

Conversely, the monitoring of wells that are upstream and also those that are 700 m
away downstream from landfills showed depleted tritium contents of 0.84 to 1.46 TU,
as evidenced in Table 2 [22]. This is congruent with the study of [21] where the deep
groundwater wells 5 and 6, which are farther away from the landfill had very low tritium
concentrations (0 to 0.4 TU) throughout the period. The preceding trend may be due to
the limited impact of the leachate to those wells, as evidenced by an increased distance.
The authors of [30] reported decreased tritium values on wells that are located away from
dumpsites and trenches.

The use of tritium content as a leachate tracer is predominantly effective; it is not
present in seawater nor fertilizers and, thus, provides a basis for distinguishing groundwa-
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ter and leachates. These peculiarities make it preferable to any chemical and other isotopic
parameters to delineate dumpsite leachates from septic waste and fertilizers. However, no
technique can be 100% effective in all cases; e.g., there have been scenarios in which water
bodies can contain enriched deuterium and negligible tritium values in waterbodies closer
to landfills, as observed in Table 3 [37]. This may be due to the following reasons: (1) there
could have been leachate percolation, but materials containing tritium had not been de-
posited in the landfills; (2) the landfills might be very old, causing substantial decay, or very
new, with low tritium-enrichment; (3) a lack of leachate percolation but rapid evaporation
may have triggered the deuterium enrichment. The latter (3) is mainly observed in rivers
or lakes as they are more exposed to sunlight leading to rapid evaporation. There have
also been situations where tritium production is linked to other anthropogenic activities
such as nuclear plants and, thus, no enrichment of deuterium was observed. Therefore, to
effectively confirm the infiltration of landfill leachates into waterbodies, there is a need to
integrate 13C isotope owing to its being unaffected by condensation and evaporation, but
only by the occurrence of microorganisms and organic matter.

The contribution of carbon to different pollutant sources makes it possible to assess the
impact of carbon (C) in the environment [38]. The unique isotopic composition of carbon
in groundwater and leachate proffers invaluable understandings of the C transfer between
natural environment and landfills. All water has some amount of inorganic C dissolved
in solution, which is referred to as dissolved inorganic carbon (DIC). DIC comprises the
carbonate ion (CO2−

3 ), the bicarbonate ion (HCO−3 ), and aqueous carbon dioxide [39].
The isotopic composition of DIC (δ13CDIC) derived from organic matter decomposition is
−28‰ [38]. However, the δ13CDIC from calcite dissolution and other carbonate minerals
fall within the range of −14.6 to +1.1‰ whilst the isotopic signature of the diffusing CO2
is approximately −8‰ [38].

In landfills, methanogenesis may trigger the production of methane and CO2(g). Ow-
ing to the presence of sufficient microorganisms within the leachate of landfills, substantial
amounts of the lighter isotope, 12C, of the dissolved inorganic carbon (CO2) will be used
up, thus leaving exorbitant amounts of the heavier isotope, 13C, in the residual CO2 of the
leachate pool. Therefore, the δ13C-DIC of leachate-contaminated groundwater will be
highly enriched, ranging from +10‰ [23] to +38‰ [38,40]; the variation depends on the
landfill activity [38]. Within developing countries, researchers including [25,37] employed
δ2H, δ18O and δ13C to identify leachate-contaminated groundwater in the vicinity of
landfills and the results are shown in Table 4.

Table 4. Isotope data of hand-dug wells, stream, and leachate samples.

Sample
Code

Sample
Type

Comment δ2H
(‰)

δ18O
(‰)

δ13C
(‰)

Reference

L1-6 Leachate Leachate of landfill sites −38 to −24 −7.5 to −7.3 +16.5 to +21.2 [25]
GR1 Well Up-gradient to landfill −38.3 to −35.5 −5.93 to −5.46 −14.2 to −12.2 [37]
GW 6 Well Just down-gradient to GW9 and

adjacent to SW1
−42 −7.0 +8.9 [25]

GR10 Stream Far down-gradient to AKL −6.3 +0.71 +8.97 [37]
GW8 Well Just down-gradient of Leachate −35 −6.9 +11.6 [25]
GR9 Well Just down-gradient to CKL −37.0 −6.17 −3.3 [37]

The δ13C–DIC and δ2H values of the leachates ranged from +16.5 to +21.2‰ and
−38 to −24‰, respectively (Table 4). These values compare well with the δ13C–DIC and
δ2H results of leachate reported by [29] due to the biodegradation of organic matter. Com-
paratively, the δ13C–DIC of the downstream water was more enriched than the upstream
water, suggesting that the leachate may have interacted with the downstream water [29].
Moreover, δ13C–DIC in the GR1 sample (−14 to −12.2‰) depicts values that are char-
acteristic of superficial stream water, which may have resulted from carbonate minerals
dissolution in the aquifers [38]. Furthermore, well GW6 has depleted deuterium values
(−42‰) and slightly enriched δ13C values (+8.9‰). The depleted δ2H isotopic values for
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GW6 might be due to one of two reasons: (i) a decrease in methanogenic activity due to the
depletion of organic matter sources [38]; and/or (ii) the interaction of the groundwater and
SW1 stream water [29]. Comparatively, both GW6 (Well) and GR10 (stream) have similar
13C values but the latter have enriched δ2H and δ18O. This might be due to the evaporation
effect often observed in stream waters. In addition, the δ13C values for GW8 are enriched
(+11‰) whilst GW9 is +5‰; this is because GW8 occurs immediately downgradient of
the landfill whilst GW9 occurs slightly downgradient of GW8. This is one of the main
reasons why both have comparable δ2H values (−35‰ & −34‰) as both are from the
same recharge source. From the foregoing trend, it could be ascertained that δ13C values
decrease relative to the increase in distance from landfills.

2.2. Application of Dual Isotopes of δ15N and δ18O and δ11B to Identify Nitrate Pollution Sources

Groundwater can be polluted both naturally and anthropogenically by various distinct
sources, notably the leaching of excessive fertilizers, the uncontrolled release of toxic wastes
from dumpsites, the leaching of sewage waste from neighboring cesspits, and seawater
intrusion. All of the foregoing sources except the latter (seawater intrusion) can induce
nitrates with different isotopic compositions. Therefore, using an isotopic approach to
identify these nitrate sources is vital and should be the first step in deducing the sources of
groundwater contamination.

Nitrogen, which has been extensively used to monitor the fate and source of nitrate
contaminants, has two isotopes, δ14N and δ15N, with relative abundances of 99.63% and
0.37%, respectively. The principle is that NO−3 originating from distinct sources will show
different isotope fingerprints.

The nitrogen isotope ratio values were first utilized to deduce the sources of nitrate
contamination in the 1970s. The authors of [41] used the foregoing technique to evaluate
the contribution of fertilizer to NO−3 in the Sangamon River, United States of America.
Their research laid the foundation for a stable isotope approach to delineate the various
sources of NO−3 pollution in water bodies. Understanding the factors that affect the
isotopic composition of N and O is vital when utilizing the δ15N and δ18O technique to
determine the sources of nitrates in freshwater bodies. There are several sources of nitrate
to waterbodies, some of which are derived from agricultural and industrial activities.
The primary microbially mediated reactions that control the dynamics of nitrogen in soil
and groundwater are ammonia volatilization, denitrification and nitrification (Figure 2).
Both ammonia volatilization and denitrification can significantly increase the δ15N of the
residual nitrate in groundwater.
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2.3. Application of δ15N and δ18O to Identify Nitrate Pollution Sources

Recent studies by [43–45] that utilized nitrogen isotopes to investigate the sources of
NO−3 have been documented. In spite of its successful application to discriminate NO−3
pollution sources, the δ15N technique still faces some challenges such as other sources
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(atmospheric versus soil nitrate, inorganic fertilizer versus soil nitrate and manure versus
landfill waste) not being able to be distinguished due to the intricacies of the various
nitrogen transformations that cause overlaps of the δ15N. The oxygen isotopes in nitrate
(δ18O−NO3) were employed to lessen the uncertainty of δ15N−NO3. However, δ18O−
NO3 data have its own complications due to the overlap of their values for nitrate sources
from ammonium fertilizer, soil nitrogen, manure and septic wastes, etc. This leads to the
conclusion that δ18O−NO3 is of little importance in identifying nitrate sources [46].

Owing to the difficulties in distinguishing between the various nitrogen sources
mentioned above, the authors of [47] coupled δ18O with δ15N to form a dual isotope of
δ18O−NO3 and δ15N−NO3 to effectively identify the source (s) of nitrate. This dual
stable isotope method has been widely utilized to trace nitrate sources in waterbodies by
delineating their specific δ18O−NO3 and δ15N−NO3 fingerprints.

2.3.1. δ15N and δ18O Fingerprint of Manure and Septic Waste Nitrate sources

Waste from septic tanks, landfills, animal manure, sludge and sewage contains organic
nitrogen, notably urea, as well as organic nitrate, etc. However, these organic nitrogen
species have the tendency to transform to other forms of nitrogen via microbial processes
known as denitrification and also by ammonification. During these transformational
processes, there is significant enrichment of δ15N−NO3 and δ18O−NO3. Recent studies
(2010 to 2020) in developing countries from selected continents (Asia, Africa, Europe and
America) that utilized δ18O−NO3 and δ15N−NO3 to investigate the sources of NO−3 have
been recorded. The authors of [48] utilized δ18O−NO3 and δ15N−NO3 to determine the
nitrate sources of groundwater in Kano Plains and Kisumu City, Kenya. The δ15N−NO3
concentrations of the boreholes of Kano Plains and Kisumu City ranged from +4.1 to
+25.8‰ for the wet season whilst those of the dry season ranged from +12.4 to +51.8‰. On
the other hand, the δ18O−NO3 values ranged from−2.4 to +20.8‰ for the wet season and
from −1.7 to +24.1‰ for the dry season. Most of these δ15N−NO3 values (+10 to +51.8‰)
partly fell within the range of sewage and animal manure. Considering the effect of
seasonality, the δ15N−NO3 and δ18O−NO3 values were more enriched in the dry season
than the rainy season and this is consistent with the observations of [49]. The enriched
isotope values in the drier months could be associated with the enhanced denitrification or
volatilization of animal manure triggered by evaporation.

Denitrification is a multiple-step process involving the bacterially mediated reduction
of NO−3 to nitrous oxide (N2O) and dinitrogen (N2) under anoxic condition. It is a redox
process where NO−3 is used by certain bacteria that act as electron acceptors during the
degradation of organic matter (electron donors), producing N2O and N2 [50]. Its isotopic
fractionation depends on the enrichment of the electron donors, electron acceptor and
oxygen concentration. Denitrification can be heterotrophic if linked to the oxidation
of organic matter (Equation (2)) or autotrophic if related to the oxidation of inorganic
compounds (Equation (3))

4NO−3 + 5CH2O → 2N2 + 4HCO−3 + CO2 + 3H2O (2)

14NO−3 + 5FeS2 + 4H+ → 7N2 + 10SO2−
4 + 5Fe2+ + 2H2O (3)

During denitrification, bacteria (cyanobacteria) preferentially use lighter isotopes,
leading to enriched heavier isotopes in the residual NO−3 [51]. However, the presence
of algae (benthic algae, which are readily degradable, serving as both NO−3 and organic
source) may facilitate the denitrification process [52]. Denitrification may drive the values
of δ15N from +6 to +25‰ [50]. Because denitrification also causes the fractionation of
oxygen-stable isotopes in NO−3 , both the δ15N and δ18O values of the residual NO−3 will
increase at a ratio of 1.3:1 to 2:1 (Figure 3) [48,53] and, thus, produce a slope of about 0.5.



Water 2022, 14, 35 9 of 21

Water 2021, 13, x FOR PEER REVIEW 9 of 22 
 

 

Denitrification is a multiple-step process involving the bacterially mediated reduc-

tion of NO3
− to nitrous oxide (N2O) and dinitrogen (N2)  under anoxic condition. It is a 

redox process where NO3
− is used by certain bacteria that act as electron acceptors during 

the degradation of organic matter (electron donors), producing N2O and N2  [50]. Its iso-

topic fractionation depends on the enrichment of the electron donors, electron acceptor 

and oxygen concentration. Denitrification can be heterotrophic if linked to the oxidation 

of organic matter (Equation (2)) or autotrophic if related to the oxidation of inorganic com-

pounds (Equation (3))  

4NO3
− + 5CH2O → 2N2 + 4HCO3

− + CO2 + 3H2O (2) 

14NO3
−  +  5FeS2 + 4H+ → 7N2  + 10SO4

2− + 5Fe2+ + 2H2O (3) 

During denitrification, bacteria (cyanobacteria) preferentially use lighter isotopes, 

leading to enriched heavier isotopes in the residual NO3
− [51]. However, the presence of 

algae (benthic algae, which are readily degradable, serving as both NO3
−  and organic 

source) may facilitate the denitrification process [52]. Denitrification may drive the values 

of δ15N from +6 to +25‰ [50]. Because denitrification also causes the fractionation of oxy-

gen-stable isotopes in NO3
−, both the δ15N and δ18O values of the residual NO3

− will in-

crease at a ratio of 1.3:1 to 2:1 (Figure 3) [48,53] and, thus, produce a slope of about 0.5. 

 

Figure 3. Typical values of δ15N and δ18O of nitrate derived from various N sources [54]. 

On the other hand, since denitrification involves the reduction of NO3
−  (terminal 

electron acceptor) to N2, the concentration of the residual NO3
− will be negligible com-

pared to that of the substrate pool. Therefore, increase in denitrification will lead to an 

increase in δ15N and δ18O values with an exponential decrease in nitrate concentration. 

This observation is, in principle, congruent with the study of [55] where samples taken 

from farming and animal-rearing areas as well as bad sanitary zones in Ghana had en-

riched δ¹⁵N − NO3 and δ¹⁸O − NO3 (in the ratio of 2:1) values with a corresponding de-

crease in NO3
− concentration due to the denitrification effect.  

Apparently, since denitrification mostly takes place in anoxic conditions, the dis-

solved oxygen values decrease, ranging between 0 and 0.5 mg/L [54]. The authors of [53] 

Figure 3. Typical values of δ15N and δ18O of nitrate derived from various N sources [54].

On the other hand, since denitrification involves the reduction of NO−3 (terminal
electron acceptor) to N2, the concentration of the residual NO−3 will be negligible compared
to that of the substrate pool. Therefore, increase in denitrification will lead to an increase
in δ15N and δ18O values with an exponential decrease in nitrate concentration. This
observation is, in principle, congruent with the study of [55] where samples taken from
farming and animal-rearing areas as well as bad sanitary zones in Ghana had enriched
δ15N−NO3 and δ18O−NO3 (in the ratio of 2:1) values with a corresponding decrease in
NO−3 concentration due to the denitrification effect.

Apparently, since denitrification mostly takes place in anoxic conditions, the dissolved
oxygen values decrease, ranging between 0 and 0.5 mg/L [54]. The authors of [53] em-
ployed a dual isotope of δ15N−NO3 and δ18O−NO3 to probe the sources of NO−3 in
groundwater in the Turpan-Hami Area, Northern China. The δ15N−NO3 and δ18O−NO3
values, respectively, ranged from −0.6 to 31‰ and from +16.3 to +37.4‰ and, thus, it was
inferred that the NO−3 mainly originated from precipitation and denitrification. However,
most of the samples displaying denitrification effects had dissolved oxygen values >2
mg/L, which may not be relevant for denitrification. A similar finding was reported in
Mexico [49]. On the contrary, the foregoing assertion may not always be true as other
studies, conducted elsewhere, suggested that certain bacteria can trigger denitrification
in oxygenated environments where there is oxygen fluctuation, such as sandy permeable
terrain [56,57]. For example, the Paracoccus denitrificans bacteria can induce denitrification
under both oxic and anoxic conditions. Therefore, relying on the dissolved oxygen content
to ascertain denitrification is quite vague and may be misleading. The other alternative
route in which organic nitrogen can be transformed to inorganic nitrogen is through the
process known as ammonia volatilization (Equation (4)). Ammonia volatilization is defined
as a chemical process that occurs at the surface of the soil when urea fertilizer is converted
to NH3(g) at high pH. The nitrogen in human excreta predominantly occurs in the form of
urea. The urea is hydrolyzed to NH3 and converted to ammonium ion (NH+

4 ) and NO−3 as
illustrated below:

CO(NH2)2 → NH3 � NH+
4 → NO−3 (4)

The hydrolysis of urea triggers an increase in pH and the produced NH3 is easily lost
by volatilization and thus depleted in δ15N, while the residual NH+

4 is highly enriched in
δ15N. Since a significant proportion of the NH+

4 is converted into nitrate, the residual NO−3
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will be highly enriched with δ15N. Hence, NO−3 originating from animal manure displays
δ15N values that are specifically in the range +10 to +20‰ [44] and +5 to +25‰ [58].

2.3.2. δ15N and δ18O Fingerprint of Ammonia in Fertilizer and Precipitation

The indiscriminate and non-strategic use of fertilizers in agriculture results in the
increased NO−3 concentration of groundwater bodies. Synthetic nitrogen fertilizers, which
include commonly applied man-made urea, potassium nitrate (KNO3) and ammonium
nitrate (NH4NO3), are produced via the fixation of atmospheric nitrogen (N2). These
anthropogenic fertilizers have 15N fingerprints ranging from −4 to +4‰, typical of atmo-
spheric nitrogen sources (Figure 3). However, some nitrate fertilizers showed enriched
δ15N fingerprints ranging from −8 to +7‰ due to the effect of nitrification.

Nitrification is a process by which NH+
4 (mediated by distinct autotrophic bacteria)

is oxidized into NO−3 . Nitrification occurs when biota’s N-demand is less than the NH+
4

pool and, thus, causes NO−3 to leach into the soil horizons and subsequently into water
bodies [59]. The mechanism of nitrification occurs in several steps. The steps involve
the oxidation of NH+

4 to NO−2 , and subsequent oxidation to NO−3 in aerobic conditions
(Equation (5)). The nitrogen sources that can undergo nitrification are inorganic fertilizer
and soil organic N.

Nitrification Reaction:

Organic-N → NH+
4

NH+
4 + H2O → NH2OH + 2[H] + H+

NH2OH + O2 → NO−2 + [H] + H+

NO−2 + H2O ←→ NO−3 + 2[H]

(5)

The whole nitrification processes involve distinct nitrogen (N) isotopic fractionations,
which induce depletion of δ15N−NO3 values in the residual pool. The most significant
fractionation step is linked with the transformation of NH+

4 to NO−2 . Generally, the degree
of isotope nitrogen fractionation depends on the amount of NH+

4 ion in the substrate pool.
However, the rate of nitrification decreases as the NH+

4 pool is consumed, causing an
insignificant N fractionation and a small δ15N enrichment in NO−3 . Furthermore, nitrogen
fractionations are negligible in N-limited systems [60]. With regard to δ18O−NO3, several
isotope studies demonstrated that NO−3 produced by nitrification obtains two oxygen
atoms (O) from water molecules and one O atom from the atmosphere [61,62]. Therefore,
the δ18O of microbial nitrate can be calculated using Equation (6) if the δ18O of water and
that of atmospheric O2 are known.

δ18O(NO3)
=

2
3
δ18O(H2O)+

1
3
δ18O(O2)

(6)

The authors of [63] estimated the δ18O of atmospheric O2 to be 23.9‰ whilst the δ18O
of the water molecule could be obtained from the laboratory. For waters with δ18O values
of −25 to +4‰, the 18O−NO3, formed from ammonium nitrification will range from
−10 to +10‰ (Figure 3). It is noteworthy that the measured δ18O values of microbially
produced NO−3 can be 5‰ higher than the calculated values [64,65].

Conversely, Synthetic NO−3 fertilizer is not produced by this same nitrification reaction.
It derives all of its oxygen from atmospheric O2 ; this results in significantly enriched
values of δ18O−NO3 ranging from +17 to +25‰ [62,65]. Thus, δ18O−NO3 values may be
effectively used to distinguish between ammonia in fertilizer and precipitation from that of
nitrate fertilizer. For example, the study conducted by [55] revealed that the δ18O−NO3
values of the borehole, hand-dug well and surface water ranged between +5.1 and 8.83‰
and were thus below the δ18O−NO3 values of atmospheric deposition (60 to 70‰) and
nitrate fertilizer (+15 to 25%). This clearly indicates that atmospheric deposition and nitrate
fertilizer may not have influenced the nitrate pollution. This observation is consistent with
the result obtained by [49] where the δ18O−NO3 ranged between +3.84 and +10.96‰.
However, microbial nitrification and denitrification could have influenced the nitrate
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concentration in the study area and, thus, confirmed by the land use activities within the
study area. The whole principle is that, during nitrification, the bulk of the atmospheric
molecular oxygen will be utilized for the oxidation of ammonium and, therefore, the
limited concentration of O2 will lead to the subsequent depletion of the δ18O values of
the residual O2. However, several researchers reported that δ18O −NO3 values were
significantly depleted in the wet season but enriched in the dry season from the same
source. This might have been due to evaporation induced by increased temperature, which
was accompanied by the enriched δ18O values of H2O [61], or the nitrification processes
during the dry season.

2.3.3. δ15N and δ18O Fingerprint of Atmospheric Deposition

Nitrogen oxides, which are the source (s) of atmospheric nitrate, are produced during
the combustion of fossil fuel from power plants and vehicle exhausts, etc. These nitrogen
species undergo nitrification, denitrification and ammonia volatilization depending on
the compound (NH+

4 or NO−3 ) or type of anthropogenic input in precipitation. Therefore,
the δ15N values of atmospheric nitrate may range from −0.6 to +31‰ [53]. The fate and
the associated isotopic enrichment of atmospheric nitrate can also depend on the season,
meteorological conditions, distance from the ocean, and proximity to pollution sources,
etc. [54]. Thus, using δ15N isotope value alone could make it difficult to distinguish
between atmospheric and other anthropogenic sources of nitrate. However, the δ18O−
NO3 values can be a useful tool to distinguish between atmospheric nitrate depositions,
which have higher values of 60 to 70‰ [54], from biologically generated nitrate in water
and soil (0.8 to 5.8‰ [17] or –15 to 15‰ [66]). The δ18O −NO3 values in [53], for the
majority of the samples, are above +30‰. Additionally, the authors of [67] established
an δ18O −NO3 value of up to 34.6‰ in the aquifer of the Sava River. The foregoing
enriched δ18O − NO3 values might be associated with the atmospheric deposition of
nitrate [64]. This observation is consistent with the land use activities in the study areas
as there are no human activities that may have induced anthropogenic nitrate within the
waterbodies. The authors of [66] also observed a high range in the δ18O values of rainfall
NO−3 (65 to 70‰), which subsequently decreased to 2–5‰ in soil. The highly enriched δ18O
values of atmospheric NO−3 may be due to the incomplete combustion of fossil fuels and/or
atmospheric photochemical reactions [54]. According to [67], nitrate from atmospheric
precipitation induced by photochemical reactions may involve compounds enriched with
δ18O, leading to high δ18O−NO3 values. This is because, during photochemical reactions
(initiated by sunlight), the concentration of the atmospheric molecular oxygen will increase,
which will lead to the consequent enrichment of the δ18O values of the atmosphere (O2).

2.3.4. δ15N and δ18O Fingerprint of Soil Nitrogen/Organic Matter

Generally, soil N is often more enriched in δ15N than atmospheric N. This is because
the combination of denitrification, nitrification and volatilization controls the δ15N values
of the total nitrogen in soil. The δ15N values of soil N from different studies range between
+3 and 8‰ (Figure 3). Although mineralization and nitrification are the respective major
causes of δ15N enrichments in soil organic N, other processes can also produce increases in
the δ15N of nitrate with depth. In summary, the use of the dual isotope of δ15N–NO−3 and
δ18O–NO−3 is beneficial in identifying various sources of nitrogen such as atmospheric vs.
inorganic fertilizers. Unfortunately, this technique is yet to be used to differentiate between
nitrogen pollution from sewage, animal manure and septic effluents, etc. Therefore, to
distinguish between pollution coming from the mentioned sources, the integration of other
isotopes such as δ11B will be ideal.

2.4. Integration of δ11B and δ15N to Identify the Factors Impacting Groundwater Pollution

According to [68], the non-conservative nature of nitrogen causes the interference of
isotope fractionation and thus impedes the precise identification of NO−3 sources. The pre-
ceding limitation can be tackled via the integration of δ15N and boron isotope (δ11B) [69,70].
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On the other hand, the increase in groundwater salinity, mainly in coastal areas, is linked
to seawater intrusion or anthropogenic contamination from sewage and septic effluents.
Therefore, it is vital to distinguish the sources influencing high salinity, which could also
be effectively achieved using boron isotopes [71].

The two naturally occurring boron isotopes are 10B and 11B. Relatively, these isotopes
have large mass differences and this causes the wide natural range of δ11B isotope values.
The wide range of δ11B isotope values enables significant contrasts between B sources in
groundwater. Industrially, boric acid and borate minerals, which are derivatives of boron,
are extensively applied to produce glass and porcelain, carpets, leather, photographic
chemicals, cosmetics, fertilizers and metals [71]. Sodium perborate is also applied in
domestic cleaning products as a bleaching agent. When the sodium perborate is discharged
into the environment following the end use of detergents, this triggers the accumulation of
boron in effluents and their consequent infiltration into waterbodies [71]. The purification
of water in sewage treatment plants may remove little or no elemental B. Hence, δ11B is a
conservative tracer of a wastewater source [70]. Owing to the conservative nature and the
wide application of B-compounds in agricultural and industrial scenarios [70], alongside
its natural existence in saline water, δ11B can be a useful means to determine the precise
source(s) of pollutants from fertilizers, septic effluents, sewage, animal manure and sea
water intrusion.

2.5. Variations in Boron Isotope Abundance (δ11B) in Natural and Anthropogenic Sources

The use of δ11B as a tracer of natural and anthropogenic impacts on water resources
has mainly focused on the determination of sea water intrusion, sewage water infiltra-
tion, animal manure (hog and cattle), septic waste and inorganic fertilizers [72]. Several
researchers including [71,73] have evaluated the composition of 11B from both natural
and anthropogenic sources but the author of [74] was the first to utilize B isotopes as
co-migrating tracers of NO−3 .

δ11B values for uncontaminated groundwater were found to be highly enriched (30‰)
with a corresponding depleted boron concentration of 0.06 to 0.13 mg/L [71]. The author
of [74] reported δ11B values and B-concentrations of 23.8 to 25.6‰ and 0.02 mg/L, respec-
tively, for uncontaminated groundwater up-gradient of cultivated fields in Minnesota.
The unpolluted groundwater in Bonne Fontaine spring had a δ11B value of 38.5‰ with a
corresponding B-concentration of 0.01 mg/L [68].

According to [71], seawater measurement has an average δ11B value ranging from
+33 to +60‰ and an average B-concentration of 1.9 mg/L; the highest boron concentration
was estimated at 5.04 mg/L [71]. The foregoing δ11B values for saline water is consistent
with that obtained by [75] even though other researchers have reported δ11B values of up
to 70‰.

δ11B values of untreated and treated hog manure ranged from 7.2 to 16.2‰ with
a boron concentration of 1.43 to 8.12 mg/L [74]. However, the δ11B value of the cattle
(cow) manure ranged from 22.3 to 24‰ with a depleted boron concentration of 0.05 mg/L
relative to hog manure [74]. Interestingly, groundwater down-gradient to hog manure
had δ11B values consistent with the hog manure whilst the δ11B values of groundwater
downgradient of cattle manure had enriched δ11B values ranging from 32.5 to 38.6‰ [74].
The authors of [68] established that the δ11B values in hog manure vary from 19.5 to 42.4‰
which is relatively higher than those reported by [74]. This is associated with the disparity
of animal diet and physiology in US and France. In addition, the authors of [75] reported
δ11B values and B-concentrations of 6.2 to 8.2‰ and 0.15 to 0.41 mg/L, respectively, for
cattle (cow) manure, and these varied widely from the results of [74].

The use of boron (B) compounds in detergents causes an enrichment of B in sewage
effluents [68]. The boron isotopic composition of anthropogenic compounds is quite
different from natural boron. This distinction can thus be used to identify different source
(s) of boron contamination [71]. Studies conducted in the Dan region showed that the δ11B
values of treated and raw sewage effluents (δ11B = +5.3 to +12.9‰) overlap with those of



Water 2022, 14, 35 13 of 21

natural sodium borate (NaBO3) minerals (−0.9 to +10.2‰). This suggests that the use of
NaBO3 in detergents is the main source of anthropogenic boron in sewage [71]. However,
the elemental concentrations of boron in both treated and untreated sewage are merely the
same and, thus, range between 0.46 and 1.06 mg/L. Another study conducted elsewhere
in England reported an enriched boron values in both sewage effluents (up to 4.1 mg/L)
and sewage-contaminated river water (1.2 mg/L) [71]. This suggests that the treatment
of boron via clay mineral adsorption can reduce elemental boron concentration but may
lead to the enrichment of δ11B in sewage effluents. The δ11B values in the study conducted
by [68] range between 0 and +10‰, which is in good agreement with data obtained for
non-marine evaporites such as sodium borate. The authors of [75] used both TIMS and
SF-ICP-MS instrumentation to measure δ11B, and the values for waste water treatment
plant effluent range between −2.8 and −0.3‰ with a corresponding B-concentration of
0.13 mg/L. This is within the range of different borate minerals, notably sodium perborate
monohydrate (−3.9 to 0.9‰) and tetrahydrate products (−4.8 to 0.5‰) [76]. Some of the
wastewater samples analyzed by [75] also have δ11B values of 6‰, which is within the
range reported by the authors of [71]. Relatively, some of the reported values of boron
isotopes (δ11B) (approximately +3 to +10‰) in leachate at MSW landfills overlap with
those of sewage and wastewater [19].

The variable increase in δ11B isotope composition with a corresponding decrease in
boron concentration in the groundwater of sewage and animal manure is linked with
the adsorption of B onto clay minerals and organic matter. The dominant boron species
in aquatic systems are boric acid B(OH)3 and borates B(OH)−4 which are in isotopic
equilibrium, as shown in Equation (7) [71,74,75].

11B(OH)3 +
10B(OH)−4 � 10B(OH)3 +

11B(OH)−4 (7)

During the interaction of water with sediments in the aquifer, boron is absorbed by
clay minerals or organic matter. Owing to its larger isotopic reduced partition function
ratios, the heavy boron isotope preferentially partitions into boric acid, forming 11B(OH)3,
whereas the lighter isotope partitions into the tetrahedrally coordinated B species, forming
10B(OH)−4 [71,74]. The B adsorption in clays and other ion-exchange media preferentially
removes 10B(OH)−4 from the solution, leaving the residual B enriched in 11B. Similar
adsorption phenomena occur for organic materials, where 10B(OH)−4 is preferentially
removed from the solution, causing an enrichment in 11B [74]. The adsorption magnitude
of these boron species onto clay minerals depends on the concentration of boron in the
solution, as well as the pH, salinity, clay content and mineralogy, organic carbon and cation
exchange capacity.

The author of [74] evaluated the δ11B isotope and B concentration values of different
inorganic fertilizers and the results are as follows: NH4NO3 (δ11B~0.7‰, B~2.4 mg/L),
Urea (δ11B~0.4‰ B~0.46 mg/L) and PO−4 (δ11B ~14.8‰, B~13.3mg/L). The δ11B values
(20.6‰) and B-composition (0.07 mg/L) of urea in the research of [75] are significantly
different from those obtained in [74]. The results given in [75] also depict variable δ11B
compositions and B concentrations (0.2 to 7.2‰ and 2.7 to 13.9 mg/L, respectively) for
NPK fertilizers based on differences in the proportions of N, P and K. Hence, the foregoing
ranges of boron concentration and δ11B isotopes from different studies are compiled and
plotted against δ15N-NO3 values obtained by other researchers to easily aid a precise
distinction of animal manures from sewage and dumpsite leachates (Figure 4). It can be
observed that the 11B isotope values of pig manure overlap with cattle manure, but the
elemental boron concentrations of pig manure are significantly higher than those of the
cattle manure (Figure 4). Hence, elemental boron concentration could be reliably used
to differentiate between cattle and pig manures. Elemental B and δ11B isotopes cannot
be used to differentiate between landfill leachate and domestic sewage; thus, the use of
tritium isotope will be key when considering landfills as a source of pollution.
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2.6. Applications of δ11B as a Pollution Tracer

Recent studies (2010 to 2020) in Spain, Portugal and Italy showed that the combined use of
δ15N–NO−3 , δ18O–NO−3 and δ11B is ideal to identify the source(s) of contamination from organic
and inorganic fertilizers, animal manures, septic and domestic waste, and seawater intrusion.
The authors of [77] carried out studies at the Baix Ter Aquifer in Spain to identify the sources
of contamination and the processes affecting the nitrate concentration of a watershed. The
δ15N–NO−3 and δ18O–NO−3 values ranged from +5.0 to +32‰ and +8.9 to +18.1‰, respectively.
The results indicated that sewage, animal manure and dumpsite leachates could be the induced
sources of nitrate. A similar observation was put forward by the authors of [78] in Portugal,
where some of the samples had higher δ15N–NO−3 and δ18O–NO−3 values, suggesting possible
animal manure and sewage infiltration. The δ11B isotope was employed in both studies
to ascertain the precise source(s) of pollution [68,74] In the study of [77], two samples had
δ11B concentrations that ranged from +1.4 to +9.0‰ which indicated sewage contamination
(Figure 4) [68,71,74]. This was attributed to the downstream location of the foregoing wells at
the La Bishal treatment plant, which may have induced Borate ions. Ten samples had δ11B
values of 23.5 to 34.5‰, which fell within the range of pig manure. This is in agreement with the
studies of [78] whose δ11B values ranged between +28.5 and +44‰ and fell within the range of
pig manure (Figure 4). The author of [47] used δ15N–NO−3 and δ18O–NO−3 to identify synthetic
and organic sources of pollution in the Turin-Cuneo plain, Italy. Moreover, δ11B isotopes were
used to further delineate the main anthropogenic sources of pollution. The δ11B result ranged
from 8.37 to 18.05‰, which predicted sewage (+8.37‰) and an overlap between cattle and hog
manure (18 to 42‰) as the principal sources of pollution. Considering the concentration of
boron (0.06 to 0.09 mg/L), the possible source could be the cattle manure as opposed to the
hog manure postulated in the literature. This is because most studies [68,71,74] reported boron
concentrations of 1.43 to 8.12 mg/L for pig manure and 0.05 to 0.41 mg/L for cow manure; thus,
cow manure may be the precise source. This is consistent with the land use activities within the
study area, such as sewage treatment and agricultural activities (cattle rearing).

3. Quick Guide to Pollution Source Identification Using Isotope Analysis

Isotopic applications to investigate groundwater pollution sources represent one of the
most integral aspects of water quality management. However, the understanding and inter-
pretation of this technique is a challenge for many stakeholders involved in water quality
management. Therefore, Table 5 proffers a quick guideline for scientists and policy makers to
implement a multi-isotope approach for pollution source identification.
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Table 5. Quick guide to pollution source identification.

Stages Parameters Methodology Characteristics Ranges References

Step 1: The first step to identify
the source (s) of water pollution
near a landfill site is to determine
the percolation of leachate using
a stable isotope approach.
However, isotopic samples
should be collected alongside
ongoing chemical analysis to
reduce costs.

δ18O,
δ2H
δ13C

CO2 −H2O Equilibration. The method involves
equilibrating 5 mL of the samples with CO2 gas for 24
h. at 25 ± 0.1 ◦C. Cr at 850 ◦C is utilized for the
reduction of H2O(l) to produce H2(g). Both the
δ18O and δ2H contents are determined using a Liquid
Water Isotope Analyzer. Evacuated glass septum vials,
pre-filled with phosphoric acid (85%) and a magnetic
stirrer are used to collect water samples for δ13C
analyses. The sealed vacuum sample is acidified, and
cryogenic traps are used to purify the produced CO2.
Isotope-ratio mass spectrometry (IRMS) is used to
measure the isotopic ratio of δ13CDIC
Disadvantages of IRMS technique
Sampling of soil using IRMS is time-consuming as
IRMS is not operated in the field [79]. The IRMS
technique requires pretreatment (liquid conversion to
gaseous samples), and is not applicable for field
measurement; this limits the number of samples that
can be analyzed in a given period [80].
Alternative method to measure δ18O, δ2H & δ13C
Cavity Ring-down Spectroscopy (CRDS) (laser
absorption technique) is the current alternative
measurement to Isotope-ratio mass spectrometry. The
principle of CRDS involves the measurement of the
rate of decay (ring-down time) of a laser beam’s
intensity [80]. Comparable to IRMS, its potability,
simple operation, relatively cheap labor and
equipment cost (<$50 K) and applicability at remote
sites make CRDS technology useful for developing
countries [79]. CRDS has a comparable precision to
IRMS [81]. CRDS can be used for elemental and
isotopic measurements such as C, O, N, and H in
organic or inorganic samples [82,83]. The presence of
dissolved organic molecules has the disadvantage of
degrading the analytical performance of CRDS due to
spectral interferences [84].

Leachate water Uncontaminated water [25]
δ18O −4.5 to 3.7‰ δ18O −4.1 to −4.4‰
δ2H −22 to +60‰ δ2H −23 to −25.5‰

(δ2H is enriched due to methanogenesis)
Note: Unlike δ2H, δ18O is unaffected by methanogenesis

Calcite dissolution Leachate
δ13C −14 to +1.1‰ δ13C +16 to +21.2‰

Leachate polluted Groundwater
δ13C +5 to +38‰
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Table 5. Cont.

Stages Parameters Methodology Characteristics Ranges References

Step 2 : The NO−3 data are
vital to define the status of
groundwater and surface
water. If the NO−3
concentration is higher than
the WHO limit (50 mg/L), it
is necessary to identify its
source(s) for further
prevention measures.

δ15N and δ18O Bacteria denitrification
NO−3 → N2O
extraction: online (auto
sampler); measurement:
IRMS

Precipitation Soil Nitrogen [53,54,61,62,65,85]
δ15N −0.6 to 31‰ δ15N +3 to +8‰
δ18 +30 to 70‰ δ18O −8 to +12‰

NH+
4 in Fertilizer Synthetic NO−3 Fertilizer

δ15N −8 to +7‰ δ15N −5 to +8‰
δ18O −8 to +12‰ δ18O +17 to +25‰

Manure, sewage & septic waste
δ15N +5 to +25‰ δ18O −8 to +12‰

Step 3: Following potential
scenarios where multiple
nitrate sources could be
involved, δ11B should be
used to further identify the
specific nitrate source (s).

δ11B The boron isotope
composition can be
determined by using Thermal
Ionization
Mass-Spectrometry (TIMS).
The amberlite IRA-743 boron
selective resin method can be
employed to isolate the
boron.

Uncontaminated Groundwater [86]
δ11B +23.8 to +38.5‰
B 0.015 to 0.15 mg/L

Seawater Synthetic fertilizer
δ11B +33 to +70‰ δ11B −6 to +5‰
B 0.07 to 13.9mg/L B 0.05 to 0.41 mg/L

Hog Manure Cattle Manure
δ11B +7.2 to +42.5‰ δ11B +22.3 to +24‰
B 1.43 to 8.12 mg/L B 0.05 to 0.41mg/L

Sewage, landfill and septic leachates
δ11B +5 to +25‰ B 0.13 to 4.1mg/L

Step 4: Since all the above
techniques cannot be used to
differentiate between septic
and landfill leachates, 3H
isotope could be used to
isolate dumpsite leachate.

Tritium Electrolytic enrichment
method. The tritium
concentration is then
measured via b-particle
counting emission using a
liquid scintillation counter.

Leachate
(50.9 to 159,316 TU)

[16,21,22,30]

Groundwater polluted by leachate
(2.3 to 76.6 TU)

Unpolluted water Precipitation
(0.04 to 10 TU) (<10 TU)
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4. Conclusions

Earlier groundwater studies in relation to dumpsites were mainly focused on using
hydrochemical data, which can provide information about the concentration of pollutants
in water bodies. Geophysical methods can be used to determine the extent of pollution
and possible leachate migration but cannot be applied to determine the specific sources of
the leachates or pollution.

Because δ2H and δ13C values are enriched whilst δ18O remains unaffected during
methanogenesis, these isotopes could be used to confirm leachate migration to water bodies.
The shortcoming of this method is that it cannot depict the specific sources, dumpsites
leachate versus sewage or animal manures since all of these sources can significantly induce
methane gas.

The high tritium (2000 TU) in the atmosphere between 1952 and 1963, which was
caused by nuclear bomb testing, has decayed to less than 10 TU. Therefore, the tritium in
modern precipitation and groundwater mainly originates from atmospheric deposition
(cosmic radiation) and landfill leachate, respectively. The combination of tritium and stable
isotopes (δ18O and δ2H) seems to be potentially invaluable in terms of determining the
sources of leachates. The δ15N technique has been successfully used to distinguish between
synthetic and organic nitrogen sources but its application is limited to differentiating
between atmospheric versus inorganic nitrogen sources. The use of a dual isotope of
δ15N–NO−3 and δ18O–NO−3 is beneficial in identifying various sources of nitrogen such
as atmospheric and inorganic fertilizers, but it is yet to be used to differentiate between
nitrogen pollution caused by denitrification, i.e., sewage versus animal manure. Thus,
the coupling of the 11B isotope with δ15N–NO−3 and δ18O–NO−3 and other hydrochemical
parameters has proven to be effective in distinguishing between nitrate fertilizer, animal
manure, seawater contamination and sewage because the 11B isotope is not influenced by
physical, chemical and microbiological processes.

To date, there is no existing study that combines all of the discussed isotope approaches
to identify groundwater pollution sources. Therefore, in areas affected by agricultural
activities, landfill leachates, domestic or sewage effluent, and seawater intrusion, it is
incumbent to couple hydrochemical (Cl−, NO−3 , B, DO) and isotope techniques (δ18O, δ2H,
δ13C, δ15N–NO−3 , δ18O–NO−3 , δ11B and 3H) to effectively identify the pollution sources of
groundwater in developing countries. The research outlined here will provide guidelines
for further studies that may aim to critically distinguish between pollution sources from
dumpsites, sewage runoff, septic leachates and seawater intrusion.
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