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pollution

in the hydrosphere

and atmosphere:

a review,

Pollution
of the hydrosphere and atmosphere by compounds of nitrogen is a serious problem. This paper
reviews the manner in which studies of natural abundance ‘5N/14N ratios may be employed in investigating
the sources and mechanisms of pollution.
Cultivation-induced
mineralization
of soil nitrogen, fertilizer, and animal or sewage wastes are the three
main sources of nitrate pollution
in the hydrosphere. In many cases these sources produce nitrate with dis“N/14N ratios, and on this basic isotopic data for nitrate have been successfully used for identinguishable
tifying the source of pollution
in a wide variety of ground- and surface water environments.
Distinction
between continentallyand marine-derived
organic nitrogen in ecologically sensitive coastal waters also appears possible. These differences in “N/“N
ratios, however, are largely the result of kinetic isotope fractionation
associated with bacterially-mediated
reactions. The unpredictable
magnitude
of this type of
fractionation
tends to restrict the use of nitrogen isotope data in the hydrosphere
to semi-quantitative
interpretations.
Observations of the isotopic fractionation
between nitrogen compounds in the atmosphere may provide
valuable information
on whether their physico-chemical
reactions are controlled
by kinetic or by equilibrium processes. The possibility
of using “N/“N
data for distinguishing
between anthropogenic
and natural
sources of NO, gases, potentially
a very important application,
is as yet unproven.

1. Introduction

Compounds of nitrogen, essential and often
limiting
nutrients,
play a key role in determining the organic productivity
of the hydrosphere. In addition they have a major influence on the chemistry
of the atmosphere.
Whilst the nitrogen cycle is thus one of the
most important
of the Earth’s element cycles,

however, it is also probably the one most influenced by human activity.
Present industrial fixation of Nz into nitrogeneous fertilizers, for example, amounts to
some 60.10” tonnes yr.-’ N (Young, 1983), a
magnitude
which may be comparable
to the
rate of natural, biological
Nz fixation (Delwiche, 1970; N.A.S., 1972). Together with
modern farming practices and effluents from
industrial and domestic sources, this fertilizer
may result in the contamination
of groundand surface waters by nitrate, which at high
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concentrations
is toxic to man and aquatic
life. Oxidation
of Nz by combustion
processes
in power stations and vehicles release reactive
NO, gases, forming smog and acid precipitation, which cause considerable damage to the
environment.
Any strategies aimed at counteracting
the
harmful effects of these disturbances require a
better
understanding
of the sources and
causes of nitrogen
pollution
in the hydrosphere and atmosphere.
This paper illustrates
ways in which studies of the natural variations
in 15N/14N ratios may be used for this purpose. For the hydrosphere
the general principles behind the large number of isotopic
studies on nitrate pollution
in ground- and
surface waters are summarised,
and the possibility of determining
the source of organic
nitrogen
in coastal waters is mentioned;
nitrogen pollution
in the oceans is not, as yet,
considered
a serious problem.
The relatively
few isotopic studies of nitrogen compounds
in the atmosphere, together with new data for
South Africa, are discussed in terms of the
potential
type of information
they may provide.
1.2. Notation
The isotopic composition
of nitrogen in a
sample is expressed in terms of its 6 15N-value,
where :
6 “N (%o ) = (R

samplekandard

-

1)

x

lo3

The usual practice for stable-isotope
notation
defines R as the atomic lsN/14N ratio. Some
workers (see Rennie et al., 1976) use R =
“N/(“N
+ 14N); for most terrestrial samples
this yields essentially identical 6 l5 N-values.
The standard is atmospheric
N+ Its isotopic composition
is considered to be globally
uniform,
within analytical
precision, with a
“N abundance of 0.3663% (Junk and Svec,
1958; Sweeney et al., 1978; Mariotti,
1983).
615N-values for terrestrial
nitrogen
compounds generally fall in the range -15 to
+20%0. The analytical precision for the mea-

surement of 6 15N, which involves conversion
of the sample nitrogen into Nz gas and comparison of the gas lsN/14N ratio with that of
the standard, is typically + 0.2’/00.
Differences between the isotopic compositions of the products and reactants of a reaction, resulting
from isotopic
fractionation,
will be described in this paper using the “isotopic separation factor”, E, where :
eproduct-reactant
(Rproduct

(‘IeO)
/Rreactant

The approximation
eproduct-reactant

=
- 1)

X lo3

:
C 6 lsNproduct

- &r%eactant

may be considered valid for the values of E
and 6 “N normally
encountered
in natural
abundance
studies. For unidirectional
reactions, reactant + product,
S “NprOduct and
refer to the isotopic composition
6 ’ Neactant
of the instantaneously
formed product and
the remaining reactant, respectively.
Note: E has also been called the “fractionation”
or
the “isotopic
enrichment
factor”, and is sometimes
expressed in the reverse ( ereactan+nrodu,..) of the manner used here. Fuller details on the notation and derivation of E are given elsewhere (Grootes et al., 1969;
Fritz and Fontes, 1980; Mariotti et al., 1981).

1.3. Isotopic

fractionation

Reactions
involving
isotopic fractionation
will be considered, in general terms, as being
either reversible “equilibrium”
reactions or
unidirectional
“kinetic”
reactions.
1.3.1. Equilibrium
reactions.
The isotopic
fractionation
associated. with exchange reactions, under equilibrium
conditions,
have
been calculated
or measured for the more
common
inorganic
compounds
of nitrogen
(Letolle,
1980 for summary).
Whilst such
reactions
are probably
of more relevance
to the atmosphere, the reaction
NH JW *
for

which

NH:aq.

isotopic

(1)

separation

factors,
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ENHi--NH,

mined
1984),

= +25 and +35%0 have been deter(Kirshenbaum
et al., 1947; Mariotti,
is also important
in the hydrosphere.

1.3.2. Kinetic reactions. Many of the important processes involving nitrogen in the hydrosphere are performed
by bacteria and result
in kinetic fractionations
associated with unidirectional
reactions. Whilst some of the processes result in little isotopic separation (e.g.,
Hoering
Eorganic-N * = O’/OO for N, fixation,
and Ford, 1960; Delwiche and Steyn, 1970),
many form a product which is significantly
“N-depleted
compared
to the reactant.
In groundwater
in the western Kalahari of
southern Africa, for example, nitrate is converted to Nz by bacterial denitrification
:
NO;

(-, NO;

-+ NzO) + N,

The isotopic data are shown in Fig. 1 and
suggested an isotopic
separation
factor of
*
-35%0
(Vogel
et
al.,
1981;
Heaton,
fN2 -NO;
1984). Whilst very similar factors of about
-40 to -30%0
were calculated
for oceanic
denitrification
(Cline
and Kaplan,
1975),
laboratory
experiments
have produced values
from -33 to -10’/00 depending on the experimental conditions influencing
bacterial metabolism (Mariotti
et al., 1982 for summary).
Denitrification
therefore serves as an example of the problems associated with kinetic
fractionation:
the fractionation
can have a
dramatic
effect on the isotopic composition
of the reactant and product (Fig. l), but the
degree of fractionation
in natural systems is
difficult
to predict from experiments.
It is
essentially
for these reasons that the study
of nitrogen isotope variations in the biological environment
of the hydrosphere tends to
allow only semi-quantitative
rather than quantitative interpretations.
Kinetic
fractionation
can also affect inorganic systems where unidirectional
reactions
may occur if equilibrium
has not been established. If water containing
no ammonium
is
exposed to an ammonia
atmosphere,
for example, the reaction:
NH3 + NH;

0-

FRACTION

OF NO; DENITRIFIED

Fig. 1. The isotopic effects associated with denitrification of artesian groundwater
in the western Kalahari (Vogel et al., 1981; Heaton et al., 1983). Kinetic
isotope fractionation
favours the production
of “Ndepleted N, (open circles), with the result that the remaining nitrate (solid circles) becomes progressively
enriched
in lSN. Broken lines show the expected
trends for separation
factors, EN,-NO;,
of -25 to
-35%,.

initially
dominate,
for which eNn:-Nu, is
negative (Freyer, 1978) - the opposite to
that for the equilibrium
reaction situation in
eq. 1. In inorganic systems which are poorly
understood,
such as the atmosphere, the measured sign of the isotopic
separation
may
therefore provide a clue as to whether a reaction is influenced by equilibrium
or kinetic
processes.
will

2. Surface and groundwater
Atmospheric
precipitation
picks up nitrogen during runoff and percolation
through
soils, which contain a wide variety of gaseous,
organic and inorganic compounds of nitrogen.
Downward
drainage recharging groundwater
tends to contain nitrate as the only chemically important
form (Hem, 1970), though inert
dissolved N2 may be the most abundant form
(Heaton and Vogel, 1981). Lateral drainage
to surface water may contain ammonium
and
organic nitrogen in addition to nitrate.
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2.1. Importance

of nitrate

Concern about the presence of nitrate in
water stems from the fact that it is toxic at
high concentrations
and a major cause of
eutrophication
in surface water. Whilst its association with gastric cancer is still uncertain
(Forman
et al., 1985), a recommended
“allowable limit” of 10 mg 1-l NC&(+ NO;)-N for
drinking
water has been adopted by many
health authorities
(W.H.O., 1984). The concentration
of nitrate in ground- and surface
water in many developed or developing countries is rising to such an extent, however, that
costly treatment
procedures may soon be required if concentrations
are to be maintained
below this limit (N.A.S., 1972; Young, 1983).
The economic consequences of the decline in
soil fertility
resulting from a loss of nitrogen
must also be considered (N.A.S., 1972; Verstraete, 1981).
Three main causes for an excess of nitrate
in soils and resultant pollution
of water have
been recognized :
(1) Enhanced mineralization
of soil organic
nitrogen
during the conversion
of “virgin”
land into arable land, and the subsequent
cultivation
of arable land.
(2) Addition
of nitrogeneous
fertilizers.
(3) Concentrated
disposal of animal or sewage wastes.
Until 1971 most isotopic investigations
of
nitrogen involved the use of 15N-enriched or
-depleted
tracers in controlled
studies on
small research plots (I.A.E.A.,
1968). In
1971, however, Kohl et al. published the results of a study of the natural isotopic abundance of nitrogen and gave a quantitative
estimate of the contribution
of fertilizers
to
nitrate pollution
over a large area in the Illinois maize belt in the U.S.A. Whilst the paper
caused immediate
criticism
which, at the
time, was largely justified (Hauck et al., 1972;
Bremner
and Tabatabai,
1973;
Edwards,
1973), the ensuing debate prompted
accelerated research into the application
of natural
15N/14N abundance data. The results of these
studies,
summarized
below, indicate
that

natural isotopic abundance data can indeed
be used in determining
the sources of nitrate
pollution,
though
they commonly
require
more detailed work than that undertaken
by
Kohl et al. (1971) and usually only allow
semi-quantitative
rather
than quantitative
interpretations.
2.2. Iso topic characteristics
2.2.1. Soil organics. The production
of nitrate
by mineralization
of soil organic nitrogen can
be considered in terms of the steps:
organic-N+

1

NH:

2
+ NO,

s NO;

(2)

Several studies have indicated that the first
step probably involves very little isotopic fractionation
(eNH;--org. N = O”/,), but that step
2 (or 2 and 3) is accompanied
by a large kinetic fractionation
with cNo;-NH+
from -35
to -5’/00 (Delwiche and Steyn, 1970; Miyake
and Wada, 1971; Freyer and Aly, 1975;
Mariotti
et al., 1980). The overall fractionation for the whole mineralization
process depends on which of the steps is rate-limiting
for the process, and two situations have been
recognised (Feigin et al., 1974; Freyer and
Aly, 1975; Mariotti et al., 1980).
(1) If a relatively large amount of ammonium is available, the process is limited
by
step 2 (or 2 and 3). The first-formed nitrate is
then strongly depleted in 15N. The nitrate will
continue to have low S“N-values as long as a
significant amount of ammonium
is present in
the soil, or until environmental
conditions
or
bacterial populations
promote an increase in
the rates of steps 2 and 3. These initially high
concentrations
of ammonium
can occur, for
example, during the first stages of mineralization when a small amount of labile organic
nitrogen is rapidly converted into ammonium,
or if ammonium
is added from an artificial
source (e.g., fertilizer).
(2) This production
of “N-depleted
nitrate,
however, is a transient phenomenon.
Most of
the mineralizable
organic nitrogen in soils is
slowly converted into ammonium.
When little
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ammonium
is avaiable the mineralization
process is limited by the non-fractionating
step I,
and the nitrate will tend to have an isotopic
composition
similar to that of the organic
nitrogen.
The second situation
seems to prevail in
normal,
recently undisturbed
field environments, and during long-term
soil incubation
studies. Under these conditions
the nitrate
formed by mineralization
has a 6 “N-value
very similar
to that of the soil organic
nitrogen,
for which 6 “N-values
are typically
in the range +4 to +9%0 (Fig. 2). Forest soils
may have lower values and there is some evidence for an increase in 15N with cultivation
(Riga et al., 1971; Bremner and Tabatabai,

1973; Mariotti,
1984). When a particular
study area is covered by soils of an essentially
uniform type, however, the range in the S15N
of the soil organic nitrogen and the nitrate
produced by mineralization
of this nitrogen
is typically
small; often within a range of
only + l”/oo.
2.2.2. Fertilizers.
Nitrate and ammonium
in
fertilizers
are usually derived by industrial
fixation
of atmospheric
nitrogen by quantitative processes resulting in little overall isotopic fractionation,
and these products therefore have 6 15N-values close to zero. Data for
some South African products are listed in
Table I, and are combined with a summary of
tie
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Fig. 2. Summary of the range of 6 ‘SN-values for the major potential sources of nitrogen in ground- and surface
water.
Rain. Bars show the range for 90% of the samples, and points J and P the modal values, of rain collected at Jiilich
(F.R.G.) and Pretoria (S.A.), respectively (Freyer, 1978; Heaton and Collett, 1985; Fig. 6).
Soil. Points show means for 6’“N of total N in soils reported in 13 studies (Cheng et al., 1964; Bremner et al.,
1966; Delwiche and Steyn, 1970; Bremner and Tabatabai, 1973; Wada et al., 1975; Black and Waring, 1977; Riga
et al., 1977; Freyer, 1978; Shearer et al., 1978; Gormly and Spalding, 1979; Karamanos et al., 1981; Mariotti,
1984; Heaton, 1985). The data cover seven countries and are based on -350 separate soils or soil profiles, but
exclude soils from forests and the uppermost organic-rich horizons of profiles.
Fertilizer.
Histogram
summaries for samples from the U.S.A. (Edwards,
1973; Shearer et al., 1974; Kreitler,
1979); F.R.G. (Freyer and Aly, 1974); Australia (Black and Waring, 1977); France (Mariotti
and Letolle, 1977);
and South Africa (hatched samples, Table I).
Animal waste. Histogram summary for nitrate extracted from manure, barnyard soils and soils contaminated
by
sewage (Shearer et al., 1974; Kreitler, 1975, 1979; Gormly and Spalding, 1979; Lindau and Spalding, 1984), with
hatched samples for Pretoria barnyards.
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TABE

I

Isotopic

composition

Supplier*

Product

of South

LAN (28% N)
LAN (28% N)
2 : 3 : 2 (6% N)
3 : 2 : 1(13% N)
LAN (28%)
2 : 3 : 2 (6% N)
KNO,
WH,),SO,

fertilizers

6 “N P/o,)
NH:

A
B
B
B
C
C
C
D

African

+ NH,

-3.8
-4.0
-0.5
-1.4
+0.2
.!0.9

NO;
-2.2
-3.5
-3.9
-4.4
+1.8
+0.8
-1.3

-0.5

*A = AECI Ltd., Johannesburg
(6isN of N, synthesis
gas = -4.l%a);
B = Triomf Ltd., Johannesburg;
C =
Fedmis Ltd., Sasolburg; D = Lscor Ltd., Pretoria (byproduct of coke oven).

published analyses in Fig. 2. 6 15N is typically
in the range -4 to +4’/00.

2.2.3. Animal or sewage waste. Nitrogen

in
excreted waste is mainly in the form of urea
which is hydrolysed to ammonia and converted to nitrate:

CO(NH&

NH 3w
t
+ NH3 =+ NH’, + NO;

Hydrolysis of urea produces a temporary
rise
in pH, a condition
which favours the formation of ammonia which is easily lost by “volatilization”
into the atmosphere.
The kinetic
fractionations
accompanying
the unidirectional steps in the above process, and the
equilibrium
fractionation
between ammonia
and ammonium
in solution (eq. l), all result
in making the ammonia lost from the system
strongly depleted in “N. The loss of ammonia
restores more acid conditions and the remaining ammonium,
now correspondingly
enriched in “N, remains in solution.
Most of
this ammonium
is subsequently converted into “N-enriched
nitrate which is more easily
leached and dispersed by water. By this process animal waste (with, e.g., 6 “N = +5’/00) is
converted into nitrate with 6 ‘SN-values typically in the range +lO to +2Oo/oo (Kreitler,
1975,1979).

The degree of “N enrichment
in the nitrate
is determined
by a variety of environmental
conditions
influencing
the volatilization
of
ammonia
(moisture, temperature,
wind-speed,
etc.), and it is therefore difficult
to assign a
precise value for the 6 “N of animal waste
nitrate in a particular study area. Analyses of
nitrate
of definite
animal or sewage waste
origin, however, almost invariably show 6 “Nvalues higher than +10%0 (Fig. 2).

2.2.4. Precipitation. Although

precipitation
of
rain and dust is probably not significant as a
major cause of nitrate pollution,
it can nevertheless represent an important
source of nutrient nitrogen in natural environments.
The
weighted annual mean 615N for this precipitation at Pretoria, South Africa, is = -3yoo
(nitrate plus ammonium;
Heaton and Collett,
1985), and similar values may be expected
elsewhere (see Fig. 6).

2.3. Applications
The above data, summarized
in Fig. 2,
clearly indicate that the different
potential
sources of nitrate
in ground- and surface
water can often be distinguished
on the basis
of their lsN/14N ratios. In some cases an
overlap may occur, and any investigation
of
an area must first establish that the locally
applied fertilizer,
for example, does not have
the same isotopic composition
as the soils.
This particular problem is less likely in South
Africa where fertilizer nitrate from one of the
major suppliers has an unusually low 15N content (Fig. 2).
Nitrate-polluted
water formed by mixing of
two sources of nitrate, where both the isotopic compositions
and strengths of these two
sources are constant, would produce a linear
relationship
of the type used by Kohl et al.
(1971). In many cases, however, the strength
of the sources may be expected to vary and
mixing
would produce samples within the
field described by two hyperbola
(Mariotti,
1984).
A hypothetical
example,
involving
mixing of fertilizer and soil nitrate, is shown
by the hatched area in Fig. 3.
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Fig. 3. Hypothetical
example of the expected relationship between the 6 “N-value
and concentration
of nitrate in water containing
nitrate derived from
soil and from fertilizer;
after Mariotti
(1984). Solid
bars represent the isotopic composition
and concentration of the soil and fertilizer source “end-members”. Hatched
area represents
effect of mixing.
Broken lines show theoretical effects of isotopic fractionation
during denitrification
of fertilizer (fertilizer
nitrate initially
at point Y, using EN-NO- = -30 to
-lo%,)
and mineralization
of soil (s&l o;ganic nitrogen at X, using e~~,-o~s.~
= -300/,, ).

Water samples lying at points A and B in
Fig. 3 could be reasonably interpreted
as representing essentially soil- or fertilizer-derived
nitrate, respectively.
The simplest interpretation for intermediate
samples would be that
they represent a mixed fertilizer
plus soil
nitrate contribution,
e.g. a 50% fertilizer contribution
for the sample at point C. It was this
simple type of interpretation,
however, which
prompted
criticism
of Kohl et al’s (1971)
paper
because
fractionation
mechanisms
could conceivably
provide other interpretations for point C. Recent cultivation
(or even
fertilization)
of soils, for example, can lead to
a short-term
acceleration
of mineralization
and the production
of nitrate depleted in i5N
(eq. 2); such nitrate might lie on a line from
point X of Fig. 3 and point C could then represent a zero fertilizer contribution.
The effect of denitrification
on the 15N
content of nitrate was shown in Fig. 1, and
could also influence interpretation
of Fig. 3.
In their study of groundwater
in Nebraska,
U.S.A., Gormly and Spalding (1979) found a
general relationship
of decreasing 6 15N with
increasing concentration;
the regression line

through their data is shown in Fig. 5. They
argued that fertilizer was the dominant source
of nitrate in all the samples, and that the samples with lower nitrate concentrations
and
higher 6 l 5N-vaIues reflected partial denitrification of fertilizer rather than an input from
soil-derived nitrate. The effect of denitrification on a fertilizer “end-member”
is shown
in Fig. 3.
It is clear from the steep slopes of the
broken lines in Fig. 3, however, that the effect of isotopic fractionation
is so marked
that it would often tend to produce samples
lying outside the hatched area. Such exotic
values are rarely
found:
6 “N-values
for
nitrate derived from soil or fertilizer sources
almost always lie between 0 and +lO”/,,, i.e.
between the values for soil and fertilizer
nitrogen. Mariotti’s
(1984) values for nitrate
concentrations
and 15N/14N ratios in several
hundred water samples from the Melarchez
and Brie-Beauce
districts,
France, for example, fail within the boundaries of a double
hyperbola of the type shown in Fig. 3. Thus,
whilst the possible effects of isotopic fractionation will always provide a major criticism
for the use of isotopic data in the quantitative
interpretation
of the role of fertilizers
in
water pollution,
they are probably not serious
enough to preclude semi-quantitative
interpretations in most environments.
2.4. Case studies
Data for the concentrations
and 15N/14N
ratios of nitrate from a number of studies of
surface- and groundwater
are summarized
in
Figs. 4 and 5, respectively. Many of the samples contain nitrate at concentrations
higher
than 10 mg 1-l N, the recommended
limit for
human consumption.
The larger number of
studies
which
have been conducted
on
groundwater,
of which only a few selected examples are shown in Fig. 5, reflects the agricultural importance
of nitrogen in soil-water
systems and the fact that groundwater
is
somewhat easier to study than surface water
owing to the greater temporal
stability and
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SOURCES

OF NITRATE

IOO-

NO;

Cmg I-IN)

Fig. 4. Isotopic composition
and concentration
of
nitrate in surface waters. France: hatched area =
drainage from the Melarchez Basin sampled at different times showing evidence for nitrate derived from
animal waste, soils and fertilizer
during periods of
low, intermediate
and high nitrate concentrations,
respectively (Mariotti,
1984); lines = the upper (rural)
and lower (urban-polluted)
sections of the Yerres
river (regression lines from Letolle, 1980). Southern
Africa solid circles = downstream
of a sewage works
on the Pienaars river near Pretoria; flood water in the
Kuiseb river draining a remote region in the central
Namib
Desert (South West Africa/Namibia);
and
flood water in the Hennops
river (near Pretoria)
showing similarities to rainwater. The typical range of
15N values for different sources of nitrate shown on
the right are from Fig. 2; the range for soil-derived
nitrate
applies specifically
to the study areas in
France.

chemical simplicity
compounds.

of groundwater

nitrogen

2.4.1. Soils. Where surveys of nitrate in water
are considered
on a regional scale the great
majority
of samples tend to have 6”N-values
in the range +4 to +S%O, values which are similar to those of the local soil organic nitrogen.
The importance
of soil organic nitrogen as a
source of elevated nitrate concentrations
is in
fact one of the major findings of nitrogen isotope studies (Kreitler
and Jones, 1975;
Mariotti
and LQtolle,
1977; Heaton, 1984,
1985). In most cases these high levels of
nitrate
are the product
of mineralization
resulting
from the increased cultivation
of
soils in agriculturally
productive
countries
during
the past 50 years (Reinhorn
and
Avnimelech,
1974; Young,
1983; Heaton,
1985).

d5N

(%.)

Fig . 5. General distribution
of isotopic composition
and concentration
(logarithmic
scale) of nitrate in
groundwater
from a number of studies. France: A =
main section of Brie-Beauce
aquifer, B = portion of
Brie aquifer
recharged
by polluted
Yerres river
(Mariotti,
1984).
The US. .A . . linear
regression
through data from Nebraska (Gormly and Spalding,
1979). Southern
Africa.: C = artesian palaeowater
from
western
Kalahari
(prior
to denitrification;
Heaton et al., 1983), D = “high-nitrate”
phreatic
water from western Kalahari
(Heaton,
1984), the
Springbok
Flats (Heaton,
1985), Bophuthatswana

(four rural boreholes, own unpublished data, 1982),
and Pretoria (E = uncontaminated, F = faecally contaminated boreholes, Table II). The sources of nitrate
are indicated at the top of the figure.
In some cases, however, high levels of soilderived nitrate are completely
“natural”.
In a
totally
uncultivated
area of the western
Kalahari, for example, groundwater nitrate at
concentrations
of up to 20 mg 1-l NO;-N,
with 615N between +4 and +8%0, has been
produced by soils for at least the past 30,000
years (Fig. 5; Heaton et al., 1983).

2.4.2. Fertilizers. Detailed
logic

and pedologic

isotopic,
hydroinvestigations
of surface
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water from the Melarchez Basin (Fig. 4) and
groundwater
from the Brie-Beauce
aquifer
(Fig. 5) provided convincing evidence that the
lower 6 “N-values
(+2 to +3%0) associated
with higher nitrate concentrations
reflected
pollution
by nitrate derived from fertilizers
(Mariotti,
1984). A similar pattern of nitrate
concentration
vs. 61s N was found by Gormly
and Spalding
(1979)
for groundwater
in
Nebraska (Fig. 5). Apart from these studies
there have been relatively
few detailed and
convincing
isotopic
demonstrations
of the
widespread pollution
of water by fertilizerderived nitrate. In considering this, however,
it must be appreciated
that even in heavily
fertilized
soils the soil organic nitrogen
is
by far the most abundant
“reservoir”
of
nitrogen.
Following
its application
fertilizer
nitrogen
becomes intimately
involved
with
biological
transformations
in the soil--plant
system, and in many cases thereby
loses
its isotopic
identity
by exchange with the
large amount of soil organic nitrogen (Kohl
et al., 1973; Meints et al., 1975). In this
manner, whilst the addition of fertilizer may
be responsible for an excessive production
of
nitrate in soil, the isotopic composition
of
the nitrate may look like soil organic-derived
nitrate. The isotopic analysis of the nitrate
when it has been leached into the underlying
groundwater or washed into surface water will
TABLE

G
G
G
G

2501
2502
2500
2503

2.4.3. Animal or sewage waste. Nitrate with
high 6 “N-values of > +10’/00 has been found
in a considerable number of isotopic surveys,
and is generally interpreted
as representing
localised pollution
by animal or sewage waste
(Fig. 2). In many cases this interpretation
is
independently
confirmed
by the location of
the sampling point (i.e. its proximity
to an
obvious point-source
of waste pollution),
or
by other aspects of the water’s composition
(e.g., high potassium and chloride; Mariotti,
1984), or presence of faecal bacteria. The
correspondence
of isotopic and bacterial indications of pollution
in four boreholes near
Pretoria is shown in Table II. Alternatively,
in situations where high-nitrate
water is found
close to a potential source of waste pollution,

II

Faecal indicator
Sample

then correctly identify soil organic nitrogen
as the source of nitrogen in the pollutant
nitrate, even though fertilization
was in fact
responsible for the pollution.
This problem may be less apparent in the
study of surface waters which can be polluted
when runoff carries away recently applied
fertilizer before it has mixed and exchanged
with the soil. In the Melarchez Basin study
(Fig. 4), for example, the low 6 lSN-values indicative of fertilizer were most evident during
floods after periods of heavy rainfall (Mariotti
and Letolle, 1977).

bacteria*’

and isotopic

data for groundwater

from four boreholes

Colonies

per 100 ml**

TC

FC

FS

CP

(mg 1-l N)

6 “N Woo,

0
0
36
800

0
0
13
11

0
10
126
106

n.f.
nf.
n.f.
n.f.

0.30
4.0
3.0
5.2

+5.3
+7.3
+12.0
+13.8

near Pretoria

NO;

*’ Analyses by D.P. Sartory (Hydrological
Research Institute, Department of Water Affairs, Pretoria) using membrane filtration methods (Sartory, 1985).
*1 TC = total coliforms; FC = faecal coliforms; FS = faecal streptococci;
CP = Chlostridium
perfringens; n.f. = not
found.
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the absence of high 6 “N-values can be used in
discounting
the importance
of this source
(Heaton, 1985).
In surface waters pollution
is often associated with the disposal of domestic or industrial effluents;
high S “N-values
associated
with nitrate in the lower, urbanized section of
the Yerres river in France and samples downstream of a sewage works on the Pienaars river
in South Africa are shown in Fig. 4. The low
concentrations
of nitrate in these samples reflect dilution by high discharge.
In groundwater
studies the isotopic signature of animal or sewage waste nitrate, in contrast with that of fertilizer, is commonly
less
influenced
by interaction
with soil nitrogen
because the distribution
of waste is often
localized at point-sources
of high concentration. The very high concentrations
of nitrate
in the western Kalahari (Fig. 5), for example,
reflect pollution
of boreholes sited close to
cattle compounds.
Atmospheric
precipitation provides an important
input of nitrogen
to the environment.
Since the nitrogen concentration
is low, however, its isotopic signature in groundwater is likely to be lost owing
to prior exchange with nitrogen in the overlying plant-soil
system. Detection
in surface
waters may be possible during stages of flood
flow, rather than base flow. Two samples
from the Hennops river draining unfertilized
land near Pretoria,
collected
after periods
of heavy rainfall, show low nitrate concentrations and low 6 lSN-values consistent
with
those for precipitation
(Fig. 4). Rivers in
Texas, U.S.A., showed lower S “N for nitrate
in flood-flow
compared
to base-flow conditions, though the cause was not discussed
(Kreitler and Browning, 1983).

sibility of using 15N/14N ratios for tracing the
dispersion of this pollution
is based on the
observation
that organic nitrogen of continental origin and of marine origin may have
different 6 “N-values.
Whilst the total organic nitrogen in soils
has 6 “N-values typically
in the range +4 to
+9%0, lower values of -3 to +2%0 are found
for peats and the non-hydrolysable
fraction
of soils (Hoering,
1955; Cheng et al., 1964).
Since this material is highly resistant to chemical degradation
it may be expected to form
much of the organic matter discharged to the
sea by continental
runoff. Measurements
of
suspended organic matter in rivers, ranging
from 0 to +3’/00, support this hypothesis
(Peters et al., 1978; Sweeney et al., 1978;
Mariotti
et al., 1984). In the oceans, however,
primary biota commonly
synthesise nitrogen
from nitrate which has an elevated “N content, +5 to +10%0, owing to the fractionation
associated
with
oceanic
denitrification
(Richards
and Benson, 1961; Miyake
and
Wada, 1967; Cline and Kaplan, 1975). Since
the synthesis often occurs with little isotopic
fractionation
suspended authigenic
organic
matter in the oceans also tends to have al5 Nvalues in the range +5 to +10%0 (Miyake and
Wada, 1967; Wada et al., 1975; Wada and
Hattori, 1976; Mariotti et al., 1984).
Isotopic analysis of nitrogen in coastal environments
can therefore in some cases be
used in distinguishing
between organic matter
of continental
or marine origin (Peters et al.,
1978; Sweeney et al., 1978; Mariotti
et al.,
1984). The distinction
may become complicated, however, in oceanic areas where the
fixation
of atmospheric
Nz by blue-green
algae produces marine organic matter with
low S “N-values,
e.g. -3 to +4’/00 (Wada and
Hattori, 1976).

3. Coastal water

4. The atmosphere

The discharge of sewage into rivers and the
sea provides a rich source of organic nitrogen
which may disturb the delicate balance of
estuarine and coastal ecosystems. The pos-

Compounds
of nitrogen play a key role in
the chemistry of atmospheric
pollution
(e.g.,
the formation
of smog and aerosols and the
regulation
of ozone) and in determining
the

2.4.4. Precipitation.
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acidity of precipitation.
Nitrate is usually the
second most important
acidifying component
and ammonium
the most import neutralising
component
in areas suffering from “acid”
rain. The ultimate
sources of these ions are
gaseous emissions of NO,
(NO + NOz) and
NH3, which may dissolve directly in rain or
form gaseous (e.g., HNOB) or particulate
(e.g. aerosol NO; and NH;) intermediates
which are then dissolved.
Data for the S “N-values of gaseous, particulate and dissolved atmospheric
nitrogen
compounds
are shown in Fig. 6, and are derived from studies in Arkansas and Colorado
in the U.S.A. (Hoering, 1957; Moore, 1977),
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Jiilich in the F.R.G. (Freyer, 1978), and Pretoria in South Africa (Heaton and Collett,
1985; Heaton, 1986). Although
the amount
of isotopic information
is limited the following sections suggest that it may be useful in
answering questions concerning:
(1) the genetic relationship
between gaseous, particulate and dissolved species;
(2) the nature of reactions between these
species, i.e. are they governed by kinetic or
equilibrium
processes? - a question recently
posed in relation to the solution of ammonia
in rainwater (Ayers et al., 1984);
(3) the relative importance
of “natural”,
biological
processes as opposed to “pollution”,
combustion
processes as sources of
atmospheric NO, and NH,.
4.1. Gases

Since very little isotopic fractionation
is
envisaged at the high temperatures
of combustion
in the major pollution
sources of
NO, (power stations and vehicles), the 6 lsN
of pollution
NO, is expected to be similar
to that of the nitrogen which is oxidized (atmospheric N2, S “N = 0; fuel nitrogen, S “N =
-1 to +5%0). This is borne out by the few
measurements
of pollution
NO,, which lie
in the range 6 lSN = -5 to +5°/oo (Fig. 6). In
soils, however, NO, is produced by nitrification and denitrification
processes which are
known to kinetically
favour the lighter isotope. This has led to the suggestion that
naturally derived NO, may have a more negative 6 lSN-value than that of pollution
NO,
(Moore, 1977; Freyer, 1978), a proposal supported by a few measurements
of NO2 from
air which have negative 6 lSN-values
“clean”
(Fig. 6).
However, it must be emphasized that no
measurements
have been reported for NO,
sampled directly from soils and that, as noted
above, the degree of kinetic isotope fractionation in biological processes is very dependent
on the particular
environmental
conditions.
6 “N-values
for nitrous oxide (N,O) which is
produced
by biological
processes, moreover,
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are positive (Moore,
1974; Yoshida et al.,
1984).
The discussion of eq. 3 indicated that ammonia derived from animal waste, probably
the main source of atmospheric
ammonia,
should be depleted in “N; this is borne out by
the data in Fig. 6. Ammonia
from combustion
sources (burning
of coal) may have slightly
higher 6 “N-values.
The amount of data presently available for
the isotopic composition
of gaseous nitrogen
compounds
is limited, and preliminary
studies
of industries near Pretoria indicate that the
S *‘N of NO, and NH3 emissions can be markedly influenced by processes employed in reducing the emissions (Heaton, 1986). Isotopic
methods for assessing the relative importance
of natural and pollution
emissions of atmospheric NO, and NH3 would be of considerable value, however, and the topic clearly requires further investigation.
4.2. Particulates
Dry deposition
collected at Pretoria shows
ranges of s’“N-values
which
are similar
to those for aerosol compounds
over the
U.S.A.,
i.e. typically
in the range -2 to
+12%0 (Fig. 6). Such values are commonly
higher than those reported
for gases. This
therefore
suggests either
that particulate
nitrogen compounds
are not formed directly
from gases, or that formation
from gases involves
equilibrium
reactions
for
which
Ep&,ic&tesm
is positive.
The isotopic composition
of dry deposition
nitrate and ammonium
at Pretoria is also higher than the weighted mean values for nitrate
and ammonium
in rain (Fig. 6). Since isotopic
fractionation
is not likely to occur during the
solution
of solids, it is concluded
that the
bulk of the nitrate and ammonium
in Pretoria
rain is derived by solution of gaseous rather
than particulate
compounds.
4.3. Rainwater
Measurements
rain at Pretoria

of nitrate and ammonium
in
indicate that isotopic shifts of

several permil can occur both between consecutive rain storms and during the course of a
single storm
(Heaton
and Collett,
1985).
Analyses of a few isolated rain events at a particular site are therefore not necessarily indicative of the annual rainfall. Of the data for
rainwater
in Fig. 6 only the samples from
Jiilich and Pretoria are of a sufficient number
and seasonal distribution
to be considered
representative
of their areas.
Freyer (1978) found that rain ammonium
at Jiilich had a 15N content lower than that
expected
for atmospheric
ammonia,
i.e.
was
negative,
and
proposed
that
eNH;NH,
this resulted from kinetically
controlled
solution processes whereby 14NH3 is preferentially
dissolved
in rain. This is contrary to the
Pretoria data where rain ammonium
has higher S’5N-values. In addition,
when rainstorms
at Pretoria are separated by an interval of <4
days, the ammonium
in the second storm almost always has a 6’“N-value
lower than that
of the preceding storm. Such a feature is more
likely to reflect solution mechanisms whereby
“NH3 is preferentially
dissolved (leaving “Ndepleted NH, in the atmosphere
during the
second storm), i.e. exchange reactions where
is positive. The fact that this feaCNH:-NH,
ture is less evident when storms are separated
by more than 4 days suggests that atmospheric ammonia has a residence time of only a few
days.
Seasonal variations
in the 6 “N-values
of
nitrate
in rain at Jiilich
were observed by
Freyer (1978), with higher values being found
in the autumn and winter months (Fig. 7). He
suggested that this may reflect, a lower proportion
of natural, soil-derived NO, in these
months. A similar seasonal variation is found
at Pretoria (Fig. 7) where the relatively high
6 “N of nitrate during the late winter shows a
dramatic decrease during October and November. These early summer months are a time of
increasing soil moisture and temperature
(cf.
climatic data in Fig. 7); factors which might
promote increased soil biological activity with
the production
of NO, depleted in “N. Bearing in mind the above-mentioned
lack of information
on the isotopic composition
of soil-
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derived NO,, this interpretation
must be considered as tentative. It should also be appreciated that the seasonal variations for the S“N
of rain nitrate observed at Jiilich and Pretoria
might reflect seasonal differences in the chemical reactions
by which nitrate
ions are
formed (Calvert et al., 1985), rather than differences in the predominant
source of NO,.
5. Conclusions
The data summarized
in this paper indicate
that the major potential
sources of nitrogen
pollution
in the hydrosphere commonly
have
15N/14N ratios. Although
data
characteristic
for the different forms and emission sources
of nitrogen compounds
in the atmosphere are
presently limited,
it appears that they might
also be distinguishable
on the basis of their
isotopic composition.
During the release of nitrogen pollution
and its migration
to the monitored
environment, however, the nitrogen compounds
are
commonly
subject to a variety of complex reactions, many of which involve kinetic isotope fractionation.
The isotopic characteris-

tics of some of these reactions in organic systems of the hydrosphere have been studied in
the laboratory,
and the comparison of laboratory and field studies of nitrogen isotope fractionation
may in the future provide valuable
information
on reactions in the natural environment.
In the atmosphere,
where the
study of reactions is extremely difficult,
the
“sign”
of an isotopic
fractionation
might
allow a useful discrimination
to be made between kinetic
and equilibrium
processes.
Even when detailed
laboratory
investigations of nitrogen isotope fractionation
have
been performed
they are nevertheless
extremely difficult
to apply in predicting
isotopic changes in nature. For this reason the
interpretation
of nitrogen
isotope
data in
terms of precise, quantitative
information
on the sources of nitrogen pollution
can only
be undertaken
with confidence in very simple
systems. Fortunately,
however, the effects of
fractionation
on this interpretation
appear to
be relatively
small, at least in the hydrosphere, and a wide variety of isotopic studies
have demonstrated
that useful semi-quantitative information
on nitrogen pollution
can be
gained in most environments.
The interpretation
of nitrogen isotope data,
in common
with the study of the isotope
ratios of other light elements, is of course
greatly aided when additional
data on the
chemistry
and physics (hydrology
and atmospheric dynamics) of the investigated system
are available. Complex systems in which isotopic exchange occurs between a wide variety
of organic and inorganic
forms of nitrogen
may additionally
require isotopic analysis of
all the different
forms so that an isotopic
mass balance may be calculated. Whilst such
studies involve a lot of work they may be
justified
when one considers the enormous
importance
of nitrogen in the hydrosphere,
atmosphere and biosphere.
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