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Naturally High Nitrate Concentrations in Groundwaters from the Sahel

W. M. Edmunds* and C. B. Gaye

ABSTRACT

Nitrate concentrations in excess of 50 to 100 mg L™' NO,~-N are
found widely in interstitial waters from unsaturated Quaternary sands
in northern Senegal. These high concentrations and correspondingly
enhaneed NO;/CI ratios are being produced in the soil zone beneath
both uncultivated and rain-fed cultivated areas. High nitrate (avg, 11
mg L™ NOy-N) is also found extensively in shallow groundwaters.
The NO,-N signature is preserved as a result of the aerobic conditions.
The unsaturated zone contains a history of N inputs over a period of
approximately 50 to 400 yr. Variations in the NO;/Cl ratio are mainly
related to the growth of natural or introduced legaminous vegetation.
There is also evidence that high ratios relate to wetter and low values to
more arid climatic periods. These resnlis, taken together with evidence
from other parts of the world, demonstrate that high nitrate concentra-
tions are likely to be a widespread and established phenomenon of
groundwaters in semiarid regions.

ASELINE CONCENTRATIONS of NO; in groundwaters

beneath grassland in temperate regions are typi-
cally below 2 mg L™! NO;-N (Foster et al., 1982) and
concentrations significantly above this are generally re-
garded as indicating anthropogenic pollution. Many
sources of groundwater in Europe and other developed
parts of the world may approach or exceed the maxi-
mum admissible concentrations for drinking water set
by the European Community (CEC, 1980) and the
World Health Organization (WHO, 1993)~set at 10
mg L' NO;-N. In developing countries, the impact of
rising NO; concentrations clearly resulting from human
activities can also be recognized (Lagerstedt et al., 1994;
Chilton et al., 1995).

In semiarid and arid regions, however, some occur-
rences of high NO, groundwaters have been recorded,
which are difficult to explain by pollution. In the Kala-
hari, for example, groundwaters with between 4.8 and
37 mg L™ NO5;-N are widely distributed (Heaton, 1984)
and are explained by a natural origin from the soil.
Palaeowaters in Libya (Edmunds and Wright, 1979) as
well as in the Kalahari (Heaton et al., 1983) contain
high NO; concentrations beneath areas of present day
desert; these high concentrations of NO, have persisted
for 10* yr or more in both unconfined and confined
aquifers under aerobic conditions. In the Sirte Basin,
Libya, NOs;-N often in excess of 30 mg L.~ was originally
considered (Wright and Edmunds, 1969; Edmunds,
1994) to have resulted from the contact with NOjs-rich
shales (Hume, 1915). However, their widespread distri-
bution prompted the view that palacoenvironmental
factors, related to former vegetation cover, in a region
where there is no current recharge, were responsible.
Near Khartoum in Sudan, concentrations of NO;-N up
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to 2800 mg L™! were recorded in interstitial waters of
unsaturated sediments. These were attributed to very
low recharge rates and the accumulation from vegeta-
tion over many centuries (Edmunds et al., 1992a). Other
natural occurrences of high NO; have also been de-
scribed from tropical regions. In Cote d’Ivoire, up to
45 mg L™ NOs-N has been observed in shallow wells
associated with weathered basement, thought to be re-
lated to localized deforestation (Faillat and Rambaud,
1991). High concentrations of NO; were found in desert
soils in the Mojave Desert, California, and attributed
to possible geological sources (Marrett et al.,, 1990). In
Arizona, Hunter et al. (1982) attributed concentrations
of several grams per litre NO; in the unsaturated zones
of desert regions to litter decomposition. High NQO,
groundwaters are also common in arid regions of Aus-
tralia (Barnes et al., 1992), where NO; fixation by cyano-
bacteria in soil crusts and bacteria in termite mounds
provide the most likely explanation. Naturally high ni-
trate therefore seems to be a common feature of ground-
waters in certain arid and semiarid (as well as some
humid) tropical areas low in organic C, where aerobic
conditions have persisted.

The results from Libya in particular prompted this
investigation of NO; distribution elsewhere in northern
Africa over a number of years, especially in the Sahel.
This paper describes new investigations carried out in
Senegal where present day climatic and environmental
conditions may be considered as typical of the Sahel.
Special attention was paid to the records of NO; con-
tained in interstitial waters in the unsaturated zone and
their relationship to the underlying groundwater. These
data were then used together with the other published
records to examine the hypothesis that naturally high
NO; concentrations are a widely distributed baseline
feature of groundwaters in semiarid regions and that
human pollution is only a local phenomenon.

AREAS OF STUDY

Samples have been taken from an area (about 1640
km?) of northern Senegal near the town of Louga (Fig.
1). In this region the groundwater resources are devel-
oped largely in an unconfined Quaternary sand aquifer,
which provides most of the traditional water supplies
in the coastal region of northern Senegal. This shallow
aquifer system, comprising sequences of fine-grained
and medium-grained sands, overlies a mixed succession
of Tertiary sediments, which in some places may be in
hydraulic continuity with the overlying sandy aquifer.
Both formations overlie Maastrichtian (Cretaceous)
sands, and together these form the aquifer system of
the Senegal basin. Settlements (small villages of around
200 people) are found at approximately 4 km distance
from each other. Progressive development of the semi-
confined deeper groundwater to provide supplies for
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Fig. 1. Locntion of Louga area in N Senegal and distribution of NO; in shallow groundwaters, The concentration of CI™ in the phreatic aquifer
is shown as isochlors. Arrows denote the directions of groundwater flow. The location of two research sites from which unsaturated zone
profiles were taken are also shown (Site A~—Profiles LG 6, LG 11, LG 12, LG 18; Site B—Profiles LG 9, LG 10).

the towns is thought to have led to a decline of some
0.1 to 0.2 m yr~! in the shallow aquifer (Gaye, 1990),

The decline in the water levels in the shallow aquifer
could also be explained partially by a reduction in
groundwater recharge during the prolonged Sahel
drought (Edmunds et al., 1992b). The long-term (1893—
1969} yearly average rainfall at St. Louis (close to the
study area) was 356 mm, but during the period 1968 to
1986 the mean annual rainfall had fallen by around
37% to 223 mm. The original vegetation, which consists
amongst others of N-fixing species Acacia radiana and
Acacia albida, has been greatly reduced especially in
recent decades by clearing in favor of rainfed agriculture
(mainly millet, Pennisetum sp., and groundnut, Arachis
hypogaea L.).

Estimates of groundwater recharge in the area have
been carried out using geochemical techniques. Using
the chloride mass balance approach, it has been possible
to determine the spatial variability of recharge across
the area (Edmunds and Gaye, 1994). A regional value
for long-term recharge of around 15 mm yr~! has been
caic‘ulated with local extremes between 1 and 74 mm
yrl,

METHODS

Samples of shallow groundwater were collected between
1990 and 1992 over the whole area north and west of Louga
from traditional wells on the edge of villages, which reached
the water table at depths of up to 40 m. All samples were
filtered on site and well-head measurements were also made
for pH and HCO,. Nitrate was determined by automated col-
arimetry (AA II TECHNICON Autoanalyzer), first by reduc-
ing NO; to NO, and then measurement of a red-purple azo-
dye complex at 520 nm (Cook and Miles, 1980). Chloride
was similarly determined using mercuric thiocyanate. Major
cations, SO,, and total Fe were analyzed by ICP-ORS. The
analytical precision for all determinands was +1%.

Samples of moist sand were recovered from unsaturated
zone profiles obtained by hand augering to depths of up to
35 m in the research areas near Louga, The basis of the tech-
nique has been described by Edmunds et al. (1988). Samples
were bulked over 25- or 30-cin intervals and subsampled for
determination of moisture content and for Cl and NO; analysis
by elution. Then 50 g moist sand samples were eluted with 30
mL ultrapure water and, after stirring and allowing to settle
for 1 h, the supernatant was filtered through 0.45-pm filters.
Aanalysis for NOy and for CI™ was carried out as above. Intersti-
tial water was extracted for intercomparison with NO; on
certain samples where moisture contents were high enough
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Fig. 2. Histogram of NO;-N distribution in shallow groundwaters
from the Louga area.

to allow extraction by centrifugation using immiscible liquid
displacement (Kinniburgh and Miles, 1983) and gave compara-
ble results.

RESULTS
Regional Scale

The geographical distribution of NOj; in the Quater-
nary phreatic aquifer is shown in Fig. 1. There is a high
frequency of sources (34% of the total) with NO; above
10 mg L~! NOs-N (Fig. 2) and the average concentration
of all samples is 11 mg L~!. The high NO; groundwaters
are widely distributed although interspersed in the cen-
ter of the area with a number of waters (around 10%
of the total) having values'bélow the 0.Img L™ NO—N
detection limit) and it is likély that some of these may
have undergone denitrification under reducing condi-
tions. In the absence of measurements of dissolved O,
or redox potential, dissolved Fe concentrations may be
used as a rough guide to the redox conditions (Edmunds,
1994). A plot of Fe against NO;-N (Fig. 3) shows that
a few of the low NO, groundwaters also contain Fe
concentrations above 0.1 mg L~! Fe and many of these
may originally have contained higher NO, concentra-
tions, which have subsequently-been reduced. The bulk
of the high NO, groundwaters.have total Fe concentra-
tions of <0.1 mg L™" Fe, which signifies aerobic condi-
tions in the phreatic aquifer. Several waters with values
between 0.1 and 1.0 mg L' Fe are also aerobic but may
have low pH.

Representative groundwater analyses are shown in
Table 1. The concentrations of NO; range from 13 to
57.5 mg L™! NOs-N (57.5-254 mg L~ NOs). The range
of Cl~ concentrations reflects the spatial variability of
recharge across the area (Edmunds and Gaye, 1994).
The low concentration of K (and low K/Na ratios) to-
gether with the absence of detectable POF™ in all but
two wells are the only independent evidence for the
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Fig. 3. Concentrations of nitrate (NO;-N) vs. total Fe. Aerobic condi-
tions are generally represented by those waters with less than 0.1
mg L~! Fe and many waters with NO; below 1 mg L~! NO; may
have undergone denitrification. Some high NO; waters with high
Fe are likely to be either acidic (pH < 5.5) or to be mixed waters.

absence of pollution. However, the well depth (20-40
m), the fine-grained porous media, the location of wells
at the edge of the villages, and the adequate well con-
struction rule out pollution at the vast majority of
well sites.

Data for N species in rainfall are taken from Travi
et al. (1987). Weighted mean concentrations (1981) for
seven coastal and continental stations are used and these
have values of 2.6 mg L™ Cl and 0.064 total nitrogen
as N, representing the totals of NO; and NH, in total
deposition. This gives a corresponding NO,/Cl of 0.061;
the ratio NOy/Cl is expressed here and elsewhere in the
paper as a molar ratio, An assumption has been made in
this and other studies in the region that rainfall samples
represent total deposition of wet and dry fallout and
that net deposition of particulate Cl or NO; outside the
rainy season is insignificant. No long-term data for Cl~
or NO; is available for the Sahel region. The weighted
mean annual concentrations of Cl in rainfall measured
over a 5-yr period in the present studies ranges from
1.14 to 5.95 with an overall mean of 2.8 mg L~!, which
compares well with the above data from Travi (1987).
This large range reflects the intensity and trajectory of
the monsoon in this coastal area. The input values for
rainfall solutes inevitably will have a large error associ-
ated with them, but the enrichment in NO; described
in this paper is considerably greater than any uncertainty
in the rainfall inputs.

Almost all groundwaters and interstitial waters have
NOQ,/Cl ratios exceeding that of rainfall (Fig. 4). Most
of those with ratios lower than in rainfall are those that
have undergone reduction of NO;. Nitrate concentra-
tions in waters with NO/Cl ratios roughly equal to rain-
fall can be accounted for by the concentrating effect of
evapotranspiration. The majority of waters with NO,/
Cl ratios higher than rainfall became enriched in NO,
in the soil by some process other than evapotranspira-
tion and once below the zero flux plane (Wellings and
Bell, 1980) are transmitted through the unsaturated
zone by homogeneous displacement.
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and interstitial waters from the unsaturated zone from northern Senegal. The sites

! total P in all samples. Rainfall data are from Travi
and NO; results have been combined

andd are expressed in terms of NO, or NO3-N.
Locality Depth pH Na K Ca Mg HCO, S0, Ct NO, NO~N  NO;/Cl  Fe (total)
h ters
?hilalsl.?;;f rounduwaters 368 713 28.5 a1 33.8 5.5 69.6 1.9 42 70.4 15.9 g?}'g gg;g
2. Ndame Npot 38 6.260 12.9 3 15.0 32 25.4 1 29.4 S:.S lg N 1.1? 0.036
3. Ndeukt Gueye 343 6.95 315 33 14:.(?: izi lgig % 1§g %:43; ;2.6 0.(,(, 0.014
4, Bangadji Samb 38 635 531 6.2 28. 3 . 9]'6 20.? 0.67 0.007
5. Ndinytne 20.1 6.7 638 51 2340 8.2 54,9 13 78 X 3 X X
0. [lakh}dﬁd Mbeng 20.3 6.86 246 K31 177.0 42,9 170.7 47 585 170.4 ggg gi; gggﬁ
7. Keur Ihra Maram 327 677 399 4.9 29940 99.6 2134 196 1000 254.5 11.8 0.25 0.27
8. Santiou Merina 12 52 724 37 134 9.0 6.4 162 120 522 .2 i}.’? 0.38
9, Diama Beye 291 553 57.6 49 1.6 112 8.5 3 84 102.6 23. . .
10. Tanim 287 764 656 L1 40 219 6010 2458 585 105.8 239 011 0.019
Interstitial waters
LG 18 10 4 18.5 4.9 18 1L6 0 1 384 105.9 239 0,62 0.036
LG 18 20 51 30.1 2.4 10 5.5 ¢ 9 16.8 103.2 233 1.39 0.001
Rai
Sl?ll:::gul 1981 nd 215 0.47 1.9 3.31 7.406 2.19 2.6 0.28 0.064 0.061 nd

Unsatarated Zone Profiles

Moisture content and Cl™ are shown together with
NO,-N in Fig. 5 for one unsaturated zone profile that
reached the water table (LG 18). This site is in open
terrain that is cultivated (millet and groundnut) during
the rainy season and it lies about 30 km from the coast,
The volumetric moisture content ranges between 1 and
8% and rises to 10% as the capilliary fringe is ap-
proached. The variation in moisture content is closely
related to grain size; higher moisture contents denote
a finer-grained sediment. It can be shown using tritium
and CI” (Gaye and Edmunds, 1996) that negligible by-
pass flow of water takes place through this and the other
profiles and therefore that water is transmitted in a
uniform pulse through the profile. The chemistry of the
interstitial water at two depths (10 and 20 m) is also
shown in Table 1 where the relative enrichment in
NO;-N is shown by the high NOy/ClI ratios, providing
supporting explanation for the high NO; results ob-
tained from samples at the water table.
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Fig. 4. Plot of NO3/C! for results from shallow wells and for interstitial

waters from profile LG 18, The NO,/CY in rainfall has a value
of 0.064.

The CI™ concentrations in this profile vary between
8 and 60 mg L' with an average concentration of 24
mg L~ corresponding to a mean recharge rate of 34
mm yr~'. Oscillations in the Cl concentrations record
variations in the recharge in response to climatic con-
trols (Cook et al., 1992; Edmunds et al., 1992b). Using
ClI7, the moisture contents, the bulk density of the sedi-
ments, and the weighted mean Cl concentrations of the
rainfall (data collected over a 4-yr period), it is possible
to calculate the residence times of water in the profiles
(Edmunds et al., 1992b). The L18 profile has been cali-
brated using the variations in these parameters and con-
tains an input record of about 74 yr (Table 2, Fig. 4). The
broad peak at around 10 m represents the prolonged
drought of the 1970s and 1980s; the lower concentrations
around 20 to 25 m indicate the wetter climate of the
1950s and 1960s. These recharge estimates established
using Cl have been validated using tritium, which pro-
duces a distinct peak, corresponding to the 1963 maxima
of atmospheric nuclear weapons testing (Gaye and Ed-
munds, 1994),

The enrichment in NOs, expressed as the NO4/Cl ra-
tio, is shown in Fig. 4 in terms of cumulative CI~ in the
interstitial water, which allows the unsaturated zone
record to be linearly related to time. A depositional
flux of 100 mg m™?2 is realistic for this area and would
represent, for example, a rainfall of 400 mm yr™' and a
rainfall CI™ of 2.5 mg L™, close to measured values.
The accumulated CI~ of 7.2 mg cm™ in the LG 18
profile, therefore, would correspond to a record of 72 yr.

The interstitial water results for the LG 18 profile
have been added to the plot of CI vs. NO,/Cl (Fig. 4).
This shows clearly that the extent of enrichment of NO;
generally exceeds that found at the shallow water table,
The highest CI” concentrations in the interstitial waters
just overlap with the shallow groundwaters. This profile
has a lower CI~ (and therefore a higher recharge rate)
relative to the other profiles described below as well as
having the highest enrichment in NO, of the profiles
considered.
~ Nitrate concentrations in a further five profiles of
Interstitial water from the unsaturated zone from re-
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Fig. 5 Nitrate (NO,;-N), CI-, moisture content, and NO;/Cl in interstitial waters from the unsaturated zone for profile LG 18 (map research
Site A). Resul?s. have been expressed also in terms of cumulative CI-, This allows the variations in NO, enrichment to be lincarly related to
time. A depositional flux ol 100 mg m~2 Cl has been used to create the timescale for the profile.

search Sites A and B (Fig. 1) are summarized in Fig. 6
to 10. One of these profiles—LG 9 (in addition to LG
18)—reached the water table. Atresearch Site A, profile
LG 11 is from within several meters of LG 18 within
the area of fixed dunes; profiles LG 6 and LG 12 are
from an interdune area at the same 1 km? site. Profiles
LG 9 and LG 10 are from area (B) farther north. The
mean NO; interstitial water concentrations and the aver-
age recharge rates calculated using the Cl™ method and
residence times represented by the sampled depths for
each of these profiles are indicated in Table 2. Results
for each profile have been normalized with respect to
time by plotting against cumulative Cl~, giving a time-
scale for each profile of 100 yr.

The LG 11 profile (Fig. 6) contains NOs~N concentra-
tions in places in excess of 50 mg L', and the NOy/
Cl ratio exceeds 1 in the upper profile. These higher
concentrations are restricted to inputs during the past
30 yr, coinciding approximately with the record of the
adjacent LG 18 site. The profile LG 6 (Fig. 7) has a
pulse of NO; (>100 mg L™! NO;-N) dating from the
1960s, but at the nearby LG 12 site (Fig. 8), enrichment
of NO; is found around 1950. At LG 9 NO; enrichment
also dates from the 1950s (Fig. 9). The unsaturated mois-
ture record at LG 10 has a Cl~ age of >400 yr (Table
2), but in Fig. 10 only the last 100 yr are represented;
NO; enrichment occurs mainly after 1960 in this profile.

DISCUSSION

Once NO; has entered the largely inorganic and aero-
bic unsaturated zone, it will behave as a conservative
anion and its geochemical behavior will be similar to
Cl~. Total NO,-N concentrations derived from atmo-
spheric inputs in the Sahel are low (Travi et al., 1987).
Subsequent variations in the concentrations of NO; will
be modified by physical processes (evapotranspiration)

or biochemical transformations in the soil and rooting
zone. The evolution through the unsaturated zone may
be followed conveniently using the NO,/Cl ratio.
Using the flux of C1™ through the profile as an indica-
tor of residence time, the timescale represented by each
profile has been calculated as described above for LG
18. Timescales have been added to each of the profiles
in Fig. 6 to 10. The uneven timescales between profiles
are due to variations in the recharge rates and in the
moisture content (mainly a function of the sediment
grain size); the higher the moisture content, the longer
the solute travel time. Infiltration records from 50 to
several hundred years are retained in the unsaturated
zone of this region of northern Senegal (Edmunds et
al., 1992b; Cook et al., 1992). This provides the basis
for examining the corresponding changes in N inputs.
The molecular diffusion coefficients of NO; and Cl
in dilute aqueous solutions are very similar (Robinson
and Stokes, 1968) and their dispersion in porous media
can be expected to be similar (Hill, 1984). At low flux
rates and with molecular diffusion the only control on
dispersion, the dispersion of NO; would be only slightly
lower than Cl, Rates of solute movement through profile
LG 18 are on average 0.7 m yr™!, which greatly exceed
the rates expected for molecular diffusion alone. In the

Table 2. Summary of information for average CI7, nitrate
(NOr-Nmg L), recharge (inm yr™!), and residence time repre-
sented by the unsaturated zone contained in profiles LG 6,
LG11, LG 12, LG 18, LG 9, and LG 10.

C1 NO-N Recharge Residence

mg L™ mm yr
LG 6 80 26.1 10.1 50
LG 11 89 217 9.1 92
LG 12 54 224 15 68
LG 18 23.6 14 344 74
LG9 95 25.5 8.6 55
LG 10 1660 71.4 0.49 400
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Fig, 6. Nitrate-N concentrations and NO,/Cl ratios for profile LG 11 (rescarch Site A). The timescale has been constructed as described for

Fig, § andl in the text.

present context, therefore, the concentrations of NO;
and the NGy/Cl ratios in the unsaturated zone are un-
likely to be significantly changed by diffusion or by
chemical reaction. Therefore, they can be used to deter-
mine the contemporaneous flux of N from the soil,
through the unsaturated zone to groundwater over the
timespan of decades or even centuries in an analogous
way to the use of Cl™ to measure residence times.
Nitrogen, in addition to atmospheric deposition, accu-
mulates in arid/semiarid soils by microbially assisted
mineralization of soil litter and nitrification of NH,
(Sprent, 1987). Nitrogen fixation by nodulation on the
root systems of leguminous plants is also an important

process in many semiarid areas. Denitrification is likely
to be insignificant under the oxidizing conditions of most
semiarid environments, especially where water contents
are low and organic C contents are also low (Tindall et
al., 19935); NQ;, therefore, is likely to be conserved dur-
ing passage through the unsaturated zone in semiarid/
arid regions. In the rainy season, rapid mineralization
of soil N occurs, with most being oxidized to NO;. This
then accumulates and moves into the profile with the
onset of the subsequent wet season. In contrast, N pro-
duction, especially by leguminous plants, is likely to be
lower during arid periods when nodulation is inhibited.

The concentrations of NO; in the profiles are very
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Fig. 7. Nitrate-N concentrations ind NO,/CI vatios for
§ and in the text,

profile LG 6 (research Site A)., The timescale has been constructed as described for Fig,
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Fig. 8. Nitrate-N concentrations and NO;/Cl ratios lor profile LG 12 (research site A). The timescale has been constructed as described for Fig,

5 and in the text.

high and approach or exceed 100 mg L™! NOsN in a
number of cases. The enrichment of NO,; as shown by
the NO,/CI ratios shows a wide variation between and
within the individual profiles and exceeds 1 in parts of
profiles LG 18 and LG 6. Since all results are plotted
as NO;-N, the concentrations of ionic NO; will be higher
by a factor of 4.43; NO, therefore is quite frequently the
predominant anion. Using the Cl™-derived timescale,
it is seen that whilst there are some similarities, NO,
enrichment is not synchronous and that more than one
process is likely to be controlling NO; enrichment. Pro-
files in which the NO/Cl increases are restricted to the
past few decades may indicate recent land use changes

and/or the introduction of leguminous crops. Profiles
that show intermittent increases in NO,/Cl are more
likely to indicate that NO,-fixing vegetation was growing
for a given time span and that the history of vegetation
at that site was changeable.

There is a good indication from profiles LG 6, LG
11, LG 9, and LG 18 that variations in the record at
least since the 1940s correspond with climatic variations.
The wetter period from 1950 to 1970 is matched by
higher NO,/CI values whilst the lower rainfall during
the 1940s and in the post-1969 period, corresponding to
the prolonged Sahel drought, has produced lower NO3y/
Cl ratios.
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Fig. 9. Nitrate-N concentrations and NO,/Cl ratios for profile LG 9 (research site B). The timescale has been constructed as described for Fig.

5 and in the text.
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Fig. 10. Nitrate-N concentrations and NO; /Cl ratios for profile LG 10 (research site B). The timescale has beep constructed as deseribed for
Fig. 5 and in {he text. This profile spans n period of ca 400 yr but only that portion covering the past 100 yr is shown.

Extrapolation beyond about 1940 becomes difficult
although in one profile (LG 10) there is evidence that
high NO; is restricted to the mid/late 20th century. The
source of NO, could either be from the indigenous legu-
minous plants (e.g., Acacia spp., Prosopis spp.) or due to
the variety of rainfed agriculture, especially groundnuts,
which are also N-fixing plants, which were introduced
to the region mainly in the postwar period. The high
NO, concentrations observed in the upper profiles may
therefore be a mixture of both natural vegetation and
crops, The apparent absence of such high NO; concen-
trations in the deeper profiles may be due to a timescale
that predates the introduction of groundnuts. The con-
centrations of total N released to the water table, as
shown by NO;—N in the profiles, are, however, consis-
tent with those found at the regional scale (Fig. 1).

CONCLUSIONS

Results from northern Senegal provide evidence that
a significant build-up in NO, is taking place in the unsat-
urated zone as a result of natural processes under pres-
ent day climatic and environmental conditions and is
giving rise to high concentrations of NOj in shallow
groundwaters. The source of NO, is the soil zone, as
indicated by the increase of the NO,/Cl ratios between
rain (total atmospheric deposition) and the unsaturated
zone. The mechanism of enrichment is likely to be fixa-
tion of N by indigenous or introduced leguminous
plants, the fixation being greater during more humid
episodes. The variations of NOs in the unsaturated zone
may be used as a record of changing inputs over a
timescale from decades to centuries. In some profiles
there is evidence that higher NO; production corre-
sponds to the wetter climatic period from 1950 to 1970
and contrasts with the lower NO, concentrations related
to the recent drought. The unevenness of the NOy/Cl
enrichment between some profiles is considered to be

in line with differences in natural vegetation, clearance
of vegetation, or the introduction of rainfed leguminous
crops. Clearly the N status of soils in these areas is
favorable for cultivation and there may be little need
for additions of artificial N fertilizers, which would oth-
erwise only serve to increase the stress on the shallow
groundwater resources.

Since it is possible to follow the movement of NO,
through the pathway atmosphere-soil-unsaturated
zone, the environmental rather than any geological con-
trol over high NO; occurrence in shallow groundwaters
can be demonstrated. The evidence from the shallow
wells also shows that this is a regional phenomenon in
N Senegal. The enrichment in NO; concentrations are
of the same order as those found in unconfined ground-
waters elsewhere in northern Africa and reinforces the
conclusion that high NO; in groundwater is likely to be
a widespread feature of arid and semiarid zones.

From the point of view of water quality the question
of what constitutes an acceptable baseline concentration
of NO, in groundwater, especially in semiarid tropical
regions, may need reexamination. The stringent water
quality standards for NO; adopted for northern coun-
tries and which form the basis for global standards
(WHO, 1993) may therefore be inappropriate for semi-
arid tropical areas. Further assessment of NO; concen-
trations in drinking water in rural areas of the Sahel
and other semiarid regions is required to confirm that
the distributions highlighted here are valid worldwide.
Further epidemiological evidence is also needed from
these semiarid regions to assess the health impacts of
these high NOj concentrations in groundwater.
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