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Though nitrate enrichment in groundwater is a worldwide phenomenon and mainly

related to human impact, processes leading to nitrate enrichment in scarcely inhabited

semi-arid regions are not yet well understood. In those regions, elevated nitrate

concentrations put additional pressure on the scarce water resources, as they pose a

serious health risk. This study applies a multidisciplinary approach (hydrogeology,

isotope hydrology, and geochemistry) to understand the origin and fate of nitrate in

groundwater of the semi-arid Kalahari of Botswana. Our investigations suggest that

nitrate in groundwater of the study area is of natural origin, leached from a pool in the

unsaturated zone that was actively involved in the soil nitrogen cycle. The presence of

active (minor) recharge was found, showing that nitrate may be transported into the

groundwater under the present conditions. Yet, slow travel times of replenishing water

and the low recharge amounts render the thick unsaturated zone into a long-term

reservoir for nitrate. Being only little influenced by reactive processes, nitrate has a high

persistency in the observed groundwater system. Concentration increases induced

by the present land-use do not yet appear to affect the groundwater quality but may

within decades.

& 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Nitrate is one of the major pollutants of drinking water worldwide (Postma et al., 1991; Widory et al., 2004). The
exposure of humans to high doses of nitrate in drinking water causes severe health effects, e.g., methaemoglobinaemia
(Addiscott et al., 1991). Though generally associated with anthropogenic activities in densely populated areas (e.g., Canter,
1997; Razowska-Jaworek and Sadurski, 2004; Rohmann and Sontheimer, 1985; Wakida and Lerner, 2005), in recent years
elevated nitrate concentrations have also been recorded in groundwater of mostly uninhabited regions around the
world—especially in semi-arid settings (e.g., Aranibar et al., 2003; Barnes et al., 1992; Walvoord et al., 2003).
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In scarcely inhabited semi-arid regions, suspected causes of elevated nitrate concentrations in groundwater are indirect
anthropogenic influences such as land-use for cattle grazing (manure) (Lafthouhi et al., 2003; Lagerstedt, 1992; Lagerstedt
et al., 1994), which is a common practice in semi-arid regions. Non-anthropogenic causes are mainly related to evaporative
enrichment of dry and wet deposition, biogenic point sources through N-fixing organisms, or to a geogenic origin. A
subsequent mobilization of nitrate eventually causes increased nitrate concentrations in the groundwater (AGSO, 1993;
Austin et al., 2004; Careeira and Neill, 1995; Edmunds and Gaye, 1997; Heaton et al., 1983; Lawrence, 1983; Lowe and
Wallace, 2001; Marrett et al., 1990; Rosenthal et al., 1987; Sanchez and Lazzari, 1999; Sheard, 1982; Verhagen, 1995).
However, it is not understood yet, which source accounts for the main nitrate enrichment in groundwater of semi-arid
regions.

Being highly soluble, nitrate displacement can already be affected by small, localized variations in moisture conditions
in the unsaturated zone (Feral et al., 2002; Porporato et al., 2003; Tindall et al., 1995) and hence recharge conditions.
Groundwater recharge is an important but complex issue in semi-arid settings, as is reflected by the wide range of data on
recharge amounts and distribution given in the literature for semi-arid settings (Aeschbach-Hertig et al., 2000; DeVries,
1984; DeVries and Simmers, 2002; Külls, 2000; Lubczynski, 2000; Mazor et al., 1977; Selaolo, 1998; Stute and Talma, 1997;
Verhagen, 1990). It was probably the recharge complexity that was leading some authors to the assumption that leaching is
negligible as N-sink in soils in these areas (e.g., Boring et al., 1988; Peterjohn and Schlesinger, 1990), while other more
recent studies suggest that substantial quantities of nitrogen have leached and accumulated beneath the (biologically
active) soil zone (Jackson et al., 2002, 2004; Walvoord et al., 2003).

Although the fate of nitrate in groundwater of semi-arid regions is a result of the interplay of numerous factors, many of
the existing studies focus on individual processes of the ‘phenomenon of elevated nitrate concentrations’. For many
regions, e.g., in Southern or Northern Africa, Australia or South America, an integrated assessment of nitrate dynamics
(and origin) is missing. To fill this gap, the aim of the present study is to provide a comprehensive assessment of the spatial
complexity of the fate of nitrate in groundwater of semi-arid settings. To achieve this, we applied a multidisciplinary
approach, including the investigation of known potential sources (dry and wet deposition, soil and vegetation, lithology,
potential land-use-related contamination such as effects of cattle grazing) and aquifer-immanent sinks (denitrification,
mixing) of nitrate. Nitrate dynamics is closely coupled to water dynamics and its complexity in time and spatial scale. For
this reason, the recharge complexity is investigated using environmental tracers and the isotopic composition of
groundwater and its constituents, as those tools provide information on the history and origin of groundwater (Cook and
Herczeg, 2000; Kendall and McDonnell, 1998; Mook, 2001; Solomon and Cook, 2000). Although part of the study also
covered N distribution and fate in the unsaturated zone, in this paper we focus on groundwater data to assess the
integrated origin and transport properties of nitrate. Detailed investigations of N in soil in the same investigation area can
be found in Schwiede (2007) and Schwiede et al. (2005).

The study was conducted in groundwaters of the Kalahari of Botswana in the Ntane Sandstone Aquifer, where the
WHO-guideline value for nitrate (WHO, 1998) of 50 mg/l is exceeded by far (Mokokwe, 1999) and where non-
anthropogenic nitrate accumulation processes play an important role. Understanding the associated processes and their
implications on groundwater management was especially important, as the investigated region experiences extreme water
scarcity and heavily depends on the Ntane Sandstone Aquifer for water supply.

2. Study area

The study area is situated on the Eastern fringe of the Kalahari near Serowe in the Central District of Botswana, and
covers about 4090 km2 (Fig. 1). The study area is characterized by a flat, slightly undulating topography at about 1200 m
above sea level; the only distinct topographic feature is the Eastern escarpment.

The study area lies in a semi-arid region with low air humidity and mean annual rainfall of 450 mm, restricted to one
annual rainy season from September to April. Potential evapotranspiration is in the order of 900–1200 mm/year (Lubczynski,
2000) and would not allow recharge. However, due to the extreme rainfall conditions that may occur in short duration and
high intensity, on a short-term basis rainfall can exceed potential evapotransporation and lead to a potential recharge through
transport via preferential flow paths (DeVries and Simmers, 2002; Lubczynski, 2000; Selaolo, 1998; SGAB, 1988).

The main soil type of the Kalahari region is Arenosol and locally Petric Calcisol (Thomas and Shaw, 1991). The respective
soil hydraulic properties are summarized in Schwiede et al. (2005) and Wang et al. (2007). In shrub and tree savannas like
the Kalahari plant communities on Arenosols are dominated by Acacia and Terminalia species, whereas Mopane trees are
dominating the sites of calcareous soils that are partly found (Ringrose et al., 1998; Thomas and Shaw, 1991; van Wyk,
2001). The investigated area of the Kalahari region is scarcely inhabited (o1 person per 10 km2; Thomas and Shaw, 1991)
and is only used for extensive cattle grazing (ca. 11 ha/livestock unit; Arntzen and Veendendaal, 1986; Mphinyane, 2001).
The area used to be purely occupied be wildlife, only in the 1950s cattle grazing started.

2.1. Hydrogeological setting

The main aquifer in the study area is the Triassic Ntane Sandstone, which is characterized by matrix and fracture
porosity, a deep groundwater table (450 m) and an average thickness of 100 m. The aquifer is underlain by the less
Please cite this article as: Stadler, S., et al., Understanding the origin and fate of nitrate in groundwater of semi-arid
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Fig. 1. Location of the study area in the Central District of Botswana including the borehole ( ¼ sampling point) distribution.
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permeable Mosolotsane layers (mudstone, siltstone, sandstone), which represents the lowly transmissive aquitard to the
Ntane system (SGAB, 1988; Stadler, 2006; Wellfield, 2000). The Ntane Sandstone is overlain and mostly confined by the
Early Jurassic Stormberg Basalt. The Stormberg Basalt has no major significance as an aquifer, only structurally altered
zones may contain significant amounts of water (SGAB, 1988). The Ntane aquifer is covered by the Tertiary to recent
Kalahari sands that have local occurrences of calcretes, silcretes and ferricretes. Only locally perched aquifers within the
Kalahari Beds are found. The main regional groundwater flow is SSE to NNW towards the lowest depression which is
constituated by the Makgadikgadi Pans in the North. No other groundwater outcrops occur under the present climate. The
hydrogeology of the area is strongly controlled by structural features in form of a large number of hydraulically influencing
WNW–ESE trending tensional faults and fissures, which cut through the entire area, and some of which are intruded by
lowly permeable dolerite dykes. Those divide the Karoo units into horst and graben structures of varying size (Wellfield,
2000).

3. Materials and methods

3.1. Field methods

A total of 51 boreholes were sampled. The boreholes can be divided into three usage types: (a) production boreholes,
equipped with pumps of a yield between 4.8 and 19.8 m3/h; (b) observation boreholes, where a Grundfos SQ/SQ1-135

submersible pump was used for sampling, yielding approximately 1.2 m3/h, depending on the abstraction depth; (c) cattle
post-boreholes, which are privately owned boreholes drilled for cattle watering, mostly equipped with small diesel pumps.
Borehole depths range from 75 to 317 m below ground level. Field investigations of the groundwater included the on-site
measurement of pH, groundwater temperature, dissolved oxygen (DO), specific electric conductivity (EC) and redox
potential (WTW MultiLine 340i SET1 with pH-meter Sentix 41, oxygen sensor CellOx 325, EC probe Tetracon 325 and
redox-probe SenTix ORP (Ag/AgCl)) as well as the on-site photometric determination of nitrate, nitrite and ammonia (WTW
filter photometer, Photolab 12-A). Abstracted samples were filtered (0.45mm) and stored in a cool environment. Carbon
species were determined by on-site titration with 0.1 nHCl (to pH 4.3), and 0.05 nNaOH (to pH 8.2), respectively. Samples
for cation and trace element analysis were acidified with 2 ml 1:1 HNO3 per 100 ml sample.

3.2. Analytical methods

The groundwater samples for hydrochemical analysis were analyzed at the Federal Institute for Geosciences and Natural
Resources (BGR) in Hannover, Germany. Nitrate, chloride, sulfate and nitrite were determined using an ion chromatograph
DIONEX DX 500. The determination limit is 0.05 mg/l (nitrite: 0.02 mg/l). The cations K, Na, Mg, and Ca as well as trace
elements were determined by an ICP-OES Type SPECTRO CIROS. The determination limits are approximately 0.02 mg/l,
Please cite this article as: Stadler, S., et al., Understanding the origin and fate of nitrate in groundwater of semi-arid
environments. Journal of Arid Environments (2008), doi:10.1016/j.jaridenv.2008.06.003

dx.doi.org/10.1016/j.jaridenv.2008.06.003
https://www.researchgate.net/publication/36450550_Investigation_of_natural_processes_leading_to_nitrate_enrichment_in_aquifers_of_semi-arid_regions?el=1_x_8&enrichId=rgreq-dced0089ebcbc1a54222ca415808022f-XXX&enrichSource=Y292ZXJQYWdlOzIyMzQ0NDA2MztBUzozMzY4MTk2NzQ3MzA0OTZAMTQ1NzMxNTQ3NjQ1OQ==


ARTICLE IN PRESS

S. Stadler et al. / Journal of Arid Environments ] (]]]]) ]]]–]]]4
for trace elements typically between 0.005 and 0.02 mg/l. Samples for isotope analysis were measured at the Helmholtz-
Centre for Environmental Research—UFZ, Germany (3H, 2H, 18O, 15N–NO3 and 18O–NO3), at the Institute of Environmental
Physics of the University of Bremen, Germany (3H) and the Spurenstofflabor Oster, Wachenheim, Germany (chlorofluor-
ocarbons (for brevity the compounds CFC-11, CFC-12 and CFC-113 are collectively abbreviated as ‘CFCs’), sulfur hexafluoride
(SF6)). Tritium measurements were carried out at two different institutions which used different methods. The UFZ uses a
liquid scintillation counting (LSC) technique (Mook, 2001) while the 3He ingrowth method was applied at the University of
Bremen (Sültenfuß et al., 2006). The measurement precision using 3He ingrowth is typically 73% and the detection limit
is 0.005 TU for 500 g water (storage time 10 months), while a detection limit of 0.3 TU is reached with LSC.
Chlorofluorocarbon and sulfur hexafluoride determination was performed on a gas chromatograph with an Electron
Capture Detector (ECD) according to Oster et al. (1996). The reproducibility is about 73% (1s) in water, the detection limit
is about 0.01 pmol/l. To measure the isotopic composition of dissolved nitrate (15N–NO3 and 18O–NO3), we closely followed
the method by Silva et al. (2000): groundwater samples containing a minimum of 25 mg of nitrate were passed over 10 ml
Poly-Prep-columns (BioRAD) with 5.5 g added anion exchanger (AG 2-x-8 Resin 100–200 mesh, chloride-form) to enrich
nitrate and to decrease the sample volume. d18O was determined using a high temperature pyrolysis system coupled to a
continuous flow IRMS delta S. The measurement error is 0.4%. d15N was measured online by the Continuous Flow procedure
using a delta XPplus mass spectrometer. The measurement error is 0.2%. Atmospheric N2 is defined as the 15N standard
(d15NAir ¼ 0%). The determination of d18O and d2H (deuterium) was performed following the equilibration method
(e.g., Knöller and Trettin, 2003) and measured using a Dual Inlet system at a delta XP mass spectrometer. The d18O and d2H
data is normalized to the V-SMOW standard. The analytical accuracy was 0.1% for oxygen and 1% for deuterium.
Supporting thermodynamic calculations were performed with PhreeqC-2 (Parkhurst, 1995) using PhreeqC.dat as a reference
thermodynamic database. Ammonia (NH4

+) was changed from Amm to NH4
+ to include it as a reactive species.
4. Results and discussion

4.1. Recharge indicators

Detectable amounts of CFCs and SF6 were found in the groundwater (CFC-12 up to 0.6070.10 pmol/l, CFC-11 up to
2.6070.60 pmol/l, CFC-113 up to 0.0970.05 pmol/l, SF6 up to 0.7070.10 fmol/l; Table 1). Since these species have a well-
known input function in the atmosphere, they yield information regarding water transport (Busenberg and Plummer, 1992;
Cook and Herczeg, 2000; Oster et al., 1996). Measured ratios of the species CFC-12, CFC-113 and of SF6 in the groundwater
confirmed their atmospheric origin (Table 1). The source of elevated CFC-11 in the investigated groundwater is, however,
unknown, and may represent contamination by degreasing agents in pump use or other contaminants, if not stemming
from a natural (abiogenic, volcanic) source, as, e.g., reported in Schwandner et al. (2004). Some of the measured CFC and SF6

concentrations are greater than 25% of the solubility equilibrium with the current clean-air atmosphere. If one describes
Table 1
Measured tritium (3H), chlorofluorocarbon (CFC) and sulfur-hexafluoride (SF6) concentrations in groundwater

Borehole Location 3H (TU) CFC-12 (CCl2F2)

(pmol/l)

CFC-11 (CCl3F)

(pmol/l)

CFC-113 (C2Cl2F2)

(pmol/l)

SF6 (fmol/l)

BH 5311 Serowe 0.1a70.3 0.0370.05 0.1370.05 0.0170.05 0.1070.10

BH 7005 Serowe 0.0a70.3 0.2370.05 0.3870.05 0.0770.05 0.1070.10

BH 7102 Serowe 0.0a70.3 0.0770.05 0.8070.05 0.0370.05 0.2070.10

BH 7021 Serowe 0.2a70.3 0.2070.05 1.7070.20 0.0370.05 0.2070.10

BH 8450 Serowe 0.2a70.3 0.4570.05 1.8070.20 0.0670.05 0.2070.10

BH 8451 Serowe 0.0a70.3 0.6070.10 2.0070.30 0.0970.05 0.7070.10

BH 8471 Serowe 0.0a70.3 0.3870.05 1.8070.20 0.0770.05 0.3070.10

BH 8480 Serowe 0.1a70.3 0.3570.05 2.6070.60 0.0770.05 0.3070.10

BH 8819 Serowe 0.0a70.3 0.2070.05 0.2770.05 0.0470.05 0.2070.10

KRS 1 Serowe 0.0a70.3 0.0670.05 0.2270.05 0.0370.05 0.10 70.10

Mahatane Serowe 0.0a70.3 0.3770.05 2.2070.30 0.0670.05 0.3070.10

T545 Serowe 0.005b70.006 c c c c

BH 7591 Serowe 0.009b70.005 c c c c

BH 8673 Serowe 0.007b70.005 c c c c

Sanakoma Serowe 0.009b70.015 c c c c

Atmospheric

concentrationsd

c 1.32 2.32 0.20 0.98

Different numbers of digits in tritium results owe to different detection limits applied (see Section 3).
a Liquid scintillation counting.
b 3He-ingrowth.
c Not measured.
d Atmospheric concentrations for an elevation of 1200 m and 25 1C at time of sampling (2002).
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this sampled water as a two-component mixture of an old CFC-free water and one of present (modern) recharge
composition the measured maximum values would correspond to a 25% fraction of modern water.

In the quantification of young water components and/or residence times in the saturated aquifer, one needs to
distinguish between transport of gas tracers like CFCs and SF6 into deeper parts of the aquifer by (i) diffusion and (ii)
advection, the latter indicating groundwater recharge. To distinguish between alternatives (i) and (ii), we used an analytical
relation (Crank, 1975; Gröning, 1994) to estimate the penetration depth of CFCs into the aquifer within the time period of
detectable CFC amounts occurring in the atmosphere (approximately 50 years). This calculation shows that at an aquifer
depth of 5 m diffusion would lead to concentration of less than 1% of the CFC concentrations found at the groundwater
table. Considering porosity and tortuosity effects on the effective diffusion coefficient an even lower value would be
reached (Cook and Solomon, 1995). For screen lengths in the order of 100 m as typical for the study area, only a proportion
of less than 5% of the measured CFC concentrations could thus have been transported into the aquifer via diffusion, given
the fact that the water table lies in the screened section. If the water table is located in a cased section, diffusive CFC input
would be even lower. As a consequence, assuming no further fractionation of the CFCs took place in the unsaturated zone,
we interpret the relatively high concentrations of CFC found at the sampling wells as an indication that some water has
recently replenished the aquifer.

Tritium was quasi-absent in all investigated groundwater samples from the Ntane Sandstone Aquifer near Serowe
(maximum of 0.00970.005 TU) (Table 1). These low 3H levels would generally point to the absence of recharge and appear
to be in contradiction to the shown results obtained from CFCs. However, the two tracer types gas and solute tracer yield
different information regarding water transport and may reveal differences of transport in the unsaturated and saturated
zones, respectively. While solute tracers are moved advectively with the seepage water (and may decay on the way), gas
tracers pass the unsaturated zone relatively fast though the air phase (Busenberg and Plummer, 1992; Fulda and
Kinzelbach, 1997; Katz et al., 1995; Zoellmann et al., 2001) and ‘set their clock’ at the groundwater table.

Tritium data alone may not distinguish between processes such as: (a) piston flow and increasing age of water during
transport, i.e., slow diffuse spatial infiltration (which would favor the above hypothesis of minor active recharge); or (b)
mixing between a tritium-free component (older than 50 years, as this reflects pre-nuclear testing atmospheric tritium
contents) and low amounts of localized recharge potentially through preferential flow with then-atmospheric tritium
content. Since we may assume that anthropogenic tritium activities in precipitation in Botswana always were higher than
at least 2 TU (even after decay correction to the present), the measured tritium values in groundwater correspond to less
than 1% of water recharged after 1960.

In some cases, the analysis of helium isotopes can aid in distinguishing the above-mentioned processes (a) and (b).
Tritium decays with a half-life of 12.3 years (Lucas and Unterweger, 2000) to 3He. If the vertically downward transport to
the groundwater surface is very slow, some of the tritiogenic helium can escape from the water (Schlosser et al., 1989). Only
in a rapid transport process, where tritium has no time to decay completely in the unsaturated zone and may only decay in
the groundwater, the decay product 3He can be found. Noble gas investigations in the study area show no evidence of
tritiogenic helium in the investigated waters (Osenbrück et al., submitted for publication; Stadler, 2006), suggesting that
the increasing age of water through long transport times (450 years) through the unsaturated zone is the dominant factor
controlling the low 3H levels.

Combining the results of CFC and 3H (and tritiogenic helium) the occurrence of active localized recharge is suggested.
The hypothesis of localized minor recharge occurrence is supported by another study (Wellfield, 2000) which in 1998
found detectable amounts of tritium in two boreholes that are part of the present investigations in Serowe (BH7099:
0.570.2 TU and BH7021: 1.170.2 TU), and other studies from the literature (Beekman et al., 1999; Lubczynski, 2000; Mazor
et al., 1977; Verhagen, 1990). Recharge processes in semi-arid environments are highly complex, as, e.g., also indicated in
DeVries and Simmers (2002), Selaolo (1998), Beekman et al. (1999), Verhagen (1991), and Gieske et al. (1995), and require
further research. Yet, indication that active recharge takes place suggests that solutes may be carried to the groundwater
under present-day climatic and hydrologic conditions, but the transport of water through the saturated zone is slow.

4.2. Groundwater chemistry and stable isotopes of nitrate

The chemical composition of groundwaters from the Ntane Sandstone Aquifer near Serowe is summarized in Table 2. It
shows that the groundwater is dominated by a Ca–(Mg–)HCO3- to Na–HCO3-chemistry. It has a moderate ion content,
characterized by an EC values ranging from 283 to 1207mS/cm, neutral to moderately alkaline pH of 7.2–8.6, and
temperatures of 24–28 1C.

A spatially complex nitrate distribution was observed in the groundwater (Fig. 2). Elevated nitrate concentrations occur
in a scattered pattern, with localized clusters of elevated concentrations. In some cases, between directly neighboring wells
(distance of o20 m) steep gradients can be observed (not shown due to map resolution). Maximum nitrate (NO3

�)
concentrations reached up to 219 mg/l the investigated groundwaters (BH8471). The mean concentration was at 22.8 mg/l,
and the median only reached 8.4 mg/l, indicating a heterogeneous distribution of nitrate concentration ranges (Fig. 2).
Ammonia concentrations were near or below the detection limit of 0.01 mg/l in the study area. The highest nitrate
concentrations were found in the observation borehole type (4100 mg/l—even in selected boreholes that were heavily
pumped for sampling during 72 h pumping tests at 15 m3/h). Yet, no general trend could be observed when attempting to
relate nitrate concentrations with the individual borehole types.
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Table 2
Main hydrochemical composition and stable isotope (18O, 2H) results of selected groundwater samples from Serowe, Botswana

Borehole Borehole

typea
pH T

(1C)

DO

(mg/

l)

EC

(mS/

cm)

EH

(SHE)

(mV)

K

(mg/

l)

Na

(mg/

l)

Cl

(mg/

l)

Mg

(mg/

l)

Ca

(mg/l)

SO4
2�

(mg/l)

HCO3
�

(mg/l)

Fe2+

(mg/l)

Mn

(mg/l)

NO3
�

(mg/

l)

NH4
+

(mg/l)

NPOC

(mg/l)

2H (% V-

SMOW)

18O

(% V-

SMOW)

BH5311 b 7.8 26.9 0.52 526 201 3.8 81.6 45.8 11.2 22.2 9.9 252 0.009 0.005 2.4 o0.01 0.4 �38.6 �5.6

BH7005 a 8.0 26.4 2.10 560 295 1.4 122 46.7 1.0 8.7 6.4 260 0.009 o0.001 5.9 o0.01 0.5 �42.8 �6.4

BH7021 a 7.5 27.1 6.80 645 396 2.9 52.6 49.4 23.7 42.5 3.1 248 0.006 o0.001 56.8 o0.01 0.5 �45.0 �6.3

BH7099 a 8.4 26.1 3.69 283 322 1.3 58.4 13.1 1.1 7.13 2.8 154 o0.003 o0.001 3.2 – 0.5 �39.2 �5.9

BH7102 a 7.8 26.5 0.83 549 84 1.3 107 27.5 6.2 16.8 14.3 286 0.216 0.003 11.1 o0.01 0.6 �38.6 �5.9

BH7511 a 7.5 26.5 4.74 510 275 3.0 50.7 35.2 12.2 41.3 2.5 237 0.010 0.001 22.5 o0.01 0.3 �38.7 �6.1

BH7591 a 7.3 25.7 5.36 515 282 3.1 43.2 22.5 14.3 48.6 2.4 267 0.004 0.001 35.7 0.02 0.2 �40.9 �6.3

BH8450 b 7.2 26.0 3.32 832 336 3.0 57.8 55.3 23.3 75.6 4.0 325 0.009 o0.001 88.0 o0.01 – �47.4 �6.7

BH8451 b 7.2 26.3 5.89 811 322 3.9 68.5 56.0 20.5 68.5 0.7 294 0.003 o0.001 108 o0.01 0.6 �45.3 �6.5

BH8471 b 7.2 25.9 2.86 1207 406 4.7 62.9 123 41.7 107 1.7 293 0.006 0.004 219 o0.01 0.6 �42.5 �6.3

BH8480 b 7.5 26.8 4.30 554 271 2.2 66.3 34.5 5.4 41.1 5.6 216 0.015 0.002 48.6 0.01 0.4 �44.0 �6.3

BH8672 b 8.6 27.7 0.26 349 �5 2.1 54.3 48.7 4.8 8.8 1.6 114 0.006 0.017 0.0 o0.01 0.7 – –

BH8673 b 7.7 28.2 0.97 585 265 2.1 33.5 75.4 20.5 49.7 2.4 190 0.015 0.035 20.7 0.01 0.6 �39.1 �6.1

BH8819 a 7.5 25.6 2.97 601 165 2.5 74.5 35.1 9.9 39.8 1.3 237 0.076 0.007 71.4 0.02 0.6 �44.6 �6.5

MahataneCP c 7.2 24.7 5.44 889 360 4.1 44.2 111 34.6 77.1 2.9 319 0.015 0.002 27.0 o0.01 0.5 �43.9 �6.0

SanakomaCP c 7.3 25.6 5.88 668 291 2.8 45.8 56.0 18.0 69.3 4.8 288 0.013 0.001 33.5 0.31 – �38.9 �6.1

SetekwaneCP c 8.3 23.9 1.97 471 377 1.0 96.9 33.2 2.7 10.2 5.6 230 0.087 o0.001 7.5 o0.01 0.5 – –

T545 c 8.2 26.5 1.66 714 230 4.4 141 79.6 5.8 10.9 27.2 230 0.136 0.013 0.3 o0.01 – �35.1 �5.7

a a, production borehole; b, observation borehole; c, cattle post; –, not measured.

Fig. 2. Map of nitrate distribution near Serowe. The size of symbols indicates nitrate concentration in groundwater according to the given legend. Arrows

indicate the general groundwater flow direction.
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The results of stable isotope measurements of nitrate (15N–NO3 and 18O–NO3) in the investigated groundwater are
shown in Figs. 3 and 4. The d15N–NO3 of measured groundwater samples from Serowe form a relatively uniform group
between 2.5% and 8.2% (Fig. 3) with a mean value of 5.4%. The d18O–NO3 values generally range between 2.3% and 10.3%
with a mean value of 7.1%. Some samples have slightly higher d15N signals around 8%, accompanied by slightly elevated
d18O values of up to 10.3%. Isotope values will be discussed in detail in the context of possible sources of nitrate.

4.3. Sources of nitrate

Potential input sources of nitrate into the groundwater of the Ntane Sandstone Aquifer as revealed from the analysis of
groundwater can be classified into four main types (Fig. 5): (i) surficial input by nitrogen through precipitation and/or
anthropogenic activities. Nitrogen from this source may enter the groundwater directly through preferential pathways, or it
Please cite this article as: Stadler, S., et al., Understanding the origin and fate of nitrate in groundwater of semi-arid
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may contribute to the soil N pool. (ii) Nitrogen leaching from the unsaturated zone. This may include remobilized N from
several individual sources such as the fixation of atmospheric N in plants, bacterial fixation, or N from soil, which here are
only assessed as total N contribution from the unsaturated zone to the groundwater, (iii) nitrate from aquifer material and
(iv) groundwater-immanent nitrate input from other aquifers that may be hydraulically connected to the investigated
aquifer. These sources are evaluated in detail in the following.

4.3.1. Nitrogen from atmospheric deposition

Nitrogen from wet or dry deposition mainly occurs in the form of nitrate (NO3
�) and ammonia (NH4

+). Analyses of
rainwater in the investigation area yielded mean values of 1.2 mg/l for NH4

+, 3.5 mg/l for NO3
� and 3.5 mg/l for Cl� (Schwiede,

unpublished data). Assuming a complete oxidation of NH4
+ in the soil as to Eq. (2), a total mean mass of 7.6 mg NO3

� enters
the soil per liter of rain. Considering precipitation rates in the order of 450 mm/a, this would translate into an annual NO3

�

input of 34.2 kg/ha, which is subsequently taken up by flora and fauna, mineralized by soil bacteria and/or leached to the
groundwater. Due to the lack of surface runoff (Lubczynski, 2000; Thomas and Shaw, 1991), only little nitrate amounts are
suspected to be lost through this mechanism. It has to be noted that these nitrate values in rain rely on three measured
samples only, which may not reflect the full heterogeneity of atmospheric N input. For comparison, using N concentrations
Please cite this article as: Stadler, S., et al., Understanding the origin and fate of nitrate in groundwater of semi-arid
environments. Journal of Arid Environments (2008), doi:10.1016/j.jaridenv.2008.06.003

dx.doi.org/10.1016/j.jaridenv.2008.06.003
https://www.researchgate.net/publication/233388857_The_Kalahari_Environment?el=1_x_8&enrichId=rgreq-dced0089ebcbc1a54222ca415808022f-XXX&enrichSource=Y292ZXJQYWdlOzIyMzQ0NDA2MztBUzozMzY4MTk2NzQ3MzA0OTZAMTQ1NzMxNTQ3NjQ1OQ==


ARTICLE IN PRESS

Fig. 5. Simplified scheme of potential sources of nitrate in the study area including sources in the unsaturated zone and atmosphere (exaggerated

thickness of lithological layers).
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in rainwater (e.g., 1.86 mg/l NO3
� and 1.98 mg/l NH4

+) as given in the literature, e.g., by Heaton (1984) for mean annual values
for Pretoria, totaling 5.58 mg/l as NO3

� (Eq. (2)) yields an annual input of 25.1 kg/ha. In terms of mass balance, the given
nitrate masses would be able to explain the nitrate budget of the aquifer, which is discussed in detail in Section 4.5. But to
determine N sources one needs to validate whether observed peak concentrations can be explained by individual input
sources, in this case atmospheric deposition. For this, controlling processes that decouple water and solute masses such as
evaporation need to be looked at. As recharge is only in the order of 1–10 mm (DeVries and Simmers, 2002; Selaolo, 1998;
cf. Section 4.1), and evaporation rates are high (cf. Section 2), evaporation was expected to contribute to significant
enrichment of nitrate concentrations in the study area. Considering the average annual rainfall amount in the study area
of 450 mm, and recharge amounts as given above, 97.8–99.8% evaporation need to be assumed to reproduce the water
amount in a simplified approach of assuming evaporation only to reduce the water amount, and further processes
(e.g., evapotranspiration, (selective) plant uptake) are neglected. If in this approach Cl� is taken as an indicator for the
degree of evaporation (with Cl� concentration measured in rainwater of 3.5 mg/l) the observed range of chloride
concentrations in the groundwater between 22 and 123 mg/l could be reproduced by evaporation rates from to 85% to 97%.
These evaporation rates in turn would yield nitrate concentrations of 51–253 mg/l. This covers the upper range of the
values measured in the groundwater. Yet, if conservative, i.e., non-reactive conditions are assumed for Cl� and NO3

� input
and transport, not only the concentration range should be reproducible, but also a linear correlation of Cl� to NO3

� should
be observed, if NO3

� enrichment occurs through evaporation and N-sinks are neglected. A correlation of Cl� and NO3
� was

not found in the investigated samples. Hence the above calculations could only provide rough estimates on the
contribution of evaporation. The calculations do not allow to distinguish if evaporation is the controlling process to explain
elevated nitrate concentrations in the groundwater.

Yet, from the investigation of the stable isotopes of nitrate it appears that elevated nitrate concentrations that are found
in the groundwater in Serowe do not stem from dry or wet deposition, as this process would show heavier 18O–NO3 values
(Fig. 3). Further evidence for an insignificant role of evaporation in the investigated (nitrate-rich) groundwater was found
from 18O and 2H measurements (of H2O) in the same groundwater. The d2H and d18O values groups in a very narrow range
between �47.4% and �35.1%, and �6.7% and �5.6% (Table 2), respectively, which lie on or slightly below the Global
Meteoric Water Line as shown in Stadler (2006). The values do not show indications of groundwater evaporation, which—

if present—would result in a strong isotopic fractionation (Clark and Fritz, 1997).
Summing up, atmospheric nitrogen deposition imposes a high amount of nitrogen to the system vegetation-unsaturated

zone (and potentially saturated zone), yet the losses to the individual pools (vegetation, fauna, flora, fixation/
mineralization) cannot be estimated. However, we can show by stable isotope measurements that high nitrate
concentrations as observed in the groundwater do not appear to be caused by evaporative processes.
4.3.2. Nitrogen from contamination by manure

In a number of studies on nitrate in groundwater, the dominant nitrogen input into the groundwater is related to
manure. The main N compound in manure is urea (CO(NH2)2), which is hydrolyzed by the enzyme urease and is
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subsequently converted to nitrate in the unsaturated zone (Eqs. (1) and (2)). From there, it is leached into the groundwater:

COðNH2Þ2 þHþ þ 2H2O �!
urease

2NHþ4 þHCO�3 (1)

and

NHþ4 þ 2O2 ! NO�3 þH2Oþ 2Hþ. (2)

The urea hydrolysis produces a temporary rise in pH that supports the formation of ammonium (NH3), which is easily lost
to the atmosphere (e.g., Widory et al., 2004). Depending on the redox conditions, i.e., a limited availability of oxygen as an
electron acceptor, NH4

+ may be found in the groundwater. Additional NH4
+ may originate from dissimilatory NO3

� reduction
under highly reducing conditions, but this process normally plays a subordinate role (Appelo and Postma, 2005).

The groundwater samples from the study area contain no significant amounts of NH4
+ (Table 2). However, nitrogen input

as manure might not always be distinguishable as NH4
+. As reaction kinetics allow a rapid oxidation of NH4

+ to NO3
� in the

presence of oxygen (Eq. (2)), NH4
+ input may not be identified separately and is measured as NO3

�, too. Along with elevated
NO3
� concentrations, groundwater influenced by manure (of cattle or wildlife) generally shows elevated Cl� and K+

concentrations (DVWK, 1996). As discussed earlier, no systematic relation between Cl� and NO3
� could be found in the

investigated groundwater samples. K+ is generally low in the investigated sampes (o4.7 mg/l). In addition, previous
investigations in the study area on the production boreholes in the investigation area revealed the no indications for fecal
indicators such as Escherichia coli even in nitrate rich boreholes (Department of Water Affairs, unpublished data). Hence,
hydrochemical investigations could not reveal evidence in the groundwater for nitrate originating from manure.

The lacking influence of manure is confirmed by the analysis of d15N–NO3 and d18O–NO3 of the groundwater samples
(Fig. 3). The isotopic composition of nitrate in recharging groundwater depends on source materials, reactions during
formation and subsequent biogeochemical alterations (Böhlke, 2002; Clark and Fritz, 1997; Kendall and McDonnell, 1998).
Usually, the isotopic composition of manure is characterized by heavier nitrogen isotope values (average d15N of
+14.078.8% as given by Kendall and Aravena, 2000) than the ones observed in groundwater from Serowe. The heavy d15N
values of manure mainly result from isotopic fractionation during volatilization of NH3 in the soil. Also, potential influence
through fertilizer is not reflected in the measured d15N–NO3 and d18O–NO3 of the groundwater. The lack of anthropogenic
pollution is consistent with the land-use (which does not include fertilizer application or sewage disposal), and the
observed long residence times in the unsaturated zone, as suggested by tritium below the detection limit in all investigated
groundwater samples (Table 1 and Section 4.1), and the fact that the area has only been used for extensive cattle grazing for
the past 50 years. This confirms the above given findings of hydrochemical investigations, which suggest that it appears
unlikely that the observed nitrate concentrations in the groundwater stem from contamination through manure.

4.3.3. Nitrogen from soil

N in soil can occur in several forms: as Nmin, as organic N in plants through fixation of atmospheric N and in bacteria
associated with leguminoses, or in soil fauna (Canter, 1997). The transformation of organic N into nitrate leads to an
acidification (Eqs. (3) and (2)):

N from biomassþ soil gas! NHþ4 þ 2O2. (3)

The drop in pH can be buffered by calcite dissolution in the soil and/or aquifer. The so-formed nitrate can be leached into
the groundwater. A PhreeqC-2 modeled N transformation from the contact of rainwater of the study area with nitrogen
from biomass was able to reproduce the pH drop of Eq. (2) and subsequent buffering by calcite originating from calcretes.
The calculations could reproduce the measured pH values of Ca–HCO3 type groundwaters as observed in Serowe (Table 2).
It has to be noted that oxic conditions are required to successfully perform a release of N from biomass in the described
process, indicating that this process is likely to occur in the unsaturated zone where carbonate stems from calcretes.

Indications for the origin of nitrate from biomass in the unsaturated zone were found in the investigation of the stable
isotopes of nitrate (Fig. 3). Most nitrate in groundwater of the observed d15N range of 2.5–8.2% is likely to result from
natural accumulation processes in the soil (Aranibar et al., 2003; Heaton et al., 1983). In addition, the majority of the
observed d18O–NO3

� values (2.3–10.3%) are consistent with expected values for nitrate formed in soil by biological
oxidation of NH4

+ which commonly contains one atom from atmospheric oxygen (+23%), and two from water (�6%)
(Kendall and McDonnell, 1998). Hence, the shown data suggests that the unsaturated zone may represent an N pool, which
may deliver nitrate to the groundwater.

The results are in agreement with investigations of natural soil background nitrate concentrations away from intense
grazing areas. Those yielded values of more than 100 mg/l in depths of greater than 10 m and measured leachable fluxes of
4–40 kg/(ha a) NO3–N below the rooting zone in the study area (Schwiede, 2007; Schwiede et al., 2005). This implies a vast
pool of organic nitrogen that is potentially prone to leaching into the groundwater, which is in accordance with recent
findings in the literature (Walvoord et al., 2003).

4.3.4. Nitrogen from rocks

From the investigation of rock material from the Ntane Sandstone Aquifer as well as from overlying (Stormberg Basalt
and Kalahari Beds) and underlying formations (Mosolotsane Fm.) low N contents of greater than 0–0.08% were found that
do not appear to influence nitrate concentrations measured in the investigated groundwater. Highest contents were
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recorded in phyllosilicates within mudstone layers in the lower parts of the aquifer, which, however, appear to be firmly
bound to the minerals, as established in batch experiments (Stadler, 2006). This is in accordance with literature findings
that generally found that elevated nitrogen concentrations in rocks are associated with sediments (and metasediments)
(Holloway and Dahlgren, 2002). Within the saturated zone, nitrate salts do not play a significant role, as they would already
be in solution and be discharged due to the high solubility product of nitrate. To give an example, the solubility product of
NaNO3 at 25 1C is 2.91. N release from rocks is generally higher under surface conditions than in groundwater systems, as
surface-exposed bedrock experiences stronger weathering rates (Lowe and Wallace, 2001). In the studied system, saturated
conditions prevailed for several thousand years (Verhagen, 1991), making N release less likely. Hence, the aquifer material
does not appear to contribute significantly to nitrate concentrations in the groundwater.

4.3.5. Nitrogen input from underlying aquifers

Potential nitrate input may stem from uprising groundwater that enters the Ntane Sandstone Aquifer. In the
investigated aquifer system, groundwater from the lower lying Mosolotsane aquifer appears to connect to the Ntane
Sandstone Aquifer only in the vicinity of the discharge area near Orapa upstream of the investigated area, where locally an
enhanced hydraulic connection and/or the absence or thinning of Ntane layers was observed (Wellfield, 2000). Yet, even if a
connection was there, the groundwater of the Mosolotsane formation would not contribute to high nitrate levels, as it has
generally no observable to low nitrate concentrations, has a high EC (44 mS/cm) and is of a Na–Cl type (Rahube, 2003;
Stadler, 2006). For this reason, potential nitrate input from lower-lying aquifers is assumed to be negligible in the study
area.

4.4. Significance of denitrification in the groundwater

Denitrification appears to play a minor role in the spatial distribution pattern of nitrate in groundwaters of the Ntane
Sandstone Aquifer near Serowe. Autotrophic denitrification is rendered unlikely due to the quasi-absence of pyrite to
mediate denitrification as found from the X-ray fluorescence, CNS analysis and microscopic investigation of rock samples
from aquifer material (Stadler, 2006). In addition, the investigated groundwaters yielded a very low abundance of sulfate.
Pyrite oxidation (and the presence of microbes) would trigger autotrophic denitrification, as it delivers sulfur (and iron) as
a reactant (Appelo and Postma, 2005).

Heterotrophic denitrification would be possible in the aquifer, though sediment organic C content is low (o1%).
Assuming a porosity in the order of 7% and a density of 2.65 g/cm3 of the matrix this would translate into the ability to
reduce a maximum of 34.1 mg/l NO3

�/l. Additional DOC input from leaching from soil horizons and burrowed organic
material (Chapelle, 1993) may be expected locally where rare occurrences of paleosoils have been reported, though
evidence was only found of maximum concentrations of 0.7 mg/l in the groundwaters as NPOC (Table 2). This suggests that
even lower amounts of organic C are available to mediate denitrification than assumed by the above sediment organic C
calculations. However, apart from slight hydrochemical indications for heterotrophic denitrification at one borehole in
Serowe, the crucial constraint for denitrification in Serowe is the fact that oxygen is present in the groundwater as an
electron acceptor (Table 2). This is as well reflected in the d15N–NO3 and d18O–NO3 signatures of the investigated
groundwater samples, as isotope signatures are changed upon denitrification due to isotope fractionation (Amberger and
Schmidt, 1987 and Fig. 3). Only few samples show elevated d15N and d18O values (d15N and d18O47%). This may indicate a
moderate denitrification trend in those samples.

If a constant isotope signature and constant input concentrations are assumed, the denitrification trend should be
reflected in the relation between d15N–NO3 and nitrate concentrations. A semi-logarithmic relation of a slope of �5% to
�8% can be found for natural aquifers (Mariotti et al., 1988). No such relation was found for the investigated groundwaters
(Fig. 4). The lack of significant denitrification trends in Fig. 4 may be accounted for in a heterogeneous source concentration
(nearly constant d15N values in a wide range of nitrate concentrations in Serowe), which is plausible in the study area. In
total, denitrification only appears to be of moderate to insignificant importance in the investigated aquifer.

4.5. Quantitative estimates of N fluxes

To estimate whether present recharge conditions and nitrate leaching rates are suitable to explain the nitrate content
found in the aquifer, an estimation of the time scale needed to refill the aquifer with present-day recharge rates was
compared to estimated nitrate fluxes. Using an average aquifer thickness of 100 m with a porosity of 7% typical for the
investigated sandstone (SGAB, 1988; Stadler, 2006) a simplified water balance calculation yielded reservoir exchange times
between 700 and 7000 years for typical recharge rates in the Kalahari between 1 and 10 mm/a (DeVries et al., 2000;
Selaolo, 1998) assuming steady-state conditions for the aquifer’s water budget. Compared to residence time scales of up to
several thousands of years obtained from 14C data (Stadler, 2006) and (flow) modeling studies for the Ntane Sandstone
Aquifer (Maßmann, 2004; Stadler, 2006), the water balance calculations suggest that laterally averaged recharge rates tend
to be nearer to the lower range of the values reported in the literature (DeVries and Simmers, 2002; Selaolo, 1998;
Verhagen, 1990). The median nitrate concentrations in the order of 10 mg/l measured in groundwater from Serowe
translate into an approximate nitrate inventory of 700 kg/ha at the given aquifer thickness of 100 m. According to the time
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needed to refill the aquifer an average mass flux of 0.1–1 kg/(ha a) of nitrate would be needed to obtain the calculated
nitrate inventory of the aquifer. For comparison, assuming the maximum nitrate concentration observed in the
groundwater (approximately 200 mg/l) as representative concentration in the recharged water, a nitrate flux of 2–20
kg/(ha a) could be achieved (for recharge rates of 1–10 mm/a). Taking into account mass balance calculations for the nitrate
budget supplied by precipitation which yields 34.2 kg/(ha a) as specified earlier, a net accumulation of nitrate in the
unsaturated zone by at least a factor 1.5 may be assumed—bearing in mind the simplifications in this approach, but
supporting the existence of a nitrogen pool in the unsaturated zone.

However, one has to distinguish between the nitrogen pool provided by precipitation, and the nitrogen pool below the
bioactive (rooting and surface) zone. Only the latter can actually reach the groundwater, as the former will be strongly
impacted by contributions and withdrawal by soil flora and fauna (Canter, 1997) which so far has been neglected in this
approach. Yet, as shown in Section 4.3, the nitrate found in the groundwater has been actively involved in the soil cycle
which means that the biogeochemical cycle produces a surplus of nitrate that may be leached to the groundwater if steady-
state water budget conditions are assumed. In addition, Walvoord et al. (2003) found that in semi-arid to arid regions
substantial amounts of nitrogen from the soil pool can be leached beyond the reach of roots, which the authors account for
by deep-wetting events. Comparing their data with soil water nitrate concentrations from the literature these authors
report on strongly varying amounts of nitrogen in the soil depending on the sampled location: nitrogen pool magnitudes
were in the range of 30–13,600 kg/ha NO3–N, which corresponds to 132–60,000 kg/ha NO3

�. Other authors report that the
values are only at lower ranges in the order of 200–500 kg/ha NO3

� for semi-arid settings (Jackson et al., 2002, 2004). Still,
these data demonstrate that nitrate pools in the unsaturated zone bear the capability for supplying sufficiently high nitrate
fluxes into the groundwater for an extended period of time. In addition, estimates for the present study area yield nitrate
fluxes of approximately 4–40 kg/(ha a) being leached out of the soil root zone towards greater depths (Schwiede, 2007).
These numbers are in good agreement with the flux range estimated above based on groundwater concentrations and
recharge rates, again implying that the nitrate found in the Ntane Sandstone Aquifer originates in a nitrate pool in the
unsaturated zone. These mass balance calculations may not explain individual point measurement results as those are
challenged by heterogeneities imposed by, e.g., the texture, structure and/or water content of the unsaturated zone, or
different recharge processes (i.e., diffuse processes vs. preferential flow, e.g., DeVries and Simmers, 2002). Neither may they
allocate potential zones of higher nitrogen concentrations in the soil water caused by point sources and/or soil biota.
However, from a mass balance perspective it is generally possible to explain the observed nitrate concentrations in the
groundwater.

5. Summary and conclusion

Our investigations showed that nitrate in groundwater of the study area appears to be of natural origin. Despite a very
inhomogeneous distribution of nitrate concentrations in the aquifer, very uniform 15N and 18O–NO3 signatures were
measured in the groundwater, which agree with the typical range for naturally occurring soil nitrate (Kendall and
McDonnell, 1998). This complies with the absence of nitrogen sources within the aquifer or from a significant influence by
groundwater entering from underlying aquifers (Stadler, 2006). The evidence of the active involvement of the nitrogen
found in the groundwater in the soil nitrogen cycle suggests the existence of a nitrate pool in the unsaturated zone. The
presence of active (minor) recharge was indicated by the investigations of chlorofluorocarbons and sulfur hexafluoride in
the groundwater, showing that nitrate may be transported into the groundwater under the present (climatic and land-use)
conditions. The quasi-absence of tritium in the groundwater indicates minimum travel times of the water of greater than
50 a. This in turn shows that the present land-use does not yet appear to affect nitrate concentrations in groundwater, but
will within decades.

The heterogeneous nitrate concentration distribution appears to be only little influenced by reactive processes within
the aquifer. Denitrification appears to be of minor importance in the study area, which is in accordance with the
predominantly oxic conditions and the absence of reaction partners, both of which do not favor denitrification, and is also
shown in the 15N and 18O–NO3 signatures of the groundwater. This indicates that nitrate has a high persistency in the
observed groundwater system.

Yet, it is shown that the unsaturated zone represents a long-term reservoir of nitrate. Surface-near input concentrations
are retarded but even under present conditions can slowly be leached into the groundwater, requiring a sound and
sustainable management of the groundwater resources. However, though nitrate in the groundwater was found to have been
actively involved in the soil N cycle within our presented study, a detailed evaluation of the individual soil (and vegetation)
cycle processes could not be established within the scope of the present study. Yet, this issue is still under discussion in the
literature especially for semi-arid settings (e.g., Aranibar et al., 2003; Walvoord et al., 2003). Soil processes that lead to a
nitrogen enrichment in the study area are currently investigated in detail (Schwiede, 2007; Schwiede et al., 2005).
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Fulda, C., Kinzelbach, W., 1997. Datierung junger Grundwässer im Gebiet Sindelfingen-Stuttgart mit Hilfe eines neuen Tracers—Schwefelhexafluorid. Die

Stuttgarter Mineralwasserherkunft und Genese. Amt für Umweltschutz, Stuttgart, Germany.
Gieske, A., Selaolo, E.T., Beekman, H.E., 1995. Tracer interpretation of moisture transport in a Kalahari sand profile. IAHS Publication, vol. 232 (Application

of Tracers in Arid Zone Hydrology), pp. 378–382.
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Maßmann, J., 2004. Simulation der Nitratverteilung in einem klüftig-porösen Grundwasserleiter in Botswana. M.Sc. Thesis, University of Hannover,
Germany.

Mariotti, A., Landreau, A., Simon, B., 1988. 15N isotope biogeochemistry and natural denitrification process in groundwater: application to the chalk aquifer
of northern France. Geochimica ei Cosmochimica Acta 52, 1869–1878.

Marrett, D.J., Khattak, R.A., Elseewi, A.A., Page, A.L., 1990. Elevated nitrate levels in soils of the eastern Mojawe desert. Journal of Environmental Quality 19,
658–663.

Mazor, E., Verhagen, B.Th., Sellschop, J.P.F., Jones, M.T., Robins, N.E., Hutton, L.G., Jennings, C.H.M., 1977. Hydrologic, isotopic and chemical studies at Orapa,
Botswana. Journal of Hydrology 34, 203–234.

Mokokwe, K., 1999. Occurence of groundwater with high nitrate content—Orapa wellfields. Inception Report, DGS, Lobatse.
Mook, W.G. (Ed.), 2001. UNESCO/IAEA Series on Environmental Isotopes in the Hydrological Cycle—Principles and Applications. /http://www.iaea.org/

programmes/ripc/ih/volumes/volumes.htmS.
Mphinyane, W.N., 2001. Influence of livestock grazing within piospheres under free range and controlled conditions in Botswana. PhD Thesis, Department

of Plant Production and Soil Science, Faculty of Natural and Agricultural Sciences of the University of Pretoria, South Africa.
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