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Abstract

Bromide is commonly used to simulate the movement of nitrate fertilisers through the soil profile. However, there exists no
comparative evaluation of the leaching properties of Br- and NO3

--N under local soil and rainfall conditions at Bloemfontein. The
purpose of this work was to conduct a field experiment to evaluate the leaching behaviour of Br- in comparison with NO3

--N on
the Bainsvlei soil of South Africa under natural rainfall conditions. For this purpose, KBr- and KNO3 solutions were applied to a
2.45 x 2.45 m2 plot at rates of 13.5 g Br·m-2 and 20 g N·m-2 respectively. The subsequent movement of the solutes through the soil
was investigated through studies of the water and mass balances, determined from soil samples taken from a 1600 mm deep soil
profile during the period October 2000 to May 2001, the rainy season in Bloemfontein. The results were also analysed with the
one-dimensional convective dispersive equation and stream tube models. Two important results were derived from the study: Br-

can be used with confidence as a substitute for NO3
--N in studies of the movement of the latter through soils, and it is more

economical and environmentally friendly to distribute the application of nitrate over the growing season of a crop, instead of
applying it as a batch at the time of planting.
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Introduction

In most instances, the leaching of nitrate is the single largest cause
of nitrogen loss from the soil-plant system (Cameron and Haynes,
1986). Nitrate leaching from agricultural soils represents an eco-
nomic loss to the farmer and a pollutant to groundwater resources.
Since nitrogen experiences complex biochemical transformations
in the soil-plant system, it is often difficult to determine the fate and
movement of NO3

--N through the soil profile. Isotopically labelled
fertiliser (using 15N) can be used to distinguish between fertiliser N
and N from other sources with a high degree of accuracy. However,
the use of these techniques is very costly (Silvertooth et al., 1992).
Anions that are biologically and chemically conserved and simi-
larly charged, with low background concentrations in the field,
such as Cl- and Br-, are therefore often used to simulate the
movement of NO3

--N through natural soil profiles. Since bromide
usually has very low background concentrations in the field and
bears no known adverse effects to human health, provided it is
applied in small quantities (Flury and Papritz, 1993), bromide is
usually preferred in such studies (Nachabe et al., 1999; Silvertooth
et al., 1992; Jardin et al., 1990; Jaynes et al., 1988; Rice et al., 1986;
Smith and Davis, 1974).

The nitrate leaching behaviour of Bainsvlei soil of South
Africa, which represents most of the South African land mass (Soil
Classification Working Group, 1991), has not been studied before.
The purpose of this investigation was to evaluate the leaching
behaviour of Br- in comparison with NO3

--N in this soil under
natural conditions through a field experiment at the experimental

station of the Department of Soil, Crop, and Climate Sciences of the
University of the Free State, South Africa, from October 2000 to
May 2001, the rainy season of the region. The computer package
CXTFIT of Toride et al. (1995) was used to determine solute
transport parameters with cumulative drainage (instead of time) as
independent variable and to compare the movement of Br- and
NO3

--N in the soil.

Materials and methods

Field experiment and laboratory analysis

The experimental site, located at 26.1°S and 29.0°E with an altitude
of 1 372 m, is underlain by a cultivated Bainsvlei Amalia sandy
loam soil. It is characterised by orthic topsoil and red apedal/soft
plinthic subsoil. The area is semi-arid with a mean annual rainfall
of 510 mm.

A square plot (2.45 x 2.45 m2) of bare soil was prepared for the
experiment. The plot was kept bare and weed-free throughout the
experiment. The plot was levelled to prevent runoff and erosion
from one part of the plot to another and isolated from the surround-
ing area by a sheet of galvanised iron to prevent surface and shallow
subsurface flows into and out of the plot. The sheet of iron was
driven into the soil to a depth of 200 mm, with a 200 mm section
protruding above ground level.

An access tube for a neutron probe was installed at the centre
of the plot to a depth of 2 000 mm to determine the soil water content
at various depths. Rainfall was measured with two rain gauges near
the experimental plot.

A water sample was taken from a borehole used at the experi-
mental farm to determine the NO3

--N concentration of the
groundwater. The soil was analysed for its textural properties. The
results of the soil particle analysis, the textural group and bulk
densities of each soil layer are presented in Table 1.
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Figure 3
The mass of Br- and NO3--N recovered at the various sampling
dates, expressed as a percentage of the mass originally applied,

as functions of the sampling depth
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results in Fig. 2 indicate that the rainfall did not have a
significant effect on the form of soil water content profile. This
behaviour of the profile suggests that the ability of the soil to
store water at a given depth is not only determined by the
rainfall rate, but also by the physical properties of the soil.

The components of the water balance, computed from Eqs.
(1) and (2), are presented in Table 2. These results indicate that
the deep percolation always exceeded the evaporation except
for the first sampling period. The reason for this behaviour is
that the rainfall during the first sampling period consisted
mainly of light showers (see Fig. 1) with the result that evapo-
ration dominated the water balance. The heavier showers,
including one of more than 50 mm·d-1, that occurred during the
second sampling interval resulted in a substantial deep perco-
lation rate (high q). It can be stated that only major rainfall
events resulted in deep percolation and small showers resulted
only in wetting of the topsoil from where water easily evapo-

rated. Despite the high rainfall dur-
ing the third sampling interval (Table
2), the average deep percolation (q)
was low and the soil had lost much
water. This was due to the high evapo-
ration that resulted from the dry and
windy climatic conditions of the pe-
riod (Table 2). During the fourth sam-
pling interval (15 February to 18
April) rainfall was very high (Table
2) which resulted in an increase in
deep percolation rate and soil water
storage. In the final sampling interval
(19 April to 11 May), evaporation
was low and the average deep perco-
lation (q) was at its highest.

The water balance for the entire
season shows that about 41% of the
rainfall was lost through evapora-
tion, 56% percolated below the po-
tential root zone and that only 3%
was stored in the soil profile. How-
ever, the plot was already wet when
the experiment commenced. These
results suggest that the direct recharge
of the aquifer that underlies the site
may be considerably higher than the
15 to 25 mm·yr–1 given by Vegter and
Seymour (1995) for the area. It could,
however, be argued that since the

plot used for the investigation was bare and too small to
extrapolate the results to large areas. Nevertheless, the results
indicate that care should be exercised in estimating the recharge
rate of an aquifer.

Recovery of bromide and nitrate

A comparison of the Br- and NO3
--N recovered at the various

sampling dates in Fig. 3 and the rainfall data in Table 2, shows
that the movement of these anions in the soil is largely control-
led by the rainfall intensity.

For example, the data from the first sample taken on 11
November (about a month after KBr and KNO3 application)
show that although some of the Br- and NO3

--N moved down to
a depth of 1 000 mm, more than 80% of the anions remained in
the top 200 mm layer of the profile. However, at the second

TABLE 2
Water balance components computed from the observed
rainfall and water contents of the soil between consecu-

tive sampling dates and the Darcy’s velocities (q).
(Negative values indicate a loss of water)

  No of days Date (interval) R Ev ∆∆∆∆∆S Dp q

             (mm) (mm·d-1)

29 13/10-11/11 45 37 -13 21 0.72
39 12/11-22/11 54 9 26 19 1.90

124 23/11-14/02 148 75 -62 135 1.59
187 15/02-18/04 252 83 65 104 1.65
210 19/04-11/05 75 32 -1 44 1.92

Total/Average 574 236 15 323 1.56
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sampling date (only 12 d later) 65% of Br- and 70% of NO3
--N had

moved to the second layer (200 to 400 mm) and 17% of NO3
--N and

20% of Br- was to the third layer (400 to 600 mm). As mentioned
above, 45 mm rainfall was recorded during the first sampling
period, but most of it was in the form of light showers and therefore
evaporated rapidly. The 54 mm of rain recorded during the second
sampling period fell in one day. This allowed a significant volume
of the rainwater to infiltrate the soil and displace the anions deeper
into the soil profile. By the third sampling date, 14 February, the
247 mm rain moved the concentration peaks of Br- and NO3

--N to
halfway between the soil surface and the maximum sampling
depth. On 18 April, almost all of the applied Br- and NO3

--N were
leached to below the top 1 000 mm soil layer and a significant
quantity below the maximum sampling depth. However, the mass
of Br- and NO3

--N recovered was still high (Table 3). On the last
sampling date, 5 May, only 38% of Br- and 52% of NO3

--N
remained within the sampling depth, of which 20% resided in the
bottom layer (1 400 to 1 600), with the concentration peak at the
maximum sampling depth. These results indicate that an intense
rainfall event induces a higher infiltration rate and the deeper
transport of solutes than intermittent moderate to light showers.
Patra and Rego (1996) made similar observations which showed a
strong influence of heavy rainfall events on the leaching of bromide
in an Alfisol of the Indian semi-arid tropics.

The preceding observations are very significant for the appli-
cation of fertilisers, as it shows that a single rainfall event can
swiftly leach fertilisers deeper into the soil profile, thereby reduc-
ing the availability of fertilisers to plants. Fertilisers, leached below
the rooting depth, not only represent an economic loss to farmers,
but also pose an environmental threat to the groundwater resources
in fertilised areas. Since the area in which the experiment was
performed is an agricultural area, fertilisers might be the primary
source of the high concentration of NO3

--N (27.96 mg·l-1) observed
in groundwater samples taken from a borehole near the experi-

mental plot. This value is more than twice the concentration of
10 mg·l-1 recommended by the World Health Organisation for
drinking water. One approach to limit the adverse effects of applied
fertilisers would be to distribute the application of fertilisers over
the growing season of the crop, instead of applying it in batch mode
at the beginning of the season.

The total recovered mass of the solutes in Fig. 3 does not add
up to 100% of the mass applied, as one would expect. Indeed, the
values vary from 37.6 to 149.5, as shown in Table 3. There are
essentially three factors responsible for this behaviour: the spatial
variability of the soil properties, leaching beyond the maximum
sampling depth and the background concentrations, which are
difficult to determine in practice. The excessive recovery of solute
mass obtained for the second to fourth sampling dates were most
probably caused by the last factor, although the first factor could
also have contributed to the observed values, while the low mass
recovery for the last sampling date was caused by leaching beyond
the sample depth. Sampling errors and analytical uncertainties
might have also caused some discrepancy.

As mentioned in the introduction, a major objective of the
present study was to determine to what extent Br- could be used as
a substitute for NO3

--N in studies of the motion of NO3
--N through

soils. It is therefore interesting to observe that the results in Fig. 3
and the graph of the concentrations of NO3

--N as a function of the
Br- concentrations in Fig. 4, show that the two anions exhibit very
similar transport properties in this soil profile. From similar plots
as in Fig. 4 for the other sampling dates, correlation coefficients of
1.000, 0.955, 0.995 and 0.931 were obtained; which implies that it
is obvious that Br- can be used as a substitute for NO3

--N in studies
of the motion of NO3

--N through soils.

Hydrodynamic dispersion

It is interesting to note that the deep percolation values in Table 2
over time can be equated with the average Darcy velocities, q, of the
water, below the root zone and used to derive values for the seepage
velocities below the root zone, as shown in Table 4.

The rate at which Br- and NO3
--N were moving in the soil

profile was determined from the positions of the concentration
peak and the centre of mass of the moving plume. The velocities of
the concentration peaks of Br- and NO3

--N computed from Eq. (7),
which were the same for Br- and NO3

--N, are given in Table 5, while
Table 6 lists the centre of mass velocities of the solutes, computed

TABLE 3
Solute recovered from the soil profile at the different

sampling times expressed as a percentage of the
mass originally applied

Time (d) 29 39 124 187 210
Recovery (%) Br- 99.8 109.0 123.4 114.7 37.6

NO3
--N 99.5 104.2 140.7 149.5 52.1

N = 1.441 (Br) + 33.700
r2 = 0.876
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Figure 4
Relation between the Br- and NO3--N concentrations recovered
from the soil profile 124 days after beginning of the experiment

TABLE 4
The Darcy’s velocities (q) from Table 2,
observed water content values and the
seepage velocities derived from Eq. (6)

No of Time q θθθθθ vw
days interval (mm·d-1) (mm·d-1)

29 13/10-11/11 0.72 0.212 3.4
39 12/11-22/11 1.90 0.215 8.8

124 23/11-14/02 1.59 0.205 7.8
187 15/02-18/04 1.65 0.206 8.0
210 19/04-11/05 1.92 0.223 8.6

Average 1.56 0.212 7.3
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seasonal experiment, where drying and wetting of the soil occurred,
even this weakly structured soil can exhibit slight preferential flow.

Under the assumption of no biochemical processes, which
could add or remove nitrogen to or from the soil, the experimental
results indicate that by the end of a rainy season, much of the Br- and
NO3

--N could have leached to below the potential rooting depth, as
evidenced by the low mass recovery at the last sampling event.
There is a substantial potential for NO3

--N leaching below crop
rooting depth in the area. Therefore, leaching of fertiliser-N could
be a serious crop production and environmental constraint in this
and similar soils of the area. Shallow rooted crops grown in these
soils could be more at risk of facing nutrient deficiency than deep-
rooted crops.  Moreover, NO3

--N concentration in a nearby borehole
that exceeds World Health Organisation standards, may indicate
NO3

--N contamination of groundwater from leached fertiliser-N.
Split application of fertiliser-N could help increase plant availabil-
ity of fertiliser-N and minimise nutrient deficit during critical
growth stages of the crop, thereby minimising excessive nutrient
loss and potential pollution of the groundwater.
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