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Abstract Due to its high salt content, urine use as a fer-
tilizer threatens agricultural land by causing soil sodifica-
tion, especially in arid and semi-arid lands where limited
water resources restrict full salt washout. This study
investigated the management of salt accumulation in a soil
in which urine was assumed to be previously directly
applied as a fertilizer. Since feasibility studies of urine use
as a fertilizer have been previously reported in the arid land
of Burkina Faso in the Sahel region, we investigated the
removal during rainy season using rainfall and evaporation
data from Burkina Faso of the salts accumulated in the soil
from previous cultivations assumed to be fertilized with
urine. Column test experiments were carried out under
greenhouse conditions. The experiment involved irrigation
of planted and non-planted pots for 56 days with de-ion-
ized water to reproduce the rainy season in Burkina Faso.
Prior to the experiments, 400 mg/pot of NaHCO; was
added to the top 10 cm of the soil columns, simulating the
initial salt content in the soil due to the assumed previous
irrigation using urine (pH = 7.63). Although, Na salts are
the dominant salt in urine, sodium bi-carbonate has been
used in this study as it has a buffering capacity to resist to
sudden pH changes. The experimental study revealed that a
significant portion of salt that accumulated in the column
during cultivation is washed out of non-planted pots during
the rainy season. In planted pots, the higher evaporation
rate led to less washout and more salt accumulation in the
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soil. Of the original 400 mg/pot, 259 mg/pot was washed
out of non-planted pots, while only 80 mg/pot was washed
out of planted pots. Another 40 mg/pot was taken up by
plants in the case of planted pots. A HYDRUS-1D model
was then used to predict the fate of the salts in the soil
(non-planted) under different conditions (e.g., variable
calcium supply, variable initial Na concentration). Model
calibration was performed using data from previous
experiments. The application of Ca promoted lower sodic
conditions in the soil. A Ca application of 14 g/m?® is
required to free all the remaining sodium salts via the
cation exchange mechanism allowing their full washout
from the soil.

Keywords Urine - Sodium salts - Washout - Plant uptake

Introduction

The demand for nitrogen, phosphorus and potassium
(NPK) fertilizers will continue to increase in coming years
as a result of population and economic growth (FAO 2008).
Higher demand results in higher prices for fertilizers (FAO
2009; Cordell et al. 2009), which in turn is likely to reduce
agricultural productivity leading to food insecurity. Low-
income countries, such as sub-Saharan countries, are the
most vulnerable to fertilizer scarcity. Due to its high cost
and their limited purchasing power, sub-Saharan farmers
have limited access to fertilizers, inhibiting their efforts to
improve soil fertility and agricultural productivity. A report
published by the FAO (2010) regarding food insecurity
around the world stated that the proportion of undernour-
ished individuals in sub-Sahara African countries reached
30% in 2010. In an attempt to find an affordable and
accessible substitute for industrial fertilizers, human urine
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has exhibited considerable promise and has distinct
advantages. Human urine is rich in mineral compounds and
has a relatively low sanitary risk. It contains 80% of the
nitrogen (N), 55% of the phosphorus (P) and 60% of the
potassium (K) found in domestic wastewater (Kirchmann
and Pettersson 1995; Jonsson et al. 2000; Mnkeni et al.
2005, 2008). Historically, plant fertilization using human
urine has been practiced in some parts of Asia since ancient
times, as reported by Nettling (1993) and Goldstein (2012).
Interest in the fertilizer value of human urine and its
application to agricultural practices has become more
common and has attracted researcher interest from around
the world. Interestingly, many sub-Saharan countries,
including Burkina Faso, are now considering the use of
urine to improve soil fertility. Studies by Ushijima et al.
(2015) and Funamizu (2009) aimed to promote resource-
oriented sanitation concepts as a route for mitigating water
demand and recycling nutrients while promoting agro-
business models and ecologically sound sanitation in
Burkina Faso. Urine diverting toilets and collection sys-
tems have been previously developed to collect urine. Sene
(2013) focused on urine as a liquid agricultural fertilizer in
Burkina Faso. A similar study was performed by Ander-
sson (2015), who used human urine to enrich soils for
sustainable food production in Uganda.

Although, human urine used as a fertilizer is a good
source of nitrogen, it contains some harmful substances
such as salts, which may harm the soil (soil sodification due
to a high sodium level) and have adverse effects on plant
growth and nutrient uptake. Sodium chloride is one of the
most predominant salts found in urine. The average con-
centration of sodium (Na) in undiluted, fresh human urine
is estimated to be 0.94-0.98 g/L. (Kirchmann and Pet-
tersson 1995), while a value of 2.34 g/L of sodium content
in urine was recently reported in the literature (Pradhan
et al. 2010). Dagerskog and Bonzi (2010) reported sodium
contents in source-separated urine ranging from 2.9 to
3.5 g/L. Sene et al. (2013a) used an average value of
2.84 g/L for synthetic urine preparation and this value was
adopted in this paper. Consequently, applications of human
urine as a liquid fertilizer may result in the potential
accumulation of sodium (Na) ions in soil and eventually be
detrimental to plant growth and production, especially in
dry areas where urine may be reused at several-year
intervals. Moreover, it has been previously reported that
salts, including sodium and chlorides, may be toxic to
plants and inhibit their growth (Holliman 1998). Conse-
quently, there is growing concern regarding the toxicity of
human urine (Hoglund 2001).

Studies such as Adrover et al. (2012), Dikinya and
Areola (2010) and Johantigh (2008) reported that pro-
longed use of recycled wastewater for irrigation increased
salinity in the soil. The risk of increased salt content in the
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vadose zone following urine application on farmland is
also a concern, as urine is rich in sodium chloride salts.
Sene et al. (2012) investigated the direct use of urine in the
Sahel region of Burkina Faso and determined the urine
amounts that must be applied to Komatsuna (Brassica
rapa) to meet the plants’ nitrogen and phosphorus needs. In
addition, Hijikata et al. (2014) monitored salt accumulation
in gardens fertilized with urine and concluded that salt
accumulation in the soil during the dry season is a major
concern. However, no studies have been reported regarding
the management of accumulated salts in the soil and their
removal following urine use as an agricultural fertilizer.

Alternatives for salt removal from soils include leaching
using sufficient irrigation, or phytoremediation using
halophytes and moderately halophytic plants (Qadir et al.
2005). In water scarce countries, such as in Burkina Faso,
farmers do not have access to sufficient water resources or
appropriate irrigation systems. Therefore, we assume that
salts accumulated in the soil following urine use as a fer-
tilizer can be washed away during the rainy season or
absorbed by moderately halophytic plants as a sort of
phytoremediation. Inoue (2012) lists useful salt tolerant
plants that can absorb sodium salts and produce a harvest.
This list includes sorghum, a staple plant in many arid
lands such as in Burkina Faso, among others. Hence, we
assume that sorghum is a moderately halophytic plant that
can serve as cleanup crop. However, evapotranspiration is
the predominant factor leading to the accumulation of salts
in agricultural soils, as this process removes water from the
soil, leaving most of the salt behind and increasing the salts
concentrations in the remaining soil water (Corwin et al.
2007; Gongalves et al. 2006). In this regard, this investi-
gation will include a comparison between planted and non-
planted pots.

Furthermore, it is well known that in presence of high
sodium salts in the soil it is a common practice to apply
soluble calcium (e.g., gypsum) to the soil to replace sodium
cations by calcium cations and the leach the sodium out.
However, sandy soils does not contain appreciable amounts
of calcium (Tanaka 2005). In addition, small-scale farmers
in Burkina Faso cannot afford to apply gypsum to their
soils and we assume that small-scale farmers can alterna-
tively use calcium rich ash from their cook stoves. Indeed,
in a study on ashes derived from the combustion of dif-
ferent varieties of wood biomass, Vassilev et al. (2010)
reported that wood and woody biomass ashes are calcium
rich.

Therefore, the overall objective of this paper is to
investigate the management of salt accumulation in a soil
to which urine was assumed to be previously directly
applied as a liquid fertilizer. We focus on the salt removal
during rainy season using rainfall and evaporation data
from Burkina Faso in Sahel region, where studies on the
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feasibility of urine as a fertilizer have been reported. First,
we evaluate the salt washout during the rainy season in
sorghum-planted and non-planted soils. Then, the effects of
the initial salt concentration in the soil and the calcium
supply on salt removal are evaluated and discussed. In this
study, an experimental column investigation was carried
out, followed by a model simulation using HYDRUS-1D
software to predict the fates of salts. Based on the results of
this study, we deduce the maximum amount of urine that
can be applied during the dry season without accumulating
salt in the soil. Although this study reports an interesting
laboratory experimental and numerical simulation findings
on fate of salts accumulated in the soil from previous
irrigation using urine as liquid fertilizer, the current finding
cannot be transposed directly to the use of urine in real soil
in the dry land. Further investigations will be required.

Materials and methods
Approach and general study information

A pot experiment was conducted under controlled condi-
tions followed by numerical simulations representing dif-
ferent scenarios using a HYDRUS-1D model. The pot
experiment assesses the rainy season washout of previously
accumulated salts following the assumed urine application
as a fertilizer during the cultivation season in planted and
non-planted pots. In addition, pot experiment data are used
to calibrate the model. Rainfall data from Burkina Faso,
located in sub-Saharan Africa, where used to assess the
effect of salt washout during rainy season in both experi-
mental pots and numerical model. The climate of Burkina
Faso is tropical, with a rainy season (May—September) and
dry season (the rest of the year). During the rainy season,
the country receives between 4 and 6 mm/day.

Pot experiment

A soil column experiment was conducted inside the
greenhouse at Hokkaido University (43° 04'11.6”N, 141°
20'22.4"E) from July 2014 to September 2014. The tem-
perature and relative humidity in the greenhouse during the
experimental period ranged from 13 to 51 °C and from 24
to 95%, respectively.

The experiment was conducted using 90 cm long col-
umns with 15-cm diameters. Twelve Sorghum planted pots
and four non-planted (control) pots were prepared. A
schematic diagram of the experiment is shown in Fig. 1.
All pots were packed with sandy soil composed of a
mixture of commercially available sand (known as silica
sand present in a crystalline form of quartz) and kaolinite at
a ratio of 1:5. Because the sandy soil has poor water

retention and low cation exchange capacity (CEC),
kaolinite is added to improve the CEC and increase the
potential of the soil to retain plant nutrients and water. The
pots were divided into intervals of 0-5, 5-10, 10-30, 30-50
and 50-70 cm as a vadose zone for subsequent analysis.
The final depth of 70-90 cm was a saturated zone. The soil
used in this experiments has a dry bulk density of 1.5 g/
cm®,

In the upper layer (0—10 cm), 400 mg/pot of NaHCO;
was added to the soil, simulating the initial salt content that
existed in the soil due to the assumed previous irrigation
using urine (pH = 7.63). Although NaCl is the most
dominant salt in urine, this choice will not affect the
results. It is worth mentioning that sodium bicarbonate
(NaHCO3;) has been used in this experiment as it offers a
good buffering capacity to limit sudden changes of pH. It is
worth mentioning that no significant variation in the pH
was recorded during experiments. At the beginning of the
experiment and prior to the salt addition in the upper layer,
the soil was saturated with 3 L of de-ionized water to wet
the soil for planting. Then, the experiment involved 6 mm
daily (100 mL) drip irrigation using distilled water, simu-
lating the rainy season in Burkina Faso. On the 4th and
29th days, an 80 mL Hoagland solution was applied to
supply nutrients to each plant.

Polyvinyl tubing was connected to the bottom of each
pot and leachate samples were collected weekly. The
sample weights were determined using an electronic bal-
ance (OHAUS). The Na concentration in the leachate was
determined using a Multitype ICP Emission Spectrometer
ICP-AES (ICPE 9000, Shimadzu) after filtration through a
0.45-um pore filter (ADVANTEC). The total amount of
leached sodium salts was then calculated.

Moreover, one control pot and three planted pots were
broken every two weeks for subsequent soil and plant
analyses. The soil samples collected from each layer were
vigorously mixed and then measured and analyzed. The
water contents of soil samples were analyzed using the
gravimetric method, and samples were dried in an oven at
105 °C for 24 h (Shukla et al. 2014).

Soil water content, leachate and salt concentration
measurements were used to calibrate the water flow and
solute transport processes in the HYDRUS-1D software
package with no water or osmotic stress.

Sorghum plants were sampled every two weeks from
their respective pots. They were then dissected for further
analysis. Plant roots, stalks and tillers were sampled,
washed and dried at 60 °C for 5 days. Dried plants (25 g)
were ground using a mortar and pestle. Then, distilled
water was added to the ground roots, stalks and tillers
following their digestion by nitrate and hydrogen peroxide
at 140 °C and mixed vigorously. The mixture was cen-
trifuged for 5 min at 5000 rpm. Supernatant was collected
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Fig. 1 Schematic diagram of
the experiment
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and filtered through a 0.45-pum pore filter (ADVANTEC).
The sodium salt concentration in the filtrate (diluted as
necessary) was determined using an ICP-AES in the same
manner employed to determine the leachate (ICPE 9000,
Shimadzu). The total sodium salt uptake by the plant was
then calculated.

HYDRUS-1D simulations

The major ion chemistry module UNSATCHEM in
HYDRUS-1D (§imunek et al. 2008) was used to simulate
the water content and the salt movement in the soil. All of
the simulations were conducted in non-planted pots,
meaning that the effects of rainy season additions of cal-
cium on Na removal were predicted. First, simulations
were performed to tune the model and reproduce
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experimental findings in terms of the leachate volume and
sodium salt removal. After the model was calibrated, dif-
ferent scenarios were simulated. The first simulation
investigated the removal of Na that accumulated in the soil
due to previous cultivations. The second simulation
investigated the effect of the calcium supply on the sodium
salt removal. Table 1 summarizes the cases simulated.
The measured results from pots experiments were used
to calibrate the HYDRUS-1D model and predict the soil
water contents, leachate and salt (Na®) concentrations in
the soil and in the leachate. The calculations of water and
Na*t were based on the HYDRUS-1D predictions for the
whole simulation period. The software helped us to
understand the effects of the rainy season and the Ca®"
addition on the removal of Na™ from the soil to determine a
safe urine application level without deteriorating the soil.
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Table 1 Simulation cases and conditions

Sim Na input  Ca supply Simulation conditions
(g/mz) (g/mz) Rainfall and evaporation
data obtained from
Run I (model  22.6 45.2 Pot experiment
calibration)
Run 2 6.95 0 Burkina Faso rainfall and
evaporation data
Run 3 5.5-695 0 Burkina Faso rainfall and
evaporation data
Run 4 6.95 0-20 Burkina Faso rainfall and

evaporation data

Model calibration and validation

For a successful use of the HYDRUS-1D model, several
input parameters (e.g., soil hydraulic parameters, solute
transport and reaction parameters, etc.) and boundary
conditions need to be calibrated (Siminek and Hopmans
2009). Some parameters such as soil water retention
parameters (6, and ;) were obtained from laboratory-de-
termined soil water retention curves using suction tables.
Soil bulk density was also measured in the lab by the
determination of dry weight of a given volume of soil
(McKenzie et al. 2002). Other parameters were estimated
using HYDRUS-1D model in a process called model cal-
ibration. They were manipulated, within reasonable ranges,
until the simulated model results approach closely the
observed variables. The objective function to be minimized
during the parameters estimation might present several
local minimums (§imﬁnek and Hopmans 2009). Thus, and
to overcome this issue, we performed minimization prob-
lem several times using different initial estimates. The
values that minimized the root mean square error (RMSE)
index between the measured and simulated values of the
leachate, water storage and sodium salt concentrations
(Chu and Shirmohammadi 2004; Singh et al. 2004; Vaz-
quez-Amabile and Engel 2005) were selected. The
obtained parameters such as hydraulic conductivity (Kj)
and the empirical parameters « and n and solute and
reaction parameters were verified to be comparable to
values reported in the literature. After calibration, model
was validated with a new set of data. Anderson and
Woessner (1991) states that the model is validated if it
predicts the system response within acceptable limits.

HYDRUS-1D model input data
Initial conditions and soil properties

The initial soil water content was set to a uniform value of
0.25 cm?*/cm® throughout the soil profiles by supplying 3 L

Table 2 Physical and chemical soil characteristics (initial

conditions)

Parameters Values
Depth (cm) 0-90
Bulk density (g/kg) 1.5
EC (ds/m) 0.63
SAR (mmol/L)"? 0.5
pH 7

Soluble cations (mmol/L)

Na™ 1.52
Ca** 0.64
Mg>+ 0.64
K* 0.235

Exchangeable cations (mmol/kg)

Na* 71.07
Ca®* 10.72
Mg** 1.1
K* 3.63
CEC 86.52

Gapon selectivity coefficient (mmol/L)~ "2
KCa/Na 1.51
KMg/Ca 0.23
KCa/K 0.09

of distilled water to the column prior to the experiment and
prior to sodium salt addition in the upper layer (0-10 cm).
Initial conditions for the UNSATCHEM module were
given in terms of concentrations of Na*, Ca”, ngL and
K™ in the liquid and solid phases. To obtain these values,
chemical analyses were performed on soil samples col-
lected at the beginning of the experiments. Exchangeable
cations were also determined. Following the chemical
analyses performed on soil samples collected from the soil
columns, the physical and chemical characteristics of the
soil were obtained (soil parameters, soluble cations,
exchangeable cations and Gapon selectivity coefficients).
These findings are summarized in Table 2.

Boundary conditions

Atmospheric and free drainage boundary conditions were
defined at the surface and at the bottom of each pot.
Atmospheric boundary conditions were specified using
daily values of irrigation and evapotranspiration. As
required by HYDRUS-1D, evapotranspiration is divided
into plant transpiration and soil evaporation and is esti-
mated as a function of the soil cover factor and leaf area
index (Ritchie 1972). However, in this paper, we only
simulated non-planted pots. Hence, only evaporation is
considered. In the pot experiment, the evaporation values
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Table 3 Atmospheric (irrigation and evapotranspiration) data for simulations

Study period Pot experiment

Burkina Faso meteorological conditions

Rainfall (mm)

Evaporation (mm)

Rainfall (mm) Evaporation (mm)

July (0-28 days)
August (29-56 days)

6 (4 mm on the 4th day)
6 (4 mm on the 29th day)

Obtained from the water 5.8 4.6
balance (see Fig. 2) 73 4.4

were deduced from the water balance. In the model sim-
ulation based on Burkina Faso conditions, the evaporation
values and irrigation values were obtained from meteoro-
logical data. Daily values of irrigation and evaporation (for
both the pot experiment and Burkina Faso meteorological
data) spanned the 56-day simulation period, which lasted
from July to September, as shown in Table 3. On days four
and 29, a Hoagland solution (reagent-based fertilizer rich in
calcium) was added, supplying 480, 496 and 896 mg K/pot
to ensure a normal plant growth without nutrient
deficiency.

During the rainy season in Burkina Faso, approximately
6 mm falls each day. Hence, irrigation is set to 6 mm/day
except for on day 4 and day 29, when only 4 mm/day of
distilled water was applied. However, evapotranspiration
input data for the model were estimated from planted and
non-planted pots based on experimental measurements.
Evapotranspiration data from planted pots are shown in
Fig. 2.

Results and discussion
Effects of the cleaning crop and leaching
Figure 3 illustrates the total leachate volume results during

the 8 weeks for both control and planted pots. In this fig-
ure, the leachate volumes in control pots increased

14

Evapotarnspiration (mm)

0 10 20 30 40 50 60
Days

Fig. 2 Daily values of evaporation in non-planted pots (deduced
from the water balance in the pot experiment)
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Fig. 3 Total leachate volumes in control and planted pots

constantly. In planted pots, the leachate increased during
the first 3 weeks. However, no leachate is observed after
4 weeks. Therefore, higher leachate was observed in con-
trol pots in comparison with the planted pots case. This is
explained by the fact that the plant takes up more water
after the development of roots and leaves.

US Salinity Laboratory Staff (1954) formally introduced
the leaching fraction to calculate the salt build up in the soil.
It represents the fraction of water above what the plant needs.
It equals the volume of leachate divided by the amount of
applied water. Because the initial existing salt contents are
known (22.6 g/mz) and the salts removed by leachate and/or
plant uptake are deduced from experimental measurements,
stored salts in the soil can be obtained. Figure 4 illustrates the
salt removal in both planted and non-planted pots. The salt
uptake factor (UF) by green sorghum was estimated by
measuring the ratio of sodium ions in the plant to the sodium
ions in the soil. An uptake factor of 0.6 was recorded. Being
less than one, the uptake factor indicates that the sodium ions
are excluded by the plant and not accumulated. Indeed, the
low proportion of sodium ions in the plant confirms the
negative selectivity of these unnecessary ions by grain sor-
ghum as reported in the literature. Moreover, although sor-
ghum has adsorbed some salts, non-planted pots exhibited
better removal. In control pots, the removal amount contin-
uously increased due to the increased leachate volume.
However, in planted pots, the removal amount increased
very little after 4 weeks. This is because after 4 weeks, there
is no leachate. In addition, the removal by plant uptake was
smaller than that by leachate. Therefore, washout by rainfall
may be more efficient than cleanup crops during the rainy
season. In brief, almost all Na salts applied in control pots
exhibited less than 70 cm of leaching. In planted pots,



Euro-Mediterr J Environ Integr (2016) 1:10

Page 7 of 11 10

Fig. 4 Sodium salt removal 300
from pots 250
W Non planted
200 Planted
150

Na removal amount
(mg/Pot)

2

Time (Weeks)

(a) Salt removal in planted and
non-planted columns

significant amounts of the applied salts remained in the soil
column. These findings confirm that evapotranspiration is a
predominant factor, and water is removed from soil while
salts are left behind. In addition, phytoremediation did not
exhibit good results because sorghum is not a good halophyte
plant. Therefore, based on these results, salt washout can be
expected in bare soils during the rainy season, while sor-
ghum-planted soils will accumulate salt.

HYDRUS-1D model calibration and simulation
results

The experimental results illustrated above (i.e., leachate
and water storage in control pots) were used to calibrate
and tune the HYDRUS-1D model for the further water flow
simulations. Soil samples were collected from plots at the
beginning of the experiment to measure hydraulic soil
properties. The soil water retention parameters (0, and 6,)
were obtained from laboratory tests, as explained above.
The van Genuchten—Mualem parameters were calibrated
by trial and error methods. Root mean square error was
used as a statistical index to evaluate the level of agreement
between measured data and simulated results (e.g., water
leachate, water storage/content and salt concentration). The
obtained parameters were verified with data from the lit-
erature. Tables 4 and 5 show the van Genuchten—-Mualem
hydraulic soil parameters and solute transport and reaction
parameters calibrated based on the pot experimental results
and/or measured in the lab. Table 6 shows the RMSE
values between observation and simulation values when
the tuned parameters were retained.

Following this calibration, the model adequately repro-
duced the experimental data, as shown in Fig. 5. Dots show
the experimental results, and simulation parameters were fit
to experimental results. Additionally, the lines show the
simulation results. Because the model reproduces the
experimental data well, it is concluded that the HYDRUS-
1D model can successfully simulate water and salt trans-
port in the soil. Therefore, after successful calibration of
HYDRUS-1D, simulations were carried out to analyze the

100 I
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4 6 8
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140 ™ Plant uptake

120 [ Leachate
100 l
80

60
40

Na removal amout
(mg/pot)

2 4 6 8
Time (Weeks)

(b) Salt washout and plant salt
uptake in planted pots

Table 4 van Genuchten—-Mualem hydraulic soil parameters

0, cm*cm®) 60, (cm*cm®) o (em™) n (=) K, (cm/day) [ (-)

0 0.3 0.075 1.2 90 0.5

fate of sodium salts in a soil column (non-planted) under
different scenarios. These scenarios include evaluation of
sodium salt removal under the rainfall and evaporation data
from Burkina Faso. The effect of the amount of sodium
salts initially present in the soil on salt removal from the
soil due to salt accumulation from previous cultivations
using urine was also evaluated. Finally, the effect of cal-
cium supply on sodium salt removal was investigated. In
terms of these simulations, the acceptable amount of urine
that can be applied to farmland can be obtained.

Simulation of Na salts removal

Removal of Na that accumulated in the soil from previous
cultivations was assessed using the HYDRUS-1D model.
The simulation considered the case of the precipitation and
evaporation data in the Sahel region of Burkina Faso dur-
ing the rainy season. Precipitation and evaporation data for
this climate are given in Table 3. In a former study
reported by Sene et al. (2013a), three successive cultiva-
tions of Komatsuna (Brassica rapa) fertilized with human
an excessive urine volume led to an accumulation of up to
699.93 mg/pot of sodium. Taking into account the size of
pots used, the accumulated salts expressed in terms of area
density also known as mass of salts per unit area is in the
order of 6.95 g/m” of sodium salts in the soil before the
start of the rainy season. Therefore, in this simulation, we
considered an initial salt amount of 6.95 g/m? in the upper
layer of the soil column (the upper 10 cm). Salt removal
(washout) as a function of time is shown in Fig. 6. Note
that after 4 weeks, the removal rate increased. Indeed,
during the second period (from week 4 to 8), the meteo-
rological conditions are more favorable than in the first
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Table 5 Solute transport and reaction parameters

Bulk d (g/cm3) Dy, (m%/s) Disper (cm)

Calc.SA (m%dm?)

Dolom.SA (m*/dm?) DOC (mmol/dm?)

1.49 5.6 25 0

0 0

Bulk d bulk density, D,, molecular diffusion coefficient in free water, Dy (mz/s), Disper longitudinal dispersity (cm), CEC cation exchange
capacity, CEC (meq/kg), Calc.SA calcite surface area (m*/dm?®), Dolom.SA dolomite surface area (m*dm?®), DOC dissolved organic carbon

(mmol/dm?)

Table 6 RMSE values between observation and simulation values of
each output target

Output target RMSE

0.95-1.2 (cm*/cm?®)
0.13-0.72 (cm’/cm?)
0.21-0.61 (mmol/L)

Water content
Water leachate
Salt concentration

25
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Fig. 5 Results of model calibration: a leachate volume and b Na salt
concentration in the leachate

period. According to data shown in Table 3, rainfall
increased from 5.8 to 7.3 mm/day and evaporation
decreased from 4.6 to 4.4 mm/day. Thus, more water is
available for salt washout.

Moreover, noting that the initial Na concentration is
fixed at 6.95 g/mz, not all of the salts are washed out of the
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Fig. 7 Na removal percentage versus Na input

soil after 56 days. Indeed, only 6.01 g/m* was removed,
and 0.94 g/m* remained in the soil.

Impact of the initial Na concentration in the soil

In this case study, the effect of the initial Na salt input on
salt removal was also investigated. Several runs were
performed while varying initial Na salt concentrations in
the top 10 cm of the soil. The salt removal percentage was
determined for each run, as shown in Fig. 7. Figure 7
illustrates the Na removal percentage on the y-axis and the
amount of salts initially present in the soil. The entire Na
input can be removed if it is initially 6.01 g/m* or smaller
in the upper layer of the soil. Beyond this value, the excess
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amount will remain in the soil. Therefore, 6.01 g/m2 can be
applied without accumulation, as it is washed out by the
rain in the following season.

It is known that the urine volume per person per 24 h
ranges from 800 to 2000 mL and urine composition varies
from person to person depending on several factors.
Kawasaki et al. (1982) reported a release of 218 mEq
(5.014 g) sodium salts per person per day. Sene et al.
(2013a) adopted the value of 2.84 g/L of Na is urine in his
synthetic urine preparations. If we adopt the same value
(2.84 g/L), it would be possible to apply 2.07 L of urine
without sodium accumulation in soil columns. With respect
to nitrogen content in urine, Sene et al. (2013a) adopted the
value of 12.05 g/L. The applied amount of urine can supply
24.84 g/m? of nitrogen to the plant. Based on the total
nitrogen required to grow Komatsuna (14 g/m?) recom-
mended by Fujiwara and Narimatsu (2006), the supplied
amount of nitrogen exceeded plant’s requirement. This
suggests that the required amount of nitrogen (14 g/m?) can
be fully met using less urine (1.16 L) and without salt
accumulation in the soil columns. Even though it is diffi-
cult to extrapolate these experimental findings to real cases
in farmland, it is worth mentioning that Sene et al. (2013b)
conclude that adequate application of urine do not lead to
salt accumulation.

This analysis investigated the acceptable amount of
urine that can be applied sustainably. In cases of extra urine
volume use during previous irrigations, the initial salt
concentration increases and the excess cannot be washed
out, decreasing the removal percentage.

As shown in Fig. 7, the total Na removal reached
6.01 g/m* in 2 months. However, 0.94 g/m* of Na
remained in the soil, corresponding to 87% removal. A
100% removal is preferable because even small amounts
of salts that remain in the soil will deteriorate soils over
time. Therefore, and to prevent soil sodication, soil
amendment with calcium would be beneficial and
improve sodium salt removal. Indeed, sodium ions will
be exchanged by calcium ions and the free sodium ions
could be washed out from root zone. Hence, in the next
paragraph, we study the effect of the calcium supply on
the removal of these salts that accumulate in the soil due
to the use of urine as a fertilizer.

Impact of Ca supply

Urine use as a fertilizer may lead to sodic soil conditions
due to its high sodium salt content, which can negatively
affect plant growth. From chemical analysis performed on
soil samples collected at the beginning of the experiment
(Table 2), the exchangeable sodium percentage was
extremely high (82%) confirming the strongly sodic con-
ditions of our soil. Furthermore, and as illustrated above, in

the rainy season, Na salts are washed out. It is found that of
the 6.95 g/m? of Na supplied to the soil, only 6.04 g/m? is
removed (detected in the leachate). The remaining amount
(0.91 g/m?) remained in the soil. If urine is used each year
to fertilize crops, salts will accumulate in the soil. Hence, it
is crucial to explore other alternatives that reduce sodium
salt accumulation in the soil. One technique used to reclaim
these soils is applying a calcium-based soil amendment. In
this section, the effect of Ca supply was considered. In this
case, we simulated the fates of sodium salts at different
depths in the soil column analyzed in the experimental
study. A Hoagland solution containing Ca was added on
the 4th and 29th days of the simulation. As Fig. 8 illus-
trates, the Na concentration in the liquid phase increased
suddenly on days 4 and 29 in the upper soil layers (5 and
10 cm deep). Due to cation exchange with exchangeable
Ca®* in the Hoagland solution, Na was desorbed from the
soil and released into the water (leachate). However, in the
deeper layers, i.e., layers 30 and 50 cm deep, there was no
significant peaks, and small Na concentration increases are
observed after some delay (after the remaining Ca reached
these layers). Therefore, after desorption, Na might rapidly
re-adsorb to soil particles. Thus, increased irrigation or
higher rainfall intensity is required to remove Na by wash
out.

As deducted from Sene et al. (2013a) urine applica-
tion to Kumatsuma cultivation led to an accumulation of
6.95 g/m” of Na. To remove this amount of Na accu-
mulated in the soil, we performed various simulations
with various calcium supplies to determine the appro-
priate calcium supply needed to remove all of the
sodium salts from the soil. As Fig. 9 illustrates, higher
Ca supplies desorb larger amounts of Na from the soil. A
supply of 14 g/m* of calcium promotes the removal of
6.95 g/m* of Na that accumulated in the soil during
previous cultivations. The 6.95 g/m? of Na desorbs from
the soil and is detected in the leachate. With the
assumption of 2.84 g/L of Na in urine, it follows that the
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Fig. 8 Na concentration changes at different depths
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application of 2.45 L/m* of urine along with the supply
of 14 g/m? of soluble calcium will lead to zero Na salt
accumulation in the soil.

Conclusions

The removal of salts accumulated in the soil from previous
cultivations, assumed to be fertilized with urine, using
rainfall and evaporation data from Burkina Faso, with and
without plants, was studied. The maximum amount of
sodium salts, accumulated from previous cultivations dur-
ing the dry season, and which can be fully washed out
during rainy season was deduced. Experimental findings
suggest that in the rainy season, rains will remove a sig-
nificant amount of the salts that accumulate in the soil
during the previous application. Phytoremediation using
sorghum, a staple plant in Burkina Faso that was assumed
to be a moderately halophytic plant, did not yield satis-
factory results and led to salt accumulation in the soil.
Indeed, Na salt washout by rain in non-planted pots was
higher than that in planted pots. Simulation data from
HYDRUS-1D model, suggests that further improvement of
salt washout from soil by rain could be achieved by
applying calcium which substituted the sodium in soil. The
free sodium was then washed out. A supply of 14 g/m* of
calcium led to the full washout of salts that accumulated
following previous cultivations of Komatsuna fertilized
with human urine, supporting the concept of sustainable
cultivation using urine.
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