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Abstract: Boron (B) in soils originates from both natural and human sources, such as
agriculture and industry, which contribute boron via fertilizers and irrigation water. Using
treated wastewater (TWW) for irrigation is a strategy to address water scarcity in agriculture
within arid areas like Tunisia; however, it introduces a risk of B contamination. Thus, the
primary objective of this study is to assess the levels of B contamination throughout the
entire irrigation system of the TWW “Cebala Borj-Touil” in Northeast Tunisia. To evaluate
the lasting impact of TWW irrigation on B and the dynamics of physicochemical parameters
across the entire system, soil samples were collected from various depths (0-150 cm) in a
control area and gathered both prior to and following irrigation (two campaigns). Water
samples utilized for irrigation and water released from drainage were gathered throughout
an irrigation cycle. Groundwater sampling took place over two campaigns in April and
September of 2018. The findings indicated that B concentrations in irrigation water were
below the Tunisian standards (NT 106.03), while in drainage and groundwater, B levels
exceeded the standard slightly during some periods. Throughout a three-decade cycle, the
patterns of irrigation caused a notable transfer of boron from the topsoil to the groundwater.
Therefore, it is essential to regularly supervise the irrigated area system and enhance the
drainage system.
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1. Introduction

Boron (B) is not only an essential element for plant nutrition, but it is also known for
its phytotoxicity when it exceeds a certain threshold. Its distribution in rocks is different
from other trace elements, because its predominant sources are sedimentary rocks. B in
soils and sediments does not only have natural origins but also anthropogenic sources such
as industry and agriculture, where it is contained in fertilizers and irrigation water [1].

It is also found in high concentrations in saline soils and saline well water [2]. High
levels of B are usually found in agricultural soils which are close to coastal areas due to the
intrusion of B-rich seawater in fresh aquifers [3,4].

Sludge and wastewater from urban sewage treatment plants are also a major source
of B and trace elements. Boron is also widely used in industry but is not eliminated
during conventional wastewater treatment [5]. The variability of the treated wastewater
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characteristics is a challenge when considering this water as a resource for irrigated crops.
It was found that irrigation with TWW for more than 7 years in the Keshopur wastewater
treatment plant in India increased B concentration significantly in the top layers of two
soil types [6]. Additionally, wastewater is often very salty and/or sodic compared to
conventional water [7,8]. The reuse of TWW can thus become problematic as salinity
inhibits plant growth [9], and a high sodium concentration can degrade the soil structure,
affecting clay swelling and leading to particle dispersion [10,11]

Many factors influence the bioavailability of B, such as the pH of the soil, the cation
exchange capacity in soil, the quantities and types of minerals in the soil (clay mineral
types), the organic matter in the soil, iron and aluminum oxides, and other factors [12]. An
increased pH contributes to B absorption by plants [13]; therefore, B mobility is related
to the pH of the soil solution [13]. Increasing the soil temperature induces an increase
in B adsorption in soils, and this increase can be explained by an interactive effect of
soil temperature with soil moisture [14]. The organic matter level of the soil also greatly
influences B accumulation or depletion in the soil [13].

Adsorption of B by iron and aluminum hydroxides is an important mechanism that
largely controls B solubility in soils [13] and has impact in B absorption by plants. Moreover,
B is an immobile element in most species, because it accumulates in leaves, in older plants,
more than in younger ones. B deficiency affects the yield and the cellular physiology
of plants.

In fact, the range between required B levels and toxicity is partially very small [15].
For instance, the recommended amount for sunflower is 0.5 ppm, whereas 1.0 ppm is
considered toxic [16]. For many plants, the ratio of toxic to sufficient B concentrations is the
smallest among the essential micronutrients [17-19].

Boron deficiency is a widespread issue in relatively humid areas, especially in sandy
soils [1] where it can be easily drained. Actually, clayey soils can adsorb more B than
sandy soils due to their clay mineral content (high specific surface and cation exchange
capacity) [20]. On the other hand, toxic levels of B have been reported frequently in soils
and irrigation waters in many arid and semi-arid regions of the world. Boron toxicity is a
far more difficult issue to manage than deficiency [21]. High B amounts are often found
in saline soils. These amounts are removed more slowly than Na*, CI~ and SO42’ ions
during leaching. Therefore, B may still be present at excessive quantities in reclaimed
saline soils [22,23].

Calcareous soils are rich in B because it is plentiful in limestone during soil develop-
ment, especially in regions where these materials come from marine sediments.

Opposite to trace metals where their mobility increases at an acidic pH, B is an element
for which mobility increases with a basic pH, which is the case of Tunisian soils rich in
limestone. In this sense, and as B amounts can be added when TWW is used in cropping
systems [24], it is obviously important to assess the mobility of B, and this is the case in the
Cebala Borj-Touil irrigated system.

Moreover, knowledge about B levels in Tunisian soils and waters is limited, and little
work has been conducted on soils irrigated by TWW in Tunisia. Boron presence in coastal
soils with a marine influence is presented in the case of the Lower Valley Mejerda soils
(Tunisia), formed in the Gulf of Utique. These soils included in our study area are still
connected to the sea via a shallow saline water table. An additional reason to undertake
this work is the thousands of cubic meters of TWW irrigation that have been added to the
Cebala Borj-Touil up until 2018 during a cycle of 30 years. Under these considerations, this
study aims to (i) assess B contamination in the perimeter of the irrigated system: irrigation
water, shallow groundwater, drainage water and soil (topsoil and until 150 cm depth) before
and after a summer irrigation cycle under saline conditions and (ii) highlight the long-term
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effect of TWW irrigation on soil properties and B mobility. The expected outcomes may
aid in the future planning of irrigation in this region and can serve as a model for other
Mediterranean basin areas, where agriculture plays a significant role in food production
and environmental sustainability.

2. Materials and Methods
2.1. Study Area

The study area is located in the Cebala Borj-Touil, about 20 km North of Tunis City
(36°50 N; 9°75 E), (Figure 1a). With 3200 ha of agricultural area, it is the largest irrigated
system with TWW in Tunisia. The study area covers about 40% of the total TWW-irrigated
surface, which is about 8400 ha in Tunisia. The climate is semi-arid with a dry season from
June to August and a wet season from September to May. The average annual precipitation
in the region is around 470 mm with an average annual evapotranspiration of 1400 mm.

The prevailing soil type is alluvial with a clay loam texture with mixed clays consisting
of swelling clays (smectites) and also kaolinite and illites, rich in calcareous fractions (30%)
and a low content of organic matter (OM) (<1.5%) with a shallow saline water table. The
CEC (Cationic Exchange Capacity) is around 20 meq/100 g. Two main streams, the El
Maleh and the Khelij, are flowing through the perimeter. The drainage system consists of
primary channels, secondary open ditches and tertiary PVC pipes. The drainage system
was established 3 decades ago and is now slowly degrading. Since 1989, the area has
been irrigated with TWW provided by the Chotrana Waste Water Treatment Plant, 10 km
North of Tunis City. The agricultural practices throughout the research period varied by
season: during winter, crops like wheat and alfalfa were grown, while in summer, maize
and sorghum were cultivated. In both seasons, certain fields remained uncultivated and
were thus categorized as fallow land. Irrigation was predominantly utilized in the summer
for maize and sorghum.

2.2. Methodologies and Statistical Analyses
2.2.1. Groundwater, Drainage Water and Irrigation Water Sampling

The treated wastewater was collected from the Cebala perimeter in irrigated plots
during the summer irrigation cycle. Irrigation water samples were taken from July to
September 2018. The samples were kept cold (2 to 4 °C) in accordance with ISO standard
5667-3 [25] and then transported to the laboratory for chemical analysis.

Groundwater sampling was carried out in April and September 2018 before and after
the irrigation cycle at 16 piezometers (Figure 1b). These samples were taken after the
clogged piezometers had been cleaned and the stagnant water drained. At the same time,
the depth of the water table was determined with an electric sensor that detects water level
by triggering an audible signal when the sensor reaches the water surface.

In parallel with the irrigation water sampling, drainage water was collected from a
secondary ditch. Drainage water samples were taken at the outlet of the secondary outfall,
named D2 Ditch (Figure 2), which drains from 36 cultivated ha.

All water samples were analyzed to determine physicochemical parameters during the
studied period (April and September 2018). The following analyses were carried out using
the standard method applied at the valorization of non-conventional waters laboratory
(INRGREF), Tunisia. The pH was measured by using an Inolab pH meter with a glass
electrode in accordance with method ISO 10523 [26]. Electrical conductivity (EC) was
determined directly using a conductivity meter (pen model type 8361), in accordance
with NF T 90-031 method [27]. The ionic composition namely the chloride C1~ [28],
bicarbonate HCO3;~ [29], calcium Ca?* [30], magnesium Mg2+ [30], potassium K* [31],
sodium Na* [31] and sulfate SO,%~ [32] ions, were measured in filtered water samples by
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titration or spectrophotometry using standard methods (Table 1). Ionic composition was
visualized using a Piper diagram.

The azomethine-H method was used to determine B concentration in water samples.
Boron, defined as the quantity present in the sample, reacts with azomethine-H to form a
yellow compound, which is measured photometrically [33].

(a)

syuesanpIN
PR

ALGERIE

TUNISIE

Mornagia

4050000-
——
o 10000 20000m

598000 600000 N
e e owa oo A
N -
A P80 PC2
g z S pC1
- - .
Y ¥ < PC3 5
¥ | T
g_ »g FC7 prg
E . P13
g 3
1 £ ] Legend
& = PC5 PC4 ® Piezo
. .
g. £ P
8
Legend i PC10 A
g g * Piex a2
P87
g § B
PC12
{ ° ¢ : ;
E i g g
I )
§S$'m0 SO!)IMO

1160 ' m

Figure 1. Localization of the Cebala Borj-Touil irrigated perimeter (a), studied plot (in purple) with
the 16 piezometers (in yellow) (aerial image from Google Earth open source, Scale: 1/1160) (b).
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Figure 2. Location of D2 drainage ditch and CPII main canal in the Cebala Borj-Touil area.

Table 1. Methods used for ion determination with the respective indicator and reagents for
the titrations.

Ion Method with Indicator in Reagent
HCO-— Titration with Methyl orange in Sulphuric acid H,SO4 (0.01 M)
3 (NF T 90-008)

Cal+ Titration with Murexide CgHgNgOg in EDTA (0.01 M) in alkaline conditions
a (NT 09.10)

cl- Titration with Potassium chromate K,CrOy (5%) in Silver nitrate AgNO3

(0.0282 M) (Mohr Method) (NT 09.77)

Mo2* Titration with Hydroxylamine and Eriochrome Black T in EDTA (0.01 M),
& (NT 09.10)

Na* Flame photometer (NF-A20-603, AFNOR, 1989)

K* Flame photometer (NF-A20-603, AFNOR, 1989)

SO.2- Nephelometry: by Nephelometry in the presence of 0.1 N hydrochloric acid

4

and measured by spectrometer at 650 nm. (NF T 90-040)

2.2.2. Soil Sampling

All collected soil samples in the Cebala Borj-Touil irrigated area were classified as
Fluvisols in the World Reference Base for Soil Resources [34]. Soil samples were collected
during two campaigns in April and September 2018, respectively, before and after the
irrigation cycle, in a plot cultivated with maize (at piezometer PC10). A control site was
selected in a location that had never been irrigated in the Cherfech area adjoining the
Cebala area (zero irrigation) without any short- or long-term irrigation. Each campaign
comprised three sites that represent the three replicates. Soil samples were systematically
taken at depths of 0-30 cm, 30-60 cm, 60-90 cm, 90-120 cm and 120-150 cm. These samples
were transported to the laboratory, air-dried at room temperature, crushed and sieved
to 2 mm. Then, soil samples were analyzed for physicochemical properties and boron
content. The pH was determined using a soil/water suspension with a ratio of 1/2.5 [35].
The measurement was performed by the electrometric method using a direct-reading pH
meter using a glass electrode. Electrical conductivity was measured by the conductivity
meter with an extract from a saturated soil paste at the laboratory in accordance with
NF T 90-031 method [27]. The soluble salts Cl1~ [28], HCO5;~ [29], SO42~ [32], Ca?* [30],
Mg2+ [30], K* [31] and Na* [31] were measured in the filtrated water samples by titration
or spectrophotometry in accordance with internationally recognized methods (Table 1).
The Carmine method [36] was used to determine the B content in the soil samples. The B
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available in the soil was extracted using hot water. The extraction method is widely used
for B determination in soil [37].

2.2.3. Statistical Analysis

Statistical analysis of experimental data was carried out with Excel (c) and included
calculation of the standard descriptive characteristics: mean, median, minimum and max-
imum, standard deviation (SD) and coefficient of variation (CV). CV interpretation was
based on the following limits: CV < 10%: low dispersion; 10% < CV < 50%: medium disper-
sion and CV > 100%: high dispersion. The R program (Version 3.5.1; R Core Team, Vienna,
Austria, 2018) was used to create a correlation matrix between B and the physicochemical
parameters studied.

3. Results

Since the mobility of B is significantly affected by pH, electrical conductivity and ionic
composition, we examined the concentrations of B along with various physicochemical
parameters in both water and soil.

3.1. Boron in Water

The analysis is split into irrigation water, drainage water and shallow groundwater.

3.1.1. Boron in Irrigation Water

The effect of B depends on the pH of water [38] and other chemicals parameters
(Table 2). The mean pH value of irrigation water varied from neutral to slightly alkaline
with low variability during the summer irrigation cycle, and values were within permissible
limits according to the Tunisian standard of reuse of TWW in agriculture (NT 106.03) [39]
and within the pH range of major Tunisian TWW. The normal pH of fresh water in Tunisia
is slightly alkaline. The domestic and urban activities induce a slight acidification by
some chemical products such as detergents [40]. The salinity (ECw) is moderate with an
average of 4.54 dS/m and moderate variability (CV = 17%) during the summer irrigation
cycle. Dahmouni et al. [41] observed values within the permitted range of Tunisian TWW.
Compared to other countries, it seems high, but the EC of Tunisian drinking water varies
with region and time. The average in Tunis City where the TWW comes from is around
2.5dS/m in summer. The ionic composition leads to a sodium adsorption ratio (SAR)
around 9.92 and chemical facies that are alkaline with a dominance of Na* cations and
Cl™ anions. This means a high risk of sodicity, in particular when used in clayey soils.
Fortunately, the local soil is rich in limestone and, thus, is not prone to degradation.

Table 2. Main characteristics of TWW during summer irrigation cycle 2018.

EC Cl- HCO3~ SO4%~ Ca?t Mgt K* Na* B
pH (dS/m) (meq/L) (meq/L) (meq/L) (meq/L) (meq/L) (meq/L) (meq/L) (mg/L)
Average 7.27 454 32.15 6.5 10.03 6.5 10 1.24 28.48 0.75
Min. 6.96 3.57 22.56 4 5.52 5 7.5 1.07 20.06 0.73
Max. 7.6 5.36 42.3 9 15.1 7.5 15 1.39 39.11 0.77
CV (%) 4 17 27 31 35 21 31 11 30 2

Despite the variability of some chemical elements, the concentration of B with a mean
value of 0.75 mg/L remains fairly constant over time with little variability. This corresponds
to approximately the average value (0.80 mg/L) obtained by Bahri [42] for a general survey
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of all Tunisian TWW. This value is below the threshold of 3 mg/L of the Tunisian standard
of reuse of TWW (NT 106.03) [39].

3.1.2. Boron in Drainage Water

Boron in the drainage water was controlled between May and the end of Septem-
ber 2018. The pH of the water was slightly alkaline (Table 3) with medium variability
(CV =21.3%). It is in the range obtained by Dahmouni et al. [41] in the same area and also
by Agoro et al. [43] in their studies of the effluents.

Table 3. Chemical composition of the drainage water during the period of control (May to September
2018; number of samples: 15).

EC Cl- HCO3;~  SO42— Ca? Mgt K* Na* B
pH (dS/m) (meq/L) (meq/L) (meq/L) (meq/L) (meq/L) (meq/L) (meq/L) (mg/L)
Min. 6.73 10.25 66.27 6.5 10.55 15 12.5 0.04 45 0.87
Max. 8.05 15.68 121.26 16 59.38 43.5 41.5 0.5 98.68 2.08
Mean 7.49 12.36 86.2 11.37 26.49 22.43 27.07 0.21 72.28 1.62
Median  11.87 7.5 11.87 83.19 11 25.49 21.5 26.5 0.17 71.87
Cv 0.21 0.03 0.02 1.42 0.09 0.51 0.25 40.99 0 9.15

The salinity (ECd) is high with an average of 12.4 dS/m (from 10.3 to 15.9 dS/m) but
with very low variability (CV = 2.9%) during the study period. Dahmouni et al. [41] had
observed lower values with an average of 9.7 dS/m. The ionic composition leads to a high
sodium adsorption ratio (SAR) around 14.6 and alkaline chemical facies with a dominance
of Na* cations as well as C1~ anions.

The B concentration in DW stayed relatively stable over time with minimal fluctuations,
averaging 1.62 mg/L, which is double the typical concentration found in irrigation water.
In some periods, the concentration slightly exceeded the Tunisian standard NT 106.02
(2mg/L) [44].

3.1.3. Boron in Groundwater

After irrigation and drainage water, groundwater was controlled with 16 piezometers
before irrigation in April 2018 and after irrigation at the end of September 2018. We mea-
sured hydrological (level) and hydro-chemical (pH, EC, soluble salts and B) characteristics.

The average groundwater level from the surface varied between 1.21 m in April 2018
and 1.45 m in September 2018 (Table 4). The levels increased in the rainy winter period by
0.24 m compared to summer. The variability stays moderate (CV < 20%).

Table 4. Statistical summary of the groundwater level (m).

Period
Parameters
April 2018 September 2018
Samples 16.00 16.00
Mean 1.21 1.45
Median 1.11 1.43
Min. 0.70 0.93
Max. 1.70 2.25

CV% 26.30 26.80
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The pH is neutral to slightly alkaline with low temporal variability (7.59 in April;
7.44 in September, CV < 5%). This low decrease in pH in September was probably induced
by the pH of the irrigation water. At the same time, the EC increases from 14.61 dS/m in
April to 15.54 dS/m in September (Table 5) with a high variability (CV > 50%), probably
caused by the insufficient drainage in some parcels, a high infiltration of rainwater in
winter and excess irrigation in summer. The ionic composition leads to a moderate sodium
adsorption ratio (SAR) around 14.46 in winter and a SAR value in summer around 13.94.
The cationic composition is dominated by sodium (Na*), and the anionic composition is
dominated by chloride (C17). This results in sodium chloride chemical facies (Figure 3).

Table 5. Main groundwater characteristics during the wet (April) and dry (September) seasons in
16 piezometers (N = 16).

EC Cl- SO42~  HCO;~ Na* Ca?* Mg?* K* B
pH SAR
(dS/m)  (meq/L) (meq/L) (meq/L) (meq/L) (meq/L) (meq/L) (meq/L) (mg/L)
Min. 7.16 443 33.84 12.06 45 33.25 8.5 5 0.05 0.32 9.4
Max. 8.18 34.2 266.49 95.52 22.5 230.5 70 115 18.98 245 30.14
Average 7.59 14.61 104.69 46.94 9.13 82.47 30.94 34.03 2.54 1.26 14.46
April SD 0.29 8.56 70.11 27.91 5.2 49.18 1756 3031 5.36 057 498
Median 7.58 12.33 83.19 42.16 8.25 71.01 325 25 0.64 1.27 13.22
CV% 3.84 58.57 66.97 59.47 57 59.64 56.78 89.07 210.76 4541 34.4
Min. 6.75 6.23 45.12 13.72 3 36.27 11.5 11 0.13 0.83 8.92
Max. 8 415 329.94 79.86 10 21041 100 100 7.71 2.27 21.04
Average 7.44 15.54 110.04 40.43 6.5 84.07 33.94 36.84 1.54 1.43 13.94
September
SD 0.35 9.32 74.53 19.33 2.01 47.08 23.12 23.84 21 0.44 3.61
Median 7.5 11.48 69.09 37.71 6.75 64.63 28 33.25 0.63 1.55 13.15
CV% 4.72 59.96 67.73 47.8 30.9 55.99 68.12 64.72 135.98 30.7 25.92
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Figure 3. Ionic composition of irrigation, drainage and groundwater (April and September 2018).

In contrast to the irrigation water, the concentration of B in the shallow groundwater
was not constant over time and had moderate variability with a mean value 1.26 mg/L
in April and 1.43 mg/L in September (Table 5), about 1.5 times the average concentration
of the irrigation water. In both seasons, some samples showed a B concentration slightly
exceeding the Tunisian standard NT 106.02. High concentrations of naturally occurring B
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in groundwater might be a severe issue. Many studies have reported on the distribution
and health risk of high concentrations of B in groundwater.

3.1.4. Correlation Between B and the Different Physicochemical Parameters

Figure 4 shows the Pearson correlation coefficients (r) existing between the different
parameters during the two campaigns of April and September 2018, as well as the distribu-
tion of the scatter plots resulting from the correlation relationship between the different
parameters. According to these correlation coefficients, only in April (before irrigation) was
there an average positive correlation (r = 0.553 *) between B and HCOj3 ™. This correlation
coefficient is significant since the p value is less than 0.05. According to Figure 5, which
summarizes the significant correlations (based on the Pearson coefficient) between the
different parameters, high correlations were observed between Na* and Cl~, Mg?* and
SO4%~ and EC and Na* in the two campaigns. There were important correlations between
EC and Cl~, EC and SO4%~, EC and Na*, EC and Ca?*, EC and Mg2+ and C1~ and Ca?*.

Piezo
oH EC B ] S04 HCO3 Na Ca Mo K
15
Corr: -0.199 Corr: 0.172 Corr: -0.185 Cor: -0.141 Corr: 0.253 Corr: -0.231 Corr: -0.223 Corr: -0.097 Corr: 0.197
0
3
05
SEPT.-0.163 SEPT.: 0.119 SEPT..-0.149 SEPT.: -0.209 SEPT.: -0.026 SEPT.. -0.206 SEPT..-0.184 SEPT.. -0.098 SEPT.. 0.319
00
.
e Corr: 0.331 Corr: 0.971** Corr: 0.768"" Corr: -0.071 Corr: 0.964™ Corr: 0.776™** Corr: 0.941"* Corr: 0.455"
30 ‘e
m
. ¢
2 e fbas ., o
1 1 ¥ SEPT: 0419 SEPT.:0.994** || SEPT: 0947 SEPT.: 0.549" SEPT:0.993"* || SEPT:0.984"* || SEPT.:0.964"" SEPT. 0.642"
" o S5 0e
25 .
. . oo Corr: 0.253 Corr: 0.204 Corr: 0.403" Corr: 0.243 Corr: 0.245 Corr: 0.334 Corr: 0.354
20 o . o e
- . o .
5e . @
. ]
10 egep e gL
= A o 1s SEPT.. 0.388 SEPT. 0.466 SEPT.: 0.361 SEPT.. 0.407 SEPT.. 0.448 SEPT.: 0.386 SEPT.. 0.200
0s
Cor: 0.729"* Corr: -0.130 Corr: 0.954"* Corr: 0.777°** Corr: 0.910" Corr: 0.400°
o
SEPT.: 0.907** SEPT.: 0.497 SEPT.: 0.985* SEPT: 0984 || SEPT.0.957* SEPT. 0.664**
Corr: -0.12 Cor: 0.713"* Corr: 0.700° Corr: 0.759"** Corr: 0.303
8
SEPT.. 0.628™ SEPT.0.945"* || SEPT:0.916"* || SEPT.0.919"" SEPT.. 0.534"
. . .
20 B . Corr: -0.096 Corr: -0.107 Corr: -0.097 Corr: 0.300
15 x
. . . 3
0 57 ORI T . H o oo =
~ - b B = SEPT.: 0.545" SEPT.: 0.529* SEPT.: 0.528" SEPT.:0.468
5 ety . 3 T e - ¢ Vees s
. . e ° ‘% ° ”»
2 . . Corr: 0.678"** Corr: 0.865" Corr: 0.352"
z
H
SEPT.: 0.972*** SEPT.: 0.931*** SEPT.. 0.632**
Corr: 0.639"* Corr: 0.077
o
SEPT.:0.938™* SEPT.: 0.607*
Corr: 0.611***
&

0 el o
88 72 76 o0

“eo

0 20 30 4

. . .
T e
. . we e e, 0 ®e 8o o

05 10 15 20 25 100 200 300 23 %

plezoSPeriod . avre [ sepr

Figure 4. The Pearson correlation coefficients between the different chemical parameters and B
with scatter plots in groundwater during the two campaigns (April and September 2018). *, ** and
***: significance level at p = 0.05, 0.01 and 0.001.



Soil Syst. 2025, 9, 8

10 of 18

April

September

K ® @ K ® ® @ ® ® ®© @
Mg ® ® @ ® o & Mg ® ® ® = ® ® @ ©
ca o6t Y ca Y ® @ = ® @ ® ®
Ne ® ® & @ @ Na ® ® ® = @@ ® ® ®
°® R Py e 0 ¢ ¢ o R
- o ® @ ® ® @ i so4 ® ®0 5000 s %DZ
o ® ® & ® ® o ® ® o ® ® & &
8 L ® 8 L
ec o ® @ ® ® ec o ® @8 =~ ® ® & #
@ @
§ e e 0 g P e o e * § & ° o g & & o ©
Figure 5. Correlation matrix (only significant) between B and the different physicochemical parame-
ters for groundwater in the two campaigns (April and September 2018).
3.2. Boron in Soil
The most important parameter controlling the mobility of B in soil is the pH. In our
study, the initial pH is slightly basic at about 7.98, higher in the surface and lower near
the water table (Table 6). This pH remained nearly constant with a low CV after several
years of irrigation with only a small decrease (7.73) and also after the summer irrigation
cycle (7.88).
Table 6. Main characteristics in control soil (Cherfech) and in Cebala soil during the two campaigns
(April and September) between the soil surface and a depth of 150 cm.
Control Soil (Cherfech)
CE Cl- HCO;~ SO42~ Ca%* Mg?* K* Na* B
Depth pH (dS/m) SAR (meq/L)  (meq/L) (meq/L) (meq/L) (meq/L) (meq/L) (meq/L)  (mg/kg)
0-30 8.12 1.42 2.89 8.01 4.42 0.43 3.17 4 0.53 5.46 1.24
30-60 8.13 2.48 5.82 17.8 2.5 3.37 5.17 5.54 0.27 13.67 0.9
60-90 8.02 3.31 7.74 26.24 3.33 3.1 7 7 0.45 20.4 0.83
90-120 7.67 712 11.98 64.86 2.67 4.07 15.83 11.67 0.61 44.06 0.9
120-150 7.97 7.06 11.19 57.97 3.5 8.67 18.17 9.33 0.51 41.54 0.84
0-150 7.98 4.28 7.93 34.98 3.28 3.93 9.87 7.51 0.47 25.02 0.94
Cebala soil before irrigation (April)
0-30 8 2.55 7.85 19.27 9.5 493 3.17 9.67 0.74 19.89 1.34
30-60 7.78 3.59 9.11 61.57 5.67 10.83 15.83 22.5 0.81 39.63 1.3
60-90 7.57 4.15 10.96 115.15 3.17 22.89 38.33 35.5 1.35 65.76 1.39
90-120 79 7.46 12.3 59.22 3.17 11.48 13.33 14.83 0.94 45.68 1.39
120-150 793 7.37 15.65 53.58 4 10.62 7 12.5 1.22 49.53 1.38
0-150 7.84 5.02 11.18 61.76 5.1 12.15 15.53 19 1.01 441 1.36
Cebala soil after irrigation (September)
0-30 8 3.27 5.29 17.51 3.71 3.63 6.21 4.63 2 12.16 1.54
30-60 7.84 522 7.55 24.82 4.63 3.6 6.79 571 0.88 18.74 1.45
60-90 7.63 7.7 777 20.78 3.5 3.25 5.83 5 0.39 17.95 1.51
90-120 7.85 7.57 14.78 66.98 3.42 4.51 14.08 11.67 0.89 50.41 1.35
120-150 8.06 7.33 15.06 63.1 3.83 5.78 11.5 11 1 49.48 1.4
0-150 7.88 6.22 10.09 38.64 3.82 4.15 8.88 7.6 1.03 29.75 1.45
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Irrigation with TWW resulted in an increase in soil salinity in the 0-1 m layer during a
summer irrigation cycle (Table 6). This increase is more evident in the 60-90 cm layer. The
electrical conductivity of the saturated soil extract ECe is around 1.42 dS/m in the surface
layer and 7.12 dS/m in the bottom layer. For the control, the values were 2.55 dS/m in the
surface layer and 7.46 dS/m in the bottom layer in April 2018 and 3.27 dS/m in the surface
layer and 7.57 dS/m in the bottom layer in September 2018.

Ionic composition in the soil was dominated by C1~ anions and Na* cations in all soils:
the control soil and the soils irrigated in April and September (Table 6). The highest chloride
and sodium contents were found in the soil irrigated (since 1989) with Cebala TWW prior
to the 2018 irrigation cycle. After irrigation, these levels decreased but remained higher
than those in the control soil at Cherfech.

SAR values in the soils show an increase in depth. Comparing the irrigated and control
soils, we note that the soil irrigated in April shows the highest mean SAR value of 11.17
(<12), indicating average alkalinization. In this soil, the SAR increases significantly from
the surface layer to the deepest layer. In September, the average SAR increased from the
surface soil to the deepest layer, reaching a value of 15.06. In the control soil, the 90-120 cm
layer shows the highest SAR values of around 12. However, its average along the depth
shows the lowest value (7.92 < 8) compared to irrigated soil in both campaigns [45].

The average boron content for the depth of 0-150 cm was about 1.36 mg/kg in April
2018 and increased to around 1.45 mg/kg in September 2018 under the summer cycle of
irrigation (Table 6). The control indicates a value of 0.94 mg/kg, which showed an increase
after several irrigation cycles. This increase is accompanied by the decrease in the CV, which
was medium in the control site (20.82%) and in April 2018 (11.34%) to low in September
2018 (7.37%) indicating more homogeneity and uniformity of the B content variation for all
the layers of the profiles. Thus, the significant variation in the B content occurred in the
layers from 30 cm to 150 cm depth. Shorrocks [46] classified the level of water-soluble B in
soils into five categories depending on the B content in the soils: very low (<0.25 pg/g), low
(0.25-0.5 png/g), medium (0.51-1.0 pug/g), high (1.1-2.0 ug/g) and very high concentration
(>2.0 ng/g). Later, Choi et al. revisited this classification, concluding that water-soluble
B, in soils containing >0.5 pg/g, is sufficient for many crops’ development [47]. In our
case, B in the soil is classified between the medium and high concentrations. According to
Choi et al. [47], the hot-water-soluble B in our soils is sufficient for crops.

Correlation Between B and Different Physicochemical Parameters in Soil

Figure 6 below shows all correlations in the different campaigns. In the control soil,
the B/SO,42~ correlation represents a strong negative correlation. B/Na* represents also
a strong and negative correlation. In September, B showed strong negative correlations
with EC, Na* and Cl~, while in April there was no correlation between B and all the
physicochemical parameters. The correlations between EC/ Na* (0.99), EC/Cl—, EC/ CaZ*
and EC/Mg?* are positive and very strong in the control soil. In the soil irrigated in
September, the Na*/C1~ (0.97) and Ca?*/ MgZJr (0.82) correlations are the most abundant,
while in April, before irrigation, the Na* /Cl~ (0.89), Ca?*/Mg?* (0.83), Ca®*/Cl~ (0.92)
and Mg/Cl™ (0.87) correlations are the most abundant.
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Figure 6. Correlation matrix between B and the different physicochemical parameters in the control
soil and in the two campaigns (April and September).

4. Discussion

To evaluate the status of B, we measured B, pH, the chemical composition of soluble
salts and the depth of the groundwater for a summer irrigation cycle. We compared the
soil irrigated by TWW with a control soil without irrigation. In this discussion, we will link
these components to the water cycle and soil properties.

The pH is the main parameter controlling the fluxes of matter in the soil. Despite a
lower pH of irrigation water than that of the soil, the latter retains its condition in the surface
layer, which is directly subjected to water inputs. The pH of the groundwater and of the
water collected in the drainage ditch is slightly higher than the irrigation water (Figure 7).
This can be explained by excess irrigation water in summer, rainwater in other seasons and
the local contact with groundwater. On the other hand, the limestone of the soil buffers the
soil pH, but this effect decreases with time after several irrigation cycles. However, this
depends also on the method of determining soil pH. Some authors think that the pH of
water measured in a solution of 20 g of soil with 50 mL of distilled water (1:2.5 soil-to-water
ratio) [30] does not take into account the very fast change during irrigation and the effects of
the acid exudates (humic and fulvic acids) of the roots of the plants at the soil-root interface.
Recently, Patko et al. [48] studied and discussed a novel approach to understanding pH
dynamics within the rhizosphere using “smart soils”—artificial substrates equipped with
integrated chemical sensors. Their research aimed to provide deeper insights into the
interactions between plant roots and soil, focusing on how pH gradients form and evolve
due to root activity. Methods and instruments for in situ measurement of soil pH have
been developed, but their use remains very limited. It is, therefore, both a problem of the
method and of scale that must be the subject of further research.

In the short term, the soil EC is increased by irrigation. Thus, the soil ECe at the end of
the irrigation cycle is higher than at the beginning (Figure 8). The ECe of the control soil is
lower than the ECe of the initial soil before irrigation because of the residual salinity from
earlier irrigation with saline water since 1989 and an insufficient leaching by winter rainfall.
The EC of the groundwater is high, with seasonal and spatial variations. The EC of the
drainage water is slightly less than in groundwater. Two main factors act in this direction.
The groundwater covers a very large area over several square kilometers, reacts to irrigation
and rainfall and interacts with the entire Lower Mejerda plain. It is even connected to the
sea, which is less than 10 km away. The drainage water taken from the open ditch is also
connected to the groundwater, but it can also receive surface runoff during major rainfall
events. As discussed in the previous paragraph, the results can only be interpreted in the
context of time and space. Therefore, we need more frequent monitoring and a narrower
sampling grid.
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Figure 7. pH values with standard deviation error bars between soil surface and 150 cm depth in
control soil (C), before irrigation in April 2018 (A) and at the end of irrigation in September 2018
(S): (a) pH variation trends in soil, IW, GW and DW; (b) soil control: Soil C., soil initial: Soil I., soil
final: Soil E, irrigation water: IW, groundwater—April 2018: GW_A, groundwater—September 2018:
GW_S and drainage water: DW.
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Figure 8. ECe variation with standard deviation error bars between soil surface and 150 cm depth
from control, before irrigation in April 2018 and at the end of irrigation in September 2018: (a) EC
variation trends of soil, IW, GW and D; (b) soil control: Soil C., soil initial: Soil I., soil sinal: Soil E.,
irrigation water: IW, groundwater—April 2018: GW_A, groundwater—September 2018: GW_S and
drainage water: DW.

Groundwater and drainage water SAR values in the Cebala perimeter are frequently
monitored, as well as the soils before and after irrigation [41]. The SAR average value of the
surface soil (0-30 cm) before irrigation (Soil 1) is high (about 8) compared to its value (about
5.3) after irrigation (Soil F.) and considering that the irrigation water SAR value is about 10.
As the SAR reflects the ratio of major cations, its increase can only come from an increase in
Na* or a decrease in Ca* and/or Mg?*. A decrease in the divalent cations is possible with
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the desaturation of the exchange complex; although, this is usually a slow process. Again,
more frequent soil and water sampling would be useful to answer these questions.

Despite the high variability of some chemical elements, the concentration of B in
irrigation water remained constant over time with a mean value 0.75 mg/L, which is similar
to the average value (0.80 mg/L) obtained by Bahri [42] in a general survey of all Tunisian
TWW. This value is below the threshold of 3 mg/L of the Tunisian standard of reuse of
TWW (NT 106.03) [39]. According to FAO [49], only minor restrictions are needed to use
this water for irrigation. The USA, Saudi Arabia and Japan have quite strict guidelines for
extreme B concentrations in irrigation water ranging from 0.4 to 1.0 mg/L [50]. Canada
has limits for sensitive crops for B between 0.5 and 6 mg/L [51]. Levels higher than
0.3-0.5 mg/L in irrigation water are toxic for citrus plants [52]. The toxicity risk is related to
the water regime, time scale and frequency of TWW application. Grattan et al. [53] observed
a high accumulation of B in the leaves of citrus cultivated in clay soil reaching 267 mg B/kg
DM, which exceeds the toxicity threshold of 250-260 mg B/kg dry matter. Abu-Daba’an
and Al-Najar [16] found leaf B concentrations above a dangerous level (200 mg B/kg) after
irrigation with water containing 0.31 mg B/L for 30 years. For sensitive crops, B toxicity is
difficult to avoid without altering the crop or the water source; in addition, the B toxicity
is increased with increasing temperatures, which are likely to occur under global change
conditions [54]. In most reuse studies, salinity and B concentration are the key restrictions
for a long-term use of TWW. The recommended limits for B in TWW used for irrigation
are divided into two groups: for long-term use, it should be below 0.75 mg/L, and for
short-term use below 2 mg/L [55]. According to Pedrero et al. [56], who investigated
TWW use in the Region of Murcia in Spain, the sources of B are household detergents and
discharge from industrial plants.

We observed B in shallow groundwater and drainage water with concentration values
exceeding the limit set by the Tunisian standard NT 106.02 (2 mg/L) [44]. In shallow
groundwater, we observed that in some samples, B concentrations slightly exceeding this
standard (NT 106.02) [44] in both seasons. Besides some other elements, high concentrations
of naturally occurring B in groundwater might be a severe issue. Many studies around
the world have reported on the distribution and health risk of high concentrations of B
in groundwater [57]. For drinking water, the acceptable concentration of B according
to the WHO [58] is 2.4 mg/L. However, the recommended national standard level in
Bangladesh of B in groundwater is much lower (1 mg/L) [57]. The concentration of B in
drainage water with a mean value of 1.62 mg/L was double the average B concentration
in irrigation water. In some periods, the B concentration slightly exceeded the Tunisian
standard NT 106.02 [44].

Concerning B in the soil, we can suggest that the irrigation cycles for several years
produced the observed form of variation and indicate a deep transfer of B from the surface
layer to the deep layer near the perched groundwater. Figure 9 highlights a moderate
increase in B in the soil from its unirrigated state, the irrigated soil before irrigation and
finally during a summer irrigation cycle. This increase is also reflected in the groundwater
with an increase under summer irrigation and in the drainage water. However, not all the
B in the soil, groundwater and drainage water can be attributed to B inputs from irrigation
water. Two other sources also contribute: the marine alluvium deposited in an ancient
gulf about 3000 years ago [59] and the present relation between the water table and the
sea. These factors, undoubtedly, could be responsible for maintaining a B level in soils that
might be harmful to sensitive crops. This is another comparable problem that can arise
in different regions of the Mediterranean basin impacted by seawater intrusion or salts
persisting in alluvial soils, such as in the southeast of Spain.
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Figure 9. B variation with standard deviation error bars between soil surface and 150 cm depth from
control (C), before irrigation in April 2018 (A) and at the end of irrigation in September 2018 (S): (a) B
variation trends of soil, IW, GW and DW; (b) soil control: Soil C., soil initial: Soil I., soil final: Soil E.,
irrigation water: IW, groundwater—April 2018: GW_A, groundwater—September 2018: GW_S and
drainage water: DW.

5. Conclusions

In countries like Tunisia, which are semi-arid and arid, the practice of reusing wastew-
ater for irrigation has become widespread. The Cebala Borj-Touil perimeter, located in
northern Tunisia, is one of the largest and most susceptible regions to pollution. This bound-
ary is already influenced by the utilization of treated saline wastewater. Consequently, this
research concentrated on the B status in soil that has been irrigated for an extended period
with TWW. The soil’s environment is salty. We discovered an alkaline pH and an increase
in salts with a dominance of Na*, C1~ and SO,%~, along with elevated levels of B in the
soil. The B quantities are beneath the limits for irrigation water. In drainage water and
groundwater, the levels slightly surpass the Tunisian standard NT 106.02 during certain
periods. These waters exhibited elevated salinity.

The groundwater plays a role in soil salinization by elevating during wet seasons and
through heavy irrigation. The presence of B in the soil relies on inputs from rainwater and
irrigation water.

The boron concentration was increased in the soil after several irrigation cycles as
compared to the control site and accumulates with time. The hot-water-soluble B amount
extracted in our soils, as an indicator for crop suitability, is sufficient for the development
of several crops and is critical for the most sensitive crops. The irrigation cycles for several
years lead to an accumulation and deep transfer of B from the surface layer to the deep
layer close to the groundwater. However, the irrigation by TWW is not the only source of
the B increase in the soil, GW and DW, two other sources must be considered: the marine
alluvium deposited in an ancient gulf about 3000 years ago and the present relation between
the water table and the sea. This saline context may cause long-term higher B content in the
soil and lead to further exceeding B thresholds in waters; thus, the contamination would
be from natural sources. For that situation, continuous monitoring of B in the various
components of this system is essential.

Improving irrigation efficiency is necessary to reduce salinity problems and yield
losses on farmers’ plots. Furthermore, limiting groundwater characteristics” deterioration
by amplifying the maintenance operations of the actual drainage system and by deepening
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of the principal canal (CPII canal) of the drainage system is primordial, as the studied area
is poorly drained. In conclusion, the agricultural reuse of treated wastewater requires, even
if standards are respected, a continuous, and long-term monitoring of the entire system
from the parcel to the sea.
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