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A B S T R A C T

Soil copper (Cu) supply is used to correct Cu deficiency in many crops grown in southern Mediterranean areas.
Oversupply of this fertilizer may contaminate soil and groundwater. This study aims to assess Cu migration in
different soils of Moroccan agricultural areas. Three soil samples were collected from different areas. For each soil,
three annual leaching rates were tested: 35 mm, 237 mm, and 565 mm for a sandy soil; 35 mm, 70 mm, and 140
mm for a clay calcareous soil; and 35 mm, 103 mm, and 247 mm for silty clay soil. The leaching experiments were
conducted in columns filled identically up to 30 cm with each soil sample. Then, 0.6 mg of Cu kg�1 was added to
the soil surface in the sulfate form (CuSO4.5H2O). The results showed that soil Cu loss increased mainly with
leaching rate: y ¼ 0.004 x – 0.10 (R2 ¼ 0.97) where y: soil Cu loss (10�4 meq 100 g�1) and x: leaching rate (mm).
The regression analysis did not reveal a significant influence of the soil properties on Cu leaching. However, the
Cu loss seems insignificant regarding the no recurrence of high annual leaching rate (over 500 mm), in south
Mediterranean areas. Also, soil Cu accumulation risk occurred in all studied soils. For sandy soil, available Cu
content was 78% higher in the top layer (0–10 cm) than its content in the middle (10–20 cm) and lower (20–30
cm) layers. Furthermore, a release of bioavailable Cu was recorded in silty clay and clay calcareous soils at a
leaching rate of over 70 mm.
1. Introduction

Copper (Cu) deficiency is a worldwide nutrient constraint to many
crops production (Graham, 2008). Several authors reported the efficacy
of soil Cu supply to correct this deficiency (Marschner, 1995; Moore,
2001). However, an adequate nutrient supply requires a good knowledge
of different guidelines including the rate of supply, the timing supply, the
chemical forms, and the downward movement in the soil. Copper sulfate
(CuSO4.5H2O) is commonly used by farmers regarding its solubility and
its low cost (Goh and Karamanos, 2006; Souza et al., 2015). However,
oversupply of this fertilizer may result in soil Cu accumulation (Gonzalez
et al., 2015). In this regard, high Cu soil levels may induce long-term
toxic effects on human health and the environment (Salam and
El-Fadel, 2008). The Cu toxicity is related to its persistent, bio-
accumulative, and toxic characters (EPA, 2002). The toxical Cu threshold
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is around 0.2 mg l�1 in water (Pick, 2011) and around 20 mg kg�1 in soil
(Gonzalez et al., 2015).

Soil metals mobility is a concept frequently used to estimate the
contamination risk (Acosta et al., 2011). Thecolumn test is carried out to
evaluate the leaching and adsorption characteristics of soils and to
explain nutrient migration (Arabzai and Honma, 2014). Copper in the
soil is present in several forms that are associated with different soil
components. The nature of such associations affects the mobility and
availability of this trace element (Dong and Wang, 2012). Also, soil Cu
availability is influenced by organic matter, iron (Fe), and manganese
(Mn) sesquioxides contents, cation exchange capacity, soil pH, carbonate
content and water infiltration rate (Moore, 2001; Shaheen et al., 2009;
Gonzalez et al., 2015). Overall, several studies have reported the low
mobility of Cu in different soils (Moore, 2001; Pietrzak and McPhail,
2004; Lal, 2016). On the other side, some authors noticed that a
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long-term water logging in soil resulted in bioavailable Cu release due to
reducing conditions (Phillips, 1999; He et al., 2006).

Concerning the south Mediterranean areas, including Morocco, many
farmers applied Cu fertilizers in many crops such as citrus, corn, and
wheat. However, few reports are discussing the availability and mobility
of this trace element in this specific climate. Therefore, this study was
conducted to determine relations between Cu loss by leaching and soil
type of southMediterranean climate. Also, the retention and release of Cu
in different soils were investigated to understand Cu accumulation in
different soil horizons. Such a study will help to establish good reasoning
for Cu fertilization without threaten the environment.

2. Materials and methods

2.1. Characteristics of studied soils

Column leaching experiments were carried out to identify Cu
migration in three soils located in three different Moroccan areas. The
studied soils were collected from 0-30 cm in depth. The first soil (Are-
nosol) was taken from the Loukkos area (34.96� N, 6.21� W, North-
western Morocco). It is sandy (86.2%) with a low cation exchange
capacity (CEC) (3.7 meq 100 g�1). Its DTPA Cu content was around 0.23
mg kg�1. The second soil was collected from the Sais area (33.85� N,
-4.69� W, Middle of Morocco). It has a clay calcareous texture (Calcisol)
with a CEC of 29.3 meq 100 g�1. Its DTPA Cu content was around 0.72
mg kg�1. The third soil was taken from the Gharb area (33.53� N, 4.40�

W, Northwestern Morocco). It has a silty clay texture (Vertisol) with a
CEC of 21.6 meq 100 g�1. Its DTPA Cu content was around 2.85 mg kg�1.
The other soil characteristics are shown in Table 1.

The average annual rainfall is around 692mm, 429mm, and 537mm,
respectively, for Loukkos, Sais and Gharb areas.

2.2. Leaching experiment

Soil samples were air-dried, passed through a 2 mm sieve and ho-
mogenized. Each studied soil was subjected to a leaching experiment.
Three annual leaching rates were tested for each soil: 35 mm, 237 mm,
and 565 mm for sandy soil; 35 mm, 70 mm, and 140 mm for clay
calcareous soil; and 35 mm, 103 mm, and 247 mm for silty clay soil.
These leaching rates were determined from the annual leaching fre-
quency analysis over 30 years (1980–2010) beyond 0.3 m soil horizon
(MarocMeteo, 2019).
Table 1. Characteristics of the studied soils.

Soil property Sa

World Reference Base A

Clay (%) 8.

Silt (%) 5.

Sand (%) 86

pH (H2O; 1/5) 7.

Total carbonates (%) 0

Cation Exchange Capacity (meq 100g�1) (Cobaltihexamine Chloride) 3.

Organic matter (%) (Walkley and Black method) 0.

Extractable K (meq100g�1) (Ammonium Acetate extr.) 0.

Extractable Mg (meq100g�1) (Ammonium Acetate extr.) 0.

Extractable Ca (meq100g�1) (Sodium Acetate extr.) 4.

Extractable Na (meq100g�1) (Ammonium Acetate extr.) 0.

DTPA extractable Zn (meq100g�1) 7.

DTPA extractable Fe (meq100g�1) 0.

DTPA extractable Mn (meq100g�1) 0.

DTPA extractable Cu (meq100g�1) 7.

Boron hot water extraction (mg kg�1) 0.
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For each soil, the leaching experiments were conducted in 12 poly-
vinyl chloride (PVC) cylinders (7.04 cm internal diameter and 35 cm in
length). The experimental design was a randomized complete block with
4 replications. The columns were oriented vertically and placed on an
iron stand. A gravel layer was placed on the bottom of each cylinder.
Then, cylinders were filled identically up to 0.3 mwith each soil (1.65 kg,
1.54 kg, and 1.45 kg, respectively, for sandy, clay calcareous and silty
clay soils). The cylinders are uniformly taped in the sides to provide the
original bulk densities of undisturbed soils. The bulk densities were 1.41,
1.32 and 1.24, respectively, for sandy, clay calcareous and silty clay soils.
Thereafter, a leaching system was installed on the base of each column to
collect the leachate.

Before setting up the leaching experiments, the soil columns were
slowly saturated using distilled water. For each soil, 0.6 mg of Cu kg�1

was applied to the soil surface as sulfate form (CuSO4.5H2O; 25% of Cu).
This Cu rate is considered as adequate to correct Cu deficiency on wheat,
which is reported as a high Cu sensitive crop (Flaten et al., 2004). The
leaching rates were split in 6 days. Water was applied using a beaker at an
effluent flow around 3 ml min�1. The application rate allows a ponding
on the top of the columns of 2 cm maximum. Columns were covered to
minimize evaporation from the soil surface during the leaching period.

2.3. Leachate analysis

For each soil and leaching rate replication (n ¼ 4), the leachate was
collected from the bottom of each column and analyzed to determine
cations and anions concentration. Leachate was filtered through What-
man No. 42 filter and acidified with HCl. The leachate content on
extractable cooper (Cu2þ), iron (Fe2þ), zinc (Zn2þ), manganese (Mn2þ)
and potassium (Kþ) was determined by an atomic absorption spectro-
photometer (Varian 240 AA Fast Sequential, air þ acetylene). The con-
tent on ammonium (NH4

þ), nitrate (NO3
- ), chloride (Cl�), sulfate (SO4

2-),
phosphorus (H2PO4

- ), calcium (Ca2þ) and magnesium (Mg2þ) was
determined colorimetrically on a Skalar San þþ autoanalyzer according
to Skalar standard methods. Boron (B) was determined colorimetrically
using the Azomethine-H method (UV-Visible Varian). Appropriate di-
lutions were made from the original leachates for the final analyze
determination. The results were reported using the average of four rep-
licates columns.

The soil element loss through leaching was deduced from Eq. (1):
ndy soil Clay calcareous soil Silty clay soil

renosol Calcisol Vertisol

4 47.5 58.2

7 23.8 37.8

.2 29 4.2

3 8.6 8.1

14.6 10.4

7 29.3 21.6

56 3.53 1.77

204 1.389 0.516

555 2.645 9.171

105 39.695 37.159

123 0.242 2.1

65 10�4 12.54 10�4 38.54 10�4

129 0.037 0.110

205 0.127 0.089

24 10�4 22.66 10�4 89.71 10�4

49 0.44 0.63



Soil element loss
�
meq 100 g�1

�¼Element content in the leachate
�
meq l�1

�
x Leaching rate ðlÞ

Column soil weight ðgÞ �100 (1)
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2.4. Soil Cu content after leaching

At the end of each leaching experiment, the columns were sectioned
into three superposed layers: top layer (0–10cm), middle layer (10–20
cm) and down layer (20–30 cm). Then, the soil was air-dried at 40 �C,
during 48 h, to determine its content on bioavailable Cu. A subsample of
25g and 50ml of DTPA solution reagent (14.92g triethanolamine, 1.976g
DTPA, 1.47g CaCl2, and 1l distilled water) was placed in a plastic jar and
closed. The jar was agitated for 2 h. Then, the extract was filtered using a
filter paper. The extract was analyzed by the atomic absorption spec-
trophotometer (Varian 240 AA Fast Sequential, air þ acetylene) at a
wavelength of 324.8nm (Lindsay and Norvell, 1978).

2.5. Statistical analysis

Analysis of variance was used to test the effect of leaching amounts on
nutrient soil loss and Cu distribution in each soil profile. The statistical
differences were considered at P < 0.05. The comparison of means using
the Student-Newman-Keuls test. Also, a regression analysis, using the
step-wise method, was carried out to predict the Cu soil loss using
leaching rate and different soil characteristics. Statistical analyses were
carried out using the SPSS software (Version 20).

3. Results and discussion

3.1. Soil Cu loss after leaching

Soil Cu loss after leaching increased significantly with increasing
leaching rates for all studied soils (Table 2). For sandy soil, located in a
high rainfall area (Loukkos), the high recorded leaching rate (565mm)
resulted in Cu loss of 2.31 10�4meq. 100 g�1 of soil. Such Cu loss was
around 0.33 10�4meq Cu 100 g�1for clay calcareous soil, located in a low
rainfall area (Sais), at its high recorded leaching rate (140 mm). Con-
cerning silty clay soil (Gharb), losses of Cu were around 0.73 10�4meq
100 g�1atthe high leaching of 247 mm. Besides, regression analysis
revealed that soil Cu loss was mainly related to the leaching rate.

This Cu soil loss can be highly predicted (R2 ¼ 0.97) using the
regression model Eq. (2):

Soil Cu loss ð10�4meq 100 g�1Þ¼ ð0:004 x leaching rate ðmmÞÞ � 0:10 (2)
Table 2. Soils Cu loss (10�4 meq 100g�1) at different leaching rates.

Sandy soil (Loukkos area)

Leaching rate (mm) 35

Cu leached (10�4 meq 100 g�1) 0.07 � 0.01b

Clay calcareous soil (Sais area)

Leaching rate (mm) 35

Cu leached (10�4 meq 100 g�1) 0.17 � 0.01c

Silty clay soil (Gharb area)

Leaching rate (mm) 35

Cu leached (10�4 meq 100 g�1) 0.10 � 0.02c

Data are means � standard deviation (n ¼ 4).
For each soil, means without common letter are significantly different (at P � 0.05, s
Native Cu contents for sandy, calcareous, and clay soils are, respectively, 7.2, 22.7, an
g�1 of Cu.
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From this regression model, the leaching rate explains around 97% of
soil Cu loss. Thus, the high leaching rate of 500 mm resulted in Cu
leaching around 1.9 10�4meq 100 g�1. This Cu loss represented around
10% of the initial Cu supply (18.9 10�4meq 100 g�1). Losses of this trace
element were 100 times lower at the leaching rate of 30 mm. From these
results, Cu application as sulfate seems not to be harmful to ground water
due to no recurrence of high rainfall years in such studied Mediterranean
areas. The same result was reported in the Hangzhou location of China
(Chen et al., 2003). Nevertheless, caution must be taken towards Cu soil
accumulation over the years as indicated by Yang et al. (2002). The
reduced migration of Cu at a low leaching rate can be explained by Cu
soil adsorption that reduces its downward movement (Chen et al., 2003).

On the other hand, the soil properties (texture, organic matter con-
tent, soil pH, CEC) did not enhance the prediction of the presented model
(Eq. (2)). Also, soil Cu loss was not related to other soil cations (Native
Cu2þ, Zn2þ, Mn2þ, Fe2þ, Mg2þ, Ca2þ, Kþ, and NH4

þ). This result is in
contrast with the findings of He et al. (2006) who indicated that Cu
leaching was related to native soil Cu and organic matter content for
several sandy soils.

Indeed, in all soil types, the cations contents in the leachate were
mainly related to the leaching rate. The most cations presented in the
leachate were Naþ and Ca2þ due to their high native levels in soils
(Table 3).

3.2. Available soil Cu content after leaching

In contrast to soil Cu loss by leaching, migration of this metal through
the soil profile was mainly influenced by soil characteristics. In sandy soil
profile, bioavailable Cu content after leaching was not related to leaching
rates. The content of this trace element in different layers was greater
than the native soil level (7.2 10�4meq 100 g�1). The high Cu concen-
tration (26.7 10�4meq 100 g�1) was recorded on the top horizon (0–10
cm). In this sandy soil, soil Cu content in the 0–10cm layer was 78%
higher than the Cu level of the middle and lower layers (Table 4). Thus,
the most supplied Cu amount remained in soil surface (0–10 cm) of sandy
soil. Consequently, the percentage of the CEC occupied by Cu was
significantly increased on the top layer (0.072% of CEC) compared to
other layers (0.041% of CEC) (Figure 1). This result is in line with the
earlier finding of Chen et al. (2003) who reported that DTPA extractable
Cu in sandy soil decreased with increasing soil depth. Also, all studied
237 565

0.75 � 0.17b 2.31 � 0.73a

70 140

0.22 � 0.00b 0.33 � 0.00a

103 247

0.30 � 0.11b 0.73 � 0.12a

tudent-Newman-Keuls test).
d 89.7 10�4 meq 100 g�1 soil. Before leaching, soils received 18.9 10�4 meq 100



Table 3. Cations loss (10�4 meq 100 g�1) in the leachate at different leaching rates and studied soils.

Sandy soil

Leaching rates (mm) 35 237 565

Ca2þ 294 � 76c 1540 � 259b 2399 � 310a

Naþ 246 � 93b 451 � 135ab 654 � 173a

Mg2þ 133 � 52c 431 � 70b 664 � 64a

Kþ 47.6 � 12.8c 157.4 � 45.1b 254.3 � 58.3a

NH4þ 5.67 � 0.85a 6.14 � 0.64a 15.9 � 13.2a

Fe2þ 0.82 � 0.18c 13.5 � 3.81b 21.2 � 2.74a

Mn2þ 0.08 � 0.01c 0.56 � 0.19b 1.33 � 0.24a

Zn2þ <0.0001a <0.0001a <0.0001a

Silty-clay soil

Leaching rates (mm) 35 103 247

Ca2þ 1294 � 720a 2352 � 992a 1853 � 172a

Naþ 1764 � 741c 5957 � 1321b 11042 � 1512a

Mg2þ 1023 � 681a 1771 � 727a 970 � 597a

Kþ 22 � 6.8c 102.5 � 3.8b 187.8 � 20.1a

NH4þ 0.43 � 0.22a 1.94 � 0.94a 4.04 � 3.46a

Fe2þ 0.32 � 0.45b 3.38 � 3.33ab 6.49 � 2.02a

Mn2þ 0.04 � 0.025b 0.28 � 0.15a 0.37 � 0.14a

Zn2þ <0.0001a <0.0001a <0.0001a

Clay-calcareous soil

Leaching rates (mm) 35 70 140

Ca2þ 959 � 120c 1787 � 105b 3766 � 222a

Naþ 123�4c 212 � 10b 400 � 23a

Mg2þ 212 � 15c 358 � 30b 652 � 68a

Kþ 14.3 � 0.8c 26.9 � 2.1b 54.7 � 2.5a

NH4þ <0.0001a <0.0001a <0.0001a

Fe2þ 0.02 � 0.0b 0.24 � 0.032b 3.44 � 0.62a

Mn2þ 0.03 � 0.01b 0.05 � 0.02ab 0.10 � 0.04a

Zn2þ 0.075 � 0.05c 0.14 � 0.0b 0.34 � 0.08a

Data are means � standard deviation (n ¼ 4).
For each soil and chemical element, means without common letter are significantly different (at P � 0.05, Student-Newman-Keuls test).

Table 4. Extractable Cu content (10�4 meq 100 g�1) of studied soils layers after leaching.

Soil texture Leaching rate (mm) Extractable Cu content (10�4 meq 100 g�1)

0–10 cm 10–20 cm 20–30 cm

Sandy soil 35 29.8 � 0.9Aa 14.1 � 1.6Ab 14.2 � 1.7Ab

237 26.4 � 3.3Aa 16.5 � 1.9Ab 15.4 � 1.4Ab

565 23.9 � 2.0Aa 14.2 � 3.4Ab 15.7 � 2.2Ab

Clay calcareous soil 35 50.4 � 5.1Ba 38.9 � 8.1Bb 38.8 � 4.2Cb

70 65.6 � 4.82Aa 55.6 � 7.9Ab 46.4 � 5.0Bc

140 63.1 � 6.8Aa 64.5 � 5.6Aa 63.1 � 5.5Aa

Silty clay soil 35 78.5 � 12.0Ba 76.6 � 7.0Ba 72.6 � 6.4Ba

103 127.2 � 17.3Aa 154.2 � 22.9Aa 148.2 � 25.4Aa

247 134.4 � 35.2Aa 164.2 � 25.2 Aa 156.9 � 26.3Aa

Data are means � standard deviation (n ¼ 4).
For each soil horizon, means without common capital letter are significantly different (at P � 0.05, Student-Newman-Keuls test).
For each leaching rate and studied soil, means without common small letter are significantly different (at P � 0.05, Student-Newman-Keuls test).
Native Cu contents for sandy, calcareous, and clay soils are, respectively, 7.2, 22.7, and 89.7 10�4 meq 100 g�1 soil. Before leaching, soils received 18.9 10�4 meq 100
g�1 of Cu.
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layers showed a low Cu level compared to the sum of soil Cu native
content (22.7 10�4meq 100 g�1) and Cu supply before leaching (18.9
10�4meq 100 g�1). Therefore, it seems that significant Cu retention oc-
curs in sandy soil. Immobility of Cu can be explained by its conversion to
insoluble Cu compounds and reactions with the colloidal material of soil
4

(Moore, 2001).Thus, the supply of Cu under sulfate form must be placed
near the root zone to be effective (Flaten et al., 2004).

Concerning clay calcareous soil, Cu migration was different from the
sandy soil. All studied layers of this calcareous soil showed a high Cu
level compared to the sum of soil Cu native content (22.7 10�4meq 100



Figure 1. Percentages of the cation exchange
capacity (CEC) occupied by copper (Cu) for
sandy soil (a), calcareous soil (b), and silty
clay soil (c) at different layers. Data are
means � standard deviation (n ¼ 4). For each
leaching rate, means without common small
letter are significantly different (at P � 0.05,
Student-Newman-Keuls test). CEC for sandy,
clay calcareous, and silty clay soils are,
respectively, 3.7, 29.3, and 21.6 meq 100g-1
soil. For a given soil, the horizontal line in-
dicates native Cu CEC occupation before
leaching and Cu supply.

F. Amlal et al. Heliyon 6 (2020) e03375
g�1) and Cu supply before leaching (18.9 10�4meq 100 g�1). Also, the
bioavailable Cu concentration in different horizons increased signifi-
cantly with leaching rates. Thus, at high leaching level (140 mm), the soil
Cu content, increased around 25% and 63%, respectively, in the top and
lower layers compared to the low leaching rate (35 mm). The percentage
of CEC occupied by Cu was around 0.018% for all layers and at all
leaching levels compared to the native occupation (0.008%) (Figure 1).
Therefore, it seems that a significant Cu release occurs under soil
5

humidity due to reducing conditions. Similarly, He et al. (2006) stated
that a long-term water logging in soil increased the bioavailable Cu
release. The increased extractability of this trace element can be related
to the dissolution of Fe and Mn oxides under reducing conditions. These
oxides may induce a release of adsorbed Cu (Contin et al., 2007). Also, Cu
release can be attributed to the dispersion of the organic matter-mineral
complexes due to the high Na concentration in this soil (2.1meq 100g�1)
compared to sandy soil (0.12 meq 100g�1). A similar hypothesis was
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reported by He et al. (2006) in different soils with high Na contents. From
this described behavior of Cu in clay calcareous soil, we can suggest that
the released Cumay be sufficient for plant nutrition. The same conclusion
was reported by Hoang et al. (2008) for different soils.

However, for silty clay soil, the Cu release was noticed only at high
leaching rates (103 and 247 mm). At these drainage levels, the soil Cu
content (147.5 10�4meq 100 g�1) was 94% higher than Cu level (75.9
10�4meq 100 g�1) recorded at a low leaching rate (35 mm) for all soil
layers. The absence of Cu release at a low leaching rate may be attributed
to the absence of waterlogging conditions (Bigalke et al., 2010). Thus, we
recorded that Cu occupation of CEC decreased at low leaching rate
(0.035%) and it was enhanced at high drainage levels (0.060%)
compared to the native CEC occupation (0.042%) (Figure 1).

From these soils analyses results, it seems that Cu retention was
noticed only for sandy soil. In contrast, for clay calcareous and clay silty
soils the Cu release was exhibited particularly at high leaching levels.
Overall, Cu retention and release processes resulted in soil accumulation
of this trace element. Therefore, cautionmust be taken concerning soil Cu
enrichment over the years to preserve the soil environment against toxic
levels of this trace element. Therefore, continuous soil analysis over the
years is requested to control Cu soil content evolution in lands receiving
Cu fertilization.

4. Conclusion

The results of this study have shown that Cu contamination risks of
underground waters, due to leaching, are expected to be minimal in the
studied south Mediterranean areas. However, Cu risk pollution can
especially be related to its accumulation in soil. The behavior of Cu in soil
was related to soil types. Indeed, in sandy soil, Cu remained in the soil
surface (0–10 cm) due to its adsorption. However, Cu enrichment was
recorded in different layers of clay calcareous and silty clay soils. Such
enrichment seems to be mainly attributed to its release from the native
soil Cu. The major limitation of the presented study is the distinction
between the supplied and the native Cu after leaching that will help to
clarify the behavior of added Cu in soils. Therefore, more research is
needed to understand particularly mechanisms of adsorption/release of
Cu in different soils. Overall, this study reveals that attention must be
devoted to supplying the right rate of Cu fertilizer to prevent its accu-
mulation in soil over the years.
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