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The rehabilitation technologies in areas degraded by extractive activities require the use of their own mine spoils.  Reducing deficiencies 
in bulk density and aggregate stability, organic matter, and nutrients with a contribution of treated sewage sludge is proposed. This 
experiment was based on a controlled study using percolation columns. The assays was done using two mine spoils, both very rich 
in calcite. Two sewage sludge doses were undertaken (30,000 and 90,000 kg/ha of sewage sludge compost) in addition to a different 
mine spoils used as substrates. Irrigation water was provided by a device that simulated short duration rain. The leached water was 
collected 24 hours after the last application. Electrical conductivity, pH and the ions nitrate, ammonium, phosphate, sulfate, and 
chloride were determined. The experiment saw the bulk density decrease and the aggregate stability increase, thereby improving the 
structure. Significant nitrate concentrations appeared that may pose an environmental contamination risk. The resulting values for each 
irrigation application, the relationship between parameters, and the environmental risk are discussed. 
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Introduction

From the ecological point of view, the resto-
ration of extensive areas degraded by mining activi-
ties, the use of their own waste materials is required 
[1-4]. These materials do not possess the necessary 
fertility to ensure a successful process of restoration 
(implementation of adequate plant cover). There-
fore, it requires the addition of organic amendments 
to achieve efficient substrate [5]. The obligation to 
restore abandoned mine and the correct applica-
tion of biosolids is guaranteed by the legislation on 
waste management, biosolids and soil conservation 
[5]. Technosols are one of the latest additions to the 
World Reference Base for Soil Resources [6]. This 
new reference soil group contains a large range of 
artifacts and materials of natural and anthropic ori-
gin. They include a variety of refuse-based soil-like 
mine spoils, landfills, cinders, or sludge, whose 
properties and pedogenesis are dominated by their 
technical origin [7]. An adequate technosol selec-

tion can constitute a valuable and cost-effective 
solution for soil remediation and waste manage-
ment [7]. Sewage sludge application in restoration 
has demonstrated its efficiency in previous studies 
[5, 8-10]. The use of treated sewage sludge can be 
a guarantee of success in the rehabilitation of areas 
affected by extractive activities, but it is important 
to preserve the environment with less risk of con-
tamination of groundwater [10].

The experimentation was carried out on a con-
trolled study using percolation columns. PVC pipe 
with a 10.5-cm interior diameter cut into 15-cm 
length pieces was used to make them. Two of these 
pieces were then stacked to construct each of the 
fifteen 30-cm tall columns (Fig. 1). Two treatments 
and a control were applied, which depended upon 
the quantity of sludge applied (Table 1 and Table 2). 
The sludge was applied on the surface and mixed 
with the soil, simulating a plowing or tilling action, 
producing a homogenous mixture within the upper-
most 15 cm of soil.
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Fig. 1. Percolation columns 
used in the experiment

TABLES

TTaabbllee  11.. Quantity of sewage sludge applied in each treatment 

 
SSeewwaaggee  sslluuddggee  qquuaannttiittyy  ((kkgg//hhaa))  DDeessiiggnnaattiioonn  

0 0 
30,000 3 
90,000 9 

TTaabbllee  22.. Experimental design and identifying symbols 

SSyymmbbooll  MMaatteerriiaall  ccoonntteennttss  
Z0 30 cm column filled with aggregate (coarse). 
D0 30 cm column filled with degraded soil (fine). 
(Z+D)0 30 cm column filled from 0-15 cm with degraded soil and 15-30 cm with aggregate. 
D3 30 cm column filled with degraded soil. Sewage sludge dose (30,000 kg/ha) 

homogenous mixture first 15 centimeters.  
D9 30 cm column filled with degraded soil. Sewage sludge dose (90,000 kg/ha) 

homogenous mixture first 15 centimeters.  
(Z+D)3 30 cm column filled from 0-15 cm with degraded soil and 15-30 cm with aggregate. 

Sewage sludge dose (30,000 kg/ha) homogenous mixture first 15 centimeters.  
(Z+D)9 30 cm column filled from 0-15 cm with degraded soil and 15-30 cm with aggregate. 

Sewage sludge dose (90,000 kg/ha) homogenous mixture first 15 centimeters.  
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D9 30 cm column filled with degraded soil. Sewage sludge dose (90,000 kg/ha) 

homogenous mixture first 15 centimeters.  
(Z+D)3 30 cm column filled from 0-15 cm with degraded soil and 15-30 cm with aggregate. 

Sewage sludge dose (30,000 kg/ha) homogenous mixture first 15 centimeters.  
(Z+D)9 30 cm column filled from 0-15 cm with degraded soil and 15-30 cm with aggregate. 

Sewage sludge dose (90,000 kg/ha) homogenous mixture first 15 centimeters.  
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The experiment was carried out using two types 
of wastes rich in calcite (75-90%). The first, poor 
in quality was characterized by a predominance of 
the coarse element fraction (up to 75% by weight) 
and by containing high percentages of sand (Z). 
The second residual material tested came from the 
extraction of limestone. This waste was formed by 
levels of intercalated materials and residues of de-
graded soils (D). This usually has high heterometric 
stoniness (up to 60%), and is richer in clays (ap-
prox. 25%). These materials were amended with the 
biosolid according to quarry restoration methodolo-
gy [11]. The characteristics of the mineral substrata 
employed appear in Table 3.

TTaabbllee  33.. Characteristics of the substrata used in the experiment 

TTeexxttuurree  CCllaayy  ((%%))    SSiilltt  ((%%))  SSaanndd  ((%%))  
Aggregate 15.40 16.00 68.60 
Degraded 21.37 26.00 52.63 

 

PPaarraammeetteerr  ZZ  DD  
pH 8.25 8.92 

EC µS/cm (25 ºC) 257.20 56.32 

OM (%)  0.53 0.27 
P (mg/kg DM) 2.04 2.07 
Ca (g/kg DM) 3.37 3.26 
Mg (mg/kg DM) 134.13 337.57 
Na (mg/kg DM) 222.15 63.27 
K (mg/kg DM) 34.66 64.31 
Fe (mg/kg DM) 2.25 1.48 
Cu (mg/kg DM) 0.29 0.18 
Mn (mg/kg DM) 2.08 1.07 
Zn (mg/kg DM) 0.73 0.36 
N (%)  0.03 0.02 
CaCO3 (%) 45-75% 55-70% 
Act. Limestone (%) 18% 15% 
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Symbol Material contents

Z0 30 cm column filled with aggregate (coarse).

D0 30 cm column filled with degraded soil (fine).

(Z+D)0 30 cm column filled from 0-15 cm with degraded soil and 15-30 cm with aggregate.

D3

30 cm column filled with degraded soil. Sewage sludge dose (30,000 kg/ha) homogenous 
mixture first 15 centimeters. 

D9

30 cm column filled with degraded soil. Sewage sludge dose (90,000 kg/ha) homogenous 
mixture first 15 centimeters. 

(Z+D)3

30 cm column filled from 0-15 cm with degraded soil and 15-30 cm with aggregate. Sewage 
sludge dose (30,000 kg/ha) homogenous mixture first 15 centimeters. 

(Z+D)9

30 cm column filled from 0-15 cm with degraded soil and 15-30 cm with aggregate. Sewage 
sludge dose (90,000 kg/ha) homogenous mixture first 15 centimeters. 

Parameter Z D
pH 8.25 8.92
EC S/cm (25 ºC) 257.20 56.32
OM (%) 0.53 0.27
P (mg/kg DM) 2.04 2.07
Ca (g/kg DM) 3.37 3.26
Mg (mg/kg DM) 134.13 337.57
Na (mg/kg DM) 222.15 63.27
K (mg/kg DM) 34.66 64.31
Fe (mg/kg DM) 2.25 1.48
Cu (mg/kg DM) 0.29 0.18
Mn (mg/kg DM) 2.08 1.07
Zn (mg/kg DM) 0.73 0.36
N (%) 0.03 0.02
CaCO3 (%) 45-75% 55-70%
Act. Limestone (%) 18% 15%

Texture Clay (%) Silt (%) Sand (%)
Aggregate 15.40 16.00 68.60
Degraded 21.37 26.00 52.63

Annals of Agrarian Science 2 (2020) 111 – 122M.M. Jordán et al.



113

method, which quantifies the organic nitrogen and 
ammonium contents within the sample. The easily 
oxidizable organic carbon was calculated by sulfo-
chromic digestion and subsequent assessment with 
Mohr’s salt, an easily oxidizable organic matter by 
applying the 1.72 conversion factor, and the total by 
calcination in a muffle furnace at 500 ºC for 2-4 h. 

As for macroelements, the sludge presents low 
contents of phosphorous and potassium, with medi-
um contents for calcium and magnesium, all within 
the ranges cited by [13]. The total sodium content 
is of some importance, but cannot be considered 
dangerous for the soil. Analytically controlling the 
sludge at the time of its incorporation is important, 
especially with regards to sodium, as this element 
may cause soil salinity problems and alter its struc-
ture [14]. The C/N ratio is 12, indicating that the or-
ganic matter is partially mineralized and, therefore, 
the sludge can enhance soil fertility [15]. Many 
physical and chemical properties in soils amended 
with sludge, such as water adsorption, aggregate 
stability, contribution from N, P, and other nutrients 
for crop growth, depend, to some extent, upon the 
quantity of organic matter in the sludge that is add-
ed. Knowledge about the quantity of organic matter 
in the sludge can be used to estimate the quantities 
that must be applied to the soil [16]. Use sewage 
sludge and mine spoils as technosols constitute in-
novative strategies of waste management, whose 
application allowed the species growth and devel-
opment [7]. This sewage sludge has an organic mat-
ter content that is very suitable for agricultural use 
(Table 4).

Table 4. Sewage sludge composition (dry matter, 
DM) from the Aspe wastewater treatment plant

The substratum used has a basic pH; therefore, 
it is a soil with an alkaline reaction. This means 
that most nutrients may have availability problems, 
making acidifying amendments necessary to lower 
the pH, facilitate element mobility, and improve the 
soil structure. The substratum has a relatively low 
nutrient content. Ca2+ is the element found in the 
greatest proportion within the soil solution. K+ and 
Na+ concentrations are moderate. This is reflected 
in the soil’s electrical conductivity because these 
cations, especially Na+, are very soluble and have 
considerable repercussions on this measurement 
when their concentrations are high. The equivalent 
calcium carbonate content is very high, as is typical 
for these types of tailings. The organic matter con-
tent is very low, just like that for assimilable phos-
phorous and Kjeldahl nitrogen compared with the 
desired normal content for a cultivated soil. With 
respect to the composition of assimilable nutrients 
(extract with ammonium acetate and DTPA), it is 
shown that, with the exception of Ca2+, the remain-
ing elements are found at low or very low levels, 
with iron, among others, standing out. Iron avail-
ability is normally low in limy soils whose culti-
vation practically makes any inorganic form of this 
metal inassimilable [12]. 

The biosolid used in this experiment comes from 
a wastewater treatment plant located near Aspe (Al-
icante). Prior to the composting process, the sludge 
needs to be mixed with a bulking agent, a support-
ing structure that favors aeration, absorbs humidity, 
and furthermore contributes carbon. Chopped hay 
and sawdust are used as the bulking agent, and si-
los exist for their storage. Hay favors aeration, saw-
dust absorbs humidity, and both materials constitute 
sources for carbon. The composition by volume of 
the sludge-bulking agent mixture is 50% sludge, 
while the remaining 50% is 1/4 hay and 3/4 saw-
dust. This sludge-bulking agent mixture progresses 
through the composting tunnel and is simultaneously 
homogenized by a tumbler, which in addition to per-
mitting the progress and homogenization of the mix-
ture, promotes its aeration. During the first weeks, the 
mixture is placed upon a porous base connected to 
an air injection system using fans or blowers, which 
maintains discontinuous forced aeration. Afterwards, 
the aeration is passive and natural.

For the sludge analysis, its total mineralization 
was carried out by electrothermal radiation (micro-
waves) in an acid medium. In the solution thus ob-
tained, the solubilized elements except for nitrogen 
were assessed. This was determined by the Kjeldahl 

Parameter Value
Organic C (%) 44.4
Kjeldahl N (%) 3.7
C:N ratio 12
P (%) 0.29
K (%) 0.02
Ca (%) 0.09
Mg (%) 0.08
Fe (g/kg DM) 5.48
Cu (mg/kg DM) 289
Cd (mg/kg DM) 0.97
Ni (mg/kg DM) 18
Pb (mg/kg DM) 121
Zn (mg/kg DM) 768
Hg (mg/kg DM) 1.23
Cr (mg/kg DM) 21
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D0 30 cm column filled with degraded soil (fine). 
(Z+D)0 30 cm column filled from 0-15 cm with degraded soil and 15-30 cm with aggregate. 
D3 30 cm column filled with degraded soil. Sewage sludge dose (30,000 kg/ha) 

homogenous mixture first 15 centimeters.  
D9 30 cm column filled with degraded soil. Sewage sludge dose (90,000 kg/ha) 

homogenous mixture first 15 centimeters.  
(Z+D)3 30 cm column filled from 0-15 cm with degraded soil and 15-30 cm with aggregate. 

Sewage sludge dose (30,000 kg/ha) homogenous mixture first 15 centimeters.  
(Z+D)9 30 cm column filled from 0-15 cm with degraded soil and 15-30 cm with aggregate. 

Sewage sludge dose (90,000 kg/ha) homogenous mixture first 15 centimeters.  
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2. Materials and methods

2.1. Irrigation

The soil contained in the columns was irrigated 
(8 applications) using tap water. The first five irri-
gations occurred every two weeks and the last three 
once per month. The irrigation applications lasted 6 
months. Collection of the leached water was carried 
out 24 hours after the last application. The contri-
bution of water was provided by a device that sim-
ulated short rainfall or a flood irrigation system that 
covered the surface and then percolated into the soil. 
It consists of a plastic recipient with holes punched 
in the bottom [10]. Water samples were taken from 
each one of them. Their saline characteristics were 
determined first, i.e., pH, electrical conductivity, the 
Na+, K+, Ca2+, and Mg2+ cations, as well as the Cl-, 
SO42-, and HCO3- anions [17].

2.2. Determination of some physical properties 
of the substratum

Bulk Density

Bulk density is defined as the ratio between the 
mass of the oven dry soil and the overall volume, 
which includes the volume of the particles and the 
porous space between them. It is dependent upon 
the soil particle densities (sand, silt, clay, and organ-
ic matter) and their type of packaging. Mineral par-
ticle densities are found within the range of 2.5 to 
2.8 g/cm3, while organic particles are usually <1.0 
g/cm3. The bulk density is a dynamic property that 
varies along with the structural conditions of the 
soil. It can serve as an indicator of the compaction 
and the restrictions to root growth (Table 5).

Table 5. General relationship of soil bulk density      
      to root growth based on soil texture

Soil texture
Ideal bulk 

densities (g/cm3)
Bulk densities that may 

affect root growth (g/cm3)
Bulk densities that restrict 

root growth (g/cm3)
Sands, loamy sands <1.60 1.69 >1.80
Sandy loams, loams <1.40 1.63 >1.80

Sandy clay loams, loams, clay loams <1.40 1.60 >1.75
Silts, silt loams <1.30 1.60 >1.75

Silt loams, silty clay loams <1.40 1.55 >1.65
Sandy clays, silty clays, some clay 

loams (35-45% clay)
<1.10 1.49 >1.58

Clays (>45% clay) <1.10 1.39 >1.47

Source: USDA (1999). Soil Quality Test Kit Guide

Measuring the bulk density in every case is im-
portant due to its great variability. Between an or-
ganic horizon and a very compact Bt horizon, the 
values may vary from 0.1 to 1.80 or even more 
grams per cubic centimeter; under these conditions, 
the errors that may occur in the estimated parame-
ters from it can be enormous. Determining the bulk 
density may be done by different methods, but pref-
erably two are used. The best way to determine the 
bulk density is by taking a fixed volume of undis-
turbed soil and weighing it once dry, after heating 
it at 105º C until it reaches a constant weight. To 
do this, a metallic cylinder with a volume close to 
100 mL is usually used. Once it is full and flush at 
both ends, the contained soil is extracted. Its volume 
corresponds to that of the cylinder and therefore 
known; it is then dried and weighed. The density is 
determined by the ratio between the weight obtained 
and the corresponding volume. The main drawback 
to this system is the presence of stones, so this can 
only be used in non-stony soil, which unfortunately, 
is less common. In this case, using another system is 
more convenient, one that is less precise but easier. 
It involves taking aggregate from the soil, as large 
as possible, drying it, and weighing it to learn its 
mass. A string is tied to it and it is submerged into 
molten paraffin to coat and waterproof its surface; 
once solidified, it can be weighed once again. The 
wax-coated aggregate is introduced into a graduated 
cylinder containing a known quantity of water. The 
volume gain of the water as a consequence of the 
introduction of the aggregate corresponds to its vol-
ume. This way, the two parameters necessary for the 
density calculation are learned. Although the paraf-
fin layer is very thin and its volume negligible, it 
can be estimated based on its density and the weight 
increase undergone by the aggregate following the 
waterproofing process. The main drawback of this 
method is that it cannot specify the volume of the 
cracks and interned voids. However, by wetting the 
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soil, they all disappear; this serves to determine the 
behavior of moist soil.  

Aggregate stability

Aggregate stability is a measure of the vulner-
ability of soil aggregates exposed to external dis-
ruptive forces. Soil aggregates consist of diverse 
particles that are bound to one another. Aggregates 
that resist the forces of water are called water-sta-
ble aggregates (WSA). In general, the higher the 
percentage of stable aggregate, the lower the soil 
erodibility. Soil aggregates are products of the soil 
microbial community, the organic and mineral com-
ponents in the soil, the nature of the plant commu-
nities on the surfaces, and the ecosystem history. 
They are important in the movement and storage of 
soil water, erosion, root development, and microbi-
al activity. The destruction of aggregates is the first 
step towards the development of crusting and sur-
face sealing, which prevent water infiltration and 
increase erosion. Soil aggregation can vary over 
certain periods of time, such as a season or a year. 
Aggregates can form, disintegrate, and re-aggregate 
periodically. Aggregates improve soil quality by: 

•	 Protecting the organic matter trapped in the 
aggregates from exposure to air and micro-
bial decomposition.

•	 Decreasing soil erodibility.
•	 Increasing the movement of water and air 

(aggregates increase the amount of large 
pore space), thus improving the physical 
environment for root development and the 
habitat for soil organisms. 

Determining the percentage of stable aggregates 
in the soil was performed by an artificial rain sim-
ulator according to the method described by [18].

2.3. Leachates

pH and electrical conductivity

Determining the electrical conductivity is per-
formed by an electrical conductivity meter, which 
incorporates a conductivity cell, considering 25 ºC 
as the reference temperature, according to current 
analysis methods [19]. Measuring the electrical 
conductivity depends upon the type of ions present 
in the sample, their concentration, and the tempera-
ture at which the reading is taken.

Anions

The chloride content was determined by the 
Mohr method, based on the formation of silver 
chloride, an insoluble salt, detecting the turning 
point by the appearance of a red precipitate of 
Ag2CrO4, a compound used as an indicator [19]. 
Sulfates were determined following the neph-
elometric technique [20]. The nitrate content is 
determined by second-derivative ultraviolet spec-
troscopy [21]. 

The method for the determination of phospho-
rous is based on the formation of a phosphomolyb-
dic complex in an acid medium, reduced by ascor-
bic acid, producing a blue coloration that is mea-
sured at 825 nm. The phosphorous is measured as a 
phosphate ion.

Cations

The method for determining ammonium is based 
on the development of indophenol blue by reaction 
of ammonium ions treated with a solution of sodi-
um hypochlorite and phenol in the presence of ni-
troprusside acting as a catalyst. The Na+, K+, Mg2+, 
and Ca2+ ions are measured directly in the sample or 
in appropriate dilutions by atomic emission spectro-
photometry in the case of the first two ions, and by 
atomic absorption for the last two [10].

2.4. Linear regression analysis

Simple linear regression analysis was applied to 
the developed experimental data. It aims to predict 
and/or estimate the values of the dependent variable 
based on obtaining a linear function of the indepen-
dent variable. Mathematically, the linear model or 
regression line is the following: 

Where	 a: cutoff point of the line 
	 with the response variable Y
	 Y: intercept
	 b: slope of the line, called the  

	 regression coefficient: the average 		
	 rate of increase or decrease in Y 		
	 caused by a unit increase in X.

Analyzing the degree of linear association be-
tween the dependent and independent variables is 

Y = a + b * X

Annals of Agrarian Science 2 (2020) 111 – 122M.M. Jordán et al.
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necessary. To do this, among other statistics that 
permit assessing the goodness of fit of the data to 
the linear regression model, we have used:

Simple linear correlation, r, or what is also called 
the Pearson linear correlation coefficient, measures 
the degree of linear association between the vari-
ables, i.e., the joint variation of the two variables. 
This measure is unitless and independent of the 
scale at which the variables are measured. Its inter-
pretation is very easy because it always takes values 
between 1 (strong positive linear association) and 
-1 (strong negative linear association). When the r 
values approach 0, no linear association exists be-
tween the considered variables, and therefore, de-
termining the model and linear regression equation 
will be meaningless.

There may be an interesting and informative 
nonlinear relationship of one variable given the 
other. Consequently, basing the evaluation of the 
relationship exclusively on r is neither safe nor rea-
sonable. In this sense, it is very convenient to ac-
company calculating r with the representation of the 
point cloud, since a visualization of the relationship 
between the variables will be obtained. A defined 
point cloud and a proximity between points close to 
the trend line that represents the correlation will in-
dicate an acceptable relationship between the vari-
ables.

The squared correlation coefficient (R2) rep-
resents the proportion of the variation of a variable 
that is explained by its linear association with an-
other variable.

3. Results and discussion

3.1. Physical properties

The bulk density and percentage of stable aggre-
gates have been determined as physical properties 
that can be modified following the application of or-
ganic amendments to the soil like is sewage sludge.

With respect to the substrata without amend-
ment, aggregate (Zo), degraded (Do), and a mixture 
of aggregate and degraded (Z+D)o, the results indi-
cate that substratum Zo has the lowest bulk density, 
logically due to its much thicker texture that is going 
to favor the availability of air voids in the column, 
decreasing the mass/volume ratio. As seen in Fig. 
2, the sludge application decreases the bulk density 
in the distinct substrata tested with respect to the 
control, with the decrease being greater the greater 
the sludge dose. The organic content of the applied 
residue is going to improve the substratum structure 
by favoring the formation of pores that contribute to 
the bulk density decrease [22]. High doses of sludge 
(90,000 kg/ha) obtain a bulk density inferior to 1.4 
g/cm3, a value recommended by the USDA [23]. for 
sandy loams and loams (Table 5). Bulk density val-
ues greater than 1.6 g/cm3 can affect root growth 
and even restrict it (Table 5). 

Figure 3 shows that the control substrata used 
have a relatively low percentage of stable aggre-
gates. The application of sludge significantly in-
creases the percentage of stable aggregates, with 
this increase much larger for the greater application 
rate (90,000 kg/ha). The increase of organic matter 

FFiigg..  22.. Bulk density (g/cm3) for the different substrata used 

FFiigg..  33..  Aggregate stability (%) in the different substrata used 
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in the soil will improve numerous properties there-
of, among which all those related with the structure, 
like bulk density, aggregate stability, porosity, etc., 
can be highlighted. The improved soil structure 
decreases its vulnerability to degradation process-
es such as erosion and compaction. Nevertheless, 
no cases reached the values recommended by the 
USDA [23] for soils with a clay fraction percentage 

around 15%, which was situated between 65-70%. 
Considering the percentage of organic matter in the 
substrata, the aggregation percentage should have 
been 53% for the case of D3 and 70% for the case 
of D9 (USDA, 1999). During our experiment, these 
values were not reached (Fig. 3). It must be kept in 
mind that aggregate stability should increase over 
time.

FFiigg..  22.. Bulk density (g/cm3) for the different substrata used 

FFiigg..  33..  Aggregate stability (%) in the different substrata used 
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3.2. Leachate analysis

The wash water of the mineral substratum can 
serve as a point of reference for possible contamina-
tion that may appear in groundwater when sewage 
sludge is applied as an amendment [5].

pH

No significant changes in the pH were produced 
between treatments; an acidifying trend was only 
seen in the first and third sampling in the treatments. 
Over time, it was observed that the pH values were 
more similar to that of the irrigating water before 
being added to the soil. The lowest pH values co-
incided with the beginning of the experiment (in-
corporation of residual matter and beginning of ir-
rigation) and when the greatest degradation of the 
organic matter appears to have occurred, between 
the second and third irrigation.

Electrical conductivity

An increase in this property was observed in 
the water collected from the columns treated with 

sludge with respect to the control. This is due to the 
resulting wash of the soluble salts that the biosolid 
applied to the soil provided. The electrical conduc-
tivity values were closely related with the dose of 
biosolid applied, above all during the first 3 consec-
utive irrigation applications. However, the electrical 
conductivity values were only worrisome during the 
first three irrigation applications; beginning with 
the fourth and particularly the fifth ones, the electri-
cal conductivity values stabilized as the preceding 
irrigations washed out the salts.

Inorganic nitrogen forms

Two of the three inorganic forms of nitrogen in 
the leachates are discussed: nitrates and ammonium. 
The nitrites analyzed in the wash water were very 
close to the detection limit of the technique used. 
Their results are not discussed because they were 
not significant.

An increase in nitrate concentration was ob-
served in the water resulting from the soils treat-
ed with sludge with respect to the control soil. The 
treatments with high sludge doses (90,000 kg/ha) 
are those that contributed higher NO3

- contents to 
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FFiigg..  44..  Correlation between the electrical conductivity and calcium 

FFiigg..  55..  Correlation between the electrical conductivity and magnesium 
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the water.  The highest NO3
- concentration in the 

leachates occurred in irrigations 1, 2, and 3 (2500-
300 mg/L). From the fourth irrigation application 
onward, the wash of this anion was much scarcer. 
The nitrates exceeded the recommended values in 
the two treatments. In any case, these high nitrate 
concentrations would drop with the restoration and 
development of vegetative cover, which would as-
similate a large portion of the nitrates, thereby re-
ducing the possible risk of groundwater contamina-
tion.

The values obtained for ammonium were only 
significant for the first irrigation application. This 
cation increased with the biosolide dose, whose 
differences decreased over time. The ammonium 
quantities were far inferior to those obtained for 
NO3

-, which is due to higher fixation of the NH4
+ in 

the mineral substratum and its participation in the 
nitrification process to produce the more oxidized 
forms of the nitrogen.

Anions

A certain tendency was observed in the phospho-
rus to increase with the sludge dose treatment. The 
highest values were obtained in the columns filled 
with degraded soil (D) and with the applications 
equivalent to 90,000 kg/ha of composted and treat-
ed sludge. The recommended concentration limits 
were not exceeded in any treatments. High natural 
limestone in this soil impeded in part the displace-
ment and loss of soil phosphorus (calcium phos-
phate precipitation).

Chlorides and sulfates are involved in mineral 
nutrition of plants. Furthermore, they are very rele-
vant quality control parameters of water. Significant 
differences appeared in the chloride anions between 
the treatments with sludge and the control. Quite 
possibly, the most influential factor when determin-
ing the Cl- in the leachates is the contribution from 
the sewage sludge, without forgetting that the sub-
strata used (aggregate and degraded soil) contains 
abundant salts. In fact, in the first two irrigation 
applications, high chloride values resulted in the 
control columns with the presence of aggregate (Z 
or Z+D) with lower values in the control columns 
filled with degraded soil (D). This observation 
demonstrates the contribution of chlorides by the 
wash of the aggregate (Z) used as a mineral sub-
stratum. The chlorides were practically completely 
washed out in the first three irrigation applications. 

In the case of sulfates, an increase was noted with 
the treatment that decreased over time, whose high-
est values were reached in the second irrigation ap-
plication. This circumstance corroborates the fact 
that the organic sulfur may have undergone organic 
matter mineralization processes and appeared in the 
leachates most significantly in the third sampling.

Cations

From the environmental point of view, the con-
centrations of Ca, Mg, Na and K in the leachates 
pose no risk. The contribution from soluble K+ with 
the sludge does not appear to produce an increase of 
this element in the leachates. It is possible that the 
clayey nature of this degraded soil limits the dis-
placement and loss of this nutrient that fixes rela-
tively easily to the clay minerals. In the sodium, a 
clear increase was noticed in the first and second ir-
rigation application with the treatment that was not 
significant for the remaining samplings. There was 
a tendency for its leaching to increase over time. 
The calcium seems to increase with the treatment 
and the sludge dose applied. Over time, its tendency 
is to decrease. The soil reaction with the sludge ap-
pears to have increased the presence of soluble Ca2+, 
as it appeared in the leachates in considerable con-
centrations. The magnesium increased significantly 
with the treatment, and diminished with the passing 
of time.

3.3. Correlations

In this section, the linear regressions obtained by 
relating some parameters with others are analyzed, 
which gives us an idea about the linear relationship 
existing between the variables being studied. To 
do this, we used Pearson’s linear correlation coef-
ficient (r) that measures the degree of association 
between the variables, i.e., the joint variation that 
exists between the two variables. Its value is com-
prised between 1 (strong positive linear association) 
and -1 (strong negative linear association). When 
the r values approach 0, this means that no linear 
association exists between the considered variables. 
Since not all the obtained correlations produced sig-
nificant results, we will only discuss those that did. 
Although there is no wide dispersion in the results, 
as can be seen in the different graphs, the linearity is 
more pronounced in the lower values, where a larg-
er quantity of data exists. It would be desirable for 
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future research to complete these correlations using 
a wider range of values.

The electrical conductivity correlated well with 
the alkaline and alkaline earth elements analyzed in 
the wash water, with the exception of K+ (Fig. 4, 5 
and 6). In the case of Ca2+, this correlation was ex-
cellent (Figure 4). It is obvious that the washed Ca2+ 
comes from both the substratum used as well as the 
sludge applied as organic amendment.

Moreover, we can show that the electrical con-
ductivity correlations with the anions presented a 
heterogeneous behavior. This correlation was excel-
lent with NO3

- (Fig. 7), but less so for either SO4
2- or 

Cl-, as could be expected (Fig. 8 and 9). This may 
be due to greater mobility and concentration of the 
NO3

- anion. The resulting nitrate values in the first 
irrigation applications were very high and so they 
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FFiigg..  66..  Correlation between the electrical conductivity and sodium 

FFiigg..  77..  Correlation between the electrical conductivity and nitrates
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washed out quickly. In the case of the chlorides, the 
concentrations were lower and, possibly, the ana-
lytical method used (volumetric) was not the most 
appropriate because it brought a greater error than 
other analytical techniques.

FFiigg..  88..  Correlation between the electrical conductivity and sulfates 

FFiigg..  99..  Correlation between the electrical conductivity and chlorides 
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Sulfates are salts that have a lower solubility than 
halite. There were significant correlations between 
the SO4

2- anion and the Mg2+, Ca2+, and K+ cations 
(Fig. 10, 11 and 12). The highest correlation was 
obtained with Mg2+ that comes mainly from the sub-
stratum formed by magnesium limestone and dolo-
mite subjected to a crushing process in the quarry 
plant (Figure 10). This may be due to the epsomite 
(MgSO4·7H2O) having a higher solubility than the 
anhydrite and gypsum (CaSO4 and CaSO4·2H2O, 
respectively).
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FFiigg..  1100..  Correlation between the sulfates and magnesium 

FFiigg..  1111..  Correlation between the sulfates and calcium 
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The good correlations obtained between the NO3
- 

anion and the alkaline earth elements and the Na+ 
were mainly due to their rapid percolation through 
the dissymmetrical columns, above all in the first 
irrigation applications (Fig. 13, 14 and 15).

Next, we will discuss the correlations obtained 
between the ions that formed very soluble salts (be-

FFiigg..  1122..  Correlation between the sulfates and potassium 
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tween 250 and 400 g/L). The only statistically sig-
nificant correlation occurred with Na+-Cl- (Fig. 16). 
Predictably, the chlorides presented an excellent 
correlation with Na+. NaCl (halite) is a very soluble 
salt and so geochemically it is very unstable and its 
mobility is very high.

4. Conclusions
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FFiigg..  1166..  Correlation between the chlorides and sodium 
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obtained with the Mg2+, Ca2+, and K+ cations, 
with the magnesium correlation highest, 
which could be due to it being more soluble 
[10].

–	 The good correlations between nitrates and 
the Ca2+, Mg2+, and Na+ cations could mainly 
be due to their high solubility, as they perco-
lated rapidly in the first irrigation applica-
tions [10].

–	 The chlorides showed excellent correlation 
with the sodium. NaCl (halite) is very sol-
uble and so its mobility is high [5, 10, 24].
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4.3. Correlations between leachate 
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–	 The electrical conductivity correlated well 
with the cations, with the exception of the 
potassium.
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relations with the anions, they were found 
to be excellent in the case of nitrates, which 
may be due to their high concentration and 
solubility; however, as expected, they were 
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