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Abstract: The lack of topsoil is frequently a limiting factor in limestone quarry restoration. This
implies that new technosols for maintaining target habitats must be created using mining wastes
as the main components. We designed three different technosols using different combinations of
mineral materials (mining wastes, excavated soils and topsoil), organic amendment types (compost
and digestate) and doses for the restoration of target habitats. Moreover, we monitored the main
physicochemical indicators of the quality of the technosols. We observed not only an increase in soil
organic carbon and plant nutrients related to the application of any type of organic amendment, but
that the digestate mostly increased the soil resistance to erosion by improving soil aggregation even
before the emergence of vegetation. Soil-water-retention capacity only improved in technosols built
with organic amendments and topsoil. The combination of mining wastes, organic amendments and
a superficial horizon of topsoil resulted in the most optimal technosol for the restoration of limestone
quarries in the Mediterranean climate.

Keywords: soil rehabilitation; habitat restoration; organic amendments; compost; digestate; soil
properties

1. Introduction

The extractive industry plays an essential role in modern society, as it supplies
minerals, aggregates and other materials to fundamental economic sectors, such as
construction or industry. However, open-cast mining causes localised and drastic
land degradation to the Mediterranean basin, where extensive karst landscapes have
been exploited for centuries [1]. Therefore, these extractive activities must rely on
restoration plans according to Catalan and European regulations [2,3], which usually
require the exploitation entity to deposit a guarantee bond that can only be recovered
upon completion of the restoration.

Land restoration affected by extractive activity must be conducted according to
a previously approved project, which essentially begins with the geomorphological
remodelling of the relief. For this purpose, slope–berm models have been traditionally
used [4]. This step must consider the creation of an associated drainage network that
enables runoff conduction. Subsequently, the edaphic cover must be replaced, and in
the last stage, sowings and plantations with autochthonous species may be carried out
to control erosion and restore the native ecosystem in case natural colonisation is not
developing fast enough [5].

In an ideal situation, the edaphic cover is replaced by using former soils in the
area that were previously separated by layering and stored in one-meter-high piles to
avoid compaction. But, if conserving the soil prior to exploitation is not possible, or
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the soil is not found in sufficient quantities, we have to seek viable alternatives. This
problem can often be solved by preparing artificial soils using mine wastes combined
with appropriate amendments. These soils are classified as technosols, according
to the World Reference Base (WRB) for Soil Resources [6]. Extractive activities can
use excavated soils and/or residues from the quarry extraction processes or crushed
rocks to construct these technosols [7]. Excavated soils are natural soils obtained off-
site that are transported to the quarry, mostly from nearby works, where the quarry
materials are also destined to go. The composition of such soils is highly variable,
and may include so-called artefacts (rubble, iron, ceramics, plastics, etc.). Excavated
soils can also come from large public works, such as highway or railway constructions;
thus, the soil composition can be relatively homogeneous. Mining wastes, which are
residues from extraction and aggregate processing (blasting debris, production waste)
in the limestone quarry or mining area, are usually available in large quantities for
constructing technosols. These wastes are normally used to restore the topography,
and can also be used as coarse fraction to emulate the natural stoniness or as a base of
mineral material in technosols. In the latter case, the properties of such wastes need to
be improved by adding excavated soils and/or organic amendments from separate-at-
source municipal organic wastes [8]. With this approach, the construction of technosols
can contribute to the valorisation of organic and mineral wastes in the context of
circular economy. Moreover, the valorisation of mining wastes also contributes to
reducing transport costs, and thus, greenhouse gas emissions.

Although not strictly necessary, adding organic amendments to technosols is highly
recommended, as these amendments provide essential nutrients for plants, enhance biolog-
ical activity and can increase the soil-water-retention capacity (WRC) [9]. Organic materials
can also significantly accelerate vegetation growth if they have adequate C:N ratios as well
as phosphorous and potassium contents. Rapid vegetation growth is especially important
for controlling soil erosion [10]. However, as organic amendments with relatively low
stability and labile organic substrates, such as sewage sludge, manure or biostabilised
substrates, can quickly generate a surplus of mineral nitrogen in the soil that can leach to
the groundwater, their effects must therefore be closely monitored [11].

The use of organic amendments in constructing technosols is widely studied as an
alternative to restoring heavily degraded soils, reducing deficiencies in physical properties
(water retention capacity, compaction, resistance to erosion, among others), organic matter
contents and nutrients [12–14].

Soil biology plays a critical role in the utilisation of organic amendments in technosols.
The soil microbiota, including bacteria, fungi and other microorganisms, are responsible for
breaking down organic matter into nutrients that can be used by plants. Utilising organic
amendments also stimulates the growth of soil microbiota [15].

Although there have been extensive studies on the effects of technosols on soil prop-
erties and the provision of ecosystem services over the years, there are still insufficient
studies focused on the design and characteristics of technosols specifically tailored to the
restoration of Mediterranean habitats.

The purpose of this work is to determine the effects of different mixtures of mineral
and organic wastes used for constructing technosols on soil properties and evaluate their
suitability for habitat restoration after an extractive activity.

2. Materials and Methods
2.1. Experimental Site

This study was carried out in the La Falconera limestone quarry, Barcelona (Catalonia,
NE Iberian Peninsula), which produces stones and aggregates for concrete manufacture
(Figure 1). The edaphoclimatic conditions in the zone are xeric and thermic [16].



Land 2023, 12, 1730 3 of 15

Land 2023, 12, x FOR PEER REVIEW 3 of 15 
 

This study was carried out in the La Falconera limestone quarry, Barcelona (Catalo-
nia, NE Iberian Peninsula), which produces stones and aggregates for concrete manufac-
ture (Figure 1). The edaphoclimatic conditions in the zone are xeric and thermic [16]. 

 
Figure 1. (Left): Location of the La Falconera quarry in Catalonia, NE Spain. (Right): Orthophoto 
of the La Falconera quarry. 

2.2. Experimental Setting 
The natural soils of the area are very shallow with plenty of rock outcrops, which 

means there is a scarcity of topsoil for restoration in the quarry. The technosols in this case 
study were constructed mainly using mineral debris from the quarry, as well as excavated 
soils at different proportions (Table 1). The characterisation of the materials used can be 
found in Table 2. 

Table 1. Proportions in volume (%) of the mineral materials and amendments in m3/ha used for 
constructing experimental plots. 

Technosol Blasting Debris (BD) Production Waste (PW) Excavated Soils 
Amendment Doses (m3/ha) 

Digestate Compost 
A 30 40 30 150 100 
B 60 40 0 150 100 
C 40 40 20 275 175 

Blasting debris is a very heterogeneous and coarse–stony sterile material derived 
from the limestone extraction process with clay intercalations, <30% fine fraction (<2 mm), 
a high carbonate content (>60%) and a high presence of large blocks (up to 1.5 m in diam-
eter). Production waste from the aggregate crushing and screening plant was also used. 
Being essentially gravel, it is a very stony, sterile material that is highly size-classified with 
little or very little fine fraction (<20%) and has a very high carbonate content (>80%). 

Excavated soils were also used for the technosols A and C. These are soils from work 
cuts. Usually of good quality, they may, however, contain artefacts and have a different 
mineral composition than the topsoil from the quarry area. Additionally, a small amount 
(ca. 60 m3, a negligible percentage of the total mineral material) of topsoil recovered from 
the zone of the quarry before exploitation was used in technosol B. This is a material with 
a relatively high organic matter content (2.2%), little fine fraction (<20%) and a high car-
bonate content (60%). Topsoil was stored in a dumping site inside the limits of the quarry, 
not following the basic prescriptions for soil storage, since piles were higher than one me-
ter. 

Figure 1. (Left): Location of the La Falconera quarry in Catalonia, NE Spain. (Right): Orthophoto of
the La Falconera quarry.

2.2. Experimental Setting

The natural soils of the area are very shallow with plenty of rock outcrops, which
means there is a scarcity of topsoil for restoration in the quarry. The technosols in this case
study were constructed mainly using mineral debris from the quarry, as well as excavated
soils at different proportions (Table 1). The characterisation of the materials used can be
found in Table 2.

Table 1. Proportions in volume (%) of the mineral materials and amendments in m3/ha used for
constructing experimental plots.

Technosol
Blasting

Debris (BD)
Production
Waste (PW)

Excavated
Soils

Amendment Doses (m3/ha)

Digestate Compost

A 30 40 30 150 100
B 60 40 0 150 100
C 40 40 20 275 175

Blasting debris is a very heterogeneous and coarse–stony sterile material derived from
the limestone extraction process with clay intercalations, <30% fine fraction (<2 mm), a
high carbonate content (>60%) and a high presence of large blocks (up to 1.5 m in diameter).
Production waste from the aggregate crushing and screening plant was also used. Being
essentially gravel, it is a very stony, sterile material that is highly size-classified with little
or very little fine fraction (<20%) and has a very high carbonate content (>80%).

Excavated soils were also used for the technosols A and C. These are soils from work
cuts. Usually of good quality, they may, however, contain artefacts and have a different
mineral composition than the topsoil from the quarry area. Additionally, a small amount
(ca. 60 m3, a negligible percentage of the total mineral material) of topsoil recovered from
the zone of the quarry before exploitation was used in technosol B. This is a material with a
relatively high organic matter content (2.2%), little fine fraction (<20%) and a high carbonate
content (60%). Topsoil was stored in a dumping site inside the limits of the quarry, not
following the basic prescriptions for soil storage, since piles were higher than one meter.

The natural ecosystems of the quarry prior to the exploitation mostly consisted of
Mediterranean Maquis shrublands and some pinus halepensis plantations on the lower parts
of the terrain.
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Table 2. Characterisation of the materials used in the construction on technosols in each of the study
plots.

Units Blasting
Debris (BD)

Production
Waste (PW)

Excavated
Soils Topsoils

250–75 mm % 31 0 6 21
75–10 mm % 34 29 24 34
10–2 mm % 16 42 23 26
<2 mm % 19 28 46 19
Bulk density t/m3 1.7 1.4 1.5 1.6

Sand % * 45.8 67.3 63.7 38.1
Loam % * 20.2 15 20.6 28.4
Clay % * 34 17.7 15.7 33.5
Carbonates % * 57 73 18 60
pH * 8.8 9 8.7 8.8
O.M. % * <0.5 <0.5 <0.5 1.7
E.C. 1:5 dS/m * 0.24 0.22 0.48 0.18
N Kjeldahl % * 0.08 0.073 0.12 0.1
N-NO3

− mg/kg * 2.7 4.1 12 28
P Olsen mg/kg * <5 <5 32.3 <5
Potassium mg/kg * 133 35 276 102
Calcium mg/kg * 6319 6092 5285 6481
Magnesium mg/kg * 293 102 269 121
Sodium mg/kg * 153 53 167 24
Cadmium mg/kg * <0.5 <0.5 <0.5 <0.5
Copper mg/kg * 28 <20 53 <20
Nickel mg/kg * 42 9.8 32 21
Lead mg/kg * 14 <5 29 10
Zinc mg/kg * 73 <25 100 37
Mercury mg/kg * <0.4 <0.4 <0.4 <0.4
Chromium mg/kg * 66 13 33 30

* The characterisation refers to the fine fraction (<2 mm).

After restoring the La Falconera limestone quarry, the target ecosystem is intended to
have a mosaic of three different habitats (forest, shrubland and grassland). Therefore, three
technosol soil profiles with different compositions and depths were designed in order to
meet the specific requirements of the target vegetation (Figure 2). The resulting soils can be
classified as Technoleptic Spolic Technosol, according to the WRB [6].

In order to determine the most optimal option for the soil restoration of the quarry,
three different treatments of organic amendments were applied to a 10 × 10 m plot with
each of these technosols, resulting in nine 10 × 10 m plots. First, soils were laid onto a layer
of mining debris that previously filled a 10 m high embankment. The A soil type was the
shallowest, with a total thickness of 40 cm, the B soil type had a total depth of 50 cm and
the C soil type was the deepest with a total depth of 60 cm. Then three different treatments
were specifically created for each type of technosol, two with organic amendments, i.e.,
compost (COM) or digestate (DIG), and one control (CNT). The organic amendments were
mixed with the mineral substrates at different depths according to Figure 2.

The compost and the digestate used were both obtained from the urban waste of
the municipality of Granollers (Barcelona). The digestate was produced from source-
separated organic household waste, and the compost was produced from this digestate
by adding pine wood splinters as a structuring agent. Both materials had low-heavy-
metal contents, making them suitable for agricultural uses according to Spanish regula-
tions [17] (Table 3).
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Figure 2. Soil profiles of the three types of technosols used in the quarry restoration.

Table 3. Analytical characterisation of the organic amendments used in the treatments.

Units Compost (COM) Digestate (DIG)

pH 7.9 8.7
Electrical conductivity at 25 ◦C dS/m 3.46 2.92
C:N ratio 11.6 10.9
Organic carbon % d.m. 24.6 29.3
Stability grade % 59.6 60.3
N-NH4

+ % d.m. 0.12 1.27
Total nitrogen % d.m. 2.63 3.91
BOD mg O2/g d.m. 10.26 34.20
Phosphorus (P2O5) % d.m. 1.04 0.858
Potassium (K2O) % d.m. 1.03 0.820
Cadmium mg/kg d.m. 0.76 0.56
Copper mg/kg d.m. 105 77.3
Chrome mg/kg d.m. 25.8 20.7
Mercury mg/kg d.m. <0.4 <0.4
Nickel mg/kg d.m. 16.7 10.7
Lead mg/kg d.m. 47.3 34.8
Zinc mg/kg d.m. 281 225
Impurities (Metals + Glass + Plastics)
>2 mm % d.m. 00.11 0.44

The technosols were constructed using the machinery available in the quarry (wheel
loader and dumpers). For each technosol, mineral wastes were put in piles according to
established (Table 1) and mixed proportions. Part of these mineral mixtures were amended
by adding predetermined doses of compost or digestate to the piles (Table 1). Amended
and unamended mineral mixtures were disposed at different depths, according to Figure 2.
Six months after creating the treatments, plots were sown with autochthonous plants from
each of the three target habitats.
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2.3. Soil Sampling

Soil samples of the upper 20 cm layer were taken from 20 × 20 cm squares at two
sampling times in order to sample only the amended horizons in all the technosols. The
first sampling took place just after spreading the technosols, and the second one right
before sowing and six months after the technosol spread. For each sample, particle size
was determined by the Robinson pipette method of sedimentation analysis [18]. Equiva-
lent CaCO3 was determined using the Bernard calcimetry method by measuring the CO2
volume released after the HCl addition. Electrical conductivity was determined in a 1:5
(w:v) water extract. Soil organic carbon (SOC) content was obtained by acid dichromate
oxidation. Nitrogen content was determined using the Kjeldahl method, available phospho-
rous using the Olsen method, available potassium using the ammonium acetate extraction
method [19], together with other measurements (magnesium, sodium, zinc, cadmium,
chrome, lead, mercury, nickel, copper and soil texture) that were carried out in an external
EU-accredited laboratory applying standard methods. Before sowing, the infiltration rate
of the soil was measured using a double-ring infiltrometer, the penetration resistance was
measured using a hand-penetrometer and the soil bulk density was measured by exca-
vating a 20 × 20 × 20 cm hole and filling it with calibrated sand of a known density [20].
Aggregate stability was determined by wet sieving [21] and soil water retention capacity
was estimated by gravimetry, using measures of water retention at saturation, after one
day, and then after 10 days, these being used as estimates of soil at FC and PWP.

2.4. Data Analysis

The effect of the organic amendment treatments on soil properties (aggregate stabil-
ity, penetration resistance, water retention, E.C., SOC and pH) was tested using one-way
ANOVAs for each technosol type, whereby the organic amendment treatment was con-
sidered a fixed factor. To test the variables measured at several sampling times, the effect
of the organic amendment treatment, the sampling time and the interaction treatment
time was tested using repeated-measures ANOVAs (rmANOVAS). The differences among
treatments in the soil type or sampling time were further tested by post hoc tests apply-
ing the Tuckey correction for multiple testing. Data were transformed when required to
improve normality and homoscedasticity. A p = 0.05 was used as the cut-off for statistical
significance throughout the case study and in this paper. All the results are presented as
means ± standard deviation.

3. Results

In the general characterisation of the soils performed after the application of the
amendments (Table 4), nonstatistically tested changes in nutrients among the treatments
can be observed. In A and C technosols, the results show that treatments with compost
and digestate increased the nitrogen content in the soil, as expected. Other nutrient (P, K,
Mg, Na, Zn) concentrations appear to increase with the application of amendments, while
the soil C/N ratio appears to decrease. The metal concentration of the soils does not reach
abnormal levels in any of the plots.

The effect of the amendments on the pH and EC is different in each soil (Tables 5 and 6).
In soil A, both amendments present a significant pH decrease after the application of the
amendments, as well as a significant EC increase. However, after six months, both the pH
decrease and the EC increase can only be observed in the digestate treatment. In soil C, both
amendments also show a pH decrease and an EC increase after the application, wherein the
pH decrease and the EC increase are significantly more remarkable in the digestate than in the
compost. After six months, no effect of the amendment treatments was observed in soil C. Soil
B exhibited no significant effects of the amendments on its pH or EC.
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Table 4. Bulk density, granulometric proportions, textural classes and macro- and micronutrients and
metal contaminants of the soils in each technosol type and organic amendment treatment. The value
for coarse elements refers to the percentage of the original sample. The remaining granulometries
are indicated as the percentage of the fraction < 2 mm. Treatments are identified as CNT = control,
DIG = digestate and COM = compost. The soil textural classes are abbreviated as ClLo = ClayLoam,
SaClLo = SandyClayLoam, Lo = Loam and SaLo = SandyLoam. For each parameter in this table,
n = 1.

Soil Parameter Units
A B C

COM DIG CNT COM DIG CNT COM DIG CNT

Bulk density (Mg/m3) 1.66 1.91 1.59 1.74 1.75 1.28 1.4 1.25 1.3
Coarse elements
(>2 mm) (%) 69.3 63.7 67.2 64.2 72.4 71.2 64.8 65.6 68

Clay (%) 25.8 23.7 29.1 35.4 33.5 33.9 22.9 18.9 29.3
Loam (%) 30.7 26.8 26.3 28.3 22.4 24.8 28.5 26.5 22.2
Sand (%) 43.5 49.5 44.6 36.3 44.1 41.3 48.6 54.6 48.5
Soil texture
(USDA) Lo SaClLo ClLo ClLo ClLo ClLo Lo SaLo SaClLo

N Kjeldahl (%) 0.08 0.09 0.02 0.23 0.22 0.16 0.09 0.1 0.03
P Olsen (mg/Kg) 66.1 54 9.07 <5 <5 <5 80.9 56.4 10
Potassium (mg/Kg) 288 263 129 205 219 164 291 242 137
Magnesium (mg/Kg) 229 242 182 154 159 145 250 245 197
Sodium (mg/Kg) 203 172 94 49 37 37 200 183 98
C:N ratio 6.15 6.39 14.5 8.42 10.07 10.15 9.23 6.51 10
Zinc (mg/Kg) 65 58 53 52 55 46 72 57 47
Cadmium (mg/Kg) <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Chrome (mg/Kg) 26 28 27 44 48 37 31 27 23
Lead (mg/Kg) 12 10 9.8 14 16 12 12 9.1 9.2
Mercury (mg/Kg) <0.4 <0.4 <0.4 <0.4 <0.4 <0.4 <0.4 <0.4 <0.4
Nickel (mg/Kg) 20 21 19 28 31 25 21 18 17
Copper (mg/Kg) 45 30 38 21 23 <20 63 34 27

Table 5. The pH and electrical conductivity values in the different amendment treatments. Letters
indicate significant differences among amendment treatments and * indicates significant differences
within sampling times. T0: moment of application of the amendments; T1: six months after the
application of amendments. The letters A, B and C refer to the soil types. The treatments are indicated
as CNT = control, DIG = digestate and COM = compost. Values are means with ± standard error. For
each parameter in this table, n = 3.

pH EC (µS/cm)

T0 T1 T0 T1

A—COM 8.30 ± 0.03 (b) 8.32 ± 0.01 (ab) 557.93 ± 37.71 (b) 262.80 ± 12.99 (a) *
A—DIG 8.27 ± 0.05 (b) 8.24 ± 0.06 (b) 592.03 ± 8.06 (b) 322.47 ± 33.5 (b) *
A—CNT 8.53 ± 0.05 (a) 8.38 ± 0.03 (a) * 303.50 ± 74.88 (a) 257.03 ± 13.25 (a)

B—COM 8.29 ± 0.15 (a) 8.48 ± 0.08 (a) 230.07 ± 7.30 (a) 202.30 ± 23.75 (a) *
B—DIG 8.07 ± 0.05 (a) 8.41 ± 0.05 (a) * 230.00 ± 19.87 (a) 172.27 ± 25.55 (a) *
B—CNT 8.10 ± 0.12 (a) 8.53 ± 0.13 (a) * 223.10 ± 11.99 (a) 163.17 ± 7.24 (a) *

C—COM 8.26 ± 0.04 (b) 8.52 ± 0.01 (a) * 476.27 ± 30.69 (b) 334.90 ± 29.04 (a)
C—DIG 8.10 ± 0.04 (c) 8.25 ± 0.09 (a) * 687.93 ± 20.18 (c) 327.90 ± 1.54 (a) *
C—CNT 8.49 ± 0.03 (a) 8.43 ± 0.17 (a) 324.30 ± 41.50 (a) 179.90 ± 330.78 (a) *
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Table 6. p-Values of the rmANOVAs testing the effects of organic amendments, sampling times and
their interaction in pH, EC and SOC. The letters A, B and C refer to the soil types. For each parameter
in this table, n = 3.

Amendment Time Amendment × Time

A
pH 0.0004 0.0964 0.043
EC 0.0002 0.0001 0.0089

SOC 0.0008 0.042 0.3511

B
pH 0.2612 <0.0001 0.0312
EC 0.2117 0.0005 0.1524

SOC 0.0003 0.0006 0.3695

C
pH 0.0045 0.0143 0.0244
EC 0.0407 0.0151 0.9501

SOC 0.0001 0.0008 0.0031

The effect of the amendments on soil organic carbon (SOC) also differs among the
soils (Figure 3 and Table 6). In soil A, both amendments present a significant increase
in the SOC after their application; this effect persisted after six months. In soil B, both
amendments also show increased SOC after application; this effect can also be observed
after six months, although the SOC concentration remains higher in the digestate treatment
than the compost treatment. The SOC in soil C presents no significant effects of the
amendments after application. However, after six months, SOC concentrations remain
higher in the treatments with additional organic amendments.
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the compost treatment. The SOC in soil C presents no significant effects of the amend-
ments after application. However, after six months, SOC concentrations remain higher in 
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Figure 3. Soil organic carbon (SOC) in the different amendment treatments. Letters indicate signifi-
cant differences among amendment treatments and * indicates significant differences in sampling 
times. Time 0: moment of application of the amendments. Time 1: six months after the application 
of amendments. Error bars indicate the standard deviation. The letters A, B and C refer to the soil 
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The statistical analyses show no significant differences between the organic amend-
ment treatments in the soil resistance to penetration (Figure 4). 

Figure 3. Soil organic carbon (SOC) in the different amendment treatments. Letters indicate significant
differences among amendment treatments and * indicates significant differences in sampling times.
Time 0: moment of application of the amendments. Time 1: six months after the application of
amendments. Error bars indicate the standard deviation. The letters A, B and C refer to the soil
types. The treatments are indicated as COM = compost, DIG = digestate and CNT = control. For each
parameter in this graph, n = 3.

The statistical analyses show no significant differences between the organic amend-
ment treatments in the soil resistance to penetration (Figure 4).
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In soil A, the organic amendment effect on aggregate stability differs among soil types
and aggregate sizes (Figure 5). Both organic amendments significantly increase the stable
aggregates of the highest diameter (>2 mm), and either compost or digestate also increase
the stable aggregates of medium diameter as well (2–0.5 mm). In contrast, the control
treatment has stabler aggregates of smaller diameters (0.5–0.053 mm). In soil B, however,
the organic amendment treatments caused no significant effects on the aggregate stability.
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Figure 5. Proportion of stable aggregates of different sizes in the organic amendment treatments.
(a) Proportion of stable aggregates in soil A; (b) Proportion of stable aggregates in soil B; (c) Proportion
of stable aggregates in soil C. Treatments are indicated as CNT = control, COM = compost and
DIG = digestate. The bars indicate the standard deviation. Different letters indicate significant
differences among treatments for each soil type and particle size (α = 0.05). For each parameter in
this graph, n = 3.

Soil C shows a significantly increased stability of aggregates with the largest and
smallest diameters (>2 mm and 0.125–0.053 mm) in the digestate treatment. However,
the compost treatment did not show significant differences when compared to the control
treatment.

4. Discussion
4.1. Soil Chemical Properties

One of the most evident effects of applying organic amendments was the increased
level of macronutrient concentration in the constructed technosols. In the A and B tech-
nosols, the nitrogen concentration increased with the application of organic amendments
(Table 4). At the same time, it must be noted that a proportion of the nitrogen supplied by
the amendments could have been lost due to volatilisation under conditions of adequate
moisture in the soil [22], since the pH was >8. Organic amendments tended to lower the
soil pH, which is a relevant factor to consider when preventing potential N losses. A 10 cm
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layer of topsoil was added to soil B, such that the organic amendments were added to the
underlying soil layer. Therefore, the organic amendment did not have an immediate effect
on the nutrient content of the soil surface layer, and their observed effect was limited in
this soil.

According to Mikkelsen and Hartz [23], the C:N ratio of organic materials added
as amendments is a good, but not an absolute predictor of whether N is immobilised
(C:N > 25) or mineralised (C:N < 20). In all technosols studied, the soil C:N ratio had values
below 20 (Table 3), and thus the nitrogen supplied by the amendments was most likely
being mineralised and taken up by plants to a large extent [24].

The phosphorus content in the soil also increased with the applications of organic
amendments (Table 4). Even though both organic amendments had the same origin, the
phosphorus increases were greater in the compost treatment than the digestate treatment
due to the mass loss during the composting process and the subsequent increase in the
phosphorous concentration in the compost (Table 3). Phosphorus availability in plants is
generally reduced in the pH range of the soils studied (between 8.07 and 8.53), thereby
making the phosphorus applied with the amendments particularly important for early veg-
etation growth. It must also be considered that organic matter supplied by the amendments
can reduce phosphorus fixation in soils [24]. Moreover, the amendment enhancement of
the phosphatases activity and the physical decomposition of the supplied organic mate-
rial may also result in greater phosphate mineralisation [25]. However, in the mid-term,
low phosphorous availability is expected due to the alkaline pH of the highly calcareous
materials used for technosol construction, which immobilises phosphorous as calcium
triphosphate [26,27].

Potassium increased with the application of amendments (Table 4), also showing
higher values in the compost treatment, which may also be linked to mass loss during the
composting process. The amount of available potassium generally increases in organically
amended soils due to the relatively high amount of potassium in organic amendments
and the increased CEC related to the higher organic matter content [22]. Magnesium also
increased with the application of organic amendments (Table 4). However, in this case,
there were no remarkable differences between the two organic treatments. The calcium
content of CEC was not considered relevant for this study, since the soils of the area were
saturated with calcium due to the hyperabundance of calcite.

An increase in micronutrients and metals was also observed in the compost and
digestate treatments (Table 4), corresponding to the amount of these elements in the organic
amendments. The organic matter resulting from the amendments and its transformation
into humus can increase the availability of micronutrients, such as zinc and copper, in the
soil [22]. In calcareous soils, the pH, clay content, organic matter and CEC are the most
significant factors of zinc adsorption [28]. As zinc availability decreases with increasing
pH [28], the addition of organic amendments along with a decrease in soil pH (Table 5)
increases the amount of available zinc [29].

Similarly, an important factor in the mobility of lead, copper, cadmium and zinc is the
amount of organic matter in the soil [30]. Many authors [31–33] found that soils with higher
organic carbon content associated with added organic fertilisers have a lower amount of
available cadmium. This effect is explained by the high-cation-exchange capacity of organic
matter and its ability to form stable complexes with cadmium. Nonetheless, cadmium
complexation is not a relevant mechanism in this case, given the low concentration of
cadmium in the resulting technosols after adding the organic amendments (Table 4) [34].
On the other hand, the mobility of metals is substantially reduced at the basic pH ranges of
these soils.

Sodium also increased in the treatments with amendments (Table 4). Nonethe-
less, the technosols are saturated by calcium from the dissolution of carbonates (free
calcium < 7000 mg/Kg in all soils), contributing to decreased sodium adsorption ratio
(SAR) values [35]; therefore, sodicity is not a major issue on these soils. Regarding salinity,
electrical conductivity increases with the application of the amendments (Table 5), and
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soluble salts generally decrease significantly after six months, although some values remain
high in the digestate treatments. In any case, the electrical conductivity values of such soils
are far below the minimum, such that they cannot even be regarded as being slightly saline
(2000 µS/cm) [35].

As previously mentioned, an important factor in the ability of plants to benefit from
nutrients is the soil pH (Table 5). It should also be considered that the pH of the natural
leptosols in the area, with values of 7.9 on average, is lower than those of the technosols.
Nonetheless, higher pHs should not impact vegetation growth unless phosphorus is limited.
In this regard, the organic amendment produced an initial acidifying effect in soils A and
C, but not in soil B—an effect that may have been produced by the superficial layer of
topsoil. This acidifying effect disappeared or attenuated over time, which can probably
be attributed to the buffering capacity of these alkaline soils. The measured pH values
(8.2–8.5) can reduce the availability of some nutrients, such as nitrogen and, particularly,
phosphorus [22]. Therefore, the phosphorous contribution by the organic amendments
become even more relevant at the pH ranges of calcareous soils.

As expected, after directly applying the organic amendments, the soil organic carbon
increased and maintained a significantly high level after six months (Figure 3). In the
soils without topsoil, the amendment-induced improvement of soil aggregation may have
contributed to the physical protection of soil organic carbon against microbial decompo-
sition and soil carbon stabilisation [36,37]. Soil structure can contribute to organic matter
storage by providing physical protection for organic substrates, thereby preventing their
degradation by microbial communities. This mechanism is mediated by both pore-size
distribution and the formation of soil aggregates [38].

4.2. Soil Physical Factors

The surface horizons of the technosols tended to resemble the A horizons of the natural
haplic leptosols of the Garraf area in terms of textural classes, with textures from loam
to clay loam, although some of the plots contained a slightly higher proportion of sand
and reached sandy clay loam textures (Table 4). One of the main differences with natural
soils is the higher proportion of stones in these technosols, i.e., 15–35% in natural soils
compared to 60–75% in technosols. These coarse elements also presented very wide size
ranges, including gravel diameter of a few centimetres and blocks that can reach up to
50 cm in diameter. This generates a great internal heterogeneity in the technosols, which
causes high dispersion in some variables, as can be seen in the bulk density measures
(Table 4).

The resistance to the soil surface penetration (Figure 4) informs whether clayey textures
and soil compaction could be a problem for initial plant development. Soil A treated with
digestate was the only one that showed signs of compaction. However, this was most likely
due to the accidental compaction by the machinery used to build the plots and was not
related to the organic amendment treatments.

In this study, the addition of digestate increased the amount of macroaggregates in
soils A and C (Figure 5), which may be related to a higher biological activity compared to
controls and compost treatments. The stability of soil aggregates depends on both abiotic
and biotic factors, the former being mainly related to the clay content of the soil [39]. The
aggregation process occurs in a hierarchical way, whereby small soil particles stabilise into
mature soil aggregates when biotic factors are the main aggregating agents [39]. Although
this is specific to each soil, the hierarchy of soil aggregates can be classified in three main
orders: clay microstructures (<2 µm in diameter), microaggregates (2 to 250 µm) and
macroaggregates (>250 µm) [39]. In clayey microstructures, clay–humic complexes are
stabilised by humic acids and bivalent inorganic ions (e.g., Ca2+). Microaggregates are
directly stabilised by microbial products, such as polysaccharides, hyphae and bacterial
colonies [39]. In contrast, the formation of macroaggregates and their transient stabilisation
is mediated by the presence of plant roots, fungal and soil fauna activities [40], and are thus
more vulnerable to disturbances. However, the effect of added organic amendments was
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not observed in soil B, where the topsoil probably retained part of the edaphic structure
and biota from the former natural soils of the area, and the amendments did not have
as much impact as on the other soils. The treatments in soil B only showed a significant
improvement in the 1–2 mm fraction of aggregates.

5. Conclusions

The application of organic amendments was particularly suitable for improving the
properties of technosols constructed without scrapped topsoil, such as nutrient concentration,
soil organic matter and aggregate stability, thereby providing them strong robust structures.
As expected, soil organic carbon increased after direct application of both types of organic
amendments, and the effects persisted after six months. Macroaggregate stability had a greater
improvement with the application of digestates compared to compost; this is probably due to
the enhancement of biological activity. On the other hand, organic amendments also increased
the EC and lowered the soil pH right after their application; six months after applying the
amendments, these effects only persisted in the case of digestates.

It must also be noted that the application of organic amendments did not significantly
improve most of the superficial soil properties when topsoil was applied as a superficial
layer of technosols. In this case, the technosols constructed using topsoil already had high
soil organic carbon content, good aggregation and structure as well as adequate nutrient
content, even without amendments. Therefore, scrapped topsoil should be appropriately
stored during quarry exploitation and used in restoration works whenever possible. How-
ever, as topsoil is not always available or, at least, not in sufficient quantities, the use of
mineral and organic amendments, and particularly digestate from source-separated organic
household waste, may be the most beneficial treatment for improving soil properties and
soil carbon sequestration for the ecosystem restoration of Mediterranean habitats. More-
over, this option can be very helpful in contributing towards circular economies and waste
valorisation, since urban mineral and organic wastes are used as resources for technosol
construction.

Author Contributions: Conceptualisation, V.C. and J.M.A.; methodology, V.C. and J.M.A.; validation,
V.C. and J.M.A.; formal analysis, P.S.; investigation, P.S., V.C., J.M.A. and D.F.; resources, J.M.A., V.C.
and I.R.; data curation, S.M.-J., V.C. and P.S.; writing—original draft preparation, P.S.; writing—review
and editing, P.S., S.M.-J., V.C., D.F., I.R., J.M.A., M.P. and R.G.; visualisation, P.S.; supervision, M.P.,
V.C. and J.M.A.; project administration, J.M.A.; funding acquisition, M.P., J.M.A. and V.C. All authors
have read and agreed to the published version of the manuscript.

Funding: This paper has been produced thanks to the funding of the project “Research, innova-
tion, and promotion of the use of organic amendments and organic waste for soil restoration” (ref.
G0832_2021_38), financed by the Catalan Waste Agency (Government of Catalonia).

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to privacy reasons.

Acknowledgments: The authors acknowledge the PROMSA company and the CONSORCI PER A
LA GESTIÓ DELS RESIDUS DEL VALLÈS ORIENTAL for their support on the construction of the
experimental plots.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the paper; or in the
decision to publish the results.

References
1. Gams, I.; Nicod, J.; Julian, M.; Anthony, E.; Sauro, U. Environmental change and human impacts on the Mediterranean karst

of France, Italy and the Dinaric Region. In Karst Terrains. Environmental Changes and Human Impact; Williams, P.W., Ed.; Catena
Verlag: Cremlingen-Destedt, Germany, 1993; pp. 9–98.

2. European Parliament and council of the European Union. Directive 2006/21/EC of 15 March 2006 on the Management of Waste from
Extractive Industries and Amending Directive 2004/35/EC; European Parliament and council of the European Union: Bruselles,
Belgium, 2006.



Land 2023, 12, 1730 14 of 15

3. de Catalunya, G. Ley 12/1981, de 24 de diciembre, por la que se establecen normas adicionales de protección de los espacios de
especial interés natural afectados por actividades extractivas. DOGC 1981, 189, DOGC-f-1981-90012.

4. Martín Duque, J.F.; Sanz, M.A.; Bodoque, J.M.; Lucía, A.; Martín, C. Restoring earth surface processes through landform design.
A 13-year monitoring of a geomorphic reclamation model for quarries on slopes. Earth Surf. Process. Landf. 2010, 35, 531–548.
[CrossRef]

5. Young, R.E.; Gann, G.D.; Walder, B.; Liu, J.; Cui, W.; Newton, V.; Nelson, C.R.; Tashe, N.; Jasper, D.; Silveira, F.A.O.; et al.
International principles and standards for the ecological restoration and recovery of mine sites. Restor. Ecol. 2022, 30, e13771.
[CrossRef]

6. IUSS. Working Group WRB World reference base for soil resources 2006. In World Soil Resources Reports No. 103; FAO: Rome, Italy,
2006.

7. Norman, D.; Wamper, P.; Throop, A.; Schnitzer, F.; Rolof, J. Best Management Practices for Reclaiming Surface Mines in Washington
and Oregon., 1st ed.; Oregon Department of Geology and Mineral Industries: Portland, OR, USA, 1997.

8. Alcañiz, J.M.; Ortiz, O.; Carabassa, V. Manual de restauració D’activitats Extractives amb Fangs de Depuradora. In Agència
Catalana de l’Aigua, Departament de Medi Ambient i Habitatge, 1st ed.; Generalitat de Catalunya: Barcelona, Spain, 2007.

9. Ojeda, G.; Alcañiz, J.M.; Le Bissonnais, Y. Differences in aggregate stability due to various sewage sludge treatments on a
Mediterranean calcareous soil. Agric. Ecosyst. Environ. 2008, 125, 48–56. [CrossRef]

10. Watkinson, A.D.; Lock, A.S.; Beckett, P.J.; Spiers, G. Developing manufactured soils from industrial by-products for use as growth
substrates in mine reclamation. Restor. Ecol. 2017, 25, 587–594. [CrossRef]

11. Carabassa, V.; Ortiz, O.; Alcañiz, J.M. Sewage sludge as an organic amendment for quarry restoration: Effects on soil and
vegetation. Land Degrad. Dev. 2018, 29, 2568–2574. [CrossRef]

12. Zocche, F.J.; Sehn, L.M.; Pillon, J.G.; Schneider, C.H.; Olivo, E.F.; Raupp-Pereira, F. Technosols in coal mining areas: Viability of
combined use of agro-industry waste and synthetic gypsum in the restoration of areas degraded. Clean. Eng. Technol. 2023, 13,
100618. [CrossRef]

13. Ruiz, F.; Perlatti, F.; Oliveira, D.P.; Ferreira, T.O. Revealing Tropical Technosols as an Alternative for Mine Reclamation and Waste
Management. Minerals 2020, 10, 110. [CrossRef]

14. Jordán, M.M.; García-Sánchez, E.; Almendro-Candel, M.B.; Pardo, F.; Vicente, A.B.; Sanfeliu, T.; Bech, J. Technosols designed
for rehabilitation of mining activities using mine spoils and biosolids. Ion mobility and correlations using percolation columns.
CATENA 2017, 148, 74–80. [CrossRef]

15. Tejada, M.; Hernandez, M.T.; Garcia, C. Application of Two Organic Amendments on Soil Restoration: Effects on the Soil
Biological Properties. J. Environ. Qual. 2005, 35, 1010–1017. [CrossRef]

16. RuralCat, Generalitat de Catalunya. Departament d’Acció Climàtica Alimentació i Agenda Rural. Agrometeorological Data from
the Garraf-Sant Pere de Ribes Station, 2021–2022. Available online: https://ruralcat.gencat.cat/web/guest/agrometeo.estacions
(accessed on 2 June 2022).

17. Gobierno de España, Real Decreto 506/2013, de 28 de Junio, Sobre Productos Fertilizantes. «BOE» núm. 164, de 10/07/2013.
Available online: https://www.boe.es/eli/es/rd/2013/06/28/506 (accessed on 22 May 2023).

18. Clarke Topp, G.; Ferré, P.A. Methods of Soil Analysis Part 4 Physical Methods; SSSA: Madison, WI, USA, 2002.
19. American Society of Agronomy. Methods of soil analysis. In Part 2 Chemical and Microbiological Properties, 2nd ed.; American

Society of Agronomy: Madison, WI, USA, 1982.
20. Jorba, M.; Vallejo, V.R. Criteris i Mètodes D’avaluació in Manual per a la Restauración de Pedreres de Roca Calcària en Clima Mediterrani,

1st ed.; Direcció General de Qualitat Ambiental. Àrea d’Avaluació i Restauració d’Activitats Extractives: Catalonia, Spain, 2010;
Volume 5.1, pp. 99–101.

21. Raya-Moreno, I. Efectes de L’aplicació de Biochar de pi i de Blat de Moro en el Carboni Orgànic d’un sòl Agrícola Mediterrani.
Ph.D. Thesis, Universitat Autònoma de Barcelona, Barcelona, Spain, 2018.

22. Angelova, V.; Akova, I.R.; Artinova, S.; Ivanov, I. The effect of organic amendments on soil chemical characteristics. Bulg. J. Agric.
Sci. 2013, 19, 958–971.

23. Mikkelsen, R.; Hartz, T.K. Nitrogen sources for organic crop production. Better Crops 2008, 92, 16–452.
24. Sharpley, A.; Syers, J. Seasonal variations in casting activity and in the amounts and release to solution of phosphorous forms in

earthworm casts. Soil Biol. Biochem. 1977, 9, 227–231. [CrossRef]
25. Brust, G.E. Chapter 9—Management Strategies for Organic Vegetable Fertility. In Safety and Practice for Organic Food, 1st ed.;

Biswas, D., Micallef, S.A., Eds.; Elsevier: Amsterdam, The Netherlands, 2019; pp. 193–212. [CrossRef]
26. Tunesi, S.; Poggi, V.; Gessa, C. Phosphate adsorption and precipitation in calcareous soils: The role of calcium ions in solution and

carbonate minerals. Nutr. Cycl. Agroecosystems 1999, 53, 219–227. [CrossRef]
27. Carabassa, V.; Domene, X.; Díaz, E.; Alcañiz, J.M. Mid-term effects on ecosystem services of quarry restoration with Technosols

under Mediterranean conditions: 10-year impacts on soil organic carbon and vegetation development. Restor. Ecol. 2019, 28,
60–970. [CrossRef]

28. Afif, E.; Matar, A.; Torrent, J. Availability of phosphorus applied to calcareous soils of West Asia and North Africa. Soil Sci. Soc.
Am. J. 1993, 57, 756–760. [CrossRef]

29. Shuman, L.M. Organic waste amendments effect on zinc fractions of two soils. J. Environ. Qual. 1999, 28, 1442–1447. [CrossRef]

https://doi.org/10.1002/esp.1950
https://doi.org/10.1111/rec.13771
https://doi.org/10.1016/j.agee.2007.11.005
https://doi.org/10.1111/rec.12464
https://doi.org/10.1002/ldr.3071
https://doi.org/10.1016/j.clet.2023.100618
https://doi.org/10.3390/min10020110
https://doi.org/10.1016/j.catena.2016.02.027
https://doi.org/10.2134/jeq2005.0460
https://ruralcat.gencat.cat/web/guest/agrometeo.estacions
https://www.boe.es/eli/es/rd/2013/06/28/506
https://doi.org/10.1016/0038-0717(77)90026-8
https://doi.org/10.1016/B978-0-12-812060-6.00009-X
https://doi.org/10.1023/A:1009709005147
https://doi.org/10.1111/rec.13072
https://doi.org/10.2136/sssaj1993.03615995005700030022x
https://doi.org/10.2134/jeq1999.00472425002800050008x


Land 2023, 12, 1730 15 of 15

30. Mandal, B.; Hazra, G.C. Zn adsorption in soils as influenced by different soil management practices. Soil Sci. 1997, 162, 713–721.
[CrossRef]

31. Zeng, H.; Chen, L.; Yang, Y.; Deng, X.; Zhou, X.; Zeng, Q. Basal and Foliar Treatment using an Organic Fertilizer Amendment
Lowers Cadmium Availability in Soil and Cadmium Uptake by Rice on Field Micro-Plot Experiment Planted in Contaminated
Acidic Paddy Soil. Soil Sediment Contam. 2019, 28, 1–14. [CrossRef]

32. Guo, F.; Ding, C.; Zhou, Z.; Huang, G.; Wang, X. Effects of combined amendments on crop yield and cadmium uptake in two
cadmium contaminated soils under rice-wheat rotation. Ecotoxicol. Environ. Saf. 2018, 148, 303–310. [CrossRef]

33. Elouear, Z.; Bouhamed, F.; Boujelben, N.; Bouzid, J. Application of sheep manure and potassium fertilizer to contaminated soil
and its effect on zinc, cadmium and lead accumulation by alfalfa plants. Sustain. Environ. Res. 2016, 26, 131–135. [CrossRef]

34. Ross, S.M. Retention, transformation and mobility of toxic metals in soils. In Toxic Metals in Soil–Plant Systems; Ross, John Wiley &
Sons: Chichester, UK, 1994; pp. 63–153.

35. Gondek, M.; Weindorf, D.C.; Thiel, C.; Kleinheinz, G. Soluble Salts in Compost and Their Effects on Soil and Plants: A Review.
Compost. Sci. Util. 2020, 28, 59–75. [CrossRef]

36. Baldock, J.A. Composition and Cycling of Organic Carbon in Soil. In Nutrient Cycling in Terrestrial Ecosystems; Marschner, P.,
Rengel, Z., Eds.; Soil Biology, Springer: Berlin/Heidelberg, Germany, 2007; Volume 10. [CrossRef]

37. Goldberg, N.; Nachshon, U.; Argaman, E.; Ben-Hur, M. Short Term Effects of Livestock Manures on Soil Structure Stability, Runoff
and Soil Erosion in Semi-arid Soils under Simulated Rainfall. Geosciences 2020, 10, 213. [CrossRef]

38. Caravaca, F.; Garcia, C.; Hernández, M.T.; Roldán, A. Aggregate stability changes after organic amendment and mycorrhizal
inoculation in the afforestation of a semiarid site with Pinus halepensis. Appl. Soil Ecol. 2002, 19, 199–208. [CrossRef]

39. Lal, R. Soil erosion and the global carbon budget. Environ. Int. 2003, 29, 437–450. [CrossRef]
40. Carter, M.R.; Stewart, B.A. Structure and Organic Matter Storage in Agricultural Soils; CRC Press: Boca Raton, FL, USA, 1996; p. 477.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1097/00010694-199710000-00004
https://doi.org/10.1080/15320383.2018.1525336
https://doi.org/10.1016/j.ecoenv.2017.10.043
https://doi.org/10.1016/j.serj.2016.04.004
https://doi.org/10.1080/1065657X.2020.1772906
https://doi.org/10.1007/978-3-540-68027-7_1
https://doi.org/10.3390/geosciences10060213
https://doi.org/10.1016/S0929-1393(01)00189-5
https://doi.org/10.1016/S0160-4120(02)00192-7

	Introduction 
	Materials and Methods 
	Experimental Site 
	Experimental Setting 
	Soil Sampling 
	Data Analysis 

	Results 
	Discussion 
	Soil Chemical Properties 
	Soil Physical Factors 

	Conclusions 
	References

