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A B S T R A C T

Covering the surface of stony slopes with a layer of topsoil is one of the most commonly used techniques to
restore quarries. However, in semiarid climates, the topsoil is frequently poor and has limited water availability,
which significantly reduces the success of the restoration. The high water-holding capacity of the sludge from the
cutting and polishing of marble, as highlighted in previous studies, could contribute to the success of the re-
storation of marble quarries. In this study, a quarry dump was restored both with and without the addition of
marble sludge prior to being covered with topsoil. The aim was to analyse the effect of the sludge on the
characteristics and properties of the soils that formed five years after topsoil reposition. In the soils of all plots, a
horizon of accumulation of organic matter was formed on the surface, whereas in the plots with sludge, the root
growth clearly increased in the contact between the topsoil and the sludge, forming a second organic-mineral
horizon at the contact zone of the topsoil and marble sludge layer. The result was the formation of soils with an
atypical morphology characterized by two horizons of accumulation of organic matter, one at the surface and
another at depth, which encourage the accumulation of organic carbon in the soil (until
363 ± 62 g C m−2 year−1). Therefore, it could be considered that the soils with marble sludge behave as
carbon sinks, especially considering that these soils do not seem to have reached equilibrium, and that the
organic carbon content could continue to increase over time. Long-term monitoring these plots is needed to
better constrain the true extent of carbon sequestration in these soils.

1. Introduction

Stony dump deposits lack soil and have steep slopes, therefore
limited water availability, all of which create a high-stress environment
for plants and constitute the main problems facing restorers (Clemente
et al., 2004; Heneghan et al., 2008), especially in arid or semiarid cli-
mates. One of the most frequently used restoration techniques is to
cover the surface with a layer of topsoil (approximately 30 cm thick)
from areas close to the quarry (Brofas, 2001; Bote et al., 2005; Zhang
and Chu, 2010) and then perform hydroseeding with different species
(Tormo et al., 2007; García-Palacios et al., 2010). However, in semiarid
climates, the pedogenesis is limited, and the soils are poor and have low
water-holding capacity, which significantly reduces the success of the
restoration (García-Fayos et al., 2000; Oliveira et al., 2011).

During the cutting and polishing of marble, significant quantities of
a white sludge consisting of fine particles (silt) of marble are generated.
Simón-Torres et al. (2014) used this sludge with high water-holding
capacity (0.256 kg kg−1) to restore the dump of a marble quarry,

adding an approximately 20-cm-thick layer of marble sludge on the
dump prior to providing the topsoil. The results indicated that the mean
volumetric water content of the topsoil was 3.6 times lower than that of
the marble sludge; thus, in the plots where marble sludge was added,
the volumetric water content was considerably increased in the contact
zone between the topsoil and sludge (deepest 5 cm of the topsoil and
the first 10 cm of the marble sludge). The soil morphology showed a
strong increase in the roots in the zone where the volumetric water
content was increased, forming a very dark brown horizon that was
presumably enriched in organic matter in a few years. A study of the
vegetation that developed in this dump restored with marble sludge
(Gómez Mercado et al., 2015) highlighted an increase in dry biomass,
plant cover and vegetation height and an increase in dry biomass from
perennial species such as Piptatherum miliaceum L. Coss (with a dense
and fasciculate roots system) and Anthyllis cytisoides L. (with an ability
to fix nitrogen), which would facilitate long-term rehabilitation and
accelerate plant succession (Pallavicini et al., 2015; Premrov et al.,
2017).
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The particular morphology of these soils emphasized the need for a
detailed study of their properties to understand their genesis and assess
their role as a carbon sink, which is the aim of the present study.

2. Materials and methods

2.1. Studied site

The study was conducted in a dump of the Macael marble quarries
(southeast Spain, 37°18′17″N, 2°17′5″W). The mean annual tempera-
ture is 16.8 °C, with a mean maximum of 32.0 °C in the summer and a
mean minimum of 3.2 °C in the winter. The mean annual rainfall is
454 mm, and the mean annual water deficit (difference between the
mean annual precipitation and the mean annual evaporation; Milly,
1994) is −442 mm.

2.2. Restoration of the dump and the soils studied

In early September 2007, the stones of a dump, with an area of
approximately 1100 m2 (48 × 23 m) and a slope close to 72%, were
rearranged, and an approximately 20-cm-thick layer of marble sludge
was placed over the surface of the dump, save for a 5-m-wide strip in
the centre, which served as a control (Simón-Torres et al., 2014). Fi-
nally, the dump was covered with a layer of topsoil coming from the
soils near the quarries, which were developed mainly on the slates and
shales located stratigraphically above the marble. The topsoil thickness
ranged from 18 cm to 38 cm, and the marble sludge thickness ranged
between 17 cm and 21 cm. To study the restored dump quarry, nine
plots of 6 m2 were selected (3 × 2 m), with three in the central sector
where the marble sludge was not added (plots PT) and six in the sector
where the sludge was added, three of which were to the west and three
to the east of the central sector (plots PTS). In mid-September 2007,
three samples of topsoil (n= 27) and two samples of marble sludge
(n = 12) in each plot were collected and analysed. For more informa-
tion about the studied site and the restoration work on the quarry
dump, see Simón-Torres et al. (2014).

2.3. Hydroseeding

At the beginning of October 2007, hydroseeding was conducted
with a slurry containing 8 g L−1 of mixture of seeds of common native
species in the study area (Agropyron cristatum (L.) Gaertn., Cynodon
dactylon (L.) Pers., Lolium rigidum (Gaudin) Weiss ex Nyman., Medicago
sativa L., Melilotus officinalis (L.) Pall., Anthyllis cytisoides L., Artemisia
campestris L., Atriplex halimus L., Bituminaria bituminosa (L.) C.H. Stirt.,
Rumex induratus Boiss & Reut., Piptatherum miliaceum (L.) Coss.,
Moricandia arvensis DC. and Zygophyllum fabago L.), 35 g L−1 of short
fibre (100% cellulose) mulch, 7 g L−1 of stabiliser (terpene-phenol re-
sins with ethylene-vinyl acetate adhesives) and 15 g L−1 of a complex
chemical fertilizer, grade 15-15-15 (15% N, 15% P2O5, 15% K2O). The
applied dose of this slurry was 3 L m−2.

2.4. Soil morphology in 2013

In May 2013, the soils of the nine selected plots were collected
again, thoroughly describing the different horizons (FAO, 2006). Soil
morphology was different depending on the addition of marble sludge
and the thickness of the added layer of topsoil. The topsoil of the three
plots in which marble sludge was not added (PT) were sampled at three
depths (Ah, C1 and C2 horizons) without clear morphological differ-
ences between them, except for a slight darkening of the surface layer
(Fig. 1a). The soils of the plots in which sludge was added were sampled
at different depths depending on the thickness of the added topsoil and
morphology of each soil. In the soils of the three plots in which the
thickness of the topsoil provided was less than or equal to 25 cm

(PTS ≤ 25), five horizons were sampled (Fig. 1b, d), three of which
were located in the topsoil (Ah in the surface, C in the subsurface
horizon and A'h in the deepest part of the topsoil in contact with the
sludge and with a clearly darker colour) and two in the marble sludge
(2C1 with relatively high density of roots and 2C2 with lower density of
roots). In the soils of the three plots in which the thickness of the topsoil
provided was higher than 30 cm (PTS > 30), six horizons were sam-
pled (Fig. 1c), of which four were located in the topsoil (Ah in the
surface, C in the subsurface, a transitional horizon labelled CA and A'h
in the deepest part of the topsoil, in contact with the sludge and with a
clearly darker colour), including a transitional horizon labelled C/A
(Fig. 1d) that was formed by a mixture of A'h horizon (minority) and
sludge (majority) and a 2C horizon formed exclusively by the marble
sludge. The deepest 5 cm of the topsoil and the first 10 cm of the marble
sludge were labelled W layer. The density of roots in the A'h, 2C1 and
C/A horizons was estimated visually.
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Fig. 1. (a) Soil of the PT plots (without sludge), (b) soil of the PTS≤ 25 plots, (c) soil of
the PTS > 30 plots, (d) high growth of roots in A'h and 2C1 horizons of the PTS≤ 25
and (e) detail of the C/A horizon of the PTS > 30 plots.
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2.5. Soil analysis

The bulk density (BD) of each soil horizon sampled in mid-
September 2007 and May 2013 was estimated using the cylinder of a
known volume method (Blake and Hartge, 1986). Samples from all soil
horizons collected in both samplings were air dried and sieved to 2 mm,
and then the percentages of gravel (> 2 mm) and fine earth (< 2 mm)
were calculated. In the fine earth, the particle-size distribution was
determined by the pipette method after removing the organic matter
with H2O2 and dispersion by shaking with (NaPO3)6 (Loveland and
Whalley, 1991). The pH was measured in a 1:2.5 solid-water suspen-
sion. A saturation extract of each soil sample was prepared (US Salinity
Laboratory Staff, 1954), the liquid phase was vacuum pumped and the
electrical conductivity (EC) and the concentrations of selected anions
and cations were measured by ion chromatography, atomic absorption
spectroscopy (Ca and Mg) and flame photometry (Na and K), respec-
tively. The calcium carbonate equivalent content was estimated man-
ometrically (Williams, 1949), and the cation exchange capacity (CEC)
was determined with 1 M Na-acetate at pH 8.2 (Rhoades, 1982). The
organic carbon (OC) content was analysed by the wet oxidation method
(Mingorance et al., 2007), and the nitrogen (N) content was determined
by the Kjeldahl method (Jones, 1991). Humic substances were ex-
tracted with Na4P2O7·10H2O and NaOH to pH 13, and the solution was
acidified with H2SO4 until pH 1, separating humic acids (HA) that
precipitate and fulvic acids (FA) that remain soluble (Kononova, 1966).
The organic carbon of the HA and FA was determined according to
Mingorance et al. (2007). Because the organic carbon was determined
in the fine earth, the total organic carbon content in each horizon (TOC)
was estimated from the following equation:

= × ×

×

− − −

−

thTOC (g m ) (mm) BD(g cm ) OC (g kg )

[(10 –gravel in g kg ) 10 ]

2 3 1

3 1 3 (1)

where th is the mean thickness of the horizon, BD is the bulk density
and OC is the organic carbon content in the fine earth. Total organic
carbon in the soil of each plot (TOCP) was estimated by the sum of the
TOC of its distinct horizons. A similar equation was used to estimate the
total nitrogen content in the horizons (TN) and soils of each plot (TNP).

2.6. Statistical methods

The data distributions in the different groups of plots (PT,
PTS ≤ 25 cm and PTS > 30) were established by calculating the mean
values and the standard deviation. Correlation analysis involving dif-
ferent components of the soils were performed, and the coefficient of
determination (r2) and P-value were estimated. The SPSS (PASW
Statistics 20) software package was used for all statistical analyses.

3. Results

3.1. Topsoil and marble sludge before hydroseeding

The topsoil used in the restoration and sampled in mid-September
2007 showed a CaCO3 content of approximately 15%, bulk density (BD)
of approximately 1.60 g cm−3 and high mean gravel content (Table 1).
The mean EC values of the saturation extract were< 1.0 dS m−1, and
soluble ions were dominated by Ca2+ and SO4

2−, with a lower content
of Na+ and Cl− and trace amounts of Mg2+, K+ and NO3

−. The tex-
tural class of the fine earth was sandy loam, with low OC and nitrogen
content, high sand content and was carbonated. By contrast, the marble
sludge was composed almost exclusively of CaCO3, with silt loam tex-
ture (around 70% silt) and much lower values of BD, OC and nitrogen
compared with the topsoil. The mean EC values were clearly higher
than that of the topsoil, although they were< 4 dS m−1 (the level at
which salinity is considered harmful). Soluble ions were dominated by
Ca2+, Na+, SO4

2− and Cl−, with lower Mg2+, K+ and NO3
−

concentrations. The mean pH values were similar in the topsoil and
marble sludge, ranging between 8.5 and 8.6.

3.2. Soils properties in 2013

The CaCO3 content and particle-size distribution of the horizons
sampled in May 2013 (Table 2) were similar to those of the original
material from which they were formed (sampled in 2007). Thus, the
CaCO3 content and texture in the Ah, C, CA and A'h horizons, were
similar to those of the topsoil (Table 1), whereas those in the C/A and
2C horizons were similar to those of the marble sludge. By contrast, the
other soil properties showed greater differences.

The mean OC and N content in the Ah and A'h horizons of the soils
sampled in 2013 (Table 2) increased considerably compared with the
topsoil sampled in 2007 (Table 1). This increase was clearly different
depending on the plot and the type of horizon (Fig. 2a). In the PT plots,
the ratios between the mean values of OC and N content in the Ah
horizons and those of the initial topsoil were 1.4 for the OC and 1.2 for
the N; in the PTS ≤ 25 plots, these ratios were 2.5 for OC and 2.2 for N,
whereas the PTS > 30 plots were 2.8 for OC and 2.4 for N. However,
the largest increases in OC and N occurred in the A'h horizons, in which
the prior ratios were 5.2 for OC and 3.9 for N in the PTS ≤ 25 plots, and
7.1 and 5.2, respectively, in the PTS > 30 plots. In the C, CA and 2C
horizons of the PTS plots, the OC and N contents were also clearly
higher than those of the topsoil and marble sludge sampled in 2007.

This increase in OC and N resulted in a strong increase of the TOCP
and TNP (Fig. 2b) in the PTS≤ 25 (1648 ± 303 g C m−2 and
156 ± 27 g N m−2) and PTS > 30 plots (2852 ± 401 g C m−2 and
283 ± 35 g N m−2) compared with the PT plots (757 ± 77 g C m−2

and 68 ± 6 g N m−2). Because the carbon sequestered for each soil is
the difference between the carbon content in 2013 and 2007 (prior to
hydroseeding) and the treatment was extended by a period of 68
months, the rate of carbon and nitrogen sequestration in the soils of the
plots with marble sludge ranged between 187 ± 38 g C m−2 year−1

(PTS≤ 25) and 363 ± 62 g C m−2 year−1 (PTS > 30) and between
17 ± 3 g N m−2 year−1 (PTS≤ 25) and 36 ± 5 g N m−2 year−1

(PTS > 30), which were clearly higher than those observed in the PT
plots (16 ± 1 g C m−2 year−1 and 0.9 ± 0.3 g N m−2 year−1).

The decomposition of the organic matter resulted in the formation
of humic compounds with relatively high molecular size, as indicated
by the highest HA concentration in relation to FA in all the horizons

Table 1
Mean ± standard deviation of the main properties of the topsoil and marble
sludge of the samples collected in mid-September 2007.

Properties Topsoil Marble Sludge
BD (g cm-3) 1.63 ± 0.05 1.23 ± 0.05
Gravel (g kg-1) 518 ± 30 nd
Fine earth Sand (g kg-1) 655 ± 55 60 ± 5

Silt (g kg-1) 235 ± 53 687 ± 29

Clay (g kg-1) 110 ± 6 253 ± 27

CaCO3 (g kg-1) 153 ± 12 974 ± 10

OC (g kg-1) 3.5 ± 0.7 0.55 ± 0.05

N (g kg-1) 0.33 ± 0.04 0.06 ± 0.01

pH 8.5 ± 0.1 8.6 ± 0.2

EC (dS m-1) 0.56 ± 0.06 2.2 ± 0.1

Sa
tu

ra
ti

on
 e

xt
ra

ct

Ca2+ (mg L-1) 83 ± 12 201 ± 10

Mg2+ (mg L-1) 11 ± 1 76 ± 4

Na+ (mg L-1) 34 ± 4 195 ± 6

K+ (mg L-1) 2.8 ± 0.2 21 ± 2

SO4
2- (mg L-1) 111 ± 10 400 ± 7

Cl- (mg L-1) 31 ± 4 208 ± 13

NO3
- (mg L-1) 0.40 ± 0.04 0.29 ± 0.03

BD = bulk density, OC = organic carbon, N = nitrogen, EC = electrical con-
ductivity, nd = not detected.
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Table 2
Selected properties of the horizons sampled in 2013 in each plot.

Fine earth

Plot Horizon Depth (cm) BD (g cm−3) EC (dS m−1) Gravel Sand Silt Clay CaCO3 (g kg−1) OC N HA FA

1PT Ah 0–7 1.59 0.71 514 653 237 110 137 4.8 0.39 0.93 0.37
C1 7–17 1.68 0.45 487 634 241 125 158 3.7 0.34 0.53 0.46
C2 17–27 1.63 0.39 552 629 242 129 151 3.6 0.34 0.53 0.52

2PT Ah 0–8 1.58 0.80 625 661 224 115 144 4.5 0.38 0.82 0.35
C1 8–18 1.70 0.48 573 645 237 118 152 3.8 0.34 0.42 0.35
C2 18–28 1.67 0.40 600 637 230 133 151 3.7 0.34 0.42 0.35

3PT Ah 0–7 1.60 0.73 558 700 233 67 132 5.1 0.43 0.90 0.36
C1 7–17 1.67 0.47 621 669 251 80 152 3.7 0.35 0.45 0.31
C2 7–28 1.68 0.44 660 638 248 114 146 3.6 0.35 0.40 0.33

1PTS≤ 25 Ah 0–5 1.59 1.02 682 689 258 53 125 8.0 0.71 1.16 0.51
C 5–16 1.63 0.69 661 671 230 99 140 5.4 0.50 0.84 0.59
A'h 16–21 1.55 1.65 639 648 262 90 222 16.3 1.61 2.10 0.81
2C1 21–26 1.23 1.71 14 78 682 240 881 3.1 0.28 0.50 0.41
2C2 26–36 1.25 1.92 nd 73 701 226 963 1.7 0.16 0.14 0.28

2PTS≤ 25 Ah 0–8 1.59 1.14 605 662 241 97 119 8.6 0.88 1.87 0.65
C 8–20 1.66 0.65 648 662 238 100 142 5.6 0.54 0.76 0.53
A'h 20–23 1.64 2.37 618 659 227 114 197 18.1 1.69 2.31 0.95
2C1 23–28 1.19 1.71 nd 81 725 194 871 3.8 0.36 0.67 0.61
2C2 28–37 1.21 1.67 nd 69 705 226 973 1.7 0.16 0.17 0.26

3PTS < 25 Ah 0–8 1.65 1.42 619 701 218 81 126 9.7 0.89 2.42 0.87
C 8–20 1.68 0.63 575 655 254 91 135 5.8 0.55 0.81 0.68
A'h 20–25 1.63 2.54 668 594 292 114 230 20.2 1.84 3.16 1.09
2C1 25–30 1.24 1.66 17 69 718 213 881 4.4 0.42 0.66 0.69
2C2 30–41 1.27 1.75 nd 61 742 197 973 1.3 0.12 0.13 0.23

1PTS > 30 Ah 0–9 1.69 1.04 703 674 237 89 151 8.3 0.83 0.85 0.60
C 9–19 1.65 0.68 674 681 242 77 147 4.4 0.44 0.56 0.50
CA 19–27 1.64 0.83 640 713 229 58 143 10.6 0.98 2.68 0.78
A'h 27–33 1.60 2.90 664 664 258 78 285 23.1 2.61 5.43 1.53
A/C 33–38 1.31 1.96 21 196 649 155 853 5.1 0.48 0.66 0.56
2C 38–49 1.24 1.87 nd 73 680 247 958 1.5 0.15 0.15 0.24

2PTS > 30 Ah 0–8 1.63 1.31 589 728 186 86 138 9.4 0.89 2.56 0.81
C 8–18 1.69 0.87 613 703 205 92 146 5.9 0.55 0.93 0.73
CA 18–27 1.67 0.95 608 689 214 97 140 9.5 0.86 0.69 0.65
A'h 27–33 1.62 3.06 579 650 254 96 312 24.4 2.79 6.27 1.36
A/C 33–38 1.42 2.19 23 161 697 142 837 6.1 0.58 0.79 0.75
2C 38–47 1.25 1.84 nd 58 730 212 960 1.7 0.16 0.15 0.28

3PTS > 30 Ah 0–8 1.59 1.47 649 694 215 91 151 12.1 1.12 2.52 0.80
C 8–18 1.68 0.85 631 668 250 82 159 5.9 0.57 0.72 0.62
CA 18–28 1.70 0.91 682 649 271 80 147 10.4 0.95 0.48 0.44
A'h 28–34 1.63 2.96 619 606 308 86 326 27.2 2.79 5.74 1.86
A/C 34–39 1.35 1.93 19 172 684 144 861 6.9 0.66 0.78 0.66
2C 39–48 1.22 1.76 nd 63 707 230 970 1.5 0.14 0.13 0.24

BD = bulk density, EC = electrical conductivity, OC = organic carbon, N = nitrogen, HA = humic acids, FA = fulvic acids.
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sampled (Table 2). The HA + FA/OC ratio ranged from 0.23 to 0.27,
without significant differences between horizons. However, the HA
concentration increased in relation to FA concentration as the OC
content increased. Thus, the HA/FA ratio was significant and linearly
related to the OC content by the following equation:

= + = <
−HA FA 0.762 0.134 OC (g kg ) r 0.713 P 0.0011 2 (2)

The mean pH values did not show large differences in most hor-
izons, ranging between 8.6 and 8.8. Only the mean pH of the A'h hor-
izons showed a clear decrease, with values of approximately 8.3 in the
PTS ≤ 25 plots and approximately 7.8 in the PTS > 30 plots. The pH
values were significant and linearly related to the OC content by the
following equation:

= = <
−pH 8.8–0.034 OC (g kg ) r 0.780 P 0.0011 2

(3)

The CEC was also significantly related to the OC content through a
linear equation:

= +

= <

+
− −CEC (cmol kg ) 0.755 0.519 OC (g kg ) r

0.797 P 0.001

1 1 2

(4)

Similar to the OC and N concentrations, the EC values (Table 2) and
the concentration of ions in the saturation extracts (Fig. 2) were clearly
higher in the A'h horizons followed by the C/A and 2C horizons. Both
parameters were also higher in the Ah horizons than in the C horizons.
In the C and 2C horizons, the EC values and ion concentration were in
the vicinity of those of the topsoil and marble sludge, respectively. In
the PT plots, Ca2+ and SO4

2− were the dominant ions, whereas in the
PTS plots, in addition to Ca2+ and SO4

2−, clear increases in the Mg2+,
Na+ and Cl− concentrations were observed, especially in the A'h, C/A
and 2C horizons. The NO3

− content was minor (< 2 mg L−1) and
significant, and linearly related to the OC content by the following
equation:

= +

= <

− − −NO (mg L ) 0.287 0.060 OC (g kg ) r

0.892 P 0.001
3

1 1 2

(5)

4. Discussion

The soils of the PT plots were Hyperskeletic Leptosols according to
the IUSS Working Group WRB (2006), with< 20% fine earth average
over a depth of 75 cm from the soil surface. The only distinctive feature
of these soils was the formation on the surface of an Ah horizon, with a
slight increase in the OC content compared to the underlying C hor-
izons.

The soils of the PTS plots were Spolic Technosols, with 20% or more
of solid substances from an industrial manufacturing process in the
upper 100 cm from the soil surface. The morphology of these soils was
characterized by the formation of two Ah horizons, one at the surface
and another at depth, separated by a C horizon. The formation of the
subsurface Ah horizons is atypical and is not considered in the
Guidelines for Soil Description (FAO, 2006), which only considered the
formation of a subsurface organic horizon when it is formed by illu-
viation (Bh). To distinguish between both horizons, the one located at
depth was labelled A'h.

Both horizons were formed by accumulation of organic matter and N.
The Ah horizon was mainly derived from organic remains from the aerial
part and superficial roots of vegetation, and the A'h horizon was presumably
linked to the high root density observed throughout its thickness (Chirinda
et al., 2014). The higher moisture content in the W layer as a result of the
high water-holding capacity of the sludge (Simón-Torres et al., 2014), must
have been the trigger that favoured the development of perennial species,
such as Piptatherum miliaceum (L.) Coss (Gómez Mercado et al., 2015),
which shows a dense and fasciculate system of roots whose development
gave rise to the formation of the A'h horizon.

The greater accumulation of OC and N in the A'h horizons from the
PTS > 30 plots compared to those from the PTS ≤ 25 plots would be
justified by the increase in moisture content in the W layer by in-
creasing the thickness of the added topsoil (Simón-Torres et al., 2014).
The greater development of the A'h horizons of the PTS > 30 plots
compared with the PTS ≤ 25 plots, as evidenced by their higher OC
content and greater average thickness (Table 2), would justify the for-
mation of transitional CA and C/A horizons in the soils of these plots,
the first with an intermediate OC content between the overlying C
horizon and the subjacent A'h horizon and the second formed by frag-
ments of the 2C horizon surrounded by the A'h horizon material
(Fig. 1e). These transitional horizons reveal that the development of the
A'h horizons would progress both towards the surface and with depth.
Because the marble sludge acts as a reservoir of water that stimulates
the development of the roots, the depth at which it should be placed to
be more effective would be related both to the climatic conditions and
the water-holding capacity of the added topsoil (Simón-Torres et al.,
2014).

The highest OC content in the A'h horizons compared to the Ah
horizons could be related to the different degree of decomposition of
the organic matter in both horizons. This decomposition resulted in the
predominance of humic compounds with a relatively high molecular
size (HA), which intensified with increasing OC content (Eq. (2)). The
high HA concentration and the youth of litter (up to 5 years old) suggest
that the humic compound originated from the derived lignin (Kang and
Felbeck, 1965) and represents the early stages of the humification
process (Simón et al., 1994). The structural complexity of the lignin
(polymer of phenylpropane units) makes it resistant to microbial de-
gradation, especially in terms of sunlight deficiency (Austin and
Ballaré, 2010). In addition, the lignin-derived compound forms a bar-
rier that limits the access of enzymes to more labile organic compounds
(Pauly and Keegstra, 2008). Therefore, the absence of sunlight in the
A'h horizons as a result of its location away from the soil surface could
justify the slowdown of the organic debris decay and the higher accu-
mulation of OC in these horizons. However, although the organic debris
decay was small, the C/N ratio was also relatively low (approximately
12 in the Ah horizon and approximately 14 in the A'h horizons), which
could be justified by the increases in the PTS plots of biomass from
Anthyllis cytisoides L. (Gómez Mercado et al., 2015), which is a legu-
minous plant with nitrogen-fixing ability.

The increase in OC content resulted in a decrease in pH (Eq. (3)) and
an increase in CEC, the former due to the acidity of the formed humic
compounds and the latter because the negative electric charges tend to
be located on the surface of the organic matter at a higher concentra-
tion than on any other solid surface of the soil. Similarly, the increase in
OC resulted in an increase in EC (Table 2) and dissolved ion con-
centrations (Fig. 3), indicating that the root development involves a
more intense suction of the soil solution and soluble ions tend to con-
centrate in the root environment. Because EC and the concentration of
soluble ions, especially Mg2+, Na+ and Cl−, were clearly higher in the
marble sludge than in the topsoil (Table 1 and Fig. 3), the largest in-
crease of these parameters in the A'h horizons in relation to the other
horizons formed in the topsoil reveals that the water retained in the 2C
horizons was suctioned by the roots of the A'h horizons.

The increase in OC content in the soils of the PTS plots resulted in a
high rate of carbon sequestration (between 187 g C m−2 year−1 and
363 g C m−2 year−1), which was on the order of those obtained by
Ahirwal et al. (2017) in reclaimed coal mine soils with Prosopis juliflora
(Sw.) DC. (260 g C m−2 year−1) and De Deyn et al. (2011) in a grass-
land improved with the addition of fertilizer and legume seeds
(317 g C m−2 year−1) and was considerably higher than those ob-
tained by Franzluebbers (2005) in pastures (140 g C m−2 year−1) and
Baumert et al. (2016) in Jatropha curcas L. systems
(62 g C m−2 year−1). Therefore, considering that most carbon seques-
tration calculations are conducted in the first 25–30 cm of the soil,
which underestimate the amount of carbon sequestered (Olson and Al-
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Kaisi, 2015; Premrov et al., 2017), but were made across the depth of
the soil in our case, it could be surmised that the soils with marble
sludge behave as carbon sinks, especially because these soils have not
yet reached equilibrium and the OC and N content can continue to
increase over time. Thus, medium or long term monitoring of these
plots is required to constrain the true extent of carbon sequestration in
quarry dumps restored with marble sludge.

The increased concentrations of OC, nitrogen and soluble ions and
CEC values in the soils from the PTS plots suggest an enhancement in
fertility (especially in the A'h horizons), which would presumably
contribute to accelerating plant succession and the development of the
ecosystem (Kalinina et al., 2015; Bätz et al., 2015). These benefits in-
dicate that the sludge from the marble industry would be a beneficial
resource for improving the restoration of this type of stone slopes.
However, these results have been obtained under very specific condi-
tions; hence, it is necessary to implement this restoration technique in
different weather conditions and topsoil characteristics, to extend the
knowledge of the benefits of restoring quarry dumps with marble
sludge.

5. Conclusion

In the restoration of this type of quarries, marble sludge addition
prior to topsoil addition promoted root growth, especially in the contact
zone between the topsoil and sludge, where an organic-mineral horizon
away from the soil surface was formed. The result was the formation of
soils with an atypical morphology characterized by the formation of Ah
horizons both at the surface and at depth, and a rate of OC sequestra-
tion similar or higher than those reported by other authors, indicating
that the soils restored with marble sludge can behave as carbon sinks.
Moreover, the addition of marble sludge increased soil fertility, sug-
gesting that both the vegetation and ecosystem could accelerate their
evolution. Monitoring these plots is necessary to more accurately assess
the effect of marble sludge on ecosystem evolution and the ability of
soils to sequester carbon.
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