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Abstract: Rehabilitation is the key factor for improving soil quality and soil carbon stock after mining
operations. Monitoring is necessary to evaluate the progress of rehabilitation and its success, but
the use of repeated field surveys is costly and time-consuming at a large scale. This study aimed to
monitor the environmental/soil rehabilitation process of an Amazonian sandstone mine by applying
spectral indices for predicting soil organic carbon (SOC) stock and comparing them to soil quality
index. The studied area has different chronological rehabilitation stages: initial, intermediate, and
advanced with 2, 10, and 12 years of onset rehabilitation activities, respectively. Non-rehabilitated
(NR) and two native forest areas (RA) were used as controls. Soil samples were analyzed for physical,
chemical, and biological attributes. After determination of Normalized Difference Vegetation Index
and Bare Soil Index, simple regression analysis comparing these indices with SOC stock showed a
good fit (R? = 0.82). Rehabilitated areas presented higher soil quality index (~1.50-fold) and SOC stock
(~10.6-fold) than NR; however, they did not differ of RA. The use of spectral indices was effective for
monitoring the soil quality in this study, with a positive correlation between the predicted SOC stock
and the calculated soil quality index.

Keywords: digital map; reclaimed mine soil; NDVI; BSI; topsoil

1. Introduction

The rehabilitation of mining areas in Brazil is regulated by several resolutions and nor-
mative instructions [1]. For rehabilitation projects, the mining companies should promote
the return of the degraded area to an appropriate biological state. In this sense, revegetation
is a technique widely used as it is the key factor for improving sustainability, increasing
soil quality, and storing soil organic carbon [2]. This process is favored in Brazil due to
the broad native species diversity and favorable climatic conditions for plant growth [3].
Nevertheless, the bare soil, especially after opencast mining, is known as lacking plant nu-
trients, aggregation, and organic matter, which make the revegetation process difficult [4,5].
Monitoring the areas, especially in a chronosequence study, is therefore necessary to under-
stand whether the adopted rehabilitation practices are contributing to the improvement of
soil attributes and the rehabilitation of the disturbed area [6,7].
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One promising technique for rehabilitation monitoring is the use of digital image
processing of remote sensing data for assessing long- to short-term landscape dynamics. In
addition, it can estimate important indicators of soil quality in a cost-effective and rapid
manner when compared with repeated field surveys and laboratory measurements in large
areas with difficult access [7,8]. One example is the correlation between spectral indices
(i.e., normalized difference vegetation index (NDVI) and bare soil index (BSI)) and soil
properties such as organic carbon, nutrients, and texture [8-11].

Another way to evaluate the rehabilitation process and its success is by adopting soil
quality indices (SQIs) [12,13]. These indices seek to express through a single number the
changes in key soil attributes that are directly and indirectly associated to its ability to
function properly. The ideal scenario is to use biological, chemical, and physical indicators
that would enclose soil functions such as nutrient cycling, carbon sequestration, and habitat
for organisms [14,15].

The soil organic matter (SOM) and soil organic carbon (SOC) content are recognized
indicators of soil quality and are present in several derived SQIs [13,16]. In addition, soil
is one of the largest carbon reservoirs on the earth, thus there is great interest in aspects
involving SOC motivated by its potential effect on climate change mitigation [17]. Finally,
the increase of soil organic carbon stock is a goal to achieve for sustainable development [18]
and is a compromise assumed by several companies around the globe, including mining.

The objective of this study was to assess the rehabilitation progress in a sandstone
mineland of the Carajas Mineral Province (Brazil) using remote sensing tools and a soil
quality index. The specific objectives were to: (1) assess the soil organic carbon (SOC) stock
in the topsoil (0-20 cm), (2) establish a SQI based on physical, chemical, and biological
attributes, (3) study the use of spectral indices (NDVI and BSI) as predictors of the SOC
stock and (4) analyze the correlation between soil attributes, spectral and soil quality indices,
and SOC stock. We hypothesize that the rehabilitation techniques applied in these areas
increase SOC stock and that the use of spectral indices are effective tools for monitoring
soil quality and SOC stock, with a positive correlation between the predicted SOC stock
and the calculated SQI.

2. Materials and Methods
2.1. Study Site

The study was conducted in a sandstone mine in the Carajas Mineral Province, state
of Para, Brazil (Figure 1). The climate in the region is classified as tropical wet-dry (Aw)
according to Koppen classification, with mean annual temperature and precipitation of
25 °C and 1950 mm, respectively [19].

After sand extraction, the total area of sandstone mine was filled with granite mining
waste. For rehabilitation, the following techniques were applied: distribution of 30 cm
of forest topsoil collected up to 50 cm layer in a nearby native reference area [20]; liming
(1.5 Mg per ha of dolomitic lime); planting of native species (about 15 to 20 different
species; density of 1700 seedlings ha~!); and applying in each planting pit 300 g ha~! of
NPK fertilizer (4-14-8) enriched with fritted glass material (FTE BR 12) containing S, B,
Cu, Mn, and Zn and 1 kg of dried manure [21,22]. The estimated physical and chemical
characteristics of the topsoil and the list of all 44 plant species planted or sowed for
rehabilitation can be found in Gastauer et al. [21].

All areas had the same rehabilitation protocol but they differ from the onset of reha-
bilitation activities as follows: initial stage (Ini—2 years of rehabilitation), intermediate
stage (Int—10 years of rehabilitation), and advanced stage (Adv—12 years of rehabilitation)
(Figure 1). In addition to the chronosequences, two reference sites of undisturbed evergreen
dense submontane forest (RefA and RefB), which is the target of the rehabilitation process,
and a non-rehabilitated site (NR), with no rehabilitation activities after the granite mine
waste application, were assessed.
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Figure 1. Different chronosequences of environmental rehabilitation in an Amazonian sandstone
mine in Carajas Mineral Province (CMP), state of Para, Brazil. NR = non-rehabilitated; INI = initial;
INT = intermediate; ADV = advanced; RefA and RefB = reference forest. Source: Google Earth images.

2.2. Soil Sampling and Analyses

The monitoring of rehabilitated areas and the assessment of soil quality were based
on physical, chemical and biological properties as they directly influence soil ecosystem
services. For this, soil samples were collected in three plots (10 m x 20 m) installed in
representative portions at each rehabilitation stage and reference site (Figure 1, Table S1 of
the Supplementary Material). Three composite soil samples within each plot were collected
in October 2016 (dry season). The topsoil (0—20 cm), sampled after litter layer removal, was
kept in a chamber at 4 °C until analyzed for biological attributes. Another part of the soil
was air-dried and sieved (<2 mm) for physical and chemical analyses.

2.2.1. Physical and Chemical Analyses

The following variables were analyzed: soil pH was determined in a 1:2.5 soil-to-water
ratio; soil organic matter (SOM) was determined by the potassium dichromate (K,Cr,O7)
method; exchangeable Ca, Mg, and Al were extracted with 1 M KCI and determined
by inductively coupled plasma-atomic emission spectroscopy (ICP-AES Spectro Genesis,
Kleve, Germany); extractable P, K, B, Zn, Fe, Mn, and Cu were extracted by Mehlich-1
solution (0.05 mol L~! HCI, 0.0125 mol L~! H,SO,) and quantified using ICP-AES [23].
The soil organic carbon (SOC) was estimated by dividing SOM by a factor of 1.724 (“Van
Bemmelen factor”), based on the assumption that soil organic matter contains 58% carbon.
The soil texture was determined using the pipette method [24] and the soil bulk density
(Ds) was estimated using a pedo-transfer function Equation (1) [25].

Dsest = 1.56 — 0.0005 (clay) — 0.010 (OC) + 0.0075 (SB); (R? = 0.66) 1)

where Dses; = estimated soil bulk density (g cm™3); clay = clay content (g kg’l) ; OC = soil
organic carbon content (g kg ') and SB = sum of bases (cmol. kg™1).
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The soil organic carbon (SOC) stock was calculated using Equation (2) [26].
S0OC stock = (C x DS x p)/10 2)

where SOC stock = soil organic carbon stock (Mg ha~!); C = soil carbon content (g kg~ !);
DS = soil density (g cm~2); and p = depth of the soil layer (cm).

2.2.2. Biological and Biochemical Analyses

The microbial biomass carbon (MBC) was determined by the fumigation-extraction
method [27] and the soil microbial basal respiration (MBR) was estimated by the release
of CO;, by soil after incubation with NaOH (0.05 mol L~1) [28]. The microbial metabolic
quotient (9CO;) was derived from the MBR to MBC ratio [29] and the microbial quotient
(gMic) by the MBC to SOC ratio [30].

The activity of the enzyme urease was estimated via incubation of the substrate (urea)
for two hours at 37 °C [31]. The enzyme acid phosphatase (ACP) was determined in a
spectrophotometer at 410 nm, using a p-nitro-phenyl-phosphate substrate, incubated for
one hour at 37 °C [32]. The fluorescein diacetate hydrolysis (FDA) was determined by the
release of fluorescein [32] using a spectrophotometer at 490 nm.

The methodology for the determination of the following attributes: content of easily
extractable glomalin (EEG), total glomalin (TG), mycorrhizal colonization (MC) and arbus-
cular mycorrhizal fungal spores’ density is described in Rodriguez-Rodriguez et al. [33].

2.3. Remote Sensing Tools

The Normalized Difference Vegetation Index (NDVI) and Bare Soil Index (BSI) were
used in this study to predict SOC stock. The NDVI and BSI are potential tools for the
prediction of SOC stock as NDVI is associated with vegetation greenness and BSI with
more open and bare soil (expected in non-rehabilitated area). For determination of these
indices, high-resolution images of WorldView?2 satellite (July 2016) were acquired and used
in this research, with 2 m of spatial resolution (pixel size) and 4 spectral bands (blue, green,
red and near-infrared) being analyzed. The NDVI and BSI values were obtained following
the equations used by Rouse et al. [34] and Jamalabad and Abkar [35], respectively, using
the raster calculator of the QGis 3.10 software [36].

_ pNIR — pred
NDVI = pNIR + pred ®)
AR +AG) — (AR + AB
B — | (ARFAG) = (AR+AB) 50T+ 400 )

(ANIR + AG) + (AR + AB)

where pNIR and ANIR = reflection in Near-Infrared Band; pred and AR = reflectance in Red
Band; AG = reflectance in Green Band; AB = reflectance in Blue Band.

A linear regression was performed between NDVI and BSI indices and SOC stock.
The equation obtained was used to produce a predicted SOC stock digital map using the
raster calculator of the QGis 3.10 software [36]. The Land Cover and Land Use (LCLU)
was classified using the software eCogniton 9.0 (eCognition | Trimble Geospatial) for study
area description.

2.4. Soil Quality Index

A soil quality index was proposed to monitor the progress of the revegetation in im-
proving soil attributes and to compare with BSI and NDVI. In order to lead the mined areas
closer to ecological references (i.e., species composition, ecosystem functions), it is necessary
to restore the edaphic properties of the mineland soils considering the surrounding forests.
Therefore, these forest soils were considered as reference in this study.

A principal component analysis with all physical, chemical, and biological attributes
was performed using the ‘vegan’ package in the R Environment [37] to select the properties
included in the index and the weighing factors. Principal components (PCs) with Eigen-
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value >1 and that explained at least 5% of the variation of the data were selected. The
percentage explained by each PC was divided by the total percentage of variation explained
by all the PCs providing the weighting factor (WF). Under a particular PC, the variables
with high factor loadings (absolute values within 10% of the highest factor loading) were
indexed [13].

Soil parameters were converted into scores (S) using the “mid-point optimum” curve,
jointly “more is better” and “less is better” curves as described in Freitas et al. [38]. We
considered the mean values found in the reference forest areas as the mid-point optimum
for each soil attribute. The upper and lower critical levels for determination (B) were
considered 50% more or 50% less than the mid-point optimum, respectively. The initial or
lower value that a soil property may present (L) was zero for all soil attributes. The slope
of the tangent to the curve at the point corresponding to the critical value of the indicator
(SI) was specific for each curve and can be found in Supplementary Material Table S2. The
X is the value of the property or indicator measured in the field.

1
5= (1 +(B—L)+ (X— L))ZSI(B+X2L)> ®)

S is the standardized score, B is the critical value or base limit of the indicator and
which establishes the limit between bad and good soil quality, L is the initial or lower value
that a soil property may present, might be 0, Sl is the slope of the tangent to the curve at the
point corresponding to the critical value of the indicator, and X is the value of the property
or indicator measured in the field.

The SQI of each site was calculated using Equation (6).

SQI= Y Wis, ©6)
i=1

where W is the PC weighting factor and S is the indicator score for each variable.

2.5. Statistical Analyses

After data were checked for normality and homogeneity of variances [39], ANOVA
was performed followed by the post hoc Tukey HSD test (p < 0.05) to compare the physical,
chemical, biological variables and SQI between areas. For this, the package ExpDes [40]
was used and the graphics were prepared with the “ggplot2” package [41]. To estimate the
SOC stock, linear regression analyses were performed between calculated SOC stock and
the NDVI and BSI indices.

The relationships between soil attributes, SOC stock, BSI, NDVI, and SQI were assessed
through Pearson’s correlation analysis using the package “‘Hmisc” version 4.5 [42]. The
correlation plot was performed using the R package ‘corrplot’ [43].

3. Results
3.1. Calculated and Predicted SOC Stock

The calculated SOC stock values were similar in the initial, intermediate and advanced
stages of rehabilitation and the forest references areas (42.18-51.10 Mg ha=1) (Figure 2). On
the other hand, SOC stock in the non-rehabilitated area (4.57 Mg ha—!) was 10.6-fold lower
than the mean value of these areas.

In the exposed soil (non-rehabilitated areas) are found the lowest NDVI and highest
BSI values (Figure 3). The exposed soil is mainly observed on roads and non-rehabilitated
areas. An herbaceous/grass vegetation is observed in areas under the initial stage of
chronosequences and the shrubs/arboreal in the intermediate, advanced and forest ref-
erence areas (Figure S1). An increase of NDVI values and a decrease of BSI values were
observed following the chronosequences of environmental recovery (Figure 3). For NDVI,
tree shadows interference was observed, differently for BSI, in which such interference was
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not identified. The tree shadows interference was corrected and is showed in white color
in Figure 3.

100

~J
n

SOC stock (Mg ha™)
& 8

o/ mim

Areas

Figure 2. Soil organic carbon stock in chronosequences and reference forests. Different letters for
each soil attribute indicate significant differences between means according to post hoc Tukey " HSD
test (p < 0.05). NR = non-rehabilitated; Ini = initial; Int = intermediate; Adv = advanced; RefA and
RefB = reference forest.

Sandstone Mine

| BSI
- High : 30,064.20

- Low : 403.25

Figure 3. True-color composite (RGB = 5, 3, and 2 bands) imagery of WorldView-2, Normalized
Difference Vegetation Index (NDVI), and Bare Soil Index (BSI) for the sandstone mine in the Carajas
Mineral Province. Low and high values of NDVI indicate exposed soil and vegetation, respectively.
The opposite is observed for BSI. Tree shadows interference is showed in white color.
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The NDVI and BSI were able to predict the distribution of SOC stocks in the different
revegetation stages (Figure 4). The regression analysis between NDVI and BSI with SOC
stock resulted in a model with the determination coefficients (R%) equal to 0.81 (Figure 4a)
and = 0.82 (Figure 4b). The SOC stock was positively and negatively correlated with NDVI
and BSI, respectively. Both models showed similar prediction capacity for SOC stock. The
relationship between the measured SOC stock with predicted SOC stock by the two models
provided an R? = 0.81 and 0.82 (Figure 4c,d).
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Figure 4. Relationship between SOC stock and NDVI (a) and BSI (b) and between the estimated
SOC stock by NDVI (c) and BSI (d) and measured SOC stock. All p-levels for the linear relationships
were <0.001.

The digital SOC maps based on NDVI and BSI were similar and showed a spatial
variation of SOC between non-rehabilitated and rehabilitated areas (Figure 5). The NDVI
map has some shades of white in the middle of the forest that are related to tree shadows; on
the other hand, in the digital SOC map based on BSI, this was not observed (Figure 5). The
higher predicted SOC mean values for both models occurred in areas with dense arboreal
vegetation (Figure S1) as follows—intermediate (47.86 Mg ha~1), advanced (48.67 Mg ha™1),
and reference forest areas (RefA-55.88 and RefC-54.07 Mg ha~!). As expected, the lower
predicted SOC stock values were found in the non-rehabilitated areas (NDVI-7.56 and
BSI-8.16 Mg ha™!).

Sandstone Mine (SOC NDVI) Sandstone Mine (SOC BSI)

A\

6°5'50"S

‘
50°13'50"W 50°13'40"W

SOC NDVI SOC BSI
- High : 53.2833 - High : 52.3625

-Low:o -Low:o

Figure 5. Digital soil organic carbon stock map of the study area based on NDVI (left map) and BSI
(right map). Tree shadows interference is showed in white color.



Sustainability 2022, 14, 597

8 of 16

3.2. Soil Quality Index

The physical, chemical and biological variables analyzed for SQI production are
showed in Figures S1 and S2 of the Supplementary Material. Some of these variables are
already discussed in Rodriguez-Rodriguez et al. [33]. In sum, soils from non-rehabilitated ar-
eas presented slightly higher soil pH compared to native reference forests (RefC) (Figure S1).
The SOM was higher in the forest and all chronosequences stages compared to the non-
rehabilitated area. Soil CEC, Fe and B were superior in both native reference forests
compared to the non-rehabilitated and no differences were found between the assessed ar-
eas for the sum of bases (SB), Ca, Mg, S, and silt content in soil (Figure S1). The exposed soil
area presented lower EEG, spore density, MC and ACP and the highest value of metabolic
coefficient (9CO,) among all areas (Figure S52). Regardless of the soil cover condition,
the occurrence of arbuscular mycorrhizal fungi was observed, but the advanced stage of
recovery presented a spore density 13.8-fold greater than that of the non-rehabilitated area
(Figure S2).

The five first PCs had eigenvalues >1.0 and explained 83.25% of the variability (Table 1).
The PC1 had high loadings for SOC, CEC, ACP, SOM, EEG, and SOC stock. Except for
CEC and ACEP, these indicators are correlated and among them, SOC was selected be-
cause it presented the highest value. The other highest loading variables—SB, P, Zn, Mn,
and S—were included from PC2, PC3, PC4, and PC5 for SQI estimation. The weight val-
ues were standardized and the final equation for the SQI determination is the following
SQI = 0.24 S(SOC) + 0.24 S(ACP) + 0.222 S(SB) + 0.071 S(Zn) + 0.071 (P) + 0.081 S(Mn) + 0.075 S(S).

Table 1. Indicator weights in the principal components of the soil attributes.

Variables PC1 PC2 PC3 PC4 PC5
Eigenvalue 12.3874 5.7197 3.6694 2.0894 1.94200
Proportion Explained 0.3996 0.1845 0.1184 0.0674 0.06265
Cumulative Proportion 0.3996 0.5841 0.7025 0.7699 0.83251
MBC —0.65313 —0.16213 —0.157017 0.22987 —0.111846
MBR —0.43884 —0.19344 —0.427953 0.29269 —0.091320
qCO, 0.62793 —0.12045 —0.078734 0.16065 0.036212
FDA —0.60559 0.17646 0.088920 —0.14935 —0.106586
ACP —0.72054 0.06431 —0.131962 —0.02218 —0.304460
Urease —0.51421 0.40184 0.115149 0.27674 0.113851
SOC —0.79587 —0.06548 —0.005126 —0.22220 —0.024674
gMic 0.20860 —0.01069 —0.201264 0.41911 —0.285524
EEG —0.73553 —0.10646 0.143522 —0.02604 0.143804
TG —0.67227 —0.08670 0.256033 0.34812 0.087060
MC —0.60902 0.47916 0.111600 —0.10043 0.179749
Spore density —0.48288 0.34169 0.456930 —0.02978 —0.124345
pH 0.58855 0.17741 0.112644 —0.30481 —0.210531
SOM —0.79587 —0.06548 —0.005126 —0.22220 —0.024674
P 0.16489 —0.06453 0.759765 0.11801 —0.186024
K 0.58224 —0.23642 —0.031998 —0.19649 0.484994
S 0.41775 —0.23191 —0.111371 —0.06735 0.631474
Ca 0.04983 —0.73991 0.281827 0.01261 —0.006268
Mg —0.36948 —0.58008 0.411408 —0.03853 0.087366
Al —0.57051 0.50968 —0.192642 0.16558 0.118559
CEC —0.75745 —0.33479 0.099478 0.05925 0.068868
B —0.64641 —0.48318 —0.208323 0.06979 0.115216
Zn —0.12725 —0.12226 0.779826 0.03169 —0.110145
Fe —0.36949 —0.03414 —0.567148 —0.36857 —0.168348
Mn 0.11565 —0.39534 —0.033075 —0.60873 —0.290828
Cu 0.66819 —0.16544 —0.056341 0.28560 —0.308134
Clay —0.55831 —0.51766 —0.216429 0.09687 0.145571
Silt 0.27642 —0.67899 —0.191794 0.06242 —0.366750
Sand 0.39844 0.66742 0.249704 —0.10430 —0.009997
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Table 1. Cont.
Variables PC1 PC2 PC3 PC4 PC5
SB 0.06702 —0.75870 0.303340 —0.02623 0.084294
SOC stock —0.77139 0.04827 0.047942 —0.27408 —0.067842

Boldface values are highly weighted in the same PC; Boldface-underlined factors are included in the index.
PC = Principal Component, MBC = microbial biomass carbon, SOC = soil organic carbon, CEC = cation ex-
change capacity, MBR = microbial basal respiration, §CO, = metabolic coefficient, gMic = microbial coefficient,
EEG = extractable glomaline, TG = total glomaline, MC = mycorrhizal colonization, SOM = soil organic matter,
FDA = fluorescein diacetate analysis, ACP = acid phosphatase, SB = sum of bases.

The SQI was effective in discriminating rehabilitated and non-rehabilitated areas
(Figure 6). The SQI values ranged from 0.5 to 0.98, with the non-rehabilitated area present-
ing the lowest value. In accordance with the results of organic carbon stock, the chronose-
quences of environmental rehabilitation had SQIs values similar to the forest references.

1.251

1.001

0.751

SQl

0.50+

0.251

0.00+

‘.\;Q* \(.\\ \(\\ ?‘5& Q..@a\?‘ Q__@‘\q)
Areas

Figure 6. Soil quality index (SQI) for different chronosequences. Different letters indicate significant
differences between means according to post hoc Tukey " HSD test (p < 0.05). NR = non-rehabilitated;
Ini = initial; Int = intermediate; Adv = advanced; RefA and Ref B = reference forest.

3.3. Relationship between Indices and Soil Attributes

A complete correlation of the calculated SOC stock, NDVI, BSI, predicted SOC stock
based on NDVI and BSI models, soil quality index and soil attributes is shown in Figure 7.
The BSI was negatively correlated with all measured variables except for gCO,, Cu, and
K and an opposite behavior was observed for SOC stock. Soil quality index was better
correlated with SOC stock, NDVI, and predicted SOC stock from this spectral index.
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Figure 7. Pearson correlation between indices and soil attributes from sandstone mine in Carajas
Province. Only the significant correlations are shown (p < 0.05). MBC = microbial biomass car-
bon; MBR = microbial basal respiration, gCO,= metabolic coefficient, yMic = microbial coefficient,
EEG = extractable glomaline, TG = total glomaline, MC = mycorrhizal colonization, FDA = fluores-
cein diacetate analysis; ACP = acid phosphatase, SOC = soil organic carbon, CEC = cation exchange
capacity, SB = sum of bases, NDVI = Normalized Difference Vegetation Index, BSI = Bare Soil Index.

4. Discussion
4.1. SOC Stock and Rehabilitation

The higher SOC stock observed in rehabilitated compared to non-rehabilitated areas,
even with up to 2 years, is probably due to the application of forest topsoil and the input of
organic matter. Glomalin is a soil glycoprotein considered as an important carbon stock in
soil [44,45]. In this study, the EEG did not vary with chronosequences and reference areas,
only with non-rehabilitated. Accordingly, the levels of SOC stock did not differ between
areas under 2, 10, and 12 years of rehabilitation (initial, intermediate and advanced stages)
and were equal to the reference forest indicating the maintenance of original topsoil carbon
stocks” added even after a long period.

For the operation of mining activities (beginning or expansion), it is necessary to
suppress the native vegetation, removing the topsoil, which is usually stored in order
to return it to the original mining pit or a nearby one. Together with topsoil application
in rehabilitating areas, carbon stocks were transferred from forest area to the study site.
The result shows that SOC stocks in transferred topsoil were maintained, indicating that
top-soils did not suffer degradation prior to application on the study site. Besides the
granite residues possibly making nutrients available to the plants over time, the fertilizers
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applied may have also contributed to plants’ rapid ground cover, initiating cycling and
avoiding large carbon losses.

In mining sites, it is suggested that SOM recovery may take decades to reach natural
soils, or even not show complete recovery [46,47]. However, as observed in this study,
Trindade et al. [22] also found the maintenance of carbon cycling during the early stages in
the progress of environmental rehabilitation by analyzing enzymes such as cellulase and
beta-amylase. Based on the soil metaproteomic analysis, these authors found that, with
rehabilitation, the reestablishment of important ecosystem processes can occur in short
periods when topsoil is applied at the beginning of the process [22].

In another study, Gastauer et al. [21] evaluated the environmental rehabilitation status
based on the ecological processes and vegetation structure and diversity in the same
chronosequences of the present study. Although these authors did not find the achievement
of pre-disturbance levels, the advanced areas (10-12 years) were able to reach values close
to the reference ecosystem with the recovery of vegetation (67%) [21]. This recovery and,
consequently, a higher proportion of land cover, protects organic matter by decreasing the
SOC loss through erosion and favoring carbon cycling, contributing to the maintenance of
SOC stocks. This is evidenced by the correlation between the spectral indices (NDVI and
BSI) and SOC stock.

4.2. Prediction of SOC Stock by Spectral Indices

Spectral indices have been used for monitoring environmental rehabilitation of mining
sites [48] and SOC stock with different accuracies [10,11]. In this study, NDVI and BSI
showed similar prediction capacities of SOC stock and produced similar digital map
pattern. Although no big dataset was evaluated, both indices were helpful to track SOC
stock distribution with high accuracy (R? = 0.82). Previous studies also used NDVI and BSI
to predict SOC concentrations and showed good performance [10,11,49].

It should be noted that the NDVI map has some shades of blue in the middle of
the forest, which are related to tree shadows. NDVI better identifies photosynthetically
active vegetation, that is, if there is a dark pixel (in case of shadow) in the image, it will
decrease the values and consequently underestimate SOC stock. The interference is more
evident in reference areas, where emergent tree layers are more frequently found (higher
heterogeneity) compared to those in intermediate and advanced stages of recovery, with
small trees and higher homogeneity [21]. On the other hand, in the digital SOC stock map
based on BSI, which refers to the soil uncovered, this interference was not observed. The
sensibility of NDVI to the effects of soil brightness and color and cloud and leaf canopy
shadow has already been described [50,51].

It is noteworthy that in addition to the SOC stock being estimated by the indices, as
there is no soil density data, this was also estimated. Thus, the estimated SOC already
comes with this associated error, which should be corrected in future studies. Nevertheless,
the results of this study highlight the potential use of NDVI and BSI for monitoring
comprehensive mineland rehabilitation activities, which is especially relevant for extensive
and difficult-to-access areas, such as in several places in the Amazon region and because
field surveys can be costly and time-consuming in large-scale.

4.3. Correlation of Indices and Soil Attributes

Some studies have compared spectral indices with SQIs [12,52]. In the present study,
calculated and predicted SOC stock was positively correlated with SQI, which was expected
because the SOC is one of the major governing factors of soil quality, influencing multiple
soil and ecosystem functions [13,53]. For example, SOC has a direct relationship with
nutrient availability, water retention capacity, soil structure and erosion resistance [54].

In addition to SOC, the following variables were selected to determine SQI: ACP, SB,
Zn, P, Mn, and S. Some of these variables have been included in SQI determination in
previous studies [13,16]; on the other hand, some variables normally included, such as pH
and MBC [16,55,56], were not selected in the present study. Cation exchange capacity was
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one of the variables with the highest factor loadings in PC1, but it was not included in the
SQI due to its high correlation with SOC. In this sense, CEC was positively correlated with
SOC and IQS, which highlights the importance of organic material in soil CEC.

Several studies have reported improvements in soil physical and chemical properties
along with chronosequences, particularly in SOC [13,55,57]. Yet, in the present study, these
changes were not observed for some analyzed variables. Likewise, an increase of SQI
along with chronosequences was expected [13,55], but no differences were found. This
might have occurred due to the organic matter present in applied topsoil bringing the
values of some soil properties such as EEG, MC, acid phosphatase, and gCO, to similar
levels. In addition, it is worth mentioning that the decrease of SQI improvement rates
in later years of recovery has been reported [55]. Guo et al. [55] suggest that vegetation
restoration significantly improves soil quality, but this improvement may decrease in the
later restoration age.

Differences in rehabilitated and forest reference areas were not evidenced. The en-
zymatic activity and microbial biomass in the areas undergoing rehabilitation presented
values similar to those observed for the reference areas. In another study, Trindade et al. [22]
found in the same analyzed sites a recovery of the soil bacteria and other soil enzymes
and these were attributed to the increase of soil organic matter and the stabilization of soil
physical and chemical conditions.

The SQI indicated differences between non-rehabilitated and rehabilitated areas, in
agreement with previous studies [21,22]. Nevertheless, by only analyzing chemical at-
tributes, the soil quality could be better or similar in the non-rehabilitated compared to the
rehabilitated areas as it presents higher contents of the nutrients S, B, and Cu, for example.
However, SOM content is higher in rehabilitated and forest areas and this consequently
influenced the biological activity, SOC stock and soil quality.

In this sense, the SOM is a substrate and the energy source for soil biota. Through the
action of microorganisms, the SOM is decomposed allowing the mineralization and release
of nutrients for plants. Biological indicators are more sensitive to environmental/soil
changes compared to chemical and physical ones [14]. For example, soil quality indices
were positively correlated with biological indicators such as EEG, TG, ACP, FDA, and MBC.
On the other hand, they were negatively correlated with gCO, (MBR:MBC ratio), which
is a measure of stress condition [58]. The lack of vegetation coverage and soil limiting
factors to the soil microbial activity probably promoted a higher stress condition in the
non-rehabilitated areas reflecting a high 4CO».

4.4. Importance of SOC Stock

Reclaimed mine-soils could act as C sinks and offset the CO,, released by ore extraction,
helping C sequestration [59]. Jacinthe and Lal [59] found that stock of organic C in areas
receiving topsoil was twice as much as in plots without topsoil application. We observed
that if topsoil application in the rehabilitating areas is well done, and topsoil degradation is
avoided, it is expected that original SOC stocks and SQI would be maintained after the soil
transfer, so that even early rehabilitation stages would present high SOC stocks and SQIs.
However, the resilience of topsoil and the impact of the new forest in SOC stock should be
addressed in further studies as the impact of topsoil application can be largely determined
by tree growth and productivity [59].

This study shows the maintaining of ~45 Mg ha~! of SOC stock considering the
difference between the average values in rehabilitated and non-rehabilitated areas. Such
results were possible because of the efficient use of the topsoil and demonstrate the potential
contribution of nature-based solutions to a ‘net-zero’ climate target in minelands of tropical
regions. In terms of tropical environment capacity to store SOC in the topsoil (0-20 cm) the
value of 45 Mg ha~! can be considered optimum if we compare with other soil management
practices having the capacity to store similar amount in reforestation of agricultural land
(44.9 Mg ha~!) [60] and in a citrus orchard that increased from 22.1 to 41.7 Mg ha ! as a
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result of combined application of crop residue along with organic manure in a long-term
study (from 1982 to 2010) [61].

5. Conclusions

Differences in non-rehabilitated and rehabilitated areas can be evidenced by the soil
cover (spectral indices) and soil attributes such as CEC, SOM, and the SOC stock. This study
shows that the spectral indices NDVI and BSI can be considered to predict and monitor the
SOC stock in minelands. The positive correlation between the SQI and SOC stock predicted
by spectral indices reinforces current efforts for remote sensing of soil quality in areas of
difficult access.

Data indicates that the topsoil transfer and subsequent revegetation maintains carbon
stocks and this may reduce carbon emissions associated to vegetation suppression when
topsoil is used for revegetation and rehabilitation purposes. Approximately 45 Mg ha~! of
SOC stock can be preserved with topsoil translocation, which is a very significant amount
in the context of the efforts to become mining net-zero carbon emissions.
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Figure S3: Biological and biochemical attributes of chronosequences and reference forests.
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