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Abstract

Plant cover acts to maintain the balance between soil chemical, physical, and biological attributes, as well as superficial
soil protection. The aim of this study was to evaluate the impacts of iron ore mining and their reclamation on soil physical
properties and soil visual quality in Fort Lauderdale Municipal Park and Serra do Curral Municipal Park, Iron Quadrangle
(Quadrilatero Ferrifero), Minas Gerais State, Brazil. The evaluated areas varied in relation to the post-mining condition,
natural revegetation (NR), an area with gully erosion (GA) and area under eucalyptus revegetation (ER) and native veg-
etation cover, rupestrian field (RF), and seasonal semi-deciduous forest (NF). The main soil physical attributes evaluated
were: soil organic matter (SOM), geometric mean diameter (GMD), weighted mean diameter (WMD), bulk density (Bd),
air capacity (ACb), plant-available water capacity (AWC), relative field capacity (RFC), and visual soil quality assessment.
In addition to the impacts on the landscape, with removal of vegetation and soil cover, iron ore mining process impacts
soil physical quality measured through porosity and aggregation properties and therefore could impact ecosystems
services. Areas of iron post-mining that are not restored can develop gully erosion. NR shows high erosion risk inferred
through aggregation indicators (GMD =3.84 mm; MWD = 3.04 mm), despite similar soil organic matter content and higher
plant-available water and air (NR [AWC=0.102 m* m~3; ACb=0.328 m* m~3], NF [AWC =0.062 m* m~3; ACb=0.202 m3 m~3])
compared with NF (GMD=4.77 mm; MWD =4.56 mm). ER had similar soil structure stability compared to NF as well most
of the porosity indicators, which is associated with the higher soil organic matter. Soil visual assessment alone was not
able to characterize the soil physical quality, mainly in the post-mining areas, because it was designed for agricultural soils.
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1 Introduction

Surface mining has a significant effect on the envi-
ronment, such as vegetation removal, removal of soil,
sediment exposure, water erosion, reduction of biodi-
versity, and contamination of soil and water resources
[1-3], thereby significantly disturbing ecosystems [4].

Establishment of vegetation is a critical step in achiev-
ing the goal of ecosystem restoration in mining areas [3].
Particularly, iron ore mining impacts the landscape, since
all vegetation and topsoil should be removed prior to
excavation to reach iron ore deposits [4]. Effects on soil
cover, and the difficulties in its restoration, are constantly
reported [5]. Soil digging operations, detonations, and
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compaction caused by the weight of machines, among
others, generate large quantities of residues [4]. These
activities may cause direct and indirect negative effects
[6]—chemical, biological, physical, structural, and aes-
thetic changes—depending on the origin material, geol-
ogy, physical and chemical factors, vegetation, adopted
management, and type of extracted material [7].

The method of reclamation depends on the scale of sur-
face of mining impact, as well as on mining technology,
intensity of disturbance, soil chemical and physical char-
acteristics, and hydrological patterns [8]. In general, post-
mining areas are highly compacted because of repeated
movement of heavy equipment and rock fragments [1].
Compacted post-mining areas, due to the higher soil bulk
density, have low soil porosity, resulting in limited water
retention and nutrients uptake, which restricts root devel-
opment[1,9, 10]. In addition to the impact on soil physical
properties, mining activities also cause drastic loss of soil
organic carbon [1, 11, 12], thereby affecting in soil health
and ecosystems services [13].

Soil is a good environment stratifier; therefore, an indi-
cator of environmental quality can affect ability to keep
the environment in balance [4]. Hence, monitoring of soil
physical, chemical, and biological attributes is critical for
assessing mining impacts and reclamation process [14].
Ultimately, combining laboratory-based and soil visual
evaluation approaches has been advantageous for land
management [15]. Visual soil assessment (VSA) is an
approach based on visual properties allowing rapid assess-
ment of soil quality [16], indicated to identify and improve
the management systems and environmental preservation
[171.

Mining is the most important economic activity of
Minas Gerais State, in addition to tourism, metallurgy, and
steel production [18, 19]. This region occupies approxi-
mately 7,000 km? and is mountainous, with altitudes of
1,000 to 2,000 m. The vegetation is relatively heterogene-
ous, including seasonal semi-deciduous forest, the tran-
sition between forest and “Cerrado” (Brazilian savanna),
“Campos Cerrados” (savanna field), and “Campos Rupes-
tres” (rupestrian field). Its hydrographic network is made
up of two basins: the Sdo Francisco River and the Rio Doce.
Given the importance of the iron ore mining activity in
the Minas Gerais State and the soil physical quality in the
reclamation of these environments, studies need to be
conducted to evaluate its effects on soil physical quality.
Studies focusing on the soil physical quality recovery of
high-altitude mining fields are scarce [20]. This is particu-
larly the case with iron ore areas in tropical soils.

The hypothesis of this study is that different manage-
ment conditions after iron ore mining will promote differ-
ences in soil physical quality and visual soil analysis. The
aim of this study was to evaluate the impacts of iron ore
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mining and their reclamation on soil physical properties in
Fort Lauderdale Municipal Park and Serra do Curral Munici-
pal Park, Minas Gerais State, Brazil. Also, we tested the VSA
as a quick and easy method to assess soil quality.

2 Materials and methods
2.1 Description of the study area and sampling

The studied areas are in the Serra do Curral and Fort Lau-
derdale Municipal Parks, which are part of the Serra do
Curral complex, in the Iron Quadrangle, located in Belo
Horizonte, Minas Gerais State, Brazil (Fig. 1). This region
is located between the coordinates 19°57'41.98" S and
43°55'12.30" W. The climate is classified as Cwb, accord-
ing to Kdppen'’s climate classification [21], and the domi-
nant pedological units are associations between Entisols
and Inceptisols [22].

The studied areas varied in relation to the post-mining
condition and native vegetation cover. The post-mining
areas had their surface layer and vegetation removed for
iron ore extraction. Following the completion of iron ore
mining, some 36 years ago, an area under natural reveg-
etation (NR), an area that suffered an erosion process
culminating in a gully (GA), and another that received
eucalyptus revegetation (ER) were selected. Near the
studied areas, there are active mines and others are
closed mines. Two areas with distinct native vegetation
were used as reference condition: rupestrian field (RF)
and seasonal semi-deciduous forest—native forest (NF).

The RF is a phytophysiognomy which occurs mainly
on the mountains of the Southeastern, Central, and
Northeastern Brazil, usually above 900 m altitude [23].
It shows a random distribution with shallow soils and
rocky outcrops [24]. The RF vegetation contains many
endemic species, adapted to large temperature varia-
tions and low water availability, acid soils, and fire occur-
rence [23]. Seasonal semi-deciduous forests are tropical
forests that are subjected to a well-defined dry season,
in which a portion of the trees lose their leaves. They are
part of the Atlantic Forest Biome [25], which is a biodi-
versity hot spot for conservation priorities [26].

The NR, ER, and RF are under Entisols, GA under exposed
saprolite, and NF under Inceptisol. All areas are hilly relief
and geological material of itabirites and quartzites. The NR
and RF areas are covered with grasses and small spaced
shrubs, characteristic of rupestrian fields.

Soil sampling was carried out at random in the areas
in order to represent the different post-mining condi-
tions and the two areas with native vegetation. The five
areas were sampled, with five replicates, collected in the
0.0-0.10 m layer for undisturbed samples. Undisturbed



SN Applied Sciences (2020) 2:1659

| https://doi.org/10.1007/s42452-020-03457-9

Research Article

AW

b= 151075

Belo Hosizonte

-

- ]
-~ ~
- N

Cuadrilitens SN
Fenifers

= S0

Fig. 1 Location of the areas affected iron ore mining and native vegetation in Iron Quadrangle, Minas Gerais State, Brazil. NR=natural reveg-
etation; GA=gully area; RF =rupestrian field; NF =native forest; and ER=eucalyptus revegetation

samples were taken with the Uhland sampler [27], using
steel cylinders with height and pre-measured diameters.
Aggregate and disturbed samples were also collected by
clods taken at two depths, 0.0-0.10 and 0.10-0.20 m in
small trenches of 0.40 x 0.30 m (Fig. 1).

The soil texture analysis was determined by the pipette
method in a dry air sample (<2 mm), using NaOH disper-
sion (0.10 mol L") and slow stirring (40 rpm) for 16 h.
Total clay (<0.002 mm), silt (0.05-0.002 mm), and sand
(0.05-2 mm) were quantified (Table 1). The procedure was
repeated without the addition of NaOH for quantification
of the water dispersible clay (WDC) and calculation of the

flocculation index (FI). Stoniness of the soil, visually very
prominent in the area, was evaluated by sieving (>2 mm).
Soil organic matter (SOM) was determined by oxidation of
the organic matter with K,Cr,0O; in a sulfuric medium. The
procedures followed the protocols described by Teixeira
et al. [28]. The chemical characterization of the soil at the
time of sampling and the results of the textural analysis
are presented in Tables 1 and 2.
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Table 1 Clay, silt, and sand

. Site  Clay Silt(%) Sand
content for two soil layers
in areas affected by iron 0.0-0.10 m depth
ore mining and native
vegetation in the Serra do NR 40 47 13
Curral Municipal Park and Fort GA 17 54 29
Lauderdale Park, Minas Gerais RF 28 46 26
State, Brazil NF 9 62 29
ER 33 24 43
0.10-0.20 m depth
NR 45 39 16
GA 23 47 30
RF 29 47 24
NF 10 59 31
ER 24 37 39

NR natural revegetation; GA
gully area; RF rupestrian field;
NF native forest; ER eucalyptus
revegetation

2.2 Indicators of soil structure stability

To determine the soil aggregates stability, we used aggre-
gates of 8 to 4 mm diameter. After pre-wetting, these were
submitted to wet sieving [28], through sieves: 2.0 mm,
1.0 mm, 0.5 mm, 0.25 mm, and 0.09 mm, to separate size
classes of aggregates. Stirring was performed at 10 rpm for
15 min. In addition, the geometric mean diameter (GMD),
the weighted mean diameter (WMD), the aggregate sta-
bility index (ASI) [29, 30], and the structural stability index
(SSI) [31] were calculated. For the calculation of SSI, the
following equation was used:

1.72 SOM

=——"— %100
(silt + clay)

where SOM is the content of soil organic matter (% by
mass), and silt+clay is the added content of silt and clay
in the sample (% by mass).

For the calculation of ASI, the following equation was
used:

drp — wp25 — Sand

ASI =
drp — Sand

where drp is the dry sample weight, wp25 is the weight of
the class aggregates <0.25 mm and Sand is the weight of
the sand fraction of the soil sample.

2.3 Indicators of soil porosity

To obtain the soil water retention curve, the samples
were weighed after being saturated with distilled water
by capillarity for 48 h. Then, they were subjected to matric
potentials of — 10, - 20,—40,—60,—80,— 100,—330,— 100
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0,—5000, and — 15,000 hPa. The automated tension table
(ECOTECH) was used for matric potential of up to— 100 hPa
and the other matric potential reached in Richards’ Cham-
ber (SOILMOISTURE EQUIPMENT CORP.) of mean and high
pressures.

The bulk density (Bd) was determined by the volumetric
ring method and the particle density (Pd) by the volumet-
ric flask method according to Teixeira et al. [28]. The total
porosity (TP) was determined by the water content in satu-
rated condition. The pore size distribution was determined
having a border diameter of 0.05 mm, obtained by water
content equilibrium at — 60 hPa for separation of macropo-
rosity (Mac) and microporosity (Mic) [32].

The water retention curves were adjusted to the
van Genuchten [33] model with Mualem restriction
[m=1-(1/n)]. Field capacity (FC) was estimated by equi-
librium water content at— 100 hPa [31, 34]. The permanent
wilting point (PWP) was estimated by equilibrium water
content at— 15,000 hPa. The plant-available water capacity
(AWCQ) of the soil was calculated by the difference between
the FCand PWP.

The bulk air capacity (AC,) indicates soil’s air-holding
capacity [31] and was obtained by the equation:

AC, = TP — FC

The relative field capacity (RFC) represents the soil’s
capacity to store water and air in relation to the total
porosity [35] and is obtained by the equation:

FC

RFC = —
TP

The soil water content at the inflection point (8, ) was
obtained by the equation presented by Dexter and Bird
[36] from the soil water retention curve modeled by van
Genuchten [33], as follows:

6INFL = (esat - eres)“ + 1/m) -m+ eres

where 8, is the water content in a saturated sample; 6,
is the water content at matric potential — 15,000 hPa, and
m is a parameter of model adjustment.

The 6\ has been associated with water content in
FC in tropical soils due to high correlation with in-field
method [37, 38]. Thus, its use in the calculation of AWC
was also evaluated using 6\, obtained by:

AWC e = (Oine—Opwp)

The SAWCal software [39] was used to calculate the S
Index, the slope of water retention curve at the inflection
point [40], and the integral energy (E) required for soil
water extraction in the soil moisture range delimited by
the AWC, according to methodology recommended by
Asgarzadeh et al. [39].
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2.4 Visual soil quality assessment

Three visual evaluations were performed in each area,
according to Niero et al. [17], with the procedures of
Shepherd [16]. For each attribute, a score ranging from
0 to 2 (with fractions) was given: 0 (poor), 1 (moderate),
and 2 (good), by comparison with the photographs in the
author’s field guide.

Visual evaluation of the soil structure was based on the
side analysis of a "clod" of approximately 0.20 m. The clod
was dropped into a plastic tray, from a height of 1 m, up to
three times, if there was no disaggregation after previous
drops. The coarse and fine fractions were moved to oppo-
site ends of the tray, thus obtaining a gradient of size com-
pared to the photographs in the field manual. The color
and presence of mottling were evaluated in the same clod.
The visual porosity was evaluated by the exposure of the
face originating from the separation of structural units,
compared to the manual’s photographs. The plant cover
assessment was made from the observation of dead cover
and plant residues on the surface of the soil. The surface
relief evaluation was assessed by the difficulty of transit
over the area compared to that described in the manual.

To evaluate the soil quality index, each attribute
received a score and a weighting of its importance, accord-
ing to the methodology described by Shepherd [16]. The
sum of the values obtained with the weighting classi-
fied the soil as: poor (sum less than 10), moderate (sum
between 10 and 25), or good (values greater than 25).

2.5 Data analysis

Principal component analysis (PCA) was used to determine
the soil physical properties that most differentiated the
sampled areas. These attributes consisted of dependent
variables for the null hypothesis tests of equality of param-
eters among regions, using a one-way ANOVA model. The
a priori tests, Shapiro-Wilk and Levene, were carried out to
investigate the assumptions. When there was no normality
and/or homogeneity of variances by the Shapiro-Wilk and
Levene tests, a Box—Cox transformation was performed to
obtain it. The Tukey test was used in the posteriori tests for
soil physical properties and Scott—-Knott test for visual soil
assessing, using the 5% level of significance. The analyses
were performed using the R software 3.6.1.[41].

3 Results and discussion

3.1 Soil aggregate stability

There was no significant effect of the sampling depth
(0.0-0.10 m and 0.10-0.20 m) or the interaction between
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Table3 ANOVA tests (F values) and/or Kruskal-Wallis (H values)
for soil physical properties in areas affected by iron ore mining and
native vegetation in the Serra do Curral Municipal Park and Fort
Lauderdale Park, Minas Gerais State, Brazil

Variable Sites
GA NR RF ER NF

GMD, mm 3.09d 3.84c 4.09cd 4.64ab 477a
MWD, mm 1.75¢ 3.04b 2.84b 4.33a 4.56a
SSI* (%) 1.11b  4.07ab 503a 6.74a 7.36a
ASI* (%) 53.52c 93.74ab 82.14bc 96.91a  97.86a
SOM* (%) 0.80b 334a 3.60a 4.22a 5.09a
Bd (Mg m™) 1.51ab  141a  154ab 1.70bc  1.93c
TP (m3>m™3) 0.463bc 0.579a 0.532ab 0.473bc  0.454c
Mac (m3 m™3) 0.209ab 0.298a 0.159b 0.221ab  0.227ab
RFC 0.549ab 0.479b 0.672a 0.511ab 0.488ab
ACb (m>m™3) 0.212b 0.328a 0.280ab 0.220b  0.202b
AWC (m>m™) 0.120b 0.102b 0.156a 0.061c  0.062c
AWCpr (M*m™) 0.211ab 0.293ab 0.311a 0.239ab  0.192b
B (M3 m~3) 0.360bc 0.442ab 0.460a 0.387abc 0.341c
S Index 0.065a 0.071a 0.063ab 0.044ab 0.034b
Stoniness (%) 51a 66ab 71ab 88b 78b

Means followed by the same letter in the row do not differ at the
5% level of significance by the Tukey test. *Medians followed by
the same letter do not differ at the 5% level of significance by the
Kruskal-Wallis test. MWD: mean weighted diameter; GMD: geo-
metric mean diameter; SSI: structural stability index; ASI: aggregate
stability index; SOM: soil organic matter; Bd: bulk density; TP: total
porosity; Mac: macroporosity; RFC: relative field capacity; AC,: air
capacity; AWC: available water capacity; AWCINFL: available water
capacity at the inflection point; 6, : water content at the inflection
point; NR=natural revegetation; GA=gully area; RF=rupestrian
field; NF=native forest; ER=eucalyptus revegetation

area and depth (p>0.05) for soil properties MWD, GMD,
SSI, and ASI, except for SOM. Thus, the mean values for the
0.0-0.20 m layer are presented (Table 3).

The reference area for comparing the impacts of iron
ore mining on soil physical properties is the RF, as it is in
the same type of soil (Inceptisol) as the mined areas. The
greatest impact of mining on the attributes of soil aggre-
gation and SOM was in the area where the most intense
erosive processes were observed (GA). In areas with some
revegetation process, it was possible to recover some soil
physical properties. The ER was able to improve some
attributes of soil aggregation, such as GMD, MWD, and ASI.
This result may have been driven by the application of fer-
tilizers in the implantation and conduction of eucalyptus,
as can be seen by the higher levels of P and K (Table 2).
Therefore, eucalyptus revegetation in post-iron ore min-
ing areas is a good technique for recovering soil physical
properties.

The GA had the lowest values of MWD, GMD, SSI, ASI,
and SOM. NR and RF had intermediate values, while ER and
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NF had the highest soil aggregation indexes (Table 3). Soil
aggregation is a good indicator of soil quality influenced
by different land uses [42-44]. SSI below 5% indicates
high impact, between 5 and 7% indicates a high risk of
structural degradation, and above 7% indicates low risk of
degradation [45]. Only the NF had an SSI greater than 7%,
indicating that the soils of the areas under reclamation,
and even the RF, present high risk of loss organic carbon
and susceptibility of soil erosion.

SOM was lower in GA, and among the other areas, there
was no difference (Table 3). The SOM is closely related to
all soil physical attributes [46], acting in all phases of the
aggregation process, conferring greater stability to them
by composing and stabilizing even macroaggregates.
Thus, SOM is important to maintain good physical soil
quality and strongly affects environmental quality [47,
48]. Continuous gully erosion has a significant effect on
soil erodibility, and the parent material exposed on the soil
surface shows very low aggregate stability [49]. This low
aggregate stability increases soil erosion, and intensive
erosion inhibits the development of stable soil profiles.

Reforestation affects the stabilization of degraded min-
ing soils in several ways. The physical effect of roots on soil
structure stability by enmeshing soil particles and chemi-
cal through releasing root exudates [50, 51], increases the
soil cover’s resistance to erosion, which accelerates as the
accumulation of soil organic matter and biological process.
Beneficial changes in physical, chemical and biological
properties and processes increased aggregate stability of
reforested topsoils [11, 49, 52].

Therefore, post-mining areas where care is not taken
against intense erosive processes (GA) showed less SOM
and aggregate stability, while the area that was reclaimed
with eucalyptus (ER) presented SOM and aggregate stabil-
ity similar to the native forest, and greater than the natu-
rally revegetated area.

3.2 Soil porosity and plant-available soil water
capacity

The Bd values were higher in the NF (1.93 kg dm™3) and
lower in the GA (1.51 kg dm~3), NR (1.41 kg dm~3), and RF
(1.54 kg dm™3). This is due to higher Pd and soil stoniness
in the NF, therefore, due to the soil characteristics, and not
by the post-mining vegetation cover. Mining can cause
an increase in Bd due to compaction of the heavy traffic
and drastic loss of SOM [1], which was not observed in this
study. TP, Mac, and ACb were higher in NR and lower in
NF and RF (Table 3). Mac and ACb values are higher than
those considered critical (<0.100 m®* m~3) in the literature
[53]. The RFC was higher in the RF and lower in the NR. The
RFCindicates the soil’s ability to store water and air relative

to the soil’s total porosity. Lower RFC values (RFC < 0.6)
indicate a soil with water limitation, and greater RFC values
(RFC>0.7) indicate soil with limited aeration [35]. Except
for the RF area with a RFC in the optimal range, the other
areas have soils with water limitation (Table 3). Therefore,
the biggest limitation of soils in the studied areas was the
low water availability, especially due to the low clay con-
tent and high stoniness.

The S Index was higher in the GA and NR areas and
lower in the NF area. The S Index reflects the soil struc-
tural condition based on the slope of the soil water reten-
tion curve at its inflection point [40] and therefore repre-
sents the pore size distribution and depends basically on
microstructural porosity [40]. Thus, NF, due to its lower clay
content and higher stoniness (Tables 1, 3), compromised
the microstructural porosity, culminating in lower S Index.
Except in the NF, the soil was considered of good physical
quality (S Index > 0.35) [40]. It is noteworthy that the NF is
in a different soil type from other areas (Inceptisol).

The soil water retention curve for the NF and ER areas
had similar behavior, with gradual decrease in the pore
diameter, and lower water retention capacity. On the
other hand, the NR, GA, and RF areas have changed more
abruptly from large pores to small pores, and greater water
retention capacity (Fig. 2). These results may be due to the
lower clay content and higher stoniness of NF and ER areas
(Tables 1, 3).

The RF had greater available water capacity than the
NF, especially due to the clay content and stoniness. Post-
mining areas did not differ for the soil properties AWC,,
and 6,g, but for AWC, ER was smaller. After post-mining
reclamation process, changes occur in soil physical prop-
erties related to pore size distribution, basically reducing
macropores and increasing micropores, which occur few

0.700
@NF
0.600 &
0.500 @
0.400
0.300 -

0.200

Water Content (m* m)

0.100 4

0.000

1 10 100 1000 10000 100000

Matric Potential |-hPa|

Fig.2 Soil water retention curves in areas affected iron ore min-
ing and native vegetation in the Serra do Curral Municipal Park and
Fort Lauderdale Park, Minas Gerais State, Brazil. NR=natural reveg-
etation; GA=gully area; RF=rupestrian field; NF=native forest;
ER=eucalyptus revegetation
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years after recovery [20]. However, our results contrast
with Barros et al. [20], since NR improved soil aeration
function (Table 3). This finding suggests that reclamation
process for long years leads to improvements in soil physi-
cal quality in iron ore mining areas.

In addition to the problem of low water retention and
availability, mining areas often have heavy metal con-
tamination and deteriorating water quality [54]. However,
this aspect was not the subject of this study, and further
research in this matter is recommended.

3.3 Visual soil assessment

The visual analysis showed no difference for structure and
the presence of mottling in the soil. There was a low pres-
ence of earthworms in the areas, and therefore, the related
data were not discussed in this paper. Greater ground
cover was observed for the NF area compared to the NR
and GA areas. As for plant cover, the area with greater plant
contribution, NF, visually presented greater soil coverage,
thus enabling good soil quality [47]. Regarding the color
attribute, the NF and RF areas did not differ. The NF, RF,
and ER areas did not differ in their total porosity, with the
highest values, and NR and GA with the lowest values. The
relief with a more stable topography and, therefore, with
less difficulty of transit is in the NF and the most unstable
of the GA (Table 4). The more human-affected areas (NR
and GA) showed a structure more susceptible to disag-
gregation, being visually more degraded and eroded due
to the lower plant cover and SOM [55].

The visual index of the NR and GA was smaller than the
others, being classified as of poor soil quality. The areas of
NF, RF, and ER were classified as of moderate soil quality
(Table 5). The VSA is a technique widely used in agricultural
and pasture areas [16, 56-58], and this is one of the rare
studies conducted in mined areas. The GA and NRarein an
advanced degree of degradation and, therefore, fall into

Table 4 Values from soil visual analysis in areas affected by iron ore
mining and native vegetation in the Serra do Curral Municipal Park
and Fort Lauderdale Park, Minas Gerais State, Brazil

Visual analysis ~ NR GA RF NF ER

Ground cover 0.333c 0.166c  0.833b  1.833a  1.000b
Color 0.833b 1.000b 1.833a 1.833a 1.166b
Structure 1.166a 1.000a 1.000a 1.166a 1.500a
Mottled 1.000a 0.666a 1.333a 1.833a 1.333a
Total porosity 0.666b  0.666b 1.833a 1.833a 1.333a
Surface relief 0.833c  0.166d  1.333b  2.000a 1.333b

*Means followed by the same letter in the row do not differ at the
5% level of significance by the Scott-Knott test. NR=natural reveg-
etation; GA=gully area; RF=rupestrian field; NF=native forest;
ER=eucalyptus revegetation
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Table 5 Soil quality index values and their classification, according
to Shepherd (2000), in areas affected by iron ore mining and native
vegetation in the Serra do Curral Municipal Park and Fort Lauderd-
ale Park, Minas Gerais State, Brazil

Site Visual index Classification
NR 9b Poor

GA 8.5b Poor

RF 19a Moderate

NF 14a Moderate

ER 15.5a Moderate

Means followed by the same letter in the column do not differ at
the 5% level of significance by the Scott-Knott test. NR=natural
revegetation; GA=gully area; RF=rupestrian field; NF =native for-
est; ER=eucalyptus revegetation

the "poor" quality category [16]. However, the other areas
were classified as having moderate visual quality, possi-
bly because they already had better plant cover and/or
because the analysis was influenced by the high stoniness
found. The visual evaluation is useful to quickly estimate
the attributes of an agricultural soil. However, in a more
comprehensive characterization, it is necessary to make
use of the largest number of possible laboratory analyses.

3.4 Distinction of environments through physical
attributes

The soil physical properties were sensitive to differentiate
the evaluated areas, using PCA (Fig. 3). The first three prin-
cipal components (PCs) accumulated approximately 70%
of the data variance. The percentage of variance captured
by PCA greater than 60% indicates good explanation for
any phenomenon studied [59].

Soil physical properties are more correlated with PC1,
and therefore, contributions were: Pd (0.60), stoniness
(0.64), SOM (0.60), Bd (0.83), MWD (0.91), GMD (0.89), ASI
(0.80), SSI (0.71), S Index (—0.85), and AWC (—0.69). The
clay content (0.76), SOM (0.60), PWP (0.61), ACb (0.64),
Oinr (0.81), and AWC . (0.74) had most correlations with
PC2. The Mac (0.93), RFC (- 0.89), and E, (0.65) had most
correlations with PC3. Silt and sand contents, FC, and FI
had low correlation in these PCs, indicating little impor-
tance to distinguish the areas (Table 6). PCs can be used to
reduce the original variables to a smaller number of new
variables (PC) by explaining most of the variation in the
original variables [60], therefore serving as an important
tool that provides a minimum dataset for environmental
monitoring [13].

Figure 3 shows the observations projections and coordi-
nates of variables. PC1 (33%) and PC2 (22%) distinguished
three environments: (1) GA; (2) NR and RF; and (3) ER and
NF. These two PCs summarize the soil physical properties
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Fig.3 Projections observations and coordinates of soil physical
properties in areas affected iron ore mining and native vegetation
in the Serra do Curral Municipal Park and Fort Lauderdale Park,

related to soil aggregation, soil porosity, and water avail-
ability to plants. The PC1 (33%) x PC3 (15%) and PC2 (22%)
x PC3 (15%) biplots best distinguish the NR area from the
RF. This was due to higher Mac and lower RFC, high correla-
tion with PC3, in NR compared to the RF, which confirmed
the analysis of variance (ANOVA) (Table 3). These results
show mining activity impact remains on rupestrian field—
that was once a mining area (NR)—regarding soil physical
quality, measured by aeration soil function.

GA is almost always associated with accelerated ero-
sion and therefore with instability in the landscape [61]
post-mining, being an area with the highest level of deg-
radation. GA presented higher silt content and lower SOM
(Fig. 3, Table 3), which have a strong influence on soil erod-
ibility [62]. The NR and RF areas suffer from laminar erosion

Minas Gerais State, Brazil. NR=natural revegetation; GA=gully area;
RF=rupestrian field; NF=native forest; ER=eucalyptus revegeta-
tion

process (visual field evaluation); however, soil attributes,
landscape, and vegetation cover prevent a gully erosion
process. These areas were grouped by higher clay content,
soil porosity, and available water capacity. Therefore, NR,
over 36 years, has been able to recover these soil physi-
cal properties, mainly related to soil water availability
function.

The ER area approached the condition of NF, with
higher SOM and soil aggregation attributes (Fig. 3, Table 3).
These results indicate that eucalyptus cultivation in the
recovery of post-mining areas in a rupestrian field envi-
ronment improves the soil physical properties rather than
natural revegetation and even the rupestrian field condi-
tion. Eucalyptus can be used in the reclamation of areas
affected by iron ore mining, being a species that exhibit
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Table 6 Principal component analysis of the soil physical proper-
ties in areas affected by iron ore mining and native vegetation in
the Serra do Curral Municipal Park and Fort Lauderdale Park, Minas
Gerais State, Brazil

Variables PC1 PC2 PC3

Particle density (kg dm™) 0.60 0.40 0.25
Clay (%) -0.26 0.76 0.14
Silt (%) -0.11 -0.59 0.14
Sand (%) 0.53 -0.11 -0.40
Stoniness (%) 0.64 0.26 0.29
Soil organic matter (%) 0.60 0.60 0.17
Bulk density (kg dm™) 0.83 -031 -0.17
Total porosity (m® m™) -0.50 0.66 038
Macroporosity (m? m™) -023 -0.06 0.93
Relative field capacity 0.00 035 -0.89
Permanent wilting point (m®> m™) 0.47 0.61 —0.31
Field capacity (m> m™) -001 -0.06 0.12
Air capacity (m3m™) -045 0.64 027
Mean weighted Diameter (mm) 0.91 0.12 0.32
Geometric mean Diameter (mm) 0.89 0.20 0.23
Flocculation index (%) -0.42 033 -0.20
Aggregate stability index (%) 0.80 0.34 0.38
Structural stability index (%) 0.71 050 -0.01
S Index -0.85 0.19 0.36
Available water capacity (m> m=3) -0.69 028 -042
Integral energy (kg J™) 0.43 038 —0.65
Bpne (M3 m~3) - 041 0.81 -0.03
Available water capacity s (M*m™)  -0.35 0.74 -0.10
Percentage of variance explained (%)  32.71 21.70  15.15

Loads larger than 0.60 are shown in bold type and show the differ-
ential importance of the variables in each component. Total vari-
ance of the model explained by the first three components: 69.56%

high survival and growth [63, 64]. Native vegetation may
be more difficult to grow than exotic species [64], espe-
cially when the natural vegetation is composed of shrubs
and some sparse grasses, such as the rupestrian fields.
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Fig.4 Mean values of stoniness (%) (a) and linear regression
between the aggregates 8-2 mm and stoniness (b), in areas
affected iron ore mining and native vegetation in the Serra do Cur-
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The soil stoniness was higher in the ER area (90%) and
smaller in the GA and NR areas (60%) (Fig. 4a). The areas
with higher percentage of stones had a greater percent-
age of aggregates of 8-2 mm (Fig. 4b), showing significant
correlation. It is important to highlight that soil aggrega-
tion attributes were strongly influenced by high soil stoni-
ness (Figs. 4b, 5). Areas with higher SSI, ASI, MWD, and
GMD had higher stoniness (Fig. 4a), so many aggregates
are stones, which biased some soil aggregates attributes.
However, the SSI attribute is determined from the SOM,
silt, and clay content of the sample, not influenced by
soil stoniness. In addition, SOM, a fundamental property
for soil aggregation [65], was highly correlated with soil
aggregation attributes (Fig. 5). Therefore, it is suggested
that the methodology for determining aggregate stability
be adapted to conditions of high soil stoniness, as usually
occurs in post-mining areas, or use indirect indicators like
SSI.

Soil properties related to soil aggregation, soil porosity,
and water availability had a distinct correlation with Bd
and S Index. Bd had a positive correlation with soil aggre-
gation and a negative correlation with porosity and water
available capacity; the opposite was observed for the S
Index. Areas with higher soil aggregation showed higher
stoniness and Pd and, therefore, higher Bd. The S Index is
an indicator of physical soil quality [40]; therefore, a posi-
tive correlation with soil aggregation is to be expected,
but most soil aggregation indicators were biased by soil
stoniness, causing a negative correlation with S Index.

Soil characteristics like clay content and Pd have some
influence on soil properties (Fig. 5) which can be explained
due to pedological/soil genesis variation in the evaluated
area (Inceptisol to Entisol). Clay content correlated posi-
tively with TP and ACb. The correlation of the clay content
with the available water capacity depended on the crite-
rion adopted to estimate the field capacity. AWC,\, pos-
sibly correlates due to more water retention in clayey soil
[38]. Pd basically influences soil aggregation attributes as

100 ~
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& 80 - a
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ral Municipal Park and Fort Lauderdale Park, Minas Gerais State,
Brazil. NR=natural revegetation; GA=gully area; RF=rupestrian
field; NF =native forest; ER=eucalyptus revegetation
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Fig.5 Pearson correlation coefficient of soil physical properties in
areas affected iron ore mining and native vegetation in the Serra do
Curral Municipal Park and Fort Lauderdale Park, Minas Gerais State,
Brazil. Pies indicate significant correlation (p <0.05)

shown above. However, stoniness had more impact on soil
properties because it reflects mining reclamation process
[20] and therefore is essential in interpreting soil functions
affected by mining.

Considering the contribution of the studied variables
(eigenvector) to the main components, the soil physical
properties most sensitive to the recovery processes of
post-mining areas were: Mac, RFC, GMD, and MWD. Thus,
the soil aggregates stability and soil aeration capacity can
be used for the diagnosis and monitoring of post-iron ore
mining areas.

4 Conclusion

Iron ore mining process impacts soil physical quality
measured through porosity and aggregation properties
and therefore could impact ecosystems services. Erosion
risk evaluated by aggregate stability increased in an area
without reclamation intervention culminating in a gully
erosion (GR). The texture and stoniness variations were
related to the aggregation and pore size distribution indi-
cators, which biased results of some physical indicators
and must be considered, for example in the interpretation
of the results of Bd and S Index. The soil physical properties
most sensitive to the recovery processes of post-mining
areas were: Mac, RFC, GMD, and MWD.

Natural revegetation (NR) shows high erosion risk
inferred through aggregation indicators, despite similar
SOM content and higher plant-available water and air
compared with NF. Moreover, soil and water conservation
practices should be employed to stabilize and recover soil
quality. Nevertheless, eucalyptus revegetation (ER) proved
to be more effective in reclamation areas degraded by iron
ore mining compared to NR. ER enhanced soil organic mat-
ter content and therefore had similar soil structure stability
compared to NF as well as most of porosity indicators.

Our hypothesis was partially proved, since VSA alone
was not able to characterize the soil physical quality,
mainly in the post-mining areas, because it was designed
for agricultural soils. Future work should explore relation
between soil physical properties and VSA in post-mining
areas.
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