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Potentially toxic elements and
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study at the Moatize coal
mine in Mozambique
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José João Passe3, Fernando Luı́s Pongo3,
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Juliana Brito da Silva1, Marcel Thomas Pereira Job1,
Maria Candida Moitinho Nunes1 and Lizete Stumpf1

1Soil and Water Management and Conservation Program (MACSA), Soil Department, Federal University
of Pelotas (UFPel), Pelotas, RS, Brazil, 2Institute of Bio and Geosciences - Agrosphere (IBG-3),
Forschungszentrum Jülich GmbH, Jülich, Germany, 3Faculty of Geosciences and Environment,
Púnguè University, Tete, Mozambique, 4Postgraduate Program in Agronomy, State University of
Southwest Bahia, Vitória da Conquista, Brazil
This study is the first to investigate the relationship between potentially toxic

elements (PTEs) and soil fauna abundance across a chronosequence of minesoils

in Moatize coal mine, Mozambique. Soil samples were collected (0.00−0.10 m

layer) across a chronosequence of minesoils afforested for 0.5, 1.4, 5.3, and 10.6

years. One adjacent unmined soil was sampled as reference. The samples were

analyzed for bioavailable Cr, Pb, Cu, Zn, and Ba contents, and their ecological risk

factor and potential ecological risk index were assessed. Soil organic carbon

content in the form of fulvic acid (C-fulvic), humic acid (C-humic) and humin

(C-humin) as well as soil macro- and mesofauna organisms were quantified. The

ecological risk factor and index values indicated low levels of contamination, with

individual risk factors ranked as Cr>Cu>Ba>Pb>Zn, regardless of restoration time.

Nevertheless, principal component analysis revealed antagonist interactions

between Ba, Cu and Zn contents and fauna recolonization in the minesoil. Soil

fauna abundance remarkably increased over restoration time, especially Acari,

Collembola and Hymenoptera organisms, reaching 642, 227, and 143 organisms,

respectively, after 10.6 years. This was accompanied by increased C-humic and

C-humin concentration. Nevertheless, Acari, Collembola and Hymenoptera

abundance in the 10.6-year restored minesoil were still 84%, 91% and 68%

lower, respectively, compared to the unmined soil. Elapsed 10.6-years of resto-

ration, minesoil fauna abundance and diversity increased, but this process seems

to be hindered by residual contamination of theminesoil with PTEs, mainly Cu, Zn,
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Ba, and Cr. Our data may serve as a baseline for long-term environmental

monitoring, as well as guidelines for policymakers defining restorations strategies

in Moatize. This is critical as legislative reference values of PTEs are not

established in this region.
KEYWORDS

ecological risk, heavy metals, humic substances, macrofauna, mesofauna, PCA
GRAPHICAL ABSTRACT
1 Introduction

Surface coal mining profoundly alters pedogenesis by removing

native soil horizons and exposing geogenic materials with limited

biological functionality, generating minesoils characterized by poor

structural development, nutrient imbalance, and elevated concen-

trations of potentially toxic elements (PTEs) (1, 2). In these newly

formed substrates, ecosystem recovery depends not only on vege-

tation establishment but also on the progressive restoration of

biogeochemical processes controlling organic matter stabilization,

nutrient cycling, and contaminant immobilization (1, 3). Because

mine-derived materials frequently contain elevated content of trace

metals inherited from overburden and coal residues, restoration of

post-mining landscapes must be interpreted simultaneously as an

ecological reconstruction process and a long-term soil pollution

mitigation strategy (4, 5).

Mozambique hosts one of the largest coal reserves in Africa,

with the Moatize coal basin recognized as one of the world’s largest

unexplored coal provinces (6). Surface coal extraction in this region

generates large volumes of waste material that are commonly

returned to open pits during landscape reconfiguration (7), forming

overburden-derived minesoils. These substrates typically present

severe physicochemical limitations for revegetation (8), including

low nutrient availability, extreme pH values, high salinity, and

elevated concentrations of PTEs such as Zn, Cu, Ni, Co, Pb, Cr,

and Ba, all of which constrain biological establishment and early

pedogenic development (9, 10).
02
Although chronosequence approaches have been widely applied

to assess physicochemical recovery in reclaimed mine areas (11, 12),

considerably less attention has been given to the interaction

between bioavailable PTEs, soil organic matter humification, and

biological recolonization under tropical conditions. This limitation

is particularly relevant because soil biological communities are often

more sensitive than conventional chemical indicators to early

restoration constraints, especially where residual contamination

persists (13, 14). Soil fauna directly contributes to litter fragmen-

tation, aggregate formation (10), microbial habitat regulation, and

nutrient cycling (15), making it a highly integrative indicator of

whether technogenic substrates effectively transition toward bio-

logically functional soils (16).

In the Moatize mining region, previous studies have primarily

focused on contamination risks in surrounding water bodies and

adjacent soils due to concerns related to human and animal

exposure (17, 18). However, the internal ecological trajectory of

reclaimed minesoils remains largely unexplored, particularly

regarding the simultaneous evolution of PTE bioavailability, humi-

fied organic carbon fractions, and soil fauna abundance. This gap is

especially relevant in tropical systems, where high temperature and

seasonal rainfall may accelerate organic matter turnover, alter

contaminant redistribution, and generate restoration pathways

distinct from those reported in temperate mining environments.

Elevated concentrations of coal-derived PTEs may persist as

long-term ecological stressors, influencing contaminant mobility,

biological recolonization, and the overall trajectory of minesoil
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restoration (19, 20). Although the toxicity of these elements is well

recognized, their effects on soil fauna recovery across tropical mine

chronosequences remain insufficiently understood. Organic matter

humification may play a decisive role in this process, particularly

because stable humic fractions can reduce PTE mobility and

biological exposure over time (21, 22), thereby contributing to

contaminant buffering and ecological stabilization.

Increasing restoration age is expected to promote progressive

reductions in the ecological risk associated with bioavailable PTEs,

accompanied by greater accumulation of stable organic carbon

fractions and increased soil fauna abundance (23). Humin-enriched

fractions are also expected to be associated with lower biological

exposure to trace elements, reflecting the gradual development of

contaminant buffering mechanisms during ecosystem recovery (24,

25). Therefore, this study provides the first integrated assessment of

bioavailable PTEs, humic substance fractions, and soil fauna recov-

ery across a 10.6-year tropical coal minesoil chronosequence in

Mozambique. By linking ecological risk indicators with biological

and organic matter attributes, the study advances current under-

standing of how reclaimed minesoils evolve from chemically

unstable mine substrates toward ecologically functional systems

and establishes evidence-based benchmarks for restoration moni-

toring in tropical coal mining regions.
2 Materials and methods

2.1 Study area characterization

The study was conducted in Mozambique, Tete province, in the

Moatize coal mining area (Figure 1). This region is characterized by a

hot semi-arid climate in the Köppen-Geiger climate classification, as
Frontiers in Soil Science 03
described by Peel et al. (26). About 71% of rainfall occurs in the summer

months (December, January and February), when temperatures are

highest (23.2 °C on average). The driest period of the year is from May

to September, with monthly rainfall ranging from 2 to 5 mm (Figure 2).

The Moatize coal basin occupies approximately 137,000 km2 in

the Mozambican territory and the predominant geological forma-

tion consists of sandstones, siltstones and mudstones, deposited

during the Carboniferous Period (17). Its geological framework

comprises the Vúzi, Moatize, and Matinde formations, deposited

from the late Carboniferous to Permian under evolving sedimentary

environments, initially dominated by fan-delta and lacustrine-delta

systems and later by braided fluvial channels and floodplains,

reflecting tectonic reactivation and climatic oscillations. Coal

seams exhibit cyclic alternations of coal and mudstone layers,

indicative of fluctuating hydrological conditions during deposition,

while the basin’s thermal evolution was controlled mainly by burial

processes with localized influence of Jurassic doleritic intrusions.

Palynological evidence indicates that coal-bearing strata span from

the middle to late Permian, consistent with Gondwanan deposi-

tional sequences and regional paleogeographic connectivity (27,

28). Open pit mining in Moatize produces about 11 million tons of

coal annually (29). Once the coal extraction is completed, the

topographic recomposition of the mined area starts. Over the

mining overburden, which returns to the open pit, a 0.20 m layer

of the A horizon of the original soil (previously removed and stored

during coal extraction) is spread (Figure 3a). These activities are

performed using specialized machinery, such as bulldozers, exca-

vators and soil scrapers. Some more compacted sites are scarified to

alleviate compaction and thereafter revegetation begins.

These minesoils are revegetated by the mining company by

planting a mixture of native and exotic tree species adapted to the

climatic and soil conditions of the area, mainly: Libidibia ferrea,

Afzelia quanzensis, Pterocarpus angolensis, Vachellia farnesiana,
FIGURE 1

Geographic location of the study area in the Moatize coal-mining region, Tete Province, Mozambique.
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FIGURE 3

Minesoil at end of topographic recomposition (a), start of minesoil revegetation (b), minesoil revegetated for 0.5 (c), 1.4 (d), 5.3 (e) and 10.6 years
(f) and unmined soil (g) in the Moatize coal mine region in Mozambique.
FIGURE 2

Monthly precipitation and temperatures, minimum, average and maximum, in the city of Moatize, Mozambique, from 2000 to 2023 (Adapted from
INAM, 2023).
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Dalbergia melanoxylon, Combretum imberbe, Albizia quimmifera,

Zizyphus mauritania, Colophospermum mopane, Mimusops

coriacea, Brachystegia spiciformis and Adansonia digitate

(Figures 3b-f). Planting is carried out with approximately 30

seedlings of 10 different species per 10 m2. Immediately after

planting, dolomitic limestone and NPK chemical fertilizer (12–

24–12) are applied to the soil. During the first and second year of

restoration, these areas are managed by mulching with dry grass

and at the end of the second year, top dressing is applied. The

reference site (unmined soil) is covered mainly by the following

species Pterocarpus angolensis, Khaya anthotheca, Afzelia

quanzensis, Acacia manguim, Eucalyptus globulus and Moringa

oleifeira (Figure 3g).

Regosols is the predominant soil type in the Moatize region,

including the soil sampled as reference site (30).
2.2 Soil sampling and analyses

Soil sampling was conducted in 2023 in a chronosequence of

minesoils with 0.5, 1.4, 5.3 and 10.6 years of restoration and in one

unmined soil (reference). In each site, soil samples were collected at

the 0.00−0.10 m layer in three 100 m transects, with 25 m intervals

between each collection point, totaling 12 replicates per site. At each

collection point, five soil sub-samples were gathered using a Dutch

auger and thoroughly homogenized to form a composite sample.

These samples were subsequently used for the analysis of PTEs,

total soil organic carbon (SOC), and its chemical fractions (fulvic

acid, humic acid, and humin). The physical and chemical charac-

terization of the soils is presented in Table 1 as supplementary

information for the discussion. The minesoils and unmined soil

exhibited same textural class, allowing the reliable application of the

chronosequence approach and the comparison of the minesoil

attributes to that of the reference soil.

2.2.1 PTEs and ecological risk factor of individual
PTEs and potential ecological risk index

The contents of bioavailable Cr, Pb, Cu, Zn, Mn and Ba in the

soil samples were determined according to the acetic acid method of
Frontiers in Soil Science 05
Ure (31), based on the EUR 19774 (BCR) protocol for bioavailable

fractions (32). For that, 40 ml of acetic acid solution (0.11 mol L–1)

was added to 1 g of soil in a centrifuge tube. The tubes were shaken

horizontally for 20 h. Thereafter, the samples were centrifuged for

15 minutes at 3000 rpm. The supernatant was transferred to a 50 ml

container and the content of bioavailable Cr, Mn, Pb, Cu and Zn

was determined by atomic absorption spectrometry. For Ba, flame

photometry was used.

The individual ecological risk factor (Er) was obtained using

Equation 1, which weighs the contamination level by its toxic

potential and ecological sensitivity. Thus, Er reflects the potential

ecological risk of each PTE individually. The Er of a given PTE was

calculated according to Hakanson (33):

Er = Ti*CF (1)

where: Er = ecological risk factor; Ti = toxic response factor for

a given element (i.e., Pb = Cu = 5, Cr = 2, Zn = Ba =1) (23); CF =

contamination factor (calculated by Equation 2), used to calculate

the anthropogenic contribution to the contents found in the soil.

The CF was calculated by dividing the content of a given element

found in the soil by a background content of the same element

(please see Equation 2). Here, the background contents of Pb, Cu,

Cr, Zn, Ba, Mn were assumed as 25, 14, 42, 70 and 362 mg kg-1,

respectively. In this study, world background soil was obtained from

the global averages reported by Kabata-Pendias (34). Specifically,

values were extracted from the comprehensive dataset in Table 3.2

(column ‘a’, pages 41-42) of the aforementioned study.

CF =
Content of each element

Background content of each element
(2)

The total potential ecological risk index (RI) was determined as

the sum of individual ecological risk factors, representing the

combined Er values of all investigated elements. The RI, originally

proposed by Hakanson (33), quantitatively expresses the sensitivity

of biological communities to the cumulative presence of potentially

toxic elements (PTEs) in soil. Its applicability in coal mining

environments has been supported by recent studies reporting

significant ecological implications associated with PTE accumula-

tion (35, 36). The RI is calculated according to Equation 3:
TABLE 1 Physical and chemical attributes in the 0.00–0.10 m layer of minesoils and unmined soil in the Moatize coal mine region in Mozambique.

Attributes
Minesoil restoration time (years) Unmined soil

0.5 1.4 5.3 10.6

Clay (g kg–1) 276.33 277.50 279.67 272.00 274.33

Silt (g kg–1) 268.83 269.00 268.67 267.17 270.42

Sand (g kg–1) 454.83 453.50 451.67 460.83 455.25

Textural class -––- Sandy Clay Loam -––

Bulk density (Mg m–3) 1.90 1.76 1.68 1.41 1.35

Macroporosity (m3m–3) 0.07 0.10 0.14 0.15 0.18

Porosity (m3m–3) 0.25 0.35 0.43 0.48 0.53

Soil pH in water 4.36 4.70 5.14 6.14 6.40

Base saturation (%) 30.50 66.36 70.33 91.04 97.32

Aluminum saturation (%) 10.03 2.06 1.34 0.37 0.38
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RI =oEr =o(CF*Ti) (3)

where: RI (unitless) = potential ecological risk index computing

all investigated PTEs, their contents and respective toxic response

fator; Er is the single ecological risk index for a specific element

(defined in Equation 1).

The interpretation of the results followed the classification

proposed by Hakanson (33). For Er, values < 40 indicate low

potential risk, 40–80 moderate risk, 80–160 considerable risk,

160–320 high risk, and > 320 very high risk. For RI, values < 150

correspond to low ecological risk, 150–300 moderate risk, 300–

600 considerable risk, and > 600 very high risk. These classes allow

for a comparison of the ecological relevance of different PTEs, as

well as the overall threat level of the suite of contaminants in the

study area.

2.2.2 SOC and chemical fractions

The Walkley-Black combustion method was employed to

determine the SOC content (37). The soil organic matter fraction-

ation was conducted according to Benites et al. (38), in which 20 mL

of 0.1 mol L-1 NaOH was added to 1 g of soil to separate the extracts

from humic and non-humic substances. After separating the

aliquots, the extracts for determination of fulvic and humic acids

were titrated with 0.0125 mol L−1 ammonium ferrous sulfate, while

titration with 0.25 mol L-1 ammonium ferrous sulfate was per-

formed for humin determination.
2.2.3 Soil fauna attributes

The Tropical Soil Biology and Fertility (TSBF) method was used

for evaluation of soil macrofauna. A total of twelve soil monoliths

were collected per area (0.20 m × 0.20 m x 0.10 m depth). All

organisms visible to the naked eye were considered to belong to the

macrofauna (39). The monoliths were transferred to the laboratory

for sorting and collection of macrofauna organisms. During the

field collection of monoliths, macrofauna organisms visible with

naked eye on the monoliths were collected to prevent their eventual

loss. The organisms collected in the field and laboratory were stored

in bottles containing 70% alcohol for later identification.

Twelve steel cylinders (0.050 m heigh, 0.047 m diameter) were

extracted from each area to quantify the soil mesofauna, inverte-

brates exhibiting Ø > 0.1 and < 2 mm. The mesofauna was extracted

according to the Berlese-Tullgren funnel method. The soil samples

were kept on 2 mm sieves in the extractor for 96 hours, exposed to

light and heat of 25W lamps (temperature reached on the upper

face of the cylinder was 42 °C). These conditions force the

mesofauna organisms to move downwards out of the soil, where

they are conducted through the funnel into collection bottles

containing 30 ml of 70% alcohol.

The number of individuals of each taxon was counted and the

various taxa were classified based on the number of individuals as

follows: (1) Dominant: > 10% of the total number of individuals

captured; (2) Common: 1–10% of the total number of individuals;

(3) Rare: 0.1–1% of the total number of individuals; (4) Extremely

rare: < 0.1% of the total number of individuals (40).
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2.3 Statistical analysis

The effect of restoration time on PTEs, SOC, C-fulvic, C-humic

and C-humin content was tested. Normality and homogeneity of

variances were assessed using the Shapiro-Wilk test (S-W test) and

analysis of variance (F test). When the difference between the

restoration years was significant, linear and non-linear regression

analyses were performed to discriminate the variation of the Time

factor in each variable. The most representative models were

adjusted to the data set and presented graphically and tabularly.

Simple linear regression analysis was used to describe the

constant relationship between the predictor variable x (Time) and

the response variables y (minesoil chemical and physical variables).

Whenever the data presented different linear trends in different

regions of the variables, segmented linear regressions (Piecewise

regression and Linear Response Plateau - LRP) were tested. When

the linear effect associated with the second line segment in the

Piecewise regressions was not significant, the data set was fitted to

an LRP-type regression model (41). The generic form of the simple

linear regression equation with a single predictor variable can be

expressed as in Equation 4:

y = b0 + b1x + e (4)

where: y is the response variable; x is the predictor variable, b1
are model parameters and e is the random error.

Segmented linear regression applies linear regression to data (x,

y) that do not have a linear relationship. That is, it introduces one or

more inflection points, after which separate linear regressions are

performed for the linear segments. Thus, the nonlinear relationship

is approximated by linear segments (42). The Piecewise regression

model can be developed in two or more straight line segments

(Equations 5, 6), separated by inflection points (breakpoints - Bp).

Each inflection delimits an abrupt change in the response function

(y) of an influential variable factor (x). Bp can be interpreted as a

critical, safe or limit value from which significant effects on the

behavior of variables occur. In this study, a Piecewise regression

model with two segments was use. d, which results in the two

generic equations described below:

y = k1 + b1x,  for x < xBP (5)

y = k2 + b2x,  for x > xBP (6)

where: yr is the expected value of y for a given value of x; b1 and
b2 are regression coefficients (indicating the slope of the line

segments) and b1 and b2 are regression constants indicating the

intercept points of the y-axis. The estimate of the value of yr, in the

two regression segments fitted to the data, is given by the following

expressions Equations 7 and 8:

yr =  region1 (x)  = ½b1(xBp − x) + b2(x − x1)�=(xBp − x1) (7)

yr =  region2(x)  = ½(b2(x2 − x) + b3(x − xBp)�=(x2 − xBp) (8)

where: d . e model parameters, xBp is the value of x at the

breakpoint, x1 and x2, the minimum and maximum values of

x, respectively.
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Nonlinear regression of the LRP type (41) is also a segmented

regression model, in two parts, in one of which the response

variable is described by a simple linear regression model, and the

other is described by a straight line parallel to the abscissa axis

(plateau), where the response is constant (x0). This model is

described as follows in Equations 9 and 10:

y =
b0 + b1x + e , x ≤ xBp

b0 + b1xBp + e , x > xBp

(
(9; 10)

where: y is the response variable (physical and chemical

variables), b_0 and b_1 are, respectively, the intercept and slope

of the line x is the level of the limiting input, e is a random error

term and x_Bp is the level of input required to reach the plateau.

Thus, one can define.

(xBp, yBp ), as the inflection point (breakpoint), at which the

simple linear regression and plateau segments are inverted. The

point at x of Bp for LRP regressions is given by the following

expression Equation 11:

xBp = (b2 − b0)=b1 (11)

The results of the various chemical and physical variables

observed in the minesoil after 10.6 years of restoration were

compared with observations made in the unmined soil, originating

from an area of native vegetation. The difference between the

variables in each of the environments was assessed using the

Welch t-test. The normality of the data was verified using the S-

W test. In the absence of normality or homogeneity of variances,

comparisons were performed using the Mann-Whitney test and the

homogeneity of variances was verified using the Brown-Forsythe

test, respectively. In all analyses performed, the significance of

differences was tested at the a=0.05 level. Data were processed in

the statistical analysis program SigmaPlot V.15.

The impact of restoration years on the macrofauna and

mesofauna of minesoils was discussed considering their total

abundance, expressed as the total number of individuals per

taxonomic group, the total number of individuals (summing all

taxonomic groups), and their categorization into Dominant,

Common, and Rare during the restoration periods in which

minimal revegetation was established in the minesoils, i.e., between

1.4 and 10.6 years (Figures 3d-f). Finally, principal component

analysis (PCA) was used to analyze the influence of restoration time

and PTEs on soil fauna communities for the groups categorized as

dominant. The PCA was performed using the software PAST 4.03.
3 Results

3.1 PTEs content along the minesoils
chronosequence and unmined soil

Among the PTEs, Cu, Zn and Pb showed a linear behavior,

while Cr and Ba were better explained by LRP regressions

(Supplementary Table 1). The highest average levels of Cu and

Zn were observed at the beginning of the restoration, at 0.5 years,
Frontiers in Soil Science 07
with most samples above 90 and 30 mg kg–1, respectively. However,

both Cu and Zn decreased significantly over time, culminating in

average contents of 80.14 and 27.26 mg kg–1 at 10.6 years of

restoration (Figures 4a, b). At this stage of restoration, the Cu

and Zn contents of the minesoil were still 98.5% and 50.61% higher

than those of the unmined soil, respectively (Table 2). Unlike Cu

and Zn, Pb content increased significantly throughout the

chronosequence, especially between 5.3 and 10.6 years of restora-

tion, when values increased from 25.92 to 45.48 mg kg–1 (Figure 4c).

The Pb content in the oldest minesoil was 244% higher than in the

unmined soil (Table 2).

For Cr, regression results revealed a significant increase until 1.4

years of restoration, from 52.44 to 93.25 mg kg–1. However, from

this period onwards there was a stabilization of Cr levels in the

minesoils at around 60 mg kg–1 (Figure 4d). Compared to the

unmined soil, the Cr content in the 10.6 years minesoil was 38.4%

higher (Table 2).

According to the regression model, Ba levels decreased sharply

between 0.5 years (878 mg kg–1) and 1.4 years (809 mg kg–1) of

restoration and stabilized at around 800 mg kg–1 after this period

(Figure 4e). As with the other PTEs, in the minesoil at 10.6 years of

restoration, the Ba content was 98% higher than in the unmined

soil (Table 2).

3.1.1 Ecological risk factor of individual PTEs and
potential ecological risk index along the
minesoils chronosequence

In general, the Er of the single PTE in the soil of the Moatize

Mine, considering bioavailable levels, was generally low (Er < 40),

and the RI for Cr, Zn, Cu, Ba and Pb indicated low ecological risk

potential (RI < 150), regardless of restoration time (Figure 5). The

potential risk indices of individual PTEs decreased as follows:

Cr>Cu>Ba>Pb>Zn. Cr was the PTE with the highest Er value

(11), followed by Cu (7), with small variations (<1) over the

chronosequence (Figure 5).

Among the PTEs, Zn exhibited the lowest Er, despite having

average concentrations of 30 mg kg–1 in the soil (Figure 4b), which

is 2.3 times lower than the world average value of 70 mg kg–1 (24)

and remained pract ica l ly unchanged throughout the

chronosequence. The RI, which considers the individual risks of

Cr, Zn, Cu, Ba and Pb, indicates a low ecological risk in the

regenerated area of the Moatize Mine. When looking at the RI in

relation to the restoration time of the area, the highest RI of 20.4 was

obtained at 1.4 years (Figure 5), with a contribution of 54.4% of Cr

to this index.

3.2 SOC and chemical fractions along the
minesoils chronosequence and unmined
soil

The SOC, C-humic and C-humin content over restoration time

was best fitted to a Piecewise model, while for C-fulvic content the

best fit was a LRP model (Supplementary Table 2). For SOC, the

first important moment of content increase occurred close to 2

years of restoration, although the contents were below 3 g kg–1. The
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second moment of SOC increase occurred at 10.6 years when

contents exceeded 6 g kg–1 (Figure 6a). Nevertheless, such SOC

content was still significantly lower than that observed in the

unmined soil (10.4 g kg–1) (Table 2).

Soil C-fulvic content increased up to 5.3 years of restoration,

followed by a stabilization at around 1.3 g kg–1 (Figure 6b). For C-

humic content, a slight increase occurred until 5.3 years of resto-

ration (0.11 g kg–1), followed by a remarkable increase to 0.90 g kg–1

at 10.6 years of restoration (Figure 6c). The C-humin content

increased with restoration time, mainly between 0.5 and 5.3 years,

as indicated by the slope of the curve, reaching 2.38 g kg–1 at 10.6

years of restoration (Figure 6d). Overall, the C-fulvic, C-humic and

C-humin contents were significantly higher in the unmined soil

compared to the oldest minesoil (Table 2).
Frontiers in Soil Science 08
3.3 Soil fauna along the minesoils
chronosequence and unmined soil

The unmined soil contained 959 macrofauna and 6,734

mesofauna individuals (Table 3). Contrastingly, the minesoils

with 1.4, 5.3 and 10.6 years of restoration contained 24, 84 and

274 macrofauna individuals, respectively, which were distributed in

3, 4 and 6 taxonomic groups, of which Coleoptera and

Hymenoptera were classified as dominant, and Araneae,

Diplopoda, Diptera, and Hemiptera were classified as common

(Table 3). For mesofauna, the number of individuals in the minesoil

restored for 1.4, 5.3 and 10.6 years was 5, 193 and 893, respectively,

which were distributed in 1, 4 and 4 taxonomic groups, with Acari,

Collembola and Encytreideos standing out as dominant (Table 3).
FIGURE 4

Regression model for Copper (a), Zinc (b), Lead (c), Chromium (d) and Barium (e) in the 0.00-0.10 m layer along a chronosequence of minesoils in
the Moatize coal mine region, Mozambique.
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FIGURE 5

Potential ecological risk factor of individual PTEs (Er) and potential ecological risk Index (RI) of minesoils over a chronosequence of 10.6 years.
TABLE 2 Differences between PTEs, SOC and chemical fractions of a minesoil with 10.6 years of restoration and the unmined soil in the Moatize coal mine.

Attributes Soil use
Mean

(n = 12)
Standard
deviation

Brown-Forsythe test
(p)

S-W test
(p)

Welch test
(p)

Cu (mg kg-1)
Minesoil 10.6 yrs 80.14 2.13

< 0.05 0.129 <0.001
Unmined soil 53.21 3.62

Zn (mg kg-1)
Minesoil 10.6 yrs 27.26 2.04

< 0.05 0.071 <0.001
Unmined soil 13.74 0.85

Pb (mg kg-1)
Minesoil 10.6 yrs 45.48 2.45

< 0.05 0.671 <0.001
Unmined soil 13.22 0.78

Cr (mg kg-1)
Minesoil 10.6 yrs 61.29 1.52

< 0.05 0.103 <0.001
Unmined soil 44.29 8.29

Ba (mg kg-1)
Minesoil 10.6 yrs 795.64 8.56

0.702 0.244 <0.001
Unmined soil 401.69 8.22

SOC (g kg-1)
Minesoil 10.6 yrs 6.04 0.85

0.492 0.144 <0.001
Unmined soil 10.41 0.60

C-fulvic (g kg-1)
Minesoil 10.6 yrs 6.04 0.02

0.492 0.144
<0.001
<0.001Unmined soil 10.41 0,32

C-humic (g kg-1)
Minesoil 10.6 yrs 0.92 0.06

0.205 0.051 <0.001
Unmined soil 1.12 0.06

C-humin (g kg-1)
Minesoil 10.6 yrs 2.32 0.22

0.792 < 0.05 <0.001
Unmined soil 4.20 0.21
F
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FIGURE 6

Regression model for SOC (a), C-Fulvic (b), C-Humic (c), C-Humin (d) in the 0.00–0.10 m layer along a chronosequence of minesoils in the Moatize
coal mine region, Mozambique.
TABLE 3 Fauna groups and degree of dominance along the chronosequence of minesoils and unmined soil at the Moatize Mine in Mozambique.

Soil fauna Size
Restoration time (years) Dominance degree1

1.4 5.3 10.6 Unmined soil Minesoil Unmined soil

Acari Meso 0 124 642 3943 45.4*** 58.7***

Araneae Macro 0 9 13 153 5.2** 16.0***

Blattodea Macro 0 0 0 19 0.0* 2.0*

Collembola Meso 0 46 227 2434 16.4*** 36.3***

Coleoptera Macro 3 14 52 92 16.0*** 9.6**

Diplopoda Macro 0 0 16 86 1.9** 9.0**

Diplura Meso 0 10 0 335 1.7** 5.0**

Diptera Macro 0 8 37 70 7.7** 7.3**

Enchytraeidae Meso 5 13 24 31 36.5*** 0.5*

Hemiptera Macro 3 11 13 62 10.0** 6.5**

Hymenoptera Macro 18 42 143 446 59.1*** 46.5***

Isopoda Macro 0 0 0 31 0.0* 3.2**

Individual
Macro 24 84 274 959

Meso 5 193 893 6734

Groups
Macro 3 5 6 8

Meso 1 4 4 4
F
rontiers in Soil Science
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1Dominance degree: ***Dominant group (>10%); **Common group (1-10%); *Rare group (0.1–1%).
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3.4 Principal component analysis

The first two components of PCA explained together 90% of

total variance in the data (Figure 7). The first component (PC1)

explained 80% while the second component (PC2) explained 10% of

the variation. The right (positive) segment of PC1 displays closer

relations between soil fauna organisms, SOC and SOC fractions

eigenvectors mainly for the 10.6 years minesoil and the unmined

soil (Figure 7). The opposite (negative) segment of PC1 displays the

association of PTEs eigenvectors (Ba, Zn, Cu and Cr) with the

youngest minesoils (0.5, 1.4 and 5.3 years). Noteworthily, the only

PTE that was found in the positive portion of PC1 and PC2 was Pb,

which was ordinated closely together with an increase fauna

abundance in the 10.6-year minesoil (Figure 7). All the other

PTEs showed antagonistic relationships with soil fauna organisms

and with SOC and its fractions (Figure 7). The unmined soil was

ordinated alone within a PCA quadrant (Figure 7), overall revealing

that minesoil restoration is at initial stage even after 10.6 years.
4 Discussion

In general, Cu, Zn, and Ba contents were highest during the

initial phase of restoration (Figure 4). Although their levels de-

creased over time, they remained significantly higher than those

found in unmined soil (Table 2). For Cu, contents close to 100 mg

kg–1, which can be harmful to soil organisms (18), were found in the

minesoils with up to 1.4 years of restoration (Figure 4a). Even after

10.6 years of restoration, the average Cu content was still 80.14 mg

kg-1, which is five-fold higher than that reported by Song et al. (43)

in the 0.00–0.20 m layer of Chinese minesoils after seven years of

restoration. Song et al. (43) also compared heavy metal concentra-

tions in reclaimed minesoils and unmined soils, concluding that in
Frontiers in Soil Science 11
unmined soils the metals originated from the parent material and

were naturally more concentrated in deeper layers. In the Moatize

minesoils this pattern differs, as the coal waste used in soil

reconstruction has likely become the primary source of heavy

metals in these minesoils. Nevertheless, the Er indicates a low risk

for Cu (Er<40; Figure 5).

The Zn content was mostly elevated in the 0.5-year minesoil (30

to 40 mg kg–1 in individual replicates) (Figure 4b). However, these

values found in the Moatize minesoils are considerably lower than

those observed in minesoils by Ding et al. (44) in China (>200 mg

kg–1), which indicate an increased Er derived from atmospheric

pollution by coal burning. The authors observed that Zn contents

decreased significantly with increasing minesoil pH, as this affects

Zn solubility. In the present study, Zn was the element that

contributed least to Er (Figure 5). However, PCA results indicate

that Zn strongly contributed to reduce soil fauna abundance

(Figure 7). This deserves continued monitoring as Wierzbicka

et al. (45) observed that the abundance of Acari organisms de-

creased along with the increase of Zn concentrations in Scots pine

(Pinus sylvestris L.) residues entering the soil in Poland.

In relation to Ba, levels above 500 mg kg–1 in minesoils have

been shown to inhibit the growth and reproduction of soil fauna

organisms (18). In the Moatize minesoils, Ba contents remained

above 750 mg kg–1, regardless of restoration time (Figure 4e) and

remained about 50% than that observed in the unmined soil even

after 10.6 years of restoration (Table 2). These findings indicate that

the topsoil added during the topographic restoration of the area was

affected by the coal mining processes. According to Vasconcelos

et al. (46), mining operations can release chemical elements

naturally present in rocks, including Ba, which subsequently accu-

mulate in the soil. The stabilization of Ba contents after 1.4 years of

restoration (Figure 4e) may be attributed to Ba adsorption and

precipitation in less soluble forms, such as Ba sulphates and

carbonates (47). These reactions reduce Ba availability and its
FIGURE 7

Principal component analysis of PTEs, soil fauna and SOC and its chemical fractions in the 0.00–0.10 m layer of minesoils and unmined soil in the
Moatize coal mine region in Mozambique.
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susceptibility to leaching, promoting its long-term retention in the

soil (48). Although Ba offered a low Er (<40), it is worth noticing

that after Cr, Ba was the element with the highest Er among the

PTEs analyzed (Figure 5).

The temporal dynamics of Cr suggest a distinct geochemical

behavior compared to Ba, likely influenced by the initial weathering

of coal-derived minerals. The persistence of Cr levels above those

found in unmined soils, even after a decade, underscores the role of

the parent material (overburden and coal residues) as a continuous

source of this element (49). This is consistent with the high Cr

content typical of coal ash in the Moatize basin (46), which acts as a

long-term reservoir. Although the Er for Cr remained in the low-

risk category, its position as the most representative PTE in the total

risk profile (RI) is concerning. This prominence is a direct reflection

of Cr’s intrinsic toxicity and environmental persistence (50). Studies

show that less than 0.5% of total Cr is bioavailable in ultramafic

mine spoils because Cr is mostly locked within insoluble silicate and

oxide phases, limiting its mobility and environmental impact over

short timescales (51). However, a portion of Cr can become

mobilized over decades through slow weathering processes, poten-

tially increasing bioavailability gradually (51). Chromium specia-

tion strongly influences toxicity and bioavailability; trivalent Cr(III)

tends to be immobile and less toxic, while hexavalent Cr(VI) is

more soluble, mobile, and harmful but often present at low ratios in

coal-related wastes (52, 53). Remediation strategies focus on reduc-

ing Cr(VI) to the less toxic Cr(III) form and stabilizing Cr in

mineral phases to minimize environmental and health risks (52,

53). Our findings indicate that even if total concentrations do not

reach critical thresholds, the cumulative nature of Cr in these

technogenic substrates requires long-term monitoring to prevent

potential bioaccumulation in the recovering trophic chain.

Particularly, Pb was the only PTE that increased in content over

restoration time (Figure 4c). This trend may be related to increase in

soil pH over time (Table 1), which is known to change the solubility

and mobility of this metal (54). In the early stages of the

chronosequence (0.5 and 1.4 years), soils were more acidic

(Table 1), and under these conditions Pb mobilization and leaching

may be facilitated. In contrast, increase in soil pH with restoration

time (Table 1) may have decreased Pb solubility, favoring its

adsorption to soil minerals and organic matter, leading to its

gradual accumulation over time. This is in line with Pierangeli

et al. (55), who observed that increase of soil pH from 4.5 to 6.5

increased Pb adsorption by up to 16.7 times. This is explained by the

transition from monodentate to bidentate complexation reactions

at higher pHs, which promotes Pb retention in the soil (56). Thus,

the higher Pb contents in the Moatize minesoils compared to the

unmined soil indicate that mining activity in the surrounding areas

likely contributes to this result if considered that Vasconcelos et al.

(46) found high Pb concentrations in coal ash generated in the

Moatize sedimentary basin (74 mg kg–1). Despite the increasing Pb

content over restoration time, the Er of Pb was classified as low

(<40) (Figure 5).

Overall, mining activities near the minesoils seem to contribute

to the elevated contents of PTEs found in the minesoils compared to

the unmined soil (Table 2). This contamination likely results from

wind-transport and deposition of dust containing coal particles and
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PTEs (57), thereby contaminating the topsoil used in the future

topographic restoration of the mined areas (58). In fact, it is

common to observe the generation of intense dust at the Moatize

mine, also because usually only few trucks are available to spread

water to minimize this problem. In addition, excavation and

removal of large volumes of soil and rock during mining can

expose and release PTEs naturally present in geological layers,

contributing to environmental contamination (57). Furthermore,

coal combustion in thermal power plants, such as those operating at

Moatize, also emits gases, particles, and ash containing PTEs. These

PTEs can be transported through the air and deposited in the soil

near the emission source (59). Coal ash, may contain high concen-

trations of PTEs, and if not properly retained by pollution control

systems, can further contribute to soil contamination (58, 60).

The impacts of mining on soil fauna were more pronounced up

to 5.6 years of restoration. In this period, the physical and chemical

attributes of the minesoils were still inadequate (Table 1), which has

been shown to negatively affect the return of soil organisms (61).

However, a noticeable increase in the abundance of soil fauna

organisms, especially those belonging to the Acari and Collembola

groups, occurred between 5.3 and 10.6 years of restoration

(Table 3). Together with the advancing establishment of the

vegetation (Figure 3), this possibly stimulated the increase of SOC

contents and its humic forms with restoration time (Figures 6a-d).

The predominance of specific taxonomic groups at different stages

of minesoil restoration reflects important shifts in community

structure and dynamics over time, as well as their potential

influence on the formation of different carbon fractions (62). As

shown in Figure 6, the C-fulvic fraction, a most soluble and readily

available form of carbon, increased up to 5.3 years of restoration

and remained stable until 10.6 years. At 10.6 years, higher contents

of C-humic and C-humin (Figures 6c, d) may be indicative of

enhanced organic matter complexity (63). This coincided with a

higher abundance of macrofauna organisms, suggesting its contri-

bution to organic matter stabilization in association with improved

soil structure (Table 1).

According to Sanghaw et al. (62) this shifts in fauna community

and carbon complexity is a feedback process, while organic matter

influences the structure and diversity of soil fauna, soil organisms,

in turn, play a fundamental role in the dynamics of organic matter

decomposition and stabilization. The marked increase in Acari and

Collembola abundance between 5.3 and 10.6 years in Moatize aligns

with findings by Frouz et al. (64), who demonstrated that

microarthropods are the primary drivers of soil fabric development

in post-mining chronosequences, transitioning from opportunistic

colonization to stable community structures as the litter layer

develops. Overall, microarthropods act as functional mediators

that improve ecosystem recovery by fostering soil structure com-

plexity and nutrient cycling during post-mining succession (64, 65).

In the early stages of minesoil formation (1.4 years), a reduced fauna

diversity was evidenced (Table 3), where predominant organisms

are usually generalists and pioneers (Coleoptera, Hemiptera and

Hymenoptera), capable of quickly colonizing environments still in

under-optimal conditions (62). According to Chen et al. (66), these

organisms play a crucial role in modifying and preparing the soil for

future communities and are often adapted to extreme and
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challenging conditions. Over restoration time, new ecological

niches are created, and fauna diversity increases. Between 5.3 and

10.6 years of restoration, mites and springtails were the taxonomic

groups with the greatest increase in abundance (Table 3), and this

possibly contributed to the increase in SOC, C-humic and C-humin

content in the same period (Figure 6).

The increase in C-fulvic content up to 5.3 years reflects the

rapid formation of labile organic matter, typical of early restoration

stages, when fresh residues and easily degradable compounds

predominate (67). This phase is marked by greater carbon mobility,

contributing to nutrient cycling and initial soil restructuring (67,

68). This is coherent with the slight increase of C-humic content up

to 5.3 years, followed by a marked rise, suggestive of intensified

humification and formation of high-molecular-weight humic acids

during intermediate succession stages (67, 69). This pattern, also

observed in forest restoration areas, is associated with greater

carbon stability and enhanced metal complexation in less bioavail-

able forms (70). Differently, C-humin increased steadily with

restoration time, reflecting the gradual accumulation of recalcitrant

organic matter fraction, as similarly reported for restored pastures

and older post-mining soils (67, 70, 71). For instance, humin

accumulation is an indicator of long-term carbon stability and

sequestration (67–71). However, since the contents of all carbon

fractions (C-fulvic, C-humic, and C-humin) remained significantly

lower than in unmined soil (Table 2), it is plausible to consider that

these minesoils are still at initial stage of functional restoration.

Overall, PTEs likely influenced the return of taxonomic groups

throughout the studied chronosequence. Although low Er and RI

values were observed (Figure 4), PCA revealed antagonistic rela-

tionships between the content of individual PTEs and the main

faunal groups (Figure 7). Notably, higher Zn, Cu, Cr, and Ba

contents observed at early restoration were negatively associated

with fauna abundance. One possible explanation lies in the extrac-

tion method used for PTE determination. The use of acetic acid, a

weak organic acid, primarily solubilizes the more mobile and

exchangeable fractions in soil (31). This approach was selected

over total concentration analysis because the bioavailable fraction

provides a more sensitive and biologically relevant assessment of

environmental risk for soil-dwelling organisms, as it excludes stable

mineral phases that do not participate in immediate biochemical

processes (72). While regulatory thresholds are typically based on

total concentrations, several studies indicate that total levels are

poor predictors of biological effects in complex technogenic sub-

strates. Some studies have shown that the use of weak acid

extractants, such as acetic acid, provides a better correlation with

the metal content actually assimilated by soil invertebrates and

plants (72–74), making it a superior proxy for assessing the success

of soil remediation in mining areas. This methodological choice

inevitably leads to lower Er and RI values compared to studies using

total digestion. However, as demonstrated by Yu et al. (75) and

Rincon-Vasquez et al. (76), the total concentration of a metal is a

poor predictor of its ecotoxicity. By focusing on the labile fraction,

we provide a more accurate representation of the chemical pressure

exerted on the soil mesofauna and macrofauna. The ‘low risk’

classification (Er < 40) should therefore be interpreted as a measure

of available toxicity, suggesting that even small fractions of mobile
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PTEs in these tropical minesoils are sufficient to significantly

influence the biological recolonization process, as evidenced by

our multivariate analysis.

The PCA also revealed a weak correlation between Pb contents

and soil fauna abundance (Figure 7). This may be related to the

predominant chemical forms of Pb in the minesoil, which can

include Pb2+; or complexes with carbonate (PbCO3), hydroxide (Pb

(OH)2), or acetate ((CH3COO)2Pb), with their prevalence strongly

influenced by soil pH (63). Thus, soil pH may have affected the

bioavailability of Pb by altering its speciation or by directly

influencing faunal establishment (77). In the older minesoils,

where fauna abundance was higher, soil pH was slightly more

alkaline (~6.5) compared to younger sites (0.5 and 1.4 years)

(Table 1). Under these conditions, Pb likely occurred in less toxic

forms, reducing or eliminating its adverse effects on soil fauna at the

observed concentrations (Figure 4).

It should be noted that Mozambique currently lacks legislative

references for Zn, Cu, Cr, Ba, and Pb contents to guide the

assessment of PTE levels at the Moatize Mine. To fill this gap, a

review of global literature was used as reference for Er assessment in

our work. However, while this approach provides an initial basis for

discussing the results, it is recognized that the conditions under

which soil profiles were constructed after coal mining in Moatize

may differ from those reported in the literature. This possibly

explains the apparent contradiction between the low potential

ecological risk values estimated for PTEs (Figure 5) and the negative

correlation observed between these elements and the soil fauna in

the minesoils (Figure 7).

Finally, the interaction between organic carbon fractions and

PTEs is a key factor controlling metal bioavailability in minesoils.

Humic and fulvic acids contain numerous negatively charged

carboxylic and phenolic/hydroxyl groups that form stable com-

plexes with metal cations, reducing their free fraction and, in many

cases, their bioavailability and toxicity (78). The observed pattern,

an initial increase in C-fulvic followed by a marked rise in C-humic

and C-humin, suggests that, as restoration progresses, the soil

develops more complexation sites and organo-mineral complexes.

This process gradually decreases the exchangeable metal fraction,

lowering its toxic potential for plants and soil organisms, which is

essential for complex fauna community development.
5 Conclusions

This study investigated the impact of potentially toxic elements

(Cu, Zn, Pb, Cr and Ba) on soil biota in minesoils across a 10.6-year

restoration chronosequence. We found that the oldest restored

minesoil (10.6 years) exhibits increased abundance and diversity of

fauna taxonomic groups. However, macro- andmesofauna counts (274

and 893 individuals, respectively) remained far below those in unmined

soil (959 and 6,734), which together with the slow vegetation estab-

lishment, likely restricted organic carbon accumulation, explaining a

soil organic carbon content still 42% lower than the unmined soil.

The minesoil contamination with PTEs (mainly Cu, Zn, Ba, and

Cr) likely impaired the return of fauna organisms to the minesoil.
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For instance, Ba content at the oldest site was nearly double that in

the unmined soil. The absence of legislative reference values poses a

substantial challenge in evaluating the contamination and restora-

tion of Moatize minesoils. Although low ecological risk indices were

obtained for the evaluated elements, principal component analysis

revealed a clear negative influence of these metals on the minesoil

fauna abundance. With this study, we provide quantitative evidence

to contribute to pollutant monitoring and the recovery of soil

biodiversity in Mozambique.

Future research should focus on establishing site-specific

ecotoxicological ‘threshold values’ for the Moatize district, using

native soil organisms as bioindicators in controlled bioassays.

Additionally, long-term monitoring (beyond the 10-year mark) is

crucial to verify if the increasing humification of organic matter will

effectively transition from a transient buffering state to a permanent

immobilization of PTEs. Investigating the role of specific plant-

microbe-fauna interactions in the rhizosphere could also reveal

more assertive strategies to accelerate the conversion of these

unstable mine wastes into functional tropical ecosystems.
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