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• The scheme of red mud/
phosphogypsum-based artificial soil for
ecological engineering was put forward.

• At least 18 kinds of suitable plants can
be considered as priority for artificial
soil vegetation restoration.

• The microbial and arthropod commu-
nities suggested the gradual construc-
tion of artificial soil micro-ecosystems.

• More assessment of nutrients, heavy
metals and salinity is needed in ecolog-
ical reconstruction of artificial soil.
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A B S T R A C T

Red mud and phosphogypsum are two of the most typical bulk industrial solid wastes. How they can be effi-
ciently recycled as resources on a large scale and at low costs has always been a global issue that urgently needs
to be solved. By constructing a small-scale test site and preparing two types of artificial soils using red mud and
phosphogypsum, this study simulated their engineering applications in vegetation restoration and ecological
reconstruction. According to the results of this study, the artificial soils contained a series of major elements (e.g.
O, Si, Al, Fe, Ca, Na, K, and Mg) similar to those in common natural soil, and preliminarily possessed basic
physicochemical properties (pH, moisture, organic matter, and cation exchange capacity), main nutrient con-
ditions (nitrogen, phosphorus and potassium), and biochemical characteristics that could meet the demands of
plant growth. A total of 18 different types of adaptable plants (e.g. wood, herbs, flowers, succulents, etc) grew in
the test sites, indicating that the artificial soils could be used for vegetation greening and landscaping. The
preliminary formation of microbial (fungal and bacterial) community diversity and the gradually enriched
arthropod community diversity reflected the constantly improving quality of the artificial soils, suggesting that
they could be used for the gradual construction of artificial soil micro-ecosystems. Overall, the artificial soils
provided a feasible solution for the large-scale, low-cost, and highly efficient synergistic disposal of red mud and
phosphogypsum, with enormous potential for future engineering applications. They are expected to be used for
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vegetation greening, landscaping, and ecological environment improvement in tailings, collapse, and soil-
deficient areas, as well as along municipal roads.

1. Introduction

Red mud is a byproduct of the alumina production from bauxite ore.
It has a strong alkaline nature (pH > 10) and is named for its red
coloration due to the presence of a large amount of iron oxide. It also
contains elements such as aluminum (Al), calcium (Ca), silicon (Si),
sodium (Na), potassium (K), various heavy metals and rare earth ele-
ments. For every ton of alumina produced, 1 to 2 tons of red mud is
generated. Currently, the global production of red mud is as high as 4
billion tons, with an annual increase of 120 million tons (Liu et al., 2023;
Anagnostopoulos et al., 2021). The phosphogypsum is a byproduct
produced during the production of phosphoric acid from phosphate
rock. It is highly acidic (pH < 5), usually in the form of grayish-white
powder, with its main component being CaSO4•2H2O (usually exceeds
70 %). It also contains phosphorus (P), fluorine (F), heavy metals, rare
earth elements, etc. The amount of phosphogypsum generated is enor-
mous, with 4 to 5 tons of phosphogypsum produced for every ton of
phosphoric acid. The global production of phosphogypsum reaches up to
7 billion tons, increasing annually by 250 million tons (Lv and Xiang,
2023). For a long time, due to the lack of effective disposal techniques,
both red mud and phosphogypsum have been mainly disposed of
through stacking, forming numerous yards. This not only severely oc-
cupies a large amount of land resources but also poses a significant
threat to the surrounding environment and human health. In particular,
with the continuous increase of storage stock, there are many un-
certainties in the subsequent maintenance and management of storage
yards, as well as their environmental health risks, which also makes the
production, industry development and government management of
relevant enterprises face great challenges and pressures (Tayibi et al.,
2009; Chernysh et al., 2021; Liu et al., 2023).

As two typical bulk industrial solid wastes, red mud and phospho-
gypsum will have a series of negative effects on atmosphere, water, soil
and biodiversity if they are not properly disposed of. For example, the
leachate from red mud and phosphogypsum has strong alkaline and
acidic properties, respectively, which are not only highly corrosive but
also, when discharged into water bodies, lead to significant changes in
water pH, posing a serious threat to aquatic life and their metabolic
processes (Liu et al., 2023; Wang et al., 2024b). The leachate from red
mud entering the soil causes soil alkalinization and hardening, causing
poor growth or death of crops, while the leachate from phosphogypsum
may lead to soil acidification, increasing the risk of heavy metals and
other harmful substances being released again from soil particles (Wang
et al., 2023b; Remisha et al., 2024). Phosphogypsum contains a large
amount of soluble phosphorus, which, when washed by rainwater, en-
ters rivers and lakes through surface runoff, causing phosphorus pollu-
tion and eutrophication of water bodies (Hu et al., 2023). The soluble
fluoride in phosphogypsum entering water bodies leads to fluoride
pollution, causing fluoride poisoning when consumed by humans,
resulting in diseases such as bone fluorosis and dental fluorosis (Xie
et al., 2022). Various harmful elements, such as heavy metals in red mud
and phosphogypsum, may also enter the environment, causing a series
of biological poisoning and human health hazards. Additionally, the
dust particles from dried red mud and phosphogypsum are also highly
corrosive and carry harmful substances like heavy metals, dispersing in
the air and causing particulate pollution. This mey directly damage the
respiratory tract, skin of surrounding residents, leading to health issues
such as heavy metal poisoning from long-term exposure to the popula-
tion (Wagh and Thompson, 1988).

Many studies have shown that red mud and phosphogypsum can be
effectively utilized as valuable resources (Liu andWu, 2012; Akfas et al.,
2024). For instance, red mud possesses excellent adsorption properties

and, with appropriate modifications, can be utilized as an effective
adsorbent for the removal of pollutant (Luu et al., 2022). Red mud can
also be utilized for brick making or as a material for road construction
(Wang et al., 2023a). The high content of metals such as iron, aluminum,
and titanium in red mud enables their recovery for various valuable
metal resources (Liu and Wu, 2012). Phosphogypsum can be utilized in
the production of gypsum and cement for building materials and can be
combined with other materials to form adsorbent materials (Rashad,
2017; Syczewski et al., 2020). Calcium and oxygen in phosphogypsum
can be recycled as resources through low-temperature decomposition
(Yang et al., 2024), while the associated soluble phosphorus, fluoride,
and rare earth elements can be leached and recovered as resources
(Rychkov et al., 2018). Additionally, both red mud and phosphogypsum
can be utilized as soil conditioners, offering advantages in immobilizing
heavy metals, ameliorating soil salinity, and optimizing soil physico-
chemical properties (Outbakat et al., 2022). Many of the mentioned
resource recovery technologies are still in the research stage and are not
extensively employed in practical production. Currently, the utilization
of red mud and phosphogypsum resources remains very low, with uti-
lization rates of approximately 4 % and 15 %, respectively (Wang and
Liu, 2021; Yang et al., 2024). It is evident that, compared to the annual
increases and historical stockpiles, existing technologies for reducing
red mud and phosphogypsum stockpiles are still quite limited. There-
fore, the efficient resource utilization of red mud and phosphogypsum,
especially through large-scale, cost-effective technologies, remains ur-
gently needed and is an international focus.

In recent years, the ecological management of red mud and phos-
phogypsum yards, as a new idea with low input cost, relatively simple
technology and large-scale management, has been widely concerned
(Xue et al., 2016; Kong et al., 2017; Tian et al., 2020). However, it is also
faced with problems such as how to remove the acid and base of red mud
and phosphogypsum, the difficulty of finding pioneer plants suitable for
growth, and the unclear effect of ecological management and environ-
mental risks. Red mud shares some characteristics of clay minerals, and
red mud and phosphogypsum both contain some major elements
commonly seen in common natural soil, such as Fe, Al, O, Si, Na, K, and
Mg in the case of red mud, and Ca, O, S, and P in the case of phospho-
gypsum (Tayibi et al., 2009; Liu and Wu, 2012). The artificial soil
preparation for vegetation restoration based on acid-alkali neutraliza-
tion reaction of red mud and phosphogypsum has great potential (Liu
et al., 2024). This study constructed a small-scale test site where two
types of artificial soils were prepared. Red mud and phosphogypsum
occupied absolute proportions in both types of artificial soils and were
amended with slight amounts of other auxiliary materials. By simulating
the engineering applications in vegetation restoration and ecological
reconstruction of the two types of artificial soils prepared on the test site,
this study systematically analyzed their basic physicochemical param-
eters, major nutrients, different enzymes, typical heavy metal content,
and plant growth and physiological and biochemical indicators, as well
as microbial (fungal and bacterial) and arthropod community diversity.
In this way, it provides an important reference for the practical engi-
neering applications of artificial soils in vegetation restoration and
ecological reconstruction, offering a potential scientific solution for the
large-scale, low-cost, and efficient synergistic recycling of red mud and
phosphogypsum as resources.

2. Materials and methods

2.1. Preparation of the two types of artificial soils

Both types of artificial soils were mainly prepared from red mud and
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phosphogypsum, with the addition of other auxiliary materials. Specif-
ically, one of them, denoted as DK, was amended with other auxiliary
materials mainly composed of rice husks; the other, denoted as JZ, was
amended with other auxiliary materials based on distiller's grains
(Table 1). Red mud was sourced from an alumina plant in Guizhou,
China, with a moisture content (WH2O) of 15.2 % and a pH of 11.7;
phosphogypsum was sourced from a yard of a phosphorus chemical
plant in Guizhou, China, with aWH2O of 16.3 % and a pH of 2.4 (Fig. S1).
Distiller's grains were mainly composed of fermented sorghum and rice,
with a WH2O of 74.4 %, sourced from a brewage workshop in Guizhou,
China; common dry rice husks with a WH2O of 7.7 %, bentonite, and
polyacrylamide (PAM). The JZ and DK were prepared by evenly mixing
the above materials and then adding small amounts of distiller's yeast
and yeast powder and a certain volume of microbial suspension diluent
(e.g. Bacillus amyloliquefaciens, Bacillus licheniformis, Bacillus subtilis,
effective viable bacteria count >200 million/mL), followed by water
injection to near saturation. After that, they were sealed with a mem-
brane and balanced for 10 d. In addition, 100 larvae of Eisenia foetida
(5–7 cm) were added to each soil.

2.2. Construction of the test site and different plant cultivation

An open space of about 30 m2 was selected and divided into two
equal parts for the placement of the two types of artificial soils (JZ and
DK). Rainproof and anti-seepage treatments were installed at the test
site to prevent uncontrollable factors from affecting test results. A total
of 38 different types of plant seedlings and seeds (including wood, herbs,
flowers, succulents, etc) were directly transplanted or sprinkled into two
types of artificial soil for plant seedling growth and seed germination.
During the test of about one year, artificially watering regularly to
maintain soil moisture content of about 30 %, the ambient climate was
generally moist, and the temperature varied generally between 5–30 ◦C.

2.3. Sample collection

After the construction of the test site, the two types of artificial soils
samples were collected at 30 d, 90 d and 150 d respectively by the di-
agonal distribution method. A total of 3 points were set on the diagonal
line of each artificial soil plot as three parallel groups. At each point,
samples were collected 3 times within a diameter of 30 cm and mixed as
the final sample at the point. The depth of soil sample collection was
8–15 cm. After freeze-drying, crushing, removal of foreign bodies (e.g.
plant residues, sand, etc), using the quartering method to reduce the
sample, the soil samples were stored in cold storage and used for analysis
the various artificial soils indicators as soon as possible, including of the
basic physicochemical indicators (pH, WH2O, organic matter (OM), and
cation exchange capacity (CEC)), different nutrients (total nitrogen
(TN), total phosphorus (TP), total potassium (TK), alkaline nitrogen
(AN), available phosphorus (AP), and available potassium (AK)), en-
zymes (catalase (S-CAT), sucrase (S-SC), urease (S-UE), alkaline phos-
phatase (S-AKP), and acid phosphatase (S-AP)), chemical forms of
typical heavy metals. Similarly, the two artificial soil samples were
collected at 180 d and 360 d respectively, and the natural soil (NS)
without human interference near the test site was collected simulta-
neously as a control group, to analyze soil arthropod community.
Significantly, on the 30th day after the test site was constructed, a total
of 5 points were set on the diagonal line of each artificial soil plot as five
parallel groups to analyze the microbial (fungal/bacterial) community

diversity. After five months of continuous growth, some adaptable
plants with good growth on the test site were collected for determination
of the activity of different enzymes (catalase (CAT), peroxidase (POD),
superoxide dismutase (SOD), ascorbate peroxidase (APX)) and typical
stress resistance indicators (malondialdehyde (MDA), soluble sugar (SS),
soluble protein (SP), and proline (PRO)).

2.4. Determination methods

The pH value was measured by a Mettler acidity meter with a soil-
water mass ratio of 1:2.5. The WH2O was measured by weighing. OM,
CEC, and main nutrients referred to China's national, local, and agri-
cultural and forestry industry standards: OM (GB 9834–88), CEC (HJ
889–2017), TN (LY/T 1228–2015), AN (DB51/T-1875-2014), TP (GB
9837–88), AP (NY/T 1848–2010), TK (LY/T 1234–2015), and AK (NY/T
889–2004). The determination of different enzyme activities in artificial
soil mainly refered to the book (Guan, 1986): S-SC, 3,5-dinitrosalicylic
acid colorimetric method; S-CAT, potassium permanganate titration;
S-AP and S-AKP, disodium phenyl phosphate colorimetric method; S-UE,
sodium phenol‑sodium hypochlorite colorimetric method. The different
chemical forms of heavy metals were extracted using the Tessier method
(Tessier et al., 1979), which classifies heavy metals into five distinct
chemical forms: water-soluble (FH2O), exchangeable (FEXC), carbonate-
bound (FCA), iron‑manganese oxide-bound (FFe/Mn), organic-bound
(FOM), and residual (FRES), and determined using inductively coupled
plasma mass spectrometry (ICP-MS).

The microorganism (fungi and bacteria) communities in the two
artificial soils were analyzed using high-throughput sequencing by
Shanghai Majorbio Bio-pharm Technology Co., Ltd. (https://www.maj
orbio.com), as follows approximately: DNA concentrations were
measured using the Nanodrop-2000 instrument, DNA integrity was
detected by agarose gel electrophoresis, and PCR amplification experi-
ment (PCR-primer design: 338F—ACTCCTACGGGAGGCAGCAG;
806R—GGACTACHVGGGTWTCTAAT; ITS1F—CTTGGTCATTTA-
GAGGAAGTAA; ITS2R—GCTGCGTTCTTCATCGATGC). The arthropod
community diversity was determined using the Tullgren dry funnel
method (Yang et al., 2023). The different enzyme activities and stress
resistance indicators of plants were determined using common methods
as follows: POD, guaiacol method (Wang et al., 2010); CAT and APX, UV
spectrophotometry (Li et al., 2007; Sun et al., 2008); SOD, riboflavin-
nitro blue tetrazolium photoreduction method (Zhu, 2018); SP, coo-
massie brilliant blue method (Cai, 2013); SS, anthrone method (Li,
2000); PRO, acid ninhydrin method (Yang, 2022); MDA, thiobarbituric
acid method (Yi et al., 2013).

2.5. Data statistics

Excel 2010, SPSS 22, and Sigmaplot 10.0 were used for data colla-
tion, analysis, and mapping, respectively. The data were presented using
the mean and standard deviation of parallel samples. The significant
differences of data in graphs and tables were analyzed by single factor
ANOVA, LSD or paired sample t-test.

3. Results and analysis

3.1. Artificial soil evaluation

(1) Micro-morphology and basic physicochemical characteristics

Table 1
Material mass ratio of two types of artificial soils at the test site.

Name Red mud Phosphogypsum Distillers' grains Rice hull Bentonite Polyacrylamide

JZ 49.36 % 32.91 % 16.45 % / 1.23 % 4.52*10− 2 %
DK 53.78 % 35.86 % / 8.96 % 1.34 % 5.38*10− 2 %

Note: JZ and DK represent two types of artificial soils, respectively.
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JZ and DK both possessed certain aggregate and porosity structures
and contained major elements similar to those commonly seen in com-
mon natural soil, such as O, Si, Al, Fe, Ca, Na, K, and Mg (Figs. S2, S3).
The pH values of JZ and DK were significantly different (pHJZ < pHDK)
and dropped to 7.6 and 8.3 over time, respectively, indicating neutrality
or weak alkalinity and could satisfy plant growth. The WH2O of DK and
JZ varied slightly across different stages, ranging from 27.3 % to 34.9 %,
which is the basis of the moisture retention and the nutrient transport for
plant. As one of the most important soil fertility indicator, OM content in
DK and JZ ranged from 6.0 % to 6.3 % and 3.4 % to 4.8 %, respectively.
The CEC refers to the total amount of various cations adsorbed by soil
colloids, and its values of DK and JZ at 30 d were 9.2 and 7.2 cmol/kg,
respectively, and tended to be similar over time, reaching 8.6 and 8.5
cmol/kg (Fig. 1).

(2) Nutrient characteristics

As shown in Fig. 2, the TN of JZ was significantly higher than that of
DK; they both peaked at 30 d, reaching 960.6 and 337.1 mg/kg,
respectively. At 90 d and 150 d, they dropped to 631.9 and 215.3mg/kg,
respectively. The differences in AN between JZ and DK were smaller
than those of TN. The AN of JZ was slightly higher than that of DK, and
both peaked at 30 d, reaching 153.7 and 100.9 mg/kg, respectively. At
150 d, the AN of JZ declined slightly to 120.0 mg/kg, while that of DK
varied slightly across different stages. The TP of JZ and that of DK both
peaked at 30 d, reaching 2510.5 and 2273.1 mg/kg, respectively. They
declined to varying extents at 90 d and 150 d, and reached their mini-
mums of 1056.1 and 935.5 mg/kg at 90 d, respectively. The differences
in AP content between JZ and DK were small, with low variation across
different stages. The AP of JZ and that of DK were within the ranges of
194.3–233.4 and 237.7–276.5 mg/kg, respectively. They both declined
to some extent at 150 d. The TK of JZ and that of DK were close and both
peaked at 30 d, reaching 72.3 and 65.0 g/kg, respectively. They both
dropped at 90 d and 150 d to 34.8 and 35.1 g/kg, respectively. Overall,
the AK content of JZ and that of DK were both low and peaked at 90 d,
reaching 15.6 and 14.2 mg/kg, respectively. They then dropped sharply
at 150 d to only 8.5 and 10.2 mg/kg, respectively.

(3) Soil enzyme activity

Both JZ and DK had significantly different enzyme activity (Fig. 3).
On the whole, the S-CAT enzyme activity of JZ was the highest, with
minimal variations at 30 d and 90 d (ranging from 1.2 to 1.3 mg/g, 24
h). The S-SC enzyme activity of JZ was low at 30 d but significantly
increased at 90 d (reaching 1.0 mg/g, 24 h). The S-AKP enzyme activity
of JZ was moderate with small overall variations, ranging from 2.4 ×

10− 1 to 3.0 × 10− 1 mg/g, 24 h. The S-UE enzyme activity and S-AP
enzyme activity of JZ were low; only 2.4 × 10− 2–6.3 × 10− 2 and 6.6 ×

10–3–6.8 × 10− 3 mg/g, 24 h, respectively. S-SC had the highest enzyme
activity in DK, reaching up to 7.4 mg/g, 24 h at 30 d, but it dropped
sharply at 90 d to 2.4 mg/g, 24 h (still significantly higher than that of
JZ). S-CAT ranked second in terms of enzyme activity in DK, with 8.7 ×

10− 1 mg/g, 24 h at 30 d, which slightly increased at 90 d to 9.6 × 10− 1

mg/g, 24 h. The enzyme activity of S-AKP and that of S-UE were similar,
with small variations, at 8.4 × 10− 2–8.6 × 10− 2 and 5.5 × 10− 2–7.6 ×

10− 2 mg/g, 24 h, respectively. The enzyme activity of S-AP was the
lowest, with a value of 1.0 × 10− 2 mg/g, 24 h at 30 d, which slightly
declined at 90 d to only 6.2 × 10− 3 mg/g, 24 h.

(4) Chemical forms of heavy metals

The content of each of the several typical heavy metals was low and
similar between JZ and DK (Fig. 3). On the whole, heavy metals could be
ranked as follows in descending order of content: Mn > Cu > Pb ≈ Zn >

Sb> Cd. Mn had the highest content at 251.7 and 275.0 mg/kg in JZ and
DK, respectively, while Cd had the lowest at 1.5 and 1.0 mg/kg. The
chemical forms of the several typical heavy metals in JZ and DK were all
dominated by non-bioavailable FRES, with proportions of 69.0 %–98.0 %
and 75.6 %–98.3 %, respectively. The bioavailable FH2O and FEXC each
had a low content; specifically, the FH2O and FEXC of the several typical
heavy metals in JZ only accounted for 0.2 %–1.0 % and 0.1 %–2.1 %,
while those of them in DK only accounted for 0.1 %–1.2 % and 0.2 ×

10− 1–4.6 %, respectively.

3.2. Plant growth evaluation

(1) Plant growth status

Approximately five months of observation preliminarily indicated

Fig. 1. Basic physicochemical (pH, moisture content (WH2O), organic matter (OM), cation exchange capacity (CEC)) characteristics of two types of artificial soils at
the test site. (Note: JZ and DK represent two types of artificial soils, respectively).
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Fig. 2. Nitrogen, phosphorus and potassium contents of two types of artificial soils at the test site. (Note: Different lowercase letters indicated that the nutrient
content in same artificial soil have significant differences in different time periods (p < 0.05; Single factor ANOVA, LSD); Different capital letters indicated that the
nutrient content in different artificial soils had significant differences in the same time period (p < 0.05; Paired sample t-test); Nitrogen: total nitrogen (TN) and
available nitrogen (AN); phosphorus: total phosphorus (TP) and available phosphorus (AP); potassium: total potassium (TK) and available potassium (AK); JZ and DK
represent two types of artificial soils, respectively).

Fig. 3. Content and proportion of different heavy metal forms and enzyme activity of two types of artificial soils at the test site. (Note: Different lowercase letters
indicated that the activity of the same enzyme in the two artificial soils was significantly different (p < 0.05; Single factor ANOVA, LSD); Chemical forms of heavy
metals: water-soluble (FH2O), exchangeable (FEXC), carbonate-bound (FCA), iron‑manganese oxide-bound (FFe/Mn), organic-bound (FOM), and residual (FRES); Soil
enzymes: catalase (S-CAT), phosphatase (S-AP/AKP), urease (S-UE), sucrase (S-SC); JZ and DK represent two types of artificial soils, respectively).

Y. Liu et al. Science of the Total Environment 951 (2024) 175656 

5 



that there were at least 18 different types of plants that grew well on the
test site (Fig. 4), which could be prioritized for vegetation restoration
and ecological reconstruction: shrubs, including Amorpha fruticosa (JZ/
DK); gramineous plants, including ryegrass (JZ/DK), Paspalum vagi-
natum (JZ/DK), Pteris vittata (JZ), and wheat (JZ/DK); Compositae
plants, including sunflower (JZ/DK) and Sonchus oleraceus (JZ); Capri-
foliaceae plants, including Lonicera japonica (JZ/DK); Chenopodiaceae
plants, including Suaeda glauca (JZ/DK) and Chenopodium hybridum
(JZ); liliaceous plants, including Aloe vera (JZ/DK); Cactaceae plants,
including cactus (JZ/DK); Caryophyllaceae plants, including Vaccaria
segetalis (JZ); Amaranthaceae plants, including Gomphrena globosa (JZ);
Cruciferae plants, including rape (JZ); leguminous plants, including
clover (JZ/DK); Crassulaceae, including Sempervivum tectorum (DK); and
Rosaceae, including loquat (JZ/DK). Many other plant seeds also
germinated to varying extents and presented great potential for
becoming adaptable plants (Agrostemma githago, Oenothera biennis, her-
onsbill, lavender, black sesame, pepper, Hippophae rhamnoides, Silybum
marianum, Gypsophila paniculata, perpetual strawberry) (Table S1).

(2) Different enzyme activity and stress resistance indicators of
plants

As shown in Fig. 5, in JZ, rape had the highest CAT enzyme activity,
followed by wheat, reaching as high as 927.3 and 686.1 U/g, FW/min,
respectively. The CAT enzyme activity levels of Gomphrena globosa,
Suaeda glauca, cactus, and clovers were relatively low, ranging from
57.7 to 131.3 U/g, FW/min. In DK, wheat had the highest CAT enzyme
activity, followed by clover, reaching as high as 290.0 and 132.6 U/g,
FW/min, respectively. The CAT enzyme activity levels of Suaeda glauca,
ryegrass, and cactus were relatively low, ranging from 31.1 to 73.6 U/g,
FW/min. In JZ and DK, wheat had the highest POD enzyme activity
(7074.2 and 7780.4 U/g, FW/min, respectively), followed by clover
(4679.2 to 6409.9 U/g, FW/min). The POD enzyme activity levels of
Suaeda glauca and cactus were relatively low, with ranges of 87.2–161.3
and 8.1–27.1 U/g, FW/min, respectively. In JZ, the SOD enzyme activity
levels of rape and Gomphrena globosa were 205.8 and 203.1 U/g,
respectively. In DK, clover had the highest SOD enzyme activity, fol-
lowed by wheat, reaching as high as 221.9 and 164.0 U/g, respectively.
The SOD enzyme activity levels of cactus and ryegrass were relatively
low in both JZ and DK. In JZ, the APX enzyme activity levels of Paspalum
vaginatum were significantly higher than those of other plants, reaching
6.0 and 3.3 μmol/g, FW/min, respectively. In DK, the APX enzyme ac-
tivity level of wheat (3.0 μmol/g, FW/min) was significantly higher than
that of any other plant. Suaeda glauca had the lowest APX enzyme ac-
tivity in both JZ and DK, with specific values of 0.2 and 0.3 μmol/g, FW/
min, respectively.

The stress resistance indicators of several representative plants are
shown in Fig. 6. In JZ, wheat and Paspalum vaginatum each had an MDA
content of about 0.3× 10− 1 μmol/g, significantly higher than that of any
other plant; cactus had the lowest MDA content of only about 0.3 ×

10− 2 μmol/g. In DK, Lonicera japonica had the highest MDA content of
about 0.1 μmol/g, while the MDA contents of cactus and Suaeda glauca
were 0.4 × 10− 2 and 0.3 × 10− 2 μmol/g, respectively, both significantly
lower than that of any other plant. In JZ, Paspalum vaginatum had the
highest SS content (4.6 %), while in DK, Lonicera japonica had the
highest SS content (7.9 %). Suaeda glauca had the lowest SS content in
both JZ and DK, at only 0.7 and 1.2 %, respectively. Clover had the
highest SP content in both JZ and DK at 13.5 and 8.8 mg/g, FW,
respectively, while ryegrass, Suaeda glauca, and cactus each had a
relatively low SP content. In JZ, rape had the highest PRO content (up to
75.1 μg/g), while ryegrass had the lowest (only 4.0 μg/g). In DK, clover
had the highest PRO content (up to 8.3 μg/g), while Suaeda glauca had
the lowest (only 0.4 μg/g).

3.3. Bacterial and fungal diversity

Only 30 days after the test site was constructed, both JZ and DK
accumulated relatively rich microbial (fungal and bacterial) commu-
nities. A total of 17 bacterial phyla and over 50 bacterial genera, as well
as five fungal phyla and over 50 fungal genera, were detected in JZ; 26
bacterial phyla and over 50 bacterial genera, as well as eight fungal
phyla and over 50 fungal genera, were detected in DK (combined
abundance <50; Figs. S3, S4, S5, S6). Fig. 7 lists the bacterial and fungal
phyla/genera with a combined abundance of <10. In JZ, the dominant
bacterial phyla included Firmicutes (40.6 %), Proteobacteria (26.0 %),
and Bacteroidota (22.5 %), totaling 93.1 %. The relatively dominant
bacterial genera included Bacteroides (10.1 %), Exiguobacterium (8.2 %),
Arcobacter (6.8 %), and Enterobacter (6.4 %), with the remaining genera
each accounting for <5 %. In DK, the dominant bacterial phyla included
Proteobacteria (48.5 %), Firmicutes (20.8 %), Bacteroidota (16.1 %),
and Actinobacteriota (7.4 %), totaling 92.8 %. The relatively dominant
bacterial genera included Exiguobacterium (8.4 %), Pseudomonas (6.5 %),
Enterobacter (6.1 %), and Brevundimonas (5.4 %), with the remaining
bacterial genera each accounting for <5 %. The dominant fungal phyla
in JZ and DK were Ascomycota (90.8 % and 69.7 %, respectively) and
Basidiomycota (9.1 % and 12.5 %, respectively). In addition, Mortier-
ellomycota accounted for 13.0 % of fungal abundance in DK. At the
genus level, unclassified-f-Dipodascaceae accounted for 88.4 % in JZ,
followed by Apiotrichum at 5.7 %, while the remaining fungal genera
each accounted for <5 %. The dominant fungal genera in DK were
Aspergillus (21.4 %), Fusarium (15.7 %), Gibberella (13.6 %), and Mor-
tierella (13.0 %), totaling 63.7 %.

Fig. 4. Some well-growing plant species in two types of artificial soils at the test site. (Note: a. Amorpha fruticosa; b. Ryegrass; c. Paspalum vaginatum; d. Sunflower; e.
Lonicera japonica; f. Pteris vittata; g. Wheat; h. Suaeda glauca; i. Aloe vera; j. Cactus; k. Vaccaria segetalis; l. Gomphrena globosa; m. Rape; n. Clover; o. Sonchus oleraceus;
p. Chenopodium hybridum; q. Succulent; r. loquat).
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3.4. Characteristics of soil arthropods

As the test site had limited space, the group numbers of arthropods in
JZ and DK were relatively small at 180 d, with mean values of only three
and one and summing values of four and three, respectively (Fig. 8). The
Shannon-Wiener index values of JZ and DK were relatively small (0.6
and 0.4, respectively), both significantly lower than that of the NS
without human interference surveyed at the same stage (mean value of
nine, a summing value of 16, and a Shannon-Wiener index of 1.8). Six
months later, at 360 d, the group numbers in JZ and DK both slightly
increased, with mean values of four and five, summing values of nine
and 11, and increased Shannon-Wiener index values of 0.8 and 1.0,
respectively. These were already closer to those of the NS surveyed at
the same stage (6, 15, and 1.5, respectively). It is worth mentioning that,
at 360 d, the densities of soil arthropods in JZ and DK increased
significantly from 7200/m2 to 26,666.7/m2 and from 400/m2 to

25,466.7/m2, respectively, significantly higher than the population seen
in the NS surveyed at the same stage. The dominant arthropod species
with relatively high detected quantitative proportions mainly included
Poduridae, Achipteriidae, Uropodidae, Isotomidae, Ameroseiidae, and Sco-
lopendridae (Fig. 9).

4. Discussion

Two types of red mud/phosphogypsum-based artificial soils were
prepared and a small-scale test site was constructed for simulating the
engineering application in vegetation restoration and ecological recon-
struction in this study. The basic thought is that the red mud and
phosphogypsum were mixed into a neutral matrix. Minimal amounts of
auxiliary materials were added to modify the matrix's physicochemical
properties, increase its nutrients, and promote its development, and
form an artificial soil with good fertility. Then, the growth of different

Fig. 5. Different enzyme activity of some plant species in two types of artificial soils at the test site. (Note: Different lowercase letters indicated that the enzyme
activity values of different plant species in artificial soil were significantly different (p < 0.05; Single factor ANOVA, LSD); Plant enzymes: superoxide dismutase
(SOD), catalase (CAT), peroxidase (POD) and ascorbate peroxidase (APX); JZ and DK represent two types of artificial soils, respectively).

Fig. 6. Stress resistance indicators of some plant species in two types of artificial soils at the test site. (Note: Different lowercase letters indicated that the stress
resistance indicator values of different plant species in artificial soil were significantly different (p < 0.05; Single factor ANOVA, LSD); Stress resistance indicators of
plant: malondialdehyde (MDA), soluble sugar (SS), soluble protein (SP), and proline (PRO); JZ and DK represent two types of artificial soils, respectively).
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types of adaptable plants and the continuous enrichment of microbial
and arthropod communities led to the preliminary formation of simple
ecosystems, which in turn promoted the further development, evolution,
and maturation of the artificial soil. The final step involved the use of the
artificial soil for vegetation greening and landscaping and the formation
of sounder ecosystems.

4.1. Basic physicochemical characteristics

The two artificial soils contained major elements, similar to those
contained by common natural soil, such as O, Si, Fe, Al, Ca, C, S, and Mg,
mainly sourced from the red mud (e.g. O, Fe, Al, Si) and phosphogypsum
(e.g. Ca, S, and O) (Tayibi et al., 2009; Liu and Wu, 2012). The two
artificial soils possessed certain aggregate and porous that were
conducive to the water storage, aeration, permeability, and material
exchange, providing a basis for the continuous occurrence of various

physical, chemical, and biological processes and the cycling and trans-
formation of materials and nutrients (Yang et al., 2022b). The basic
physicochemical indicators (pH, WH2O, OM, and CEC) all were consis-
tent with most plant growth, especially the OM content was high. Ac-
cording to the latest nutrient grading standards of the Second National
Soil Survey of China, they both reached the level of “Rich (3–4 %)” or
“Very rich (> 4%)”, mainly because of the addition of organic auxiliary
materials such as rice husks and distiller's grains, which gradually
formed plant nutrients through humification and mineralization and
promoted further development of soil ecosystem functions (Hoffland
et al., 2020; Villa et al., 2021). However, the CEC values of the two
artificial soils were relatively low (“Medium low”), indicating that they
had relatively weak fertility retention capacity, that may be due to the
relatively high artificial soil pH or alkalinity, so that the cations (such as
Ca2+, Mg2+, etc.) originally adsorbing to the soil colloid may be replaced
by H+ or Na+ (Khalediana et al., 2017; Gao et al., 2024b).

Fig. 7. Percent of community abundance of bacteria and fungi in two types of artificial soils at the test site. (Note: (a) Phylum level of bacteria; (b) Phylum level of
fungi; (c) Genus level of bacteria; (d) Genus level of fungi; JZ and DK represent two types of artificial soils, respectively).

Fig. 8. Characteristics of soil arthropods in two types of artificial soils at the test site. (Note: Different lowercase letters indicated that the soil arthropods values of
different soils have significant differences at the same time (p < 0.05; Single factor ANOVA, LSD); JZ and DK represent two types of artificial soils, respectively; NS
represents the natural soil without human interference).
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4.2. Main nutrient characteristics

The two artificial soils already possessed high content of TP and AP;
according to the above nutrient grading standards, they reached the
level of “Extremely rich”, mainly because of the large amounts of
phosphorus contained in phosphogypsum (Hu et al., 2023). TN content
of JZ belonged to the level of “Medium low” or “Insufficient”, while that
of DK belonged to the level of “Extremely insufficient”. AN content of JZ
and DK belonged to the levels of “Rich” and “Medium”, respectively. The
nitrogen partly resulted from auxiliary material addition such as dis-
tiller's grains and rice husks, which provided relatively rich OM but are
still insufficient nitrogen sources, especially the rice husks mainly
contain carbon-rich organic matter but little nitrogen (Leconte et al.,
2009; Reuter et al., 2016). The nitrogen also possibly sourced from
biological nitrogen fixation. For example, clover, as a typical nitrogen-
fixing plant, grew well in both artificial soils (Høgh-Jensen and
Schjoerring, 2001). Meanwhile, as two dominant bacteria in both arti-
ficial soils, Proteobacteria and Firmicutes are generally considered to
have the function of nitrogen-fixing (Roesch et al., 2008; Supramaniam
et al., 2016). In addition, it can supplement additional N by applying
nitrogen fertilizers, cultivating nitrogen-fixing bacteria or leguminous
plants in future engineering applications (Lei et al., 2022). TK content of
JZ and DK reached the level of “Extremely rich”, while AK content of
them were at the level of “Extremely insufficient”. Potassium mainly
sourced from the red mud, which contains some potassium-rich minerals
(e.g., feldspar, nepheline), but the bioactivity of potassiumwas low, thus
how to convert a large amount of soil mineral-bound potassium into
dissolved potassium that can be directly absorbed and utilized by plants
is very meaningful (Rengel and Damon, 2008; Yang et al., 2020).

4.3. Main enzyme activities

Soil enzymes are produced by microorganisms, plant roots, and an-
imals, and they play important roles in promoting the decomposition of
organic matter, nutrient cycling, and the formation of soil structure. The
two artificial soils have accumulated a certain amount of different
enzyme activities, which indicated the high metabolism and biotrans-
formation activity. Although more systematic data on the enzyme ac-
tivity are lacking, the activity of the same enzyme was significantly
different between the two artificial soils, and also had differences in
different time periods, which initially indicated the respectively

different characters of biological metabolism characteristics, biological
transformation activity, and self-regulation of biological adaptation to
external environmental stresses (Tyler, 2020; Yang et al., 2022a). For
example, the activity of S-SC in DK was significantly higher than that in
JZ (p < 0.05), possibly because of the high content of sugars such as
cellulose and pentosan in rice husks in DK, the metabolic decomposition
of which requires more sucrase involvement (Liu et al., 2020). The
higher S-CAT activity in JZ than in DK could mean better protection of
plants from hydrogen peroxide in JZ (Hu et al., 2018).

4.4. Typical heavy metals

The typical heavy metals (Cd, Cu, Mn, Pb, Sb, and Zn) in JZ and DK
all had low concentrations, which all fall within the China's latest Soil
environmental quality - Risk control standard for soil contamination of
agricultural land (GB15618–2018) screening value ranges, except for Cd,
preliminarily indicating that these heavy metals posed no risk of po-
tential contamination. The total content of Cd in the two artificial soils
was higher than the screening value (0.6 mg/kg when soil pH > 7.5) but
lower than the contamination risk control value (4.0 mg/kg when soil
pH > 7.5), indicated that the risk of Cd contamination is relatively low,
and real-time monitoring of crops would be necessary when the artificial
soil is used for agricultural land. All heavy metals were dominated by
non-bioavailable FRES, while the highly bioavailable FH2O and FEXC each
accounted for<5%. Due to the alkalinity of artificial soil, it is conducive
to the conversion of heavy metals into insoluble forms of hydroxides,
oxides and carbonates (Jiang et al., 2022). Addtionally, red mud is the
main possible source of heavy metals, many of which generally exist in
the form of sulfides, silicates, carbonates and other insoluble minerals or
are firmly adsorbed by iron oxide in red mud (Santona et al., 2006; Zhu
et al., 2023). These further significantly reduced the risk of heavy metal
contamination when artificial soil was used for agricultural land. If
artificial soil was to be used in forestry land or for vegetation ecological
restoration in mining areas, there would be almost no need to be con-
cerned about heavy metal contamination.

4.5. Adaptable plants

Both artificial soils were preliminarily confirmed to be able to sup-
port the long-term survival and growth of at least 18 different types of
plants, as well as the seed germination of about ten other plants. This is a

Fig. 9. Percent of soil arthropods in two types of artificial soils at the test site. (Note: JZ and DK represent two types of artificial soils, respectively).
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good initial step demonstrating the enormous potential of the artificial
soils for use in vegetation coverage, biodiversity, and ecosystem con-
struction. As an increasing number of plant types are selected for
cultivation tests, more adaptable plants are expected to be discovered,
continuously enriching the variety of plants available for the future
engineering applications of the artificial soils in ecological restoration
and landscaping in mining areas.

The different enzyme activity and stress resistance indicators of
plants often describe their enzymatic catalytic reaction ability and
environmental stress resistance under certain environmental conditions
(Kiran, 2019; Cunha et al., 2022), which can be used to comprehensively
assess the physiological status, environmental adaptability, self-
protection, and self-restoration behavior of plants. On the whole, there
were certain differences in the in vivo enzyme activity and stress resis-
tance indicators of several representative plants, as well as different
enzyme activity and stress resistance indicators from the same plant
between JZ and DK (Figs. S7, S8). There were significant differences in
the CAT enzyme activity of wheat, ryegrass, and Suaeda glauca between
JZ and DK, as well as the POD enzyme activity of several other plants
except wheat, and the SOD enzyme activity of clover and Suaeda glauca
(p < 0.05). There were also significant differences between the two soils
in the MDA content of wheat, the SS and PRO content of several plants,
and the SP content of other tested plants except for clover and ryegrass
(p < 0.05). Since the artificial soils are mainly composed of solid wastes
such as red mud and phosphogypsum, they naturally impose significant
stress on the physiological and biochemical characteristics of different
plants. Such differences reflect the diversity and complexity of plant
adaptability and regulatory feedback (stress) mechanisms in different
plants responding to the same external environmental stress or the same
plant responding to different external environmental stresses (Hahm
et al., 2017). Although this study did not examine the variations or
influencing factors of the different enzymatic activity and stress resis-
tance indicators of plants through simulation tests under different con-
ditions, which still provided valuable references for the selection of
adaptable plants (Laffray et al., 2018; Cabañas-Mendoza et al., 2023;
Shams et al., 2024). In the future, it is still necessary to explore the
adaptability of different plants to the artificial soils in a more systematic
way, examining plant physiological indicators.

4.6. Microbes and arthropods

Microbes, as the most active component of soil ecosystems, play a
crucial role in soil material cycling, energy flow, and other processes.
They can promote soil development, improve soil fertility, and provide a
favorable environment for plant growth (Wang and Li, 2019). The
synergistic effect of microbes and plants is of great importance to the
gradual formation of stable soil ecosystems (Wang and Li, 2019; Le Roux
et al., 2023). The two types of artificial soils had initially accumulated
relatively rich microbial (fungal and bacterial) communities, which is a
very positive signal indicating the relatively good environmental quality
of artificial soil. Although red mud and phosphogypsum significantly
inhibited the growth of microorganisms due to their strong alkali/acid,
heavy metal content, high salinity characteristics, the artificial soil
environmental quality can enable microorganisms to survive and form
rich microbial communities, and these microorganisms in turn had a
significant influence on the fertility enhancement of artificial soil. On
one hand, the dominant bacterias (e.g. Firmicutes, Proteobacteria and
Bacteroidota) had good adaptability and a series of complex biochemical
processes occurred, including the decomposition of OM (cellulose and
humus), biological nitrogen fixation, nitrification, denitrification, and
nutrient transport and cycling, can continuously improve soil quality
and fertility; Ascomycota, as the dominant fungal, in addition to
decomposing organic matter, can co-exist with plants and improve their
tolerance to external chemicals (Spagnoletti and Chiocchio, 2020). On
the other hand, changes in the micro-environments and fertility of the
artificial soils also have a significant positive feedback effect on

microbial community diversity, which further promotes the continuous
development and ecosystem construction of artificial soils (Marrs, 2016;
Moreira-Grez et al., 2019). It is worth noting that there are still some
differences in the microbial communities of the two artificial soils. For
example, at the phylum level, DK has more fungal and bacterial phyla
than JZ; The dominant bacteria and fungi genera of JZ and DK were also
different in composition. These reflect the differences in physical and
chemical characteristics and environmental quality of the two artificial
soils, and also indicate that the development direction and ecosystem
diversity of the two artificial soils may show different evolutionary
characteristics.

Soil arthropods, as a type of small invertebrate living in the soil, are
vital part of soil ecosystem (Neher and Barbercheck, 2019). They can
improve soil structure, increase soil moisture and gas exchange,
decompose OM, promote soil nutrient conversion, and effects on plant
growth (Jernigan et al., 2023). The diversity of soil arthropod commu-
nities has an important indicative function in evaluating soil quality
(Menta and Remelli, 2020). Arthropod communities were observed in JZ
and DK, and over time, their group number, diversity index, and density
significantly increased, gradually approaching the conditions of the NS
(without human interference) surveyed at the same stage; the density of
arthropods in the artificial soils even exceeded that in NS. This reflected
the constantly improved quality and micro-environment of the artificial
soils and the formation of gradually enriched arthropod community
diversity (Bai et al., 2017). As an important component of soil micro-
ecosystems, arthropods, like plants and microbes, also produced a pos-
itive feedback effect; they gradually exerted a positive effect on soil
micro-environment and fertility improvement, ecosystem construction,
and functional enhancement of the artificial soils (Mordkovich and
Lyubechanskii, 2017). Notably, the larvae of Eisenia foetida initially
added into the artificial soils grew and reproduced instead of dying
(especially in JZ). After ten months, they had a body length more than
twice the initial value, with a nearly five-times increase in body diam-
eter. There were also some small earthworms (about 1–2 cm in body
length) visible to the naked eye. The changes in the earthworms, as an
indicator of soil quality, suggested that the artificial soils had good soil
quality, few harmful substances, and provided favorable local micro-
environmental conditions for the survival and reproduction of earth-
worms (Medina-Sauza et al., 2019; Sofo et al., 2023).

4.7. Engineering application analysis

From the systematic research results of the above test site, the en-
gineering applications of these artificial soils in vegetation restoration
and ecological reconstruction are potentially feasible, making it possible
to achieve the large-scale, low-cost, and efficient synergistic recycling of
red mud and phosphogypsum. Red mud and phosphogypsum consti-
tuted the matrix for the two artificial soils, occupying absolute pro-
portions of 82.27 % and 89.64 %, respectively; this is very important, as
it ensures that the two are recycled in large amounts. Distiller's grains
and rice husks, as common organic solid wastes, are synergistically
recycled as resources (accounting for 16.45 % and 8.96 %, respectively).
Taking this into account, the total proportions of solid wastes in JZ and
DK exceeded 98.72 % and 98.60 %, respectively, and only very small
amounts of bentonite and polyacrylamide need to be purchased. The
microbial inocula added (such as microbial agents and yeast) are also
consumed at low doses and are readily available. Additionally, after the
materials making up the artificial soils were evenly mixed and injected
with water, they were sealed with a membrane and balanced for a
period, rather than being periodically turned over for ventilation. This is
a very simple method with low production costs, little nutrient loss, and
almost no odor generation that promotes the humification, mineraliza-
tion, and anaerobic decomposition of OM and the release, stabilization,
and homogenization of nutrients (Long et al., 2023; Wang et al., 2024a).
Overall, the materials used for the artificial soil preparation are common
and readily available, without the need to add any proportion of natural
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soil. The preparation process is very simple and inexpensive. These
significant advantages will contribute to the large-scale engineering
applications of artificial soil in the future.

It is worth noting that the pH of red mud and phosphogypsum may
change depending on industrial production batches, stockpiling time,
and other factors, causing the ratio between them in the neutralization
reaction to change as well. For example, in our previous study, the mass
ratio between red mud and phosphogypsum was 2.5:1, while in this
study it was 1.5:1. This change may affect the basic physicochemical
characteristics and later development of the artificial soils. Similarly, the
addition ratios of distiller's grains and rice husks as OM sources can be
adjusted artificially or replaced based on the local OM sources, such as
furfural, mushroom, fruit, and vegetable residue, straws, sludge, and
other organic wastes. This is because, in large-scale engineering appli-
cations, although the proportions of materials used are small, the total
amount will still be large; using local materials can significantly lower
transport and production costs. One important reason for choosing
distiller's grains and rice husks in this study was that distiller's grains are
typical solid wastes in the brewing industry of Guizhou, a major brewing
province in China; rice husks are also typical agricultural solid wastes in
this region. The main purpose of adding other auxiliary materials, such
as bentonite, polyacrylamide, and microbial agents, is to enable the red
mud-phosphogypsum matrix to conserve moisture, facilitate gas ex-
change and microbial colonization, and create a series of basic physical,
chemical, and biological reaction conditions to enhance soil fertility and
ultimately prepare artificial soils with desirable fertility characteristics
(Lentz, 2015; Mi et al., 2017; Ahsan et al., 2023). These materials
involve costs and are likely to be replaced by more cost-effective
auxiliary materials. Overall, the artificial soils are more of a broad
definition of the synergistic soilization of red mud and phosphogypsum,
and their material ratios and sources are not constant.

The test site was merely a preliminary simulation project, which
would help to make scientific evaluation of future large-scale engi-
neering applications and find the shortcomings as early as possible to
facilitate continuous improvement. Although the artificial soils con-
tained high N, P, and K, these nutrients mainly come from the added
materials; different materials and ratios may impact soil nutrient con-
tent. There is the problem of nutrient imbalance, as embodied in the
sufficiency of TP, TK, AN, and AP but the deficiency of TN and AK. This
makes further regulation necessary to balance different nutrients
(Carmo et al., 2017). For example, AN and AP were both high, and often
exist in the form of dissolved ions such as NH4-N, NO3-N, and PO43− .
Fixing these nutrients stably in artificial soils for a long time is very
important (Mehnaz et al., 2019; Wang et al., 2022). The loss of nutrients
causes a significant loss of artificial soil fertility (Li et al., 2023);
moreover, when the nutrients enter water bodies as a result of leaching
by rainwater, resulting in the pollution of N and P in water (Wang et al.,
2022). Besides, although the study indicated that the total content of the
several heavy metals in the artificial soils was not as high as expected
(except for Cd), and the chemical forms of these heavy metals were
dominated by non-bioavailable FRES. However, red mud and phospho-
gypsum are generally considered potential sources of heavy metal
contamination (Pan et al., 2023; Wang et al., 2023b). Long-term atten-
tion and further in-depth research are needed to determine whether
large-scale engineering applications of the artificial soils will cause
heavy metal contamination, and how targeted engineering measures can
be used to prevent this (Rostami et al., 2021; Wang et al., 2021).
Additionally, the artificial soils were characterized by high salinity,
mainly due to the high salinity of red mud (Gao et al., 2024a). Since high
salinity hurts the growth of some plant species, salinity regulation of the
artificial soils also requires close attention. Finally, the artificial soils are
still in the primary stage of soils with regard to fertility characteristics.
In practical engineering applications, they need to be continuously
developed through the long-term breeding of various types of plants, the
continuous diversification of microbial and arthropod communities, and
the implementation of necessary artificial regulation and optimization

measures, to eventually form mature soils with stable fertility (Ke et al.,
2021).

5. Conclusions

By constructing a small-scale test site, this study simulated the en-
gineering applications of two types of red mud/phosphogypsum-based
artificial soils for vegetation restoration and ecological reconstruction.
It was found that the artificial soils contained a series of major elements
similar to those contained by common natural soil, and preliminarily
possessed the basic physicochemical properties, main nutrient (nitro-
gen, phosphorus and potassium) conditions, and biochemical charac-
teristics that could meet the demands of plant growth. The discovery of
18 different types of adaptable plants, as well as the possibility of more
potential adaptable plants growing in the future, directly demonstrated
that the artificial soils could be used for vegetation greening and land-
scaping. The preliminary formation of microbial (fungal and bacterial)
community diversity and the gradual enrichment of soil arthropod
community diversity played an important role in promoting micro-
environment development, ecosystem construction, and functional ca-
pacity of the artificial soils. The engineering applications of the artificial
soils still require long-term coordination of natural and artificial mea-
sures (such as balancing different nutrients, preventing nutrient loss,
and reducing salinity), as well as a systematic and continuous assess-
ment of environmental quality and potential contamination risks such as
heavy metal contamination. Overall, the artificial soils provide a feasible
solution for the large-scale, low-cost, simple, and highly efficient syn-
ergistic disposal of red mud and phosphogypsum, with enormous po-
tential for future engineering applications. They are expected to be used
for vegetation coverage and ecological environment improvement in
tailings, collapse, and soil-deficient areas, and green belt construction
and landscaping along municipal roads.
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2018. Effects of sodium chloride salinity on ecophysiological and biochemical
parameters of oak seedlings (Quercus robur L.) from use of de-icing salts for winter
road maintenance. Environ. Monit. Assess. 190, 266. https://doi.org/10.1007/
s10661-018-6645-z.

Le Roux, J.J., Leishman, M.R., Geraghty, D.M., Manea, A., 2023. Rewiring critical
plant–soil microbial interactions to assist ecological restoration. Am. J. Bot. 110 (9),
e16228 https://doi.org/10.1002/ajb2.16228.

Leconte, M.C., Mazzarino, M.J., Satti, P., Iglesias, M.C., Laos, F., 2009. Co-composting
rice hulls and/or sawdust with poultry manure in NE Argentina. Waste Manag. 29
(9), 2446–2453. https://doi.org/10.1016/j.wasman.2009.04.006.

Lei, Z., Li, Q., Tang, Y., Zhang, H., Han, C., Wang, X., Zhao, X., Shi, G., 2022. Selenium
enhanced nitrogen accumulation in legumes in soil with rhizobia bacteria. J. Clean.
Prod. 380 (Part1), 134960 https://doi.org/10.1016/j.jclepro.2022.134960.

Lentz, R.D., 2015. Polyacrylamide and biopolymer effects on flocculation, aggregate
stability, and water seepage in a silt loam. Geoderma 241-242, 289–294. https://doi.
org/10.1016/j.geoderma.2014.11.019.

Li, H.S., 2000. Principles and Techniques of Plant Physiological Biochemical Experiment.
Higher Education Press, Beijing (In Chinese). https://xueshu.baidu.com/usercenter
/paper/show?paperid=9451ba3beb65814b9b02a7667177c1b5&site=xueshu_se.

Li, S., Liu, S., Zhou, J., Luo, T., 2007. Measuration of catalase vigor in plants with
spectrophotometry (in Chinese). Anhui Agricultural Science Bulletin (Chinese
Journal) 13 (02), 72–73. https://doi.org/10.16377/j.cnki.issn1007-
7731.2007.02.031.

Li, L., Chen, P., Wang, K., Zhang, R., Yuan, X., Ge, L., Li, Q., Liu, Y., Zhang, X., Li, Z.,
2023. Gramineae-legumes mixed planting effectively reduces soil and nutrient loss
in orchards. Agric Water Manag 289, 108513. https://doi.org/10.1016/j.
agwat.2023.108513.

Liu, D.Y., Wu, C.S., 2012. Stockpiling and comprehensive utilization of red mud research
progress. Materials 5 (7), 1232–1246. https://doi.org/10.3390/ma5071232.

Liu, H., Huang, Y., Wang, H., Shen, Z., Qiao, C., Li, R., Shen, Q., 2020. Enzymatic
activities triggered by the succession of microbiota steered fiber degradation and
humification during co-composting of chicken manure and rice husk. J. Environ.
Manage. 258, 110014 https://doi.org/10.1016/j.jenvman.2019.110014.

Liu, S., Liu, Z., Zhu, H., Wang, Z., Guo, J., Zhang, X., Yu, H., Yue, X., Ning, P., Li, B.,
2023. The roles of red mud as desulfurization and denitrification in flue gas: a
review. J. Environ. Chem. Eng. 11 (3), 109770 https://doi.org/10.1016/j.
jece.2023.109770.

Liu, Y., Zhang, L., Chen, L., Xue, B., Wang, G., Zhu, G., Gou, W., Yang, D., 2024. Potential
of artificial soil preparation for vegetation restoration using red mud and
phosphogypsum. Sci. Total Environ. 941, 173553 https://doi.org/10.1016/j.
scitotenv.2024.173553.

Long, S., Yang, J., Hao, Z., Shi, Z., Liu, X., Xu, Q., Wang, Y., Wang, D., Ni, B.J., 2023.
Multiple roles of humic substances in anaerobic digestion systems: a review.
J. Clean. Prod. 418, 138066 https://doi.org/10.1016/j.jclepro.2023.138066.

Luu, T.T., Dinh, V.P., Nguyen, Q.H., Tran, N.Q., Nguyen, D.K., Ho, T.H., Nguyen, V.D.,
Tran, D.X., Kiet, H.A.T., 2022. Pb(II) adsorption mechanism and capability from
aqueous solution using red mud modified by chitosan. Chemosphere 287 (3),
132279. https://doi.org/10.1016/j.chemosphere.2021.132279.

Lv, X., Xiang, L., 2023. Investigating the novel process for thorough removal of eutectic
phosphate impurities from phosphogypsum. J. Mater. Res. Technol. 24, 5980–5990.
https://doi.org/10.1016/j.jmrt.2023.04.224.

Marrs, R.H., 2016. Ecological restoration: soil microbes call the shots. Nature Plants 2,
16117. https://doi.org/10.1038/nplants.2016.117.
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Syczewski, M.D., Borkowski, A., Gąsiński, A., Raczko, J., Mordak, K., Grądziel, I.,
Krzesicka, M., Kałaska, M., Siuda, R., 2020. Phosphogypsum and clay mineral/
phosphogypsum ceramic composites as useful adsorbents for uranium uptake. Appl.
Geochem. 123, 104793 https://doi.org/10.1016/j.apgeochem.2020.104793.
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