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To explore rare earth mine tailings improvement technology without soil dressing, we planted Chinese cabbage in pots to
determine the effect of different amounts of lime combined with fertilizer on the improvement of ionic rare earth mine
tailings, aiming to provide a scientific basis for the reclamation of abandoned ionic rare earth mines. The results showed that
the soil substrate of the tested rare earth tailings exhibited four forms of degradation: soil acidification, soil desertification,
nutrient depletion, and heavy metal contamination by rare earth elements (REEs). The application of fertilizer alone (CK
treatment) did not support Chinese cabbage growth, whereas different amounts of lime combined with fertilizer supported
plant growth and significantly reduced the activity of the rare earth heavy metals. The height, fresh weight, and REE content of
the Chinese cabbage plants were significantly reduced with an increase in the amount of lime applied. Addition of lime not
only significantly improved the soil pore space and reduced soil acidification but also significantly increased the soil nutrient
content. Our findings suggest that lime combined with fertilizer can improve ionic rare earth mine tailing soil degradation,
thus promoting plant growth and achieving the improvement of ionic rare earth mine tailings without soil dressing.

1. Introduction

Rare earth elements (REEs) are widely used in various
national economy fields. In particular, heavy REEs are cru-
cial to the development of high-tech industries, moderniza-
tion, and national defense [1]. As the main source of heavy
RREs, ionic rare earth ores are minerals in which REEs are
adsorbed on the weathering crust of granite in an ionic form,
and their mining requires the use of a leaching agent con-
taining a large number of chemically active cations (Na”,
NH,", H*, and Mg*") to replace and desorb the ionic REEs
[2]. This unique mining process leads to differing degrees
of contamination of soil and water resources in mining
areas, and pollutants can migrate through the water and soil
into the food chain, eventually becoming hazardous to
human health [3-5]. The ecological restoration of ionic rare
earth mining areas in China is imminent [6, 7].

Tonic rare earth mining areas exhibit soil degradation of
types that are difficult to restore, including soil desertifica-
tion, soil nutrient decline, soil acidification, heavy metal con-
tamination, and leaching agent residues [8, 9]. Presently, the
restoration of rare earth mine tailings adopts a soil dressing
approach; however, the soil dressing method requires a large
number of soil resources at a high cost. Therefore, it is par-
ticularly important to investigate other restoration and
improvement methods that do not require soil dressing for
reclamation of ionic rare earth mine tailings. Soil condi-
tioner is an efficient and inexpensive restoration and
improvement method, and the application of soil condi-
tioner can improve soil pH, reduce heavy metal activity,
and improve soil structure [10]. For many types of soil deg-
radation, different soil amendments can be used in combina-
tion to enhance the restoration effect, which is a major
measure of soil ecological restoration in mining areas [11,
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12]. To date, little research has been conducted on methods
to improve the soil substrate of ionic rare earth mine tailings.
The effect and mechanism of inorganic conditioners on the
improvement of ionic rare earth mine tailings have been
rarely studied. Lime, when used as a common soil condi-
tioner, can regulate soil acidification and reduce the heavy
metal activity of soils, whereas Ca®" ions as a cementing
agent facilitate the formation of soil aggregates, thus reduc-
ing soil desertification [13, 14]. The application of fertilizers
can rapidly increase soil nutrients and improve soil nutrient
depletion.

An understanding of the effects of lime combined with
fertilizer on cabbage growth and on the physicochemical
properties of the rare earth tailings is urgently required in
order to determine whether this method can effectively the
degradation problem of rare earth tailings. Once the method
works, a more reasonable amount of lime and fertilizer
should be furtherly determined. The central hypotheses of
our study were as follows: (1) the application of conditioner
could mitigate the problem of soil degradation of ionic rare
earth mine tailings, such as reducing soil desertification
and acidification; (2) the treatments conditioned with a
combination of fertilizer and lime could greatly improve
the growth of cabbage. The results could provide a theoreti-
cal basis for soil improvement and restoration in ionic rare
earth mining areas.

2. Materials and Methods

2.1. Rare Earth Tailings. Rare earth tailings were collected
from an abandoned rare earth mine (2527'N, 11510'E) in
Xinfeng County, Ganzhou, Jiangxi Province, which had been
closed for 1 year and mined using the heap leaching process.
The ammonium sulfate (NH,),SO,) was employed as the
leaching agent, producing high ammonium sulfate residue
in tailing [15]. The tailings were sampled at a depth of 0-
20 cm and bagged and sealed after mixed sampling from five
points close to the mine. The sampling time was May 15,
2016. The tailing samples were laid flat on the ground to
form a soil layer approximately 10 cm thick, air-dried for
15 days, and then fully mixed by five turnings of the heap
and rebagged for use in the experiment. The basic physico-
chemical properties of the rare earth tailings are presented
in Tables 1 and 2.

2.2. Experimental Design. The experiment was conducted in
pots under simulated natural conditions. The plastic pots
used in the experiment had an upper inner diameter, lower
inner diameter, and height of 17.5, 11.5, and 12 cm, respec-
tively, and each pot was filled with 1.8 kg of air-dried tailings
passed through a 2 mm sieve. Lime combined with fertilizer
was used as the conditioner to improve the rare earth tail-
ings, with the same amount of fertilizer but different
amounts of lime applied to all treatments. The fertilizer
was applied once as a base fertilizer at concentrations of
0.20gN (i.e., 0.428 g/lkg urea), 0.30g P,O, (ie., 0.575g/kg
monopotassium phosphate), and 0.30g K,O (i.e., 0.161g/
kg potassium chloride) per kg of tailings. There were four
treatments in the experiment: CK for fertilizer application
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only, C1 for fertilizer + 10 g/kg lime, C2 for fertilizer + 25 g/
kg lime, and C3 for fertilizer + 50 g/kg lime, with four repli-
cations for each treatment. Following fertilization, ultrapure
water was applied to the soil in each treatment pot to main-
tain a field water holding capacity of 70%. After three weeks
of stable incubation of the soil, ten Chinese cabbage seeds
were sown in each pot after immersion of the seeds in warm
water (50°C). The pots were watered every 2-3 days
throughout the growth process, and the cabbages were har-
vested after 140 days of growth.

2.3. Sample Collection and Analysis. At the time of harvest,
the Chinese cabbage plants were uprooted and rinsed with
water. Three plants were randomly selected from each pot
for determination of their fresh weight. Thereafter, the sam-
ples were placed in an oven at 105°C for 30 min, dried at
75°C to a constant weight, and then milled and bagged.
The tailing samples were collected from the pots after the
cabbage harvest. They were dried naturally, ground using
the quartering method, and passed through first a 20-mesh
(0.841 mm) sieve, then a 100-mesh (0.147 mm) nylon sieve.
The tailings texture, pH value, soil organic matter content,
soil available N, soil available P, and soil available K were
determined using the hydrometer method, potentiometric
method (soil:water=1:2.5), potassium dichromate volu-
metric method, alkaline diffusion method, sodium bicarbon-
ate method, and ammonium acetate extraction method,
respectively. Total N was determined using the Kjeldahl
method, and total P and total K were determined using the
sodium hydroxide fusion method. Both the plant and soil
samples were digested using the four-acid method (HCI-
HNO,;-HF-HCIO,), and the amount of each of 16 REEs
was determined by inductively coupled plasma mass spec-
trometry (ICP-MS). The total REE content of the soil was
determined from the sum of the amount of each of the 16
REEs (ZREEs). The amounts of the heavy metals As and
Cd in the soil were determined using an atomic fluorescence
spectrometer (AFS) and graphite furnace atomic absorption
spectrometry (GF-AAS), respectively, whereas the contents
of the other five heavy metals (Pb, Cr, Cu, Ni, and Zn) were
determined by an inductively coupled plasma optical emis-
sion spectrometer (ICP-OES).

2.4. Statistical Analysis. OriginPro 2015 and SPSS Statistics
22 were used to process the data for analysis, and analysis
of variance of the data was performed using the LSD
method, with different lowercase and uppercase letters in
the same column indicating significant (P < 0.05) and highly
significant (P <0.01) differences among treatments,
respectively.

3. Results

3.1. Basic Physicochemical Properties of the Soil Substrate of
Rare Earth Tailings. The basic physicochemical properties
of the soil substrate of the tested rare earth tailings are pre-
sented in Table 1. The pH of less than 4.5 indicated a
strongly acidic soil and showed that the rare earth mining
led to severe soil acidification. The soil substrate contained
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TaBLE 1: Basic physical and chemical properties of the soil substrate in rare earth mine tailings.
Sample pH Available N Available P Available K Total N Total P Total K Organic matter  Clay Soil
ple P (mg/kg) (mg/kg) (mg/kg) (gkg)  (gkg)  (g/kg) (g/kg) (%)  texture
Tailing 443  151.60 2.57 44.60 0.30 0.49 3120 1.95 6 5122&‘/
TaBLE 2: The heavy metal content of the soil substrate in rare earth mine tailings (mg/kg).
Cd As Pb Cr Cu Ni Zn >REEs La Ce Nd Y
Tailing 049 2483 5040 52.64 47.86 14.12 12023 673.13 96.69 22478 105.02  95.24
Risk screening values® 0.3 40 70 150 50 60 200 — — — — —
Risk intervention values® 1.5 200 400 800 — — — — — — — —
“Risk control standard for soil contamination of agricultural land (GB15618-2018)X°“—” no standard values.
80 4 22 high content of REEs in the rare earth tailings, at 2.77 times
that of the background values in the soil environment in
i ad L 2.0 Jiangxi Province (243.41 mg/kg) [16]. Four elements, Y, La,
2 60 1 2 21 'g Ce, and Nd, had high concentrations, the sum of which
g L5 accounted for 77.51% of the total amount of RREs in the
g 10 . a, b } tailings; therefore, we focused on the total amount of rare
= afa, b o g earths and the concentrations of these four REEs. In rare
é =3 earth tailings, in contrast to general contaminated soil, rare
S 20 & earth element contamination must be examined in addition
= B - 05 to contamination by common heavy metals. Overall, the
ﬂ‘ﬂhl - substrate of rare earth tailings shows severe acidification, soil
0 ! | | 0.0 desertification, severe nutrient deficiency, and a high content
Sand Slit Clay BD of rare earth-like heavy metals.
[ CK I . . . .
) = G 3.2. Physicochemical Properties of Tailings after

FiGure 1: Effect of lime combined with fertilizer on soil texture and
bulk density of rare earth mine tailings.

high levels of available N and total K, but relatively deficient
and deficient levels of total P and available K, respectively,
whereas organic matter content, available P, and total N
were all highly deficient. These results indicated that differ-
ent nutrients in the soil substrate of the rare earth tailings
occurred in different amounts, but overall, there was a defi-
ciency of nutrients. The extremely high available N content
was most likely due to the use of ammonium sulfate as a
leaching agent during the rare earth mining process, which
may have resulted in an accumulation of ammonium ions
in the tailings soil. The extremely high total K content was
most likely related to the large amount of granite contained
in the ionic rare earth mine tailings. In addition, the physical
clay content in the soil substrate was very low, and the soil
texture was extremely sandy.

The heavy metal contents of the rare earth tailings are
presented in Table 2. With the exception of Cd, the concen-
trations of the other six heavy metals were lower than the
risk screening value, indicating that the risk of soil contam-
ination by these six heavy metals was low. The soil Cd con-
centration was higher than the risk screening value but
much lower than the risk control value, indicating that the
risk of Cd contamination was also low. Of concern is the

Conditioning with Lime and Fertilizer

3.2.1. Effects on Texture and Bulk Density. The effects of soil
conditioning using lime combined with fertilizer on the
physical properties of the tailings are shown in Figure 1.
There was no significant difference in sand and powder con-
tent among the treatments, but there was a significant differ-
ence in clay content (P<0.05). Compared to the CK
treatment, the soils treated with lime combined with fertil-
izer all showed a significant reduction in clay content, with
a decrease of 19.9%, 31.6%, and 45.7% in treatments Cl,
C2, and C3, respectively. The soil texture of the control
was sandy loam. All the soils conditioned with lime and fer-
tilizer also had a sandy loam texture, indicating that,
although there was a statistically significant difference in clay
content, it had no significant effect on soil texture. There was
a significant difference (P < 0.05) in bulk density among the
treatments where treatments C2 and C3 had a significantly
lower bulk density compared to that of the CK treatment;
the bulk density of treatments Cl1, C2, and C3 was lower
by 3.17%, 12.70%, and 18.25%, respectively. This indicated
that lime application significantly improved the soil pore
space although it had no significant effect on mechanical
composition.

3.2.2. Effects on pH and Organic Matter. The effect of lime
combined with fertilizer on soil pH is shown in Figure 2.
There was a highly significant difference in pH among the
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FiGurek 2: Effect of lime combined with fertilizer on soil pH and organic matter of rare earth mine tailings. CK: fertilizer (0.20gN, 0.30 g
P,0s, and 0.30 g K, O per kg of tailings); C1: fertilizer + 10 g/kg lime; C2: fertilizer + 25 g/kg lime, and C3: fertilizer + 50 g/kg lime.

treatments (P < 0.01). Compared to that of the CK treat-
ment, the pH was significantly higher in all treatments con-
ditioned with lime and fertilizer, showing substantial
increases of 2.99, 2.93, and 2.94 units in treatments C1, C2,
and C3, respectively; however, there was no significant dif-
ference in soil pH among these treatments. Significant differ-
ences in organic matter content among the treatments were
found (P < 0.05). The organic matter content in treatment
C3 soil was significantly lower compared to that in the CK
treatment soil, with reductions of 5.63%, 4.23%, and 7.51%
in treatments C1, C2, and C3, respectively. When the con-
centration of added lime was low (treatments C1 and C2),
the effect of lime addition on organic matter content was
not significant, whereas when the amount of lime added
was higher (treatment C3), the organic matter content was
significantly reduced, most likely due to a dilution effect
associated with the addition of more lime.

3.2.3. Effects on Soil Substrate Nutrients. The effects of condi-
tioning the tailings with lime and fertilizer on the soil sub-
strate nutrients are shown in Figure 3. There were highly
significant differences (P < 0.01) in total N and available N
among the treatments. Compared to the CK treatment, soil
conditioning with lime and fertilizer reduced the total N
content by 58.14%, 60.47%, and 58.14, and the available N
content by 86.10%, 84.96%, and 81.92% in treatments ClI,
C2, and C3, respectively; however, none of the differences
in total N and available N among treatments C1, C2, and
C3 were significant (P > 0.05). The total N contents of the
CK treatment and treatment C1 were 0.43 g/kg and 0.18 g/
kg, respectively, and the difference was 0.25g/kg or
250.00 mg/kg; the corresponding available N contents were
288.70 mg/kg and 40.13 mg/kg, respectively, with a differ-
ence of 248.57 mg/kg. The similarity in total N and available
N values indicated that the decrease in total N content was
most likely linked to the decrease in available N. The signif-
icant decrease in available N may be associated with the
availability of calcium ions from the added lime, as calcium
ions can replace NH," adsorbed by the soil for crop uptake
and utilization [17]. Owing to the poor water and fertilizer

retention capacity of rare earth tailings, the displaced NH,*
may have been lost from the soil, accounting for the signifi-
cant decrease in available N after improvement of the rare
earth tailings.

Regarding P content in the tailings in response to soil
conditioning, there was no significant difference in total P
among the treatments (Figure 3; P > 0.05); however, the total
P content in treatment C1 was lower by 6.67% compared to
that in the CK treatment. There were significant differences
in available P content among the treatments (Figure 3; P <
0.05). Compared to the CK treatment, available P was signif-
icantly lower by 43.13%, 39.90%, and 16.80% in treatments
Cl1, C2, and C3, respectively, indicating an impact of added
lime. In addition, the available P was significantly lower in
treatments C1 and C2 compared to that in treatment C3.

Lime combined with fertilizer had no significant effect
on total K (P > 0.05) but a highly significant effect on avail-
able K (P < 0.01) among the tailing’s treatments (Figure 3).
Compared to the CK treatment, the treatments with lime
combined with fertilizer all showed a highly significant
reduction in available K of 27.58%, 33.35%, and 30.85% in
treatments C1, C2, and C3, respectively.

3.3. Growth Characteristics and Rare Earth Element Content
of Chinese Cabbage. The effects of lime combined with fertil-
izer on the growth characteristics and REE content of Chi-
nese cabbage are shown in Table 3. There were significant
differences (P <0.05) in plant height and fresh weight
among the treatments. Chinese cabbage did not grow in
the control soil, but it grew in all the treatment soils condi-
tioned with lime and fertilizer. There was no significant dif-
ference in growth characteristics in treatment C2 compared
to those in treatment C1; however, treatment C3 produced
Chinese cabbage plants with 38.26% and 17.86% lower
height and fresh weight, respectively, compared to the other
treatments. There was a significant difference (P < 0.05) in
the total amount of REEs in the Chinese cabbage plants
among the treatments. Compared to that in treatment Cl1,
the REE content in Chinese cabbage plants was reduced by
35.06% and 72.67% in treatments C2 and C3, respectively.
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FiGurek 3: Effect of lime combined with fertilizer on soil fertility of rare earth mine tailings. CK: fertilizer (0.20gN, 0.30 g P,O, and 0.30 g
K,O per kg of tailings); C1: fertilizer + 10 g/kg lime; C2: fertilizer + 25 g/kg lime, and C3: fertilizer + 50 g/kg lime.

The REE content of the Chinese cabbage plants was domi-
nated by four elements, namely, La, Ce, Nd, and Y, and
the contents of the four REEs in all treatments accounted
for over 71% of the total amount of REEs in the plant tissues.
Significant differences (P < 0.05) were observed among the
different treatments for the REEs: La, Ce, Nd, and Y in the
Chinese cabbage plants.

4. Discussion

Correlation analysis of the basic physicochemical properties
and heavy metal content of the rare earth tailings soil sub-
strate showed evidence of soil degradation, particularly
desertification, acidification, nutrient depletion, and heavy
metal contamination, which concurred with the findings of
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TaBLE 3: Growth characteristics and rare earth element content of Chinese cabbage grown in rare earth mine tailings conditioned with a

combination of fertilizer and lime.

Treatment  Height (cm)  Fresh weight (g/plant) ~ XREEs (mg/kg) La (mg/kg)  Ce (mg/kg)  Nd (mg/kg) Y (mg/kg)
CK — — — — — — —

C1 6.90a 1.12a 58.36a 12.15a 12.52a 9.84a 12.00a
C2 5.67ab 1.08a 37.9b 7.76b 9.07b 6.07b 5.98b
C3 4.26b 0.92b 15.95¢ 4.42c 1.48¢ 3.24c 2.23c

—: no data; CK: fertilizer (0.20g N, 0.30 g P,O,, and 0.30 g K,O per kg of tailings); C1: fertilizer + 10 g/kg lime; C2: fertilizer + 25 g/kg lime; C3: fertilizer

+ 50 g/kg lime.

previous studies [3, 4]. Notably, the metal contamination of
the ionic rare earth mine tailings was attributed to contami-
nation by REEs rather than by common soil heavy metals.
Although Codex Alimentarius Commission (CAC), Austra-
lia, New Zealand, Japan, the United States, and China have
not regulated the content of REEs in food, recent studies
have shown that water or soil containing high levels of rare
earth heavy metals can eventually enter the human body
through the food chain, and excessive intake of REEs poses
a risk to human health [18, 19]. Therefore, for the purpose
of rare earth tailings restoration, the problem of rare earth
element contamination should be highlighted in addition
to the problem of contamination by conventional heavy
metal pollutants.

Chinese cabbage did not grow in the tailings treated with
fertilizer only (CK), whereas it grew in the treatments condi-
tioned with a combination of fertilizer and lime (C1, C2, and
C3). The limitation of cabbage growth could be attributed to
the strong acidity (Table 1) of rare earth tailings in the CK.
The optimal soil pH for lettuce growth is between pH 6.0
and 7.5 for cabbage [20]. The soil pH in the CK was below
4.5 (Table 1), which was not conducive to the growth of cab-
bage. This finding also suggests that the nutrient deficiency
in the tailings could not be improved by the addition of fer-
tilizer alone (Figure 3), whereas a combination of lime and
fertilizer supported Chinese cabbage growth, most likely
because it alleviated soil acidification, heavy metal contami-
nation, desertification, and nutrient depletion, all at the same
time. For example, lime increases the concentration of cal-
cium ions in the soil, and calcium ions replace the hydrogen
and aluminum ions adsorbed by the soil. These interact with
the alkali in the lime, ultimately raising the soil pH and
reducing soil acidification [21].

The content of REEs in the Chinese cabbage tissues sig-
nificantly decreased with increasing lime dosage, suggesting
that the lime significantly inhibited the activity of the REEs.
The lime may have significantly increased the soil pH, which
could have facilitated the precipitation of heavy metals, as
well as increasing the negative charge on the surface of the
soil colloids, thereby enhancing the heavy metal adsorption
capacity [22]. Calcium ions have an antagonistic effect on
heavy metals, and the antagonistic effect increases with
increasing lime dosage, which is an important reason for
why the addition of lime reduces heavy metal toxicity in soil
[23]. Furthermore, the bulk density was significantly
reduced by the addition of lime, suggesting that the combi-
nation of lime and fertilizer significantly reduced the prob-

lem of soil desertification. Previous studies [24, 25] have
shown that Ca** ions in lime can disperse and flocculate soil
particles and promote the formation of soil aggregates. Our
results showed that the amount of lime added had an impact
on Chinese cabbage growth, where excessive lime was detri-
mental to growth, and may be related to a significant reduc-
tion of organic matter (Figure 2). When the lime application
was high (treatment C3), there may have been a dilution
effect caused by large amounts of lime that led to a decrease
in organic matter content, which could have detrimentally
affected Chinese cabbage growth. Excessive lime application
is known to cause an increase in free calcium ions, which
could lead to an imbalance of soil nutrients (e.g., reduction
of organic matter) [17]. This effect may ultimately have
undermined Chinese cabbage growth.

In this study, we used lime combined with fertilizer to
improve ionic rare earth mine tailings and evaluated the
improvement effect on the growth of Chinese cabbage. The
best response to conditioning of the tailings was obtained
for treatment C1 (fertilizer +10g/kg "), as determined from
the analysis of Chinese cabbage growth and soil property
changes, as well as input costs. Our findings showed that
the application of conditioner alleviated the problem of soil
degradation of ionic rare earth mine tailings. In the present
study, there was no CK without any conditioners, and a
treatment with only lime. Thus, the main effects of lime
and fertilization could not be tested. Hence, further research
is needed. Moreover, future research should explore more
deeply how to further improve the restoration effect of con-
ditioners by investigating different combinations of condi-
tioners in different proportional relationships.

5. Conclusion

The rare earth mine tailings exhibited soil degradation
issues, particularly acidification, desertification, nutrient
depletion, and REE contamination. Rare earth tailings
amended with fertilizer alone (CK treatment) did not sup-
port the growth of Chinese cabbage, whereas different
amounts of lime applied with the fertilizer (treatments Cl1,
C2, and C3) resulted in Chinese cabbage growth in the rare
earth tailings.

The addition of lime with fertilizer significantly
improved the soil physical properties and soil pH of the rare
earth tailings. Moreover, the combination of lime and fertil-
izer transformed the soil texture of the rare earth tailings
from a tight sandy loam to a medium loam. It showed that
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the application of lime and fertilizer can significantly
improve the soil desertification and soil acidification of rare
earth tailings. In this study, treatment C1 (fertilizer + 10 g/kg
) showed the best effect based on a comprehensive consider-
ation of input costs and improvement effects.
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