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Abstract
Heavy metals represent the most critical pollution risk in metal mine tailings. Characterizing

their contamination and understanding their natural leaching behavior are thus crucial for effective risk
management. This study is centered on the tailings of a lead-zinc tailings pond in Yunnan Province,
with the objective of performing a heavy metal risk assessment. Results showed that cadmium (Cd)
and arsenic(As) exceeded regulatory limits, zinc (Zn) was present at very high concentrations,
while other metals remained within standards. Leaching tests revealed significant differences between
the sulfuric-acid-nitric-acid method ( SPLP) and the toxicity characteristic leaching procedure
(TCLP). No metals exceeded limits under SPLP, whereas lead ( Pb) and Cd exceeded TCLP
thresholds, albeit at low risk levels. Therefore, the TCLP results provide a more reliable and objec-
tive risk assessment. As hydrogen ion concentration (pH) is a key environmental driver, leaching of
Pb, Zn, and Cd was examined across pH 1. 0 - 14. 0. Cd leaching declined sharply then gradually
with increasing pH. In contrast, Pb and Zn exhibited a three stage pattern: rapid decline at low
pH, sustained low levels at intermediate (pH 3. 0 - 11. 0), and a sharp increase under strong al-
kalinity (pH 12. 0 - 12. 5) .

Key words: lead-zinc tailings, heavy metal lead-zinc-cadmium, leaching toxicity, hydrogen
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0　 Introductions

As society advances, increasing attention has
been paid to environmental protection. In response,
the government has implemented various measures to
enhance environmental conservation and conducted ex-
tensive investigations into pollution-stricken areas. Ac-
cording to the‘National Soil Pollution Survey Communi-
que’ released in 2014, inorganic pollutants account for
82. 8% of soil contamination in China, with heavy met-
als such as copper (Cu), chromium (Cr), zinc (Zn),
nickel (Ni), cadmium (Cd), mercury(Hg), and met-
alloid arsenic ( As) being the primary contributors.
Consequently, heavy metal pollution has become a ma-
jor threat to China’ s ecological environment. Among

the many natural sources of heavy metals, tailings are
of particular significance. Heavy metals in tailings ex-
hibit limited stability in surface environments and are
prone to migrate in the supergene surroundings, lead-
ing to contamination of nearby soil and groundwa-
ter[1 - 2] . While preventive measures are crucial in tail-
ings storage, their effective implementation first re-
quires a comprehensive understanding of associated
heavy metal pollution characteristics and potential
risks. Western Yunnan, a major lead-zinc mining re-
gion in Yunnan Province, is characterized by large-
scale operations and a long history of develop-
ment[3 - 4] . Tailings in this area represent a significant
environmental threat due to their high pollution poten-
tial. Thus, a thorough ecological assessment is impera-
tive to protect the local ecosystem. Such assessments
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typically involve evaluating both heavy metal content
and leaching toxicity. Whereas heavy metal content
can indicate the potential environmental risks posed by
tailings, leaching toxicity more accurately reflects their
actual impact on surrounding ecosystems, as it simu-
lates how these metals may migrate into and transform
within natural environments. For lead-zinc tailings in
western Yunnan, which indicator—heavy metal content
or a leaching toxicity index—better reflects the pollu-
tion risk of the tailings pond? Moreover, between the
two common leaching methods, the sulfuric-nitric acid
leaching procedure (SPLP) and the toxicity character-
istic leaching procedure (TCLP) [5], which provides a
more objective evaluation of pollution risk?

The enhanced solubility of most heavy metals un-
der acidic conditions leads to significant variations in
their leaching amounts across different hydrogen ion
concentration (pH) levels, making pH a critical factor
influencing heavy metal leaching[6] . Previous studies
have examined the release patterns of heavy metals
from lead-zinc tailings under varying pH condi-
tions[7 - 9] . However, existing research is limited by in-
consistencies in the acids used, a narrow pH range,
and a lack of comprehensive data. For example, when
pH was adjusted to 3. 0 - 12. 0 using sulfuric acid, ni-
tric acid, and sodium hydroxide, pH variations signifi-
cantly affected lead and arsenic concentrations but had
a limited impact on zinc and cadmium[7] . Adjusting
pH to 3. 0, 5. 0, and 9. 0 with hitric acid (HNO3 )
and sodium hydroride(NaOH) revealed a general de-
cline in the leaching rates of lead, zinc, copper, nick-
el, and chromium as pH increased, though the extent
and pattern of reduction varied among metals. The
leaching rates of lead, zinc, and copper decreased
substantially between pH 3. 0 and 5. 0, with a smaller
decline up to pH 9. 0. In contrast, nickel and chromi-
um showed a modest decrease between pH 3. 0 and 5. 0
but a sharp drop at pH 9. 0[8] . A comparative analysis
further highlights distinct leaching behaviors under pH
influence. When pH was adjusted from 3. 0 to 5. 0 u-
sing sulfuric acid (H2SO4) and HNO3, leaching sensi-
tivity followed the order: lead > copper > zinc[10] .
Conversely, across a wider pH range of 1. 0 - 14. 0 ad-
justed with hydrogen chloride (HCl) and NaOH, arse-
nic leaching was elevated under both acidic and alka-
line conditions relative to neutral pH[11] . These find-
ings collectively demonstrate that pH differentially gov-
erns the leaching behavior of various heavy metals.
Specifically, for representative elements such as Pb,
Zn, and Cd in lead-zinc tailings, it is essential to clar-

ify their leaching characteristics across an extended pH
range from 1. 0 to 14. 0. Such insight is vital for desig-
ning targeted remediation strategies for these metals.

1　 Materials and methods

The lead-zinc tailings used in this study were col-
lected from a large, valley-type tailings pond in west-
ern Yunnan that was actively receiving discharge at the
time of sampling. Tailings samples were collected from
the sedimentation pond of the lead-zinc tailings at
depths ranging from 0. 00 - 50. 00 cm below the sur-
face. The samples were air-dried at room temperature,
crushed, and sieved through a 0. 25 mm nylon sieve,
then thoroughly mixed for later use.

The determination of the total heavy metal content
in the tailings followed the solid waste total digestion
method applicable to tailings .

The evaluation of heavy metal environmental haz-
ards requires the use of standardized leaching methods
with specific chemical reagents. Widely adopted proto-
cols include the sulfric-nitric acid method and the toxic-
ity characteristic leaching procedure. The SPLP method
is designed to simulate acid rain conditions for metal
leaching, whereas the TCLP assesses leaching in sce-
narios where solid waste is co-disposed with organic
waste. In practice, the SPLP employs a sulfuric acid-ni-
tric acid leachant at a fixed liquid-to-solid ratio of
10∶ 1 (L·kg -1). The TCLP, by contrast, uses differ-
ent leachants based on the initial pH of the waste mate-
rial. Acetic acid solution is used when pH > 5. 0, and
sodium acetate solution is used when pH < 5. 0, with a
liquid-solid ratio of 20∶ 1 (L·kg -1). The leaching pro-
cedure was performed in strict accordance with the
standard specifications.

Experiments to determine the pH-dependent leac-
hing characteristics of Pb, Zn, and Cd in lead-zinc
tailings involved pH adjustment ( pH 1. 0 - 13. 0) u-
sing HCl / NaOH[11] . The pH was varied with an initial
increment of 1. 0 unit, which was narrowed in regions
of significant concentration change to identify sensitive
pH points. Throughout the study, a liquid-solid ratio of
10∶ 1 and standard toxicity leaching parameters for sha-
king were applied.

All experiments were conducted at the Yunnan Na-
tional Phosphorus Resource Development and Utilization
Engineering Technology Research Center. Analytical-
grade reagents were employed throughout. The concen-
trations of heavy metal elements were determined by in-
ductively coupled plasma atomic emission spectrometry
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(ICP-AES) (RF power: 1. 4 kW; plasma gas: argon),
which provided a relative standard deviation (RSD) less
than 1. 0% and an analytical error less than 5. 0% . Da-
ta were processed and visualized using WPS Office 2019
and GraphPad Prism 8. 0, respectively.

2　 Results and discussion

Evaluating the extent of heavy metal pollution in
tailings is a critical aspect of its characterization. Two
primary approaches have been developed for this pur-
pose. The first involves comparing the total heavy met-
al content against soil quality standards, while the sec-
ond assesses the leaching toxic concentration relative to
corresponding water quality standards[5] .

The understanding of soil heavy metal risk assess-
ment has evolved. Initially, total content was consid-
ered the primary risk indicator, with higher totals as-
sumed to correlate with greater hazard. However, sub-
sequent work, as demonstrated in Ref. [12], revealed
that heavy metals exist in multiple chemical forms with-
in soils. These forms exhibit different mobilities and
bioavailabilities, meaning that the actual risk is gov-
erned more by the metal’ s activity than by its total
concentration.

The critical pathway for heavy metal pollution be-
gins with the absorption of their active fractions by
plants. This uptake initiates their entry into the food
web, facilitating transfer through ecosystem trophic lev-
els and culminating in accumulation in animals and hu-
mans, where they pose significant health risks.

2. 1　 Characteristics of heavy metal content in tail-
ings

　 　 Analysis of heavy metal types and concentrations in
tailings is fundamental to pollution characterization. The
former national standard classified soils into three cate-
gories with tiered limits—for instance, a cadmium limit

of 0. 20 mg·kg -1 for Class I soil. Although it has been
superseded, its three category approach contrasts with
the current, functionally specific standards: GB15618-
2018 for agricultural land (focusing on crop safety) and
GB36600-2018 for construction land (protecting human
health via risk screening and risk control values).

In agricultural land management, two critical
thresholds are defined: the risk screening value and the
risk control value. Soil with pollutant levels below the
screening value is considered low-risk and safe for use.
Levels between the two values indicate a potential risk
that edible agricultural products may not meet safety
standards, requiring the implementation of safe utiliza-
tion measures. Levels exceeding the control value sig-
nify severe pollution where product safety cannot be as-
sured, and planting edible crops should be prohibited.
The Agricultural Land Standards specify risk control
values for five heavy metals—cadmium, mercury, ar-
senic, lead, and chromium—which form the basis for
assessing compliance in tailings.

Previous studies[13 - 16] indicate that lead-zinc tail-
ings in the research area contain Pb, Zn, Cu, Cd, Ni,
Cr, and As. Data from the Lanping lead-zinc depos-
it[17] show that the ore minerals, e. g. , sphalerite and
galena, often incorporate trace elements like Cu, Cd,
Ni, and As. Our analysis of the collected tailings
reveals that Zn, Pb, Cd, and As exceed regulatory
limits (Table 1). Notably, Cd shows the most severe
exceedance at 397 parts permillion ( ppm), which is
nearly 99 times the risk control value of GB15618-
2018. This is followed by Zn (28 800 ppm), excee-
ding the risk screening value by a factor of 95 (no con-
trol value is specified for Zn). Arsenic (288 ppm) ex-
ceeds its control value by 1. 9 times. In contrast, Pb
(573 ppm) exceeds its risk screening value (170 ppm)
by more than 2 times but remains below its risk control
value (1 000 ppm).

Table 1　 Heavy metal content of a lead-zinc tailings in northwest Yunnan Province and the risk standard
value of agricultural land soil pollution / mg·kg - 1

As Cd Cr Cu Ni Pb Zn

Contentin Pb-Zn tailing 288. 0 397. 1 30. 4 46. 0 15. 6 573. 0 28 800. 0

Risk screening value 25. 0 0. 6 250. 0 100. 0 190. 0 170. 0 300. 0

Risk control value 100. 0 4. 0 1 300. 0 — — 1 000. 0 —

Multiple exceeding the control value 1. 9 98. 3 — — — — —

Background average
of Yunnan soil ( layer A) [18] 18. 40 0. 22 65. 02 46. 30 42. 50 40. 60 89. 70

　 　 Notes: ‘—’represents no data; because the pH of the tailings was 8. 2, the standard value of soil pollution risk was selected from
other classes with pH > 7. 5 in GB15618-2018
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　 　 In summary, Cd, Zn, and As in the tailings ex-
ceed regulatory limits, whereas Pb exceeds only the
screening value but not the control limit. Other ele-
ments ( e. g. , Cu, Ni, Cr) remain below screening
values and are thus considered safe.

Compared with previous studies in the Lanping
mining area, our Pb content (573 ppm) aligns with
Cheng et al[15] but is an order of magnitude lower than
values reported by Li et al[19], Zhang et al[16], and
Miu et al[20] (2403-9993 ppm). This variation likely
reflects local mineralogy, as high-Pb samples may orig-
inate from galena-rich zones.

For Zn, our measured value (28 800 ppm) is
consistent with Ref. [21] but substantially higher than
those reported in Refs. [15] and [16]. This discrep-

ancy can be attributed to the district’ s heterogeneous
mineralization: the Beichang and Jiayashan sectors are
Zn-dominant (Zn:Pb ≈ 4:1), whereas the Fengzis-
han sector is Pb-richer.

Cd pollution is the most severe, with our result a-
greeing closely with Li et al[21] . Relative to the stricter
control value in GB15618-2018, exceedances exceed 28
fold—far more serious than earlier assessments based on
the obsolete GB15618-1995 Class III standard.

As also exceeded its control limit, reaching 1. 9-
fold higher than the upper control limit in our study, a
finding less emphasized in prior literature. As a com-
mon associated element in sulfide ores, As warrants
greater attention in risk management. Other trace ele-
ments (Cu, Ni, Cr) did not exceed standards.

Table 2　 Soil heavy metal content in Lanping lead-zinc tail mining area / mg·kg - 1

Data resource As Cd Cr Cu Ni Pb Zn

Ref. [19,21] — 454. 85 — — — 9 993. 31 3 541. 82

Ref. [16] — 118. 30 21. 70 20. 84 19. 27 2 403. 00 8 034. 00

Ref. [15] 77 296 — — — 295 4 039

Ref. [20] — 76. 38 38. 08 59. 97 — 4 100. 45 8 367. 26

Background average of
Yunnan soil (Layer A) [18] 18. 400 0. 218 65. 200 46. 300 42. 500 40. 600 89. 700

　 　 Note: ‘—’represents no data

2. 1. 1　 Leaching toxicity characteristics of tailings
To address the environmental risks of tailings,

China’ s Ministry of Ecology and Environment issued
the Measures for the Prevention and Control of Tailings
Pollution in April 2022. For hazardous waste identifi-
cation, China applies the Identification Standards for
Hazardous Waste-Leaching Toxicity Identification
(GB5085. 3—2007), which adopts the sulfuric-acid-
nitric-acid leaching method ( SPLP, HJ / T 299 ) .
Similarly, the United States implements the Toxicity
Characteristic Leaching Procedure (TCLP) under the
Resource Conservation and Recovery Act to monitor the
mobility of harmful constituents from solid waste.

In this context, both the SPLP and TCLP methods
were applied separately to the lead-zinc tailings to

quantify the leachable amounts of heavy metals and to
evaluate the associated environmental risks.
2. 1. 2　 Characteristics of heavy metal leaching by SPLP

The SPLP simulates pollutant leaching under acid-
rain conditions. Results ( Table 3 ) show very low
leachate concentrations: Zn = 0. 3158 mg·L -1; Cd =
0. 0079 mg·L -1; Cu = 0. 0031 mg·L -1; Pb and As
were below the detection limit (0. 03 mg·L - 1 ); Cr
and Ni were not detected. All values are well below
hazardous waste regulatory limits.

The corresponding leaching rates (ε = m/ M ×
100%, where m represents mass in leachate, M repre-
sents total mass in tailings) are also extremely low, with
all elements exhibiting rates below 0. 1% (Table 4).

Table 3　 Toxic leaching concentration of tailing samples and reference standard / mg·L - 1

As Cd Cr Cu Ni Pb Zn

SPLP < 0. 03 0. 007 9 nd 0. 003 1 nd < 0. 03 0. 315 8

TCLP nd 0. 661 0 nd 0. 003 7 0. 015 9 8. 3210 21. 6900

Hazardous waste standard limits 5 1 15 100 5 5 100

TCLPinternational standard value[22 - 23] no 0. 5 5 15 1 5 25

Class Ⅳsurface water limits 0. 1 0. 005 no 1 no 0. 05 2
　 　 Notes: ‘ < ’ indicates that the results is below the detection limit;‘nd’represents the element has not been detected; ‘no’repre-
sents no reference standard.
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2. 1. 3 　 Characteristics of heavy metal leaching

by TCLP
　 　 The TCLP uses a buffered acetic acid solution to
simulate leaching in municipal landfills. In this test,
the extraction pH is determined by the waste itself, and
leaching is performed by rolling.

TCLP results (Table 3) show that Zn and Pb had
the highest leachate concentrations (21. 6900 mg·L - 1

and 8. 321 0 mg·L - 1, respectively), followed by Cd
(0. 661 0 mg·L - 1), Ni (0. 015 9 mg·L - 1 ), and
Cu (0. 003 7 mg·L - 1). Compared with TCLP regula-
tory limits, Pb and Cd concentrations exceeded their
standards by factors of 1. 66 and 1. 32, respectively,
indicating a measurable release risk, though the ex-
ceedance was moderate. Other metals remained below
limits.

Leaching rates (ε, Table 4) varied considerably:
Pb showed the highest mobility at 29. 04% , followed
by Cd (3. 33% ), Ni (2. 05% ), Zn (1. 51% ), and
Cu (0. 16% ).

Table 4　 Leaching rate of heavy metal

Elements
Leaching rate

SPLP TCLP

As < 0. 01% nd

Cd 0. 02% 3. 33%

Cr nd nd

Cu 0. 07% 0. 16%

Ni nd 2. 05%

Pb < 0. 03% 29. 04%

Zn 0. 01% 1. 51%

　 　 Notes: ‘ < ’ indicates that the results is below the detec-
tion limit; ‘nd’ represents the element has not been detected

2. 2　 Leaching characteristics of Cd, Pb and Zn in
tailings under different pH conditions

　 　 The release of heavy metals from tailings is gov-
erned by multiple factors, including intrinsic properties
(material composition, moisture content, particle size)
and external conditions ( pH, temperature, salinity,
and leaching protocols) [7,8] . Among these, pH is a
key determinant: lower pH generally increases metal
solubility through enhanced acid dissolution. .

In mining environments, pH can vary widely due
to precipitation and wastewater. Where sulfide minerals
predominate, their oxidation generates sulfuric acid,
often producing acid mine drainage with pH < 2. 0.
Understanding pH dependent leaching behavior is
therefore essential for designing effective remediation
strategies.

To isolate this variable, experiments were conduc-
ted using the same operational procedure as the sulfu-
ric-acid-nitric-acid method, but with HCl and NaOH to
adjust the initial pH of the leachant. This approach al-
lowed us to determine leaching concentrations of Cd,
Pb, and Zn across a controlled pH range. The resul-
ting relationships are presented in Figs. 1 - 3.

Fig. 1　 Relationship between pH of extraction solution
and Cd leaching concentration

2. 2. 1 　 The influence of pH on the leaching concen-
tration of Cd in tailings

　 　 The leaching concentration of Cd exhibits a contin-
uous decline with rising pH, with the most dramatic de-
cline occurring around pH 2. 5 (Fig. 1). Specifically,
the concentration falls sharply from 1. 640 mg·L - 1 at
pH 1. 0 to 0. 394 mg·L - 1 at pH 2. 0, and then to
0. 069 mg·L - 1 at pH 2. 5. Beyond this point, leac-
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Fig. 2　 Relationship between pH of extraction solution
and Pb leaching concentration

hing stabilizes at a very low level ( < 0. 01 mg·L -1),
indicating that pH 2. 5 represents a critical threshold for
Cd mobility. In highly alkaline environments (pH >
11. 0), leaching remains below 0. 002 mg·L -1 .
2. 2. 2 　 The influence of pH on the leaching concen-

tration of Pb in tailings
　 　 Pb exhibits amphoteric leaching behavior, with
elevated concentrations under both strongly acidic and
alkaline conditions and minimal release between pH
3. 0 and pH 11. 0 (Fig. 2) . Below pH 3. 0, leaching
drops sharply: from 5. 500 0 mg·L - 1 at pH 1. 0 to <
0. 400 0 mg · L - 1 at pH 1. 5, and further to
0. 055 0 mg·L - 1 at pH 2. 0. This indicates that pH
1. 5 marks the steepest decline (Fig. 2(b)). Above
pH 11. 0, leaching increases again, most notably be-
tween pH 11. 5 (0. 003 0 mg·L - 1 ) and pH 12. 0
(0. 0530 0 mg·L - 1), reaching 1. 411 0 mg·L - 1 at
pH 13. 0. The most significant alkaline transition oc-
curs around pH 12. 0.
2. 2. 3 　 The influence of pH on the leaching concen-

tration of Zn in tailings
　 　 The pH dependence of Zn leaching mirrors that of

Pb, displaying characteristic amphoteric behavior (Fig.
3(a)). Leaching fell dramatically in the acidic zone,
from 57. 300 0 mg·L -1 at pH 1. 0 to 0. 172 0 mg·L -1

at pH 3. 0, with the most dramatic acidic decline near
pH 2. 5 (Fig. 3( b)) . In the alkaline range ( pH >
11. 0), concentrations rose sharply, increasing by o-
ver three orders of magnitude between pH 11. 6
(0. 028 0 mg·L -1) and pH 12. 5 (36. 430 0 mg·L -1),
identifying pH 12. 0 as the critical alkaline threshold
(Fig. 3(c)).

Fig. 3　 Relationship between pH of extraction solution
and Zn leaching concentration

2. 3　 Discussion
2. 3. 1　 The risk of heavy metal in tailings

While the total heavy metal content in tailings
serves as a preliminary indicator for environmental risk
and remediation planning, the actual hazard is deter-
mined by their chemical speciation and mobility. Met-
als in stable residual forms pose minimal risk, whereas
those in watersoluble or exchangeable forms present a
higher environmental threat. Consequently, leaching
tests, which quantify the potentially releasable frac-
tion, provide a more direct and reliable measure of en-
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vironmental harm than total content alone.
A clear discrepancy was observed between the to-

tal metal content and leaching concentrations in the
lead-zinc tailings. Total content analysis revealed se-
vere exceedances for Cd (98 × the control value) and
slight exceedance for As ( 1. 9 × ), with Pb within
limits. Although Zn was present at high concentrations
(28 800 ppm), it is considered a lower risk element
due to its essential biological role and higher environ-
mental mobility. In stark contrast, leaching via SPLP
yielded concentrations well below all hazardous waste
standards ( e. g. , Cd: 0. 007 9 mg · L - 1; Zn:
0. 315 8 mg·L -1; Pb and As: < 0. 030 0 mg·L -1).
The corresponding leaching rates were exceedingly low
( < 0. 1% for all metals, Table 4), indicating very
poor extraction efficiency. This inefficiency is consist-
ent with prior studies[23,24] and is attributed to the
method’ s lack of buffering capacity, which causes a
rapid pH increase during extraction, thereby sup-
pressing metal dissolution.

Compared to the results from TCLP, the leaching
concentrations of Pb and Cd exceed international stand-
ards by 1. 7 times and 1. 3 times, respectively, indica-
ting a minor compliance violation. Unfortunately, Zn
falls within the acceptable international range, while
As is not detected—possibly due to TCLP’ s limited
suitability for leaching As, as it is an acidic element.
Relative to SPLP, TCLP yields significantly higher
leaching rates ( Table 4), with 3. 33% for Cd and a
notably high 29. 04% for Pb. Overall, TCLP results a-
lign more closely with heavy metal content indicators,
whereas SPLP produces lower values that deviate sub-
stantially from those obtained by the other two approa-
ches.

In summary,the TCLP results more accurately re-
flect heavy metal risk. Acetic acid, as a weak organic
acid, better simulates realworld environmental condi-
tions, effectively leaching heavy metals from tailings
and providing more reliable data. Heavy metal content
indicators show a severe exceedance for Cd, a slight
exceedance for As, and no exceedance for Pb and Zn.
However, since the soil environmental quality stand-
ards for agricultural land are based on risk control val-
ues (e. g. , 4. 0 mg·kg - 1 for Cd), the severe Cd ex-
ceedance is concerning. In contrast, Pb—despite its
high content of 573 mg·kg - 1—does not violate the
standard, as its risk control value is 1 000 mg·kg - 1 .
In practice, national content standards serve more as

risk references rather than definitive measures of actual
environmental harm.

In conclusion, content indicators can inform heavy
metal risk evaluation but are not ideal as direct assess-
ment criteria. High content does not necessarily mean
metals will be released and cause direct environmental
harm. SPLP appears unsuitable for heavy metal risk as-
sessment, as leaching toxicity results from lead-zinc
tailings show very low toxicity, reflecting poor leaching
efficiency and an inadequate ability to mobilize heavy
metals—consistent with prior research[24] . The TCLP
results are more reliable, with only minor exceedances
for Pb and Cd, while Zn, Cu, Ni, etc. , remain within
limits. These findings provide a sound basis for tailings
remediation and heavy metal management.
2. 3. 2　 The influence of pH on leaching of heavy metal

Cd, Pb, Zn from tailings
　 　 The principal heavy metals found in lead-zinc
ores—Pb, Zn, and Cd—all exhibit chalcophilic be-
havior, with Cd displaying the strongest affinity for sul-
fur, while Pb and Zn show a moderate degree of oxyph-
ilicity. Their leaching characteristics vary significantly
under different pH conditions.

Pb and Zn can be grouped together as both dem-
onstrate amphoteric properties. Under both strongly a-
cidic and strongly alkaline conditions, the leaching
concentrations of these two metals are notably high.
However, in slightly acidic to neutral environments,
their leaching concentrations remain very low. Despite
these similarities, distinct differences exist between
them. Pb maintains low leaching concentrations across
a pH range of 3. 0 to 11. 0, consistently below
0. 030 mg·L - 1, whereas Zn exhibits very low leac-
hing levels only between pH 7. 0 and 11. 0, remaining
below 0. 005 mg·L - 1 . This divergence can be attrib-
uted to their intrinsic chemical properties. Pb remains
relatively stable under natural conditions; even when
its sulfides oxidize in surface environments to form an-
glesite or when transformed into cerussite in carbonate-
rich settings, its solubility remains minimal. Conse-
quently, Pb leaching remains low even under moder-
ately acidic conditions (3. 0 < pH < 5. 0), with sol-
ubility only beginning to increase significantly at pH
levels below 1. 5.

Both Zn and Pb, along with Cu, can precipitate
with anions such as CO2 -

3 , PO3 -
4 , and AsO3 -

4 . How-
ever, Zn differs markedly from Pb in its higher chemi-
cal activity. As illustrated in Fig. 3, Zn leaching rea-
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ches approximately 0. 1 mg·L - 1 at pH 6. 0, and at
pH values below 6. 0, its leaching concentration ex-
ceeds that of Pb by at least an order of magnitude. In
zinc ores, Zn primarily exists as ZnS. Upon surface ox-
idation, it converts into highly soluble ZnSO4, which is
readily transported by water and can migrate over long
distances under neutral, acidic, and alkaline condi-
tions. Zinc sulfate in the oxidized zones of zinc depos-
its does not persist locally but can be carried far be-
yond the ore body. This high mobility may explain why
the‘ Soil Environmental Quality Standard for Agricul-
tural Land Soil Pollution Risk Control ’ ( GB15618-
2018) does not establish a risk control value for Zn.
Additionally, Zn compounds with Cl - and NO -

3 exhibit
high solubility, further reducing their tendency to form
stable precipitates.

In contrast, Pb tends to form stable compounds
during soil solidification / stabilization remediation. Re-
search indicates that phosphorus-based materials offer
the most effective stabilization for Pb, a finding suppor-
ted by the U. S. Environmental Protection Agency
( EPA ), which recommends phosphorus-containing
materials as the optimal approach for remediating Pb
contamination.

Furthermore, the amphoteric nature of Pb and Zn
means that besides their increased solubility under
acidic conditions, they also form soluble complex ions
in alkaline environments, leading to elevated leaching
concentrations. Both metals show a sharp increase in
leaching at pH 12. 0. Under strongly alkaline condi-
tions, Pb can form complex ions such as
[Pb(OH) 6] 2 - and [ Pb ( OH) 4 ] 2 - , while Zn may
form (ZnO2) 2 - and (ZnO3) 2 - complexes [25] .

Unlike Pb and Zn, Cd demonstrates very low sol-
ubility under alkaline conditions. Similar to hydroxides
of most transition metals, Cd precipitates within the pH
range of 8. 0 - 10. 0, with leaching concentrations be-
low 0. 003 mg· L - 1 ( Fig. 1 ). At pH levels above
11. 0, leaching remains below 0. 002 mg·L - 1 . This
behavior reflects the chemical nature of cadmium,
which is soluble in acid but insoluble in alkali, demon-
strating notable resistance to alkaline corrosion.

3　 Conclusions

Based on the test results of heavy metal contents in
lead-zinc tailings from northwestern Yunnan, as well as
the leaching toxicity characteristics induced by the SPLP

method and the TCLP method,together with the meas-
ured leaching concentrations of major heavy metals (Pb,
Zn, and Cd) under different pH conditions by adjusting
the initial pH of the leaching solution, the following
conclusions are drawn.

According to the recently issued ‘ Soil Environ-
mental Quality Standard for Agricultural Land Soil Pol-
lution Risk Control’, the lead-zinc tailings in north-
western Yunnan exhibit severe exceedance of Cd and
significant exceedance of As. Although the Zn content
reaches 28 800 ppm, it poses a relatively low risk. The
contents of Pb, Cu, Cr, and Ni are within the standard
limits. The heavy metal content profile can serve as a
reference for assessing soil pollution risks; however, it
should not be used alone as the basis for direct restora-
tion and remediation.

When assessing heavy metal risks using leaching
toxicity characteristics, notable differences are ob-
served between the SPLP method and the TCLP meth-
od. Furthermore, the results from these leaching tests
do not align with the total content data. Specifically,
the SPLP method indicates that none of the heavy met-
als exceed the regulatory limits, whereas the TCLP
method shows that Pb and Cd exceed the limits, though
not severely. Therefore, the SPLP method is unsuita-
ble for evaluating the leaching toxicity risk of heavy
metals in tailings, while the TCLP method is more ap-
propriate.

The effect of pH on the leaching concentrations of
Cd, Pb, and Zn from lead-zinc tailings is as follows:
both highly acidic and highly alkaline conditions in-
crease the leaching concentrations of Pb and Zn. For
Pb, the leaching concentration rises significantly at pH
below 1. 5, while for Zn, the increase occurs at pH be-
low 2. 5. Both metals also show elevated leaching con-
centrations around pH 12. 0, reflecting their amphoter-
ic behavior. In contrast, Cd only exhibits increased
leaching under acidic conditions when pH falls below
2. 5. These findings can provide guidance for the solid-
ification / stabilization remediation of Pb, Zn, and Cd.
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