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microflora and enzyme activities in the Pb–Zn mine tailing dam
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Zhenjiang Jin • Zhongyi Li • Qiang Li • Qingjing Hu •

Rongmei Yang • Huafeng Tang • Min Li • Bingfu Huang •

Jiayu Zhang • Guiwen Li

Received: 7 October 2013 / Accepted: 7 June 2014

� Springer-Verlag Berlin Heidelberg 2014

Abstract The impacts of the Pb–Zn mine tailing dam

incident on the degree of environmental response from soil

properties were investigated in Sidi village, Guangxi

Zhuang Autonomous Region, SW China, using statistical

analysis, as well as canonical correspondence analysis

(CCA). From the descriptive statistical analysis of soil

properties in Sidi village, it can be seen that the topsoil pH

ranged from 5.53 to 6.57, while the mean value was 5.74,

which reflects the acidic and oxidized effect of the tailing

sand. The total Pb in topsoil ranged from 569.50 to

6,423 mg kg-1, while the mean value was

1,852.33 mg kg-1, and the total Zn in topsoil ranged from

240.70 to 5,513 mg kg-1, while the mean value was

1,190.42 mg kg-1, which indicates that this area should

not be as farmland anymore according to the environmental

quality evaluation standards for farmland of edible agri-

cultural products of China HJ/T332-2006. By analyzing the

statistical analysis data and the CCA bioplot, the total Pb

and the total Zn have the significant positive correlation

coefficients (r = 0.656, p \ 0.01) and the angle between

vectors of the total Pb and the total Zn is small, which

confirms that the heavy metal contamination is mainly

from the Pb–Zn intergrowth ore. Moreover, the soil

microorganism and the total Pb–Zn are on the opposite

quadrant in the CCA ordination diagram and the sensitivity

of the soil microorganism to the total Pb–Zn in topsoil was

observed in the order of bacteria \ fungi \ actinomyces.

The soil enzyme was released by the soil microorganisms,

therefore, the activities of invertase, urease, and alkaline

phosphatase were inhibited into different degrees by the

total Pb and the total Zn in topsoil. From the CCA biplot,

their complex inwardness between the soil enzyme and the

Pb–Zn contamination can be clearly and intuitively

depicted. Then, the alkaline phosphatase activities have

strongly positive correlation coefficients with the total Zn

(r = 0.451, p \ 0.05) and the urease activities (r = 0.394,

p \ 0.05).

Keywords Pb–Zn mine tailing sand � pH � Enzyme

activity � Microbial population � Canonical correspondence

analysis � Sidi village, SW China

Introduction

It has been demonstrated repeatedly that heavy metal

contamination has adverse effects on soil biological func-

tions, including the size, activity, and diversity of the soil

microbial community (Kandeler et al. 1996; Kelly et al.

1999; Chander et al. 2001) and the activity of enzymes

involved in the transformations of C, N, P, and S (Bardgett

et al. 1994; Yeates et al. 1994; Hemida et al. 1997).

Common sources of heavy metal contamination root in

sewage sludge, animal manures, industrial wastes,
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fertilizers, wastes and waste water from mining operations

and atmospheric deposition around smelters. In some sites,

when the mine was explored, huge tailing dams were built

to contain billions of tonnes of waste material from mineral

processing activity at mine sites (ICOLD 1996). In the past,

tailing dam incidents occurred in the world, especially, in

April 1998, one of the most remarkable cases of dam

breakage happened in Aznalcóllar mining district [Iberian

Pyrite Belt (IPB), southern Spain] when the impoundment

wall of a pond holding mine tailings from the Los Frailes

copper–lead–zinc–silver mine collapsed, releasing 7 mil-

lion m3 of toxic waste in the form of heavy metal-rich

sludge and acidic water (López-Pamo et al. 1999; Simón

et al. 1999).

To date, social focus relating to the risk of the

existing tailing dams has grown to their persistence in

the soil for tens of thousands years (McGrath 1984).

However, estimating the soil microbial community and

the activity of enzymes under the effect from the col-

lapse of the tailing dam is difficult to determine due to

the varieties of soil characters as much as possible

(Weisz et al. 2000; Yu et al. 2001). Canonical corre-

spondence analysis (CCA) is a useful method to simplify

large sets of environmental samples or abundance data

(Spaull 1979; Heijerman and Turin 1989) and to identify

and quantify their internal relationship of the environ-

mental factors. Normally, a larger data set always con-

tains some unusual samples and redundant environmental

variables which can be diagnosed with the primary CCA

analysis (Hall and Smol 1995). Therefore, the main aim

of this study is to assess the potential influence to the

soil microbial population and the soil enzyme activities

in case of dam failure areas of Sidi village located in the

northeastern suburb of Yangshou, Guangxi Zhuang

Autonomous Region, SW China.

Materials and methods

Site description

Sidi village is located at the peak forest karst area in the

northeastern suburb of Yangshou, Guangxi Zhuang

Autonomous Region, China. The local soil was developed

from the sandy shale and limestone, which formed the

hydromorphic paddy soil. There is an alpine-valley river

flowing through this village (Fig. 1). From the headstream

to Sidi village, the total length of the river is about 40 kms.

In the source region of this alpine-valley river, a Pb–Zn

mine was exploited since the 1950s (Qin et al. 2005). For

saving money, a simple tailing dam in the source region of

the river was built to deposit the waste, which does not

meet the present-day stability requirements. Unfortunately,

the tailing dam collapsed in the 1970s due to a storm flood.

The tailing sand thronged the alpine-valley and swarmed

into the farmland in Sidi village accompanying with the

floodwater. After the collapse of the tailing dam, the mine

was closed. Later, the contaminated farmland was leveled

off by the local people for crops or gardening. Unfortu-

nately, the local people still ate of the rice, corn, and

mandarin orange harvested from this area. According to

our previous research, the mean value of the organic car-

bon in the topsoil is 15.73 g kg-1 and the soil structure is

degradated (Li et al. 2014).
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Samples collection

The 31 soil sample plots from corn and mandarin orange

growing regions were selected randomly in 2011 (Fig. 1).

At each sample plot, three adjacent soil cores (5 cm

diameter) were collected at 0–20 cm depths, which are

mixed as one soil sample. The soil samples were packaged

on ice and shipped to the laboratory overnight, where the

soils from each plot were sieved (2 mm), separated from

rocks and roots, homogenized, and stored at 4 �C until

analysis.

Soil pH and heavy metal

The soil powder was mixed with ultra-pure water in a ratio

of 1:2.5 (g:ml) and stirred with a glass rod until the mix-

store was homogenized. After kept for half an hour, the pH

values of the supernatant fluid were measured by a pH

meter for three times. The pH values reported here were the

mean values of three measurements.

The soil powder samples were digested using 14 ml

mixture acid of HCl–HNO3–H2O2 (4:2:1, v/v) in the

Milestone ETHOS A. The concentration of Pb was deter-

mined by the graphite furnace atomic absorption spectro-

photometry, and the concentration of Zn was determined

using the atomic absorption photo method (ZEEnit 700P).

Extraction and enumeration of culturable microbes

Microorganisms were extracted from soil using a soil-plate

method (Warcup 1950). Ten fold dilutions of the soil

suspensions were prepared in the sterile water. The dilution

series were dispersed on three solid culture media of about

20 ml: NA, Gause’1 and Martin, for culturing bacteria,

actinomycete and fungi, incubated for 3 days at 25 �C

(Chilvers et al. 1999). Three plates of each culture medium

were inoculated per dilution.

Soil enzyme assays

Soil enzyme activities were assayed as described by Guan

(1986). All enzyme activities were determined from wet

samples in triplicate. The invertase activity was expressed

on a soil dry weight as mg glucose released g-1 h-1. The

urease activity was determined using urea as substrate, and

the soil mixture was incubated at 37 �C for 24 h. The

produced NH4
?–N was determined by a colorimetric

method, and urease activity was expressed on a soil dry

weight as mg NH4
?–N g-1 h-1. The alkaline phosphatase

activity was expressed on a soil dry weight basis by cor-

recting for water content in the soil at the time the sample

was removed from the incubation bottle and is given in

units of mg p-nitrophenol produced g-1 soil h-1.

Data analysis

Statistical analyses were performed using SPSS 13.0 soft-

ware for Windows XP. Data were processed to calculate

the means and the standard errors. Correlation analyses

were done using the Pearson correlation method with sig-

nificance defined at p \ 0.05.

The map of the total Pb–Zn spatial distribution pattern

was produced using the Arcview (5.3) software for ordin-

ary kriging interpolation.

The computer program CANOCO for Windows 4.5 was

used to compute CCA to explain the contribution of each

influencing factor.

Results and discussion

Soil pH and total heavy metals

The results of the soil pH and the total Pb–Zn concentration

are given in Table 1. The topsoil pH ranged from 5.53 to

6.57, while the mean value was 5.74. The total Pb in topsoil

ranged from 569.50 to 6,423 mg kg-1, while the mean value

was 1,852.33 mg kg-1. The total Zn in topsoil ranged from

240.70 to 5,513 mg kg-1, while the mean value was

1,190.42 mg kg-1. According to the environmental quality

evaluation standards for farmland of edible agricultural

products of China HJ/T 332-2006 (Ministry of environ-

mental protection of the people’s Republic of China 2007),

the total Pb and the total Zn in topsoil are 7.12–80.29 and

1.21–27.57, respectively, times greater than their Max.

standards of farmland in China, which indicates that this site

should not be used for farmland anymore.

The coefficients of variation for the total Pb and the total

Zn are 62.23 and 86.89 %, respectively, and the coefficient

of variation for pH is only 6.62 % (Table 1). According to

the classification system proposed by Nielsen and Bouma

(1985), the variable is considered to have weak variability

if the coefficient of variation (CV) is\10 % and moderate

variability if the CV is between 10 and 100 %; otherwise,

the variable has strong variability. Therefore, these values

of the total Pb and the total Zn correspond to moderate

variability and the pH has low variance.

After the collapse of the Pb–Zn tailing dam, the local

people still cultivated at this site. Under the effect of tillage

and fertilizing, the inhomogeneous precipitation tailing sand

spreads in the farmland with high no-uniform distribution.

The coefficients of variation for the total Pb and the total Zn

exceeded 60 %. To depict their corresponding moderate

variability in this area, the ordinary kriging procedure was

used to create the spatial distribution map (Fig. 2). From

Fig. 2, it can be seen that the total Pb and the total Zn have the

distinct geographical distribution, almost with the high
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concentration in the catchment area and the low concentra-

tion in the upriver area. The high no-uniform distribution and

spatial variability of the total Pb–Zn resulted from the

influence of multiple factors on the soil surface, including

human intervention and land use. Moreover, when the total

Pb–Zn shows strong spatial independence, it may indicate

that their variability is also controlled by intrinsic variation in

soil characteristics (Zhang et al. 2010).

The Pb–Zn mine tailing sand has the acid producing

potential and the oxidized tailing usually has a pH of 4.9

(Wong et al. 1998). However, in our study area, the topsoil

pH ranged from 5.53 to 6.57, while the mean value of the

soil pH was 5.74 and was higher than other no-karst area

(Wong et al. 1998). After the collapse of the Pb–Zn tailing

dam, the calcium-rich and alkaline karst soil will neutralize

the acidic and oxidized tailing sand (Yuan 2001). More-

over, the soil pH as an important soil property affects many

chemical or biochemical processes in soils, including

adsorption and desorption of the ions (Wang and Zhu 1991;

Lin and Xue 1994; Liu et al. 1995; Kithome et al. 1999),

nutrients transformation (Cabrera et al. 1991; Stevens et al.

1998; Zhou and Huang 1999). For a certain kind of soil, pH

is usually stable in the long-term formation process, but

human activity such as cultivation, irrigation, drainage and

fertilization could also significantly alter the pH of the

soils. Then, after 40 years of cultivation, irrigation, drain-

age and fertilization, the soluble ions appear to be

homogenized. Therefore, the pH has low variance.

The above results indicate that both natural environ-

mental factors and human activities impact the pollutant’s

spatial distribution and concentration after the tailing sand

spreads in Sidi village. Then, the total Zn and the total Pb

have moderate spatial variability.

Plate counting of soil microbial population

Multiple toxicity of Pb–Zn differs in their individual

degrees to soil microbial population (Bååth 1992). The

CFU of bacteria, actinomycete, and fungi was obtained by

the plate-counting method. Their descriptive statistical

analysis and common logarithms are depicted in Table 1

and Fig. 3, when the soil microbes were exposed to the Pb–

Zn tailing sand. The common logarithm value of bacteria is

significantly higher than that of actinomycete and fungi. It

elucidates that bacteria and actinomyces are the dominant

population in the microflora of this area.

The shift of bacteria population was not observed from

the change in number of CFU. This may be due to the

limited incubation time. There is not enough time to evolve

into tolerant bacteria. The possibility would be that the

Table 1 Descriptive statistical

analysis of soil properties in

Sidi village

Min. minimum (s), Max.

maximum (s), SD standard

deviation (s), CV coefficient of

variation (%), SN sample

numbers

Soil property SN Max. Min. Mean SD CV Medians

Total Zn/mg Kg-1 31 5,513.00 240.70 1,190.42 1,034.42 86.89 906.10

Total Pb/mg kg-1 31 6,423.00 569.50 1,852.33 1,152.73 62.23 1,633.00

pH 31 6.57 5.53 5.74 0.38 6.62 5.82

Invertase/mg g-1 h-1 31 344.00 16.65 125.39 83.35 66.47 121.67

Urease/mg g-1 h-1 31 1.15 0.54 0.91 0.15 16.48 0.92

Alkaline phosphatase/mg g-1 h-1 31 2.18 1.05 1.71 0.28 16.37 1.69

Bacteria/105CFU kg-1 31 25.90 8.30 15.77 6.00 38.05 15.40

Actinomycete/103 CFU kg-1 31 218.00 18.00 97.40 70.08 71.95 92.00

Fungi/102 CFU kg-1 31 127.00 68.00 93.30 19.77 21.19 82.00

Fig. 2 Spatial variation of the total Pb–Zn
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metal tolerant bacteria initially colonizing the soil did not

show any decreased competitive abilities due to their metal

tolerance and thus could persist in the soil during the

subsequent incubation time (Dı́az-Ravinna and Bååth

2001).

Moreover, the coefficients of variation for bacteria,

actinomycete, and fungi are 38.05, 71.95 and 21.19 %,

respectively (Table 1). Bacteria and actinomyces are the

dominant population in the microflora, but the variance

size was smaller in bacteria and fungi population than that

in actinomyces, which indicates that actinomycete (pro-

karyotes) is more sensitive than fungi (eukaryotes) and

bacteria (prokaryotes) to heavy metal pollutants in topsoil.

Therefore, combined with the sizes of their common log-

arithms and the coefficients of variation in the studied

microbes, the sensitivity to heavy metals was observed in

the order of bacteria \ fungi \ actinomyces, though vari-

ous studies also have found that fungi are more resistant

than bacteria to long-term heavy metal contamination

(Fliessbach et al. 1994; Frostegård et al. 1996). Tolerance

mechanisms in these microorganisms towards specific

metals often include the binding of metals by cell wall or

by proteins and extracellular polymers, formation of

insoluble metal sulfides, volatilization and enhanced export

from cell (Hughes and Poole 1989). In detail, the main

processes of regulating intracellular metal or metalloid

concentration refer to membrane transport mechanisms

(Nies and Silver 1995; Bruins et al. 2000). A great com-

munity change of microbes in this study, particularly at a

high level of heavy metals, was probably the result of

multiple heavy metal toxicity.

Soil enzymatic activities

The results of the soil enzymatic activities are given in

Table 1. The invertase activity in topsoil ranges from 16.65

to 344 mg g-1 h-1, while the mean value is

83.35 mg g-1 h-1. The urease activity in topsoil ranges

from 0.54 to 1.15 mg g-1 h-1, while the mean value is

0.91 mg g-1 h-1. The alkaline phosphatase activity in

topsoil ranges from 1.05 to 2.18 mg g-1 h-1, while the

mean value is 1.71 mg g-1 h-1. The coefficients of vari-

ation for invertase, urease, and alkaline phosphatase are

66.47, 16.48, and 16.37 %, respectively. Gramineous green

manure with low N and P content used by the local people

will combine with the tailing sand, which was not easily

moved. The results indicate that under the effect of the

tailing sand, the soil is lack of N and P. Therefore, the

activity of invertase is higher than those of urease and

alkaline phosphatase and the invertase has quite high

coefficients of variation in this area (Sahrawat 1979).

Moreover, enzyme reactions are inhibited by metals

which may complex with the substrate, combine with the

protein-active groups of the enzymes, or react with the

enzyme–substrate complex (Caldwell 2005). The action

mode of metals varies with enzymes and little is known

about the exact mechanisms by which metals interact with

the multitude of enzymes that exist in soils.

Statistical and canonical correspondence analysis

Statistical and canonical correspondence analysis of the

soil parameter is presented in Table 2 and Fig. 4 that

provides information about the investigated variables. The

total Pb and the total Zn in topsoil had the significant

positive correlation coefficient (r = 0.656, p \ 0.01).

From the CCA results, it will be found that the angle

between vectors of the total Pb and the total Zn has the

small corner dimension. The results indicate that the heavy

metal contamination is mainly from the Pb–Zn intergrowth

ore. Moreover, Pu (1992) considered its deposit type as a

stratabound type meteoric-hydrothermal Pb–Zn deposit

which occurs in the Cambrian slightly metamorphosed

rocks.

Enzymatic activities are sensitive indicators of stress

and a reduction in enzymatic activities is expected fol-

lowing the soil exposure to a toxic chemical. Urease,

alkaline phosphatase, and invertase have often been

employed as indicators of the soil perturbation due to

contamination (Sahrawat 1979; Qian et al. 2007). In

combination with pH, heavy metal pollution is important

in suppressing enzyme activity. Simple correlations

across all the data showed that the pH has the strongly

positive correlation coefficient with invertase (r = 0.376,

p \ 0.05) and has the significant negative correlation

coefficient with alkaline phosphatase (r = -0.548,

p \ 0.01), the alkaline phosphatase activities have

strongly positive correlation coefficients with the total Zn

(r = 0.451, p \ 0.05), and alkaline phosphatase with

urease activities has strongly positive correlation coeffi-

cient (r = 0.394, p \ 0.05).
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The combined pollutant of Pb and Zn on soil microor-

ganisms is complex, which also is reflected by their cor-

relation coefficients and the angels between their vectors.

The descending order of the correlation coefficients

between the total Zn and the soil microorganisms is acti-

nomycete, fungi and bacteria, which has the same trend of

their arrow angles. The descending order of the correlation

coefficients between the total Pb and the soil microorgan-

isms is fungi, actinomycete and bacteria, but the descend-

ing order of the angles between their vectors is

actinomycete, fungi and bacteria. However, due to the

multiple heavy metal toxicity from Pb and Zn, the sensi-

tivity to heavy metals was observed in the order of

bacteria \ fungi \ actinomyces.

Soil enzyme activities are the direct expression of the

soil microbial community to metabolic requirements and

available nutrients. These activities have been related to

soil physiochemical properties, microbial community

structure, vegetation, disturbance, and succession (Cald-

well 2005). Although many efforts have been devoted for

investigating the impacts of simulated acid on soil cations,

anions, nutrients, and organic matter (Walna et al. 1998;

Ling et al. 2010), a comprehensive literature search reveals

that few studies have been focused on the impacts of acid

on soil enzyme activities. From Fig. 4 and Table 2, it can

be seen that the arrow angles between the soil pH and the

soil enzymes are alkaline phosphatase \ urease \ invert-

ase, which has the accordant change with their correlation

coefficients (the correlation coefficients between pH and

alkaline phosphatase, urease, and invertase are -0.548,

-0.147 and 0.376). Kang and Lee (1998) investigated the

effects of acid and nitrogen depositions on soil microbial

activities in a laboratory experiment and found that the

phosphatase activities were decreased by all the acidic

treatments compared with the control. However, Ling et al.

(2010) also pointed out that the impacts of acid on soil

enzyme activities vary under different types of soil and

environmental conditions.

The deleterious effects of heavy metals on soil enzyme

activities reported here have been observed elsewhere

(Bardgett et al. 1994; Kandeler et al. 1996; Hemida et al.

1997). Enzyme reactions are inhibited by heavy metals by:

(1) complexation of the substrate, (2) by combining with

the protein-active groups of the enzymes, or (3) by reacting

with the enzyme–substrate complex (Dick 1997). Tyler

(1981) reported a negative correlation between enzyme

activities in soils and their heavy metal concentrations

especially for Zn and Pb. In general, the degree of inhibi-

tion varies with the concentration and form of heavy metal,

the soil investigated and the enzyme assayed (Nannipieri

1994). In this study, from the CCA bioplot of Fig. 4, the

activities of alkaline phosphatase are less inhibited by

heavy metal contamination than those of urease and

invertase. Similarly, Kiss et al. (1998) noted that other

Russian research has demonstrated the sensitivity of

invertase and urease to heavy metal contamination. He-

mida et al. (1997) and Belyaeva et al. (2005) also found

urease activity was greatly decreased by Pb and Zn con-

tamination. Urease is able to catalyze amides to be trans-

formed into ammonium, which is closely related to the

decomposition of agricultural wastes (Bohacz and Kor-

nillowicz-Kowalska 2009; Vargas-Garcı́a et al. 2010). In

our studying area, the tailing sand is the main composition

of the soil, the nourishment of the soil is leak. Therefore,

the urease activities vary in their degree of inhibition by the

total Pb and the total Zn. Moreover, according to the

integration of statistical and canonical correspondence

Table 2 Correlation

coefficients for the total soil Pb–

Zn and the environmental

factors

AP alkaline phosphatase
a Correlation is significant at

the 0.05 level (2-tailed)
b Correlation is significant at

the 0.01 level (2-tailed)

Invertase AP Bacteria Actinomycete Fungi pH Total Zn Total Pb

Urease 0.039 0.394a 0.346 0.217 0.237 -0.147 0.050 -0.034

Invertase -0.210 -0.247 0.346 0.222 0.376a -0.050 0.158

AP 0.086 0.234 -0.041 -0.548b 0.451a 0.065

Bacteria -0.200 -0.465 -0.310 -0.058 -0.145

Actinomycete -0.276 0.352 0.272 -0.113

Fungi 0.360 -0.046 0.279

pH -0.150 0.308

Total Zn 0.656b

Fig. 4 CCA biplot of samples and environmental variables in Sidi

village. O sample number
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analysis, the change trend of the arrow angles and the

correlation coefficients between the total Zn and alkaline

phosphatase, urease, invertase are alkaline phospha-

tase [ urease [ invertase and the change trend of the

arrow angles and the correlation coefficients between the

total Pb and alkaline phosphatase, urease, invertase are

alkaline phosphatase [ invertase [ urease. Inhibition of

the activity of invertase, urease and alkaline phosphatase

will tend to reduce turnover of C, N and P in soils and also

reduce the microbial growth and activity (Li et al. 2009).

Conclusions

The results indicate that the heavy metal contamination is

mainly from the Pb–Zn intergrowth ore. However, under

the natural and human activity effect, the total Pb and the

total Zn in topsoil have the high coefficients of variation,

no-uniform distribution and spatial variability. Due to the

primary soil from the karst area, the calcium-rich and

alkaline karst soil will neutralize the acidic and oxidized

tailing sand and depress the acidic effect from the Pb–Zn

tailing sand.

Bacteria and actinomyces are the dominant population

in the microflora, but the variance was smaller in the

bacteria and fungi population size than that in actinomyces,

which indicates that actinomycete (prokaryotes) is more

sensitive than fungi (eukaryotes) and bacteria (prokaryotes)

to heavy metal pollution of soil. Then, the sensitivity of the

soil microorganism to the Pb–Zn heavy metals was

observed in the order of bacteria \ fungi \ actinomyces.

Moreover, the results of the CCA bioplot, based on the

statistical analysis data, showed that the invertase, urease

and alkaline phosphatase released by the soil microorgan-

ism were also inhibited into different degrees by the Pb–Zn

contamination, which will tend to reduce the turnover of C,

N and P in topsoil. The impacts of acid on soil enzyme

activities were also proposed based on the mutual authen-

tication of statistical and canonical correspondence ana-

lysis. Therefore, the internal relationship of the soil factors

can be clearly and intuitively depicted on the CCA bioplot.

This study indicated that a CCA bioplot between samples

and soil characteristics plus the statistical analysis is an

effective and convenient methodology for further exploring

the health and environmental risks caused by the tailing

dam incidents. Moreover, this methodology can be widely

used in the pedology and environmentology, especially

when we need to deal with the vast amount of data and the

complex relationships.
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