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In order to understand how petroleum-hydrocarbon spillage and plant rhizosphere interact to affect
concentrations and distribution of heavy metals, nine metals were analyzed from four different
types of sediments (i.e. petroleum-hydrocarbon spilled rhizosphere, pristine rhizosphere, petroleum-
hydrocarbon spilled unvegetated, and pristine unvegetated) in the Yellow River Delta, China. Our results
showed that petroleum-hydrocarbon spillage together with rhizosphere effects were responsible for the
significantly higher levels of metals in these four types of sediments. Compared to unvegetated sedi-
eavy metals
nteractive effects
etroleum-hydrocarbon spillage
hytoremediation
lant rhizosphere
ediments

ments, rhizosphere sediments were well grouped into petroleum-hydrocarbon spilled and pristine sites
on the basis of the concentrations of heavy metals by the correspondence analysis (CA). Furthermore,
analysis of the transfer factors indicated that the capacity of rhizosphere sediments to stabilize heavy
metals increased with increasing petroleum-hydrocarbon spillage, which might be due to the changes
of sediment profiles by plant rhizosphere. Our results suggested that interactive effects of petroleum-
hydrocarbon spillage and plant rhizosphere played an important role in determining concentrations and

rn of
spatial distribution patte

. Introduction

Riverine deltas are often the most densely populated, econom-
cally important and industrial or agricultural areas. Sediments in
he deltas are highly valued for maintenance of water cycle, ecosys-
em functions and biodiversity [1]. Unfortunately, sediments are
ecoming increasingly polluted with inorganic and organic com-
ounds, primarily as a result of intense human activities [2,3].

Heavy metals are common toxic pollutants, and enter the sed-
mentary surface through different activities such as industries
nd mining [4]. There are extensive surveys on effects of either
iotic or abiotic factors on concentrations and distribution of heavy
etals but little is known about the interactive effects of both

iotic and abiotic factors [5–8]. The biotic factors, such as plant

oots, can modify the fixation, mobility, and bioavailability of
eavy metals in soils [9]. The abiotic factors, such as petroleum-
ydrocarbon spillage, have strong impact on quantity of soil heavy
etals which exist in crude oil as non-hydrocarbon compounds

∗ Corresponding author. Tel.: +86 021 65642178; fax: +86 021 55664990.
E-mail address: bool@fudan.edu.cn (B. Li).

304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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heavy metals.
© 2009 Elsevier B.V. All rights reserved.

[10], and, thus petroleum-hydrocarbon spillage may potentially
intensify pollution of heavy metals in sediments [11,12]. Increas-
ing evidence suggests that plants may employ a range of strategies
to minimize the negative effects of rhizosphere toxic pollutants
through releasing root exudates [13,14]. Therefore, the plant pro-
cesses may change the behavior of heavy metals in response to
petroleum-hydrocarbon toxicity [15]. To date, few studies have
reported the interactive effects of plant rhizosphere (biotic factor)
and petroleum-hydrocarbon spillage (abiotic factor) on concentra-
tions and distribution of heavy metals.

The objective of the present study was to examine the
interactive effects of petroleum-hydrocarbon spillage and plant
rhizosphere on the concentrations and distribution of heavy met-
als in the Yellow River Delta. The information obtained from this
study may be of value to assess metal behavior in contaminated
sediments.

2. Materials and methods
2.1. Study site and sediment sampling

This study was conducted in the Yellow River Delta, located
in the northeast of Shandong Province, China (36◦55′–38◦12′N,

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:bool@fudan.edu.cn
dx.doi.org/10.1016/j.jhazmat.2009.09.030
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Table 1
The crude oil concentrations of rhizosphere and unvegetated sediments (mg kg−1) with the history of oil exploitation (year).

Site Rhizosphere
sediment

Unvegetated
sediment

History of oil
exploitation

Site Rhizosphere
sediment

Unvegetated
sediment

History of oil
exploitation

Shengtuo (ST) 8649.7 5399.6 1964 Hetan (HT) 5434.7 4515.9 1985
Lu
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Haojia (HJ) 6404.3 4703.3 1968
Kenxi (KX) 4385.3 7639.3 1971
Lijin (LL) 3037.4 9720.3 1977
Ninghai (LH) 7157.6 11173.5 1981

18◦07′–119◦18′E). Since oil exploitation from 1964, an important
nvironmental problem with the petroleum industry is the spillage
nd transportation of petroleum and related products that cause
evere sediment contamination in the Delta [16]. In September
007, 10 areas of oil exploitation (ST, HJ, KX, LL, LH, HT, LJ, CJZ, XT,
nd WZ) and five pristine areas (A, B, C, D, and E) were chosen as
ampling sites, with checking out to confirm there was no obvious
isturbance from agricultural and grazing activities (Fig. 1). Below-
round zone of Phragmites australis was selected as rhizosphere
ediments so as to make a comparison with surrounding unvege-
ated sediments, because of wide distribution, high tolerance, and
ense roots of this plant species [17,18]. The petroleum concentra-
ions and the history of oil exploitation in these areas were given
n Table 1. Consequently, there were four types of sediments in
his study, i.e. petroleum-hydrocarbon spilled rhizosphere (PSR),
ristine rhizosphere (PR), petroleum-hydrocarbon spilled unveg-
tated (PSU), and pristine unvegetated (PU) sediments. A total of
0 sediment samples were collected from P. australis rhizosphere
nd neighboring unvegetated sediments from 15 sites. Briefly, each
ite (about 1–1.5 km2) was evenly divided into three sub-sites, i.e.
hree replicates. For each replicate, we randomly sampled 10–15
airs of soil cores from the top 15 cm soil using a 2.5-cm diameter
uger, and then mixed well. All sediments were stored at 4 ◦C and
nalyzed within one week after collection.

.2. Sediment analysis
Samples were oven-dried at 50 ◦C to constant weight, weighed
o determine dry weight, and then ground to fine powder, and
assed through 100 mesh sieve prior to metal analysis. For sedi-
ent digestion sieved samples were digested in an acid mixture of

Fig. 1. Map showing the 15 sampling sites in the Yellow River Delta, China.
ojia (LJ) 574.0 4119.7 1987
enjiazhuang (CJZ) 5750.0 6166.7 1990
ntan (XT) 1159.6 3203.2 1996
angzhuang (WZ) 155.7 261.3 2001

concentrated HNO3–HClO4–HF. The sample (0.1000 g) was put into
a PTFE crucible to which 10 ml of concentrated HCl was added. The
crucible was allowed to stand still for 12 h at room temperature to
allow for slow oxidation of organic matter. The solution was gently
heated and evaporated to 1–2 ml. After being cooled, an acid mix-
ture (5 ml of concentrated HNO3, 5 ml of concentrated HF and 3 ml
of concentrated HClO4) was added and the covered crucible was
heated in a heating plate at about 150 ◦C for 2–3 h. The crucible
was then uncovered and heated continuously until appearance of
white fumes. This acid-digesting process was repeated until the
sample was decomposed completely and white crystals remained.
Finally, the residual solution was filtered to a 50 ml volumetric flask
by 2% HNO3 solution. All used chemicals were suprapur or ultra-
pure grade (Merck, Germany) and water was obtained through a
Milli-Q water purification system (Millipore, Billerica, US). Concen-
trations of chromium (Cr), copper (Cu), manganese (Mn), nickel
(Ni), plumbum (Pb), and zinc (Zn) were measured by ICP-AES
(HITACHI P-4010, Japan), and those of arsenic (As), cadmium (Cd),
and cobalt (Co) were measured by atomic absorption spectropho-
tometry using graphite tube (HITACHI Z-5000, Japan). Triplicate
controls were also measured without sample, following the same
acid-digesting processes.

The oxidation–reduction potential (ORP) and pH values were
measured using calibrated Hanna HI 9025 portable meter (Hanna
Instruments, Laval, Quebec, Canada) and IQ-150 pH meter (IQ Sci-
entific Instruments Inc., Carlsbad, CA) in situ, respectively. Salinity
was measured with a standard conductivity meter (S30 Seveneasy
Conductivity, Mettler-Toledo, Switzerland) after soil was mixed
with deionized water (1:10, w/w). Dissolved organic carbon (DOC)
was extracted from the samples using 0.5 M K2SO4 (1:4, w/v) and
quantified by TOC/TN-analyzer (Shimadzu TOC-VCPH/TN, Kyoto,
Japan). The above soil profiles are generally selected as indexes
to study rhizosphere effects on concentrations and distribution of
heavy metals [19–21]. For total content of petroleum hydrocarbon
(TPH), the samples were extracted three times in an ultrasonic bath
(15 min for each extraction) with dichloromethane–acetone (1:1,
v/v) and quantified by infrared method [22].

2.3. Data analysis

t-tests were used to examine the differences in metal con-
centrations and sediment profiles of paired (rhizosphere and
unvegetated) sediments using SPSS 13.0. Correspondence analysis
(CA) is an unconstrained ordination method that allows exploration
of the variability in a data set related to metal concentrations by
Canoco for Windows (version 4.5). Canonical correspondence anal-
ysis (CCA) is a direct constrained ordination method to explore the
variability in a data set related to the environmental variables (e.g.,
DOC, pH, etc.) by Canoco. The linear regression was used to test the
effects of petroleum-hydrocarbon spillage on the ability of plant
roots to stabilize heavy metals by SPSS 13.0.
The transfer factor reflecting the ability of plant roots to stabilize
heavy metals was calculated using following equation [8]:

Ti% =
[

Cir/Crtotal

Ciu/Cutotal
− 1

]
× 100
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Table 2
Metal concentrations (mean ± SD) for four types of sediments (mg kg−1).

Rhizosphere sediment Unvegetated sediment

Petroleum-hydrocarbon spilled Pristine Petroleum-hydrocarbon spilled Pristine

Cr 61.59 ± 25.87 41.58 ± 8.00 54.21 ± 19.62 40.32 ± 9.53
Cu 37.04 ± 3.95 29.23 ± 4.96 33.49 ± 3.90 28.16 ± 3.88
Mn 501.3 ± 37.90 498.39 ± 77.71 496.01 ± 27.81 464.93 ± 33.77
Ni 27.75 ± 4.33 30.53 ± 4.32 26.88 ± 2.94 28.42 ± 6.30
Pb 39.67 ± 14.43 20.51 ± 3.72 30.16 ± 8.58 18.66 ± 3.59
Zn 194.08 ± 29.89 159.26 ± 28.94 173.85 ± 26.63 156.6 ± 20.54
As 15.36 ± 5.26 33.26 ± 3.60 15.84 ± 4.82 24.99 ± 5.86
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Cd 0.26 ± 0.29 0.77 ±
Co 8.71 ± 1.76 10.97 ±
Total 885.75 824.49

here Cir is the concentration of metal i in the rhizosphere sed-
ment; Crtotal is the total concentration of heavy metals in the
hizosphere sediment; Ciu is the concentration of metal i in the
nvegetated sediments; and Cutotal is the total concentration of
eavy metals in the unvegetated sediments.

The contamination/pollution index (C/PI) was used to interpret
he level of heavy metal contamination in sediments, and it is cal-
ulated using following equation [23]:

C

PI
= concentration of metals in soil

target value

here target value is the reference value from the Environmen-
al Quality Standard for Soils of Chinese National Standards (GB
5618-1995). Values of C/PI greater than 1 can be used to define
he pollution range; and those lower than 1 to define the con-
amination range. The two ranges were divided into categories of
alues that define a very slight (<0.10), slight (0.10–0.25), mod-
rate (0.26–0.50), severe (0.51–0.75) and very severe (0.76–1.00)
ontamination, and slight (1.1–2.0), moderate (2.1–4.0), severe
4.1–8.0), very severe (8.1–16.0) and excessive (>16.0) pollution,
espectively.

. Results and discussion

.1. Metal concentration
Mean metal concentrations for the four types of sediments (PSR,
R, PSU, and PU) are summarized in Table 2. In all types of sed-
ments, the mean concentrations of Mn, Zn and Cr were the first
hree highest, and the mean concentrations of Cd and Co the low-

able 3
omparison of metal concentrations and soil profiles (mean ± SD) of rhizosphere and unv

Rhizosphere sediment Unvegetated s

Cr (mg kg−1) 54.92 ± 23.32 49.58 ± 17
Cu (mg kg−1) 34.44 ± 5.62 31.71 ± 4.5
Mn (mg kg−1) 500.33 ± 51.48 485.65 ± 32
Ni (mg kg−1) 28.68 ± 4.39 27.39 ± 4.1
Pb (mg kg−1) 33.29 ± 15.01 26.32 ± 9.0
Zn (mg kg−1) 182.48 ± 33.20 168.10 ± 25
As (mg kg−1) 21.32 ± 9.89 18.90 ± 6.6
Cd (mg kg−1) 0.43 ± 0.34 0.42 ± 0.3
Co (mg kg−1) 9.47 ± 2.94 10.15 ± 6.5
Total Metals (mg kg−1) 865.33 ± 88.87 818.21 ± 56
TPH (mg kg−1) 2837.52 ± 2992.87 3194.52 ± 32
DOC (mg kg−1) 117.24 ± 23.44 101.89 ± 28
Water Content (%) 19.07 ± 2.85 16.82 ± 1.8
Salinity (mg g−1) 7.73 ± 3.68 13.88 ± 7.2
pH 7.32 ± 0.25 7.07 ± 0.3
ORP (mV) 47.96 ± 20.99 43.46 ± 23

PH: total petroleum hydrocarbon; ORP: oxidation–reduction potential; DOC: dissolved
nd unvegetated sediments (P < 0.05).
0.25 ± 0.28 0.766 ± 0.06
8.22 ± 1.37 9.60 ± 2.35

838.90 772.43

est among the nine metals. Other four metals (Cu, Ni, Pb and As) had
medium concentrations, but had different orders in the four types
of sediments (Table 2). In general, the highest mean total concentra-
tion of heavy metals occurred in PSR, followed by PSU > PR > PU. The
results suggest that petroleum-hydrocarbon spillage had poten-
tially aggravated metal pollution in the sediments of the Yellow
River Delta. The mean total concentrations of metals were higher
in petroleum-hydrocarbon spilled sediments (PSR and PSU) than
in pristine sediments (PR and PU). The higher mean concentrations
of Cr, Cu, Mn, Pb, and Zn were found in petroleum-hydrocarbon
spilled sediments compared to those in pristine sediments.

As shown in Table 2, the results also suggest that the mean total
concentrations of metals in rhizosphere sediments were higher
than those in corresponding unvegetated sediments (PSR > PSU;
PR > PU). The paired t-tests showed that the total concentrations
of heavy metals in rhizosphere sediments were also higher than
those in unvegetated sediments (P < 0.05), but there was no sig-
nificant difference in TPH between rhizosphere and unvegetated
sediments (Table 3). Zn and Pb concentrations were significantly
higher in rhizosphere sediments.

Based on the paired t-tests (Table 3), rhizosphere sediments
trended to have significantly higher DOC content, higher water,
lower salinity and higher pH in comparison to those of unveg-
etated sediments. Abundant DOC in rhizosphere sediments has
great potential of sequestering heavy metals from surrounding
unvegetated sediments through forming organo-metallic com-

plexes [24,25], high water content and low salinity have great
potential of increasing absorbable volume of metals in soil solution
[26], and alkalization of rhizosphere sediments decreases metal’s
mobility and increases the ability of rhizosphere sediments to sta-
bilize metals [27,28]. These may be the reasons why rhizosphere

egetated sediments by paired t-test.

ediment Difference t P

.87 5.34 ± 11.59 1.78 0.096
7 2.73 ± 5.37 1.97 0.069
.45 14.68 ± 56.58 1.01 0.332
8 1.28 ± 3.24 1.53 0.147
8 6.96 ± 11.81 2.28 <0.05
.44 14.38 ± 21.42 2.60 <0.05
8 2.43 ± 7.65 1.23 0.238
4 0.01 ± 0.09 0.25 0.809
4 −0.68 ± 6.54 −0.41 0.692
.54 47.12 ± 71.34 2.56 <0.05
17.66 357.00 ± 1182.58 −1.17 0.261
.36 15.35 ± 24.78 2.40 <0.05
9 2.25 ± 1.93 4.51 <0.001
4 6.14 ± 4.89 −4.87 <0.001
5 0.24 ± 0.36 2.63 <0.05
.27 4.50 ± 9.06 −1.92 0.075

organic carbon. The bold values show significant differences between rhizosphere
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Fig. 2. Ordination plots of correspondence analysis (CA) of metal concentrations of rhizo
HJ, KX, LL, LH, HT, LJ, CJZ, XT, and WZ) and five pristine areas (A, B, C, D, and E) are shown

Table 4
Regional background and ambient sedimentary metal concentrations (mg kg−1) in
the Yellow River Delta described by Rui et al. [29].

Heavy metals 1996 2006 Percent increment

Mn 223.91 344.15 53.70%
Cu 6.82 12.48 83.00%
Zn 24.87 39.18 57.50%
As 13.07 18.16 38.94%
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Cd 0.021 0.046 116.30%
Pb 8.84 10.99 24.30%
Cr 10.47 21.77 107.90%

ediments had higher levels of heavy metals than unvegetated sed-
ments in this study.

Metal pollution in the Yellow River Delta is increasingly severe
ue to continuous input from human activities and sediment move-
ents. Previous data on metal concentrations were used to provide

eference for those in newly reclaimed sediments in the Yellow
iver Delta [29]. The results of the present study showed that the
oncentrations of heavy metals (Mn, Cu, Zn, As, Cd, Pb and Cr) were
ignificantly higher in 2006 than those in 1996 (Table 4). In compar-
son with the previous study, significantly higher concentrations of
hese metals were detected in early-reclaimed sediments, espe-
ially in PSR and PSU. These observations indicate that the Yellow
iver Delta has been gradually influenced by human activities.

In order to classify sediment quality based on heavy metal con-
entrations, the contamination/pollution index (C/PI) was used to
ank the sediments: five contamination classes and five pollution
lasses. Contamination (C/PI vale is less than 1.0) indicates that the
etals have not or will not have immediate negative effects on

lant growth and development or on other environmental compo-

ents. However, ‘pollution’ (C/PI vale is greater than 1.0) indicates
hat the metals have negative effects on some or all of the envi-
onmental components [23]. Table 5 shows that PSR are ‘slightly
olluted’ with regard to Cu, Pb, Zn, As and Cd. PSU are ‘slightly
olluted’ with regard to Zn, As and Cd, and ‘very severely con-

able 5
chematic presentation of contamination/pollution index (C/PI) for metals based on the E
995).

Metal PSR PR

C/PI Significance C/PI Significance

Cr 0.68 Severe contamination 0.46 Moderate contamination
Cu 1.06 Slight pollution 0.84 Severe contamination
Ni 0.69 Severe contamination 0.76 Severe contamination
Pb 1.13 Slight pollution 0.59 Severe contamination
Zn 1.94 Slight pollution 1.59 Slight pollution
As 1.02 Slight pollution 2.22 Moderate pollution
Cd 1.30 Slight pollution 3.85 Moderate pollution

etroleum-hydrocarbon spilled rhizosphere (PSR), pristine rhizosphere (PR), petroleum-h
sphere (a) and unvegetated (b) sediments. Ten exploitation areas of crude oil (ST,
.

taminated’ with regard to Cu and Pb. Cu and Zn are essential
micronutrients for plant growth [30,31], but both can be phytotoxic
at high concentrations, and, thus may have potentially harmful
impacts on plants and soil biota. For Pb, As and Cd, these metals
are regarded highly toxic to plants and soil environments. Hence,
the presence of these metals at the levels of ‘very severe contamina-
tion’ and (or) ‘slight pollution’ might have great potential to cause
adverse biological effects. In PR and PU, Zn, As and Cd ‘slightly pol-
luted’ and (or) ‘moderately polluted’ unvegetated sediments. The
presence of these metals may make habitat restoration difficult.

3.2. Spatial distribution of heavy metals

To assess spatial distribution patterns, CA analysis was per-
formed to characterize variations of metal concentrations among
study sites relative to petroleum-hydrocarbon spillages. The CA
of rhizosphere sediments explained up to 78.9% of the variation,
while the data of unvegetated sediments explained only 63.8% of
the variation in the first two axes (Fig. 2). Fig. 2a shows two main
groups can be clearly identified, namely one group contains the
sediments collected from petroleum-hydrocarbon spilled sites, and
the other comprises the sediments collected from pristine sites.
However, the score plot (Fig. 2b) shows that CA using the data
from unvegetated sediments failed to group study sites in rela-
tion to petroleum-hydrocarbon spillage. It seems that petroleum
hydrocarbon plays an important role in shaping spatial distribu-
tion pattern of rhizosphere heavy metals. From CCA analysis, the
strongest determinants of distribution patterns of heavy metals
were TPH for rhizosphere sediments and DOC for unvegetated sed-
iments, as indicated by the greater lengths of the environmental
variable arrows in the CCA plots (Fig. 3). Although there was no

significant difference in TPH between rhizosphere and unvegetated
sediments (Table 3), TPH had greater influences on the metal dis-
tribution in rhizosphere sediments.

Petroleum pollution has multiple toxic effects on plants [15].
However, plant roots employ a range of strategies to up-regulate

nvironmental Quality Standard for Soils of Chinese National Standards (GB 15618-

PSU PU

C/PI Significance C/PI Significance

0.60 Severe contamination 0.45 Moderate contamination
0.96 Very serve contamination 0.80 Very serve contamination
0.67 Severe contamination 0.71 Severe contamination
0.86 Very serve contamination 0.53 Serve contamination
1.74 Slight pollution 1.57 Slight pollution
1.06 Slight pollution 1.67 Slight pollution
1.25 Slight pollution 3.83 Moderate pollution

ydrocarbon spilled unvegetated (PSU), and pristine unvegetated (PU) sediments.
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Fig. 3. Ordination plots of CCA results for rhizosphere (a) and unvegetated (b) sediments. The direction of an arrow indicates the steepest increase in the variable, and the
length indicates the strength relative to other variables. TPH, total petroleum hydrocarbon; ORP, oxidation–reduction potential; DOC, dissolved organic carbon.
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quations are (a) y = −8.797 + 0.00367x (R = 0.682, P = 0.030), and (b) y = 3.038 + 0.00

o alleviate the stresses from petroleum-hydrocarbon pollution
hrough significantly increasing the rate of root exudation as a
esult of loss of membrane integrity or a breakdown in normal cell
etabolism [14,32–34], which may have considerable effects on

he plant’s ability of transferring metals [35,36]. Regression analy-
is suggested that the transfer factors of Co consistently increased
ith increasing petroleum-hydrocarbon spillage in rhizosphere

ediments (Fig. 4a). More importantly, mean transfer factors of
ine heavy metals were also positively correlated with TPH of
hizosphere sediments (Fig. 4b), although other eight metals did
ot display this relationship. The data of the study showed that
OC content which increased with TPH concentration in rhizo-

phere sediments (Pearson correlation coefficient = 0.775, P < 0.01)
ay play an important role in enhancing the plant’s ability of
etal fixation and stabilization with the extent of petroleum-

ydrocarbon spillage, because more DOC could originate from root
xudates in response to underground stress from petroleum pol-
ution [14,32,34–37], and more organo-metallic complexes would
orm to fix heavy metals in heavy petroleum-hydrocarbon polluted
ediments [24,25]. This implies that rhizosphere sediments with
oot exudates may maintain great capability of immobilizing heavy
etals at high level of petroleum hydrocarbon.

. Conclusions

Petroleum-hydrocarbon spillage is responsible for the signifi-
antly higher levels of metals in the affected sediments, especially

r, Cu, Mn, Pb, and Zn. Moreover, the higher concentrations of met-
ls in rhizosphere sediments are attributable to the fact that plant
oots play an important role in shaping spatial distribution patterns
f heavy metals and can mobilize and sequester heavy metals from
urrounding unvegetated sediments. As a whole, the transfer fac-
nsfer factor of Co (a) and average transfer factor of all heavy metals (b). The fitted
R = 0.688, P = 0.028).

tors indicate that plant roots might enhance the ability of metal
fixation and stabilization with increasing petroleum-hydrocarbon
spillage.
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