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Abstract Surficial sediments from 13 sites

throughout Lake Taihu, one of the largest urban-

ized freshwater lake systems in China, were

analyzed for biomarkers (e.g., n-alkanes and

hopanes) to track the origin of organic inputs

(biogenic or anthropogenic), and, thus, to identify

any ‘hot spots’ of hydrocarbon contamination. A

distinct spatial distribution of aliphatic hydrocar-

bons in sediments was observed in Lake Taihu.

At the northern tip of the lake (i.e., Meiliang and

Wuli Bays), the highest mean aliphatic hydrocar-

bon concentration, with a significant contribution

of an unresolved complex mixture (UCM), was

found, indicating possible anthropogenic petro-

leum contamination (mainly from untreated and

partially treated industrial and domestic sewage

fromWuxi, Changzhou and other cities). This was

supported by the n-alkane indices (e.g., small

Carbon Preference Index and odd-to-even val-

ues) and a high degree of maturity of the hopane

biomarkers. However, hydrocarbons from East

Taihu were mainly biogenic, with the lowest mean

concentrations, negligible or no contribution of

UCM, abundance of vascular plant C23–C33 n-

alkanes with a high odd-to-even predominance,

and the presence of biogenic hopanes (e.g.,

17b(H), 21b(H)-hopanes and hopenes). In the

other areas of the lake, however, the predomi-

nance of biogenic in combination with petrogenic

hydrocarbons was indicated by the biomarkers.
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Introduction

Aliphatic hydrocarbons (AHCs) are ubiquitous in

aquatic sediments, and they derive from anthro-

pogenic and natural sources (Zanardi et al.,

1999). Potential long-term deleterious effects of

hydrocarbon pollutants to organisms and human

health, through trophic transfer, has driven inten-

sive research to study hydrocarbon pollutant

sourcing in aquatic environments using biomar-

kers and related indices (Albaiges & Albrecht,
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1979; Qu et al., 1998; Commendatore et al., 2000;

Barakat et al., 2002).

Lake Taihu is the third largest freshwater lake

in China (Sun & Huang, 1993; Qu et al., 1999;

Qin et al., 2007). Pollution is one of the key

environmental problems in Lake Taihu due to

recent urbanization and industrial development,

with associated increases in urban, industrial and

rural pollution (TBA, 1998). For example, Meili-

ang Bay (at the northern tip) receives large

amounts of untreated effluent from industries in

Changzhou and Wujin, mainly through Zhihu-

gang. Just beside Meiliang Bay, there is a small

lagoon (area ~10 km2) named Wuli Bay (Fig. 1),

which receives millions of tons of domestic and

industrial sewage each day, mainly via Liangxihe

from Wuxi, a large city located ~2 km northeast

of Wuli Bay (Zou et al., 1996). The southeast part

of Lake Taihu (East Taihu; area 131 km2) has

macrophytes covering ~97% of its total area and

is referred to as a macrophyte-type basin.

In this article, surficial sediments from 13

sites in Lake Taihu were analyzed for biomar-

kers (e.g., n-alkanes and hopanes) to track

origins of organic inputs (biogenic or anthropo-

genic) and identify ‘hot spots’ of hydrocarbon

contamination.

Materials and methods

Sample collection

Surface sediments were collected using a metallic

bucket grab sampler in February 2000 at stations

shown in Fig. 1. Sites 1, 2 and 3 are located in

Wuli Bay. Site 1 is close to the mouth of

Liangxihe. Site 4 is located in west Meiliang Bay

near the mouth of Zhihugang. Site 5 is located in

central Meiliang Bay. Sites 11, 12, and 13 are

located in East Taihu, and the other sites (6–10)

are distributed in the West Basin. Sediment

samples were returned to the laboratory and kept

frozen until analyzed.

Extraction and fractionation

Sediment samples were dried in the air and sieved

(100 mesh or 149 lm) to remove large particles of

plant debris. About 50–100 g of sediment were

extracted in a Soxhlet (500 ml; (2:1) CH2Cl2/

MeOH) solution for 72 h. Sulphur was removed

by activated copper. Extracts were fractionated

into aliphatic hydrocarbons and aromatic hydro-

carbons on an activated silica/alumina column

using hexane and benzene as eluents, respectively.

Fig. 1 Sampling sites in
Lake Taihu
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Gas chromatography and mass spectrometry

Aliphatic hydrocarbons were analyzed on a gas

chromatography-mass spectrometry (GC-MS)

instrument (HP5890 capillary GC-HP5989A

quadrupole MS). Operating conditions were: a

HP-5 fused silica capillary column (30 m ·
0.25 mm), high-purity He carrier gas (>4.6); gra-

dient temperature: 70 fi 300�C, at 4�C/60 s; ion

source temperature: 250�C and electron energy:

1.12 · 10–17 J (Qu et al., 1998). Biomarkers were

analyzed by monitoring m/z 85 (alkanes) and m/z

191 (hopanes) using the GC/MS in Selected Ion

Monitoring (SIM) mode (Qu et al., 1998).

Total organic carbon analysis

Total organic carbon (Org-C) was determined on

dried sediments by K2Cr2O7 volumetry (Marr &

Cresser, 1983).

Results and discussion

Gas Chromatography––total aliphatic

hydrocarbon fraction

Concentration of total aliphatic hydrocarbons

(AHCs, defined as the sum of resolved peaks

plus the unresolved complex mixture, UCM) and

organic carbon for 13 surface sediments in Lake

Taihu are summarized in Table 1.

A distinct spatial distribution of aliphatic

hydrocarbons in surface sediments was observed.

High AHC concentrations (>300 lg g–1 dw) were

found in sediments from Wuli Bay (Sites 1–3),

with the highest concentration (1,630 lg g–1 dw)

occurring at Site 1 (Table 1). This may be because

Site 1 is close to the mouth of the Liangxihe,

which carries large amounts of untreated domes-

tic and industrial sewage from Wuxi and other

small cities near Wuli Bay (Fig. 1). AHC concen-

tration at Site 4 also was high (342 lg g–1 dw).

This may be explained by its proximity to the

mouth of Zhihugang, which carries about 20 mil-

lion tons of industrial effluents annually from

industrialized cities and towns (e.g., Changzhou

and Wujin) (Sun & Huang, 1993). AHC concen-

trations in sediments from other sites were lower

(<100 lg g–1 dw), with the lowest occurring in

East Taihu (36, 33 and 54 lg g–1 dw for Sites 11,

12 and 13, respectively) (Table 1), which is likely

due to the greater distance from major urban and

industrial areas and, thus, anthropogenic hydro-

carbon sources. The same spatial distribution

pattern was found for other micropollutants, such

as polycyclic aromatic hydrocarbons (PAHs) (Qu

et al., 2002).

To reduce variability from organic matter

dilution by inorganics and, thus, better evaluate

sediment hydrocarbon pollution, AHC concen-

trations (in lg g–1) were normalized to organic

carbon content (Org-C%). The ratio of AHC

concentration to Org-C% has been used as a

diagnostic tool, proposing that hydrocarbon

(petroleum) pollution is present when the ratio

is >50 (Boehm, 1984; Hong et al., 1995). In this

study, Sites 1–4 showed the highest Org-C-nor-

malized AHC concentrations (ranging from 144

to 426), indicating the presence of substantial

hydrocarbon contamination at the northern tip of

the lake. Sediments from East Taihu (Sites 11,12

and 13) had the lowest ratios (ranging from 14 to

52) and were considered unpolluted. AHCs in the

remaining sediment samples (mainly from the

West Basin) were intermediate relative to Org-C

and appeared to be slightly contaminated

GC/MS SIM analysis of alkane biomarkers

for AHC source tracing

To distinguish probable sources of AHCs

(anthropogenic or biogenic) in surface sediments,

different n-alkane evaluation parameters, such

as UCM index, carbon preference index (CPI)

and even-to-odd carbon number predominance

(OEP) ratios, were analysed in addition to

absolute concentrations.

UCM is a mixture of chromatographically

unresolved components (e.g., many structurally

complex isomers and homologues of branched

and cyclic hydrocarbons) seen as a ‘hump’ in the

chromatogram (Hostettler et al., 1989; Hong

et al., 1995). UCM magnitude is related to the

degree of anthropogenic (petroleum) contribu-

tion (Mazurek & Simoneit, 1984; Commendatore

et al., 2000). UCM is shown clearly in gas chro-

matograms of aliphatic hydrocarbons in heavily
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AHC polluted sediments (e.g., Site 4, Fig. 2a).

Table 1 suggests that UCM accounted for >60%

of total AHCs in sediments from Sites 1 to 4,

indicating possible petroleum contamination. In

contrast, sediments from East Taihu (Sites 11, 12

and 13) showed negligible UCM contribution

(<10%) (Fig. 2b), indicating absence of petrogen-

ic inputs. UCM in other samples contributed

about 10–50% to total AHCs, suggesting pre-

dominance of biogenic in combination with

petrogenic hydrocarbons.

The CPI and OEP indices also are used as

diagnostic criteria of hydrocarbon sources

(anthropogenic or biogenic) in sediments (Ho-

stettler et al., 1989). In most plant waxes, odd-

chain alkanes are 8–10 times more abundant than

even-chain n-alkanes. Thus, vascular plants and

unpolluted sediments usually show high OEP and

CPI24–34 values (ranging from 3 to 6). However,

petrogenic hydrocarbons often show a wide dis-

tribution range of n-alkanes, and the even/odd

ratio shows no predominance, with CPI values

around 1 (Colombo et al., 1989). As expected,

samples from Wuli and Meiliang Bays displayed

low CPI (ranging from 1.8 at Site 1 to 2.6 at Site

5) and OEP (ranging from 1.6 at Site 1 to 2.1 at

Site 5) ratios (Table 1, Fig. 2c), which evidenced

the presence of (riverine) petroleum residues in

surface sediments at the northern tip of the lake.

Lower CPI and OEP values occurred in samples

from the West Basin (Sites 6–10), which indicates

decreased contribution of petrogenic hydrocar-

bons. Samples from East Taihu (Sites 11, 12 and

13) showed the highest CPI (5.8, 8 and 4.4,

respectively) and OEP ratios (3.1, 3.4 and 2.9,

respectively) (Table 1, Fig. 2d), confirming that

these sediments contain mainly contributions

from biogenic sources (i.e., vascular plants).

GC/MS SIM analysis of hopane biomarkers

for source tracing

Chromatograms of the hexane fraction (Fig. 2)

also showed some hopane biomarker peaks.

Therefore, GC/MS SIM analysis of hopanes

(m/z 191) was conducted to provide more infor-

mation on AHC sources and spatial patterns,

since these biomarkers are more resistant to

degradation than alkanes and isoprenoids and

retain their composition and distribution during

various processes (Barakat et al., 2002).

In the AHC polluted sediments (Sites 1–4), the

thermodynamically stable 17a(H), 21b(H)-ho-

pane (that is, ab-hopane) series were more

Table 1 Concentrations of total aliphatic hydrocarbons (AHCs), organic carbon (Org-C), alkane and hopane biomarker
parameters for 13 sediment samples in Lake Taihu

Locations Org-C
(%)

AHC
lg g–
1 dw

UCMa(%) AHC/
Org-C

Odd/
Even
(OEP)

CPIb24-
34

%C30-hopenes/
total hopanes

Tm/
Tsc

C30ba/
(ab + ba)

C30bb/
ab

C31S/
(S + R)

1 3.83 1630 80 426 1.6 1.8 1.1 0.90 0.08 0.00 0.53
2 2.05 337 60 164 1.9 2.4 4.9 0.91 0.10 0.00 0.54
3 2.16 312 65 144 2.0 2.0 4.7 0.92 0.10 0.00 0.55
4 1.86 342 60 184 1.6 2.1 1.6 0.80 0.06 0.00 0.58
5 1.06 93 45 87 2.1 2.6 6.0 0.94 0.18 0.00 0.53
6 0.87 66 15 76 2.3 3.7 6.9 1.50 0.18 0.00 0.48
7 0.82 73 40 89 2.8 3.7 6.3 1.00 0.13 0.00 0.52
8 0.81 74 35 91 2.1 2.8 5.1 1.00 0.11 0.00 0.53
9 0.94 52 15 55 2.3 3.3 9.6 1.70 0.15 0.00 0.52
10 0.81 112 45 138 2.5 3.8 9.7 1.00 0.11 0.00 0.50
11 1.99 36 6 18 3.1 5.8 36.1 2.00 0.20 0.50 0.41
12 2.31 33 8 14 3.4 8.0 13.1 3.28 0.19 0.12 0.46
13 1.04 54 7 52 2.9 4.4 10.0 1.80 0.18 0.10 0.48

a UCM = Unresolved complex mixture
b CPI24–34 = 1/2([(C25+C27+C29+C31+C33)/(C24+C26+C28+C30+C32)]+[(C25+C27+C29+C31+C33)/(C26+C28+C30+C32+C34)])
c Tm/Ts = 17a(H)-22,29,30-trisnorneohopane /18a(H)-22,29,30-trisnorneohopane (Please refer to the text for more
explanations)

92 Hydrobiologia (2007) 581:89–95

123



abundant than the less stable ba-hopane series,

natural biogenic bb-hopane series or mono-unsat-

urated hopanes (e.g., C30-hopenes) (Fig. 3a).

These samples thus had a high degree of hopane

biomarker maturity (e.g., lower ratios of C30ba/
(ab + ba), C30bb/ab and % C30-hopenes)

(Table 1), suggesting a contribution of petrogenic

hydrocarbons. Further confirmation of petrogenic

pollution was obtained from other geochemical

maturity and source indicators. Mature sediments

often have low 17a(H)-/18a(H)-22,29,30-tris-

norneohopane (Tm/Ts) ratios; extended ab-ho-
panes (i.e., series with more than 30 carbon

atoms) are resolved into two diastereomers (22S

and R) with high S/(S+R) ratios near values for

full maturity (equilibrium distribution) (e.g.,

approximately 0.6 for C31ab-hopanes) (Hostettler

et al., 1999). This is the case in samples from Sites

1 to 4 (Fig. 3a, Table 1).

However, hopane in East Taihu sediments

were biogenic (e.g., bb-hopane series and mono-

unsaturated hopanes) (Fig. 3b). These samples

had the highest ratios of C30ba/(ab + ba) (ranging
from 0.18 to 0.20), C30bb/ab (0.10 to 0.50) and %

C30-hopenes (10.0–36.1%) (Table 1). Mass chro-

matograms (m/z 191) of these samples (e.g., Site

13, Fig. 3b) also showed extended ab-hopane
epimers and trisnorhopanes, Ts and Tm, indicat-

ing lower maturity (i.e., higher Tm/Ts and lower

C31 S/(S+R) epimer ratios) (Table 1). All these

features are indications of low geochemical

maturity and biogenic hydrocarbon sources. In

addition, the rest of the samples, mainly from the

Western Basin, showed a mixture of mature and

immature constituents (Table 1), supporting the

conclusion that these sediments contain both

biogenic (i.e., vascular plants) and anthropogenic

(i.e., petrogenic) sources.

Conclusions

In summary, Lake Taihu surficial sediments

showed different levels and sources of aliphatic
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Fig. 2 Capillary column gas chromatograms of the hexane
fraction of sediment samples from (a) Site 4 (representa-
tive of locations with mainly anthropogenic contributions)
and (b) Site 13 (representative of locations with mainly

biogenic contributions); the m/z 85 ion chromatograms of
sediment samples from (c) Site 4 and (d) Site 13 in Lake
Taihu. Peaks labeled are the n-alkanes from C14 to C33

(14–33), pristine (Pr), phytane (Ph), and hopanes (o)
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hydrocarbons, and biomarkers and related indices

can provide information on anthropogenic con-

tamination, especially related to petrogenic

sources, as well as recent biogenic materials.

Near urban (e.g., Wuxi and Changzhou) and

riverine (e.g., Zhihugang and Liangxihe) dis-

charges, anthropogenic petrogenic AHC inputs

were predominant. This was supported by: (1)

high Org-C-normalized AHC concentrations;

(2) significant contributions of UCM; (3) low

n-alkane CPI and OEP; and (4) the high degree of

maturity of hopane biomarkers. On the contrary,

East Taihu sediments exhibited: (1) the lowest

level of AHCs; (2) negligible or no contributions

of UCM; (3) high n-alkane CPI and OEP; and (4)

low degree of maturity of hopane biomarkers.

These features suggested that AHCs in these

sediments have a dominant biogenic (vascular

plants) origin. Biomarker parameters for Western

Basin sediment samples, however, indicated the
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Fig. 3 Mass chromatograms of m/z 191 (hopanes) of
surface sediment samples from (a) Site 4 and (b) Site 13
in Lake Taihu. Peaks identified are hopanes: Ts = 18a(H)-
22,29,30-trisnorneohopane; Tm = 17a(H)-22,29,30-tris-
norneohopane; Tb = 17b(H)-22,29,30-trisnorneohopane;
C29ab = 17a(H), 21b(H)-30-norhopane; 29Ts = 18a(H)-
norneohopane; C29ba = 17b(H), 21a(H)-30-normoretane;

C30ab = 17a(H), 21b(H)-hopane; C30ba = 17b(H), 21a(H)-
moretane; S- and R-C31ab = S and R isomers of 17a(H),
21b(H)-homohopanes; C30bb=17b(H), 21b(H)-hopane;
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predominance of biogenic in combination with

petrogenic hydrocarbons.

Information on sources and spatial variations

of AHCs, together with other micropollutants,

such as PAHs and heavy metals, may be useful in

designing future strategies for protection and

management of Lake Taihu.
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