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Abstract A multiproxy approach including bulk organic

carbon, d13C, lignin phenols, and lipid biomarker analyses

were applied to characterize the source and composition of

sedimentary organic matter in the head part of Three

Gorges Reservoir. OM consisted of both natural (au-

tochthonous and allochthonous) and anthropogenic inputs.

The natural OM included input from vascular plants,

especially non-woody angiosperms. The allochthonous

input included plankton and microbial production, likely

due to localized eutrophication. Anthropogenic inputs

likely derived from petroleum input and/or urban activities.

Other anthropogenic inputs were untreated sewage waste.

These influences were concluded to be regionally specific

point sources of pollution based on relative distributions

and on the fact that molecular characteristics of sedimen-

tary OM were not distributed smoothly along a gradient.

Keywords Three Gorges reservior � Sedimentary organic

matter � d13C � Lignin phenols � Lipid biomarkers

1 Introduction

Three Gorges Reservoir (TGR), the largest reservoir in

the world with a total area of 380,000 km2, has received

attention due to its significant ‘‘reservoir effect,’’ asso-

ciated human and industrial development activities, and

potential effects of these activities on environmental

health. Even with many studies focusing on organic

matter (OM) sources and compositions in TGR and the

Changjiang River continuum, OM source characterization

of the sediments is rare (e.g. Wu et al. 2016). In order to

better understand the regional carbon cycle and the

severity of environmental changes in this system, a

multi-tracer concept was applied using bulk total organic

carbon (TOC), d13C, and molecular biomarkers to assess

natural and anthropogenic sources of OM in the TGR

environment.

2 Samples and methods

In this study, typical surface sediments were collected

from the main stream along a west-to-east gradient of

decreasing topography, and a typical branch stream near

the dam (Fig. 1). Surface sediments (0–2 cm) were

analyzed for bulk TOC and total nitrogen (TN) contents,

and d13Corg. Lignin phenols and lipid biomarkers (satu-

rated and aromatic hydrocarbons, alcohols, fatty acids,

steroids, triterpenoids, etc.) were analyzed using an

Agilent 5977A mass spectrometer coupled with an Agi-

lent 7890 gas chromatograph following methods descri-

bed previously (He et al. 2014, 2015a, b; Cui et al.

2017).
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3 Results and discussion

3.1 Bulk characteristics of Three Gorges Reservoir

sediments

The TOC and TN contents of the sediments from TGR

ranged from 0.73% to 1.13% and 0.10% to 0.13%

(Table 1), respectively, similar to those from other river

reservoir environments (e.g. Mendonça et al. 2014). The

d13Corg ranged from -26.2% to -24.9%, and captured a

general terrestrial input signal. The TOC and TN at stations

near the dam (M3 and M4) were generally higher than

those of the other sites (M1, M2, and B1), while the d13Corg

of all samples were variable, with no obvious trend

observed, probably reflecting the complex hydrodynamics

of this reservoir system due to water management and its

effects on grain size distribution and associated bulk

characteristic parameter distribution.

3.2 Identification of organic matter sources of Three

Gorges Reservoir sediments

Identifying natural (autochthonous vs. allochthonous) and

anthropogenic OM inputs to rivers is important in aquatic

ecosystems that are heavily impacted by urban or agricul-

tural activities (e.g. Pisani et al. 2013). Based on total

extractable organic compounds (EOC), the dominant

source detected in these surface sediments was allochtho-

nously higher plant–derived OM. This is indicated by the

high carbon preference index (CPI) values (2.3–5), and the

distribution of higher chain homologous lipid compounds

(n-alkanes, n-alkanols, n-alkanoic acids), hentriacontane-

16-one, pentatriacontane-18-one, steroids, and triter-

penoids (Fig. 2a). K8 contents (1.10–1.54 mg 100 mg/OC;

Table 1) showed strong negative correlation with bulk

d13Corg (R2 = 0.82). This suggests either vascular plants as

the major contribution of biospheric OC, or the dilution

effect from petrogenic OC that may have a different d13C

value. Through ramped pyrolysis analysis, we observed a

significant amount of petrogenic OC in the sediment. The

ranges of syringyl/vanillyl (S/V) and cinnamyl/vanillyl (C/

V) ratios indicate similar non-woody angiosperm sources

across all stations, which is further supported by the

detection of high amounts of triterpenoids, including a- and

b-amyrins (amyrones), oleanolic acid, ursolic acid, and the

absence of diterpenoids (except a trace amount of dehy-

droabietic acid).

Autochthonous OM sources were detected—especially

in the branch stream site and the main stream site (B1 and

M4) closest to the dam—possibly associated with higher

planktonic primary productivity resulting from nutrient

enrichments from agricultural/urban activities and due to a

significant increase in water retention time (Xu et al. 2009).

Autochthonous OM was characterized by an elevated

presence of lower molecular weight and unsaturated n-

alkanoic acids (Cmax 18 or 16). These lower molecular

weight fatty acids in aquatic samples have usually been

assigned to recent autochthonous OM, since they are con-

sidered to be short-lived in the environment (Medeiros and

Simoneit 2008). In addition, OM input from microorgan-

isms (bacteria and algae) were indicated by the presence of

lower molecular weight branched-alkanoic acids, two

mono-alkyl glycerol ethers (MAGEs; Fig. 2c), and a C25:2

HBI (Fig. 2d) (Hernandez-Sanchez et al. 2014; He et al.

2016). The variations of these autochthonous biomarker

abundances are likely a result of site-specific nutrient

conditions, possibly due to variations in eutrophication

status and composition of pollution point sources.

In addition to natural products, all the sediments also

contained various biomarkers indicative of anthropogenic

OM. For example, the sediments showed obvious petro-

leum residue [17a(H),21b(H)-hopane series, b-carotane;

Fig. 2d, e]. The petroleum biomarkers pristane, phytane,

and an unresolved complex mixture (UCM) detected in the

saturated hydrocarbon fraction of all samples may be a

result of petroleum related pollution by frequent boat traffic

in the reservoir system. However, we cannot rule out the

Fig. 1 Sampling map
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Fig. 2 GC trace (partial) of the sediment at M4, closest to the Three Gorges Dam. Note MAGE mono alkyl glycerol ether, MAG mono alkyl

glycerol, Ph phenanthrene, A anthracene, Fl fluoranthene, Pyr pyrene, BaA, Chyr chrysene, Trip triphenylene, Be[e]P Benzo[e]pyrene, Be[a]P,

Benzo[a]pyrene, IP, BghiP Benzo[ghi]perylene, Benzo[ghi]perylene, Ts 22, 29, 30-Trisnorneohopane, Tm 22, 29, 30-Trisnorhopane, DHA

dehydroabietic acid, respectively

Table 1 Bulk and biomarker

parameters
Bulk and biomarker parameters M1 M2 M3 M4 B1

OC% 0.73 0.79 1.13 1.07 0.82

N% 0.10 0.10 0.13 0.13 0.13

d13C (per mil, vs. VPDB) -25.5 -24.9 -25.7 -25.5 -26.2

EOC (mg/g dw) 0.30 0.22 0.44 0.47 0.27

UCM (as relative % of all organic tracers detected) 73.7 74.3 54.3 59.6 60.4

Coprostanol/(coprostanol ? cholestanol) 0.35 0.21 0.30 0.43 0.15
P

8 (mg/g dw) 0.09 0.09 0.17 0.15 0.13

K8 (mg/100 mg OC) 1.22 1.10 1.50 1.37 1.54

S/V 0.97 0.89 0.94 1.00 0.85

C/V 0.32 0.28 0.27 0.33 0.25

(Ad/Al)V 0.43 0.42 0.43 0.42 0.45

(Ad/Al)S 0.37 0.36 0.35 0.35 0.37

3,5-Bd (mg/100 mg OC) 0.06 0.06 0.06 0.06 0.06

3,5-Bd/V 0.21 0.22 0.19 0.20 0.17

Eight lignin phenols, normalized to dry weight or OC (
P

8 mg/g dw, K8 mg/100 mg OC), are used to trace

OC contributions from vascular plants; the ratio of vanillic acid to vanillin ((Ad/Al)V) is used as an index

for lignin oxidative degradation; the compound 3,5-dihydroxybenzoic acid (3,5-Bd), forms largely in soils

by bacteria from the breakdown of plant-derived materials is used as a soil tracer. The ratio of 3,5-

Bd/vanillyl phenols (3,5-Bd/V) is used as a proxy of relative soil OC versus vascular plant contributions
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significant input of petrogenic OC due to extensive bedrock

weathering upstream (Fig. 2b). Furthermore, the presence

of coprostanol, copro-sitosterol and epi-coprostanol, and

high ratios of coprostanol/(coprostanol ? cholestanol)

(Fig. 2b; Table 1) in all samples indicate measurable

domestic untreated sewage input and further microbial

epimerization in these areas (Bull et al. 2002; Rogge et al.

2006). Trace amounts of 5b-campestanol and 5b-stigmast-

22-enol were detected at some sites, suggesting minor input

from animal waste (Rogge et al. 2006). Many of the

samples where fecal sterols (and related stanols) were

identified also featured relatively high microbial OM,

implying that sewage discharge may affect the trophic

status of the head of the TGR system. Various polycyclic

aromatic hydrocarbons (PAHs) were detected (Fig. 2f),

including both low and high molecular weight PAHs,

implying incomplete combustion of biomass, coal, and

petroleum due to both agricultural and industrial activities

(Simoneit 2002). Specific PAH ratios such as Fl/Py, P/A,

IP/(IP ? Bghi) and Fl/(Fl ? Py) generally suggest the

main sources of PAHs detected here were petroleum and

combustion rather than biogenic inputs. These consistent

detections of anthropogenic compounds suggest an over-

arching influence of human and industrial development

activities, including drivers such as urbanization and pop-

ulation center growth, land-use change to support agricul-

tural production and animal husbandry, and petroleum

pollution. These influences were found to be regionally

specific based on the relative distribution of biomarkers

measured and on the fact that the molecular characteristics

of sedimentary OM were not distributed smoothly west-to-

east.

4 Conclusions

Specific biomarkers were determined in order to assess OM

sources in the TGR area. While the majority of the OM

inputs to sediments were derived from terrestrial vegeta-

tion, contributions from microbial and anthropogenic

sources (pollution from urbanization and agricultural

practices) were also evident. The observed regional vari-

ability in the molecular marker distributions suggests clear

influences of point sources of both natural and anthro-

pogenic OM, possibly due to the complex hydrodynamic

sorting process of TGR. Upper main stream and branch

stream sites were found to be more prone to pollution by

sewage discharge and agricultural runoff. Since the supply

of OM, both natural and anthropogenic, can have important

implications for aquatic ecosystems, the sedimentary OM

source assessment and the data presented here should be

considered in future assessments on the effects of regional

development, urbanization, and land-use change in the

TGR ecosystem.
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