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ARTICLE INFO ABSTRACT

Aliphatic hydrocarbons (AHs), biomarker and polycyclic aromatic hydrocarbons (PAHs) concentrations of sur-
face water and sediment samples collected from Yellow River Estuary and adjacent coastal area in China were
measured to determine their spatial distributions, analyze their sources and evaluate the ecological risk of PAHs
in the water—sediment system. The spatial distributions of n-alkane in sediments are mainly controlled by the
mixing inputs of terrigenous and marine components. In comparison with AHs, the total concentrations of
Y16PAHs in surface sediments from a transect of the offshore area were noticeably higher than that of the
riverine and estuary areas. Additionally, the AHs and total PAHs concentrations all indicated an overall pattern
of a seaward decrease. The PAHs concentrations during the dry season (mainly in the form of dissolved phase)
were higher than that of PAHs (mainly dissolved phase and particulate phase form) in the flooding season. In
comparison with global concentration levels of PAHs, the level of PAHs in suspended particulate matter and
sediments from the Yellow River Estuary was lower than those from other countries, while the concentration of
PAHs in the dissolved phase were in the middle range. Petroleum contamination, mainly from oil exploration
and discharge of pollutants from rivers, was the main source of n-alkanes. The PAHs in the river were mostly of
petrogenic origin, while those in the estuarial and marine areas originated mainly from pyrogenic sources. The
results of the toxicology assessment suggested that the PAHs in sediments from Yellow River Estuary and ad-
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jacent coastal area exhibited a low potential eco-toxicological contamination level.

1. Introduction

Organic pollution from anthropogenic sources to aquatic environ-
ments is becoming increasingly concerning. Among the organic con-
taminants, aliphatic hydrocarbons (AHs) and polycyclic aromatic hy-
drocarbons (PAHs) have been widely recognized as common organic
contaminants that may impact the health of ecosystems and humans.
They can enter river or coastal zone environments via direct discharge,
surface run-off, atmospheric deposition and biogenic inputs. More im-
portantly, concern has focused on PAHs due to their toxicity, muta-
genicity and carcinogenicity (Malik et al., 2011; Yuan et al., 2014). For
the reasons above, 16 PAH compounds have been classified as priority
pollutants by the United States Environmental Protection Agency (US
EPA) and the European Union due to their potential threat to ecosys-
tems and humans (Hu et al., 2010). Owing to their physicochemical
properties, PAHs in aquatic systems exist in several phases, including
the free dissolved phase, dissolved organic matter (DOM) bound,
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adsorbed suspended particulate matter (SPM) and surface sediments.
SPM may be generated from the re-suspension of the sediment. As a
result, SPM plays an important role in the transportation of PAHs in
aquatic multimedia. In general, PAHs come mainly from two sources:
petrogenic and pyrogenic. Apart from the combustion source, another
common anthropogenic source of PAHs is the accidental spillage of
fossil fuels.

Estuaries and coastal zones are a transitional zone between land and
ocean systems. Therefore, the physical and chemical changes are more
extreme in estuary environments than in many other environments as a
result of tides, river flow and dry-wet cycles. As the second largest river
in China and sixth largest river in the world, the Yellow River carries a
huge amount of sediments to the Bohai Sea when flowing through the
Loess Plateau, China. The Yellow River Delta (YRD), one of the most
active regions of land-ocean interaction among the large river deltas in
the world, is a newly born wetland in China. Estuaries often act as sinks
for sediments and the associated particle-reactive contaminants; thus,
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AHs and PAHs from the upper reaches of the Yellow River may have
been transported to the estuaries by solids or water before accumu-
lating at the estuary mouth. The YRD is the main sink of organic pol-
lutants discharged from the Yellow River watershed. Rapid economic
growth in YRD raises concerns of significant oil pollution to aquatic
environment and sediment. Additionally, the increased exploitation of
the nearby Shengli Oilfield, the second largest oilfield in China, prob-
ably resulted in local petroleum hydrocarbon contamination in the
area. Thus, the investigation of AHs and PAHs in the water-sediment
system of estuaries and coastal zone areas may help elucidate the bal-
ance between inputs and losses and further our understanding of the
associated environmental processes and outcomes.

Protecting the delicate ecology in the YRD is of great importance.
There have been several studies on AHs and PAHs in marine sediments,
such as distribution, source apportionment of PAHs in estuarine sedi-
ments from the Yellow River (Liu et al., 2008), hydrocarbons in the
surface sediments from the Huanghe Estuary and adjacent area (Zhang
et al., 2010) or distribution, source apportionment and potential tox-
icological significance of AHs and PAHs in Yellow River Delta wetlands
(Yang et al., 2009; Wang et al., 2011; Yuan et al., 2014) from the YRD,
sources appointment and ecological risk assessment of PAHs in sedi-
ments of Erhai Lake, China (Hezhong et al., 2016). They indicate that
sedimentary AHs and PAHs are at low or medium levels compared with
the reported values of other deltas, and are derived from mixed pyro-
genic and petrogenic sources. However, to the best of our knowledge,
detailed information on the spatial-temporal distribution and ecological
risk evaluation of the distribution of AHs and PAHs in the Yellow River
Estuary (YRE) remains scarcely documented; especially with respect to
the water—sediment system encompassing the marine, estuarine and
lower estuarine regions. The aims of this study were to (1) determine
the spatial-temporal distributions of AHs, biomarkers and PAHs in the
water-sediment system from the Yellow River encompassing the riv-
erine, estuarine and offshore areas; (2) examine the potential input
sources of petroleum hydrocarbons and analyze the source apportion-
ment of PAHs in the sediment-water system; and (3) assess the potential
eco-toxicological consequences on organisms in the region.

2. Materials and methods
2.1. Sampling location

The surface sediments used were collected from the YRD and ad-
jacent coastal area in November 2012 (Fig. 1). The collecting period
avoided the high rainfall season. Lijin Hydrographic Station is the last
hydrographic station of the Yellow River. The sampling stations were
arranged along a 127.5 km stretch from the Lijin Hydrological Stations
to the river mouth along the Yellow River, extending from the lower
stretch estuary (R1-R8) to the main estuary (Est-1-Est-5) and the off-
shore area of Bohai Sea with the transect (T-B; Table 1). Est-1 station is
Xintan Oilfield Floating Bridge, which is regarded as the Yellow River
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Entrance. Sampling sites used in this study commenced from the
freshwater end-member in the upper reaches of the river estuaries to
the saltwater sea and encompassed the entire salinity gradient. The
surface sediments (0-5cm) were collected using a Van Veen style
stainless steel grab sampler (24 L) manufactured by the Wildlife Supply
Company. Following collection, the samples were homogenized, placed
into sterile polyethylene bags, sealed and stored at — 4 °C until further
analysis. The concurrent sampling of the surface water (0.5 m depth)
from the 4 sites (R6, R8, Est.-2, T-B5) were also collected in May
(Flooding season) and November (Dry season) 2012. Twenty liters of
water was collected from each sampling site. 100 mg/L HgCl, was
added to each water sample container for the inhibition of bacterial
growth during transportation and temporary storage. Then transported
on ice to the laboratory, where they were stored at — 20 °C until further
analysis.

2.2. Extraction and fractionation

The procedures for eluting dissolved organics from XAD resins and
for processing glass fiber filters have been described extensively else-
where (Sun et al., 2009). Briefly, after back to the laboratory, SPMs
were collected by filtering the water samples through GF/F glass fiber
filters (diameter 0.7 mm, Whatman, UK). The SPM samples filtered
through the glass fiber filter were freeze-dried and weighed using an
analytical balance. The filtered water was then passed through a mixed
resin (Sigma Amberlite XAD-4 and XAD-2 1:1 mixtures) glass column
(400 mm X 25 mm i.d.) to retain dissolved organics. The XAD resin
was transferred into a glass flask and extracted 3 times with 2:1 di-
chloromethane/n-hexane (v/v) in an ultrasonic bath, after which the
extracts were combined. The fraction drained with anhydrous Na,SO4
was then concentrated using a rotary evaporator and further evapo-
rated under a nitrogen stream to approximately 1-2 mL. Lastly, the
fraction was spiked with surrogate recovery standards (terphenyl-d14)
for Gas Chromatography—-Mass Spectrometer (GC-MS) analysis.

The sediment samples were freeze-dried, ground and separated with
a 125-um sieve to remove large particles and debris in April 2013. The
freeze-dried SPM-loaded glass fiber filters and sediment samples were
weighed and spiked with surrogate recovery standards (terphenyl-d14)
and Soxhlet-extracted for 72 h, with n-hexane, toluene, chloroform and
methanol as extraction solvent. Elemental sulfur was removed from the
extracts using activated copper. The extracts were fractionated by
column chromatography on alumina over silica gel. Silica gel and an-
hydrous sodium sulfate were baked in a furnace oven at 650 °C for 6 h
prior to use. The fractions of saturated hydrocarbons, aromatic hydro-
carbons and non-hydrocarbons were obtained by successively eluting
with n-hexane, toluene and chloroform/methanol (98:2), respectively.
The saturated and aromatic hydrocarbon fractions were concentrated
again in a rotary evaporator, transferred to a vial, and then the volume
was evaporated to exactly 1 mL using a stream of filtered N, gas. An
aliquot of 1 mL of each extract was subjected to analysis by GC-MS.
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Fig. 1. Study areas and sampling location.
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Table 1
Sample information of sediments from rivers, estuaries and coasts.
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Sample R1 R2 R3 R4 R5 R6 R7 R8 R9 Est1 Est4 T-Bl T-B5
Hydrological stations Lijin Zhangqiu wuzi Lianhe  Yigianer  Qingjia 3 Qingjia 5 Qing 7 Qingjia 9 Cha 3 Estuary Marine area
Distance from estuary (km) 127.5 97.5 85 70 47.5 37.5 30 22,5 7.5 0 7.5 ND ND
Surface water salinity (%o) ND ND ND ND ND 0.48 ND ND 0.53 2.28 28.1 ND ND
Note: ND: not detected.
2.3. Instrumental analysis Sand mmmm Silt :::::: Clay == =n-alkane ==O==PAHs _
4 « £ 100% 800 &
) . ES 80% 700
The sample granulometry was analyzed on fresh sediments using a S g ggg o
Malvern Mastersizer 2000 laser diffractometer capable of analyzing é‘) g 60% 200 é
particle sizes between 0.02 and 2000 um. The freeze-dried sediments ?.‘f-'; 40% 300 £
were ground in an agate mortar prior to elemental and isotopic ana- g g 20% A %gg 2
lysis. Total carbon (TC) was analyzed via high temperature combustion =8 0% 'n'n’nda-nt L E w2l S
on an Elementar vario MACRO cube CHNS analyzer. Total inorganic “ EEREZLEeEziClladnaA
. . . SN Sa el Ry S ca R T T R
carbon (TIC) analysis was performed using a Shimadzu TOC-VCPH/ Station’lD

SSM-5000A analyzer. Replicate analysis of 1 sample (n = 5) gave a 1-0
precision of + 0.02 wt% C.

The saturated and aromatic hydrocarbons fractions were analyzed
using a Hewlett-Packard 6890 gas chromatograph interfaced with a
Hewlett-Packard 5973 mass-selective detector (Agilent Technologies
Inc., USA). The samples were analyzed using a fused silica capillary
column (30 m X 0.20 mm X 0.25 pm film thickness). Helium was the
carrier gas at a flow rate of 1 mL/min. The temperature was pro-
grammed from 80 °C to 290 °C at 4 °C/min and held at the final tem-
perature for 30 min. The injector temperature and transfer line tem-
perature were 250 °C and 180 °C, respectively. The samples were
injected in the splitless mode. The mass spectrometer was operated at
an electron energy of 70 eV.

Individual n-alkanes were identified based on the retention time of
the authentic standards (nCjo_49, Sigma), and concentrations of each n-
alkane were calculated based on the standard calibration curve of each
corresponding standard compound. Conversely, individual PAHs were
quantified based on the retention time and m/z ratio of authentic PAHs
mixed standards (Sigma), and the concentrations of each PAHs were
calibrated based on the standard calibration curve. The mixed standard
solution of 16 PAHs was purchased from Sigma Aldrich (St. Louis, MO,
USA). All solvents in this study (i.e., dichloromethane, n-hexane) were
chromatography grade and obtained from Dikma (USA). Seven surro-
gate standards (naphthalene-d8, acenaphthylene-d8, phenanthrene-
d10, fluoranthene-d10, pyrene-d10, benzo(a)pyrene-d12 and benzo
(g,h,i)perylened12) were added to all samples to monitor matrix effects.
Quantification was performed using the external standard method. The
average recoveries of surrogate standards varied from 81.6% to 92%. In
addition, the detection limit ranged from 0.15 to 0.7 ng/g dry weight
(dw). A Principal Components Analysis (PCA) using varimax rotation
was performed using the program SPSS 13.0 for Windows.

3. Results and discussion
3.1. Distribution and sources of n-alkanes

The Yellow River is the second longest river in China and is fre-
quently referred to as a mud river. Sediments collected in the riverine
and estuarine area mainly consisted of fine particles with a grain
size > 4 um (silt + sand), while the marine sediments mainly consisted
of clay-silt particles with a grain size < 63 um (Fig. 2). The TOC con-
tent of surface sediments in the transect of the offshore area was
0.47 = 0.10%, which is substantially higher than that of the riverine
(0.09 + 0.07%) and estuarine (0.06 * 0.02%) sediments. Regression
and correlation analyses were employed to investigate the relationship
between AH concentration, PAHs concentration, clay content and TOC.

Fig. 2. Distribution of AHs and £16PAHs concentrations in sediment and ternary diagram
showing the sediment classification and deposition patterns.

The correlation coefficient between the PAHs concentrations and clay
content (R* = 0.56; p < 0.01) showed that the organic matter content
and grain size composition of the sediment appear to influence the
distribution of PAHs in the study area. However, the poor correlation
between AH concentration and clay content (R? = 0.01; p > 0.05)
suggested more complicated effects on the distribution of n-alkane.

The levels of AH concentration (%n-C;5_34) in estuarine samples was
412.66 + 1141.83 ng/g dw), which was substantially higher than that
of the riverine sediments (284.57 + 113.02 ng/g) and the offshore
area transect (288/14 + 84.74ng/g), and may be due to the accu-
mulation of organic matter as a result of stronger sedimentation in the
coastal zone of the Bohai Sea. With the deposition of suspended parti-
cles, the pollutants from the river into the sea accumulate in the vicinity
of the river estuary. In addition, the total n-alkane concentrations in the
transect decrease seaward (Fig. 2), which is consistent with the seaward
decrease in autogenous organic carbon.

Many different sources may be responsible for n-alkane in sedi-
ments. Double modal distributions were observed based on the chro-
matogram characteristics of saturated hydrocarbons in samples from
the YRE and adjacent coastal area (Fig. 3). The dominant peaks occur at
n-Cy3 or n-Cy4 and n-Cyg or n-Cs; for the short chain (C;;-Cyp) and long
chain (Cy;-C3s) n-alkanes, respectively. The low molecular weight to
high molecular weight ratio (LMW/HMW), and the carbon preference
index (CPI), have frequently been used for determining the sources of n-
alkanes (Prahl et al., 1994; Doskey, 2001; Hui et al., 2009). It has been
reported that LMH/HMW ratios > 2 often indicate the presence of fresh
oil in sediments, while LMH/HMW ratios < 1 usually represent ter-
restrial n-alkanes produced by higher plants, marine animals and se-
dimentary bacteria (Commendatore et al., 2000; Wang et al., 2006).
Furthermore, LMW/HMW ratios close to 1 suggests n-alkane mainly
from petroleum and plankton (Wang et al., 2006). The LMW/HMW
ratios of the samples (1.52 * 0.34) are all > 1 but < 2 for most
samples (Fig. 4a). This suggests that the n-alkanes originate mainly
from petroleum and planktonic sources. Additionally, the lower ratio in
riverine and estuarial samples (1.44 = 0.30) than marine samples
(1.76 = 0.34) may be the result of increasing input of anthropogenic
hydrocarbons. CPI values close to 1 are regarded as indicating petro-
genic input and values > 4 are associated with natural input inputs
(Didky et al., 2000). CPI values in surface sediments from the lower
estuary and main estuary (0.31-0.89) are apparently lower than that
from the marine region (1.19-2.46). The CPI in the Yellow River con-
tained no obvious odd-even carbon number preferences with CPI va-
lues (0.53 = 0.17), suggested an increasing input of anthropogenic
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Fig. 3. Mass fragmentogram of m/z = 85 (alkane), m/z = 191 (hopanes) and m/z 217
(steranes) from sediment in station R3 and B1.

(For hopane, a, f = 17a(H), 21B(H)-hopanes; B,a = 17p(H), 21a(H)-hopanes; R and
S = C-22 R and S configuration; G = Gammacerane; Ts = 18a(H)-22,29,30-trisnorho-
pane; Tm = 17a(H)-22,29,30-trisnorhopane. For steranes, aaa = 5a(H), 1l4a(H),
17a(H)-steranes; aff = 5a(H), 143(H), 17p(H)-steranes; R and S = C-20 R and S con-
figuration).

hydrocarbons as well as a mixture of marine bacterial inputs (Pearson
and Eglinton, 2000; Harji et al., 2008). There was a strong odd-even
carbon preference in the high molecular weight n-alkanes in the marine
samples (Fig. 4b), suggesting terrestrial inputs by the Yellow River.
Moreover, the seaward decrease in CPI along the transect B (Fig. 4b)
indicates a decrease in the influence of terrigenous material towards the
mouth of the estuary.

3.2. Petroleum biomarkers in sediment

The low UCM/Zn-alkane (< 10) ratio values of this study indicate
the presence of pollutants that have been diluted by natural input (Silva
et al.,, 2012). The UCM/Zn-alkane ratio values ranged from 1.66 to
1.68, showing the biodegradation of petroleum related input to be an
important factor. Other indicators of petroleum contamination are
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Fig. 4. Spatial variations of LMW/HMW ratios (a), CPI (b), Pr/Ph, Pr/n-C;7 and Ph/n-C;g
ratios (c) in surface sediments.

Note: LMW/HMW: [Sum of Low Molecular Weight (nC;» to nCy;)]/[Sum of High
Molecular Weight (nCo, to nCs4)] n-alkanes ratio; CPI: Carbon Preference Index calcu-
lated as 2(Cas + Ca7 + Ca9) / (Cas4 + 2(Cye + Cag + C30) + C3).

isoprenoids, such as pristane (Pr) and phytane (Ph) (Volkman et al.,
1992). It has been reported that the Pr/Ph ratio in uncontaminated
sediments is typically between 3 and 5 (Steinhauer and Boehm, 1992).
Furthermore, Pr/Ph values less or close to 1 is regarded as petroleum
pollution (Steinhauer and Boehm, 1992). However, the Pr/Ph ratio was
low (1.20 = 0.27) in our studied samples (Fig. 4c), indicating a pre-
dominantly petroleum source rather than a biogenic source. For the
studied stations, low ratio values of < 1 for Pr/n-C;, (0.41 = 0.15)
and Ph/n-C;5 (0.21 = 0.09) were found (Fig. 4c), which confirms re-
cent oil pollution inputs (Mille et al., 2007; Commendatore et al.,
2012).

Additional supporting evidence for the presence of oil pollution is
the identification of hopane and sterane series detected in the GC-MS
analysis (m/z 191, 217). The distribution of hopanes is characterized by
the predominance of C3y 17a (H) and 213(H)-hopane, but by less
prominent 213(H), 17a(H)-hopane, and with a smooth decrease in the
abundance of Csz;_35 homohopanes in these series. Gammacerane, a
biomarker commonly found in most Chinese crude oil geologically
derived from lacustrine sources (Philp and Fan, 1987), was also present
in all studied samples. Similar hopane distributions were also reported
for the crude oils from the Shengli Oilfield (Pang et al., 2003). The
abundances of C,,, Cog and Cyg steranes were high in the samples. The
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pattern of 3 regular sterane series in an order of Cy9 > Coy > Cog
suggested that the sedimentary petroleum contamination was mainly
derived from mixed terrigenous and algal-bacterial organic matter
dominated by higher plants. Maturity indicators based on terpanes and
steranes, such as the C3;22S / (22S + 22R) and C»920S / (20S + 20R)
ratio (0.5 at equilibrium; Peters et al., 2005), also show only minor
variations (0.57 = 0.02 and 0.43 * 0.02, respectively) among the
analyzed samples and have a high maturity level. The hopane and
starane patterns in the study area further confirm the presence of pol-
lutant inputs from petroleum, as already suggested by the presence of
UCM, pristane and phytane.

3.3. PAHs in sediment-water systems

3.3.1. Levels and spatial distribution of PAHs in sediments

The distributions of PAHs in the sediments are influenced by the
clay and organic matter content of the sediment. PAHs are mainly ad-
sorbed in the clay particles, which have a greater capacity for adsorp-
tion due to their greater specific surface area (Mayer, 1994). The se-
diments with higher organic matter content have a strong affinity to
hydrophobic compounds such as PAHs, in comparison with sediments
with low levels of organic matter. In general, the concentrations of
PAHs in surface sediments are mainly controlled by the following
processes: (i) rate of PAH input, (ii) rate of sediment input, (iii) mi-
crobial degradation of PAHs and (iv) vertical mixing, resuspension and
redeposition of PAHs and sediment due to biological or physical pro-
cesses (Boonyatumanond et al., 2006). 16 US EPA priority PAHs (16
PAHs) in sediment samples were measured at a detectable level in this
study. The total PAHs concentrations (X16PAHs) ranged from
56.69 ng/g to 227.96 ng/g, with a mean of 111.14 * 59.70 ng/g dry
weights (dw). The X16PAHs in the offshore area transect was
151.08 *= 62.14%, which is noticeably higher than that of the riverine
sediments (69.84 + 9.37%) and estuarine samples
(74.28 = 13.42%). This may be due to the higher clay content in the
marine area or the accumulation of organic matter due to stronger se-
dimentation in the coastal zone of the Bohai Sea. Furthermore, the oil-
gas drilling platforms located in the north of the YRE may also con-
tribute to the petroleum-derived PAHs in this area. Other processes,
such as vertical mixing due to biological or physical processes, may also
effect the PAHs distribution (Boonyatumanond et al., 2006). Higher
activity in riverine areas may also contribute to the higher PAHs con-
centrations. In addition, the X16PAHs showed an overall pattern of a
seaward decrease (Fig. 5a, b), especially the section B near the estuary,
suggesting a decrease in land-sourced pollutants in the offshore direc-
tion.

3.3.2. Spatial-temporal variations of PAHs in water

For water samples collected in the flooding season, the PAHs levels
exhibited the following order from high to low: river inflows > marine
area > estuary (Fig. 5¢). Similar trends were found in the dry season.
This suggests that the industrial and anthropogenic emissions in the
Yellow River are the most important PAHs sources of the YRE area. The
migration and settlement of pollutant and terrigenous input material in
the offshore region in the offshore region, lead to the accumulation of
pollutants. Such cumulative effect may contribute to higher PAHs levels
in the marine area.

Obvious seasonal trends in PAH16 exist in the water. The results
illustrated that lower PAHs concentrations (537.42 + 200.11 ng/L)
were observed in the water during the flooding season, while higher
PAHs concentrations (1539.12 + 161.51 ng/L) occurred in the water
during the dry season. SPM is the most active absorbent of PAHs in
water bodies. PAHs in water are mainly in the dissolved phase form
during the dry season, while during the flooding season they are pre-
dominantly in the dissolved phase and particulate phase forms (Fig. 6).
The seasonal variation in PAHs concentrations was attributed to the
variation in water flow of the Yellow River, which could cause a change
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Fig. 5. Concentrations and composition of 16 PAHs in surface sediments (a) (b) and water

(o).

2000 7 Dry season A Flooding season
- = |
=~ 1% B 1
E 1500 '@Particulate phase
é 1000 4 :DDmol\edphaae
= 1
£ 500 A E
3 1
g ol AL LT LI :
O )
> > > X X
¥ 4 K RN ;
CL ({f}q, ,&5 % <& &‘5)
Station ID

Fig. 6. Spatial and temporal distribution of PAHs in water.

in the dilution ratio. Generally, a high flow rate of river water results in
a good dilution ratio in the flooding season and leads to reduced PAHs
concentrations in the Yellow River. The PAHs concentration in the dry
season is higher than that of the flooding season, which may be due to
water dynamics. As is well-known, the stronger hydrodynamic force in
the flooding season may easily carry larger particles with weak ad-
sorption. However, more abundant small particulate matter in the
water during the dry season may contribute to the adsorbance of par-
ticulate organic carbon (POC) and PAHs. A similar distribution was also
reported by Ou et al. (2009) for the PAHs distribution in overlying
waters from the Yangtze estuarine and coastal areas. The PAHs con-
centration in overlying waters in the dry season (1988 ng/L) was higher
than that in flood season (1727 ng/L).

3.3.3. Distribution patterns of PAHs
PAHs in the water and sediment were all dominated by LMW-PAHs
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Fig. 7. Comparative PAHs composition in water and sediments according to the number
of rings in the chemical structure.

(2- to 3-ring PAHs), accounting for > 60% of the total PAHs at each
station (Fig. 7). Apart from TB-1 station near the YRE, the relative
abundance of high-ring (4-, 5-, 6-ring) PAHs was enriched in the marine
area, and its content displayed a general seaward decrease. According
to Tolosa and Bayona (1996), the petroleum-derived residues contain a
relatively higher concentration of 2- and 3-ring PAHs. For example, a
higher concentration of phenanthrene has been observed in surface
sediments as a result of contamination by fresh oil (Yunker et al., 2002;
Zakaria et al., 2002). Higher water solubility of low molecular weight
PAHs compared to the heavy PAHs may explain their comparatively
high abundance detected in water (Sarria-Villa et al., 2016). In addi-
tion, the high content of low-ring (2- and 3-ring) PAHs suggests a local
source of PAHs or otherwise a relatively recent introduction of PAHs
(Hu et al., 2010), as low-ring PAHs are prone to desorption and de-
gradation in sediments during the transportation process (Pichler et al.,
1996; Shi et al., 2005). The YRD has experienced rapid development
over the past 40 years due to the exploitation of the Shengli Oilfield, the
second largest oil field in China. For example, Sites R5-R8 are close to 2
oilfields (Gudao and Gudong). Furthermore, the Bohai Sea is scattered
with a number of oil drilling platforms, and the Chengdao offshore
oilfield, part of the land-based Shengli Oilfield, is located in the north of
the YRE marine area. Thus, the detection of petroleum-based con-
taminants in this area is not surprising.

3.3.4. Sources identification of PAHs

3.3.4.1. Sources identified by PAHs diagnostic ratios. In general, LMW-
PAHs originate from petroleum products, incomplete combustion of
fossil fuels and biomass at low to moderate temperatures and natural
digenesis, while HMW-PAHs are mainly formed via the incomplete
combustion processes of organic materials at high temperatures (Mai
et al., 2002; Rahmanpoor et al., 2014). The ratio of LMW to HMW is
used to differentiate petrogenic and pyrogenic PAHs. The range of
LMW/HMW of riverine samples, estuarine samples and marine samples
were 7.8-12.86, 7.8-10.75 and 1.18-4.70, respectively. The LMW/
HMW ratios varied from 1.18 to 14.62 with a mean of 5.56 *= 3.89,
which suggested that petroleum was the major contributor of PAHs
contamination in this area.

The source of PAHs detected in the sediment can further be de-
termined by the molecular ratios of some PAHs. The mass 178 (an-
thracene + phenanthrene), 202 (fluoranthene + pyrene) and 276 iso-
mers (indeno(1,2,3 cd) pyrene + benzo(ghi)Perylene) have the greatest
range in stability and hence are good indicators of thermodynamics vs.
kinetic (e.g. petroleum vs. combustion) (Yunker et al., 2002). Thus,
PAH isomer ratios, such as fluoranthene/(fluoranthene + pyrene) (Flt/
[Flt + Pyr]), anthracene/(anthracene + phenanthrene) (Ant/[Ant
+ Phyl), and indeno[1,2,3-cd]pyrene/(indeno[1,2,3-cd]pyrene
+ benzol[ghilperylene) (IcdP/[IcdP + BghiP]) have been widely used
to infer the possible sources of PAHs (Budzinski et al., 1997; Yunker
et al., 2002; Zhang et al., 2004; Yang et al., 2009). PAHs of molecular
mass 178 and 202 are commonly used to distinguish between com-
bustion and petroleum sources. Based on the PAHs isomer pair ratio
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Fig. 8. Plots of PAH isomer pair ratios for source identification: (a) Ant/(Ant + Phy)
versus Flt/(Flt + Pyr) of sediment and water, (b) IcdP/(IcdP + BghiP) versus Flt/(Flt
+ Pyr) of sediment and water, (¢) IcdP/(IcdP + BghiP) versus BaA/(BaA + Chr) of
particulate PAHs from air.

Note: -d: samples collected from dry season; -f: samples collected from flooding season.

measurements compiled by Yunker et al. (2002): Flt/(Flt + Pyr) < 0.4
implies a petroleum origin; between 0.4 and 0.5 implies petroleum
combustion; and > 0.5 as combustion of coal and biomass. IcdP/(IcdP
+ BghiP) of < 0.20 indicates a petroleum source; > 0.50 indicates
combustion contribution of biomass and coal sources and between 0.20
and 0.50 indicates liquid fossil fuel combustion. An Ant/(Ant + Phe)
ratio < 0.10 is seen in petroleum input or diagenetic sources, whereas
values > 0.1 are characteristic of combustion processes.

Cross plots of such ratios and their cut-off values for the various
predicted PAHs sources are shown in Fig. 8a, b. It is evident that the
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riverine samples exhibited greater evidence of petroleum pollution,
while the primary sources of sedimentary PAHs for other samples from
estuarine and marine areas include biomass and coal combustion.
Moreover, the PAHs in surface sediments from the Bohai Sea were
mostly of pyrogenic origin. With the exception of pyrolytic inputs,
petrogenic units may also be a main source for PAHs as the oil platform
of Shengli Oilfield could potentially contribute some PAHs. It can be
observed from Fig. 8a, b that the PAHs in the water comprise mixed
pyrolytic and petrogenic sources at some sites, which is probably due to
the petroleum industries and oilfields located in this studied area. In
addition, the studied samples had values of the BaA/(BaA + Chr) over
than 0.35 which implied biomass and coal combustion; which further
confirmed by IcdP/(IcdP + BghiP) ratio value higher than 0.50 except
summer sample (petroleum combustion) (Fig. 8c). The coal combustion
and traffic emissions were the main particulate PAHs sources across the
4 seasons. On the whole, pyrogenic sources are the major origins of
PAHs in water from the Yellow River, the Bohai sediments as well as
particulate PAHs from the air. Energy consumption is a predominant
reason for PAHs pollution in northern China. In northern China, the
main energy source is coal. In some rural areas of northern China still
use wood as main energy source. The contamination of sediments with
petrogenic PAHs contrasts with the results from industrialized countries
where pyrogenic PAHs are dominant in urban aquatic environments
(Budzinski et al., 1997; Boonyatumanond et al., 2006; Rodrigo et al.,
2016). For example, the upstream riverine runoff from the Pearl River
Delta (Zhang et al., 2012) and the Colombian Cauca River (Rodrigo
et al., 2016) is contaminated mainly with pyrogenic PAHs.

3.3.4.2. A natural diagenetic origin: perylene versus anthropogenic
PAHs. Perylene, as a 5-ring PAH, has been widely found in varied
sediment environments, and is usually thought to be a diagenetic
product from its natural biogenic precursors via post-depositional
formation under anoxic conditions (Silliman et al., 2001). As
compared to 16PAHs, the perylene levels showed a significant
decrease from the lower stretch of the estuary (0.14-2.46 ng/g) to the
main estuary (0.24-0.85 ng/g) and the offshore area of the Bohai Sea
(0.03-0.17 ng/g). Furthermore, the ratios of perylene concentrations
relative to the penta-aromatic hydrocarbons (perylene/5-ring PAHs)
were all above 0.12-0.46 in this study (Fig. 9), indicating a
predominantly diagenetic origin for perylene with its precursors
originating from terrigenous inputs by river runoff (Baumard et al.,
1998; Hu et al., 2011). The relatively higher proportion of perylene
towards the PAHs in the recent coastal sediments off China has also
been observed, such as the Bohai Sea (1.5-9.6 ng/g, Hu et al., 2011),
East China Sea (7.4-141.1 ng/g, Hu et al., 2014), the Pearl River
Estuary and the adjacent South China Sea (101-586 ng/g, Mai et al.,
2002), which are likely to be a potential terrigenous input indicators on
these continental margins.

3.4. Ranking AHs and PAHs concentration in rivers of the world

In this study, only AH analysis in sediments was performed. The
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Fig. 9. Abundance of sedimentary perylene and the ratio of perylene to 5-rings PAHs in
surface sediments.
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levels of AH concentration (2n-C;5_34) of the studied sediments was
321.14 + 122.86 ng/g dry weight, which is relatively lower or mod-
erate compared to those of global locations reported to be chronically
contaminated by oil, such as 160-1880 ng/g in the Yangtze River
Estuary (Bouloubassi et al., 2001), 500-8120 ng/g in Jiaozhou Bay
(Wang et al., 2006), 1440-70,410 ng/g in highly contaminated sedi-
ments from Liaohe Delta (Lin et al., 2013), 800-2600 ng/g in coastal
Caspian Sea, Iran (Tolosa et al., 2004) and 1388-5896 ng/g in the
Andaman Backarc Basin, Indian Ocean (Venkatesan et al., 2003).

Compared with the other areas in the world (Table 2), PAHs con-
tamination levels in this study (56.69-227.96 ng/g dw) were close to
those detected in the sediments of the Yangtze River Estuary
(90.14-502.12 ng/g dw) and Santander Bay, Spain (0.35-344.60 ng/g
dw), but was lower than those reported from Pearl River Delta
(134-2432 ng/g dw), Haihe River, China (134-2432ng/g dw) and
along the Mediterranean coast in Egypt (3.5-14,100 ng/g dw). How-
ever, PAHs contamination was higher in our samples from the YRE and
the adjacent coastal area than that reported in the Chongming wetlands
near Shanghai, China (38.7-136.2ng/g dw), Kishon River, Israel
(34.2-188 ng/g dw), suggesting low or moderate contamination levels
in the studied area. In conclusion, the concentration of PAHs in sedi-
ments from the YRE and adjacent coastal area is relatively low com-
pared to other estuaries around the world (Table 2).

Table 2 displays a comparison between the levels of PAHs measured
in this study versus those reported in other rivers worldwide. Compared
to the YRE and adjacent coastal area (0.449-1.644 nug/L), higher con-
centrations were detected in the water from the Liaohe River, China
(0.946-13.449) and Gomti River, India (0.06-75.57 ug/L). In turn,
lower concentrations were detected in the water from the Mississippi
River, US (0.006-0.069 pg/L), Seine River, France (0.004-0.036 pg/L)
and Luanhe rivers, China (0.097-0.309 pg/L). SPM, as the most active
absorbent of PAHs in water bodies, plays a vital role in PAHs trans-
portation in aquatic multimedia. The XPAH concentration in the Liaohe
River (0.318-238.52 ug/L), Pearl River Delta (0.442-16.489 ug/L),
Mississippi River (1.3-7.0 ug/L) and Seine River (1.0-14.0 pug/L) were
higher than the YRE and adjacent coastal area (0.029-0.39 pg/L). The
well-developed economy and associated large sewage discharge around
these areas may be the primary explanation.

3.5. Ecological risk assessment of PAHs in sediments

PAHs have gained increasing attention for their high stability, low
solubility and toxic, carcinogenic and mutagenic effects. According to
Baumard et al. (1998), sediments can be characterized as low, mod-
erate, high, and very highly polluted with PAHs when the total PAH
concentrations are 0-100ng/g, 100-1000ng/g, 1000-5000 ng/g
and > 5000 ng/g, respectively. Based on this classification, PAHs of
sediments from the YRD estuary (56.69-290.04 ng/g dw) can be con-
sidered as low to moderate.

The Sediment Quality Guidelines (SQGs) have also been well ap-
plied in sediment quality and ecological risk assessments (Long et al.,
1995, 2006; Qiao et al., 2006; Quiroz et al., 2010). Specifically, the
previously published SQGs for the protection of sediment-dwelling or-
ganisms were grouped into different categories: threshold effect levels
(TELs), effect range low values (ERLs), probable effect levels (PELs) and
effect range median values (ERMs; Long et al., 1998, 2006). Two sets of
SQGs, including (a) the ERL/ERM and (b) the TEL/PEL values, were
applied in this study to assess the ecological toxicity of individual PAHs
concentrations in sediments (Table 3). In the 3 ranges of chemical
concentrations, adverse biological effects were expected rarely
(< ERL/TEL), occasionally (=ERL/TEL and < ERM/PEL) and fre-
quently (= ERM/PEL; Long et al., 1995; Liu et al., 2009). The measured
concentrations of PAHs were compared with the SQGs. This indicated
that PAH concentrations were below the ERL and PEL values at all
stations. Naphthalene, acenaphthene, fluorine and phenanthrene con-
centrations were in the intermediate range (= ERL/TEL and < ERM/
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Table 2
YPAHs concentrations in sediments from different locations.
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Phases Sampling sites ZPAHs (ng/g or ug/L) Reference
Range Mean
Water Yellow River Delta 0.449-1.644 0.882 This study
Liaohe River, China 0.946-13.449 6.445 Guo et al. (2007)
Luanhe, China 0.097-0.309 ND Li et al. (2010)
Mississippi River, US 0.006-0.069 0.041 Mitra and Bianchi (2003)
Gomti River, India 0.06-75.57 9.440 Malik et al. (2011)
Seine River, France 0.004-0.036 0.02 Fernandes et al. (1997)
SPM Yellow River Delta 0.029-0.39 0.726 This study
Pearl River Delta, China 0.442-16.489 0.160 Luo et al. (2006)
Liaohe River basin, China 0.318-238.52 21.725 Guo et al. (2007)
Mississippi River, US 1.3-7.0 ND Mitra and Bianchi (2003)
Seine River, France 1-14 5 Fernandes et al. (1997)
Sediment Yellow River Delta 56.69-227.96 111.14 This study
Yangtze River Estuary, China 90.14-502.12 259.1 Hui et al. (2009)
Haihe River, China 134-2432 27,074.08 Bin et al. (2007)
Pearl River Delta, China 134-2432 885.17 Mai et al. (2002)
Chongming wetlands, China 38.7-136.2 107.05 Wang et al. (2012)
Santander Bay, Spain 0.35-344.60 59.59 Viguri et al. (2002)
Mediterranean coast, Egypt 3.5-14,100 787.24 Barakat et al. (2011)
Kishon River, Israel 34.2-188 100.68 Oren et al. (2006)

Note: concentration of water: ug/L; concentration of sediment and SPM: ug/g; ND: not detected.

Table 3
Toxicity guidelines of PAHs compounds for surface sediments from YRE and adjacent
coastal area.

PAHs Guideline Yellow River Estuary

ERL ERM TEL PEL Riverine Estuarine Marine
Nap 160 2100 34.6 391  20.28-39.07 21.39-34.32 15.58-24.96
Ace 16 500 6.71 88.9 267-4.14 2.71-3.54 2.46-3.11
Acy 44 640 587 128  3.46-4.61 4.2-5.56 3.38-6.69
Flu 19 540 21.2 144 6.71-10.22  9.30-13.04  7.94-24.82
Phe 240 1500 86.7 544 11.08-25.02 15.22-25.57 32.26-152.25
Ant 85.3 1100 469 245 1.70-3.39 2.17-3.94 3.75-17.15
Fla 600 5100 113 1494 1.95-3.97 2.79-4.38 7.31-24.79
Pyr 665 2600 153 1398 2.82-5.81 2.05-3.13 2.26-24.76
BaA 261 1600 74.8 693  0.00-0.02 0.00 0.01-10.57
Chr 384 2800 108 846 0.00-2.82 0.19-0.27 1.76-14.19
BaP 430 1600 88.8 763  0.00-0.87 0.00-0.01 0.17-2.95
DBahA 634 260 6.22 135 0.00-0.09 0.00-0.73 0.00-0.62

Note: Nap: naphthalene, Ace: acenaphthene, Acy: acenaphthylene, Flu: fluorene, Phe:
phenanthrene, Ant: anthracene, Fla.: fluoranthene, Pyr: pyrene, BaA: benz[a]anthracene,
Chr: chrysene, BaP: benzo[a]pyrene, DBahA: dibenz[a,h]anthracene.

PEL) at stations R3 and T-B1, indicating that occasional adverse bio-
logical effects are likely to occur for such compounds at the 3 stations.
In the other stations, naphthalene, acenaphthene, fluorine and phe-
nanthrene concentrations were below ERLs/TELs. It may be concluded
that PAHs will not cause immediate adverse biological effects in the
sedimentary environment in the YRE and adjacent coastal area. On the
whole, the ecosystem risk of PAHs studied there was relatively low.

4. Conclusion

The levels of AHs concentration (X£n-C;,_34) in estuarine samples
were higher than that of the riverine sediments and the offshore area
transect. PAHs in surface water levels exhibited the following order
from high to low: river inflows > marine area > estuary. The AHs
and X16PAHs showed an overall pattern of a seaward decrease for
section B, which is consistent with the seaward decrease in autogenous
organic carbon. The results illustrated that lower PAHs concentrations
(537.42 + 200.11 ng/L) were observed in water during the flooding
season, while higher PAH concentrations (1539.12 * 161.51 ng/L)
occurred in water during the dry season. Additionally, PAHs in water
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were primarily in the dissolved phase form during the flooding season,
while during the dry season they were mainly in the dissolved and
particulate phase forms. The concentrations of PAHs in the sediment
and SPM from the YRE and adjacent coastal area are relatively low
compared to those in other estuaries around the world. The isomeric
ratios of PAHs indicated that coal combustion, petroleum combustion
and spilled oil were dominant in the sediments of the YRE and adjacent
coastal area. The spatial distribution of the LMW/HMW ratio and CPI in
sediments is mainly controlled by the mixing inputs of terrigenous and
marine components. The hopane and starane patterns further con-
firmed the presence of pollutant inputs from petroleum, as already
suggested by the presence of UCM, pristane and phytane. Overall
toxicity assessments suggested that PAH exposure was at a low poten-
tial in terms of the eco-toxicological effects on organisms in the YRE
and adjacent coastal area. No simultaneous collection of PAHs in the air
was done in this study. It is necessary to better understand the migra-
tion and transformation process of PAHs in the air-water-sediment
systems samples, so it is necessary to strengthen the research in this
field.
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