Environ Sci Pollut Res (2018) 25:2830-2841
https://doi.org/10.1007/s11356-017-0500-6

@ CrossMark

RESEARCH ARTICLE

Combining stable carbon isotope analysis
and petroleum-fingerprinting to evaluate petroleum
contamination in the Yanchang oilfield located

on loess plateau in China

Yiping Wang' - Jidong Liang'? - Jinxing Wang' - Sha Gao'”

Received: 23 April 2017 / Accepted: 17 October 2017 /Published online: 15 November 2017

© Springer-Verlag GmbH Germany 2017

Abstract This study evaluated petroleum contamination in
the Yanchang (Shaanxi Yanchang Petroleum (Group) Co.,
Ltd.) oilfield, located in the loess plateau region of northern
Shaanxi, China. Surface soil and sediment samples were col-
lected from the wasteland, farmland, and riverbed in this area
to assess the following parameters: total petroleum hydrocar-
bon (TPH), n-alkanes, polycyclic aromatic hydrocarbons
(PAHs), and carbon isotope ratios (5"3C). The results showed
that TPH and PAH levels in the study area were 907-3447 mg/
kg and 103.59-563.50 ng/kg, respectively, significantly
higher than the control samples (TPH 224 mg/kg, PAHs be-
low method quantification limit, MQL). Tests using 513C to
detect modified TPH (2238.66 to 6639.42 mg/kg) in the
wastelands adjacent to the oil wells revealed more significant
contamination than tests using extraction gravimetric analysis.
In addition, “chemical fingerprint” indicators, such as low to
high molecular weight (LMW/HMW) hydrocarbons, carbon
preference index (CPI), and pristine/phytane (Pr/Ph), further
confirmed the presence of heavy petroleum contamination
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and weathering. This has resulted in a nutrient imbalance
and unsuitable pH and moisture conditions for microbial met-
abolic activities. This study evaluates petroleum contamina-
tion, which can inform contamination remediation on a case
by case basis.

Keywords Total petroleum hydrocarbon (TPH) - N-alkanes -
Polycyclic aromatic hydrocarbons (PAHs) - Carbon isotope
ratios (5'°C) - Loess

Introduction

The Yanchang oilfield is located in the loess plateau region in
the northern part of Shaanxi, China. In the past 20 years, pe-
troleum production from this field has increased rapidly, from
one million tons to more than 12 million tons per year.
Yanchang has become one of the most important energy pro-
duction bases in China. Unfortunately, environmental pollu-
tion has accompanied this petroleum extraction, leading to the
accumulation of persistent petroleum compounds in the envi-
ronment. Further, soil erosion is a serious problem in the
Loess Plateau, due to its fragile ecosystem. As a result, con-
taminated soils can become a pollution source, allowing con-
taminants to spread on a large scale. There have been few
reports about petroleum contamination in this area.
Therefore, petroleum pollution investigations are needed to
drive prompt risk management and petroleum contamination
remediation.

Petroleum is a complex mixture, composed of alkanes,
aromatics, resins, asphaltenes, and other organic matter
(Salanitro et al. 1997). Some petroleum compounds are
known to have carcinogenic, mutagenic, and teratogenic ef-
fects. As such, many countries have classified petroleum as a
type of hazardous compound (Huang et al. 2016, Zhou et al.
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2011). Petroleum and its derivatives are released into the en-
vironment during petroleum extraction, storage, transporta-
tion, and production processes. They enter plants and animals
through the food chain, further threatening the ecosystem and
human health.

Previous investigations have indicated that petroleum resi-
due concentrations in the heavily contaminated area of an
oilfield can reach 4-20%, or 50—1000 times greater than the
environmental background value (Liang et al. 2012).
Petroleum composition significantly changes after a long nat-
ural attenuation period in soil ecosystems, but it is difficult to
evaluate these changes (Quatrini et al. 2008; Shi et al. 2017).
After the petroleum is released into the environment, its com-
ponents degrade significantly as a result of physical, chemical,
and biological factors. The biodegradation is believed to dom-
inate the long-term residual degradation process (Nocentini
et al. 2000).

Petroleum biodegradation involves two main processes:
anabolism and catabolism. Some petroleum is transformed
into a microbial biomass, and some is completely mineralized
into carbon dioxide (CO,) and water (H,O). However, some
organic exometabolites cannot be used by microorganisms,
and remain as persistent organic pollutants. Of the petroleum
components, n-alkenes are considered the most easily biode-
gradable compounds, while polar components are more resis-
tant to biodegradation. As a result, polar components contain
resin and asphaltene that accumulated in the environment
(Atlas and Hazen 2011).

A powerful analysis tool is needed to assess the level of
petroleum contamination, attenuation, and accumulation in
the environment. Petroleum-fingerprinting provides informa-
tion about the source and extent of petroleum degradation
using gas chromatography/mass spectrometry (GC/MS).
This tool analyzes the characteristic components identified
in the petroleum (Douglas et al. 1996; Wang et al. 2012).
For example, n-alkane distribution indices, carbon preference
index (CPI), n-C,4/pristane (Pr), and n-C;g/phytane (Ph) are
used to indicate biogenic and petrogenic sources of petroleum
and their degradation processes (Gao et al. 2007; Tran et al.
1997; Zheng and Richardson 1999). N-alkanes and PAH con-
centrations can be used to assess contamination levels (Teng
et al. 2015). All of these parameters are analyzed after
extracting the samples using special solvents; as a result,
non-extractable petroleum fractions are not included in the
determination. Ziakun et al. (2014) reported that the ratio of
stable carbon isotope distribution (**C/'*C) in the organic car-
bon of petroleum differs from the ratio in uncontaminated soil.
Thus, it can be used as a natural isotope to quantify non-
extractable petroleum residues.

This study investigated petroleum contamination in the
loess of the Yanchang oilfield, using a combination of
petroleum-fingerprinting and stable carbon isotope analysis.
Surface soil and sediment samples were collected from

wasteland, farmland, and riverbed areas, and samples were
analyzed for TPH, n-alkane, PAH, and 5'3C levels, and phys-
iochemical properties. Furthermore, modified TPHs in the
wasteland were detected using stable carbon isotope analysis,
and petroleum-fingerprinting assessed the attenuation and ac-
cumulation of different components in the loess. This work
offers important background information to inform petroleum
pollution remediation in this area.

Materials and methods
Sampling site background

The sampling sites were located in the Yan River drainage
area in the loess plateau region of northern Shaanxi, China.
This region has a semi-arid continental climate, with an aver-
age annual precipitation of 470 mm. Most of the rain falls in
June and September. The average annual temperature ranges
from 7.87 to 10.60 °C. The soil type is classified as typical
loessal soil, which is easily eroded, causing nutrient deficien-
cy. Vegetative coverage is sparse in this area, due to the cli-
matic conditions and geological characteristics.

Sample collection and preparation

The study was conducted in October 2015. Table 1 describes
the sample sites with serial numbers, locations, and durations
of oil wells. The samples identified as O-1 to O-5 came from
wasteland sampling sites, adjacent to active oil wells. Samples
N-6 and N-7 came from wasteland sampling sites adjacent to
waste oil wells. Samples F-8 and F-9 came from the corn and
radish farmland. Samples S-10 to S-13 came from the riverbed
of the Yan River, which flows through the Yanchang oilfield.
Uncontaminated soil samples were collected from an undis-
turbed area in this region, and were used as a background
reference.

Each surface soil sample was collected from the same
depth (0—10 cm) and consisted of a homogeneous mixture of
five subsamples collected on a diagonal at each site. Samples
were stored in sterilized bags, transported to the laboratory,
and refrigerated at 4 °C prior to experimental analysis. Before
analysis, samples were air-dried at room temperature, and
were passed through an 80-mesh sieve to remove large
particles.

Analysis methods
Physiochemical properties of soil and sediment
The pH values of the samples were analyzed using a pH meter

(OHAUS ST2100/3C Pro-B, USA) in a soil and deionized
water suspension (1:2.5 soil weight/water volume). Total
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Table 1  Basic information of the sampling sites in Yanchang oilfield, China
Sample no. Type of sample Detail information of the sampling sites Geographic coordinate
Latitude (N) Longitude (E)

O-1 Soil Wasteland adjacent to Liujiagou Oilwell (1992-2015) 36°41'21.23" 109° 41’ 54.26"
0-2 Wasteland adjacent to Piangiao Oilwell (2000-2015) 36° 38 39.70" 109° 41" 40.01"
0-3 Wasteland adjacent to Fengfuchuan Oilwell (2007-2015) 36° 40" 19.42" 109° 38" 34.96"
0-4 Wasteland adjacent to Nanniwan Oilwell (2010-2015) 36° 35 31.98” 109° 36’ 37.44"
0-5 Wasteland adjacent to Xiatonggou Oilwell (2015-) 36° 42' 04.85" 109° 35" 53.10"
N-6 Wasteland adjacent to Nanniwan Oilwell (1987-2014) 36° 32’ 04.30" 109° 32 23.67"
N-7 Wasteland adjacent to Xiatonggou Oilwell (1992-2004) 36°41' 30.13"” 109° 41' 54.26"
FL-8 Soil Farmland with corn, near to Fengfuchuan Oilwell (2007-2015) 36° 41' 06.75" 109° 35’ 33.10”
FL-9 Farmland with radish, near the Nanniwan Oilwell (1987-2014) 36° 33" 18.30" 109° 32’ 28.67"
S-10 Sediment Yanhe Riverbed, near to Fengfuchuan Oilwell (2007-2015) 36° 40" 44.75" 109° 40’ 10.94"
S-11 Yanhe Riverbed, near to Xiantonggou oil-wastewater treatment plant 36° 37" 40.49" 109° 32’ 33.09"
S-12 Yanhe Riverbed, near to Yaodian wastewater treatment plant 36° 44" 42.25" 109° 32" 35.10"
S-13 Yanhe Riverbed, near to abandon of Xiatonggou Oilwell (2015-) 36° 32" 04.30" 109° 41" 54.26"
P-14 Petroleum Dominated by Yanchang Oilfield, Yan’an, Northern Shaanxi, China 36° 41' 04.65" 109° 37’ 54.10"
B-15 Soil Wasteland lack of vegetation and far from the oil wells 36° 48' 03.30" 109° 54" 34.16"

organic carbon (TOC) was determined using the potassium
dichromate dilution heat colorimetric method (Karvelas et al.
2003). Total nitrogen (TN) was analyzed using the Kjeldahl
method. Total phosphorous (TP) was measured colorimetri-
cally as molybdovanadate phosphoric acid (Wang et al. 2010).
Gravimetric moisture was measured after drying the soil at
105 °C for 24 h (Koponen et al. 2006).

TPH, saturates, aromatics, and polar components

An aliquot (ca. 5 g) of each sample was extracted with 20 mL
dichloromethane using ultrasonication for 15 min; the extract
was then centrifuged for 10 min at 4000 r/min. This procedure
was repeated three times to generate the final petroleum hy-
drocarbon extract. Half of the extract was concentrated into a
dry substance, using a rotary evaporator at 40 °C. The TPH
level was then determined gravimetrically. The other half of
the extract was separated into saturates, aromatics, and polar
components using column chromatography with a silica gel
alumina column (30 cm x 10 mm i.d). Saturated and aromatic
fractions were eluted with n-hexane and n-hexane/DCM (1:1
v/v), respectively; saturated, aromatic, and polar component
levels were then determined gravimetrically.

N-alkenes and PAHs

The separate saturated fractions generated by the process
above were analyzed using an Agilent 6890 GC, with a HP-
5 fused silica capillary column (30 m x 0.25 mm i.d. x 0.25-
mm-thick film) connected to an Agilent 5973 mass selective
detector to obtain information about n-alkanes. The GC oven
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temperature was programmed as follows: 70 °C for 1 min,
followed by a temperature increase of 4 °C/min to an increase
of 300 °C, held for 5 min. The injector and interface temper-
ature was set at 280 °C. An m/z 57 was used to determine
aliphatic hydrocarbons. Peak levels of individual alkanes were
used to determine their respective concentrations in the sam-
ples. Quantification was performed using external hydrocar-
bon mixture standards, ranging from n-Cg to n-Cyg.

Similarly, the aromatic fractions were separated as de-
scribed above; 16 PAHs identified by the US Environmental
Protection Agency (USEPA) (Havelcova et al. 2014) were
analyzed using an Agilent 6890 GC with a HP-5 fused silica
capillary column (30 m x 0.25 mm i.d. x 0.25 mm film thick-
ness), connected to an Agilent 5973 mass selective detector.
The GC oven temperature was programmed as follows: 60 °C
for 2 min, followed by a temperature increase of 3 °C/min to
290 °C, held for 5 min. The PAHs were determined using
selected ion monitoring (SIM). SIM acquisition was carried
out by comparing the base peak of each PAH.

Organic carbon isotope (5'°C) analysis

Organic carbon isotope ratios (5'>C) of the samples were mea-
sured using a MAT 251 gas mass spectrometer (Thermo
Finnigan, Germany) with a dual inlet system. Approximately
2 g of each sample was combusted for 4 h at 850 °C in a
vacuum-sealed quartz tube in the presence of Pt, cupric oxide,
and copper. The CO, gas was extracted and cryogenically
purified, and the isotope composition of the extracted CO,
gas was then analyzed. A routine laboratory work standard
with a known 5'3C value was also measured each day. The



Environ Sci Pollut Res (2018) 25:2830-2841

2833

analytical precision with the standards (MAT 251) was 0.2%eo.
The quantitative levels of '*C and '°C isotopes in specimens
were characterized using a ratio of peak intensities of m/z 45
(1*C'°0,) and 44 (**C'°0,) in the mass spectrum of CO,. The
amounts of carbon isotope '*C were measured in relative units
(63C, %o):

813C = (Ryu/Ry—1) x 1000%o (1)

In this expression, Ry, = ("*C)/(**C) was the >C/**C iso-
tope distribution ratio determined for the specimen, and
R,; = (3C)/(**C) was the same ratio for the Pee Dee
Belemnite international standard. Each CO, specimen was
analyzed in three replicates; the standard error was + 0.1%eo.

Statistical analysis
Statistical analyses were performed using SPSS version 19.0
for Windows (SPSS, Germany). The Pearson correlation co-

efficient () was calculated to determine the relationship be-
tween soil physiochemical parameters and TPH.

Results and discussion

Petroleum contamination and the environmental impact
Concentration of TPH

Analysis of variance (ANOVA) showed that the TPH concen-

trations in different samples were significantly different
(p < 0.05). Table 2 shows that TPH concentrations (1607—

3447 mg/kg) were 7.27-14.45 times higher in the wasteland
adjacent to seven oil wells than in the uncontaminated soil
(224 mg/kg). The levels were significantly higher than the
local soil safety limit (500 mg/kg). The loess plateau in north
Shaanxi has a temperate continental monsoon climate with a
mean annual rainfall of 470 mm. The natural vegetation is
sparse, the ecosystem is fragile, and soil erosion is common.
As such, contaminants spread as the soil erodes, leading to a
wider area of petroleum pollution. This study found that TPH
concentrations in the farmland and river sediment were 800—
1000 and 1400-2200 mg/kg, respectively. These values are
significantly higher than background values (224 mg/kg)
(Table 2). Liang et al. (2012) reported TPH concentrations
of 700—4000 mg/kg in the loess plateau region (34° 20" N,
107° 10" E), similar to TPH pollution levels in this study.

In short, the soil and river in the Yanchang oilfield in north-
ern Shaanxi of China were found to be significantly contam-
inated by petroleum. Oil wells in the Yanchang oilfield dot the
farming area, creating significant potential hazards for human
beings from widespread petroleum contamination. Many
studies have shown that petroleum contamination leads to
short- or long-term acute or chronic toxic effects on human
and ecosystem health (Labud et al. 2007; Peng et al. 2009).
Thus, effectively controlling or remediating petroleum pollu-
tion at specific sites is critical.

Composition of saturates, aromatics, and polar components

In general, the residual petroleum in soil were composed of
saturates, aromatics, and polar component fractions (i.e.,
resins and asphaltenes). The percentage levels of saturates, ar-
omatics, and polar components among seven wasteland soils

Table 2 TPH concentration and physiochemical properties of the samples collected in Yanchang oilfield, Northern Shaanxi, China

Sample no. TPH (mg/kg) TOC (g/kg) pH Moisture (%) TN (g/kg) TP (g/kg) C/N C/P
B-15% 224 +30.33 5.07+1.11 8.71 £0.21 933+2.33 0.44 +0.07 1.07+0.24 11.52 4.74
0O-1 1607 = 149.93 724 +2.07 8.36 £0.33 842 +243 0.35+0.10 1.05+0.22 20.69 6.90
0-2 2153 +143.80 7.56 +2.38 8.31+£0.29 11.61 £3.21 0.37+0.18 0.99 +0.31 20.43 7.64
0-3 2593 +177.67 7.92+£3.01 8.26+0.18 11.22 £2.57 0.37 +£0.05 0.94 £0.11 21.41 8.43
0-4 3447 +203.45 9.79 £3.76 8.18£0.40 13.43 £2.11 0.30 £ 0.07 0.94 +0.30 32.63 10.41
0-5 1733 £113.67 6.26+1.18 8.50+£0.20 9.07 £3.47 0.33 +£0.07 0.86 +0.10 18.97 7.28
N-6 2080 + 129.87 7.52+2.01 8.25+0.19 3.01 +1.61 0.39 +0.08 0.89+0.12 19.28 8.45
N-7 1780 £ 101.55 8.58 £1.78 8.37+0.21 14.64 +3.87 0.41 +£0.11 0.81 £0.27 20.93 10.59
FL-8 907 +77.86 9.55+2.39 8.99 £0.31 23.08 £4.07 1.82+0.18 3.07+0.51 5.25 3.11
FL-9 1027 £ 67.87 9.85+1.76 9.01 £0.33 20.91 £5.21 2.05+0.29 3.22+049 4.80 3.06
S-10 1993 +133.47 933 +1.01 8.21 £042 57.91 + 8.49 0.44 +0.06 0.97+0.10 21.20 9.61
S-11 1540 £ 124.56 591+1.77 8.58 £0.25 50.17 £9.21 0.32+0.07 0.98 +0.12 18.46 6.03
S-12 2287 + 187.79 12.81 £2.87 8.02 +£0.32 2091 £5.29 0.67 +0.06 1.33+0.33 19.12 9.63
S-13 1860 = 167.77 10.33 £3.40 847 +0.27 57.91 £9.01 0.58 +£0.14 2.34+0.38 17.81 441

#B-15 as uncontaminated soil sample can be used as background reference. The data are average values (n = 5) with standard deviations
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adjacent to the oil wells were significantly different (p < 0.05).
Figure 1 shows that saturates were the main component, ac-
counting for more than 50% of the total petroleum residues in
all contaminated soils. Variations in the residual petroleum
composition showed that the saturated hydrocarbon fraction
gradually decreased from 79.67% (O-5, 2015-) to 62.24%
(N-6, 1987-2014) as the duration of oil well use lengthened
(older wells had a smaller saturated hydrocarbon fraction).
However, polar component fractions significantly accumulat-
ed in the soil, from 5.03% (O-5, 2015-) to 13.68% (N-6,
1987-2014) over the duration of oil well use. In addition,
the aromatic fractions accumulated slightly, with an average
value of 21.49% in the contaminated soil, compared with the
fraction in the petroleum (16.59%).

Different petroleum components showed different
weathering behaviors. The saturates were the main component
of'the total petroleum residues in the wasteland adjacent to the
oil wells; their concentration gradually decreased as the age of
the oil wells increased. Aromatics and polar components ac-
cumulated as the age of the oil wells in the wasteland sites
increased. Polar components accumulated more rapidly than
the PAHs did. Some studies have found that saturated hydro-
carbons are easily degraded, followed by aromatic hydrocar-
bons. In contrast, the stability of polar compounds makes
them recalcitrant toward degradation (Atlas and Hazen 2011).

Our results are consistent with these references, as natural
attenuation of petroleum occurred in each location, resulting
in partial saturate removal. Polar components persist in the
environment, leading to their accumulation over time as con-
tamination continues. Fedorak and Westlake (1981) noted that
increases in polar compounds in soil may result from the gen-
eration of polar biological metabolites during biodegradation.
Thus, both recalcitrant polar components in petroleum, and
polar biological metabolites from petroleum biodegradation,
contribute to the accumulation of these compounds.
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Fig. 1 Percentage content of saturates, aromatics, and polar components
in the wasteland soil adjacent to oil wells
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Physiochemical properties of soil affected by petroleum
pollution

Weathered oil residues that have been present in soil for long
periods may cause changes in soil physiochemical properties,
impacting soil quality (Sarkar et al. 2005). Characterizing oil-
contaminated soil is a crucial step in remediating it (Mao et al.
2009). Table 2 lists the TPH concentrations and physiochem-
ical characteristics for the soil and river sediment in the
Yanchang oilfield. The samples collected from the wasteland
adjacent to oil wells contained significantly (p < 0.05) higher
TPH concentrations (1607-3447 mg/kg) and TOC (6.26—
9.79 g/kg) than the uncontaminated soil (TPH concentration
of 224 mg/kg; TOC concentration of 5.07 g/kg). In contrast,
TP and TN in the contaminated soil samples were slightly
lower than the background soil. This increased the C/N
(18.97-32.63) and C/P (6.90—-10.59) ratios of the contaminat-
ed samples compared to the background samples
(C/N=11.52, C/P =4.74). In addition, the pH of the contam-
inated soil (8.18-8.50) was slightly lower than in background
samples (8.71).

The study area is located in the drought/semi-drought loess
plateau; as such, all the wasteland soil samples had a relatively
low moisture level, with an average value of 10.09%. In con-
trast to the wasteland, the farmland samples had only slight
TPH contamination, at concentrations of 800—1000 mg/kg.
Crops grow in this area. As such, organic carbon, N, and P
inputs from plants lead to higher TOC (9.55-9.85 g/kg), TN
(1.82-2.05 g/kg), and TP (3.07-3.22 g/kg) in the soil than
seen in the wastelands. The pH levels in the farmland samples
were slightly higher than in the wastelands, and the moisture
levels were significantly higher than the background levels.
River sediments were also contaminated with petroleum, with
TPH concentrations of 1540-2287 mg/kg. In contrast with the
soil samples, the pH values of the sediment samples were
nearly neutral.

TOC contains all forms of organic carbon, including petro-
leum hydrocarbons and other natural organic matter from
plant or microbial biomass (Wang et al. 2013). This study
found that the TOC values in the contaminated soils were
significantly (p < 0.05) higher than in the uncontaminated
background soil. TOC was significantly (p < 0.05) positively
correlated (» = 0.771) with TPH (Table S4) in the soil samples
adjacent to the oil wells. Hence, the higher TOC at the con-
taminated sites may be due to petroleum input. This result is
consistent with other studies (Wang et al. 2010). Gianfreda
et al. (2005) found that organic carbon can be mostly attribut-
ed to the presence of organic waste, rather than organic bio-
mass in the soils polluted by petroleum.

The pH value is a significant variable in soils because it
impacts many chemical and biological processes. Previous
studies have found that the optimal soil pH to biodegrade
hydrocarbon contaminants in soils is 7.0-7.8 (Liang et al.
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2012). However, the pH of this study’s investigation area was
alkaline (ranging from 8.18-8.71). Although the pH of the
contaminated soil was slightly lower than background values,
the values remained alkaline. This finding aligns with Liang
et al. (2012), who reported that soils in most oil fields in
northern China are alkaline, with decreased pH values ob-
served in petroleum-contaminated soils.

In this study, pH was significantly (p < 0.05) negatively
correlated with TPH (» = —0.795) and TOC (» = —0.758)
(Table S4). This correlation may be due to the
microbiodegradation of petroleum. In the biodegradation pro-
cess, microorganisms produce carboxylic acid intermediates,
which decrease soil pH (Leahy and Colwell 1990). There are,
however, conflicting studies that found a significant increase
in pH in crude oil-contaminated soil (Bauder et al. 2005).
Chemical reactions between petroleum and soil elements
may cause this variation in pH (Sun and Zhou 2007). Lauber
etal. (2009)) highlighted that pH changes in the soil caused by
petroleum contamination might affect the soil’s physiochem-
ical and biological properties, inhibiting microbial metabolic
activities outside the optimal pH range. As such, assessing pH
values in oil-contaminated soil is critical in evaluating reme-
diation techniques.

Nitrogen and phosphorus levels in soil indicate soil fertility,
which influences the microbial degradation of petroleum. In
the petroleum-contaminated sites, TPH can increase the car-
bon levels in soil, influencing nutrient equilibrium (Braddock
et al. 1997; Wang et al. 2010). This study found that TN and
TP were lower than in the uncontaminated soil (0.44 and
1.07 g/kg). This may be due to nutrient consumption during
the microbial biodegradation of TPH. As a result, the C/N and
C/P ratios increased in the contaminated soil.

Loess lacks TN, but is relatively abundant with TP; signif-
icant soil erosion in the loess plateau region may decrease soil
fertility with less TN. Therefore, petroleum contamination
will lead to nutrient imbalances in the loess. The lack of ni-
trogen limited the organic contaminant biodegradation by in-
digenous microorganisms. Generally, efficient bacterial

growth requires optimal C/N and C/P ratios of 10:1 and
30:1, respectively (Oudot and Dutrieux 1989). However, this
study’s results indicate that crude oil contamination was asso-
ciated with suboptimal nutrient levels, with C/N at 18.97—
32.63 and C/P at 6.90-10.59. Previous studies indicate that
petroleum hydrocarbon degradation rates could be increased
by adding supplemental nutrients, particularly nitrogen. This
suggests that particular attention should be paid to nutrient
adjustments before bioremediating oil-contaminated fields
(Braddock et al. 1997).

Moisture is also a key factor influencing petroleum biodeg-
radation. Usually, petroleum contamination lowers soil mois-
ture, because petroleum hydrocarbon compounds absorbed on
soil capillaries and pores make the soil more hydrophobic
(Masakorala et al. 2014). In this study, the average soil mois-
ture in the wasteland was 10.09%, which was significantly
lower than in the farmland (average moisture of 22.00%).
This may be because crop growth supports water conserva-
tion. Heavier petroleum contamination in the wasteland ag-
gravates water loss. Furthermore, the Yanchang oilfield is in
the drought/semi-drought loess plateau, where soil and water
erosion naturally occurs. As such, soil water content is also a
typical constraint impacting petroleum biodegradation in the
loess plateau.

Stable carbon isotope composition and modified TPH

Table 3 shows the stable carbon isotope distribution in the soil
samples collected from the wasteland adjacent to the oil wells.
The §'°C,,, values represented the stable carbon isotopes in
the samples’ organic matter, and ranged from — 29.02 to
—24.67%o in the contaminated soil samples. These ratios were
significantly (p < 0.01) different from the levels in the samples
derived from petroleum (— 32.02%o) and the background soil
(— 23.03%o). The 6" Corg values in the contaminated soil may
have been slightly depleted by petroleum contributions. The
613Cextra_0rg value represents the ratio of stable carbon isotopes
in the soil samples after extraction by dichloromethane; the

Table 3 Stable carbon isotope

composition of organic Sample no. Life of the &' Corg (%0) 5" Cexira-org (%0) Partition Modified TPH

compounds, partition coefficients, adjacent oil well coefficient (mg/kg)

and the modified TPH in the -

wasteland soil adjacent to oil X X

wells
N-7 1991-2004 —24.70 —24.20 18.58 13.01 5937.59
N-6 1987-2014 —25.33 —24.30 21.91 14.13 5857.68
O-1 1992- —25.40 —24.20 26.36 13.01 3173.07
0-2 2000- —26.40 —25.29 37.82 2514  6421.64
0-3 2007- —27.10 —25.51 4527 2759  6639.42
0-4 2010- —29.02 —25.80 66.63 30.81 6411.88
0-5 2015- —24.67 —23.40 1824 412 2238.66

a Petroleum: 5'> Corg = — 32.02%0. Background soil (B-15): 513 Corg = =23.03%o0
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value was significantly lower in the contaminated samples
compared to the uncontaminated background soil.

The wasteland sampling sites were adjacent to the oil wells
in the loess plateau region. No other industries besides the
petroleum industry contribute organic contaminants to the
loess, and there are few plants on the wasteland. These condi-
tions support the assumption that the organic carbon isotopes
in the contaminated wasteland soil are derived solely from
petroleum and the soil organic matter. The isotopic mass bal-
ance is presented as Egs. (2) and (3):

o 13 Ccontamnatefsoil =Xd 13 Cpetroleum + ( l_X) d 13 Csoil (2)
d 1 Cextra—contamnate—soil = X* ® 1 Cpetroleum + ( 1-X *) 5 B Csoil (3 )

In this expression, 613Ccontamnate—soil» 613Cextra—contamnate—soils
613Cpemleum, and §'3C,,; are quantitative parameters charac-
terizing, respectively, the '*C isotope amount of total organic
compounds in the contaminated soil, contaminated soil after
being extracted by dichloromethane, petroleum, and the soil
from the background area. X is the portion of petroleum-
derived carbon and (1-X) is the portion of soil-derived car-
bon. X* is the portion of non-extractable petroleum-derived
carbon, and (1-X*) is the portion of non-extractable soil-de-
rived carbon.

Solving the equations for X, X* allows us to determine the
portion of carbon derived from petroleum in the contaminated
soil, and the petroleum residues that cannot be extracted with
solvents. Then, the modified TPH (including both extractable
and non-extractable TPH) is calculated using Eq. (4):

Modified TPH = TPH + non—extractable TPH (4)

Using the definition of the parameters described above, Eq.
(5) is derived as follows:

Modified TPH B X ()
Non—extractable TPH  X*

Then, the modified TPH concentration is quantified by
solving the two simultaneous Egs. (4) and (5), resulting in
Eq. (6):

X
Modified TPH = - | TPH (6)
X-X

Significantly, the modified TPH values obtained through
§'3C analysis were higher than the values measured using the
gravimetric method (Tables 2 and 3). Gravimetric analysis has
been a primary way to assess TPH concentrations and the
petroleum contamination of soil (Mills et al. 1999); however,
previous studies have found that this method has limited effi-
ciency in extracting high molecular weight compounds
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(Douglas et al. 1992). As a result, some non-extractable frac-
tions of petroleum in the soil are not measured using the typ-
ical gravimetric method.

Biodegradation has been assumed to dominate the long-
term petroleum residual degradation process (Nocentini et al.
2000), and many studies (Huang et al. 1997; Mazeas et al.
2002; Sun et al. 2005) have demonstrated that there is no
carbon isotope fractionation in hydrocarbon biodegradation.
In addition, there was a markedly different 5'°C between the
uncontaminated soil (— 23.030%0) and the petroleum
(— 32.015%o). Therefore, the 5'3C value of contaminated soil
can serve as a specific marker to evaluate the extent of petro-
leum contamination. Using §'C to derive the modified TPH
concentration more precisely evaluates soil petroleum con-
tamination. Results suggest that that the contamination in the
study area was more significant than indicated by extraction
gravimetric analysis.

In addition, according to the isotopic mass balance, the
partition coefficients of total petroleum (X) and non-
extractable petroleum (X*) in the contaminated soils were
calculated using Egs. (2) and (3). With the exception of sam-
ple O-5 (2015-), the X and X* values of the samples adjacent
to the active wells (X, 25.83-66.67; X*, 21.69-30.52) were
significantly higher than for the samples collected near non-
working wells (X, 25.62-25.82; X*, 13.91-14.13).

Among the sampling sites near the active oil wells (again,
excluding sample O-5), X and X* values significantly de-
creased as the duration of oil well use increased. The X value
of 66.67 for sample O-4 (2010-) dropped to 25.83 of the
sample for sample O-1 (1992-). The X* value of 30.52 for
sample O-4 (2010-) dropped to 21.69 for sample O-1
(1992-). These results show that X decreased at a faster rate
than X*.

Nevertheless, sample O-5 (2015—) had relatively high
613Corg and 2')13Ce,(tra_Org values compared to other samples.
This resulted in a lower X and X*. This may have resulted
from the introduction of some other stable carbon isotope,
besides petroleum and soil. As a newly established well, the
land near this sampling point was a newly established waste-
land; as such, the plant biomass residue in the soil may con-
tribute to the higher 5'°C value.

This study showed that the 53 Cextra-org levels in the con-
taminated samples were generally lower than levels found in
background soil (— 23.03%o), indicating there were non-
extricable petroleum residues in the contaminated soil samples
(Table 3). Based on the variation in partition coefficients X
and X* with respect to contamination history, the total petro-
leum and non-extractable fractions of petroleum in the con-
taminated soil gradually decreased over time. Non-extractable
petroleum fractions (X*) declined less than the total petroleum
(X) did. This suggests that the non-extricable petroleum resi-
dues were more difficult to degrade than other petroleum
components.
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Table 4  Concentration of n-alkanes and their geochemical indices in different samples collected in Yanchang oilfield, China
Parameter Geochemical indices of samples
Wasteland adjacent to oil wells Farmland River sediment Petroleum
O-1 0-2 0-3 0-4 0O-5 N-6 N-7 FL-8§ FL9 S-10 S-11  S-12  S-13  P-14
> n-alkanes (ng/g) 32.46 60.19 107.27 140.65 2286 1873 1332 1391 1657 1291 3639 2799 3145 /
LMW/HMW 099 051 0388 0.77 095 093 145 023 071 0.85 120 099 194 090
CPI}3 35 1.09 1.3 1.07 1.06 1.05 1.10 1.03 1.06  1.05 1.15 120 094 148 1.08
CPIj3 2 1.08 1.15 1.09 1.01 1.06 124 1.03 1.18 1.05 1.08 1.05  0.78 1.18 1.11
CPly3 35 139 128 135 1.38 1.33 1.23 1.42 1.19 135 1.35 1.71 126 2.8l 1.43
MH l'l-C27 l'l-C29 n-sz, l'l-C27 n-CQ(, n-CZ(, n-C 19 l'l-C27 n-CQ(, n-C 16 n-C 16 n-C 16 n-C 16 n-C27
n-C,/Pr 216  2.07 125 1.39 233 261 260 212 197 230 275 713 259 324
n-C¢/Ph 1.83 1.58 1.03 1.40 207 179 250 1.78 1.35 152 222 657 195 3.8l
Pr/Ph 0.81 0.84 0.76 0.76 082 08 08 056 070 084 086 0.83 093 092

LMW/HMW sum of LMW n-alkanes (n-C;3~n-C,3) over sum of HMW n-alkanes (n-C,3~n-Css), CPI;3_35 0odd to even carbon preference index from n-
Cy3 ton-Css, CPI;3 55 0dd to even carbon preference index from n-C5 to n-C,,, CPL; 35 0dd to even carbon preference index from n-Cy; to n-Czs5, MH
major hydrocarbon, n-C, »/Pr ratio of C,; n-alkane to pristane, n-C,¢/P ratio of C,g n-alkane to phytane, Pr/Ph ratio of pristane to phytane

Concentration and geochemical indices of n-alkanes,
PAHs

Investigating n-alkanes and PAHs confirmed the petroleum
contamination in Yanchang oilfield. The total () alkanes
and PAHs of the contaminated samples varied from 12.91 to
140.65 mg/kg and from 103.59 to 563.50 ng/kg, respectively
(Tables 4 and 5); the background values were below the MQL.
The n-alkane concentrations (Table S4) observed in this study
did not significantly differ from levels seen in surface soils of
the Hunpu wastewater-irrigated area in northeast China
(14.34-55.37 mg/kg) (Zhang et al. 2012).

The USEPA has classified 16 PAHs as priority pollutants;
they are often targeted during environmental sampling and
testing. Table 5 shows that the total concentration of the 16
PAHs in this study (103.59-563.50 ug/kg) was higher than
concentrations detected in the Beiluohe River region in north-
ern Shaanxi (17.7-407.7 ug/kg) (Zhang et al. 2007).
However, the concentration was lower than others detected
at long-term industrial areas in developed countries, such as
near New Orleans, Louisiana, in the USA (647-40,962 ug/kg)
and in the Seine River Basin in France (3390-5690 pg/kg)
(Mielke et al. 2004; Motelay-Massei et al. 2004).

Table 4 lists the N-alkane distribution indices, including
LMW/HMW, CPI, n-C,4/Pr, n-C,3/Ph, and Pr/Ph. The
LMW/HMW values were generally less than 1, with the ex-
ception of samples N7 (LMW/HMW = 1.45), S-11 (LMW/
HMW =1.20), and S-13 (LMW/HMW = 1.94). Samples from
the farmland had a lower LMW/HMW value (0.23, 0.71).

Typically, abundant high-carbon number hydrocarbons, ac-
companied by a small number of low-carbon number hydro-
carbons, indicates heavy petroleum contamination and degra-
dation (Colombo et al. 1989). In this study, lighter-end n-

alkanes (n-Cy to n-C;,) were not detected because of the
weathering processes (Sharma et al. 2002). When petroleum
and its derivatives have many low or high molecular weight
hydrocarbons, they can interfere with LMW/HMW values (de
Oliveira and dos Santos Madureira 2011). Because lower mo-
lecular weight n-alkanes preferentially biodegrade over rela-
tively higher molecular weight n-alkane compounds, LMW/
HMW can be used to recognize the extent of petroleum deg-
radation (Coulon et al. 2004; Sanscartier et al. 2009). The
LMW/HMW ratio is usually close to 1 in petroleum products
(Tran et al. 1997). LMW/HMW ratios lower than 1 indicate
possibly heavy petroleum contamination and degradation in
soil (Zhang et al. 2012).

In this study, the LMW/HMW of samples O-1 (0.99), O-5
(0.95), and S-12 (0.99) approached one (1), suggesting a re-
cent influx of fresh oil (Wang et al. 2006). Lower LMW/
HMW levels were found in samples O-2 (0.51), O-3 (0.88),
0-4(0.77), N-6 (0.93), F-8 (0.23), F9 (0.71), and S-10 (0.85).
This suggests that higher LMW n-alkane biodegradation oc-
curred at these sites (Stout et al. 2002). A higher LMW/HMW
was found in sample N-7 (1.45) adjacent to a waste oil well
that had been used a long time (1992-2004). This result is
consistent with Chang et al. (2010), who found that higher
molecular weight alkanes can be degraded from aged contam-
inated soils by stimulating indigenous microorganisms in cold
climates. The higher molecular weight alkane biodegradation
in aged contaminated soil can also be confirmed by the MH of
sample N-7 as n-C,9. The higher LMW/HMW of samples S-
11 (1.20) and S-13 (1.94) can be attributed to the continuous
input of fresh petroleum (Wang et al. 2006).

CPl is defined as the ratio of odd to even carbon-numbered
n-alkanes. Usually, CPI values near 1 indicate petroleum in-
puts (Petersen et al. 2007); higher CPI values, mostly between
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Table 5 Concentrations of 16 US EPA PAHSs in different samples collected in Yanchang oilfield, China

Compounds PAH concentrations in samples (pg/kg)

Wasteland adjacent to oil wells Farmland River sediment

O-1 0-2 0-3 0-4 0-5 N-6 N-7 FL-8 FL-9 S-10 S-11 S-12 S-13
Naphthalene <MOL <MOL <MOL <MOL <MOL <MOL <MOL <MOL <MOL <MOL <MOL <MOL <MOL
Acenaphthene <MOL <MOL <MOL <MOL <MOL <MOL <MOL <MOL <MOL <MOL <MOL <MOL <MOL
Acenaphthylene <MOL <MOL <MOL <MOL <MOL <MOL <MOL <MOL <MOL <MOL <MOL <MOL <MOL
Fluorene 841 12.58  9.55 11.58 6.73 8.78 2.79 8.52 2.02 3.63 5.12 1631 11.83
Anthracene 3.73 5.57 2.85 4.52 2.59 4.47 1.72 2.38 1.55 1.39 2.01 2.31 6.98
Phenanthrene 59.50 9725 5470 67.16 4888 70.02 3341 63.75 3501 27.82 2652 11744 6191
Fluoranthene 23.55 7825 857 11.06  7.52 21.77 834 11.64  6.01 5.49 6.37 7.21 22.07
Pyrene 2970 79.67 19.02 2849 2039 32.13 898 1129 1577  17.67 8.36 8.84 22.73
Benz[a]anthracene 10.05 1896  3.67 4.61 4.07 11.67  6.55 3.87 3.23 5.61 5.43 4.85 14.26
Chrysene 28.01 6498 1262 68.17 13.60 60.70 13.61 10.81 3251 1076 1273 1296 49.64
Benzo[b]fluoranthene ~ 20.81 47.14 14.60 39.52 10.10 41.48 459 9.76 1495 1111 742 11.35  39.56
Benzo[k]fluoranthene ~ 11.02 2045  9.08 19.87 1089  20.08 7.90 5.09 9.07 5.33 1098  4.09 13.77
Benzo[a]pyrene 1830 5195 1601 41.78 936 46.75  8.82 471 11.08 859 8.86 7.74 29.19
Indeno[1,2,3-cd]pyrene  5.19 33.01 328 8.77 3.72 8.80 2.73 3.07 3.97 4.30 5.39 4.64 12.33
Benzo[ghi]perylene 9.33 46.64 575 11.03  4.67 2286 5.16 2.99 6.46 5.99 7.80 5.73 21.26
Dibenz[a,h]anthracene 591 7.05 5.50 6.94 5.50 9.37 541 3.08 6.07 5.89 6.12 5.83 8.84
Y PAHs 23350 563.50 16520 32325 148.03 358.87 110.01 14097 147.70 103.59 113.11 209.29 314.37
Phe/Ant 1597 1745 1919 1485 1888 1568 1944 26.73 2259 20.05 1320 5091 8187
Fluor/Pyr 0.79 0.98 0.45 0.39 0.37 0.68 0.93 1.03 0.38 0.72 0.76 0.82 0.97

> PAHs = sum of 16 US EPA PAHs, Phe/Ant = phenanthrene/anthracene, Fluor/Pyr = fluoranthene/pyrene, MOL = method quantification limit

3 and 6, indicate that the hydrocarbons originated from vas-
cular plant epicuticular wax (Boehm and Requejo 1986). In
this study, CPI values in the contaminated soil were slight-
ly hlgher than 1 (CPII3_35, 103—110, CPII3_22, 101—124,
CPIl,5_35, 1.19-1.42). This confirmed the dominance of
petrogenic hydrocarbons, with minor biogenic hydrocar-
bons, in the soil (Zheng and Richardson 1999). However,
CPI values in the sediment samples were more complicat-
ed. The CPI of sample S-12 was lower than 1: CPIj3_3;5
was 0.99, CPI;3_,, was 0.94, and CPI,3 35 was 0.78. In
comparison, samples S-10, S-11, and S-13 had higher
CPI values. The CPI,; 35 of sample S-11 was 1.71; the
CPI,3 35 of sample S-13 was 2.81. The lower CPI demon-
strated that n-alkanes in sample S-12 are mainly due to
anthropogenic inputs, whereas the higher CPI in samples
S-11 and S-13 may be due to hydrocarbons from aquatic
biomass (Tanner et al. 2010).

The ratios of n-alkanes over acyclic isoprenoid alkanes
(i.e., n-C7/Pr and n-C,g/Ph) and the Pr/Ph ratio can be used
to identify petroleum sources and assess weathering. The pres-
ence of the isoprenoids (Pr and Ph) confirmed petroleum con-
tamination in the Yanchang oilfield. All samples except sam-
ple S-12 had a lower n-C;,/Pr (1.25 to 2.60) and n-C,g/Pr
(1.03-2.22) than petroleum (n-C,/Pr as 3.24, n-C;g/Pr as
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3.81). With the exception of sample S-13 (0.93), the Pr/Ph
ratios in the contaminated sediments (0.83-0.86) were also
lower than in petroleum (0.92). Acyclic isoprenoid alkanes
degrade with more difficulty than n-alkanes. As such, a lower
Pr/Ph ratio indicates more petroleum degradation in the con-
taminated soil than in soil that is more freshly contaminated
(da Silva and Bicego 2010; Gao et al. 2007).

Pyrolytic PAHs are usually characterized by the dominance
of parent compounds with four or more aromatic rings. In
contrast, petrogenic PAHs are characterized by an abundance
of two to three aromatic ring compounds (Soclo et al. 2000).
Therefore, some molecular ratios, such as phenanthrene/
anthracene (Phe/Ant) and fluoranthene/pyrene (Fluor/Pyr),
have been used to distinguish petrogenic (petroleum) and py-
rolytic contamination sources (petroleum and biomass com-
bustion). A Fluor/Pyr ratio of less than 1 indicates petrogenic
inputs; a ratio greater than 1 indicates pyrolytic sources
(Baumard et al. 1998). A Phe/Ant ratio that is higher than 10
generally indicates petrogenic inputs, whereas a Phe/Ant ratio
less than 10 is typical of pyrolytic sources (Budzinski et al.
1997; Soclo et al. 2000).

In this study, with the exception of samples FL-8 (Fluor/
Pyr = 1.03) and S-13 (Phe/Ant = 8.84), the Fluor/Pyr ratios
(0.38 to 0.98) were less than 1. Phe/Ant ratios (14.85-50.91)
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were higher than 10 (Table 5). Phenanthrene concentrations
were the highest of all the PAHs in all samples, including the
petroleum sample. This points to a petrogenic input into the
thermodynamically stable structure (Baumard et al. 1998),
and suggests that petrogenic PAHs dominate most samples.
Given significant regional soil erosion, it is vital to consider
the potential risks that PAHs pose to nearby agricultural and
aquatic ecosystems.

An unresolved complex mixture (UCM) was detected at all
contaminated sampling sites (Fig. S1). UCM is composed of
alkylated and cyclic compounds, which the GC is not able to
discriminate; as such, they appear as a hump in GC chromato-
grams (Companioni Damas et al. 2009). UCM accumulation
is believed to result from long-term petroleum residual degra-
dation (Mills et al. 1999). Further, all samples contained al-
most identical distributions of steranes and triterpanes, typical
for petroleum (Fig. S2 and Fig. S3). Terpanes and steranes are
ubiquitous in petroleum, and resist biodegradation.

These results indicate high and persistent petroleum inputs
to soil and river sediment in the Yanchang oilfield.
Biodegradation dominated the petroleum’s long-term residual
degradation process; the distribution of different n-alkanes
appears to align with the age of petroleum contamination,
environmental conditions, and the indigenous biomass.

Conclusion

There is significant petroleum contamination in the loess of
the Yanchang oilfield. Tests using 5'°C to detect modified
TPH found more significant contamination, compared to test-
ing done using extraction gravimetric analysis. Soil erosion in
the study area has resulted in petroleum contamination spread-
ing to other ecosystems, including nearby farmlands and riv-
ers. This could create hazards for human beings. Petroleum
weathering occurred at each sampling site, resulting in the
partial attenuation of saturates, the slight accumulation of ar-
omatics, and apparent accumulation of polar components.
“Chemical fingerprint” indicators further confirmed that
heavy petroleum contamination and degradation occurred in
the study area. Weathered oil residues in soil, accumulated
over long periods, may cause nutrient imbalances and unsuit-
able pH and moisture conditions for microbial metabolic ac-
tivities. This petroleum contamination investigation provides
critical insights that can inform site-specific remediation
techniques.
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