Advanced Environmental Sciences (Adv. Environ. Sci.) 2025, 23(2):393-414

Original Article

Received: 2024.06.04
Accepted: 2024.07.13

ISSN: 2588-6177

Application of CSIA Technique in Differentiating
Sources of Oil Contamination in Groundwater and
Evidence of Natural Attenuation Potential in the
Aquifer

Ali Akbar Shahsavari,”> Hamid Reza Nassery,'* ©® Kamal Khodaei,?

Yaser Nikpeyman?

1 Department of Minerals
and Groundwater
Resources, School of Earth
Sciences, Shahid Beheshti
University, Tehran, Iran

2 Research Institute of

Applied Sciences (RIAS),
ACECR, Shahid Beheshti
University, Tehran, Iran

How to cite this article:
Shahsavari, A.A., Nassery,
H.R., Khodaei, K. and
Nikpeyman, Y., 2025.
Application of CSIA
Technique in Differentiating
Sources of Oil
Contamination in
Groundwater and Evidence
of Natural Attenuation
Potential in the Aquifer.
Adv. Environ. Sci. 23(2):
393-414.

EXTENDED ABSTRACT

Introduction: Aromatic hydrocarbons such as benzene, toluene, ethylbenzene, and xylene
(BTEX) are significant components of oil products. They can infiltrate groundwater due to
leaks from underground gasoline tanks, storage tanks, and surface and subsurface oil products
and crude oil storage facilities. Compound-Specific Isotope Analysis (CSIA) is recognized as
a method for assessing natural attenuation processes of degradable pollutants, such as
hydrocarbons, and for identifying various pollutant sources. This study aims to identify the
sources of oil contamination in groundwater and evaluate natural attenuation processes in a
contaminated aquifer, focusing on BTEX compounds, using CSIA, oil fingerprinting
techniques, and hydrogeochemical data.

Materials and Methods: The hydraulic conductivities, ascertained through slug tests
conducted on 24 monitoring wells, exhibit a wide range spanning from 7.9 x 10 to 1.4 x 107°
m/s. The geometric mean of these values is calculated to be 7.5 x 10> m/s. Among the aquifers
present, the uppermost one exhibits the highest level of oil pollution .Due to the presence of
over 50 above-ground storage tanks and pipeline networks containing oil products such as
gasoline, super gasoline, diesel, Euro diesel, kerosene, jet fuel (JP4) and aviation fuel(ATK),
there is a potential risk of groundwater contamination by one or more of these products .
Groundwater samples, floating oil substances from monitoring wells, and standard oil products
were collected for analysis. BTEX compounds were extracted from water samples. These
samples were then analyzed using GC-MS, GC-IRMS, and ICP-OES. The results were utilized
for chemical and isotopic fingerprinting.

Results and Discussion: Monthly measurements of water and oil levels in monitoring wells
indicated active leaks in both the northern and southern areas. CSIA revealed that in the
northern area, toluene originated from oil products such as kerosene, ATK or jet fuel, regular
gasoline, and diesel. Additionally, stable carbon and hydrogen isotope ratios for ethylbenzene,
ortho-xylene, and para-xylene in Area A indicated that regular gasoline was the source of
contamination in the northern area. $13C and 62H values in floating oil substances and
groundwater samples suggested that in the southern section, toluene originated from high-
octane gasoline. While GC-MS analysis confirmed the presence of ATK, JP4, gasoline, and
diesel, identifying specific types of gasoline and diesel was challenging due to similar GC-MS
chromatographs. To overcome this limitation, two-dimensional compound-specific isotope
analysis was used, which could distinguish differences in isotopic signatures between similar
chemical products like regular gasoline, high-octane gasoline, diesel, and Euro diesel,
particularly through the analysis of carbon and hydrogen isotope ratios in toluene compounds.

Conclusion: The findings of this study indicate that effectively addressing the challenges of
identifying sources of oil pollutants requires the simultaneous use of CSIA and fingerprinting
techniques along with detailed hydrogeological analyses. Relying solely on one method
independently is insufficient. Combining hydrogeological data with stable isotope analysis
significantly enhances accuracy and reliability in identifying the sources of BTEX compounds.
Examination of stable carbon isotopes in toluene, ortho-xylene, and para-xylene in groundwater
samples showed a 4%o depletion of carbon isotopes in ortho-xylene and para-xylene from east
to west over a distance of approximately 1.5 kilometers in the flow direction, with a correlation
coefficient above 80%. Depletion of other compounds showed similar trends but with lower
correlations. Thus, geochemical and isotopic results indicated that natural attenuation processes
are occurring in the aquifer. However, these processes are not sufficient to remediate the extent
of contamination, and additional cleanup methods are necessary for effective pollution removal.
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Fig 1- Study area and location of sampling points for: a) evaluation of natural attenuation of the aquifer, b) source differentiation

(red quadrants), and c) fence diagrams of cross sections (A, B, C) of the aquifer-forming sediments. Groundwater flow direction
(blue arrows), groundwater level equipotential lines (black lines), pollution thickness in September 2022 (colored bands), and
location of above-ground tanks containing ATK, premium gasoline (G_E), gasoline (G), kerosene (K), jet fuel (JP4), diesel (D), Euro
diesel (D_Eu), and fuel oil (FO) are shown.
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Table 1. Chemical parameters of groundwater affecting natural attenuation in mg/L, EC in ps, T in °C, alkalinity in mg/L CaCO3,

and COD in mg/L O2.
Code EC pH T Eh TDS COD NO3 NO2 Ammonia Alkalinity SO4 Sulfide Fe Mn
EX8 1599 7.1 20 134 1075 240 <5 <0.06 0.53 800 <5 <0.05 0.11 225
EX9 1907 7.6 168 118 1282 29 129  <0.06 0.18 550 670 <0.05 <0.05 0.18
EX10 669 7.1 215 87 490 <10 166  <0.06 0.81 475 422 <0.05 <0.05 <0.05
EX11 1215 7.5 221 94 690 13 <5 <0.06 0.79 510 280 <0.05 <0.05 <0.05
EX12 1833 72 222 130 1284 69 160 0.1 0.24 625 475 <0.05 <0.05 0.15
EX13 1147 72 27.0 115 947 17 152 <0.06 14.57 450 807 <0.05 <0.05 <0.05
EX14 1210 85 21.8 94 820 25 <5  <0.06 2.19 300 <5 <0.05 <0.05 <0.05
EX16 1965 74 21.8 95 1015 61 <5 0.5 0.70 785 498 0.08 <0.05 0.27
EX30 1928 74 180 73 1184 21 121  <0.06 0.12 445 589 <0.05 <0.05 0.02
EX32 1088 6.8 23.0 33 733 220 <5 <0.06 0.24 1075 <5 <0.05 3.48 0.63
EX39 2000 6.7 222 117 1100 96 <5  <0.06 0.61 885 65 <0.05 0.48 0.59
EX41 550 72 212 110 620 27 <5 <0.06 0.17 405 557 <0.05 <0.05 1.31
EX45 1248 72 28,0 93 830 42 <5  <0.06 0.45 600 <5 <0.05 <0.05 1.28
EX50 1905 7.5 20.1 108 1221 27 <5 1.3 0.12 750 345 <0.05 <0.05 0.17
EX51 712 75 211 55 486 <10 50  <0.06 0.07 300 261 <0.05 <0.05 <0.05
EX53 1785 7.6 205 101 1216 113 <5 0.4 1.79 665 286 1.00 0.68 1.27
EX59 567 72 212 121 332 1414 <5  <0.06 0.73 660 17 <0.05 0.41 1.34
DWI11 928 88 21.0 - 578 22 <5 <0.06 0.36 105 <5 0.07 0.10 0.05
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Fig. 2- Map showing the location of sampling points and equipotential lines of oil thickness from August to September 2022, in areas
A and B where the leakage occurred.
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Fig. 4 - GC-MS chromatogram of floating oil in sample CWO48 in area A, indicating a mixture of gasoline and diesel.
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Table 2. Values of & '*C and 3°H for BETX compounds in samples from potential pollutant sources.

Benzene Toluene Ethylbenzene P-Xylene O-Xylene
Sample 5 13C 52H 3 13C 82H 3 13C 62H §13C 32H 3 13C 02H
Ave.ESt.Dev.Ave.ESt.Dev. Ave.iSt.Dev.i Ave. St.Dev. Ave.ESt.Dev. Ave.ESt.Dev. Ave.ESt.Dev. Ave.ESt.Dev. Ave.ESt.Dev. Ave.ESt.Dev.
Diesel n.d. nd. 334 0.1 (-67.0{ 2.0 n.d. n.d. n.d. n.d. n.d. n.d.
Diesel-Eur n.d. nd. 274 04 +113.5 1.3 n.d. n.d. n.d. n.d. n.d. n.d.
ATK n.d. nd. 258 04 {-51.0{ 7.0 n.d. n.d. n.d. n.d. n.d. n.d.
Kerosene -26.1i 04 {-532% 2.5
Gasoline -Sup;  n.d. nd. 265 03 (-31.5; 64 269 04 363 44 -26.6 05 i38.6 3.3 1263 03 -33.6 4.1
Gasoline -26.9 -58.1  27.6 02 i-56.5{ 3.5 283 0.3 i-66.9 1.8 294 0.6 -56.0 1.9 i-29.5 0.5 -62.6 0.8
y9bed i glraiged Jo BETX wluS i (51w 87H 98 PC wolio -Y Jouo
Table 3. Values of & 2H and & 2H for BETX compounds in floating oil samples.
Benzene Toluene Ethylbenzene P-Xylene O-Xylene
Sample 3 13C 82H 313C 82H §13C 32H 5 13C 32H 5 13C 32H
Ave.iSt.Dev. Ave.éSt.Dev. Ave.ESt.Dev. Ave.ESt.Dev. Ave.ESt.Dev. Ave.ESt.Dev. Ave.ESt.Dev. Ave.ESt.Dev. Ave.ESt.Dev. Ave.éSt.Dev.
CWOI11 FOi-234; 0.2 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
CWO026_FOi-27.0; 0.3 -49.5; 1.4 -30.3; 1.6 -65.3; 0.7 -30.4; 1.6 -56.05 1.1 -30.2; 0.5 -71.6; 0.4 -28.9; 1.0 -67.6; 0.9
CWO030_FO n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
CWO31_FO-27.2; 0.5 -52.5i 0.5 -33.4i 0.7 -40.5 1.0 -34.3; 0.3 i43.8 3.5 i-31.0; 0.1 -51.1} 0.5 i29.77 0.2 -49.37 0.3
CWO037_FO-26.9; 0.5 -56.0; 0.4 334 0.7 -51.0; 0.5 {-32.8 0.4 i-52.2i 0.4 i-30.5 0.3 i-72.0; 0.7 i-29.5; 0.6 i-65.3; 3.2
CWO042 FO 254 0.1 i-71.60 3.3 352 0.8 -39.6; 1.5 -29.21 0.3 i-76.6 1.5 i-29.8 02 304 09 -27.8 0.2 -52.8 0.7
CWO046_FO n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
CWO048_FO n.d. -86.8; 3.7 -33.2; 0.2 -49.6; 0.4 -31.9; 0.3 -50.4% 1.4 -31.0; 0.2 -71.2; 0.4 300 0.3 -44.8; 1.3
CWOS53_FO -23.95 0.1 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
CWO58 FO n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
CWO72_FO n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
CWO76_FO n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
CWO082_FO -26.85 0.2 n.d. -26.65 1.4 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
CWO89 FO n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
CWO096_FO n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
CWO102_FO; nd. n.d. n.d. n.d. -27.17 0.1 n.d. -27.28 0.2 n.d. -27.7. 0.5 n.d.
Min. -27.2 -86.8 -35.2 -65.3 -34.3 -76.6 -31.0 -72.0; -30. -67.6
Max.  -23.4 -49.5 -26.6! -39.6 -27.1 -43.8; -27.2, -30.4: -27.7, -44.8
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Fig. 5 - Two-dimensional plot of 6*13C values versus 6"2H values for toluene in floating oil samples
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Table 4. Values of $'*C and 5’H for BETX compounds in groundwater samples.

Benzene Toluene Ethylbenzene P-Xylene O-Xylene
Sample | § 13C 82H §13C 62H 6 13C 62H §13C 82H 8 13C 62H
Ave.ESt.Dev. Ave.ESt.DeV. Ave.ESt.Dev. Ave.ESt.Dev. Ave.ESt.DeV. Ave.ESt.Dev. Ave.ESt.Dev. Ave.ESt.DeV. Ave.ESt.DeV. Ave.ESt.DeV.
CWO10 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
CWwWol11 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
CWO16 n.d. n.d. -26.0 0.2 62.1i 04 258 0.5 +39.2 0.5 +27.00 0.5 72.60 0.8 -27.6. 0.3 -62.1i 0.5
CWO024 n.d. n.d. -26.8 0.3 -65.8 0.8 -26.7 0.5 +41.5 12 +27.8 0.2 i-52.61 02 2770 0.1 42.1i 0.9
CWO026:-25.8 0.2 -54.9 3.0 :28.61 0.6 +66.9 0.5 -28.0 0.8 -58.9 0.5 287 09 652 0.4 129.5 0.9 -66.9 0.1
< CWO030:29.2 0.1 -59.4 29 255 02 +624 0.8 25.1i 02 =583 1.2 =244 02 363 1.6 27.60 0.0 $39.3 5.5
2 CWO031:26.00 0.1 -46.1; 0.2 264 0.1 5031 0.9 259 0.0 433 3.1 264 03 564 0.7 272 03 555 1.0
SICWO037:27.61 0.1 586! 1.5 -288 02 :-63.8 0.5 -29.6 02 427 3.3 293 0. -56.0 14 -294 02 486 16
CWO38 n.d. n.d. 2591 0.1 n.d. -24.0. 0.3 +46.21 5.1 249 0.0 544 0.5 -26.0 0.1 +26.7 1.5
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Fig. 7 - Two-dimensional plot of $"*C values versus 8*H values for toluene in groundwater samples. Lower maps indicate the location
of samples in zones A and B.
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