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Introduction: Aromatic hydrocarbons such as benzene, toluene, ethylbenzene, and xylene (BTEX) are significant

components of oil products. They can infiltrate groundwater due to s from underground gasoline tanks, storage

tanks, and surface and subsurface oil products and‘uﬁ oil st ies. Compound-Specific Isotope Analysis
pro&ses of degradable pollutants, such as

(CSIA) is recognized as a method for assessing ndtliral a
dy Bk&ntify the sources of oil contamination

hydrocarbons, and for identifying various pollutant sour
in groundwater and evaluate natural attenuation processes I

using CSIA, oil fingerprinting tecRniques, and hydgogeoche

Material and Methods: Th‘y&tu i
exhibit a wide range ann‘g f
LS

be 7.5 x 107> m/s. AmaHig the aqui sent, the uppermost one exhibits the highest level of oil pollution .Due to the

contamination ore of these products .Groundwater samples, floating oil substances from monitoring wells,

and standard oil produgts 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
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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 hydrogeologigal data with stable

isotope analysis significantly enhances accuracy and reliability in identifying the sources of BTE mpounds.
Examination of stable carbon isotopes in toluene, ortho-xylene, and para-xylene in groundwater sam ed a 4%o
depletion of carbon isotopes in ortho-xylene and para-xylene from east to west over a distance of imately 1.5
kilometers in the flow direction, with a correlation coefficient above 80%. Déefletion of othe pounds showed
similar trends but with lower correlations. Thus, geochemical and isotopic results 4 t natural attenuation
processes are occurring in the aquifer. However, these processes are remediate the extent of

contamination, and additional cleanup methods are necessary for effective p
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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 attenua"n in mg/L, s, 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
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Figure 2- Map sh(“ila& loeati mpling points and equipotential lines of oil thickness from August to
, in areas A and B where the leakage occurred.
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Figure 3 - GC-MS chromatograms of two types of gasoline and diesel in above-ground storage tanks (B:
Benzene, T: Toluene, E: Ethylbenzene, p-X: Para-Xylene, 0-X: Ortho-Xylene, n-17: Heptadecane, n-18:
Octadecane, Pr: Pristane, Ph: Phytane, reg: Regular, Eur: Euro).
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Table 2 - Values of 8 1*C and 8’H for BETX compounds in samples fro‘potential po t sources.

Benzene Toluene Ethylbenzene P-Xylene O-Xylene
Sample d13C/12C | d2H/1H  d13C/12C |  d2H/1H d13C/12C = d2H/IH | d13C/12C = d2H/1H | d13C/12C = d2H/1H
Ave. :St,Dev. Ave. iSt.Dev.. Ave. iSt.Dev. Ave. iSt.Dev. Ave. St.Dev. Ave. iSt.Dev. Ave. EStDev. Ave. iSt.Dev.; Ave. iSt.Dev. Ave. 'St.Dev|
Diesel nd. | nd -334 01 -67.0 2.0 nd. nd. nd. = nd n.d. n.d.
Diesel-Eur n.d. nd. -27.4 04 -1135 1.3 nd. ' nd nd. = nd. n.d. n.d.
ATK n.d. n.d. -25.8 0.4 | -51.0 | 7.0 n.d. n.d. n.d. n.d. n.d. n.d.
Kerosene -26.1 0.4 | -53.2 | 2.5 i i i i ; i P
Gasoline -Sup n.d. n.d. V-ZG.S‘ 0.3 -31.5 6.4 -26.9 0.4 .-36.3i 4.4 -ZG.GE 0.5 v-38.6 3.3 -26.35 0.3 -33.6 4.1
Gasoline -26.9 -58.1 | -27.6. 0.2 | -56.5 | 3.5 |-28.3| 0.3 -66.9. 1.8 |-29.4! 0.6 -56.0/ 1.9 !-29.5! 0.5 -62.6 0.8
\ -—
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Table 3 - Values of 3 2H and & 2H for BETX compounds in floating oil samples.



Benzene Toluene Ethylbenzene P-Xylene 0O-Xylene

Sample 513C &2H 513C 52H 513C 52H 513C 82H 513C 52H

Ave. St.Dev. Ave. EShDEv. Ave. §5|.Dev‘ Ave. St.Dev. Ave. ist.DEv‘ Ave. ESLDEV. Ave. St.Dev. Ave. iSt.DEv‘ Ave. §5|.Dev‘ Ave. St.Dev.|
CWO11_FO -234 0.2 nd.  nd n.d. nd.  nd n.d. n.d. n.d. n.d.

CWO026_FO -27.0 0.3 -49.5] 1.4 -30.3] 1.6 |-653/ 0.7 -30.4] 1.6 |-56.0] 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 05 -52.5 05 -33.4 0.7 (-40.5 1.0 -343 03 -43.8 3.5 -31.0 0.1 {-51.1 0.5 -29.7 0.2 {-49.3 0.3
CWO037_FO -26.9 0.5 -56.0; 0.4 -33.4 0.7 \-51.0 0.5 -32.8 0.4 -52.2! 0.4 -30.5 0.3 {-72.0{ 0.7 :-29.5 0.6 {-65.3 3.2
CWO042_FO -25.4 0.1 -71.6; 3.3 -35.2| 0.8 [-39.6. 1.5 -29.2| 0.3 {-76.6 1.5 -29.8/ 0.2 |-30.4 0.9 i-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 nd.  -86.8/ 3.7 -33.2 0.2 -49.6 0.4 -31.9 03 :-504] 14 -31.0: 0.2 -71.2 0.4 -30.0 0.3 :-44.8 13
CWO053_FO -239 0.1 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
CWO058_FO n.d. nd.  nd. n.d. nd. | nd n.d. nd. | nd n.d.
CWO072_FO n.d. n.d. n.d. n.d. nd. 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 -26.8 0.2 n.d. -26.6 1.4 n.d. n.d. n.d. n.d. nd. | nd. n.d.
CWO089_FO n.d. nd. = nd n.d. nd. | nd n.d. nd. | nd n.d.
CWO096_FO n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
CWO0102_FO n.d. n.d. i n.d. n.d. -27.1 0.1 ¢ n.d. -27.21 0.2 n.d. -272.7 05 n.d.
Min. -27.2 -86.8! -35.2 -65.3 -34.3 -76.6! -31.0 -72.0§ -30.0' -67.6
Max. -23.4 -49.5| -26.63 -39.6 -27.1 -43.8; -27.2 -30.43 -27.7 -44.8
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Figure S - Two-dilmensional plot of 6*13C values versus 6"2H values for toluene in floating oil samples
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Figure 6- Two-dimensional plot of !3C values versus 82H values for ethylbenzene, o-xylene, and p-xylene in
floating oil samples indicating a mixture of regular gasoline instead of super gasoline with diesel in area A

03303 21 39 BTEX 95950 sl

IR Jlo 5 i 0550 (e ol loely 1o BTEX wluS 5 8°H 5 88C 53l slots)l FUsar



ot Lo glas oS o 1) il 5l YU mha s oad (5,00 pdiged s ol sy 0 o lis |y a8 S
Jdo 4 BTEX ol 5 sla gyl (5 0 aS sl [S3 a5 p3Y 020 oo )lid (59,008 sl duo 0 Vo g 005 (6l
Sy BaBo g pSoslal cdl o Hllgs 4 Cl 0895 o yiawd )3 abgy o sloald S 055 b (N.D.) aseis 3.5
iy ol srdised ;0 Ol oyhus o lap T LYY s 4 S50 5 i (F Jgaz) a8 se 090 |, S 5
L ol o GC Judows ol a5 wiloass slwlis B ddlaie g (ol oo sols (jlis F S 10 a5 jgbjlen) A dibaie

ol el byl 1Sl s OYgaxe ol (o gl o pled (> u* s o Hlis

D9 oo 0aplive ((Jgene 5 5,92) S50 Elgil 5 (Jyore g o) (nih €95 90 0 GC (slaghSsiley,S

Cs A 3 ).nbl.&o u.d)f J.IAA ).b Lv 9 ‘5..04 uYa_.am 9 g_j 6[.5&4.15.@..: (5'5)5)"‘ L..L‘ o )‘ ov\.aTCA_m ) ) wl_..u‘ »

LS 5 elite oaias i loged ol (Y JSLB) Cel oih dgs s 93 CSIA ENRROR K RPRNRN

5 iy § GC-MS Q}Aﬂ 2l eores ((Jloix] mlio licay

.
2.

ol o dne g ik ATK ol (5l

gl onl ey py <l Dby ol cex
98

o035 @l baigei 3 BETX wluS 3 (g [} 5‘30‘)1&&0 -F Jyo=

Table 4 - ValuesNand &H
il

ompounds in groundwater samples.

Benzene Toluene Ethylbenzene P-Xylene O-Xylene

Sample. s13c | saH 513C 52H 513C 52H 513C 82H | &13C 52H
Ave. %SLDEV‘ Ave. %SLDEV‘ Ave. St.Dev.. Ave. St.Dev. Ave. St.Dev. Ave. St.Dev. Ave. St.Dev. Ave. EStADEvA Ave. ESLDEVA Ave. iSt.DEVA

CWOo10 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

Ccwo11 n.d. nd. | nd. | nd. | n.d. . nd. . nd " nd. n.d. n.d.
CWOo16 n.d. nd.  -260 0.2 -62.1 04 -258 05 -39.2 0.5 -27.0, 0.5 -726 0.8 -27.6 0.3 -62.1 05
cwo24 nd. nd. -268 03 -658 0.8 -267 05 -415 1.2 -27.8! 0.2 -52.6, 0.2 -27.7. 0.1 -42.1} 0.9
CWO26 -25.8 0.2 |-549 3.0 -28.6' 0.6 -66.9 0.5 -280 08 -58.9' 05 -287 0.9 -652 04 -29.5! 09 669 0.1
«|W030 292 01 -59.4 29 255 0.2 -62.4 08 -251 02 -583 12 -244 02 363 16 -27.6! 0.0 -39.3| 55
o [CWO31 -260 0.1 -46.1 0.2 -264 0.1 -503 0.9 -259 0.0 -433 3.1 -264 03 -56.4 0.7 -27.2/ 03 -555 1.0
§ CWO037 |-27.6 0.1 -586 1.5 -28.8 0.2 -63.8 05 -206/ 0.2 -42.7 33 -203' 0.1 -56.0. 1.4 -29.4| 0.2 -48.6 1.6
cwoss n.d. nd.  -259 0.1 nd.  -240 03 -462: 51 -249 00 -54.4: 05 -26.0 0.1 -26.7. 1.5
cwo42 n.d. nd. 242 01 nd 222 0.7 -56. 256 0.1 -66.2! 5.2 -24.0, 02 nd. | nd.

CWO046 -256 0.2 [-381 1.8 n.d. n.d. n.d. nd. nd. nd. nd.
CWO048 |-284 0.0 (-44.5 05 -29.8 04 -59.6. 04 -30.9/ 05 -41.2 14 -31.0 02 -703| 0.8 -32.7 04 -64.4 06
cwo4s n.d. nd.  -27.4 0.0 :-59.9: 0.9 -27.5 0.3 nd.  -27.7, 02 -72.7. 09 -27.6 0.1 -439: 2.2
CWO53 nd. nd | nd  nd | nd  nd  nd | nd 278 03 -67.7. 19
cwoss n.d. nd.  -279 03 -61.3 2.8 -281 0.1 -37.9 2.0 -27.6 0.1 -67.4 1.2 -27.6 0.0 -419 3.7

CWO072 n.d. nd. (264 02, nd | nd | nd -269 03 nd  -277 0.1 n.d.
CWO76 n.d. nd.  -27.0 09 -11.0 2.9 -286 0.9 -353 6.3 -28.1 06 -54.4! 1.0 -27.9 0.5 -30.2| 0.5
o |[CWos2 n.d. nd.  i-247 0.2 -286 29 :-27.2: 05 -32.2 0.8 -275 05 -388 06 -27.3i 03 -85 15

g CWo89 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

N |cwo93 nd. nd. -340 04 nd.  -361 06 nd. -208 10  nd.  -30.1 02 n.d.
CWO096 n.d. nd.  -226 04 -22.7 48 -255 05 -306 65 -279 0.1 -56.1 03 -26.7 0.3 -10.0 4.9
CW0102  n.d. nd.  -21.5 05-150 6.2 -263 0.1 -255: 0.0 -159 0.5 -283{ 0.2 -59. 15

Min -29.2 -59.4 -34.0. -66.9 -36.1 1-58.9 -31.0¢ -72.7 -32.7 -67.7

Max  -25.8 -38.1 -21.5 -11.0 -22.2 -30.6 -24.4 -15.9 -24.0 -5.9
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upstream tank containing JP4, indicating the source of contamination.



b (2 o

a5 Lol st &g (Lo -YY B -V0- I (ORP) iiu.,.mlf - o LaST sl jlase  Sllllas oogaors o

dibie S305 10 ORP zalS el i) 55 3925 5] Sl s oo )+ + 51 j2aS ORP polie 455 4,
Sl el 65len (o (Sislam 4525 589 AT )3 9 (LRl & aisS wnST Ll Sl ks caies (LAS ke
® M55 1 il g S e gilie 1 50 a8 Sl 02,5 00uST (69 D929 o @y Jgl 4z o )°‘ i slel

Gl 03 b Vb S 5 2 BB (29See Sl o e (oo (s culls 5 CO2 3

(-1 S8) o)l oe slbail clSldd g Eh g, ol poss

1 Oxidation Reduction Potential



.
- " 300 y = 138,16 0004 ()
- y = 248.81e7001% EX8 R? = 0.6545 ®
20 [Co X2 R?=0.9913 &0 L
a | Ex32
200 \\‘ 200
= \ =
3 N F]
E1s0 L E 150
=) =) .
8 e 8 ~
100 100 M
\\\\ \\\\
—
50 e B = e
EX13 o EX13
= EX10 b TR =
0 0 —
0 20 40 60 80 100 120 140 160 180 0 100 200 300 400 500 600 700 800 900
NO3 (mg/L) 504 (mg/L)
250 -160
EX32 y =-0.1214x + 218.86 y =0.0231x- 144.06 K
R?=0.9936 'd ARy B0z R? = 0.4892
200 e,
140
L
o 130 Ex36 ®
3150 _ Ex12
£ S -120
g 100 5 -110 Ex39
e EX16 66 °
50 s o Exd1
CEXSO  Exo1 -%0 Ex16
0
0 200 400 600 800 1000 1200 1400 1600 1800 -70
distance (m) 0 500 1000 1500 2000
distance (m)

P )‘ue;f el wgignl (sw)y Hrizren
5P 5 10 )0 oS slaggisnl a5 ol L
© Yl (Son oo b Gl e )0 (S egkS
W1y ogr Dol aas o0 Gl 1) 55 Gl (Keon b Jy sl

3l il it 5wy 25 o 4 Wi o S 338 S

aS e S 313 S92y eipy ol 4oyt g Jole i (Soll e aSl 4y 4 b

Bi> glp b S Slas osgazs yo L;ojﬂ 3 e ol Jlee g aia 4y 08 b L,;{IJ,,.Q Lgl.‘zs..\.:.ﬂj.é
b 5 L s Glde 0 pleend g Sy lahy, Jelt JoSe sla s, 5l sk (Sl Sge
@3;&‘ 6[.90..\)).5 u‘}& 4 g_:‘ﬂ.) 9 uLﬂJe_».v Lgl.buy )‘ O‘?"LFA > wa) UJ‘ )‘ oola_u )é &J"‘)"L‘" .))5 oola_ul
AS oo S ‘99:.»‘

Lngd;g)M&)LHSLé))MmJQ;OOM‘ g5 |)$09>9A6L&3M‘5 ‘9)&

(Zhang et al., 2019)
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