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Abstract Natural attenuation of MTBE and BTEX
compounds in a petroleum contaminated coastal aquifer in
the Tel-Aviv area was investigated. Significant decrease in
MTBE concentration and complete disappearance of
BTEX compounds occur within 100 m groundwater flow.
Highly anaerobic conditions were determined in the close
vicinity to the spill source. In order to examine the con-
tribution of microbial degradation to the attenuation
process at anaerobic conditions, compound-specific carbon
isotope ratio analysis was employed. Carbon isotope
enrichment of toluene up to 2.4% along with the drop in its
concentration up to 80% was observed within 20 cm below
the water table. The lack of isotope fractionation despite
the significant concentration decrease for other studied
compounds indicates significant contribution of abiotic
processes to the natural attenuation.
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Introduction

Petroleum hydrocarbons are among the most common
groundwater contaminants. They enter the subsurface as a
result of leaking underground storage tanks, improper
disposal, or accidental spills. Water soluble fuel compo-
nents such as benzene, toluene, ethyl benzene, xylenes
(BTEX) and methyl t-butyl ether (MTBE) are of utmost
concern from the perspective of human health (Mehlman
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1992). In addition to remediation strategies such as pump-
and-treat, excavation, and air sparging, widely initiated by
man, there is increasing interest in natural attenuation as a
promising alternative (Kostecki and Nascarella 2003).
Natural attenuation includes both non-destructive abiotic
and destructive biotic processes. Undoubtedly, under-
standing these processes is of great importance because this
may, in due course, lead to ability to stimulate them and
enhance their efficiency.

Although, initially, biodegradation of petroleum hydro-
carbons was believed to proceed under aerobic conditions
(Jamison et al. 1975; Smith 1990), anaerobic degradation
utilizing electron acceptors (e.g., nitrate, iron or sulfate) or
via methanogenesis was demonstrated (Barker and Wilson
1997; Cozzarelli et al. 1990). Several approaches are usu-
ally employed to prove the biodegradation of the
contaminants in groundwater. One of them is the simulta-
neous measurement of contaminant concentrations versus
depletion of electron acceptors. However, the depletion of
the electron acceptors not always correlates well to the
degradation of specific contaminants, but reflects the bio-
degradation of all organic matter in aquifer including
natural one. On the other hand, monitoring the fate of
the contaminants is often complicated due to aquifer
heterogeneity. Another approach, namely detection of
metabolites, may be a useful indicator of the degradation.
However, in situ concentrations of metabolites are low and
some specific metabolites are not detected in every case
when biodegradation occurs. One of the most promising
developments suggested in recent years is the use of the
compound-specific isotope ratio analysis (CSIA) to detect
and quantify the extent of biodegradation in contaminated
aquifers (Ahad et al. 2000; Anderson et al. 2001). This
technique relies on the fractionation of stable isotopes
during microbial degradation, leading to enrichment of the
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residual fraction of a contaminant by the heavier isotopes.
In contrast, abiotic non-destructive processes do not change
the isotope ratios significantly (Slater et al. 2000; Huang
et al. 1999).

The aim of the present study was to investigate bio-
geochemical processes occurring in a shallow coastal
aquifer contaminated by petroleum fuel hydrocarbons.
Additional objective was to estimate the contribution of
biodegradation of BTEX compounds and MTBE to natural
attenuation.

Experimental
Site overview

The studied site is a gasoline station in the Tel-Aviv area,
about 2 km off the Mediterranean Sea shore. The gasoline
releases on the site were detected in 2000. Figure 1 is a site
map showing the locations of the monitoring wells used for
this investigation.

These are 2 in. outer diameter, PVC wells screened from
5.3 to 11 m. The aquifer consists mainly of poorly graded
sand and gravel. The groundwater table is generally
between 8 and 9 m below the ground surface and dissolved
Fe and Mn. Sampling of the groundwater was performed
using disposal bailers. For the depth profile of BTEX and
MTBE, passive multi-level sampler with dialysis cells were
inserted into the well for 21 days.

MW-1

Gas
Station

MW-2

MW-4

MW-3

‘ 10 m
—
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Fig. 1 Site map
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Sampling and chemical analysis

All groundwater samples were transferred directly to
appropriate sample bottles, which were filled completely
with no headspace. All the samples were stored at 4°C until
analyzed. Analyses of nitrate and sulfate were performed
by ion chromatography. Mn and Fe were analyzed by
means of ICP-AES; Arsenic was determined by ICP-MS.
The concentrations of the BTEX compounds and MTBE
were determined by P&T-GCMS using EPA method 624/
8260. Dissolved oxygen (DO) was determined on site using
“dissolved oxygen” Kkit.

Stable isotope analyses

MTBE and BTEX compounds were extracted from the
water samples using Tekmar purge and trap (P&T) appa-
ratus interfaced to GC-IRMS. P&T was used with the
following program: purge time 12 min at 40°C, desorbtion
4 min at 180°C, and bake 20 min at 200°C. Analytes were
transferred into GC without cryfocusing via heated transfer
line. GC column was HS-5 MS, 30 m, 0.25 mm i.d., film
thickness 0.25 pm. Flow rate was 1 ml/min (constant
pressure); temperature program: 40°C for 2 min, 4°C/min
to 110°C, 10°C/min to 220°C. The combustion oven was
set at 940°C.

Isotope ratio analysis of nitrate (6N and 6'%0) was
performed by GB-IRMS after its conversion to the N,O
(Mcllvin and Altabet 2005).

Results and discussion

Four monitoring wells located on different distances from
the spill source were examined (Table 1).

Comparison of data obtained from the monitoring wells
shows that BTEX compounds have a restricted distribution.
The high concentrations of the BTEX and MTBE were
detected in the MW-1. In MW-2, MTBE was detected as
the dominant contaminant (Ca: 3 mg/l), whereas the total
concentration of the BTEX compounds was about 12 pg/l
(Table 1). The concentration of MTBE detected in MW-3
was 33 pg/l and only trace amounts were present in the
MW-4. This distribution of contaminants suggests that
most hydrocarbons are attenuated within 100 m off the
source, while only MTBE migrates further down the flow
path.

Distribution of electron acceptors (O,, NO3, S0O37) and
metabolic by-products (dissolved Fe and Mn) varied with
the groundwater flow path (Table 1). On the other hand,
pH values of water remains almost constant for the all
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Table 1 Geochemical parameters and concentrations of main electron acceptors, MTBE and BTEX compounds in the monitoring wells
Location Sampling pH Eh DO Nitrate Sulfate Fe Mn MTBE BTEX
depth (m) (mV) (mg/1) (mg/l) (mg/1) (ng/D (ng/D (ng/D (ng/D
MW-1 8.90 6.3 238 <0.2 0.3 94 2,980 580 16,100 4,230
MW-2 8.94 6.5 380 2.0 6 103 <3 <3 3,050 12
MW-3 8.97 6.4 385 23 9 68 <3 <3 33 <5
MW-4 8.95 6.7 409 5.3 29 106 <3 <3 5 <5

The average concentrations in the monitoring wells, obtained by sampling water by means of disposable bailers are shown

studied wells (6.3-6.7), as well as 6'®0 (about 5.2%). We
found that in the close proximity to the contaminant source
(MW-1, Fig. 1) conditions were highly reducing: dissolved
oxygen and nitrate were almost consumed and dissolved
manganese and iron were present in the water, whereas Eh
value was 238 mV. Extremely low nitrate concentration
with 6'°N of 39% and 6'®0 of 19% (Fig. 2a, b) points out
microbial denitrification process.

Significant concentration of the dissolved manganese and
iron up to 0.57 and 2.4 mg/l, respectively were observed at
this well. In addition, elevated level of the dissolved arsenic
(up to 37 pg/l) was detected at MW-1. Dissolution of
arsenic in groundwater obviously coupled to Fe (III)
reduction (Cummings et al. 1999). Further downstream, the
concentrations of the electron acceptors increase, and dis-
solved Fe and As are no longer present. Nitrate at MW-2 and
MW-3 present at higher concentrations (6 and 9 mg/l,
respectively) and less '°N and '®0 enriched (5'°N in the
range of 22-28%, 6'®0 in the range of 10-13%, Fig. 2a),
indicate less denitrification. High nitrate concentration
accompanied by 6'°N of 15% and 6'%0 of 6% at MW-4
reflects the lighter background values in the aquifer.

MTBE and BTEX concentration lowered drastically
along with groundwater flow path. To investigate the pro-
cesses occurring in close vicinity to the spill source, depth
distribution of the hydrocarbons was examined at the MW-
1 using passive multi-level sampler. Depth profiles showed
significant decrease in contaminants concentrations within

106 cm of the water table (Table 2). The most pronounced
decline was observed for toluene (up to 90% within the
depth of 106 cm).

Since, biodegradation of the BTEX compounds and
MTBE under anaerobic conditions is accompanied by
carbon isotope enrichment (Meckenstock et al. 2004), we
used compound-specific carbon isotope ratio analysis to
investigate biodegradation. Table 2 shows the 6'°C values
of the dissolved hydrocarbons with respect to the source.
Small but resolvable isotope '*C enrichment of 2.4% for
toluene, along with drastic lowering in its concentration
(from 6,300 to 1,540 pg/l) in a small interval below the
water table should be attributed to biodegradation. Further
decrease of toluene concentration up to 510 pg/l was not
accompanied by sB3c change, and, therefore, resulted from
the non-destructive abiotic processes, such as dilution or
sorption. The significant concentration decrease of MTBE,
benzene, ethyl benzene and o-xylene without any carbon
isotope fractionation observed at MW-1, obviously indi-
cates the minor or no contribution of biodegradation to
their attenuation. Microbial degradation of these com-
pounds could be restricted by competition for electron
acceptors from other hydrocarbons and toluene. Thus, for
example, the lack of biodegradation of MTBE at anaerobic
conditions in the presence of BTEX compounds was
demonstrated earlier (Spence et al. 2005). Significant
decrease of the MTBE and BTEX concentrations in the
interval 94-106 cm below the water table, possibly,

Fig. 2 a 6'%0 versus 6"°N a 30 b
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MW-3 ¢ MW-3
10 - . 20 -
MWw-4 Mw-4
CERA ‘ : : 15 —
15 20 25 30 35 40 0 5 10 15 20 25 30
) 15N %o Nitrate concentration, mg/L

@ Springer



262

Environ Chem Lett (2008) 6:259-262

Table 2 Concentrations (pg/l)

and stable isotope signatures Depth (cm) Benzene Toluene Ethyl benzene o0-Xylene MTBE

(6"°C) of BTEX compounds and ug/l  6BC pgnt sBC pgt oBc g sBc opgn oBcC

MTBE for groundwater samples

taken from the monitoring well 10 2,230 -29.2 6,300 -29.2 1,140 —-294 2,100 —29.1 43,800 —30.8

MW-1 22 1360 —286 1,540 —268 960  —29.1 1,570 —289 17400 —30.3
34 1,150 —-284 1,460 -269 670 —29.2 1,520 -28.8 16,100 —30.2
46 970 —28.6 1,370 —26.7 640 —-29.3 1,380 —29.2 15900 —30.2
58 990 —28.5 1,250 —26.6 680 —-29.6 1,150 —-29.0 15900 —30.7
70 930 —28.7 1,120 —-26.8 650 —-29.1 1,140 —-289 15,200 -30.3
82 1,020 —-28.6 1,190 -269 630 —29.5 1,170  —-29.3 14,900 -30.3
94 940 —-28.8 1,100 —-26.7 710 —-29.3 1,210 -29.2 13,100 -30.5
106 520 —28.6 510 —26.8 380 —293 640 —-29.1 11,500 —30.8

originates from the presence of some barrier (for example,  References

clay layer) in the water flow path.

Higher concentrations of dissolved oxygen were mea-
sured in the wells located further down-gradient. In
addition, higher concentrations of nitrate were observed at
these wells. As could be seen (Table 1), BTEX concen-
tration dropped to 12 pg/l when they reached the
monitoring well MW-2 located within 50 m from the
spill. These concentrations were too low to allow accurate
compound-specific carbon isotope ratio analysis. Isotopic
analysis of MTBE from this well yielded a 0'°C of —
30.1. No significant isotopic variation in the MTBE
compared to the value obtained for MW-1, indicates that
either the magnitude of any biodegradation-induced iso-
topic fractionation is small, or that relatively little
degradation has occurred under these conditions. Due to
the fact that any isotope ratio analysis of BTEX com-
pounds for the wells with sufficiently high concentrations
of dissolved oxygen has not been performed, we could
not assess a contribution of the aerobic biodegradation to
the attenuation process.

Conclusions

Groundwater contamination by gasoline leads to oxygen
depletion and development of highly anaerobic conditions
in the close vicinity of the contamination source. Under
iron reducing conditions, toluene was degraded more rap-
idly than other studied compounds. In this zone, significant
contribution of abiotic processes to natural attenuation was
observed. Significant lowering of MTBE concentration was
accompanied by an increase of oxygen concentration and a
disappearance of BTEX compounds, but was not accom-
panied by any valuable carbon isotope enrichment. The
lack of the MTBE isotope enrichment implies that either
the magnitude of biodegradation induced isotope fraction-
ation is small, or that the contribution of biodegradation to
the attenuation process is not meaningful.
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