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Natural attenuation of MTBE at two petroleum-hydrocarbon spill sites
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Abstract

Methyl tert-butyl ether (MTBE) has been used as a gasoline additive to improve the combustion efficiency and to replace lead since 1978.
Because it is widely used and it has been disposed inappropriately, MTBE has become a prevalent groundwater contaminant worldwide. In
this study, two petroleum-hydrocarbon contaminated sites (Sites A and B) were selected to evaluate the occurrence and effectiveness of natural
attenuation of MTBE at these two sites. Field investigation results indicate that the natural attenuation mechanisms of MTBE at both sites were
occurring with the first-order attenuation rates of 0.0021 and 0.0048 1 day−1 at Sites A and B, respectively. Results also reveal that the intrinsic
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iodegradation pattern was the most important mechanism among the natural attenuation processes at both sites. Results from B
imulation suggest that biodegradation was responsible for 78 and 59% of MTBE mass reduction at Sites A and B, respectively. In
esults show that MTBE plume at Site B could be effectively controlled via natural attenuation processes. However, MTBE plume
as migrated to a farther downgradient area and passed the boundary line of the site. Thus, more active groundwater remedial
hould be applied at Site A to protect the downgradient environment. Results from this study suggest that natural attenuation migh
o be used as a remedial option for the remediation of MTBE-contaminated site on the premise that (1) detailed site characterizati
onducted and (2) the occurrence and effectiveness of natural attenuation processes have been confirmed.
2005 Published by Elsevier B.V.
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. Introduction

Methyl tert-butyl ether (MTBE) has been used as a gaso-
ine additive since 1978 to enhance the combustion efficiency
nd improve air quality. Since 1990, the use of MTBE has

ncreased dramatically because of the initiation of the Oxy-
uel Program in 1992 and the Reformulated Gasoline (RFG)
rogram in 1995. The Oxyfuel Program demanded that 2.7%
f oxygen by weight should exist in gasoline during the
inter months to reduce the emissions of carbon monox-

de in the specific metropolitan areas and the RFG Program
equired that 2% of oxygen by weight should exist in gasoline
hroughout the year in the areas with serious ozone and smog
roblems[1]. Although many oxygenates such as ethanol
EtOH), ethyl tert-butyl ether (ETBE), methanol, diisopropyl
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ether (DIPE), tert-butyl alcohol (TBA), and tert-amyl met
ether (TAME), can serve as the gasoline additive, MTB
the most commonly used oxygenate due to its easy pro
tion, convenience transportation, and acceptable price[1–3].

MTBE has become a common groundwater contam
as a result of its wide usage and inappropriate disposal.
been temporarily classified to the possible human car
gen by the US Environmental Protection Agency (US E
An advisory level for drinking water at 20–40�g/L is set to
protect human from adverse health effects[1]. In Taiwan, Tai-
wan Environmental Protection Administration (TEPA)
also classified MTBE as the Class IV toxic chemical s
stances. The Class IV toxic chemical substances are de
as those chemical substances that may pollute the en
ment or endanger human health[4,5]. Although the ban o
MTBE use is under evaluation by the TEPA, no criterion
MTBE is established up to now. Thus, MTBE is not a re
lated compound in the “Soil and Groundwater Remedia

304-3894/$ – see front matter © 2005 Published by Elsevier B.V.
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Act” which was established in the year of 2000 by TEPA.
The particular characters of MTBE make its behavior in the
subsurface different from other gasoline components ben-
zene, toluene, ethylbenzene, and xylenes (BTEX). MTBE is
a highly water soluble and low adsorption compound in com-
parison with BTEX. The biodegradability of MTBE is low
due to the stable ether linkage and tert-butyl structure. Thus,
it usually migrates a longer distance than BTEX and results
in more difficult for remediation of gasoline-contaminated
sites[6,7]. Based on the field experiences, remedial costs of
MTBE-impacted sites could be 100–200% more than typical
BTEX sites[3].

Natural attenuation (NA) is a passive and cost-effective
remedial approach that depends upon natural processes to
degrade and dissipate contaminants in soil and groundwa-
ter. Natural biotic and abiotic mechanisms such as disper-
sion, sorption, volatilization, dilution, abiotic degradation,
and biodegradation are responsible for the decrease of mass,
toxicity, volume, concentrations, and mobility of contami-
nants in soil or groundwater. For petroleum-contaminated
sites, intrinsic biodegradation is the most important process
to the destruction of contaminants. However, other nonde-
structive mechanisms are also important because they may
result in a decrease in contaminant concentration especially
in the contaminated sites that have low biodegrading poten-
tial. Although no active human intervention are applied to
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natural attenuation of MTBE. Groundwater sampling and
analyses were implemented to obtain the evidences of nat-
ural attenuation. A natural attenuation model, BIOSCREEN
[19], was applied to simulate the effectiveness and first-order
rates of natural attenuation. The main objectives of this study
were to: (1) evaluate the occurrence and effectiveness of nat-
ural attenuation, (2) assess the feasibility of using natural
attenuation to control the MTBE plume, and (3) evaluate the
contributions of intrinsic biodegradation patterns on natural
attenuation processes.

2. Site description

The two sites selected for this MNA study are located
in southern Taiwan. Site A is an oil-refining plant, which
produces gasoline, diesel, jet fuel, kerosene, and lubricating
oils. Inappropriate operation has resulted in the generation
of BTEX and MTBE plumes. Results from previous studies
reveal that the highest MTBE and BTEX concentrations were
about 145 and 200 mg/L in collected groundwater samples,
respectively[20]. The edge of MTBE plume was approximate
640 m downgradient from the spill location. Soils at Site A
consist of silty sand, silt, and clay, and the main component
of site soils is silty sand. A thickness of 5–10 m weak clay
layer is located at 40 m bellow land surface. The groundwater
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his technology, it dose not mean that natural attenu
s a “no action” approach. Long-term monitoring sho
e taken to verify the decrease and containment o
lume to protect residents and environment in the do
radient area. Consequently, the term “monitored na
ttenuation” (MNA) is more appropriate for this technolo

8–10].
Although the properties of MTBE may increase the

culty of the use of natural attenuation[11], evidence
nd some successful cases of MTBE attenuation have
eported that make natural attenuation as a conside
emedial strategy[10,12–14]. Wilson and Kolhatkar[15]
valuated MTBE attenuation of five sites and sugge
hat MTBE at all sites could be controlled by the natu
ttenuation processes. The first-order attenuation rates
lumes varied from 0.56 to 4.3 year−1. Borden et al.[16]
ave reported that MTBE was reduced near the cont
ant source at a petroleum-hydrocarbon contaminated
owever, there was no significant MTBE reduction in
owngradient area. The biodegrading rate of MTBE va

rom 0 to 0.001 day−1. Recent field investigations also in
ate that natural biodegradation of MTBE may occur un
oth aerobic and anaerobic subsurface environment[14,17].
owever, if the rate of MTBE biodegradation is not sign
ant enough to contain the plume, natural attenuation wi
e sufficient to protect aquifers and downgradient rece

18].
In this study, two petroleum-hydrocarbon contamina

ites (Sites A and B) containing significant amount of MT
ere selected to assess the occurrence and effectiven
 f

ows as a velocity of 0.2–1.4 m/day from southwest to no
ast. According to the results from hydrogeologic tests
verage hydraulic conductivity of the host geological m
ial is 0.05 cm/s, and the groundwater slope is approxim
.25%[20]. Fig. 1 presents the site map of Site A show

he contaminant source area, estimated MTBE plume
he monitor wells used in this study.

Site B is an oil tank farm where gasoline, diesel, jet f
erosene, and lubricating oils are stored. Contaminatio
roundwater has occurred due to the leakage of pipelin
as resulted in concentrations of 265�g/L of MTBE and
.2 mg/L of BTEX at highly contaminated zone. The MT
lume was approximate 280 m. The main components of
re silty sand and silt clay at Site B. The groundwater fl

rom northeast to southwest as a velocity 0.03 m/day.
easured average hydraulic conductivity is 0.003 cm/s

he groundwater slope is approximately 0.38%[21]. Fig. 2
resents the site map of Site B showing the contam
ource area, estimated MTBE plume, and the monitor w
sed in this study.

. Materials and methods

Monitor wells located along the centerline of the plu
ere selected to monitor the concentrations of contamin

n the source zone, mid-gradient, and downgradient o
lume. In addition, a monitor well at upgradient area
elected to obtain background information at each site
elected wells at both sites were sampled quarterly d
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Fig. 1. Site map showing the contaminant source area, estimated MTBE
plume, and the monitor wells at Site A.

Fig. 2. Site map showing the contaminant source area, estimated MTBE
plume, and the monitor wells at Site B.

the 2-year investigation period. Thus, the data presented in
this study are averaged results for eight sampling events.
Prior to the sampling process, the headspace of all moni-
toring wells were filled with argon gas to prevent oxygen
intrusion. A minimum of three to five well volumes of well
water were purged by a submersible pump. Groundwater
samples were collected from monitoring wells by bailers
after the well purging process. The collected samples were
transported to the laboratory on ice and then stored at 4◦C
before the analysis. Samples were analyzed for organic com-
pounds and geochemical indicators including MTBE, TBA,
BTEX, methane (CH4), carbon dioxide (CO2), anions, and
dissolved oxygen (DO). Organic compound analyses were
performed in accordance with US EPA Method 502.2, using
a Varian 3800 gas chromatograph (GC). Because TBA is
the byproduct of MTBE biodegradation, TBA was analyzed
in this study for the evaluation of intrinsic biodegradation
process.

The analysis of methane was performed with a Shimadzu
GC-9A GC using headspace techniques. Ion chromatography
(Dionex) was used for anions (NO3

−, SO4
2−) analyses. Total

iron, ferrous, and sulfide were analyzed by Hach DR/400
Spectrophotometer using EPA Method 8008, Method 8146,
and Method 8131, respectively. DO, pH, and CO2 were mea-
sured in the field. A WTW DO meter (Oxi 330) was used for
DO measurements, pH was measured by a Mettler Toledo
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H meter (MP120), and a Hach digital titrator cartridge
sed for CO2 measurements.

Aquifer sediments at depth from 3.8 to 4.5 m were
ected by a GeoprobeTM direct push system. Aquifer se

ents from the soil boring SB-A1 and SB-A2, and grou
ater collected from MW-B1 and MW-B6 were used
etermine the number of total heterotrophs. Total plate co
ere conducted using plate count agar (Difco) to asses
pproximate population of the total heterotrophic bacteri
oil or groundwater samples using the spread plate m
22]. Prepared plates were incubated at 30◦C for 48 h, then
ounted for colony forming unit (CFU).

In this study, BIOSCREEN model was used to ev
te the percent loss of MTBE due to the biodegrada
nd to simulate the possible extent of MTBE plumes. B
CREEN has the ability to simulate variations of a cont

nated plume with time[19]. Hydrogeologic and biologic
actors of sites are considered in this model to obtain rea
ble results. Biodegradation of contaminants can be desc
s a first-order process or instantaneous reaction with

ron acceptors. Because MTBE is a more persistent
ound, instantaneous reaction model is not suitable to

19]. Thus, the first-order decay model was selected to s
ate MTBE biodegradation. An infinite source was assu
o simulate the most serious condition due to the so
ass were unavailable at both sites. In this study, 15
years were selected as the simulation periods, respec
ccording to the historical data of Sites A and B. The va
f the major parameters used in BIOCSREEN are liste
able 1.
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Table 1
The major parameters used in BIOCSREEN

Data type Parameter Site A Site B

Hydrogeologic data Seepage velocity (m/year) 292.0 11.7
Dispersion Longitudinal dispersivity (m) 10.7 34.4

Transverse dispersivity (m) 1.1 3.4
Estimated plume length (m) 762 305

Biodegradation data Solute half-life (year) 1.2 1.2
General data Modeled area length (m) 2286 345

Modeled area width (m) 305 183
Simulation time (year) 15 8

Source data Source thickness in saturated zone (m) 6.1 6.1
Source concentration (mg/L) 0.2 0.25
Soluble mass in source (kg) Infinite Infinite

4. Results and discussion

Groundwater samples collected from the two studied sites
were analyzed for organic compounds and geochemical indi-
cators to evaluate the occurrence of natural attenuation of
MTBE. Tables 2 and 3show the averaged results of ground-
water analyses of Sites A and B, respectively. The concen-
trations of MTBE were reduced along groundwater flow
from source zones to downgradient areas at both Site A
(207–51�g/L) and Site B (110–3�g/L). Figs. 3 and 4show
the MTBE and TBA concentrations versus distance to spill
location at Sites A and B, respectively. Note that the concen-
trations of MTBE increased from MW-B1 to MW-B2, this
variation might be due to storms or the former pumping task.
Investigating results reveal that the decreases of MTBE at the
two sites were significant. The contribution of natural atten-
uation can be expressed as a first-order decay process[15].
The rates of MTBE natural attenuation calculated from the

Fig. 3. MTBE and TBA concentrations vs. distance to spill location at Site
A: (�) MTBE; (©) TBA.

Table 2
Field investigation results of Site A

MW-A1 MW-A2 MW-A3 MW-A4 MW-A5 SB-A1 SB-A2

Distance to source zone (m) 0 200 530 640 a – –
MTBE (�g/L) 207b ± 68c 95± 33 29± 15 51± 20 0 – –
TBA (�g/L) 923± 221 0 10± 7 124± 52 0 – –
Benzene (mg/L) 58.354± 22.329 9.530± 3.261 0.259± 0.132 0.188± 0.064 0 – –
T 0.218± 0.099 0.072± 0.037 0 – –
E 0.055± 0.021 0.035± 0.020 0 – –
X 0.186± 0.045 0.107± 0.043 0 – –
T 0.717± 0.325 0.403± 0.197 0 – –
p 7.07± 0.12 6.71± 0.11 6.64± 0.17 – –
D 0.41± 0.15 0.36± 11 2.10± 1.02 – –
N 0.12± 0.03 0.28± 0.11 1.12± 0.10 – –
T 3.82± 1.14 7.75± 1.69 2.07± 0.88 – –
F 2.71± 1.13 5.92± 1.57 0.97± 0.40 – –
S 15.67± 5.33 5.77± 2.24 23.66± 9.32 – –
S 109± 17 15± 9 68± 16 – –
C 102± 24 244± 53 51± 18 – –
M 3.160± 1.015 3.130± 0.846 0.030± 0.011 – –
T – – – 1.2× 106 3.0× 107

“

oluene (mg/L) 28.917± 10.267 0.684± 0.040
thylbenzene (mg/L) 8.648± 3.549 0.066± 0.312
ylenes (mg/L) 10.428± 5.024 0.862± 0.297
otal BTEX (mg/L) 106.346± 34.264 11.143± 4.241
H 6.73± 0.21 6.74± 0.09
O (mg/L) 0.33± 0.11 0.37± 0.07
itrate (mg/L) 0.19± 0.06 0.11± 0.09
otal iron (mg/L) 9.82± 2.73 9.19± 2.33
errous iron (mg/L) 7.89± 2.28 6.50± 2.80
ulfate (mg/L) 4.24± 1.56 17.40± 4.28
ulfide (�g/L) 45± 20 145± 32
arbon dioxide (mg/L) 249± 40 131± 29
ethane (mg/L) 8.130± 2.36 7.260± 3.254

otal heterotrophs (CFU/g) – –

–” not available.
a Background monitor well.
b Arithmetic mean.
c Standard deviation.
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Table 3
Field investigation results of Site B

MW-B1 MW-B2 MW-B3 MW-B4 MW-B5 MW-B6

Distance to source zone (m) 0 30 100 210 280 a

MTBE (�g/L) 110b ± 41c 265± 87 4± 1 4± 2 3± 2 0
TBA (�g/L) 387± 112 1020± 357 152± 48 0 0 0
Benzene 0.141± 0.024 0.295± 0.117 0.035± 0.011 0.001± 0.001 0 0
Toluene 0.170± 0.035 0.204± 0.009 0.002± 0.001 0 0 0
Ethylbenzene 0.105± 0.019 0.791± 0.265 0.009± 0.002 0 0 0
Xylenes 0.237± 0.077 0.294± 0.035 0.002± 0.001 0 0 0
Total BTEX (mg/L) 0.653± 145 1.208± 376 0.047± 0.017 0.001± 0.001 0 0
pH 6.70± 0.11 6.73± 0.09 7.12± 0.04 6.63± 0.10 6.80± 0.07 6.88± 0.13
DO (mg/L) 0.5± 0.2 0.4± 0.1 1.4± 0.5 1.5± 0.3 1.3± 0.2 2.4± 0.7
Nitrate (mg/L) 0.2± 0.1 0.8± 0.3 37.6± 10.7 41.3± 12.1 13.3± 5.3 83.4± 27.2
Total iron (mg/L) 18.4± 6.9 30.9± 12.3 1.7± 0.4 2.0± 0.6 2.9± 1.1 1.74± 0.25
Ferrous iron (mg/L) 11.7± 4.7 9.4± 4.2 0.1± 0.1 0.04± 0.01 0.2± 0.1 0.2± 0.1
Sulfate (mg/L) 10.1± 3.1 58.4± 23.1 69.4± 23.3 37.8± 15.6 108.7± 37.2 102.2± 32.7
Sulfide (�g/L) 17± 7 34± 15 11± 5 6± 2 7± 2 10± 4
Carbon dioxide (mg/L) 250± 83 252± 102 177± 73 179± 44 180± 78 167± 68
Methane (mg/L) 2.101± 0.634 3.623± 1.213 0.056± 0.009 0.010± 0.002 0.008± 0.003 0.002± 0.001
Total heterotrophs (CFU/mL) 1.0× 103 – – – – 1.6× 103

“–” not available.
a Background monitor well.
b Arithmetic mean.
c Standard deviation.

sites were 0.0021 and 0.0048 day−1 at Sites A and B, respec-
tively. In addition, the calculated decay rates for BTEX were
0.0087 and 0.0339 day−1 at Sites A and B, respectively. The
results indicate that BTEX had more effective decay rates
than MTBE.

In general, the direct evidence of contaminant biodegra-
dation would be the production of degradation byproducts.
At both sites, TBA, the byproduct of MTBE biodegrada-
tion, was detected. The highest concentrations were 923 and
1020�g/L at Sites A and B, respectively. Production of TBA
indicates that intrinsic biodegradation had significant contri-
butions to MTBE consumption within the plumes. The anoxic
conditions of source zones at both sites suggest that MTBE
was biodegraded anaerobically. Although a slight accumu-
lation of TBA was detected at source zones of both sites
(Figs. 3 and 4), significant drops of TBA concentrations
were also observed in the mid and downgradient areas. This

F Site
B

indicates that TBA was also degraded under the natural atten-
uation processes.

Results from our previous laboratory microcosm study
(inoculated with aquifer sediments from Site A) suggest that
MTBE could only be biodegraded aerobically[23]. This
might be due to the variation in the environmental conditions
between laboratory and field. Consequently, the laboratory
results should be explained more carefully to prevent mis-
leading conclusions.

Results from our previous study indicate that the presence
of BTEX is able to enhance the biodegradation of MTBE
[24]. However, no significant relationship between removal
of BTEX and MTBE could be obtained from the field data.
Lower MTBE removal rates were observed in the downgra-
dient area of the plumes compared to the rates near the source
areas. Thus, the dilution and dispersion processes might be
the major mechanisms, which are responsible for the attenu-
ation of MTBE in the downgradient areas.

Other evidences of distinct microbial activities were
also observed. A significant amount of total heterotrophs
(>106 CFU/g of soil) were detected in the collected SB-A1
and SB-A2 samples at Site A. Total heterotrophs in ground-
water samples MW-B1 and MW-B6 were about 103 CFU/mL
of groundwater at Site B. Low DO and high CO2 within both
plumes suggest that aerobic biodegradation occurred at both
sites and caused the depletion of DO and production of CO.
H ected
g ite B.
T ation
p

nd
M ons
ig. 4. MTBE and TBA concentrations vs. distance to spill location at
: (�) MTBE; (©) TBA.
2
igh methane concentrations were detected in the coll
roundwater samples near source zones at Site A and S
hus, methanogenesis might be the dominant biodegrad
attern within the contaminated zones.

Compared to the background monitor wells (MW-A5 a
W-B6), higher ratios of ferrous to total iron concentrati
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and lower nitrate and sulfate concentrations were detected
near the source zones. This indicates that nitrate, ferric iron,
and sulfate might have been used as the electron acceptors at
both sites after the depletion of oxygen. DO concentrations
in the monitor wells MW-B3, MW-B4, and MW-B5 at Site
B were greater than 1 mg/L. This suggests that the dominant
biological mechanism within the downgradient area of the
plume at Site B was aerobic biodegradation. This was con-
firmed by the low ferrous iron and methane concentrations
in the downgradient area. Results from the field investigation
suggest that the consumption of various electronic acceptors
and production of their byproducts were significant within
the plumes at both sites. These findings suggest that the
indigenous microorganisms were active under both aerobic
and anaerobic site conditions. Thus, intrinsic biodegradation
played an important role on contaminant removal at both
sites.

In this study, MTBE concentration of 20�g/L was used
as the remediation goal based on the advisory of the US EPA
[1]. Results from field investigation of Site B show that only
3�g/L MTBE and no BTEX were observed in MW-B5. Thus,
it is feasible to control the MTBE and BTEX plumes using the
natural attenuation mechanisms at Site B. However, signifi-
cant MTBE (51�g/L) and BTEX (403�g/L) concentrations
were observed in MW-A4 at Site A, which is very close to
the site boundary. Although obvious microbial activities and
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Fig. 5. The simulated and actual MTBE concentrations along the centerline
at Site A: (�) no degradation; (�) first-order decay; (�) field data from site;
(—) criteria; (– –) site boundary.

Fig. 6. The simulated and actual MTBE concentrations along the centerline
at Site B: (�) no degradation; (�) first-order decay; (�) field data from site;
(—) criteria; (– –) site boundary.

be contained within the site boundary at the time of simulation
(8 years) with or without the occurrence of biodegradation.
However, the containment will be ineffective after 15 years if
biological process was not occurring (data not shown). This
also reveals that intrinsic biodegradation is the most impor-
tant mechanism among those natural attenuation processes.

5. Conclusions

In this study, the natural attenuation of MTBE was evalu-
ated at two petroleum-hydrocarbon contaminated sites. Field
investigation results show that natural attenuation of MTBE
was occurring with rates of 0.0021 and 0.0048 1 day−1 at
Sites A and B, respectively. Evidences of intrinsic biodegra-
dation include the following:

(1) depletion of DO, nitrate, and sulfate within the plume;
(2) production of dissolved ferrous iron, sulfide, methane,

and CO2 within the plume;
(3) decreased MTBE concentrations along the transport

path,
(4) increased microbial populations;
(5) accumulation of MTBE biodegradation byproduct

(TBA).
atural attenuation processes are occurring, the contam
ould not be effectively contained within the Site A bou
ry. Results suggest that more active groundwater rem

echnologies should be applied at Site A to protect the d
radient environment.

The BIOSCREEN model was used in this study to e
ate the contributions of intrinsic biodegradation on nat
ttenuation. Modeling results show that the MTBE plu
ould contain 98.4 kg of MTBE at Site A if biodegradat
rocesses did not occur in the plume. Results indicate
significant amount of MTBE was biodegraded via mi

ntrinsic biodegradation patterns, and only 21.6 kg of MT
emained within the plume. Thus, approximately 78%
TBE mass at Site A was removed due to the biolog
rocesses. Results reveal that the mass of MTBE at S
ropped from 1.7 to 0.7 kg due to the occurrence of biode
ation mechanisms. Thus, 59% of MTBE mass was rem
s a result of the intrinsic biodegradation.Figs. 5 and 6show

he simulated and actual MTBE concentrations along the
erlines at Sites A and B. The first-order decay model
pplied in the modeling task. The simulated results re

hat MTBE at Site A would transport more than 900 m fr
he source before its concentration drops to below 20�g/L
Fig. 5). In other words, MTBE would exceed the site bou
ry in a distance of about 280 m before the advisory
entration is reached. This gives us a preliminary sugge
hat a more aggressive remedial action is required at this
n addition, the distinct contribution of biodegradation co
lso be observed inFig. 5compared to the simulated resu
ith no degradation model. As shown inFig. 6, MTBE could
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Production of TBA within the anaerobic source zone also
reveals that the anaerobic MTBE biodegradation might be
occurring at both sites. Moreover, aerobic biodegradation
might be the dominant biological mechanism in the down-
gradient area of the plume at Site B. However, anaerobic
processes might dominate the entire plume at Site A. Results
from BIOSCREEN simulation suggest that biodegradation
was responsible for 78% and 59% of MTBE mass reduction
at Sites A and B, respectively.

Although significant microbial activities were observed,
the contaminants could not be contained inside the bound-
ary at Site A. BIOSCREEN results show that MTBE would
exceed the site boundary in a distance of 280 m before
the advisory concentration 20�g/L is reached. Thus, more
active technologies should be applied to protect the down-
gradient environment. Enhanced bioremediation or pump
and treat systems might be applied to further contain the
plume.

Based on the results from the field investigation, natu-
ral attenuation of MTBE was occurring at both sites. The
intrinsic biodegradation had significant contributions on the
control of MTBE plumes. However, results also reveal that
intrinsic biological processes might still fail to contain the
plume if the selected point of compliance is not appropri-
ate. Investigation results show that MTBE plume at Site B
could be effectively controlled via natural attenuation pro-
c to a
f e site
T tiga-
t ore it
i ated
s

A

Tai-
w anks
t um
C nal
S this
p

R

ter
anal-
09,

eet

air
nates

xic
/

[5] Taiwan Environmental Protection Administration (TEPA), List of
announced toxic chemical substances, 2000,http://www.epa.gov.tw/
english/webez1/images/product/toxiclist.doc.

[6] P.J. Squillace, J.F. Pankow, N.E. Korte, J.S. Zogorski, Review of the
environmental behavior and fate of methyl tert-butyl ether, Environ.
Toxic. Chem. 16 (1997) 1836–1844.

[7] US Environmental Protection Agency (US EPA), MTBE fact sheet
#2: remediation of MTBE contaminated soil and groundwater, EPA
510-F-97-015, 1998.

[8] P.B. Bedient, H.S. Rifai, C.J. Newell, Ground Water Contamination:
Transport and Remediation, Prentice-Hall, Upper Saddle River, NJ,
1999.

[9] US Environmental Protection Agency (US EPA), Use of Monitored
Natural Attenuation at Superfund, RCRA Corrective Action, and
Underground Storage Tank Sites, Office of Solid Waste and Emer-
gency Response (OSWER) Directive 9200.4-17P, 1999.

[10] US Environmental Protection Agency (US EPA), Monitored natural
attenuation, in: How to Evaluate Alternative Cleanup Technologies
for Underground Storage Tank Sites: A Guide for Corrective Action
Plan Reviewers, EPA 510-R-04-002, 2004.

[11] J.E. Odencrantz, Implications of MTBE for intrinsic remediation of
underground fuel tank sites, Remediation 8 (1998) 7–16.

[12] K.L. Hurt, J.T. Wilson, F.P. Beck, J.S. Cho, Anaerobic biodegradation
of MTBE in a contaminated aquifer, in: B.C. Alleman, A. Leeson
(Eds.), Proceedings of the Fifth International In Situ and Onsite
Bioremediation Symposium on Natural Attenuation of Chlorinated
Solvents, Petroleum Hydrocarbons, and Other Organic Compounds,
Battelle Press, San Diego, California, Columbus, Ohio, 1999, pp.
103–108.

[13] E.A. Seagren, J.G. Becker, Review of natural attenuation of BTEX
and MTBE in groundwater, Pract. Period Hazard. Toxic. Radioact.

[ ore-

[ cle

[ in-
ated

[ tion
EPA

[ er,
ation

Phys.

[ at-
n 1.3,

[ soil
chni-

[ ated
Envi-
iung,

[ for
WA-

[ ural
ons:
on-

[ di-
ite,
cific
esses. However, MTBE plume at Site A has migrated
arther downgradient area and passed the boundary of th
hus, it is necessary to implement a detailed field inves

ion to assure the effectiveness of natural attenuation bef
s applied as the remedial option at the MTBE-contamin
ites.

cknowledgements

This study was funded by National Science Council in
an and Chinese Petroleum Corp., Taiwan. Additional th

o Dr. Frank Hou and Mr. C.Y. Yu of Chinese Petrole
orp., Taiwan, and Mr. J.K. Fu and C.M. Tang of Natio
un Yat-Sen University for their assistance throughout
roject.

eferences

[1] US Environmental Protection Agency (US EPA), Drinking wa
advisory: consumer acceptability advice and health effects
ysis on methyl tertiary-butyl ether (MTBE), EPA 822-F-97-0
1997.

[2] US Environmental Protection Agency (US EPA), MTBE fact sh
#1: overview, EPA 510-F-97-014, 1998.

[3] US Environmental Protection Agency (US EPA), Achieving clean
and clean water: the report of the Blue Ribbon Panel on oxyge
in gasoline, EPA 420-R-99-021, 1999.

[4] Taiwan Environmental Protection Administration (TEPA), To
Chemical Substances Management Act, 1999,http://law.epa.gov.tw
en/laws/toxics/.
.

Waste Manage. 6 (2002) 156–172.
14] S. Fiorenza, H.S. Rifai, Review of MTBE biodegradation and bi

mediation, Biorem. J. 7 (2003) 1–35.
15] J.T. Wilson, R. Kolhatkar, Role of natural attenuation in life cy

of MTBE plumes, J. Environ. Eng. 128 (2002) 876–882.
16] R.C. Borden, R.A. Daniel, L.E. LeBrun IV, C.W. Davis, Intr

sic biodegradation of MTBE and BTEX in a gasoline-contamin
aquifer, Water Resour. Res. 33 (1997) 105–1115.

17] US Environmental Protection Agency (US EPA), Natural attenua
of MTBE in the subsurface under methanogenic conditions,
600-R-00-006, 2000.

18] M. Schirmer, B.J. Butler, J.F. Barker, C.D. Church, K. Schirm
Evaluation of biodegradation and dispersion as natural attenu
processes of MTBE and benzene at the Borden field site,
Chem. Earth (B) 24 (1999) 557–560.

19] US Environmental Protection Agency (US EPA), BIOSCREEN: N
ural attenuation decision support system: user’s manual versio
EPA-600-R-96-087, 1996.

20] Chinese Petroleum Corp. (CPC), Cleanup fuel-oil-contaminated
and groundwater using intrinsic bioremediation technology, Te
cal report, Taiwan, 2001.

21] L.J. Chang, Remediation of petroleum-hydrocarbon contamin
groundwater by natural attenuation. Master Thesis, Institute of
ronmental Engineering, National Sun Yat-Sen University, Kaohs
Taiwan, 2004.

22] American Public Health Association (APHA), Standard Methods
the Examination of Water and Wastewater, 19th ed., APHA-AW
WEF, Washington, DC, 1995.

23] K.F. Chen, C.M. Kao, C.Y. Hsieh, S.C. Chen, Y.L. Chen, Nat
biodegradation of MTBE under different environmental conditi
microcosm and microbial identification studies, Bull. Environ. C
tam. Toxicol. 74 (2005) 356–364.

24] K.F. Chen, C.M. Kao, W.L. Fang, T.Y. Chen, Intrinsic bioreme
ation of MTBE-contaminated groundwater at a fuel-oil spill s
in: Proceedings of the Asian Waterqual 2003 – IWA-Asia Pa
Regional Conference, Bangkok, Thailand, 2003, p. 220.

http://law.epa.gov.tw/en/laws/toxics/
http://law.epa.gov.tw/en/laws/toxics/
http://www.epa.gov.tw/english/webez1/images/product/toxiclist.doc
http://www.epa.gov.tw/english/webez1/images/product/toxiclist.doc

	Natural attenuation of MTBE at two petroleum-hydrocarbon spill sites
	Introduction
	Site description
	Materials and methods
	Results and discussion
	Conclusions
	Acknowledgements
	References


