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Abstract: Long-term groundwater monitoring data for 48 retail gasoline sites were analyzed to define the characteristics of affected ground
water plumes containing benzene, methyl tert-butyl ether (MTBE), and tert-butyl alcohol (TBA). Results of this analysis were used to de
termine the observed range and statistical distribution of current plume lengths, plume stability conditions, constituent concentration trends 
and attenuation rates, and the remediation timeframe for this population of sites. The goal of this evaluation was to characterize plume 
behavior as observed across a variety of hydrogeologic settings, on the basis of detailed groundwater monitoring records, rather than to 
define the site-specific factors controlling plume behavior. The results indicate that MTBE plumes in groundwater underlying a majority 
of these underground storage tank sites that were monitored for five years orlonger (1) have significantly diminished in concentration over 
time, (2) are comparable in length to benzene plumes, (3) are, like benzene plumes, principally stable or shrinking in size and concentration, 
and (4) are on track to achieve remedial goals within a timeframe comparable to or faster than that of benzene plumes. At these same sites, 
TBA plumes were found to be comparable to benzene and MTBE plumes in terms of plume length. However, whereas most TBA plumes are 
also stable or shrinking, the percentage of TBA plumes that are currently stable or shrinking (68%) is less than that for benzene plumes (95%) 
or MTBE plumes (90% ), likely reflecting the temporary build-up of TBA concentrations in groundwater attributable to methyl tert-butyl ether 
(MTBE) biodegradation. Nevertheless, overall trends for TBA concentrations in groundwater indicate that TBA is attenuating at rates 
comparable to benzene and MTBE and can be expected to meet applicable remediation goals in a similar timeframe as the other gasoline 
constituents. DOI: 10.1061/(ASCE)EE.1943-7870.0000488. © 2012 America11 Society of Civil E11gineers. 
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Introduction 

In the 1990s, detections of methyl tert-butyl ether (MTBE) in the 
groundwater at petroleum storage tank sites and water supply wells 
generated considerable scientific and regulatory concern regarding 
the potential effect of this relatively new gasoline fuel additive on 
groundwater resources [USGS 1995; California Environmental 
Protection Agency (CEPA) 1999; USGS 2001]. In contrast to 
non-oxygenated gasoline fuel constituents, MTBE was known to 
be highly soluble in water, with low sorption coefficients, and 
was understood to be relatively recalcitrant to natural biological 
activity (Yeh and Novak 1991; Suflita and Mormile 1993; Hubbard 
et al. 1994; Mormile et al. 1994; Neilson 1994). As a result, some 
scientists predicted that, in comparison with non-MTBE gasoline, 
releases of MTBE-containing gasoline from underground storage 
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tank (UST) sites would result in relatively long plumes of affected 
groundwater that would cause much longer-term effects on ground
water resources and drinking water supplies (Fogg et al. 1998; 
Odencrantz 1998; Weaver and Small 2002). These predictions were 
supported by the discovery of a few exceptionally long MTBE 
plumes extending thousands of feet down-gradient of the release 
point, such as in Long Island, New York (Weaver et al. 1996; 
Weaver et al. 1999). 

However, studies evaluating actual field measurements of hun
dreds of MTBE plumes across the United States and abroad have 
found the true extent and duration of MTBE effects on groundwater 
to be much less than previously anticipated. Specifically, monitor
ing data for groundwater plumes at nearly 400 gasoline release sites 
in California (Happel et al. 1998; Shih et al. 2004), Texas (Mace 
and Choi 1998; Shorr and Rifai 2002; Rifai et al. 2003), South 
Carolina (Wilson et al. 2003), and Florida (Reid et al. 1999; 
Reisinger et al. 2000) show that MTBE plumes typically stabilize 
at relatively short lengths ( < 200 ft), which are comparable to those 
of benzene plumes. Additionally, groundwater monitoring results 
from a total of 81 sites evaluated in Texas in 2002 (Shorr and Rifai 
2002) and in Florida in 1999 (Reid et al. 1999) indicate that the 
majority ofMTBE plumes (75%) are stable or decreasing in length. 
Furthermore, with regard to MTBE concentrations in individual 
monitoring wells, data from a total of 1628 monitoring wells in 
Texas (Rifai et al. 2003) and Connecticut (Stevens et al. 2006) in
dicate that MTBE concentrations in the groundwater are stable or 
decreasing over time in 74% of the wells evaluated. Research out
side of the United States similarly reported the effects of MTBE 
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on potable groundwater sources to be relatively limited on a 
regional scale. For example, in England and Wales, modeling 
analyses based on 3,000 groundwater samples from over 800 sites 
found that the potential plume dimensions for ether oxygenates, 
such as MTBE, did not pose a major threat to public water 
supplies (Environment Agency 2000). Additionally, a review of 
groundwater conditions at a number of sites with exceptionally 
large MTBE plumes discovered in the 1990s (Fogg et al. 1998; 
Odencrantz 1998; Weaver and Small 2002) indicate that the MTBE 
plume length and concentrations have diminished significantly 
over time [Environmental Assessment & Remediations (EAR) 
2005; EAR 2011; New York State Department of Environmental 
Conservation (NYSDEC) 2011]. 

Nevertheless, some of these studies indicate that their conclu
sions may be of limited applicability or certainty owing to the short 
duration of groundwater monitoring history analyzed for individual 
sites ( < 1 to 3 years) and/or insufficient evaluation of the plume 
stability condition (Happel et al. 1998; Shih et al. 2004). Employ
ing short-term data to predict long-term plume trends can entail 
uncertainty because (1) short-term groundwater monitoring data 
are more vulnerable to seasonal fluctuations and sampling variabil
ity; and (2) employing short-term monitoring records could under
estimate the true rate of attenuation of compounds, such as MTBE, 
that require longer acclimation periods to undergo biodegradation. 
Similarly, characterization of the plume stability condition is im
portant for understanding whether the cun-ent plume length repre
sents the maximum area of effect or if further plume expansion 
could occur. 

In addition, recent reports on complex groundwater plumes 
(e.g., detached and/or diving plumes), such as those located in 
the Long Island, New York area (Weaver and Wilson 2000; Nichols 
and Roth 2006), in California (Wilson et al. 2004), in Illinois 
(Wilson et al. 2005), and in dual-porosity aquifers such as the 
Cretaceous Chalk in the United Kingdom (Thornton et al. 2006), 
note the importance of adequate monitoring networks to achieve 
detailed horizontal and vertical delineation of groundwater plumes 
at typical UST sites. In the absence of adequate horizontal and ver
tical delineation, failure to identify detached plumes or diving 
plume conditions could result in misinterpretation of the ground
water conditions at UST sites, such as underestimation of actual 
plume lengths. This study evaluates hydrogeologic conditions at 
each site to identify those sites at which diving plumes may be 
of concern because of elevated recharge rates, vertical flow gra
dients, and/or absence of stratigraphic features serving to impede 
downward plume migration. 

The present study attempts to improve the understanding of 
MTBE plume behavior by (1) evaluating a database of geographi
cally diverse sites with long-term groundwater monitoring records 
and (2) employing a comprehensive analytical approach that in
cludes evaluation of cun-ent plume stability (including the potential 
for detached and diving plume conditions), cun-ent plume length, 
temporal concentration trends in groundwater, and attenuation rates 
for MTBE at these sites. In addition to MTBE, the behavior of 
benzene and tert-butyl alcohol (TBA) plumes in groundwater are 
evaluated and the long-term behavior of these three constituents in 
groundwater at these sites are compared. Benzene is used in this 
study as a representative component of non-MTBE fuel, for which 
the fate and transport characteristics in groundwater were well de
fined in prior studies, such as Weidemeier et al. 1999. TBA, an 
intermediate biodegradation product of MTBE, was shown to bio
degrade in both aerobic and anaerobic environments (Zeeb and 
Weidemeier 2007). Evaluation of these three chemicals in ground
water at petroleum release sites is intended to characterize the 

behavior of MTBE relative to that of benzene, and the MTBE 
degradation product, TBA. 

Methodology 

This study was conducted using monitoring records from a data
base of 48 retail gasoline sites with historical detections of benzene 
and MTBE in groundwater. For this purpose, long-term monitoring 
records for UST sites, con-esponding to sites with complete records 
for at least six monitoring wells for five years or more, were soli
cited from regulatory agencies, energy companies, and environ
mental consultants. Of an initial population of 54 sites, the 
number of sites found to meet the screening criteria was 48 for 
benzene, 48 for MTBE, and 38 for TBA. At each site meeting 
the minimum data requirements, plume behavior for each constitu
ent was characterized by evaluating the cun-ent length, the current 
stability condition, the temporal concentration trends, the observed 
attenuation rates, and the timeframe necessary to achieve applicable 
remediation goals. 

The groundwater remediation goals used to define the length of 
the affected groundwater plumes and evaluate the timeframe to 
achieve remediation endpoints are as follows: 5 µg/L for benzene, 
10 p,g/L for MTBE, and 12 p.g/L for TBA. For benzene, the 
remediation goal corresponds to the federal maximum contaminant 
level (MCL) for drinking water (5 µg/L), (EPA 2009). For MTBE, 
the value corresponds to the New York State Department of Envi
ronmental Conservation (NYSDEC) groundwater standard for 
MTBE (10 µg/L), (NYSDEC 2008) and for TBA, the value cor
responds to the California drinking water action goal (12 µg/L) 
(RWQCB 2004). The reported laboratory detection limits for 
groundwater analyses at the 48 sites evaluated in this study were 
rarely above the concentration limits (benzene = 6%; MTBE = 9%; 
TBA = 14% ), providing an appropriate level of sensitivity to evalu
ate current compliance with remediation goals. 

The following section describes the site database used in this 
study and the methodology used to evaluate plume behavior at each 
site. 

Database of Long-Term Groundwater Monitoring 
Records for UST Sites 

Key characteristics of the groundwater monitoring database for the 
48 sites included in this study are as follows: 
• Geographic location: The sites are located in various states in 

the United States with different histories of MTBE use; speci
fically, 63% of the sites are in California, 19% in New Jersey 
10% in Alaska, 6% in Oregon, and 2% in Nevada. A majority of 
the sites (82%) are located in California and New Jersey, two 
states that together, represented 45% of the total MTBE con
sumption in the United States in 2001 (Lidderdale 2003). 

• Cun-ent site use: Of the 48 UST sites, 30 are active service sta
tions and 18 are inactive stations or vacant lots with no further 
potential for releases of gasoline. 

• Release history: Available information indicates that under
ground fuel storage tanks and dispenser islands were principal 
sources of release of leaded and/or unleaded gasoline at the 48 
sites evaluated. More than 70% of the 48 sites have records of 
releases occun-ing after 1992 or are active service stations that 
handled MTBE reformulated gasoline (RFG) after 1992. 

• Environmental effects: Non-aqueous phase liquid (NAPL) or 
sheen was reported in monitoring wells at 34 of the 48 sites. 
Groundwater impacts were reported to be limited to a shallow 
aquifer unit at a majority of the sites, with only 6% of the sites 
reporting effects to more than one aquifer zone. 
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• Groundwater monitoring program: For the 48 sites included 
in this study, the median number of groundwater monitoring 
wells per site is 17, with a median of four wells located in the 
source area ("source wells"), seven wells located within the 
plume downgradient of the source ("plume wells"), and six wells 
located outside of the affected groundwater plume ("delineation 
wells"). In this study, only wells designated as either source wells 
or plume wells were used to evaluate plume concentration trends. 
The median length of time that groundwater monitoring was un
derway at the 48 sites is 15 years for benzene, 11 years for 
MTBE, and eight years for TBA. Additionally, for the purpose 
of calculation of point attenuation rates, only those wells with 
more than eight years of monitoring data were used. 

• Remediation history: For 44 of the 48 sites evaluated in this study, 
information was available regarding past or on going remedial 
actions for affected groundwater. In sum, seven sites (16%) were 
managed only by monitored natural attenuation (MNA); nine 
sites (20%) were addressed only with NAPL recovery; 13 sites 
(30%) received some form of active groundwater remediation 
(e.g., pump and treat, air sparging) without NAPL recovery; 
and 15 sites (34%) received some form of active groundwater 
remediation in combination with NAPL recovery. 
As indicated by the relatively extensive monitoring well net

works, the long groundwater monitoring periods, the past presence 
of NAPL, and the implementation of active remedies at a majority 
of the sites in this study, this database is more representative of sites 
with larger fuel releases and more extensive groundwater impacts 
as opposed to sites with only minor MTBE effects on groundwater 
(e.g., with a few monitoring wells showing low-µg/L concentra
tions of MTBE in groundwater). Consequently, the findings of this 
study should be understood to pertain to plumes at sites with rel
atively significant fuel releases and not to sites with de minimis 
releases of MTBE at which much shorter plume lengths and dura
tions may be observed. 

Evaluation of Groundwater Plume Behavior 

For each of the 48 sites in this study, the behavior of the affected 
groundwater plume was evaluated as follows: 

1. Plume stability: The current plume stability condition was 
characterized by two methods: (1) comparing the maximum 
spatial extent of the groundwater plume observed historically 
with the spatial extent observed during the most recent sam
pling event at the site and (2) evaluating long-term concentra
tion trends in the wells located at the downgradient edge of 
the plume using the Mann-Kendall statistical method, as de
scribed in the MAROS software system [Air Force Center 
for Environmental Excellence (AFCEE) 2000]. For each con
stituent, the plumes were then classified as shrinking, stable, 
expanding, no trend, or detached. Plume concentration trends 
were characterized using the Mann-Kendall statistical method, 
as described in Aziz et al. (2003), as follows: (1) an increasing 
trend refers to a Mann-Kendall result of increasing with a sig
nificance level > 90%; (2) a decreasing trend refers to a Mann
Kendall result of decreasing with a significance level > 90%; 
(3) a stable condition refers to a Mann Kendall result of no 
trend at a significance level > 90% and with a coefficient of 
variation (COY) < 1 (indicating low degree of variability); and 
(4) no trend refers to a Mann-Kendall result of no trend but 
with a significance level < 90% and a high degree of variabil
ity (COV > 1). Using this approach, plume stability was eval
uated for benzene at 42 sites, for MTBE at 41 sites, and for 
TBA at 34 sites. 

2. Current measured and estimated plume length: Current plume 
lengths were determined either by (1) measuring the distance 
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Fig. 1. Correlation between estimated ersus measured plume lengths at 
30 UST sites with well-delineated MTBE, benzene, and TBA plumes 

from the source location to the downgradient location meeting 
the remediation goal (i.e., a clean location), for those sites in 
which the existing monitoring well network included at least 
one clean downgradient well (designated as well-delineated 
plumes in this study); or (2) estimating the distance from the 
source to a clean downgradient location, using an empirical 
estimation method on the basis of the observed bulk attenuation 
rate (Newell et al. 2002), for those sites at which the current mon
itoring well network did not include a clean downgradient well. 
Plumes for which the lengths could not be either directly mea
sured or estimated were designated as indeterminate. 

The available data were sufficient to provide measurements 
of plume length for 26 benzene plumes, 28 MTBE plumes, and 
19 TBA plumes. These well-delineated plumes were consid
ered the more reliable measure of plume length and were con
sequently used to check the plume length estimation method 
used for plumes with less complete delineation. As shown in 
Fig. 1, the estimated plume lengths for the well-delineated 
plumes, derived using the bulk attenuation rate, show a reason
able correlation to the tme measured plume lengths at these 
sites (slope = 1.2, R2 = 0.43), with the error tending toward 
overestimation of the true plume length in most cases. On this 
basis, this calculation method was considered a conservative 
method for estimating the plume length for those sites with 
less complete delineation. Using this methodology, estimated 
plume lengths were derived for an additional eight sites for 
benzene, seven sites for MTBE, and three sites for TBA. 

Indeterminate plume lengths were found at 19% of the ben
zene sites, 15% of the MTBE sites, and 35% of the TBA sites 
in this study. To account for the effect of these indeterminate 
lengths on the plume population statistics (specifically, the 
median plume length), as a highly conservative measure the 
indeterminate plumes were assumed to be equal to or longer 
than the longest measured or estimated plume length deter
mined for each constituent. 

Additionally, to ensure that the available monitoring data 
provided a reliable measure of true plume dimensions, at each 
site and for each constituent the possible occurrence of a diving 
plume was evaluated on the basis of available data for vertical 
delineation of the plume. This entailed review of groundwater 
test results from the deeper monitoring wells on each site to con
firm that the plume did not extend downward beyond the depth 
of the monitoring network, resulting in possible mischaracteri
zation of the true plume length. Furthermore, each site was 
evaluated using the EPA plume dive calculator (Weaver and 
Wilson 2000) to determine whether site-specific hydrogeologic 
conditions could result in downward displacement of the plume 
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sufficient to extend beyond the depth of the monitoring well net
work. Results of this analysis found none of the sites to pose a 
concern with regard to diving plumes. Stratigraphic features at 
each site may have played an important role in limiting plume 
dive in the groundwater underlying these sites (Wilson 
et al. 2005). 

3. Current plume concentration trends: To evaluate the long-term 
temporal trends of constituent concentrations in groundwater 
at the 48 sites, monitoring data from individual wells that was 
sampled during eight or more sampling events, with detectable 
concentrations reported in four or more of these sampling 
events, were evaluated as follows: 

(I) Concentration trends in individual wells: To assess the 
trend of concentration versus time within each well, mon
itoring data from individual wells were statistically eval
uated using the Mann-Kendall method, as described in 
the MAROS software system (AFCEE 2000). Addition
ally, to minimize the effect of analytical variability and 
data censoring attributable to the detection limit, only 
wells in which individual constituents had historically 
been detected above 20 ~ig/L were evaluated for concen
tration trends. Of the 589 source wells and plume wells 
installed at the 48 sites, 288 wells (43 sites), 306 wells 
(42 sites), and 241 wells (34 sites) met these minimum 
criteria for benzene, MTBE, and TBA, respectively. 

(2) Current versus historical compliance with applicable reme
diation goals: Monitoring data from individual wells that 
were sampled during at least one event after 2007 were 
evaluated for past and current compliance with the applic
able remediation goals. In total, 218 wells (33 sites), 279 
wells (34 sites), and 134 wells (22 sites) met these selec
tion criteria for benzene, MTBE, and TBA, respectively. 

(3) Changes in maximum groundwater concentrations at 
individual sites over time: Additionally, as a simple mea
sure of the change in plume concentrations over time on 
a site-wide basis, the maximum historical concentration 
of each gasoline constituent detected in any well during 
the initial 20% of the monitoring history at a site was 
compared with the maximum concentration reported at 
any well during the most recent sampling event conducted 
at the site after 2007. At the 48 sites, maximum concen
trations of gasoline constituents measured in groundwater 
ranged between 45 µg/L and 120,000 µg/L for benzene, 
between 23 µ,g/L and 1, 700,000 1ig/L for MTBE, and 
between 68 µ,g/L and 700,000 µ.g/L for TBA. Reduction 
in maximum groundwater concentrations over time were 
evaluated at 42 sites for benzene, 41 sites for MTBE, 
and 34 sites for TBA. 

4. Point attenuation rates in individual wells and at sites: A first
order rate of attenuation of chemical concentrations in the 
groundwater aquifer was calculated for each source well and 
plume well that exhibited a stable or decreasing concentration 
trend by estimating the slope of the lognormal plot of concen
tration versus time [lnC versus t; point attenuation rate, as de
fined in Newell et al. (2002)] for benzene, MTBE, and TBA at 
each well. 

5. Additional and total remediation timeframe: For the purpose of 
this study, the additional remediation timeframe corresponds to 
the estimated future period required from the date of the last 
monitoring episode for each site (typically 2009) until the max
imum constituent concentration measured at the site is reduced 
to the applicable remediation goal. This additional timeframe 

for each site was calculated using the site-specific average 
point attenuation rates (see point 4 above) and the most recent 
maximum concentration for each constituent (Newell et al. 
2002). The total remediation timeframe for each compound 
was calculated as the sum of (l) the duration of groundwater 
monitoring period following the first detection of the constitu
ent at the site and (2) the maximum estimated additional reme
diation timeframe necessary to meet the applicable remediation 
goal for that constituent. Using this approach, additional and 
total remediation timeframes were evaluated at 37 sites for 
benzene, 31 sites for MTBE, and 15 sites for TBA. 

MTBE-degrading microbes are understood to require longer ac
climation periods than the microbes that degrade benzene, toluene, 
ethylbenzene, and xylene (BTEX) constituents (Shah et al. 2009). 
Consequently, to avoid underestimating the true rate of biodegra
dation of MTBE in the groundwater, this evaluation included only 
those wells with long-term monitoring records (> 8 years) with de
tectable concentrations of gasoline constituents measured above the 
detection limit during four or more sampling events. Additionally, 
to ensure that the observed changes in the concentration were 
attributable to attenuation rather than an artifact of variable labo
ratory results or detection limits between sampling events, only 
those wells that exhibited concentrations above 200 µg/L for each 
gasoline constituent during the initial 20% of its monitoring history 
were used to calculate the point attenuation rate for that constituent. 
Using this approach, point attenuation rates were calculated for 187 
wells (38 sites), 165 wells (30 sites), and 62 wells (16 sites) for 
benzene, MTBE, and TBA, respectively. 

The "total remediation timeframe" for each compound was cal
culated as the sum of (1) the duration of groundwater monitoring 
period following the first detection of the constituent at the site and 
(2) the maximum estimated additional remediation timeframe nec
essary to meet the applicable remediation goal for that constituent. 
Using this approach, additional and total remediation timeframes 
were evaluated at 37 sites for benzene, 31 sites for MTBE, and 
15 sites for TBA. 

Results of Data Evaluation 

Plume Stability 

The results show that the vast majority of the benzene plumes 
(95%) and the MTBE plumes (90%) evaluated in this study are 
stable or diminishing in size (see Fig. 2). Less than 5% of benzene 
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Fig. 2. Results of groundwater plume stability evaluation at individual 
sites 
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plumes (2 of 42 sites) and MTBE plumes (2 of 41 sites) were 
observed to be expanding in size over time. MTBE plumes showed 
evidence of being detached from the original release area at a small 
number of sites (2 of 41 sites); however, comparison of the past and 
current dimensions of these detached MTBE plumes shows that the 
spatial extent of on-site and off-site groundwater impacts for these 
detached plumes is also diminishing in size. None of the 42 ben
zene plumes exhibited detached conditions. 

For TBA, 68% of the plumes evaluated (23 of 34 sites) are 
currently stable or shrinking in size, whereas 26% (9 of 34 sites) 
were observed to be expanding in size over time. At the remaining 
two sites (6%), TBA was detected at higher concentrations in the 
plume wells than in the source wells, indicating a detached plume 
condition. The higher percentage of expanding TBA plumes (26%) 
compared with that of its parent compound MTBE (approx. 5%) 
suggests that, at some sites, biodegradation of MTBE has contrib
uted to increased concentrations of TBA in the areas downgradient 
of the plume source area. 

In summary, in terms of plume stability, MTBE plumes closely 
match the behavior of benzene plumes, with the vast majority of the 
MTBE plumes investigated (> 903) being in a stable or diminish
ing condition. Additionally, preliminary evaluation of the MTBE 
footprint at the few sites with detached plumes shows that on-site 
and off-site groundwater impacts are now much smaller in size than 
in the past, thus suggesting that, similar to normal groundwater 
plumes, detached plumes also stabilize and attenuate over time 
and distance. Although a majority of the observed TBA plumes 
are also stable or diminishing (68%), the lower percentage relative 
to MTBE and benzene plumes likely reflects the temporary build
up of TBA concentrations in groundwater attributable to MTBE 
biodegradation. In general, TBA may persist within the portion 
of the plume where biodegradation of benzene, MTBE, and other 
gasoline constituents has depleted available electron acceptors, and 
then preferentially biodegrade in the downgradient portions of the 
plume, where higher concentrations of suitable electron acceptors 
are encountered. 

Current Measured and Estimated Plume Lengths 

For the purpose of this evaluation, plumes lengths were (1) mea
sured directly for well-delineated plumes, (2) estimated using 
a conservative empirical relationship, or (3) characterized as 

Benzene 
(n = 26) 

MTBE 
(n =28) 

TBA 
(n = 19) 

0 500 1000 1500 2000 
(a) Plume Length (ft) 

indeterminate on the basis of available data (see the discussion 
in the Methodology section above). Results of the plume length 
evaluation for each category of plume are provided below and 
in Fig. 3. 
(1) Measured plume lengths for well-delineated plumes: For sites 

with well-delineated plumes, the current median plume 
lengths, as measured by the monitoring well network, are 
105 feet for benzene (26 sites), 75 feet for MTBE (28 sites), 
and 118 feet for TBA (19 sites) [see Fig. 3(a)]. The 90th per
centile plume lengths for benzene, MTBE, and TBA at these 
same sites were 208 ft, 210 ft, and 226 ft, respectively. As a 
population, no statistically significant difference existed be
tween MTBE plume lengths and benzene plume lengths at the 
same sites, as determined using the Student's t-test (p = 0.69). 
The two MTBE plumes found to be detached from the source 
area exhibited plume lengths of 550 ft (with a maximum down
gradient extent 700 ft from the original source zone) and 510 ft 
(with a maximum downgradient extent 885 ft from the original 
source zone). 

(2) Estimated plume lengths: For sites with stable or shrinking 
plumes at which the existing well network was not adequate 
to delineate the plume length but for which a bulk attenuation 
rate could be calculated (on the basis of a lnC versus distance 
plot), plume lengths were estimated using the method de
scribed in Newell et al. (2002) (see the discussion in the Meth
odology section above). For this population of sites, the current 
median estimated plume lengths are 354 feet for benzene (eight 
sites), 379 feet for MTBE (seven sites), and 371 feet for TBA 
(three sites) [see Fig. 3(b)]. 

(3) Measured and estimated plume lengths: In combination, the 
ctment median plume lengths were measured or were esti
mated to be 125 feet for benzene (34 of 42 sites), 110 feet 
for MTBE (35 of 41 sites), and 145 feet for TBA (22 of 34 
sites) [see Fig. 3(c)]. For this data set, the 90th percentile plume 
lengths for benzene, MTBE, and TBA are 356 ft, 454 ft, and 
366 ft, respectively [see Fig. 3(b)]. 

( 4) Measured, estimated and indeterminate plume lengths: The 
plume length values presented above do not include inde
terminate plumes, for which the plume lengths could not be 
measured or estimated on the basis of available data, corre
sponding to 19% of the benzene plumes (8 of 42), 15% of 
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(n = 34) 
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(n = 35) 

TBA 
(n = 22) 

0 500 1000 1500 2000 
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Fig. 3. Distribution of (a) measured plume lengths for well-delineated plumes; (b) measured and estimated plume lengths for all plumes 
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MTBE plumes (6 of 41), and 35% of TBA plumes (12 of34) in 
our data set. 

Given that these indeterminate plumes extended beyond the 
extent of the existing monitoring well networks, expecting that 
the average length of these plumes would exceed the average 
length of the plumes whose lengths were delineated or esti
mated is reasonable. Therefore, as a conservative measure, 
the median lengths of the full plume population, including 
the indeterminate plumes, were estimated using highly 
conservative assumption that all of the indeterminate plumes 
are equal to or longer than the longest measured or estimated 
plume length. Given this assumption, the adjusted median 
plume lengths for the full population of measured, estimated, 
and indeterminate plumes are 171 feet for benzene, 140 feet for 
MTBE, and 235 feet for TBA. These values correspond to a 
very conservative high-end estimate of median plume lengths 
and may significantly over estimate the tme median 
plume length for this population. 

(5) Comparison of MTBE and benzene plume lengths: On a site
by site basis, at the 33 sites at which both MTBE and 
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benzene plumes were measured or estimated, the MTBE 
and benzene plumes are not statistically different on the basis 
of a Student's t-test analysis (assuming two-tail distribution and 
unequal variances between populations; p = 0.23). Fig. 4 pro
vides a comparison of the MTBE and benzene plume lengths 
determined for these 33 sites. As shown, 70% of the MTBE and 
benzene plumes (23 of 33) are within + / - 100 feet in length, 
whereas only 12% of sites (4 of 33) contained plumes that dif
fered by more than 200 ft (see Fig. 4). 

In summary, for the sites in this study, the lengths of MTBE 
plumes are comparable to those of benzene plumes (adjusted 
median values of 140 feet for MTBE versus 171 feet for benzene 
for all plumes, and unadjusted 90 percentile plume lengths of 
454 feet for MTBE versus 356 feet for benzene for measured 
and estimated plumes). TBA plume lengths are also comparable 
to those of MTBE plumes (adjusted medians of 235 feet for 
TBA versus 140 feet for MTBE for all plumes, and unadjusted 
90 percentile plume lengths of 366 feet for TBA versus 454 feet 
for MTBE for measured and estimated plumes). 

Note that the applicable MTBE remediation goal employed 
in this study (i.e., 10 µg/L) is more stringent than groundwater 
standards applied in some states in the United States, including 
California (primary MCL = 13 µg/L) [California Department of 
Public Health (CDPH) 2009] and New Jersey (MCL = 70 µg/L) 
[New Jersey Department of Environmental Protection (NJDEP) 
1997]. Consequently, the plume lengths presented in this paper re
present a conservative overestimate of MTBE plume lengths sub
ject to remedial action goals in those states. 

Current Groundwater Concentrations and 
Concentration Trends 

(1) Reductions in the maximum plume concentrations observed at 
each site: The monitoring records show that the maximum plume 
concentrations recorded within the initial 20% of the monitoring 
period decreased over time for 93, 90, and 74% of the benzene 
(40 sites), MTBE (38 sites), and TBA (26 sites) plumes evaluated 
in this study. Among these sites, the median reductions over time 
in the maximum historical groundwater concentration were 90% 
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Fig. 5. Concentration Trends: (a) Median percent reduction in maximum groundwater concentration at all sites; (b) distribution of groundwater 
concentrations trends versus time in individual wells (Both stable plumes and no trend plumes have a Mann-Kendall result of "no trend." However, 
for our evaluation, consistent with the MAROS guidelines (Aziz et al. 2003), "stable" is used for "no trend" results for which the level of significance 
is > 90% and COV < 1, whereas no trend refers to no trend results with level of significance < 90% and/or COV > I) 
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for benzene, 99% for MTBE, and 69% for TBA [see Fig. 5(a). For 
those sites with shrinking or stable plumes, the percentage 
reductions in the maximum historical concentrations were slightly 
higher than for the full plume population, at 92% for benzene 
(40 sites), 99% for MTBE (37 sites), and 88% for TBA (23 sites). 
At sites with detached MTBE plumes (two sites) or TBA plumes 
(two sites), the concentration reduction was observed to be approx
imately 92% for MTBE and 81 % for TBA. 

(2) Concentration Trends in Individual Monitoring Wells: 
Evaluation of the concentration trends in individual monitoring 
wells found concentrations to be stable or diminishing over time 
for 90% of wells with detectable benzene and for 86% of wells 
with detectable MTBE [see Fig. 5(b)]. Less than 2% of the wells 
containing benzene and less than 4% of the wells containing MTBE 
exhibit increasing concentration trends. For TBA, 58% of individ
ual wells show stable or diminishing concentration trends over 
time, whereas 13% of the wells exhibit increasing trends. 

(3) Current versus histolical compliance with applicable 
remediation goals: 

All wells: The number of monitoring wells that meet the 
remediation goals for benzene and MTBE increased significantly 
over the monitoring periods [see Fig. 7(a)]. Specifically, the per
centage of individual monitoring wells that meet the selected 
remediation goals (i.e., 5 µg/L for benzene and 10 µg/L for 
MTBE) increased from 10 to 48% for benzene and from 11 to 
57% for MTBE, representing an approximate five-fold increase 
in compliance for each constituent. The percent of individual mon
itoring wells for which TBA meets the selected remediation goal 
(12 µg/L) also increased, but by a lesser margin than the other two 
constituents, increasing to 25% in the most recent sampling epi
sodes compared with 16% historically, an approximate 60% in
crease. In general, the percentage of plume wells in compliance 
with the remediation goal is greater than those located in the source 
area, which is consistent with the commonly observed pattern of 
concentrations diminishing more rapidly in the downgradient por
tion of the plume, with measurable concentrations persisting for a 
longer period in the source area. 

Site-wide evaluation: On a site-wide basis (i.e., in 100% of 
monitoring wells), 12% of the 43 sites affected by benzene, 
24% of the 42 sites affected by MTBE, and 14% of the 35 sites 
affected with TBA presently meet the applicable remediation goal 
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for all monitoring wells [see Fig. 6(b)]. Historically, none of these 
sites met the remediation goal on a site-wide basis for all monitor
ing wells. 

In summary, during the monitoring period, the majority of sites 
investigated in this study experienced significant reductions in 
maximum plume concentrations for benzene, MTBE, and TBA 
(i.e., > 69% of sites for all three compounds). The median reduc
tion observed in the maximum concentration in MTBE plumes 
(99%) exceeds that of benzene plumes (90%) for the full plume 
populations [see Fig. 5(a)]. Within individual monitoring wells, 
MTBE exhibits concentration trends comparable to those of ben
zene, with 86 to 90% of wells showing stable or diminishing con
centrations over time. As a result, a much larger percentage of wells 
now comply with these remediation goals than was observed at the 
beginning of the monitoring period. Relative to benzene and MTBE 
plumes, a smaller percentage of TBA wells (58%) exhibit stable or 
diminishing concentrations, whereas a larger percentage indicate 
increasing concentrations (13%), which may reflect the temporary 
increase in TBA concentrations attributable to biodegradation 
ofMTBE. 

Detached MTBE and TBA plumes exhibit concentration reduc
tions (MTBE: 85 to 99% reduction; TBA: 71 to 91 % reduction) 
similar to those of non-detached plumes (MTBE: 29 to 100% re
duction; TBA: 11 to 100% reduction). The median concentration 
reduction exhibited by all TBA plumes (69%) is less than that of 
MTBE (99%) and benzene plumes (90%), possibly reflecting the 
temporary build-up of TBA concentrations attributable to biodeg
radation of MTBE. 

Point Attenuation Rates in Individual Wells 

For wells exhibiting a trend of stable or diminishing concentrations 
over time, the data are amenable to calculation of a point attenu
ation rate (i.e., on the basis of C versus t) using the standard meth
ods described in Newell et al. (2002). (Note that, in this paper, 
when concentrations are declining over time, the rate constant has 
a negative value; when concentrations are increasing over time, the 
rate constant is positive). The concentration attenuation rates ob
served in individual wells for the three gasoline constituents under 
study are as follows. 

(1) Point attenuation rates in individual wells: First-order point 
attenuation rates estimated for benzene in 188 wells (39 sites) 
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Fig. 6. Comparison of historical versus current compliance with remediation goals 
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Fig. 7. Comparison of point attenuation rates for benzene, MTBE, and TBA at sites with stable or shrinking plumes 

ranged from -5.8 per year to 0.52 per year, with a median 
value of -0.59 per year [see Fig. 7(a)]. For MTBE, first-order 
attenuation rates were estimated for 175 wells (33 sites) and 
were observed to range from -3.6 per year to 0.29 per year, 
with a median value of -0.63 per year. TBA degradation rates 
were estimated for 110 wells (21 sites) and ranged from -4.9 
per year to 1.71 per year, with a median value of -0.52 
per year. 

(2) Median point attenuation rates in wells at each site: Site-wide 
attenuation rates obtained by calculating the median attenua
tion rate for individual wells at each site are shown in 
Fig. 8(b). Attenuation rates ranged between -0.12 and 
-2.9 per year (median = -0.65 per year) for benzene, 
-2.7 and 0.01 per year (median= -0.69 per year) for 
MTBE, and -2.94 and 0.025 per year (median = -0.63 
per year) for TBA. These median attenuation values are com
parable, but slightly faster (i.e., more negative), than the va
lues determined for each chemical on the basis the full well 
population [see Fig. 7(a)]. 

In summary, concentration trends in individual wells and on a 
site-wide basis indicate that the point attenuation rates of benzene, 
MTBE, and TBA are similar 
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As an alternative measure of the relative behavior of benzene, 
MTBE, and TBA in groundwater, the overall concentration trend 
for each constituent among the full population of sites was char
acterized as the change in the median and maximum concentrations 
versus time among all sites, as shown on Figs. 9(a) and 9(b) and 
discussed below. 

(1) Reduction in overall median concentration versus time for 
full site population: The median concentrations of benzene, 
MTBE, and TBA in groundwater for the full site population 
all decreased significantly over the past 10 years. As indicated 
in Fig. 8(a), the overall attenuation rates (C versus t) exhibited 
by these median concentration values over the past 10 years 
are -0.20 per year, -0.47 per year, and -0.27 per year for 
benzene, MTBE, and TBA, respectively, corresponding to half 
lives of 3.4, 1.5, and 2.5 years. 

(2) Reduction in maximum concentration versus time for full 
site population: Similar to the median values, the maximum con
centrations of benzene, MTBE, and TBA in groundwater for this 
site population also decreased significantly over the past 10 years. 

overall Maximum Site Cone. vs. Time 

(b) Year 

Fig. 8. Trend in site-wide median and maximum plume Concentrations versus time 
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Fig. 9. Time to Remediation for Sites with Stable or Shrinking Plumes ("Benzene Only" refers to those sites where only benzene, not MTBE or TBA, 
exceeded the applicable remediation goal.) 

As indicated in Fig. 8(b), the overall attenuation rates (C versus t) 
exhibited by these maximum concentration values over the past 
10 years are -0.20 per year, -0.43 per year, and -0.29 per year 
for benzene, MTBE, and TBA, respectively, corresponding to half 
lives of 3.5, 1.6, and 2.4 years. 

In summary, when evaluated on the basis of the full site pop
ulation, both the median and maximum MTBE concentrations mea
sured in groundwater are observed to decrease at a faster rate than 
the median and maximum concentrations of benzene. The faster 
attenuation rate observed for MTBE relative to benzene may reflect 
the effect of (1) the discontinued use of MTBE in the past decade, 
as a result of which unlike benzene, additional releases of MTBE 
cannot occur at active UST sites and/or (2) the much higher solu
bility of MTBE, compared with benzene, which can result in a 
more rapid rate of dissolution and depletion of MTBE from the 
source, eventually resulting in lower contributions of MTBE from 
the source to the plume, relative to benzene. 

The median and maximum TBA concentrations observed for 
this site population are generally higher than either MTBE or ben
zene. In addition, TBA exhibits an overall average attenuation rate 
that is slower than MTBE. These observations are consistent with a 
temporary build-up of TBA, as a biodegradation product ofMTBE, 
and limited biodegradation of TBA within the more concentrated 
portions of the plume in which electron acceptors were depleted 
by preferential biodegradation of BTEX and MTBE. 

Effect of Active Groundwater Remediation on Plume 
Attenuation Rates 

To evaluate the influence of active remediation on plume concen
tration trends, attenuation rates at sites at which active groundwater 
remediation and/or LNAPL recovery were conducted were com
pared with attenuation rates at those sites that were managed by 
MNA only. Table I summarizes the median attenuation rates de
termined for sites classified as: (1) MNA only, (2) NAPL recovery 
only, (3) groundwater remedy only, or (4) groundwater remedy plus 
NAPL recovery, on the basis of whether such actions were con
ducted for any period of time in the site history. 

Student's t-tests (two-sided) comparing these four groups found 
that, for all three plume constituents, no statistically significant dif
ference existed between the attenuation rates observed between 
(1) MNA-only sites versus groundwater remedy only sites (groups I 
and 3 in Table I; p-value range for the three compounds = 0.10-
0.43) or between (2) the combined population of MNA-only plus 
NAPL recovery only sites (groups 1 and 2 in Table 1) versus the 
combined population of groundwater remedy only and ground
water remedy with NAPL recovery sites (groups 3 and 4 in Table 1) 
(p-value range for the three compounds = 0.33-0.62). This analysis 
indicates that, for this set of sites, active groundwater remedies did 
not serve to measurably alter the rate of attenuation of plume con
centrations versus time for the benzene, MTBE, or TBA. Rather, 
the fact that groundwater remedy only sites display attenuation 
rates comparable with those of MNA-only sites suggests that 

Table 1. Comparison of Attenuation Rates of Median Plume Concentration versus Time for Different Remedial Action Conditions 

Benzene MTBE TBA 

No. of Median attenuation No. of Median attenuation No. of Median attenuation 
Groundwater remediation method Sites rate (1/yr) sites rate (1/yr) sites rate (1/yr) 

1) MNA only 7 -0.20 6 -0.56 3 -0.23 
2) NAPL recovery only 9 -0.13 9 -0.42 7 -0.18 
3) Groundwater remedy only 13 -0.27 14 -0.47 12 -0.24 
4) Groundwater remedy with NAPL recovery 13 -0.09 13 -0.46 11 -0.06 
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natural attenuation is likely the dominant attenuation mechanism 
for this population of sites. This observation is supported by the 
overall trend of TBA and MTBE concentrations across the full pop
ulation of sites (see point 5 above). The presence of TBA in ground
water at concentrations greater than MTBE similarly indicates that 
biodegradation of MTBE (i.e., conversion to TBA) is the dominant 
mass removal mechanism for MTBE and that this natural attenu
ation process is more significant than active remediation for this site 
population. 

The finding that groundwater plumes at sites managed by MNA 
only versus sites managed by active groundwater remediation are 
comparable is consistent with prior investigations of large popula
tions of BTEX plumes (benzene, ethylbenzene, toluene, and 
xylene), as reported in Newell and Connor (1998). Specifically, 
studies by Rice et al. (1995) of 208 BTEX plumes in California 
and by Mace et al. (1997) of 93 BTEX plumes in Texas found 
no statistical difference in plume lengths between active ground
water remediation sites and MNA only sites. 

In summary, the attenuation rates of the median concentrations 
of the three plume constituents are equivalent for sites in which 
active groundwater remediation was conducted versus sites in 
which only MNA was applied. In the absence of more detailed in
formation regarding the remediation activities at each of the sites in 
this study, particularly with regard to the mass of constituents re
moved or destroyed, and a comparison of plume conditions before 
and after the remedy, a degree of uncertainty in this analysis is rec
ognized with respect to the effect of remediation on plume condi
tions. For example, remediation efforts that remove a significant 
portion of the source mass from the groundwater can certainly serve 
to reduce the maximum plume size and increase the rate of plume 
shrinkage. However, at face value, the similarity of the attenuation 
rates observed at actively remediated versus nonactively remedi
ated sites suggests that natural attenuation of benzene, MTBE, 
and TBA may be the principal mechanism of mass removal for this 
population of plumes. 

Additional and Total Remediation Timeframe 

For sites with stable or shrinking plumes, which are amenable to 
calculation of point attenuation rates (C versus t), the average at
tenuation rates calculated for each site (see item 4b above) were 
used to calculate the additional time necessary for the site to meet 
the applicable groundwater remediation goal [see Fig. 9(a)]. The 
additional remediation timeframe was estimated to range from 0 
to 43 years for benzene (median = 6.4 years for 36 sites), 0 to 
28 years for MTBE (median =4 years for 31 sites), and 2 to 18 years 
for TBA (median = 4.5 years for 15 sites). 

For this same population of sites, the total remediation time
frame was determined as the sum of the additional remediation 
timeframe plus the number of years since monitoring first began 
on the site. The total remediation timeframe was estimated to range 
from 12 to 52 years for benzene (median= 24 years for 36 sites), 7 
to 41 years for MTBE (median= 15 years for 31 sites), and 9 to 
29 years forTBA [median= 17 years for 15 sites; see Fig. 9(b)]. For 
sites with MTBE and/or benzene plumes, the combined total time
frame to reach applicable remediation goals is within the range 16 
to 53 years, with a median timeframe of28 years. For sites at which 
only benzene ever exceeded the applicable remediation goal (i.e., no 
exceedance for either MTBE or TBA), the total remediation time
frame was estimated to be from 14 to 52 years (median= 24 years; 
7 sites). 

In summary, evaluation of the additional and total timeframe 
required to achieve remediation goals again shows benzene and 
MTBE plumes to exhibit similar behavior. Note that the total 
remediation timeframes for benzene and/or MTBE plumes 

combined (range of 16 to 53 years, with a median timeframe of 
28 years) are comparable to the total remediation timeframes for 
sites at which groundwater impacts are limited to the presence 
of benzene only, with no MTBE effects above the applicable 
remediation goal (range of 14 to 52 years, with a median of 
24 years). These results indicate that MTBE plumes are not 
recalcitrant in comparison to benzene plumes; in contrast, they 
can be expected to attenuate within the same general timeframe. 
Indeed, as suggested by the data in this study, at many sites, MTBE 
plumes may be observed to reach remediation goals more quickly 
than the benzene plume. 

Comparison to Previous Studies 

Earlier studies predicted that, in comparison to non-MTBE gaso
line, releases of MTBE-containing gasoline from UST sites would 
result in relatively long plumes and much longer-term effects on 
groundwater resources (Fogg et al. 1998; Odencrantz 1998; Weaver 
and Small 2002). However, the results of the evaluation of gasoline 
plume behavior at 48 sites located in diverse hydrogeologic settings 
across the nation indicate that at a majority of UST sites that were 
monitored for five or more years: (1) the MTBE concentrations in 
groundwater significantly diminished over time, (2) MTBE plume 
lengths and stability conditions are comparable to benzene plumes, 
and (3) MTBE plume attenuation is on track to achieve remedial 
goals within a timeframe comparable to or less than that of benzene 
plumes. These findings are consistent with other studies that exam
ined monitoring data for large populations of UST sites across the 
nation and found that the spatial extent and duration of MTBE ef
fects on groundwater resources is much less than previously antici
pated (Mace and Choi 1998; Reid et al. 1999; Shorr and Rifai 2002; 
Rifai et al. 2003; Wilson et al. 2003; Shih et al. 2004; Stevens et al. 
2006). Review of our specific findings with regard to those of pre
vious studies is summarized in Table 2 and discussed in further 
detail below. 
1. Plume stability: The percentage of stable or shrinking MTBE 

plumes at the 41 sites evaluated in this study (90%) is toward 
the upper end of the range of values (50 to 96%) published in 
previous studies for a total of 81 sites evaluated in Texas in 2002 
(Shorr and Rifai 2002) and in Florida in 1999 (Reid et al. 1999). 
These results suggest that, given the longer monitoring periods 
that were the focus of the current study and the greater passage 
of time since the release, a larger percentage of MTBE plumes 
will attenuate to a stable or shrinking condition. 

2. Plume length: The median MTBE plume length determined in 
this study (adjusted upper-end median of 140 feet) is on the low
er end of the range of median lengths (140 feet to 178 feet) re
ported in earlier studies (Mace and Choi 1998; Wilson et al. 
2003; Reid et al. 1999). Again, this shorter median plume length 
may reflect the longer monitoring periods for the sites included 
in this study, which is consistent with continued attenuation of 
MTBE plume lengths over time. 

3. Point attenuation rate: The median attenuation rate for MTBE in 
groundwater (-0.63 per year) reported for the sites include in 
this study is faster than the attenuation rate values published 
in previous studies (median of --0.35 per year) for MTBE
affected sites undergoing natural attenuation only (Schirmer 
et al. 1999; Wilson and Kolhatkar 2002; Hansen et al. 2003; 
Rifai et al. 2003; EPA 2005). The faster MTBE attenuation rates 
observed in this study may reflect the effect of the longer mon
itoring period, which may provide a more accurate estimate for 
attenuation rates for compounds, such as MTBE, that entail 
longer periods for acclimation of the in situ bacterial population. 
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Table 2. MTBE Plume Characteristics Reported in the Current Study versus that Reported in Literature 

Results for MTBE plumes 

Current study Prior studies of data for multiple plumes 

MTBE plume No. of No. of 
characteristic sites Value sites Value Reference Comments 

Percent of stable or 41 90% 81 50% to 96% (Shorr and Rifai 2002; Reid Results fit within the range 
shrinking plume et al. 1999) of previous findings, but 

indicate higher % of stable/ 

shrinking plumes. 
Plume length (feet) 35 Median = 140 ft" 356 Median= 140-178 ft (Mace and Choi 1998; The study finds median 

Wilson et al. 2003; Reid MTBE plume length to be at 
et al. 1999) lower end of range in prior 

studies. 
Point attenuation 33 -3.6to0.29 lOOb -1.2 to - 0.15 (Schiimer et al. 1999; The study finds MTBE 
rate (per year) (Median = -0.63) (Median = -0.35) Wilson and Kolhatkar 2002; attenuation rates to be faster 

Hansen et al. 2003; EPA than previous studies. 
2005; Rifai et al. 2003) 

"Table shows the adjusted median plume length for sites at which plume lengths were either measured, estimated, or considered indetenninate. 
bResults reported from MNA-only sites. 

In addition, given the discontinued use of MTBE as a fuel addi
tive, additional releases of MTBE can no longer occur at active 
UST sites; therefore, in the absence of such additional source con
tributions, faster attenuation rates are likely to be observed within 
the population of existing MTBE plumes (Stevens 2006). 
Furthermore, the higher solubility of MTBE compared with ben
zene may contribute to more rapid dissolution and depletion of 
MTBE from the source, resulting in larger reductions in source 
contributions of MTBE to the plume over the long term. 

Conclusions 

This study addresses the characteristics of benzene, MTBE, and 
TBA plumes in groundwater for a population of 48 retail service 
station sites, specifically in terms of plume length, plume stability 
condition, concentration reduction trends over time, attenuation 
rates, and the timeframe within which natural attenuation achieved 
remedial goals for each constituent. The goal of this evaluation was 
to characteiize plume behavior as observed across a variety of hy
drogeologic settings on the basis of detailed groundwater monitor
ing records, rather than to define the site-specific factors controlling 
plume behavior. The groundwater monitoring data analyzed in this 
study confirm that, over the long term for this site population, the 
behavior of MTBE plumes in groundwater is similar to that of 
benzene plumes with respect to current plume lengths and plume 
stability trends. However, overall MTBE concentrations are de
creasing more quickly than benzene, and may, on average, reach 
the applicable remediation goals more quickly than benzene 
plumes. The faster attenuation of MTBE plumes compared with 
benzene is consistent with the discontinued use of MTBE as a fuel 
additive. 

TBA plumes were also found to be comparable to benzene and 
MTBE plumes in terms of plume length. However, whereas most 
TBA plumes are stable or shrinking, the percentage of TBA plumes 
currently stable or shiinking (68%) is less than that for benzene 
plumes (95%) and MTBE plumes (90%), likely reflecting the tem
porary build-up of TBA concentrations in groundwater attributable 
to MTBE biodegradation. Nevertheless, overall trends for the 
median and maximum concentrations of TBA in groundwater at 
these sites indicate that TBA is attenuating at rates somewhat faster 

than benzene and can therefore be expected diminish to applicable 
remediation goals in a similar timeframe as the other gasoline 
constituents. 

References 

Aziz, J. A., Ling, M, Rifai, H. S., Newell, C. J., and Gonzales, J. R. (2003) 
"MAR OS: A decision support system for optimizing monitoring plans." 
Groundwater, 41(3), 355-367. 

Bono, N. (2005). "Riverhead Water District (NYSDEC Spill #95-04009) ? 
Analytical Results from Remaining Monit01ing Wells." Environmental 
Assessment & Remediations (EAR), Patchogue, NY. 

California Department of Public Health (CDPH). (2009). MTBE: Regula
tions and drinking water monitoring results,(http://www.cdph.ca.gov/ 
certlic/drinkingwater/Pages/MTBE.aspx)(Oct. 29, 2009). 

California Environmental Protection Agency (CEPA). (1999). "Public 
health goal for methyl tert buty 1 ether (MTBE) in drinking water." Office 
ofEllvironmental Health Hazard, (http://www.oehha.ca.gov/water/phg/ 
pdf/mtbe_f.pdf). 

California Regional Water Quality Control Board (RWQCB). (2004). "Beneficial 
Use-Protective Water Quality Limits for Components of Petroleum-Based 
Fuels." Rancho Cordova, CA. (http://www.swrcb.ca.gov/water_issues/ 
programs/water_ quality _goals/docs/wq_limits_for_fuels.pdf). 

Environment Agency. (2000). "A review of cutTent MTBE usage and oc
currence in groundwater in England and Wales." Ellvironment Agency 
R&D Publicatio11 97, The Stationery Office, London. 

Environmental Assessment & Remediations (EAR). (2011 ). "Exposure as
sessment. March 2011, Delta Service Station, South 2nd Street, Linden
hurst, NY, NYSDEC Spill #98-01861." Ellvironmental Assessment & 
Remediations, Patchogue, NY. 

Fogg, G. E. (1998). "Impacts of MTBE on California Groundwater, 
Health and Environmental Assessment of MTBE." Rep. to the Governor 
and Legislature of the State of California as Spo1Zsored by SB 5214: 101. 

Hansen, J. S., Fung, D. J., Kang, J. J., and Walling, L. (2003). "Full-scale 
demonstration of natural attenuation of MTBE. In situ and on-site bio
remediation - 2003." Proc. of the Seventh Int. /11 Situ and On-Site Bio
remediatio1Z, Symposium, Orlando, FL. 

Happel, A. M., Beckenbach, E. H., and Halden, R. U. (1998). "An evalu
ation of MTBE impacts to California groundwater resources." 
Lawrence Livermore National Laboratory: UCRL-AR-130897. 

Hubbard, C. E., Barker, J. F., O'Hannesin, S. F., Vandegriendt, M., and 
Gillham, R. W. (1994). "Transport and fate of dissolved methanol, 
methyl-tert-butyl-ether, and monoaromatic hydrocarbons in a shallow 

468 I JOURNAL OF ENVIRONMENTAL ENGINEERING© ASCE I APRIL 2012 



sand aquifer." American Petroleum Institute, Health and Environmental 
Sciences Dept. (AP/ No. 4601), Washington, D.C. 

Lidderdale, T. (2003). "Motor gasoline outlook and state MTBE bans." En
ergy Information Administration (http://www.eia.doe.gov/emeu/steo/ 
pub/special/mtbeban.html). 

Mace, R. E., and Choi, W. J. (1998). "The size and behavior of MTBE 
plumes in Texas." Proc. of the Petroleum Hydrocarbons and Organic 
Chemicals in Ground Water-Prevention, Detection, and Remediation 
Conf., Houston, Texas. November 11-13. 

Mace, R. E., Fisher, R. S., Welch, D. M., and Parra, S. P. (1997). Exte/lf, 
mass, and duration of hydrocarbon plumes from leaking petroleum 
storage tank sites in Texas, Bureau of Economic Geology, University 
of Texas at Austin, Austin, Texas. Geologic Circular 97-1. 

Monitoring and remediation optimization systems (MAROS) [Computer 
software]. Air Force Center for Engineering and the Environment 
(AFCEE), Atlanta, GA. 

Mormile, M. R., Liu, S., and Suflita, J.M. (1994). "Anaerobic biodegra
dation of gasoline oxygenates: extrapolation of information to multiple 
sites and redox conditions." Environ. Sci. Technol., 28(9), 1727-1732. 

Neilson, A. H. (1994). Organic chemicals in the aquatic enviro11me11t
distributio11, persistence a11d toxicity, Ann Arbor, MI, Lewis. 

Newell, C. J., and Connor, J. A. (1998). "Characteristics of dissolved petro
leum hydrocarbon plumes, results from four studies." AP/ Soil a11d 
Grou11dwater Bulletin 8, December 1998, American Petroleum Insti
tute, Washington, D.C. (www.gsi-net.com). 

Newell, C., Rifai, H. S., Wilson, J. T., Connor, J. A., Aziz, J. A., and Suarez, 
M. P. (2002). "Groundwater Issue, calculation and use of first-order rate 
constants for monitored natural attenuation studies." Rep. EPA/540/S-
021500, U.S. Environmental Protection Agency, Washington, D.C. 

New Jersey Department of Environmental Protection (NJDEP). (1997). 
Federal and N.J. state primary a11d secondary dri11ki11g-water stan
dards as of November 1996: Water Supply Element. Bureau of Safe 
Drinking Water, Trenton, NJ. 

New York State Department of Environmental Conservation (NYSDEC). 
(2008). "USEPA MTBE pilot project report: Objective 2-investigate po
tential sources of MTBE contamination on Long Island that could im
pact water supplies or environmentally sensitive areas." Stony Brook, 
NY. (http://www.dec.ny.gov/docs/remediation_hudson_pdf/mtbepilotl 
. pdf). 

New York State Department of Environmental Conservation (NYSDEC). 
(2011). New York State Department of Environmental Conservation 
(NYSDEC), Spill Incidents Database Search Results for Spill 
Number 94-04094, (http://www.dec.ny.gov/cfmx/extapps/derexternal/ 
spills/details.cfrn ?pageid=2). 

Nichols, E. M., and Roth, T. L. (2006). "Downward solute plume migra
tion: Assessment, significance, and implications for characterization 
and monitoring of diving plumes." AP/ Bulletin No. 24, American 
Petroleum Institute, Health and Environmental Sciences Department, 
Washington D.C. 

Odencrantz, J.E. (1998). "Implications ofMTBE for intrinsic remediation 
of underground fuel tank sites." Remediation J., 8(3), 7-16. 

Reid, J. B., Reisinger, H. J., Bartholomae, P. G., Gray, J. C., and Rullman, 
A. S. (1999). "Comparative MTBE versus benzene plume behavior." 
BP Oil Company Facilities, Florida. 

Reisinger, H. J., Reid, J. B., and Bartholomae, P. J. (2000). "MTBE and 
benzene plume behavior: A comparative perspective." Soil, Sediment 
and Groundwater J., MTBE Special Edition 2000, 43-46. 

Rice, D. W. et al. (1995). "California leaking underground fuel tank 
(LUFT) historical case analyses." Environmental Protection Depart
ment, Environmental Protection Division, Lawrence Livermore 
National Laboratory, Livermore, CA. 

Rifai, H. S., Shorr, G. L., and Bagga, A. (2003). "MTBE behavior at field 
sites and plume characterization." Proc. of the 2003 Petroleum Hydro
carbons and Organic Chemicals in Ground Water/Preve11tio11, Assess
ment, and Remediation Annual Conf., Costa Mesa, CA. 

Schirmer, M., Butler, B. J., Barker, J. F., Church, C. D., and Schirmer, K. 
(1999). "Evaluation ofbiodegradation and dispersion as natural attenuation 
processes of MTBE and benzene at the Borden field site(B)." Phys. Chem. 
Earth, 24(6), 557-560. 

Shah, N. W., Thornton, S. F., Bottrell, S. H., and Spence, M. J. (2009). 

"Biodegradation potential of MTBE in a fractured chalk aquifer under 
aerobic conditions in long-term uncontaminated and contaminated 
aquifer microcosms." J. Contam. Hydro/., 103, 119-133. 

Shih, T., Rong, Y., Haimon, T., and Suffet, M. (2004). "Evaluation of the 
impact of fuel hydrocarbons and oxygenates on groundwater resour
ces." Environ. Sci. Technol., 38(1), 42-48. 

Shorr, G. L., and Rifai, H. S. (2002). "A closer look at the MTBE behavior 
within the subsurface." Proc. of Int. Petroleum Environmental Conj., 
Albuquerque, NM. 

Stevens, G. J., Metcalf, M. J., and Robbins, G. A. (2006). "Evaluation of 
the effects of the Con11ecticut ba11 of MTBE 011 ground water quality." 
Dept. of Natural Resources Management and Engineering, Univ. of 
Connecticut, Storrs, CT. 

Suflita, J. M., and M01mile, M. R. (1993). "Anaerobic degradation of 
known and potential gasoline oxygenates in the terrestrial subsurface." 
Environ. Sci. Technol., 27, 976--978. 

Thornton, S. F., Bottrell, S., Pickup, R., Spence, M. J., and Spence, K. 
(2006). "Processes controlling the natural attenuation of fuel hydrocar
bons and MTBE in the UK Chalk aquifer." CL:AIRE Research Project 
Rep. RP3. CL:AIRE, London. (www.claire.co.uk). 

U.S. Environmental Protection Agency (EPA). (2005). "Monitored natural 
attenuation of MTBE as a risk management option at leaking under
ground storage tanks." EPA/600/R-0411790, Cincinnati, OH. 

U.S. Environmental Protection Agency (EPA). (2009). "National primary 
drinking water standards." EPA 816-F-09-004. (http://www.epa.gov/ 
safewater/consumer/pdf/mcl.pdf). 

United States Geological Survey (USGS). (1995). "OccmTence of the gas
oline additive MTBE in shallow ground water in urban and aglicultural 
areas." NA WQA USGS Fact Sheet FS-114-95, National Water Quality 
Assessment Program, Department of Inte1ior, Denver, CO. 

United States Geological Survey (USGS). (2001). "Occurrence and distri
bution of methyl-tert-butyl ether and other volatile organic compounds 
in drinking water in the Northeast and Mid-Atlantic regions of the 
United States, 1993-1998." U.S. Geological Survey Water Resources 
/11vestigatio11 Rep. 00-4228, East Hartford, CT. 

Weaver, J. W., Haas, J. E., and Sosik, C. B. (1996). "Analysis of the gas
oline spill at East Patchoque, New York." Proc. of the ASCE Conj. 011 
Non-aqueous Phase Liquids in the Subsurface Environmellf, Assess
ment and Remediation, Washington, D.C . 

Weaver, J. W., Haas, J.E., and Sosik, C. B. (1999). "Characteristics of gas
oline releases in the water table aquifer of Long Island." National 
Ground Water Association/American Petroleum Institute co11f., 1999, 
Petroleum Hydrocarbons Conf. and Exposition, Houston, TX. 

Weaver, J. W., and Small, M. C. (2002). "MTBE: Is a little bit ok?" proc. 
2002 Petroleum Hydrocarbons and Organic Chemicals in Ground 
Water®: Preve11tion, Assessment, and Remediation, National Ground 
Water Association, Westerville, OH. 

Weaver, J. W., and Wilson, J. T. (2000). "Diving plumes and vertical mi
gration at petroleum hydrocarbon release sites." LUSTLi11e Bulletin 36, 
November 2000, 12-15. 

Wiedemeier, T H., Rifai, H. S., Newell, C. J., and Wilson, J. T. (1999). 
Natural atte11uatio11 of fuels a11d chlorinated solve11ts in the subsurface, 
John Wiley and Sons, New York. 

Wilson, B. H., Shen, H., Pope, D., and Schemelling, S. (2003). "Compari
son of plume lengths for MTBE and BTEX at 212 South Carolina sites." 
Amherst, MA, Amherst Scientific Publishers. 

Wilson, J. T., and Kolhatkar, R. (2002). "Role of natural attenuation in life 
cycle of MTBE plumes." J. Environ. Eng., 128(9), 876-882. 

Wilson, J. T., Ross, R.R., and Acree, S. (2005). "Using direct push tools to 
map hydrostratigraphy and predict MTBE plume diving." Ground 
Water Monit. Rem., 25(3), 93-102. 

Wilson, R. D., Thornton, S. F., and Mackay, D. M. (2004). "Challenges in 
monitoring the natural attenuation of spatially variable plumes." 
Biodegradation, 15, 359-369. 

Yeh, C. K., and Novak, J. T. (1991). "Anaerobic biodegradation of oygen
ates in the subsurface." Proc. of the Petroleum Hydrocarbons and Or
ganic Chemicals in Groundwater. 

Zeeb, P., and Wiedemeier, T. H. (2007). "Technical protocol for evaluating 
the natural attenuation of MTBE." American Petroleum Institute (API) 
Publication 4761 (May), 1-186. 

JOURNAL OF ENVIRONMENTAL ENGINEERING© ASCE I APRIL 2012 I 469 



Copyright of Journal of Environmental Engineering is the property of American Society of Civil Engineers and 

its content may not be copied or emailed to multiple sites or posted to a listserv without the copyright holder's 

express written permission. However, users may print, download, or email articles for individual use. 


	rebuttal testimony of Heidi Tillquist (01972935x9FB59)
	Exs 1-11 to rebuttal testimony of Heidi Tillquist (01972350x9FB59)



