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Introduction

umerous forensic tech-

niques have been used

(and misused) in the envi-
ronmental profession to assess the
age and liability of petroleum
product releases. Such techniques
often involve chemical analysis of
ground water or free product sam-
pled from the subsurface in con-
junction with precise knowledge of
historical usage and chemical com-
positions. The presence of gasoline
additives can be particularly
revealing, yielding valuable insight
for forensic age dating. For exam-
ple, tetraethyl lead was added to
gasoline prior to 1985 (at 400 to
800 mg/L) to suppress pre-ignition
and enhance the octane rating
(Watts 1997). Therefore, the pres-
ence of organic lead in free product
is indicative of a relatively old (pre-
1985) release. Similarly, methyl-
tert-butyl ether (MTBE) has been
used as a gasoline oxygenate since
1979 (Steffan et al. 1997), and its
national use increased rapidly in
the early 1980s at 40% per year
(Suflita and Mormile 1993). MTBE
is not used in all current gasoline
formulations, but this additive is
used in amounts up to 15% by vol-
ume by many marketers. Thus,
high MTBE concentrations in con-
taminated ground water suggest a
relatively recent (post-1980) gaso-
line release to the subsurface. It
should be kept in mind, however,
that atmospheric deposition of
MTBE that had been volatilized
previously can be a non-point

source in urban areas (Pankow et
al. 1997). Thus, traces of MTBE in
ground water (<10 ppb) do not
necessarily indicate recent gasoline
contamination.

Forensic chemical analysis and
examination of spatial concentra-
tion trends of ground water con-
taminants are bona fide compo-
nents of liability assessment, but
caution should be exercised to
avoid stretching forensic inferences
beyond scientific constraints. In
this regard, there is a strain of folk-
lore asserting that the age of a
petroleum product release can be
established in any situation by
comparing aqueous concentration
ratios such as benzene to xylenes
(B/X) or benzene-plus-toluene to
ethylbenzene-plus-xylenes ([B+T]/
[E+X]). This provocative idea is
based on the fact that benzene and
toluene are more soluble than
ethylbenzene and xylenes and,
thus, are preferentially solubilized
from the gasoline (Kaplan et al.
1997; Luhrs and Pyott 1992; Oder-
matt 1994). Thus, when solubiliza-
tion is the sole fate and transport
mechanism considered, B/X and
(B+T)/(E+X) ratios tend to
decrease near the source as the
time since the spill occurred
increases. Such changes in BTEX
ratios have been described empiri-
cally as a function of time. For
example, Kaplan et al. (1997)
proposed that the cumulative
(B+T)/ (E+X) ratio, R,, decreases
exponentially with the time since
a spill occurred (t) as follows:
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R, = 6.0 exp(-0.308 t). Solving for t
for a given (B+T)/(E+X) ratio is a
tempting, simple approach to esti-
mate the age of a release. How-
ever, inferring the age of a release
based on BTEX ratios alone is a
valid approach only in rare, well-
constrained situations.

Establishing empirical relation-
ships between BTEX ratios and
age of release requires knowledge
of the gasoline composition, vol-
ume of spill, and numerous physi-
cal, chemical, and biological pro-
cesses affecting the fate of the
BTEX species. The critical rate of
-change of the gasoline composition
is affected by many site-specific
variables, including soil texture and
composition, microbial diversity,
electron acceptor availability, size
of release, ground water chemistry,
and hydrodynamic characteristics.
Unfortunately, site assessment
work rarely provides sufficient
sampling history and hydrogeo-
chemical information to establish a
scientific or empirical basis from
which reliable estimations about
release age can be drawn based on
the BTEX ratios. Indeed, BTEX
ratios from different sites cannot
be expected to evolve on similar
trends, and BTEX ratios found at
one site will not necessarily corre-
spond to another site of compara-
ble release age. While the aca-
demic community recognizes this
axiom, assertions are often made in
litigation by environmental profes-
sionals who erroneously generalize
correlations between BTEX ratios
and the age of a release. Therefore,
this paper aims to increase aware-
ness that there is generally no clear
etiology to permit reliable estima-
tions of release age based only on
BTEX ratios. To this end, the vari-
able effect of several site-specific
weathering processes on BTEX
ratios are discussed with examples
based on both modeling simula-
tions and experimental data.

Weathering Processes
Affecting BTEX Ratios

Several natural processes act on
a fuel spill. These commonly are
collected under the broad heading
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of “weathering.” The gasoline itself
is subjected to leaching of contami-
nants to the aqueous phase and
volatilization. Contaminants
leached into the aqueous phase are
subsequently transported with the
ground water subject to dispersion,
sorption, volatilization, and
biodegradation. BTEX ratios are
altered by all of these processes.
The complexity of these interre-
lated processes results in BTEX
ratios varying — sometimes in
opposing directions — at different
rates in both temporal and spatial
dimensions. Because the aquifer
properties that control the relative
importance of these processes are
site specific and often not well
characterized (e.g., hydrodynamic
heterogeneity, adsorptivity, elec-
tron acceptor pools, and microbial
ecology), BTEX ratios could vary
in an unpredictable manner. To
demonstrate this concept, this sec-
tion considers the theoretical basis
of several weathering mechanisms
and their effect on BTEX ratios.

Gasoline-Water Partitioning
Equilibrium partitioning
between the fuel and aqueous
phases determines the BTEX ratio
in contaminated ground water in
the immediate vicinity of the fuel
spill. Assuming a certain volume of
water and fuel are at thermody-
namic equilibrium, aqueous phase
concentrations and BTEX ratios
can be estimated from a partition-
ing equation and a mass balance
equation. Although there are many
assumptions involved, Raoult’s law
is often used for defining the parti-
tioning between petroleum prod-
ucts and water (Mackay et al. 1991):

Cy=Cy X )

where C%is the equilibrium aque-
ous phase concentration of species -
i, C¥ is the solubility of pure

1 o .
species i in water, and X is the
mole fraction in the fuel. Alterna-
tively, a more empirical partition-
ing coefficient approach has been
used by Cline et al. (1991):

cy=—i )

Here, a partition coefficient
(K) is used instead of the solubil-
ity and the gasoline composition is
quantified with a mass concentra-
tion for species i in the fuel phase
(©).

A mass balance equation must
be coupled with either one of these
partition equations to relate the
equilibrium concentrations to the
amount and variable composition of
the gasoline spilled. As a first
approximation, it can be assumed
that a volume of gasoline (V) is
equilibrated with a series of n
batches of water of volume V¥,
Although there are no mechanisms
for quantifying VI, V¥, or n in the
field, this modeling approach can be
used to provide some idea of the
impact of these system parameters
on the BTEX ratios. Incorporating
the partition coefficient (Equation
2) to relate the equilibrium concen-
trations of the two phases, the mass
balance can be used to estimate the
concentration of component i in the
aqueous phase:

f(o)
cwm = &7 (1 +

fw
I<i

where C*® is the aqueous phase
concentration after leaching with n
batches of water and Cf() is the ini-
tial concentration of species i in the
fuel. Equation 3 assumes that the
dissolution process does not signifi-
cantly affect the total volume of
gasoline (V= V), This assump-
tion is reasonable since the most
soluble BTEX components gener-
ally comprise less than 20% of the
total gasoline composition and only
a small portion of this partitions
into the aqueous phase.

Equation 3 illustrates that the
aqueous phase concentrations and,
hence, BTEX ratios depend on the
initial composition of the gasoline,
the relative volumes of water and
gasoline equilibrated, and the total
time of leaching — as represented
by n. The importance of these three
terms on the interpretation of B/X
ratios near the source of fuel con-
tamination is addressed later.

The composition of gasoline
varies considerably with the octane
rating, seasons of the year, geo-
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Figure 1. Variation in BTEX Ratios for Water Equilibrated with Different Gasolines. A
wide range of B/X and (B+T)/(E+X) ratios have been measured in laboratory experi-
ments where gasoline and water are equilibrated. The bars represent average ratios
with one standard deviation indicated by the error bars. The dilution ratios (V%/Vf) for
these data ranged from 1 to 15. Data was obtained from Luhrs and Pyott 1992; API
1985; Fernandes 1997; Heermann and Powers 1998; and unpublished data from the

University of lowa Hygienic Laboratory.
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Figure 2. Effect of Dilution on B/X Ratios. The impact of the total volume of water equi-
librated with one unit volume of gasoline on B/X ratios is depicted. The lines represent
values estimated with Equation 3 for a series on batches of water each having the vol-
ume equal to the amount of fuel present (solid line), or for one batch of water of vary-
ing volumes (dashed line). Data from Luhrs and Pyott {1992) were generated in experi-
ments with one batch of water {n = 1). The consistency between experimental and
modeling data indicate that the model predictions of the decreasing B/X ratio under
this type of experiment are excellent, even with variability in the initial composition of

the gasoline.

graphic area, and period of manu-
facture. For example, premium
gasolines with antiknock qualities
generally have higher fractions of
benzene since this species has a
higher octane number (115) than
other BTEX or alkane species
(Speight 1991). In addition to
changes in composition for perfor-
mance objectives, the Clean Air
Act Amendments passed in 1990
have also recently impacted gaso-
line compositions. One critical
aspect of this law was the restriction
of benzene concentrations in gaso-
line to 1.6% by volume (40 CFR
80.91). Gasolines formulated before

1990 generally had a higher ben-
zene content (ca. 6% by volume)
(API 1985; Johnson et al. 1990;
Peterson 1995). Because the con-
tent of other BTEX compounds has
not been similarly restricted, B/X
and (B+T)/(E+X) ratios are gener-
ally lower for ground water equili-
brated with a modern gasoline.
Figure 1 illustrates the range of
B/X and (B+T)/(E+X) ratios
obtained by equilibrating gasolines
and water in laboratory experi-
ments. B/X ratios generally ranged
from 0.5 to 4.0 with a wide variety
of values. The bar chart indicates
some of the primary sources of

variation in the BTEX ratios. The
higher ratios for premium gasolines
and lower ratios for recent samples
are apparent. A similar trend can
be observed for (B+T)/(E+X),
which also varied widely (from 1.5
to 7.5). Therefore, even by ignoring
other weathering mechanisms that
affect BTEX ratios, variation
among fuel formulations may lead
to erroneous interpretations of
release age based solely on these
ratios. For example, the empirical
equation presented by Kaplan et
al. (1997) is only valid for initial
(B+T)/(B+X) ratios of 6.0. Data
presented in Figure 1 illustrates
that this could only be appropriate
for a small percentage of the vari-
ous gasoline formulations.

BTEX ratios are also affected
by the relative volumes of water
and fuel that are equilibrated. With
greater volumes of water, leaching
of the BTEX constituents can be
significant enough to change the
composition of the gasoline. For
example, since benzene has a solu-
bility approximately one order of
magnitude greater than xylenes, it
is preferentially leached from the
fuel and B/X ratios decrease with
increasing volumes of water. Data
from Hinchee and Reisinger (1987)
and Luhrs and Pyott (1992) show
B/X ratios of 0.2 to 0.9 for water
equilibrated with “weathered”
gasolines. These values are signifi-
cantly lower than the values pre-
sented in Figure 1 for regular and
premium gasolines.

The impact of temporally vari-
ant gasoline composition as a func-
tion of leaching can be explored
with Equation 3. Figure 2 illus-
trates that, as expected, B/X ratios
decrease dramatically with
increased volumes of water equili-
brated with the gasoline. Model
lines presented in this figure are
representative of both a series of
small batches of water equilibrated
with the gasoline and the predicted
behavior with just one batch of
water. Average Kf¥ values reported
by Cline et al. (1991) (i.e., Kf¥ =
350 for benzene and Kf¥ = 4425 for
total xylenes) were used for these
calculations with a gasoline com-
prised of 10% xylenes and 2% ben-
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zene (by mass). The nature of
these curves is similar. With rela-
tively low cumulative volumes of
water contacting the gasoline (V¥
< ~20 ( 'V, there is little change in
the composition of the gasoline
and the B/X ratios remain rela-
tively constant, With increasing
volumes of water, the gasoline is
either totally depleted of benzene
with B/X ratios approaching zero
in the case of a series of batch
extractions, or the ratio approaches
a constant value equal to the mass
ratio of B/X in the gasoline for one
extraction with a large volume of
water. This case is indicative of
nearly complete leaching of both
benzene and xylene from the gaso-
line. In this case, aqueous concen-
trations are extremely low due to
dilution, although B/X ratios
remain constant. ‘

Order of magnitude differences
in B/X ratios may be due to the
partitioning of species between
gasoline and ground water. There-
fore, excellent data, preferably
from gasoline samples rather than
from ground water samples, are
required to quantify the gasoline
composition and thereby incorpo-
rate the variance due to this factor.
The preferential leaching of ben-
zene and toluene from the spilled
gasoline always results in
decreased values of the B/X and
(B+T)/(E+X) ratios in the free
product. Nevertheless, quantifying
these decreases at a specific field
site is difficult due to the lack of
data necessary for applying parti-
tioning and mass balance equations
(e.g., V¥, Vi, and n).

Biodegradation

The ability of microorganisms
to use BTEX compounds as food
has been known since 1908, when
Stormer isolated the bacterium
Bacillus hexavarbovorum by virtue
of its ability to grow on toluene
and xylene as sole sources of car-
bon and energy (Gibson and Sub-
ramanian 1984). The ubiquitous
distribution of soil bacteria capable
of metabolizing aromatic com-
pounds was first demonstrated in
1928 by Gray and Thornton, who
reported that 146 out of 245 uncon-
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taminated soil samples contained
bacteria that degraded aromatic
hydrocarbons (Gibson and Subra-
manian 1984). It is now widely
accepted that BTEX biodegrada-
tion in aquifers is a common natu-
ral attenuation mechanism (e.g.,
Barker et al. 1987; Chiang et al.
1989; Hutchins et al. 1989; Lee et
al. 1988; National Research Coun-
cil 1993; Rifai et al. 1995; Raymond
et al. 1976; Ward et al. 1989). In
fact, both engineered and intrinsic
BTEX bioremediation schemes are
currently being used to clean up
numerous contaminated sites
throughout North America.
Microorganisms capable of
degrading BTEX may be expected
to be present in any soil-aquifer
system. However, generalizing the
degradability (and the rate of
degradation) of a particular BTEX
compound disregards an important
ecological principle; that is, differ-
ent sites, and different zones within
a given site, are inhabited by differ-
ent types and concentrations of
microbial populations. Further-
more, different phenotypes can
exhibit different substrate prefer-
ence and removal rates. For exam-
ple, some members of the consor-
tium may prefer benzene over all
other BTEX compounds (e.g.,
Arthrobacter HCB) while others
may degrade toluene faster (e.g.,

Pseudomonas CFS-215) (Alvarez
and Vogel 1991). Thus, differences
in microbial consortia can result in
differences in the rate and extent
to which individual compounds
degrade at different locations.
Indeed, researchers have reported
that toluene is degraded more
readily than benzene in some
aquifer systems (Karlson and
Frankenberger 1989; Thomas et al.
1990; Wilson et al. 1989), while
others have observed the opposite
trend in other field studies (Davis
et al. 1981; Werner 1985). Similarly,
xylenes may be degraded faster
than benzene and/or toluene at
some sites (Barker et al. 1987,
Reinhard et al. 1997). Hence,
biodegradation may increase or
decrease BTEX ratios, depending
on which microbial phenotypes and
electron acceptors are dominant.
This concept can be illustrated with
a simple mathematical model.
BTEX biodegradation rates in
aquifers are often assumed to fol-
low first-order kinetics, where the
rate (dC/dt) is proportional to the
contaminant concentration (C)
(i.e., dC/dt = -A C). To isolate the
effect of biodegradation and elimi-
nate confounding effects from
other (transport-related) weather-
ing mechanisms, it is convenient to
consider a completely mixed batch
system. Under these conditions,
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Figure 3. Effect of Aerobic and Anaerobic Biodegradation on B/X Ratios. Simulation
depicts a hypothetical case where aerobic biodegradation depletes the available oxy-
gen in 10 weeks, and anaerobic conditions prevail thereafter. Benzene and xylenes con-
centrations are assumed to decay exponentially (Equation 4), with the following first-
order coefficients (day-1): 0.04 for benzene under aerobic conditions, 0.001 for
benzene under anaerobic conditions, 0.025 for xylenes under aerobic conditions,

and 0.012 for xylenes under anaerobic conditions (Howard et al. 1991).



the above (first-order) rate expres-
sion can be integrated to yield:

C —At

= = 4

c, ¢ 4)

where

C = aqueous concentration of a
given BTEX compound at
time t (mg/L)

C, = initial concentration att =0
(mg/L)

A = first-order decay coefficient
for the compound of interest
(system specific) (day™).

To illustrate that B/X ratios can
vary in opposing directions even at
a given spot, consider a typical sce-
nario where subsurface microbial
degradation of spilled hydrocar-
bons depletes the available dis-
solved oxygen, and anaerobic con-
ditions develop after an arbitrary
period of 10 weeks. Benzene typi-
cally degrades faster than xylenes
initially, while aerobic conditions
prevail. This is depicted in Figure
3, which simulates Equation 4 with
first-order decay coefficients
reported in the literature (i.e., A =
0.040 day! for benzene, and A =
0.025 day~! for xylenes; Howard et
al. 1991). The higher A for benzene
causes the B/X ratio to decrease
with time under aerobic conditions
(Figure 3). Nevertheless, the switch
from aerobic to anaerobic condi-
tions slows down the benzene
degradation rate to a much greater
extent than the other degradation
rates. In this example, using typical
values compiled by Howard et al.
(1991), A decreases by 98% to 0.001
day! for benzene, while it
decreases only by 52% to 0.012
day! for xylenes. These coeffi-
cients reflect that benzene
degrades slowly if at all under
anaerobic conditions (Alvarez and
Vogel 1995; Edwards and Grbi¢
Gali¢ 1992; Grbi¢-Gali¢ and Vogel
1987, Kazumi et al. 1997; Lovely et
al. 1989). The recalcitrance of ben-
zene in anaerobic environments
may be due to its chemical struc-
ture. Unlike toluene and xylenes,
benzene lacks methyl substituents
which have electrophilic character
and facilitate microbial nucleo-
philic attack with water or acetyl-

CoA (Alvarez and Vogel 1995;
Evans et al. 1992). Therefore, a
switch from aerobic to anaerobic
conditions tends to reverse a
decreasing trend in B/X ratios to
an increasing trend (Figure 3).

This example shows that bio-
degradation can have opposing
effects on B/X ratios, depending on
the prevailing redox conditions and
the substrate preference of the
dominant phenotypes. A similar
argument could be made for (B+T)/
(E+X) ratios. Thus, without detailed
knowledge of pertinent biogeo-
chemical parameters across a given
site, one cannot rule out the possi-
bility that such ratios can vary
unpredictably and at unknown rates.
In such cases, biodegradation alone
can preclude reasonable inferences
of release age based on declining
B/X or (B+T)/(E+X) ratios.

Transport, Sorption,
and Retardation

BTEX compounds have differ-
ent tendencies to adsorb to aquifer
material (Stuart et al. 1991).
Adsorption causes individual
BTEX compounds to migrate at
different velocities through aquifers
(Angley et al. 1992; Chen et al.
1992). This can result in a chro-
matographic separation, affecting
their relative proportions at a given
location and time (Odermatt 1994).
Such effects can be illustrated using
simple mathematical models. First,
let us define some parameters.

The retardation factor (Ry),
which represents the relative
advective velocity of ground water
to that of a dissolved contaminant,
is defined for saturated flow as
(Domenico and Schwartz 1997):

Rf=1+92§jl (5)

where

p, = bulk density of aquifer mate-
rial (kg/L or g/em?)

K, = partitioning coefficient between
soil and water ([mg/kg]/ [mg/L]
or L/kg or mL/g) :

€ = porosity of the aquifer mate-
rial.

For simplicity, this formula
assumes linear local equilibrium.
K,is different for each BTEX
compound, and increases with con-
taminant hydrophobicity and
organic carbon content in the
aquifer material (Karickoff 1984).
K, can be estimated for each
B%EX compound using the corre-
lation (Schwarzenbach et al. 1993):

K, = 0.1905 f K . (6)
where
f,. = fraction of organic carbon

K, = octanol-water partition coef-
ficient.

To illustrate the effect of retar-
dation, consider an aquifer with the
default parameters for the Iowa
Risk-Based Corrective Action
(RBCA) Tier-2 model (Iowa
Admininistrative Bulletin 1996);
e=0.3; p, = 1.86 g/cm?; and
f,c = 0.01. The K, values are 10212
for benzene, 107 for toluene, and
10326 for para-xylene (Howard
1990). With these typical param-
eters, Equations 5 and 6 predict
that the retardation factor is 2.64
for benzene, 7.75 for toluene, and
2417 for para-xylene. This means
that benzene would migrate 2.9
times faster than toluene and 9.2
times faster than para-xylene. Such
differences in migration velocities
would cause chromatographic sep-
aration of the BTEX, and thus
changes in the BTEX ratios at dif-
ferent locations within a plume.
These effects can be illustrated
using a simple fate-and-transport
model which is based on the solu-
tion to the one-dimensional advec-
tion-dispersion equation with
retardation (Domenico and

Schwartz 1997):
-G [fo—th] )
S 2 erfc 2Vov, t R;
where
erfc = complementary error func-
tion = 1-erf
x =distance downgradient from
the (constant) source (m)
o, =longitudinal dispersivity (m)

v,, =ground water flow velocity
(m/d); and all other terms as
previously defined.
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Figure 4. Effect of Retardation of B/X Ratios Downgradient from the Source. Benzene
and xylenes concentration profiles were simulated with Equation 7 using the lowa RBCA
default parameters (v,, = 0.044 m/d, R, = 2.64 for benzene, and R; = 24.17 for
xylenes). It was also assumed that o, = 10 m and t = 10 years.

This model, depicted in Figure
4, does not incorporate biodegra-
dation so that the effect of retarda-
tion on BTEX transport can be iso-
lated. The concentration profiles
for benzene and xylenes along the
principal flow direction were also
simulated using ITowa RBCA
default parameters: effective
porosity (g,) = 0.1; hydraulic gra-
dient (i) = 0.01; and hydraulic con-
ductivity (K) = 0.44 m/d. These
parameters were used to calculate
vy, = K i /g = 0.044 m/d. Equation
7 simulations also used o, = 10 m
and t = 10 years. Under this typical
scenario, benzene would migrate
further from the source area faster
than xylenes. Its faster migration
velocity would also increase its
degree of dispersion, as indicated
by a milder-sloped concentration
front compared to xylenes (Figure
4). For a constant source, the faster
migration and higher dispersion of
benzene would increase B/X ratios
just a few meters downgradient of
the source (Figure 4). Therefore,
regardless of the age of the release,
retardation can have significant
spatial effects on BTEX ratios.
Interpretation of the situation at a
site will likely be complicated by
the distance of the sampling well
from the source, spatial hetero-
geneities in soil f _ and permeabil-
ity, as well as incomplete knowl-
edge of plume state (steady,
advancing, or receding) and
release(s) history.
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Volatilization

BTEX loss from gasoline-con-
taminated ground water into air or
air-filled pores is controlled by
Henry’s law. Compounds with
higher Henry’s constants (H) tend
to volatilize more readily. How-
ever, Henry’s constants for BTEX
compounds are similar (i.e., H, in
mol L, /mol L1, is 0.22 for
benzene, 0.26 for toluene, 0.32 for
ethylbenzene, and 0.29 for xylenes)
(Howard 1990). Furthermore,
volatilization has been reported to
be a relatively minor removal
mechanism for BTEX from con-
taminated aquifers (Chiang et al.
1989). Therefore, volatilization is
not expected to exert a significant
effect on aqueous-phase BTEX
ratios, although the slightly lower
Henry’s constant for benzene sug-
gests that benzene would volatilize
to a lesser extent than xylenes.
Thus, volatilization may be con-
ducive to slightly increasing B/X
ratios with release age.

Conclusions

Different weathering mecha-
nisms can affect the relative pro-
portion of BTEX compounds at
different rates and sometimes in
opposing directions. Benzene and
toluene are more soluble than
ethylbenzene and xylenes. There-
fore, B/X and (B+T)/(B+X) ratios
tend to decrease near the source

area with time (albeit, at site-spe-
cific and often unknown rates) by
the action of dissolution, dilution,
and transport. However, biodegra-
dation could also increase such
ratios in ground water near the
source, especially when anaerobic
conditions prevail (confounding
the interpretation of decreasing
BTEX ratios). This is so because
benzene degrades slowly if at all
under anaerobic conditions. Down-
gradient form the source, BTEX
ratios are predominantly influ-
enced by adsorption-induced
“chromatographic” separation (i.e.,
retardation) as BTEX compounds
migrate at different velocities
through the aquifer, and by differ-
ential biodegradation. Retardation
tends to increase downgradient
B/X and (B+T)/(B+X) ratios, while
biodegradation can either increase
or decrease such ratios, depending
on the substrate preference of the
prevailing phenotypes and the
available electron acceptor pools.

The aquifer properties that con-
trol the rate and extent of different
weathering mechanisms are site-
specific. Therefore, one should not
use the relative concentrations of
individual BTEX compounds in
ground water to determine the age
of a petroleum product release reli-
ably. Such attempts bear a burden
of proof that is often beyond the
limits of scientific constraints and
require far more data than can be
obtained given common technical
and economic constraints.
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