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In anticipation of widespread use of ethanol (EtOH) as a replacement for methyl tert-butyl ether (MTBE), transport
modeling was applied to predict potential effects on ground water from small-volume releases of EtOH-blended
gasoline (gasohol) in the vadose zone. In particular, mass loading rates (fluxes) and travel times of EtOH and
benzene to ground water were evaluated as a function of soil type, biodegradation rate, ground-water infiltration
rate, and depth to ground water. Model results indicate that migration of EtOH in the vadose zone is limited to less
than 100 cm from the source for releases occurring in coarse-grained soil (sand) assuming highly conservative
biodegradation- and infiltration-rate approximations. In fine-grained soil (sandy clay), EtOH transport is limited to
less than 50 cm under equivalent biodegradation and infiltration conditions. In addition, the presence of EtOH in
gasoline does not significantly affect benzene transport and mass loading to ground water. Travel times to ground
water may be more than an order of magnitude greater for EtOH than for benzene depending primarily on the soil
type, biodegradation rate, and depth to ground water. Collectively, the model resultsindicate that EtOH and
benzene impacts on ground water from small-volume releases of EtOH-blended gasoline in the vadose zone are not
expected to be significant unless the release occurs near the water table (< 100 cm) or, in the case of benzene, its

biodegradation is limited.

What isthe background and purpose for
the study?

Recent modeling [Lahvis and Rehmann, 2000] and
field studies [Dakhel et al., 2003] have shown that
small-volume rel eases of oxygenated gasoline
containing methy! tert-butyl ether (MTBE) have the
potential to impact ground water at underground
storage tank (UST) sites. These results are consistent
with empirical ground-water data indicating
enrichment of MTBE relative to benzene, toluene,
ethylbenzene, and xylenes (BTEX) with respect to
water in equilibrium with the gasoline source. With
the acceptance of ethanol (EtOH) as the replacement
for MTBE, concern exists regarding whether small-
volume releases of EtOH-blended gasoline pose risks
to ground water. The concern is not only over the
potential for EtOH to impact ground water but also
whether EtOH will enhance downward migration of
the other gasoline constituents, such asBTEX, asa
result of preferential EtOH biodegradation. The
purpose of this study is therefore to evaluate potential
effects on ground water from small-volume rel eases
of EtOH-blended gasoline in the vadose zone.
Conditions affecting transport of EtOH to ground
water and potential effects of EtOH on BTEX
migration are investigated. The approach used in this
study is the same as that used in the previous
modeling study of Lahvis and Rehmann [2000] on
evaluation of small-volume releases of gasoline
containing MTBE.

The magnitude, type (liquid or vapor), and
occurrence of small-volume releases are currently not
well understood. To date, the only investigation
undertaken to address these issues was a tracer study
of recently upgraded UST systemsin California. The
study found detectable levels of atracer in 61% of
182 systemstested, all but one believed to be vapor
related [Golding and Young, 2002]. Nearly al of the
tracer releases were estimated to occur at rates < 0.04
gal d* (liquid equivalent), with a maximum rate of
0.4 gal d™; rates well below the current liquid leak
detection threshold of 2.4 gal d™ (0.1 gal hr?). The
rate estimates, along with the actual type and
frequency of occurrence remain in doubt, however,
because of uncertaintiesin their mass-balance
approach and the lack of field validation.

What constitutes a small-volume release
of gasoline?

Small-volume releases of gasoline may be liquid or
vapor and occur as aresult of routine fueling
operations, equipment repair, or leaky joints and
connectionsin UST systems. In the case of aliquid
release, the volumeis not of sufficient magnitude for
the released product to contact ground water. Rather,
individual constituents of the gasoline migrate to
ground water by diffusion and advection (see Figure
1). Resulting effects on ground water are afunction
of the magnitude (volume and rate) of product
released, its composition, the physiochemical
properties of the constituents that comprise the



released gasoline, and the prevailing hydrogeologic
conditions of the vadose zone into which the product
isreleased.

Figure 1. Conceptualization of a small-volume
release at a UST site.

What approach was used in this study?

The effect on ground water from small-volume
releases of EtOH-blended gasoline was achieved
through model simulation using the computer model
R-UNSAT, developed and documented by the U.S.
Geological Survey [Lahvis and Baehr, 1997]. The
model was applied to predict potential impacts of
EtOH and benzene on ground water as a function of:

distance between the source and ground water,
soil type,

biodegradation, and

ground-water infiltration rate.

The computer model accounts for diffusion, ground-
water infiltration, adsorption, and biodegradation
processes, variable soil-moisture content, and
equilibrium partitioning among the solid, aqueous,
and gaseous phases. Other potential processes related
to EtOH transport, such as co-solvency [Barker et al.,
1991; Molson et al., 2002], capillarity reduction
[Kowles and Powers, 1997, Powers and McDowell,
2001], and EtOH toxicity [Alvarez, 2001], are not
considered because of the absence of an immiscible
phase.

What scenarios were modeled?

The model was applied to simulate two-dimensional
(axisymmetric) multispecies transport of EtOH, in the
vadose zone. The gasoline source was assumed to
contain 10 percent by volume EtOH and occur at a
release rate of 120 g d™(0.04 gal d* liquid gasoline
equivalent); arate assumed to be conservative with
respect to the vast majority of small-volume releases
occurring at UST sites [Young and Golding, 2002].
To bracket arange of anticipated field conditions,
model scenariosinvolved simulation of:

4 constituents: EtOH, benzene, a composite
hydrocarbon with properties consisting of
virtually all remaining gasoline constituents less
EtOH and benzene, and Oy;

a 3-m thick vadose zone with variable depths
from the release point to ground water of 30,
100, and 200 cm;

coarse-grained (sand) and fine-grained (sandy
clay) soil types;

depth-dependent soil moisture;

variable biodegradation rates (half-lives) for
EtOH of 0, 7, 14, and 69 days; and
ground-water infiltration rates of 0, 10, and 20
cmyr™,

EtOH and benzene biodegradation were simulated
using alternative reaction models. EtOH
biodegradation was simulated according to a first-
order decay model on the basis of laboratory results
from Corseuil et al. [1998] that showed relatively
little functional dependence on O, availability.
Benzene biodegradation, which is highly sensitive to
O, availahility, was simulated according to a dual-
Monod kinetics model. The capillary zone, which can
have significant effects on vapor diffusion [Lahvis
and Rehmann, 2000] was simulated assuming a
moisture distribution based on steady infiltrationin
the vadose zone and soil properties classified
according to van Genuchten [1980].

What weretheresults?

The model results areillustrated in Figures 2-5. In
summary, EtOH and benzene effects on ground water
are not expected to be significant for most small-
volume releases of EtOH-blended gasoline unless the
sourceis located near the water table (z; < 100 cm),
or, asin the case for benzene, its biodegradation is
limited. These results contrast those for MTBE
[Lahvis and Rehmann, 2000], which showed that
under similar transport conditions, MTBE impacts on
ground water from small-volume releases of MTBE-
blended gasoline in the vadose zone could be
significant.
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Figure 2. Steady-state distributions of EtOH in sand for a) half-life of 69 days, b) half-life of 14
days, and c) haf-life of 7 days, assuming no infiltration.
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Figure 3. Steady-state distributions of EtOH for @) no infiltration and a half-life of 69 days,

and b) infiltration = 20 cm yr™* and a half-life of 69 days, c) no infiltration and a half-life of
7 days, and d) infiltration = 20 cm yr™* and a half-life of 7 days.
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Figure 4. Steady-state distributions of EtOH in @) sand (half-life = 69 days), and b) sandy-
clay (half-life = 69 days), ¢) sand (half-life = 7 days), and d) sandy clay (half-life = 7 days),
assuming no infiltration.
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Figure 5. Steady-state distributions of benzenein @) sand (no infiltration), b) sand
(infiltration rate = 20 cm yr™), ¢) sandy-clay soil (no infiltration), and d) sandy-clay
(infiltration rate = 20 cm yr™), assuming biodegradation according to dual-Monod kinetics
(half saturation constant = 0.2 g cm, maximum reaction rate = 2.5E-10 g cm> s).
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The following results relate specifically to EtOH and
benzene:

EtOH

Biodegradation limits the downward migration of
EtOH to approximately 100 cm from the source
assuming a highly conservative biodegradation
rate (half-life of 69 days) that is more than an
order of magnitude less than biodegradation rates
reported in the literature (half-lives < 7 days)
[Corseuil et al., 1998; Howard, 1991] (see Figure
2). At anticipated biodegradation rates (half-lives
< 7 days), downward migration is limited to less
than 50 cm (see Figure 2c).

Ground-water infiltration occurring at arate of 20
cm yr can enhance the vertical migration of
EtOH to ground water, but only when
biodegradation is extremely limited (see Figure
3b). At anticipated rates of biodegradation (half-
lives < 7 days), the effect of infiltration on EtOH
migration is negligible (see Figures 3c and 3d).

EtOH migration is sensitive to the soil type as
illustrated in Figure 4, but only at low rates of
biodegradation. The dependence isrelated to the
effective diffusion coefficient, which is
approximately 5 times less for EtOH in sandy
clay than in sand. In addition, the effect of soil
type on EtOH migration is considerably less than
on other gasoline-range compounds (e.g.,
benzene) which favor migration by vapor
diffusion.

Soil moisture significantly retards EtOH transport
and thus the travel time to ground water. Travel
times to ground water can be more than an order
of magnitude greater for EtOH than for benzene
depending primarily on the soil type,
biodegradation rate, and depth to ground water.
Naturally, the travel time for EtOH to ground
water is only a consideration for sources located
in close proximity (< 50 cm) to the water table if
anticipated rates of biodegradation are assumed.

These model results are consistent with those of
Dakhel et al. [2003] that show no impacts of EtOH on
ground water for small-volume sources located more
than 1 m above the water table unless considerable
(0.5 cm d™) ground-water infiltration is applied.

Benzene

Transport of benzene in the vadose zone, like
EtOH, is highly affected by biodegradation. In
coarse-grained soils (e.g. sand), biodegradation
limits transport to less than 100 cm from the
source for reasonabl e approximations of the
biodegradation rate (see Figures 5a and 5b). If,
however, benzene biodegradation is limited by O,
availability dueto diffusion-limited mass

KEY VADOSE-ZONE TRANSPORT

PROCESSES TO CONSIDER

Process Ethanol Benzene
Vapor Diffusion NO YES
Aqueous-Phase Diffusion YES NO

Aqueous-Phase Advection
(ground-water infiltration)

-- coarse-grained soil (e.g., sands, gravels) YES NO
-- fine-grained soil (e.g., silts, clays) YES YES
Aerobic Biodegradation YES YES
Anaerobic Biodegradation YES NO

transport or competing reactive sources, mass
loading of benzene to ground water could be at
ppb levels or higher (see Figures 5¢ and 5d).

The effect of ground-water infiltration on benzene
transport is aso related to soil type. In sand,
infiltration occurring at 20 cmyr™* hasa
negligible effect on benzene transport because of
the compound'’ s relatively low agueous solubility
(see Figures 5a and 5b). Benzene migration can,
however, be affected by infiltration under
conditions where vapor diffusion is limited (see
Figures 5c and 5d).

The effect of soil type on benzene transport is
asoillustrated in Figure 5. Migration of benzene
to ground water is enhanced in fine-grained soils
(e.g. sandy clay) because aerobic biodegradation
islimited below the source [Lahvis and Rehmann,
2000].

Preferential biodegradation of EtOH has only a
minor effect on benzene transport. In coarse-
grained soils (e.g. sand), benzene migrates far
ahead of EtOH, precluding any limitations caused
by EtOH degradation near the source. In fine-
grained soil (e.g. sandy clay), the effects of
preferential EtOH biodegradation are eclipsed by
limitations on O, availability associated with
biodegradation of benzene and other reactive
gasoline constituents.

Travel time for benzene to ground water is
primarily a function of the depth to ground water
and soil type.
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What key parameters affect transport of
EtOH and benzeneto ground water?

EtOH and benzene migrate in the vadose zone via
contrasting mechanisms because of differencesin
aqueous/vapor-phase partitioning (Henry’s Law) and
biodegradation behavior.

EtOH

EtOH partitions strongly to the aqueous phase as
reflected by its extremely low Henry’ s constant
(Hk = 0.00024). The primary processes affecting
EtOH transport are thus agueous-phase diffusion,
aqueous-phase advection (caused by infiltrating
recharge water) and biodegradation.

Biodegradation is the most critical factor affecting
the transport of EtOH because of the compound’s
susceptibility to microbial metabolism, affinity
for the aqueous phase, and slow rate of transport
in the vadose zone relative to other less soluble
gasoline compounds. The sensitivity to
biodegradation increases in coarse-grained soil at
half-lives > 14 days (see Figures 2a and 2b).

Over the range of simulated rates (0 — 20 cm yr™),
the effects of infiltration on EtOH transport are
relatively insignificant; in particular, if
biodegradation is occurring at anticipated rates
(half lives < 7 days). It isimportant to note,
however, that these results are based on assuming
aconstant infiltration rate. Actual rates associated
with individual precipitation events could be
much greater, affecting EtOH transport more than
was demonstrated in this study.

Key factorsto consider in evaluating potential
impacts of EtOH on ground water are the depth to
ground water and the soil moisture content.

Benzene

Benzene, by contrast, has a much higher Henry’s
constant than EtOH (Hy = 0.18) and tends to
migrate in the vadose zone by vapor diffusion.
Benzene transport is therefore highly sensitive to
soil type (i.e., air-filled porosity) and isrelatively
unaffected by the agueous-phase processes
(diffusion and advection) that affect EtOH
migration, unless vapor diffusion is severely
limited as occursin fine-grained soils.

Like EtOH, benzene transport to ground water
can be significantly affected by biodegradation;
however, its significance s critically dependent
on O, availability. Under conditions where O, is
readily available, benzene transport is limited and
the potential for ground water impactsis small. If
O, concentrations are depleted (i.e., anaerobic
conditions exist), either by the presence of
competing sources or by restrictionson O,
diffusion, then the potential for benzene to impact
ground water is greatly increased.

Key factorsto consider in evaluating potential
impacts of benzene on ground water are the depth
to ground water and whether biodegradation is
limited in the vadose zone.
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