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SUMMARY

Mathematical model simulations are used to predict the extent
of groundwater contamination at gasoline-release sites where
chronic and single small-volume releases of gasoline remain
trapped in the unsaturated (vadose) zone. A vadose-zone transport
model was used to predict mass fluxes (loading rates) and break-
through times of methy! tert-butyl ether (MTBE) and benzene at
the water table resulting from such releases. Mass transport to
groundwater was quantified as a function of groundwater
recharge rate, sediment (soil) type, depth to groundwater,
biodegradation, and gasoline composition. Simulation results
indicate that groundwater recharge had the greatest effect on
mass-loading rates to groundwater because diffusive transport is
limited in the capillary zone. Diffusion to the atmosphere and
biodegradation also significantly affected the amount of
contaminant mass available to enter groundwater. Mass loss to
the atmosphere was determined largely by the proximity of the
gasoline release to land surface and by soil type. This can be an
important natural-attenuation pathway for MTBE, given that it
is relatively slow to biodegrade. However, recharge can limit
MTBE mass losses to the atmosphere, especially in fine-grained
soils. For benzene, biodegradation in the vadose zone was a
substantial limitation on mass loading to groundwater. Water
that recharges an aquifer beneath a release site can therefore be
enriched in MTBE relative to benzene compared to water that is
in equilibrium with gasoline. Model-simulated breakthrough
times for MTBE at the water table ranged from days to hundreds of

years, depending primarily on depth to groundwater and soil type.

INTRODUCTION

The magnitude and rate of a petroleum-product release in the
vadose zone determines whether the product migrates to the
water table. Even in the case of a small-volume release, direct
contact with groundwater is not necessary to cause groundwater
contamination. For example, constituents of gasoline can reach
the water table by groundwater recharge and vapor diffusion, as
shown in Figure 1. Small-volume releases can be chronic or
incidental, and can be associated with leaks from underground

storage tank systems (including secondary vapor recovery) and
the refueling of gasoline-powered equipment. At these release
sites, groundwater contamination by MTBE, a gasoline oxy-
genate, is a potential concern. MTBE is more water-soluble, less
well sorbed, and less likely to be biodegraded than other compo-
nents of gasoline, such as benzene, toluene, ethylbenzene, and
xylenes (BTEX). As a result, groundwater at these sites can
exhibit high concentrations of MTBE relative to BTEX and
other hydrocarbons (Rong, 1999). Simulations to compare the
transport of MTBE and benzene in the vadose zone can be used
to help explain these types of occurrences.

This report describes the results of a modeling study performed
by the U.S. Geological Survey and API designed to simulate the
effects on groundwater of small-volume releases of ether-oxy-
genated gasoline in the vadose zone. Mass fluxes (loading
rates) and breakthrough times of MTBE and benzene to ground-
water are predicted as a function of recharge, soil type, depth to
groundwater, biodegradation, and gasoline composition. The
effects on groundwater are determined for both chronic (con-
stant) and incidental (time-dependent, finite) sources of gasoline
that are immobile within the vadose zone.

MODEL DESCRIPTION AND MODEL

SCENARIOS

The computer model R-UNSAT, developed and documented by
the U.S. Geological Survey (Lahvis and Baehr, 1997; Lahvis
and Baehr, 1998), was used to simulate the transport of
chemicals of interest in the vadose zone. The model was
designed to simulate multispecies transport in a vadose zone
with variable moisture content. Diffusion, recharge, sorption,
and biodegradation processes were simulated. Equilibrium
partitioning among the immiscible, solid, aqueous, and gaseous
phases was assumed.

Model scenarios involved simulation of MTBE, benzene, and
oxygen transport. Simulation of oxygen transport was required
in order to simulate benzene biodegradation. MTBE was
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Figure 1. Conceptual diagram of contaminant transport in the vadose zone at small-volume gasoline-release sites where the released

product is immobilized above the water table.

assumed to be non-degradable in order to predict maximum
mass-loading rates of MTBE to groundwater. The gasoline
source was assumed to be immobile and was simulated as a
constant-concentration boundary for chronic releases and as a
time-dependent-concentration boundary for incidental releases.
Land surface was simulated as a constant- atmospheric-concentration
boundary for all constituents. The water table was simulated as a
zero-concentration boundary for MTBE and benzene, again, to
maximize estimates of mass loading across the water table. The
water table also was assumed to be impervious to oxygen
diffusion. The initial condition was specified as a constant
atmospheric concentration for all constituents.

Transport of MTBE and benzene from small-volume gasoline
releases was simulated in representative sand and clay
hydrogeologic systems. The soil and constituent properties used
for model simulations are summarized in Table 1. The diffusive
properties of the soils were determined by assuming a theoretical
moisture distribution based on soil properties classified by van
Genuchten (1980) and steady flow (constant recharge rate). The
incorporation of depth-dependent moisture allowed for simula-
tion of transport through the capillary zone, which was impor-
tant given that diffusion diminishes by orders of magnitude near
the water table. Vadose-zone transport was simulated for sys-
tems ranging from no recharge (0 cm yr?) to high recharge (100 cm
yr?) in sand, and from 0 cm yr* to 20 cm yr* in clay, to bracket
mass-loading rates to groundwater across a range of anticipated
field conditions.

N

Gasolines containing 3 and 15 percent MTBE by volume were
assumed in the simulations. Immiscible-phase concentrations of
MTBE and benzene were calculated according to the ether-oxy-
genated-gasoline composition defined by Johnson et al. (1990).
Release rates for chronic gasoline releases ranged from 1.1E-05
g/s (0.002 gal/d) to 1.8E-04 g/s (0.04 gal/d) in sand and from
5.5E-06 g/s (0.001 gal/d) to 3.8E-05 g/s (0.007 gal/d) in clay.
Release rates varied depending on soil type and recharge rate. A
representative volume of 1 gallon was chosen for single-release
simulations. Gasoline releases were simulated occurring imme-
diately below the land surface for 1 and 10 m-thick vadose
zones and at 1 m below land surface for a 3 m-thick vadose
zone.

MTBE AND BENZENE TRANSPORT IN
THE VADOSE ZONE

The rate at which MTBE and benzene migrate through the
vadose zone and enter groundwater is governed by diffusion,
recharge, and biodegradation. The hydrogeologic parameters
that affect these processes are recharge rate, depth to ground-
water, soil type, biodegradation rate, and gasoline composition.
For MTBE and benzene, differences in solubility and
biodegradability govern their principal mechanisms of transport
to groundwater. Diffusion and recharge are the principal
mechanisms of MTBE transport, whereas diffusion and



i)

Table 1. Summary of values of hydrogeologic, soil, and constituent properties used as input for transport simulations. [All porosity data
are from van Genuchten (1980); -- indicates no data]

HYDROGEOLOGIC PROPERTIES

PROPERTY VALUE UNIT
Length of model domain 100 - 1,000 cm
Groundwater recharge rate 0-100 cm yr!
SOIL PROPERTIES
PROPERTY SAND CLAY UNIT
Total porosity 0.437 0.475 dimensionless
Aqueous-filled porosity variable variable dimensionless
Gaseous-filled porosity variable variable dimensionless
Aqueous-filled tortuosity variable variable dimensionless
Gaseous-filled tortuosity variable variable dimensionless
Saturated hydraulic conductivity 21 0.06 cm hr!
CONSTITUENT PROPERTIES
PROPERTY BENZENE MTBE OXYGEN UNIT
Solubility’ 1.78E-3 0.048 8.8E-6 gcm”
Mole fraction in immiscible phase for
gasoline containing:
15 percent MTBE by volume 0.009 0.150 0.0 dimensionless
3 percent MTBE by volume 0.010 0.030 0.0 dimensionless
Henry's Law constant' 0.17 0.024 32 dimensionless
Gaseous-phase diffusivity 0.08 0.079 0.19 cm?’ s
Aqueous-phase diffusivity 1.0E-5 1.0E-5 1.0E-5 cm? s
Maximum reaction rate 2.5E-10 0.0 -- gem?s?!
Monod half-saturation constant 0.2E-6 0.0 0.1E-6 gem?
"Property determined at 20 degrees Celsius
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Figure 2. Steady-state mass-loading rate of MTBE to ground water as a function of recharge rate (g) and depth to ground water (L) for a
chronic small-volume release of gasoline in (a) sand and (b) clay. (The relation of mass-loading rate to recharge rate is illustrated at
recharge rates exceeding 20 centimeters per year for clay (Figure 2b) for comparative purposes only. Recharge rates as high as or exceed-
ing 20 centimeters per year in clay are unlikely.) Plots for sand and clay are similar because the diffusion properties through the capillary
fringe are similar in each soil type.
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biodegradation are the principal mechanisms of benzene
transport.  Consequently, mass-loading rates of MTBE and
benzene to groundwater can differ significantly under similar
hydrogeologic conditions.

Differences in source concentration can also affect mass-loading
rates of MTBE and benzene to groundwater. Substantially high-
er rates can be expected for MTBE than for benzene solely
because source (pore-water) concentrations of MTBE in equi-
librium with oxygenated gasoline can be as much as 400 times
higher than those of benzene.

Simulated Mass-Loading Rates and Breakthrough
Times

Chronic Small-Volume Releases of Gasoline in the Vadose
Zone

Steady-state mass-loading rates of MTBE at the water table
from chronic releases of gasoline containing 15 percent MTBE
by volume (Figure 2) varied from approximately 0 to 5.7 kg m? yr.
Mass-loading rates for gasoline containing 3 percent MTBE by
volume (not shown), are 20 percent of the values shown in
Figure 2 because MTBE is assumed to be non-degradable.
Mass-loading rates of benzene to groundwater, in contrast, were
significantly lower as a result of biodegradation in the vadose
zone and mass-transport limitations in the capillary zone. Mass-
loading rates of benzene were, in general, more than two orders
of magnitude lower than those of MTBE if no biodegradation
was assumed, and were negligible if reasonable approximations
of the benzene biodegradation rate were assumed (see Table 1
for rates used). Limited transport of benzene implies that water
that recharges an aquifer can be enriched in MTBE relative to
benzene and other hydrocarbons compared to water that is in
equilibrium with the product source. In addition, mass-loading
of benzene to groundwater may be significant only if the gaso-
line release occurs near the water table (< 1 m), biodegradation is
limited, and the recharge rate is high (Lahvis and Rehmann, 1999.)

The steady-state distributions of MTBE, benzene, and oxygen
resulting from a chronic release of gasoline 1 m below land
surface in a 3 m-thick vadose zone are illustrated in Figure 3.
As indicated, soil type can have a major effect on the constituent
distribution in the vadose zone and, in turn, mass loss by diffu-
sion to the atmosphere. For example, based on a ratio of the
mass flux entering groundwater to the mass flux emanating
from the source, diffusion to the atmosphere can reduce the total
mass of MTBE available to affect groundwater by more than 49
percent for gasoline releases that occur in coarse-grained soils at
a distance 2 m above the water table, regardless of the recharge
rate. This percentage would be greater or smaller if the release
occurred farther from, or closer to, the water table, respectively.
This result implies that diffusion to the atmosphere can be a crit-
ical natural-attenuation pathway for MTBE, especially given
that the compound is not easily degraded. Simulation results
indicate, however, that minor rates of recharge can restrict dif-
fusion to the atmosphere in fine-grained soils, even for releases
that occur near land surface.

D
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Breakthrough times for MTBE at the water table are summarized
in Table 2 for the chronic-release scenarios. Breakthrough times
were computed as the time required for the mass flux at the
water table to reach 10, 50, and 90 percent of the steady-state
mass flux. In sand, breakthrough times ranged from days to
years depending on depth to groundwater and recharge rate.
Breakthrough times in clay, however, can be as long as hundreds
of years depending on these hydrogeologic conditions.

Single 1-Gallon Release of Gasoline in the Vadose Zone

Mass-loading rates of MTBE as a function of time and recharge
rate for a 1 gallon (gal) release of gasoline at a depth of 1 m
below land surface in a 3 m-thick vadose zone are illustrated in
Figure 4. Mass-loading rates predicted for the 1 gal release
(< 1 kg m? yr?) were less than 20 percent of the steady-state
mass-loading rates obtained for chronic releases (< 5.7 kg m?yr+)
and were, again, most sensitive to the recharge rate. The mass-
loading rates decreased by more than an order of magnitude in
systems ranging from high (100 cm yr?) to no (0 cm yr?)
recharge. Total masses of MTBE entering groundwater at various
recharge rates for a simulated 1 gal release are listed in Table 3.
In some cases, only a small fraction of the initial source mass of
MTBE (6.2 percent) was predicted to reach groundwater for
releases occurring at a depth of 1 m below land surface in a
3 m-thick vadose zone. These results imply that some single
small-volume releases of gasoline that occur at or near land
surface may not pose a risk of groundwater contamination.

The time for the peak mass flux of MTBE to occur for a 1 gal
release at a distance 2 m above the water table ranged from 61
to 121 days in sand and from 1,425 to greater than 8,000 days in
clay, depending on the recharge rate (see Figure 4). (Although
biodegradation of MTBE was not considered in these simula-
tions, this process may affect the actual mass flux over the long
time period of transport in clay.) The breakthrough time was
highly sensitive to the recharge rate when vapor transport was a
limitation (see Figure 4b).

SENSITIVITY ANALYSIS

Mass-loading rates of MTBE and benzene were most sensitive
to changes in recharge rate. The sensitivity of the mass-loading
rate of MTBE to recharge rate is illustrated in Figure 2. The
mass-loading rate is sensitive to the recharge rate because trans-
port near the water table is advection-dominated and mass load-
ing to groundwater is limited by diffusion through the capillary
zone. Furthermore, diffusion through the capillary zone is rela-
tively independent of soil type. The parameters that affect dif-
fusive transport (soil type and depth to groundwater), therefore,
have little effect on the mass-loading rate. These parameters
can, however, significantly affect breakthrough times to reach
steady state mass flux to groundwater (see Table 2). For exam-
ple, breakthrough times of MTBE at the water table varied by
more than an order of magnitude depending on the values of
these parameters. Soil type also can affect mass loss to the
atmosphere, as previously stated. Mass losses to the atmosphere
can significantly reduce mass loading to groundwater, as indi-
cated in Table 3. Minor rates of recharge (20 cm yr*) may be
sufficient, however, to restrict this natural-attenuation pathway
for MTBE in fine-grained soils.
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Figure 3. Steady-state distributions of MTBE, benzene, and oxygen resulting from a chronic release of gasoline 1 meter below land
surface in a 3 meter-thick vadose zone with a recharge rate of 20 centimeters per year in (a) sand and (b) clay.
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Table 2. Summary of breakthrough times of MTBE at the water table obtained from model simulations of a chronic release of gasoline
containing 15 percent MTBE by volume

Time (in years) required for mass-loading rate to reach
indicated percentage of the steady-state mass flux

Transport property Simulated condition 10 50 90
Sand
Depth to groundwater (L) (0<q<100 cmyr")
Im 0.05 - 0.15 0.09 — 0.21 0.18 - 0.43
2m 0.09 — 0.17 0.18 — 0.39 037 - 1.0
10 m 0.51 - 12 093 — 29 1.7 - 7.0
Clay
Depth to groundwater (L) (0<q<100 cm yr')
I'm 0.30 - 2.7 042 - 5.7 0.57 - 13
2m 0.66 — 8.1 0.84 — 12 1.1 - 16
10 m 35 - 98 40 - >100 45 - >100

Table 3. Simulated mass of MTBE entering groundwater at various recharge rates for a 1 gallon release of gasoline at a depth of 1 meter
below land surface in a 3 meter-thick vadose zone

Cumulative mass Fraction of initial
Groundwater recharge rate (q) entering groundwater (g) source mass (percent)
Sand Clay Sand Clay
0cm yr' 28 53 6.2 12
20 cm yr’! 74 415 17 93
100 cm yr! 220 NA 49 NA
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Figure 4. Mass-loading rate of MTBE at the water table as a function of time and recharge rate (q) for a 1 gallon release of gasolinein
(a) sand and (b) clay at a distance 2 meters above the water table.
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Relation of Mass-Loading Rates to Constituent
Concentrations at the Water Table

Constituent concentrations at the water table can be computed
from the mass-loading rate provided the regional groundwater
flow rate is known. These concentrations can be determined by
dividing the mass-loading rate to groundwater by the regional
groundwater flow rate. No attempt was made to calculate
constituent concentrations because groundwater flow rates are
site-specific; however, mass-loading rates could be used in
conjunction with solute-transport modeling to assess the extent
of contaminant migration in groundwater and estimate the
minimum release volumes necessary to affect sensitive
receptors located downgradient from the source.
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