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Abstract
We developed a new semi-analytical source zone depletion model (SZDM) for multicomponent light

nonaqueous phase liquids (LNAPLs) and incorporated this into an existing screening model for estimating cleanup
times for chemical spills from railroad tank cars that previously considered only single-component LNAPLs.
Results from the SZDM compare favorably to those from a three-dimensional numerical model, and from another
semi-analytical model that does not consider source zone depletion. The model was used to evaluate groundwater
contamination and cleanup times for four complex mixtures of concern in the railroad industry. Among the
petroleum hydrocarbon mixtures considered, the cleanup time of diesel fuel was much longer than E95, gasoline,
and crude oil. This is mainly due to the high fraction of low solubility components in diesel fuel. The results
demonstrate that the updated screening model with the newly developed SZDM is computationally efficient,
and provides valuable comparisons of cleanup times that can be used in assessing the health and financial risk
associated with chemical mixture spills from railroad-tank-car accidents.

Introduction
The release of lighter than water nonaqueous phase

liquids (LNAPLs) to the subsurface causes soil and
groundwater contamination, giving rise to environmental
and health risks (ATSDR 1999). A notable example is
hazardous chemical spills by railroad tank cars (BOE
2009); and many of these spills have involved organic
chemical mixtures such as gasoline, jet fuel, crude oil,
diesel fuel, and various ethanol-fuel blends. A number of
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chemical spill sites have resulted in long cleanup times
for soil and groundwater and high costs, which call into
question whether some LNAPLs should be shipped in
more robust tank cars, or whether pricing structures for
shipping LNAPLs adequately represent the economic risk
of chemical spills. To assess the environmental risk of soil
and groundwater contamination due to railroad-tank-car
spills, a screening model for single-component LNAPLs
was developed to predict contaminant migration in soil
and groundwater, cleanup times, and cleanup costs (Yoon
et al. 2009). There is a pressing need to develop a similar
screening model for NAPL mixtures including LNAPLs
commonly shipped by railroad to evaluate environmental
risk more comprehensively.

Many studies have evaluated NAPL source zone
depletion in groundwater (Ruiz-Aguilar et al. 2003).
Field sites are typically heterogeneous, and NAPL is
nonuniformly distributed. As a result, distinguishing the
mechanisms that control NAPL source zone depletion is
often not possible, and upscaled first-order mass trans-
fer coefficients are used. Several first-order mass transfer
coefficients have been developed to describe NAPL mass
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transfer to groundwater, and these are a function of NAPL
mass remaining and several site-specific fitting parameters
(Parker and Park 2004; Christ et al. 2006; Zhang et al.
2008) that depend on the distribution and morphology
of NAPL, and the distribution of permeability. Existing
upscaled mass transfer expressions have only been devel-
oped for single-component NAPLs; they cannot be easily
extended to multicomponent NAPLs because they do not
account for the mole fraction of NAPL components in a
mixture or potential cosolvent effects.

Another approach to describe NAPL mass transfer to
groundwater has been to develop simplified analytical or
semi-analytical models that assume NAPL is locally in
equilibrium with pore water, and dissolution is limited by
advection and dispersion of pore water away from the
NAPL source (Huntley and Beckett 2002; Falta 2003;
Peter et al. 2008; Yoon et al. 2009). The advective flux
term is a function of relative permeability, which depends
on NAPL saturation, and the dispersive flux term accounts
for NAPL mass transfer to adjacent pore water (Hunt
et al. 1988). These models have primarily been used to
model source zone depletion of single-component NAPLs
(Falta 2003; Yoon et al. 2009); for multicomponent
NAPLs, source zone depletion has not been considered
(Huntley and Beckett 2002; Hansen and Kueper 2007;
Peter et al. 2008). There is a need to extend these semi-
analytical models to consider multicomponent NAPLs
including similar mixtures (e.g., petroleum hydrocarbon
and chlorinated organic mixtures) and dissimilar mixtures
(e.g., ethanol blended gasoline), and to incorporate other
mass removal mechanisms such as volatilization to the
overlying soil, particularly, for LNAPLs that are trapped
near capillary fringe.

The objectives of this work are to develop a new
semi-analytical source zone depletion model (SZDM) for
multicomponent LNAPLs (i.e., mixture), and to incor-
porate this into the Hazardous Materials Transportation
Environmental Consequence Model (HMTECM). The
HMTECM was developed to predict the relative impact of
single-component LNAPLs released from railroad-tank-
car accidents on soil and groundwater contamination and
cleanup times (Yoon et al. 2009). The newly developed
SZDM will first be tested by comparing results to those
from a numerical model, and from another semi-analytical
model that does not consider source zone depletion. The
updated HMTECM will then be used to predict groundwa-
ter contamination and cleanup times for complex mixtures
of concern in the railroad industry, that is, gasoline, diesel
fuel, crude oil, and E95. Although the SZDM is not lim-
ited to any specific type of spill, we focus on LNAPL
problems related to railroad-tank-car spills as a practical
example.

SZDM for a Multicomponent LNAPL
The new SZDM considers a three-dimensional (3D)

LNAPL lens that shrinks over time as mass partitions to
the aqueous and gas phases. The aqueous concentration
of each component within the LNAPL source zone is

assumed to be in equilibrium locally with the LNAPL
phase. For similar compounds in a mixture (such as
petroleum hydrocarbons in gasoline), the activity coeffi-
cients are assumed to be unity (Corseuil et al. 2004). In the
absence of a cosolvent, the solubility of mixture compo-
nent i in water (Cm

w,i) is calculated according to Raoult’s
law (Weber and DiGiano 1996). The gas concentration
of each component within the NAPL source zone is also
assumed to be in equilibrium locally with the LNAPL
phase, and the vapor-phase form of Raoult’s law is simi-
larly used. In the presence of a cosolvent (e.g., ethanol),
the linear/log-linear model modified by Heermann and
Powers (1998) was incorporated into the HMTECM to
estimate solubility enhancement.

In our previous SZDM for pure LNAPLs, the source
zone was discretized to account for mass depletion in each
cell (Yoon et al. 2009). In our new model, we assume that
all components of a mixture are ideally mixed within the
source zone. This implies that spatial variations of LNAPL
are not considered. This assumption allows us to use a
relatively simple and computationally efficient analytical
solution to account for transient LNAPL dissolution over
time, which allows for incorporation of any number
of mixture components. We initially considered using a
numerical scheme and accounting for the mass depletion
in each cell, but this was deemed too computationally
demanding for a screening model. Full details of the
analytical equations used to describe multicomponent
LNAPL dissolution are reported in the literature (Huntley
and Beckett 2002; Peter et al. 2008; Yoon et al. 2009), so
only equations for each flux term from the source zone are
summarized here. The unique aspects of our model
are combining these equations with a vapor flux term, and
accounting for source zone size depletion over time.

1. The advective flux of a compound through the
LNAPL source (lens and residual), Jadv,i , is the product
of the water specific discharge (qw) and the effective
solubility of a component i (Ceff

w,i):

Jadv,i = qwCeff
w,i . (1)

The groundwater specific discharge varies as a
function of water saturation (i.e., 1-NAPL saturation)

qw = −krwkρwg

μw
i, (2)

where krw is the water relative permeability, k is the
intrinsic permeability of the soil, ρw is the water density, g

is the gravitational constant, μw is the water viscosity, and
i is the hydraulic gradient. Dispersion through the NAPL
source zone can be neglected due to local equilibrium
within the NAPL source zone (Seagren et al. 1999; Yoon
et al. 2009).

2. The dispersive flux from the z direction (i.e., the
bottom of the source zone) with clean water coming into
the source zone (Hunt et al. 1988) is expressed as

Jdisp_z,i = Ceff
w,iθ

√
4Dt,ivx/(πLx), (3)
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where θ is the porosity, Dt,i is the transverse dispersion
coefficient, vx is the water pore velocity, and Lx is
the horizontal distance along the NAPL source zone.
The same approach is used in the y direction. The
hydrodynamic dispersion coefficient is given by

Dt,i = Deff,i + vxαt, (4)

where Deff,i is the effective diffusion coefficient of
compound i in water and αt is the transverse dispersivity
in the z direction. The effective diffusion coefficient is the
product of the tortuosity, which is simply porosity in this
study, and the aqueous diffusion coefficient (Grathwohl
1998). The transverse dispersivity in the NAPL source
zone, which is generally much smaller than that in the
groundwater plume, can be obtained from available field-
scale experimental data (Eberhardt and Grathwohl 2002;
Klenk and Grathwohl 2002; Cirpka et al. 2006).

3. The vapor diffusive flux accounts for LNAPL
volatilization from the LNAPL lens, and is described
using Fick’s first law for steady-state vapor transport
toward the ground surface with a zero concentration
boundary

Jv,i = −Dveff,i
dCg,i

dz
= Dveff,i

Cvsat,i

Zdepth
, (5)

where Jv,i is the vapor diffusive flux of a compound i from
the top of the LNAPL to the ground surface, Dveff,i is the
effective vapor diffusion coefficient, Cvsat,i is the saturated
gas concentration, and Zdepth is the distance from the top
of the LNAPL to the ground surface. Dveff,i is computed
using the Millington and Quirk (1961) equation.

4. Total mass removal over the time interval (dt) from
these processes can be summed

Mremoval,i = [Jadv,i (LyLz) + Jdisp_z,i(LxLy) + 2

× Jdisp_y,i(LxLz) + Jv,i(LxLy)]dt, (6)

where Ly and Lz are the width and depth of the LNAPL
source zone and a factor of two in front of Jdisp_y,i is due
to the symmetrical geometry of the source zone in the y

direction.
Per Equation (6), the advective, dispersive, and vapor

mass fluxes are proportional to the cross-sectional area for
each flux component. As the source zone size decreases
over time, the fluxes decrease proportionally. This concept
is incorporated into the four components of volumetric
flux from the source zone. The source zone length (Lx) is
reduced by the advective flux in the x direction, the source
zone width (Ly) by the dispersive flux in the y direction,
and the source zone depth (Lz) by the dispersive flux and
vapor diffusive flux in the z direction. Time-dependent
source zone lengths in the SZDM are expressed as

Lx(t + 1) = Lx(t)

(
1 −

∑
i Jadv,i (Ly(t)Lz(t))dt/ρi

VNAPL(t)

)

(7)

Ly(t + 1) = Ly(t)

(
1 −

∑
i Jdips_y,i(Lx(t)Lz(t))dt/ρi

VNAPL(t)

)

(8)

Lz(t + 1)

= Lz(t)

(
1 −

∑
i (Jdips_z,i + Jv,i)(Lx(t)Ly(t))dt/ρi

VNAPL(t)

)

(9)

where Li is the dimension of the source zone in the i

direction, dt is the time interval between t and t + 1, ρ

is the density of each component, and VNAPL (t) is the
NAPL volume within the source zone at time t .

SZDM Validation
Results from the SZDM are compared to those

from a numerical model and from a semi-analytical mo-
del without source zone depletion. The numerical model
developed by Frind et al. (1999) was implemented in this
study, and it considers 3D advection and dispersion, and
first-order NAPL dissolution. It was successfully tested
against a one-dimensional analytical dissolution model
(Powers et al. 1992) and published field-scale data (Frind
et al. 1999) (results not shown). The semi-analytical
model developed by Huntley and Beckett (2002) was used
for comparison. It employs the steady-state dispersion
equation for NAPL dissolution from the source zone
to surrounding groundwater (Hunt et al. 1988), and the
change in effective solubility of each component in a
mixture due to dissolution. It will be referred to as the
source zone constant model (SZCM) in this work.

Mixture composition from a field site experiment
(Frind et al. 1999) was used to create two different
example cases for model comparisons. A first-order dis-
solution rate (3.0/d) calibrated to the laboratory and field
data in Frind et al. (1999) was used. As the value of the
dissolution rate is large, it is not far from the equilibrium
condition (Frind et al. 1999). Hence, the local equi-
librium assumption employed by the SZDM will be
shown to be adequate. The example mixture contained
trichloromethane (TCM), trichloroethylene (TCE), and
perchloroethylene (PCE). The solubility and initial mole
fraction (in parenthesis) of these three components are
8760 mg/L (0.078), 1270 mg/L (0.439), and 242 mg/L
(0.483), respectively. The two cases each contained a
1.5-m long, 0.3-m wide, by 0.1-m deep source zone. In
Cases 1 and 2, the source zone was uniformly contami-
nated with the NAPL mixture at residual saturation (0.06)
and a NAPL pool with a saturation of 0.3, respective-
ly, and groundwater velocity was 0.00864 and 0.0864 m/d,
respectively. In both cases, porosity was 0.333 and hori-
zontal and vertical dispersivities in the source zone were
2.5 and 1 cm, respectively. The Burdine relative perme-
ability function was used to calculate water velocity in the
source zone. Clean water was flushed through the domain
in each case. The numerical grid consisted of grid blocks
0.1-m long, 0.05-m wide, by 0.02-m tall, and the numer-
ical domain was 1.5-m long, 3-m wide, by 1.5-m deep.
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Figure 1. Comparison of effluent concentrations for (a) Case
1 and (b) Case 2. The SZDM, a numerical model, and the
SZCM are compared.

The results for Cases 1 and 2 are shown in Figure 1.
For Case 1 (Figure 1a), both the SZDM and SZCM
results coincide with those for the numerical model
for the highest solubility compound (TCM). For the
intermediate and low solubility compounds (TCE and
PCE, respectively), the SZDM and numerical model
results are similar, and differences in time to reach 10%
of the initial effluent concentration or mass remaining are
generally within 20%. The SZCM and numerical model
results are also similar for the intermediate solubility
compound (TCE), with differences in the time to reach
10% of the initial effluent concentration (Ceff) or mass
remaining less than 18%. However, the SZCM does a
poor job of matching SZDM and numerical model results
for the lowest solubility compound. This is most evident
after TCE is completely removed, resulting in a much
shorter removal time. This is mainly due to the constant
source zone size with decreasing LNAPL saturation in the
SZCM. For example, if the length of the source zone in
each direction is reduced by 25%, the mass removal rates
(Equation 6) from the dispersive flux, advective flux, and
diffusive flux in the SZDM are 35, 44, and 44% lower
than those in the SZCM, respectively, resulting in faster
removal with the SZCM.

For Case 2 (Figure 1b), differences in time to reach
10% of the initial mass remaining between the SZDM
and numerical model results are within 24%. Hence, the
SZDM and numerical model profiles are similar but show
slightly more discrepancy than for the lower NAPL
saturation case (Case 1). This is mainly because NAPL

composition and saturation are averaged spatially in the
SZDM. As NAPL saturation in the source zone increases,
NAPL along the boundary of the source zone is removed
faster over time in the numerical model. However, NAPL
saturation in the SZDM is averaged over the source
zone, resulting in less advective flux compared to the
numerical model. As in Case 1, the SZCM did not match
the PCE concentration profile. Given that there is no
fitting parameter in the SZDM and transverse dispersion
coefficients were the same for both models, we propose
that the errors in cleanup time are adequately small for a
screening model and the computationally efficient SZDM
adequately captures the overall removal kinetics and
source zone longevity predicted by the numerical model.

Modified HMTECM Results for Hydrocarbon
Mixtures

The SZDM was added to the groundwater module of
the HMTECM and the details of the updated HMTECM
are presented in the Supporting Information (Appendix S1
and Figure S1). The updated HMTECM was used to
demonstrate the effects of chemical properties on cleanup
time; four hydrocarbon mixtures tested are gasoline, diesel
fuel, crude oil, and E95. Key properties of the indi-
vidual components and groups within the mixtures are
shown in Table S1, Supporting Information. The benzene,
toluene, ethylbenzene, and xylenes (BTEX) components
of all mixtures were separately tracked because of their
adverse impact on health and low maximum contami-
nant level values. The remaining components in gasoline
were categorized into 11 groups for alkanes, alkenes,
and high molecular weight compounds based on Foster
et al. (2005). The remaining components in diesel fuel
and crude oil were categorized into five groups based on
chemical structure. Although there is very little computa-
tional burden on the number of components in a mixture,
the use of groups allows us to analyze the results more
easily, for example, determine what class of compounds
limits cleanup. The density, vapor pressure, and diffusion
coefficient for each group were calculated using a simple
linear mixing rule based on the mole fraction of each com-
ponent in a group (Huntley and Beckett 2002; Foster et al.
2005). Except for E95, the same approach was used for
calculating aqueous solubility. The linear/log-linear model
was used to calculate the solubility for E95.

Three soil types were evaluated: coarse sand, fine
sand, and silt. The hydrogeologic properties, transport
parameters, and system parameters for these are given
in Table 1. The soil module of the HMTECM was used
to simulate four different chemical spill volumes for
gasoline: 13.82, 49.64, and 89.35 m3. These spill volumes
were chosen to represent 12.5, 50, and 90% of a railroad-
tank-car volume (99.3 m3). The approximate thicknesses
of the LNAPL lens and residual zone were 0.1 to 0.2
and 0.5 to 1.5 m, respectively. As previously described in
Yoon et al. (2009), the LNAPL lens and residual zone
were approximated as different size rectangular boxes
based on LNAPL distributions that result from the soil
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Table 1
Soil Properties Used in Simulations and Spill

Conditions

Physical Properties Coarse Sand Fine Sand Silt

Hydraulic conductivity (m/d) 50 7 1
Hydraulic gradient 0.006 0.006 0.006
Lens NAPL saturation 0.35 0.35 0.35
Effective porosity 0.42 0.33 0.33
Horizontal transverse dispersivity

in the NAPL source (m)
0.05 0.05 0.05

Vertical transverse dispersivity in
the NAPL source (m)

0.025 0.025 0.025

Longitudinal dispersivity in
groundwater plume (m)

1 1 1

Transverse dispersivity in
groundwater plume (m)

0.1 0.1 0.1

Notes: To construct the initial NAPL distribution, depth to groundwater was 3 m, maximum
volume of spill was 94.6 m3, and spill duration was 12 h. Aquifer thickness was 10 m.
Cleanup criteria include total petroleum hydrocarbons (TPH)-soil (5000 mg/kg), TPH-
water (1 mg/L), and maximum contaminant levels for BTEX (0.005, 2, 0.1, and 0.7 mg/L).
Remediation time when the pumping system began was 30 d after spill event. Pumping
rates for hydrocarbons (gasoline, diesel, and crude oil) and cosolvents (E95) are 100 and
10 m3/d, respectively.

module. The initial LNAPL distributions for gasoline
were used for other mixtures to facilitate comparison
of contaminant migration and cleanup among different
chemical mixtures.

Cleanup times for the four mixtures are shown in
Figure 2. As previously noted, the initial LNAPL distribu-
tion is the same for all mixtures in each soil type. Average
solubility values of mixtures decrease from E95, to gaso-
line, crude oil, and diesel fuel. Cleanup time is inversely
proportional to average solubility values. This results in
cleanup times as short as 20 d for E95, and as long as
62,288 d for diesel fuel. Although E95 has the short-
est cleanup time, there are some negative implications.
Ethanol increases the solubility of hydrocarbons in the

Figure 2. Cleanup time of E95, gasoline, diesel fuel, and
crude oil for four difference spill volumes in coarse sand,
fine sand, and silt. A percent spill represents the percent of a
tank volume of 99.3 m3, a size typical of tank cars used for
many NAPL mixtures.

gasoline mixture. This results in greater concentrations
of BTEX (as well as other hydrocarbons) and extended
downgradient contamination in groundwater before pump-
ing begins; hence, more pumping wells are required for
E95 than for other mixtures to remove the contaminated
groundwater plume. Diesel fuel has the smallest mole
fraction of BTEX, which accounts for the highest sol-
ubility compounds in gasoline, and has no groups with
solubility more than 100 mg/L; in contrast, gasoline has
four groups with solubility more than 100 mg/L. The two
highest solubility groups in diesel fuel are approximately
two orders of magnitude smaller than the two highest
solubility groups in crude oil because more individual
components with greater solubility are included in the
composition of crude oil. This explains why diesel fuel
has a much longer cleanup time than other mixtures.

Soil permeability decreases from the coarse sand,
to the fine sand and the silt. Cleanup times increase
as soil permeability decreases for the same amount of
NAPL in the source zone. For example, cleanup times for
diesel fuel, 50% spill, in coarse sand, fine sand, and silt
are 19,780, 41,420, and 54,820 d, respectively. Different
LNAPL volumes reach groundwater for the different soil
types. For example, less LNAPL reaches the groundwater
table in silt because it has the lowest permeability. In fact,
no LNAPL reaches the groundwater for spill volumes less
than 50% in silt. Consequently, cleanup times for silt are
only shown for the 50 and 90% spill volumes. For the 50%
spill volume case, approximately 60% less NAPL reaches
groundwater in silt than in coarse sand, but silt cleanup
times are 2000 d longer due to slower mass removal rate
in the low permeability soil.

Conclusion
The newly developed semi-analytical SZDM was

tested against a 3D numerical model for several different
conditions with adequate results. The SZDM was added
to the groundwater module (i.e., accounts for NAPL dis-
solution, NAPL volatilization, and contaminant transport
in groundwater) of the HMTECM, a screening model for
prediction of subsurface contamination and cleanup times
for LNAPLs released from railroad-tank-car accidents.
The updated HMTECM was used to assess the influence
of chemical properties, soil permeability, and spill volume
on cleanup times of four mixtures commonly shipped by
railroad tank cars.

Cleanup times for the mixtures (E95, gasoline, crude
oil, and diesel fuel) in three different soil types with a 3-m
depth to groundwater were evaluated. The solubility of the
individual components within the mixture has the greatest
impact on cleanup time. For example, the highest solubil-
ity mixture, E95, had the shortest cleanup time. Cleanup
times generally increased as soil permeability decreased
for the same amount of NAPL in the source zone,
due to lower groundwater flow. Cleanup times generally
increased with more LNAPL spilled in the same soil type,
due to a larger fraction of LNAPL reaching groundwater.
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To improve on the HMTECM, it is advised to
integrate biodegradation and natural attenuation of
contaminants because these remediation processes are
especially important for petroleum hydrocarbons. This
integration will help in estimating more accurate cleanup
times. In addition, other remediation options can be used,
such as in situ air sparging, along with pump and treat or
as an alternative method.
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