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a b s t r a c t
North American railroads transport a wide variety of chemicals, chemical mixtures and solutions in railroad tank cars. In the event of an accident, these materials may be spilled and impact the environment.
Among the chemicals commonly transported are a number of light non-aqueous phase liquids (LNAPLs). If
these are spilled they can contaminate soil and groundwater and result in costly cleanups. Railroads need
a means of objectively assessing the relative risk to the environment due to spills of these different materials. Environmental models are often used to determine the extent of contamination, and the associated
environmental risks. For LNAPL spills, these models must account for NAPL inﬁltration and redistribution,
NAPL dissolution and volatilization, and remediation systems such as pump and treat. This study presents
the development and application of an environmental screening model to assess NAPL inﬁltration and
redistribution in soils and groundwater, and to assess groundwater cleanup time using a pumping system.
Model simulations use parameters and conditions representing LNAPL releases from railroad tank cars. To
take into account unique features of railroad-tank-car spill sites, the hydrocarbon spill screening model
(HSSM), which assumes a circular surface spill area and a circular NAPL lens, was modiﬁed to account for
a rectangular spill area and corresponding lens shape at the groundwater table, as well as the effects of
excavation and NAPL evaporation to the atmosphere. The modiﬁed HSSM was ﬁrst used to simulate NAPL
inﬁltration and redistribution. A NAPL dissolution and groundwater transport module, and a pumping system module were then implemented and used to simulate the effects of chemical properties, excavation,
and free NAPL removal on NAPL redistribution and cleanup time. The amount of NAPL that reached the
groundwater table was greater in coarse sand with high permeability than in ﬁne sand or silt with lower
permeabilities. Excavation can reduce the amount of NAPL that reaches the groundwater more effectively
in lower permeability soils. The effect of chemical properties including vapor pressure and the ratio of
density to viscosity become more important in ﬁne sand and silt soil due to slow NAPL movement in the
vadose zone. As expected, a pumping system was effective for high solubility chemicals, but it was not
effective for low solubility chemicals due to rate-limited mass transfer by transverse dispersion and ﬂow
bypassing. Free NAPL removal can improve the removal efﬁciency for moderately low solubility chemicals
like benzene, but cleanup times even after free NAPL removal can be prolonged for very low solubility
chemicals like cyclohexane and styrene.
© 2008 Elsevier B.V. All rights reserved.

1. Introduction
North American railroads transport over 1000 different chemicals, chemical mixtures and solutions in railroad tank cars [1]. In the
event of an accident, these materials may be spilled and impact soil
and groundwater [2] and lead to costly cleanups [3]. Railroads need
a means of objectively assessing the relative risk to the environment
due to spills of these different materials [4]. Among the chemicals
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commonly transported are a number of water immiscible organic
liquids, often referred to as non-aqueous phase liquids (NAPL). As
spilled NAPLs migrate from the surface downward through the
vadose zone, contaminant ﬂow and transport occur in aqueous, gas,
and NAPL phases. If NAPLs reach the groundwater table, then they
will migrate further, both vertically and laterally depending upon
their properties. As a consequence, NAPLs are present in both the
vadose zone and groundwater and can act as a continuing source
of groundwater contamination for long periods.
A number of sophisticated environmental models have been
developed and successfully used to determine the extent of contamination and the associated environmental risks from spills of
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organic liquids. These models must account for NAPL inﬁltration
and redistribution, dissolution and volatilization, and the effect of
remediation systems such as pump and treat. However, for a variety
of reasons the existing models are not suitable for practical, comparative assessment of the impact on soil and groundwater from
the large number of different materials transported by rail. The
environmental circumstances of the spill can vary widely depending on the location [2] and other conditions when the spill occurs.
Also, certain characteristics typical of railroad-tank-car spills, such
as size, spill rate and the shape of the initial surface pool of spilled
material differ from those assumed by existing models. Therefore,
a new model was needed to assess the risk to the environment due
to rail transport of hazardous materials.
A quantitative environmental risk analysis of railroad transportation of hazardous materials was previously conducted by
Barkan et al. [3]. In that study the probability of a spill was based on
extensive statistical analysis of railroad accident rates and tank car
safety performance in accidents. The environmental consequence
analysis focused on a group of halogenated organic liquids that
had caused particularly costly cleanups. The analysis did not consider many other materials such as LNAPLs that are transported
by rail, nor did it account for variability in the possible environmental circumstances of a spill. Recently, Anand and Barkan [2]
conducted a geographic information system (GIS) analysis of the
railroad network to quantify the exposure of soil and groundwater
to spills due to railroad accidents. Anand [4] extended this work
by developing a comprehensive risk analysis model that quantitatively accounted for railroad accident probabilities, variation in
tank car safety designs, hydrogeological features along rail lines and
different chemical characteristics. However, the only environmental consequence model that was available in railroads [5] was based
on work conducted in the 1980s and was not fully documented. Furthermore, it did not account for mechanistic NAPL movement and
transport of dissolved chemicals in groundwater. In order to assess
the environmental risk of soil and groundwater contamination due
to transportation of hazardous materials, a model is needed that
allows objective, quantitative comparison of the impact of spills
under the variety of environmental conditions that most commonly
occur along railroad lines.
Multiphase ﬂow and transport models have been developed to
address contamination and remediation in two-phase (aqueousNAPL) and three-phase (aqueous-gas-NAPL) systems [6]. These
models incorporate a variety of constitutive relations, and include
interphase mass transfer processes, and coupling between transport and biological processes at a variety of scales. Several
commonly used models include MISER [7], STOMP [8,9], TOUGH-2
[10,11], and UTCHEM [12]. Each of these numerically solves the requisite mathematical formulations in different ways. Unfortunately,
these relatively sophisticated models require a large amount of
chemical and hydrogeological data that are commonly not available at many spill sites nor in an emergency response time frame,
and are computationally time intensive and expensive.
Several screening models have been developed as alternatives to
multiphase ﬂow and transport models. Screening models assume
simpliﬁed conditions such as homogeneous permeability or simple layers of different permeability, a simple aquifer ﬂow ﬁeld, and
constant parameters so that analytical and/or semi-analytical ﬂow
and transport models can be used to simulate the consequences
of chemical spills in soil and groundwater. One of the most important assumptions used in a simple model of NAPL inﬁltration is to
consider NAPL ﬂow with constant or steady-state water saturation.
Although there are many simple mathematical models describing single phase inﬁltration in the vadose zone [13], only a few
deal with NAPL inﬁltration under a variety of boundary conditions
and NAPL redistribution at the groundwater table. The Hydrocar-
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bon Spill Screening Model (HSSM) [14–16] developed by the U.S.
Environmental Protection Agency (EPA) is one such model; it has
been used to estimate the effects of LNAPL spill volume and chemical properties on LNAPL redistribution in soils and groundwater,
as well as down-gradient aqueous concentrations in the aquifer
[17].
LNAPL that reaches groundwater typically forms a pool or lens
at the groundwater table. A variety of simple mathematical models have been developed to describe dissolution of these pools
and lenses into the water phase [18–20], and subsequent transport
in groundwater [21,22]. Dissolution mechanisms often considered
are mass transfer or equilibrium partitioning to the advecting
pore water, and transverse dispersion from the NAPL source zone
(DNAPL pool and LNAPL lens) to the surrounding water. The latter has been shown to limit the overall rate of dissolution and was
evaluated by an analytical modeling analysis where the local equilibrium assumption was tested compared to the non-equilibrium
mass transfer between the NAPL source zone and groundwater as
well as experimental data [23]. The dispersive ﬂux due to transverse dispersion from the NAPL source zone is considered in this
work.
The objective of this paper is to develop a screening model to
assess NAPL inﬁltration into soils and groundwater, and groundwater cleanup time using a pumping system. The effects of soil
type, spill volume, excavation, and free NAPL removal on groundwater contamination and total cleanup time are considered. This
work was motivated by an assessment of consequences of railroadtank-car accidents to groundwater contamination and remediation,
so model simulations use parameters and conditions representing typical characteristics along railroad lines. In particular, the
HSSM, which assumes a circular spill area and a circular NAPL
lens, was modiﬁed to account for a rectangular spill area (on the
ground surface) and corresponding lens shape at the groundwater
table, and for the effects of excavation and NAPL evaporation to the
atmosphere. The modiﬁed HSSM was ﬁrst used to simulate NAPL
inﬁltration and redistribution. A NAPL dissolution and groundwater
transport module developed in this work was then used to simulate
the effects of chemical properties, excavation, and free (i.e., mobile)
NAPL removal on NAPL redistribution and cleanup time. In all, six
light non-aqueous phase liquids (LNAPL) commonly transported
in railroad tank cars were evaluated. Implications of remediation
efforts and cleanup times are discussed.
2. Model description
2.1. NAPL inﬁltration and redistribution module
A conceptual model of the processes considered is shown in
Fig. 1. The HSSM accounts for one-dimensional vertical ﬂow in
the vadose zone and LNAPL redistribution in groundwater. Detailed
discussions of the assumptions of the HSSM model have been published in the literature [14–16]. The environmental impact from a
hazardous material spill due to the derailment of a railroad tank
car depends on many factors including spill volume, spill area, limits of excavation, response and recovery time, chemical properties,
and hydrogeological properties. When a chemical spill occurs on
the ground surface, prompt removal of the spill product helps minimize health risk, environmental impacts, and potential damage
to property and natural resources. Removal of ponded liquids and
excavation of the contaminated soils can minimize soil and groundwater contamination. The shape of the spill area (i.e., ponded liquid)
depends primarily on site topography and spill conditions (e.g., tank
damage and spillage rate). Based on discussion with railroad environmental response experts it was concluded that a rectangular
shape is more realistic than the circular shape used in the HSSM.
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Fig. 1. Conceptual model of NAPL inﬁltration and redistribution.

This is due to the proximity of drainage ditches adjacent to railroad
lines, where liquids often accumulate following a tank car spill. It is
also not unusual to excavate and remove contaminated surface soil,
so this factor also had to be accounted for in the modiﬁed HSSM.
A vadose zone ﬂow and transport module (Kinematic Oily Pollutant Transport, KOPT) in the HSSM was modiﬁed (KOPT-RAIL) to
account for the rectangular spill shape, excavation, and NAPL evaporation to the atmosphere. The change of the spill shape does not
affect vertical NAPL ﬂow in the vadose zone, but does affect LNAPL
redistribution in groundwater. After excavation, the top boundary
of the LNAPL plume in the vadose zone changes from the ground
surface to the depth of excavation, assuming that LNAPL is completely removed by excavation to the depth of excavation. The
maximum depth of excavation is currently 6 m or the depth to the
groundwater table if less. The evaporation of a volatile liquid from a
free-liquid surface to the atmosphere can affect the inﬁltration rate
of liquids into soil. The evaporation rate of a liquid can be estimated
by Kawamura and Mackay [24]
E = Akm Cg

(1)

where E is the evaporation rate (kg/s), A is the area of the evaporating liquid pool (i.e., spill area), km is the mass transfer coefﬁcient
(m/s), and Cg is the gas concentration of the liquid at the surface
of the pool (kg/m3 ), which can be computed using the vapor pressure and the ideal gas equation. An empirical equation for the mass
transfer coefﬁcient during liquid evaporation developed by MacKay
and Matsugu [25] has been widely used, including for a NAPL spill
case [26]:
km = cSc −2/3 u7/9 x−1/9

(2)

where c is a constant (0.0048) determined from experimental data,
Sc is the Schmidt number, which is the ratio of the kinematic viscosity of air (1.5 × 10−5 m2 /s) to the molecular diffusivity of the
compound in air (m2 /s), u is the wind speed at a height of 10 m
(m/s), and x is the pool length in the wind direction (m). Eqs. (1)
and (2) were added to the KOPT module in the HSSM.
The constitutive saturation–pressure–relative permeability
(S–P–k) relation is a critical component of predictive multiphase
ﬂow models. In the residual NAPL formation theory developed by
Lenhard et al. [27], the residual NAPL (i.e., NAPL held immobile by
capillary forces) saturation in the vadose zone is not constant, but
is estimated as a function of saturation-path history. The Brooks
and Corey S–P model [28] with the Burdine relative permeability
model is used in the HSSM. In the new k–S–P relation updated by
[27], the relative permeability for NAPL becomes zero as the free

(i.e., mobile) NAPL saturation becomes zero. Since residual NAPL is
immobile, residual NAPL saturation does not contribute to NAPL
relative permeability. This new NAPL relative permeability (krn )
relation (Eq. (3)), including residual NAPL formation in the vadose
zone [27], was added to the KOPT module as formulated below:
krn =

2  S + S − S ((2+)/)
w
n
wr

 S
nf
1 − Swr

S + S − S
w
gt
wr

−

1 − Swr

1 − Swr
Snr
+
1 − Swr

((2+)/) 
(3)

where Sn , Snf , and Snr are the total NAPL, free NAPL, and residual
NAPL saturations, respectively, Sw and Swr are the total water and
residual water saturations, respectively, Sgt is the trapped air saturation, and  is the pore size distribution index. The maximum
residual NAPL saturation can be observed after complete drainage
of NAPL from a soil initially saturated with NAPL at the residual
water saturation. In groundwater, the residual NAPL saturation in
Eq. (3) was set to a constant value as used in the original HSSM.
If a chemical spill is large and inﬁltrates into soil fast enough
to reach the groundwater table, and there is sufﬁcient LNAPL head,
LNAPL will displace water downward and then spread laterally to
form a lens. The LNAPL distribution has two distinct regions after
spreading is complete (Fig. 1). The ﬁrst is a zone of residual LNAPL
saturation that marks the region where LNAPL displaced groundwater downward before spreading outward to form a thin lens. The
second is the thin LNAPL lens that eventually forms in the capillary
fringe and on the groundwater table. The thickness of the lens was
calculated with the Dupuit assumptions, where the ﬂow is horizontal and the gradient is independent of depth. Since the shape of
the spill area is rectangular instead of circular, the spreading of the
lens is approximated by a rectangular shape in the x and y directions (i.e., cross shape) as shown in Fig. 2. Based on discussion with
railroad environmental response experts it was also concluded that
a rectangular shape of the lens is practically realistic. For practical
purposes, the cross-shape of the lens predicted by the modiﬁed
HSSM was converted to a rectangular shape. The outer portions of
the lens in each direction (light gray parts in Fig. 2) were converted
to the same area of the rectangle in the converted lens (dark gray
parts in Fig. 2). NAPL thicknesses over the light gray area were averaged and the average NAPL thickness was distributed evenly over
the dark gray area. The converted lens was used for NAPL mass
transfer and dissolved plume development.
From the Dupuit equation and ho = hos at d = Ls and ho = 0 at d = Lt
[29], the oil layer head (ho ) at any distance (d) along the x and y
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Fig. 3. Comparison of the cumulative NAPL volume across the capillary fringe.

Fig. 2. Schematic of lens spreading and conversion to a rectangular lens.

directions outside the rectangular source area (i.e., spill area) is



ho (d) = hos 

Lt − d

(4)

Lt − Ls /2

where hos is the lens oil head beneath the spill area, Lt is the length
of the oil lens from the spill center at time t, and Ls is the size of
the source area in the x and y directions (i.e., Lx and Ly ). As seen in
Eq. (4), the lens oil head depends on hos and Lt . The rates of change
of hos and Lt can be obtained by applying the continuity principle
to the control volumes of the lens beneath the spill area and the
whole lens, respectively, as
dhos
1
=
(Qin − Qspreading − Qlosses )
dt
(Lx Ly )o ˇ

(5)

Q − Qlosses − (∂VTL /∂hos )(dhos /dt)
dLt
= in
dt
∂VTL /∂Lt

(6)

Qspreading = −2Ly bos Ko



added to the OILENS module in the HSSM (OILENS-RAIL) and all
affected equations were also modiﬁed.
The modiﬁed HSSM was compared to the original HSSM and a
multiphase simulator, Subsurface Transport Over Multiple Phases
(STOMP) [8,9]. For STOMP simulations, both 1D vertical NAPL ﬂow
and 3D NAPL ﬂow in the vadose zone were considered, and 3D NAPL
ﬂow below the capillary fringe was considered. For a typical LNAPL
(i.e., benzene) spilled in homogeneous coarse sand and silt considered in this study, cumulative LNAPL volume across the capillary
fringe and the NAPL lens area for a 50% spill case (i.e., 50% of a tank
car volume) without excavation are shown in Figs. 3 and 4. The



dho 
dho 
− 2Lx bos Ko


dx x=Lx/2
dy x=Ly/2

(7)

where Qin is the volumetric NAPL ﬂow rate into groundwater from
the vadose zone, Qlosses are the mass losses of the lens due to dissolution to groundwater, volatilization to the vadose zone, and
the formation of residual (or trapped) NAPL as the lens height
decreases,  o is an average effective volumetric NAPL content, ˇ is a
constant (=w /(w − o )), i is the density of phase i, bos is the average lens thickness in the source area, Ko is the effective hydraulic
conductivity of the LNAPL at  o , and VTL is the total lens volume
(i.e., d = Lt ). The lens volume, VL , as a function of distance (d) is



VL (d) = Lx Ly ˇhos + 2Ly ˇo hos


+ 2Lx ˇo hos

1.5

2
2 (Lt − d)
(Lt − Lx /2) − 
3
3
(Lt − Lx /2)
1.5

2 (Lt − d)
2
(Lt − Ly /2) − 
3
3
(Lt − Ly /2)

(8)

Eqs. (5) and (6) are a system of ordinary differential equations
for the lens model and Eq. (8) is used to obtain the two derivatives
in Eq. (6). The mass losses due to dissolution and volatilization can
be computed using NAPL dissolution and volatilization module in
the next section. The details of the derivation and numerical solution are provided in the HSSM Theory guide [16]. Eqs. (4)–(8) were

Fig. 4. Comparison of the lens area in (a) coarse sand and (b) silt.
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original HSSM assumed a circular LNAPL pool shape at the ground
surface whereas the modiﬁed HSSM and STOMP assume a rectangular shape. The comparison of the cumulative NAPL volumes
across the capillary fringe in Fig. 3 showed that in two different
soils the NAPL volume in the modiﬁed HSSM was almost identical
to that in the original HSSM and within the range of STOMP results
between 3D and 1D NAPL ﬂow in the vadose zone. The comparison
of the lens area in Fig. 4 showed that the modiﬁed HSSM predicted
the lens area well within the range of STOMP prediction in coarse
sand and 20% lower than that of STOMP prediction in silt. However,
the original HSSM over-predicted and under-predict the lens area,
compared to STOMP results in coarse sand and silt, respectively.
The main reason for the under-prediction of the modiﬁed HSSM in
the silt compared to the STOMP is that in the silt LNAPL can spread
above the capillary fringe (i.e., unsaturated soil) in the STOMP simulation, while the modiﬁed HSSM considers NAPL ﬂow only in the
saturated zone. This difference decreased with increasing permeability because LNAPL can penetrate through the capillary fringe
more easily with increasing permeability, resulting in less spreading above the capillary fringe. This comparison indicates that the
modiﬁed HSSM adequately captures the physics that govern LNAPL
migration and lens formation.
2.2. NAPL dissolution and volatilization module
Mass transfer from the LNAPL source zone (i.e., LNAPL lens
and residual LNAPL) is inﬂuenced by a variety of factors including
LNAPL properties, the size of the LNAPL lens and residual region,
and the heterogeneity of porous media. The LNAPL lens in direct
contact with the water and gas phases undergoes dissolution and
volatilization (Fig. 5). Residual LNAPL located below the LNAPL lens
undergoes only dissolution. Rate-limited NAPL dissolution has been
observed at high water velocities and low NAPL saturation. Many
studies have used a ﬁrst-order mass transfer model to quantify this
process; experimental and numerical results are summarized in literature [6,19,20,23,30]. Despite numerous investigations, it is not
clear how to quantify NAPL dissolution rates in the ﬁeld. In this
work, we modiﬁed the approach proposed by Falta [20] and considered four components of NAPL mass ﬂux from the source zone:
advective ﬂux from groundwater ﬂow, dispersive ﬂux in the y direction, dispersive ﬂux in the z direction, and diffusive ﬂux in the gas
phase toward the ground surface from the LNAPL lens.
The dissolved concentration within the LNAPL source zone is
assumed to be in equilibrium with the NAPL phase; hence the dissolved concentration is the aqueous solubility of the chemical. This
follows from earlier work [23], where local equilibrium within a
NAPL source zone was found to adequately describe the concentration driving force for dispersion under similar conditions. The
advective ﬂux through the LNAPL source (lens and residual), Jadv ,
is simply the product of the water speciﬁc discharge (q) and the
solubility (Csol );
Jadv = qCsol

(9)

The groundwater speciﬁc discharge varies as a function of water
saturation:
qw = −

krw kw g
i
w

(10)

where krw is the water relative permeability, k is the intrinsic permeability of the soil, w is the water density, g is the gravitational
constant, w is the water viscosity, and i is the hydraulic gradient. The Brooks-Corey saturation–capillary pressure (S–P) model
with the Burdine relative permeability model (BCB model) and the
van-Genuchten S–P model with the Mualem relative permeability
model (VGM model) were used. Fluid entrapment and hysteresis

were not considered due to complexity. The BCB model considers a distinct nonwetting ﬂuid entry pressure. The water relative
permeability, krw , is given by:
krw =

 S − S ((2+3)/)
w
wr

(11)

1 − Swr

where the water saturation, Sw , is simply (1 − Sn ).
The dissolved chemical concentration from the LNAPL source
zone in the z direction is given by the steady-state dispersion equation as developed by [31]:

v

∂C
∂2 C
= Dt 2 with C = Cin at x = 0, C = Csol at zt = 0,
∂x
∂zt
C = 0 at zt → ∞

(12)

where v is the water pore velocity, Dt is the transverse dispersion
coefﬁcient, Cin is the inﬂuent dissolved chemical concentration, x is
the distance of the NAPL source zone along the groundwater ﬂow
direction, and zt are the transverse distance in the z direction from
the NAPL source zone. The hydrodynamic dispersion coefﬁcient is
given by:
Dt = Deff + v˛t

(13)

where Deff is the effective diffusion coefﬁcient and ˛t 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. The solution to
Eq. (12) is



C(Lx , zt ) = Cin + (Csol − Cin )erfc



2

zt

(14)

Dt Lx /v

where Lx is the horizontal distance along the LNAPL source zone.
The same approach is considered in the y direction. The total mass
ﬂux from each direction can be obtained by integrating the concentration with respect to z and y:
Jdisp = (Csat − Cin )



4Dt vLx /

(15)

The NAPL dissolution processes implemented in this study were
tested against a three-dimensional NAPL dissolution data set [32].
Comparison of simulated and experimental average efﬂuent ﬂux at
the end of the 3D sandbox showed that among four cases, average
percent error in the two best cases was less than 5% and in one
case was less than 25%, and total NAPL removal time was predicted
accurately (i.e., within 6%) [32].
LNAPL in direct contact with the gas phase is depleted by NAPL
volatilization. NAPL volatilization is described using Fick’s First Law
for steady-state vapor transport toward the ground surface with a
zero concentration boundary:
Jv = −Dveff

dC
Cvsat
= Dveff
Zdepth
dz

(16)

where Jv is the vapor diffusive ﬂux from the top of the LNAPL to
the ground surface, Dveff is the effective vapor diffusion coefﬁcient,
Cvsat is the saturated gas concentration, and Zdepth is the distance
from the top of the LNAPL to the ground surface. Dveff is computed
using the Millington and Quirk [33] equation.
In this work, a simpliﬁed 3D source geometry was used to
accommodate the variety of LNAPL distributions that result from
the modiﬁed HSSM. The continuous LNAPL distribution was converted into a discrete 3D geometry by volumetric averaging. The
two distinct NAPL source zones (i.e., lens and residual zones) were
averaged differently. First, the LNAPL lens was averaged into two
layers, in which NAPL saturations were volumetric average saturations above and below the groundwater table. The LNAPL lens
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2.3. Contaminant transport module

Fig. 5. Schematic of four different NAPL dissolution and volatilization processes.
Schematic shows half of the LNAPL source zone by symmetry along the main ﬂow
direction.

thickness decreased with increasing distance from the center of
the LNAPL source, resulting in varying LNAPL saturation over distance. The scale of a grid block was 0.5 m × 0.5 m in the horizontal
direction and varied in the vertical direction depending upon the
LNAPL lens thickness. Second, the length of residual NAPL was calculated based upon a threshold saturation below which no residual
NAPL exists. Since in most cases the residual NAPL zone was located
below the center of the NAPL source, the residual NAPL zone was
considered as a rectangular shape (Fig. 1). The vertical grid in the
area of residual NAPL (i.e., below the LNAPL lens) was 0.02 m. The
grid spacing can be easily adjusted.
Semi-analytical solutions that update the size of the source area
and NAPL saturation over time are used to reduce computational
time as follows. First, NAPL dissolution due to the advecting water
through a grid block occurs within the ﬁrst grid block upgradient
along the groundwater ﬂow direction, but there is no net NAPL
dissolution by advection through the remaining grid blocks downgradient. Second, the dispersive ﬂux in the z and y directions (Eq.
(15)) is updated in two regions: the dispersive ﬂux from the ﬁrst
grid block upgradient is used to revise the NAPL saturation in the
block. The NAPL saturations in the rest of the NAPL blocks downgradient are updated based on the average dispersive ﬂux, which
is the difference between the total dispersive ﬂux along the entire
length of the LNAPL source zone and the average dispersive ﬂux
from the upgradient grid block(s). As a result, NAPL is removed ﬁrst
from the upgradient block of the source zone advectively, and from
the bottom and the side of the source zone dispersively. Finally, the
diffusive ﬂux (Eq. (16)) due to NAPL volatilization from the LNAPL
lens is computed (Fig. 5).

The end of the LNAPL source zone serves as the source plane
of the dissolved chemical transport zone (Fig. 1). The Domenico
[34] solution with Martin-Hayden and Robbins [35] improvements
and ﬁrst-order biodegradation implemented in BIOCHLOR [36]
(referred in this work as the “modiﬁed Domenico model”) was used
to calculate downgradient dissolved contaminant concentrations;
it considers advection, dispersion, linear sorption, an exponentially
decaying source boundary condition, and ﬁrst-order biodegradation in the aqueous phase. The original Domenico model was
derived for a single planar source of constant concentration. In
this work, the Domenico model was modiﬁed by superimposing
the Domenico solution over multiple source areas as a function
of time (Fig. 6). As the NAPL source zone conﬁguration changed
due to dissolution and volatilization, the transient solution for the
concentrations over multiple source areas was computed using the
NAPL dissolution and volatilization module. The concentrations at
the source planes were computed by considering the total mass
ﬂux due to advection and dispersion divided by the average ﬂow
rate. The number of source planes can be easily adjusted. The accuracy of the modiﬁed Domenico solution implemented in this work
was compared against the exact semi-analytical solution for the
3D transport problem using a program PATCHI in Wexler [37].
The results in this work showed good agreement with those from
Wexler [37] as shown in Fig. 6. As described in considerable detail
in several recent reviews [38–40], the accuracy of the Domenico
model depends mostly upon the value of longitudinal dispersivity and the position of the advective front of the plume. Since the
problems presented in this study consider relatively short groundwater plumes because cleanup begins quickly after a spill occurs
(e.g., 30 days), the modiﬁed Domenico model can be used because
longitudinal dispersivity is small due to the short distance of the
contamination plume.
2.4. Pumping module
Two different pumping systems were used to remove the
NAPL source zone and capture contaminated groundwater plume,
respectively (Fig. 6). For NAPL source zone removal, the pumping
system is located downgradient from the NAPL source zone. The
location of pumping wells is determined by minimizing the number
of pumping wells and capturing the entire NAPL source zone. The
pumping system for capturing the groundwater plume is located
downgradient from that for NAPL source zone removal. Hence,
two pumping systems are separated by a water divide. For both

Fig. 6. Plan view of pumping systems for NAPL removal and capturing dissolved plume. Comparison of the modiﬁed Domenico model and Wexler (1992)’s solution is shown.
Parameters for coarse sand in Table 2 were used.
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Table 1
Chemical properties used in simulationsa .
Chemicals

Density (kg/L)

Viscosity (cp)

NAPL water interfacial
tension (dyne/cm)

Water surface
tension (dyne/cm)

Solubility (mg/L)

Vapor Pressure (atm)

Diffusion coefﬁcient
in gas (cm2 /s)

Acrylonitrile
Benzene
Cyclohexane
MTBE
Styrene
Vinyl acetate

0.801
0.877
0.774
0.735
0.902
0.926

0.35
0.604
0.894
0.333
0.695
0.421

10.381
35
50.0
10.52
32.5
30.0

50.51
60.6
72.0
30.52
62.5
54.0

7.45E+04
1.78E+03
5.50E+01
5.00E+04
3.10E+02
2.30E+04

0.072
0.0846
0.0803
0.217
0.0059
0.11

0.106
0.09
0.074
0.075
0.071
0.085

Density and viscosity were from the Hazardous Substances Data Bank (HSDB) [50]. NAPL-water interfacial tension and water surface tension were from Demond and Lindner
[51] and HSDB [50]. Solubility and diffusion coefﬁcient in gas were from U.S. EPA [52]. Vapor pressure was from Ohe [53] and HSDB [50]. 1 These data are based upon the
properties of butyronitrile in Demond and Lindner [51]. 2 From Hickel et al. [54] and water surface tension is computed by assuming a zero spreading coefﬁcient.
a
All data were in the range of 20–25 ◦ C except for saturated gas concentration at 15 ◦ C.

pumping systems, the domain is assumed to be homogeneous,
isotropic, and with constant groundwater ﬂow. For an unconﬁned
aquifer with the fully penetrated pumping well, the Dupuit assumption (i.e., vertical gradients are negligible) is commonly used in
analytical groundwater modeling [29,41,42]. Recently, the effect
of the drawdown in an unconﬁned aquifer (i.e., variation of water
table) on the travel time to a pumping well was compared to that in
a conﬁned aquifer [42]. For an aquifer thickness of 10 m considered
in this study and a drawdown of 2 m at the well, the error for ignoring the effect of the drawdown was less than 10% [42]. As indicated
in [42], the effect of the vertical ﬂow needs to be tested if the ratio
of the drawdown to the aquifer thickness is greater than 0.5.
The number of pumping wells for two pumping systems was
separately computed. The number of NAPL source zone removal
wells was computed by dividing the width of the NAPL source zone
by the minimum width of a single well capture zone. The number
of wells for capturing the plume was computed similarly by dividing the plume width by the width of a single well capture zone.
For low solubility chemicals, the NAPL removal time is expected
to be much longer than the time required to capture the plume.
Hence, only the pumping system for NAPL source zone removal is
operated after all the dissolved plume is captured. For NAPL source
zone removal, no NAPL ﬂow is assumed. If NAPL ﬂow is expected
to be signiﬁcant, free-product removal can be used before pumping. The effect of free NAPL removal on cleanup time was tested in
Section 4. It was assumed that all remaining NAPL in the vadose
zone was removed by soil excavation or soil vapor extraction when
pumping begins. Hence, NAPL in the vadose zone is not considered
a long-term source of groundwater contamination after pumping.
NAPL removal processes during pumping are the same as described
in the previous section, only the groundwater ﬂow velocity (v) in
Eqs. (13)–(15) is different. The groundwater ﬂow velocity components Vx and Vy in the x and y directions, respectively, are given by
[41,43]:
Vx =

Qw x
q
+

2B(x2 + y2 )

(17)

Vy =

Qw y
2B(x2 + y2 )

(18)

v=

Vx2 + Vy2

(19)

where Qw is the rate of pumping, B is the aquifer thickness, x and
y are the distances to the pumping well. For capturing the groundwater plume, a model using the concept of arrival distribution
time [44] was chosen for this study. The details of the method are
available in Kinzelbach [45]. The time required to capture the contaminant plume is the travel time of the contaminant from the outer

boundary of the plume to the pumping well and is calculated as [45]
tplume =

Qw R
2v2 B

 2vB
L

Qw

 2vB

− ln L

Qw



+1

(20)

where R is the retardation factor, and L is the distance to the pumping well.
3. Example problems
Six LNAPLs frequently shipped in railroad tank cars were used
to illustrate the effects of chemical properties on cleanup (Table 1).
The hydrogeological properties and transport parameters of three
soil types, coarse sand, ﬁne sand, and silt, were considered (Table 2).
The modeling domain was assumed to be homogeneous and
isotropic and all parameters used in this study were assumed to
be constant over time. Four depths to groundwater, 3, 6, 15, and
30 m, were used in the simulations. These depths were chosen to
span the most common depths identiﬁed from a U.S. Geological
Survey (USGS) dataset of the groundwater depth in the U.S. [46].
Water saturation in the vadose zone is assumed at residual water
saturation.
The spill volume in a tank car accident can vary from a few
liters to the entire tank car contents. The maximum amount spilled
is also affected by the volumetric capacity of the tank car, which
varies depending on the density of product it is intended to transport. The capacity of most North American tank cars ranges from
about 45,000 to over 115,000 L. The distribution of spill amounts
from tank cars in mainline accidents can be considered in terms
of percentage tank capacity lost in a release accident [47]. For this
study we used the percentage categories, 0–5%, 5–20%, 20–80%,
and 80–100% and assumed the arithmetic mean quantity spilled for
Table 2
Soil properties used in simulations.
Physical properties

Coarse sand

Fine sand

Silt

Hydraulic conductivity (m/d)
Hydraulic gradient
Pore size distribution index
Air entry pressure (m)
Residual water saturation
Maximum residual NAPL
saturation in the vadose zone
Residual NAPL saturation in
groundwater
Lens NAPL saturation
Effective porosity
Horizontal transverse dispersivity
in the NAPL source (m)
Vertical transverse dispersivity in
the NAPL source (m)
Longitudinal dispersivity (m)
Transverse dispersivity (m)

50
0.006
1.5
0.15
0.048
0.03

7
0.006
0.5
0.3
0.1
0.05

1
0.006
0.5
0.5
0.2
0.10

0.1

0.1

0.1

0.35
0.42
0.05

0.35
0.33
0.05

0.35
0.33
0.05

0.025

0.025

0.025

1
0.1

1
0.1

1
0.1
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Table 3
Input parameters used in simulations.
Condition

Value assumed
3

Size of a tank car (m )
Spill duration (hrs)
Maximum depth of excavation (m)
Excavation time (days)
Remediation time (days)
Aquifer thickness (m)

99.30
12
6
4
30
10

Soil-type-speciﬁc conditions

Coarse sand

Spill length (m), Lx

1.5

Spill
width
(m),
Ly

2.5% spill
12.5% spill
50% spill
90% spill

Pumping rate (m3 /d)

3
6
16.7
30
200

Fine sand

Silt

3.0

4.5

3
6
16.7
30

4.5
12
30.5
61

200

20

For 50% and 90% spill cases, inﬁltration rate (=spill volume/spill area/spill duration)
was almost the same.

each respective category as follows, 2.5%, 12.5%, 50%, and 90%. In this
study we assumed a tank volume of 99.3 m3 , a size typical of tank
cars used for many NAPLs. A variety of other assumptions also had
to be made for purposes of comparison (Table 3). It was assumed
that all spill volumes, except for the fraction of NAPL that evaporates, inﬁltrate into the soil. The spill width was determined based
on expert opinion and actual accident records [4]. The spill area was
determined based on the spill width and volume and run-off over
the ground surface was not considered. Groundwater remediation
was assumed to begin 30 days after the spill based on anticipated
response times for cleanup by railroad personnel.
Unless otherwise stated, excavation was assumed complete four
days after the spill occurred, and the maximum excavation depth
was six m. We also compared the effect of no excavation and excavation after only two days. The effect of free NAPL recovery on cleanup
time for low solubility chemicals was also investigated. In this
study, no module was developed for free NAPL recovery. Instead, all
mobile NAPL was removed before pumping in order to evaluate the
effect on cleanup time; hence remaining NAPL was set to a residual
NAPL saturation. The importance of free NAPL recovery highlights
the importance of using free-product recovery at real ﬁeld sites.
Since remediation was assumed to start within a month, for low
solubility chemicals the contaminant plume did not move far from
the NAPL source zone and thus a few pumping wells can capture the
plume down gradient. For high solubility chemicals (>10,000 mg/L)
a pumping rate of 20 m3 /d was used since preliminary tests showed
this pumping rate is enough to capture the contaminant plume. The
number of pumping wells and pumping time required to remove
the contaminant plume and NAPL source zone were computed. For
the purposes of this paper, groundwater cleanup time by the pumping well system was computed for the NAPL source zone and the
contaminant plume.
4. Results and discussion
4.1. NAPL volume in groundwater
The NAPL volume that reached groundwater for the six chemicals was calculated at 30 days after the spill occurred (Fig. 7). The
NAPL saturation was close to one near the ground surface in most
cases. A sharp front of constant NAPL saturation migrated downward until the NAPL pool at the ground surface was depleted. After
this, the NAPL saturation decreased as the NAPL front continued
to migrate downward, and residual NAPL was left behind trapped
in the pore space. The NAPL relative permeability decreased with

Fig. 7. NAPL amounts across the capillary fringe in (a) coarse sand, (b) ﬁne sand,
and (c) silt. The percentage represents the percentage spill of a tank car volume
(99.1 m3 ). The end of each bar represents NAPL volume across the capillary fringe.
Six chemicals are acrylonitrile (Acryl), vinyl acetate (Vinyl), MTBE (MTB), benzene
(Benz), styrene (Styre), and cyclohexane (Cyclo).

decreasing NAPL saturation, resulting in slower NAPL migration
with time. If the spilled NAPL volume and migration rate were sufﬁciently large, a portion of the spilled NAPL reached groundwater.
The six chemicals considered in this study have vapor pressures ranging from 0.0059 to 0.217 atm, and density to viscosity
ratios ranging from 0.8 to 2.3 kg/L/cP. The chemicals are presented
in Fig. 7 from left to right in order of decreasing vapor pressure.
NAPL amounts that reached groundwater increase with decreasing vapor pressure for groundwater depths up to six m with the
exception of vinyl acetate due to its high density to viscosity ratio.
The total amount of NAPL that evaporates to the atmosphere is
proportional to the spill area (Eq. (1)). The more NAPL mass that
evaporates, the less NAPL mass that inﬁltrates into soils, particularly, in silt because it has a larger spill area than the other soils
due to its lower permeability (Table 2). For example, NAPL evaporation into the atmosphere for MTBE accounted for approximately
12%, 24%, and 48% of the total spill amount for a 90% spill case
in the coarse sand, ﬁne sand, and silt, respectively. The effect of
NAPL evaporation for benzene, acrylonitrile, and styrene was not
signiﬁcant due to the short period of the NAPL spill (12 h) and the
lower vapor pressures of these compounds (Table 1). Acrylonitrile,
vinyl acetate, and MTBE have ratios of density to viscosity within
5%; NAPL amounts that reached groundwater were very similar for
vinyl acetate and acrylonitrile at all depths, but the NAPL amount
was smaller for MTBE, mainly due to its high vapor pressure. Except
for MTBE with the highest vapor pressure and for styrene with the
lowest vapor pressure, the NAPL amount that reached groundwater
increased with increasing values of the density to viscosity ratio for
all groundwater depths and in all soils (Fig. 7).
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Fig. 8. Groundwater cleanup time with a pumping system in (a) coarse sand, (b)
ﬁne sand, and (c) silt.

The permeability in the coarse sand is 50 times higher than silt
(Table 2). As expected, the NAPL amount that reaches groundwater decreases with decreasing soil permeability, but the decrease is
not linearly proportional to the decrease in the permeability. This is
mainly due to the effect of excavation on the amount of free NAPL.
For example, a large portion of NAPL reached groundwater at a
depth of 3 m in the coarse and ﬁne sands before excavation was
performed. Since the maximum depth of excavation was 6 m, all
NAPL remaining in the vadose zone above this was removed after
four days. Hence, the amount of NAPL that reached groundwater
decreased dramatically for groundwater depths deeper than six m
in the ﬁne sand compared to the coarse sand. Similarly, no chemicals reached the groundwater table for groundwater depths deeper
than 3 m in silt.
4.2. Cleanup time
4.2.1. Effect of chemical properties and removal mechanisms
Groundwater cleanup times required to remove NAPL mass
for the six chemicals are shown in Fig. 8. The chemicals are presented from left to right corresponding to their order of solubility
in water. Groundwater cleanup time was inversely proportional to
chemical solubility. Three high solubility chemicals, acrylonitrile,
MTBE, and vinyl acetate, have solubility greater than 20,000 mg/L
(Table 1). As expected, high solubility chemicals easily dissolved
into water so the pumping system very effectively removed

NAPL. For the three low solubility chemicals, benzene (1750 mg/L),
styrene (300 mg/L), and cyclohexane (55 mg/L), the groundwater
cleanup time increased (in two cases >75,000 days) dramatically
compared to the high solubility chemicals.
For all soil types, the groundwater cleanup time generally
decreased with increasing depth to groundwater and decreasing
spill volume due to the decrease in NAPL volume across the capillary fringe. The 50% and 90% spill volumes had almost the same
cleanup time because the similar inﬁltration rate (spill volume over
spill area) resulted in similar NAPL distributions, except for the
width of the NAPL source zone perpendicular to ﬂow. Hence, more
pumping wells were required in the 90% case due to its larger spill
area. For similar reasons, more pumping wells were also required
for the 50% and 90% spill volumes of styrene at 3 m than at 6 m;
as a result, the 6 m case took slightly longer time to clean up than
the 3 m case (Fig. 8). Cleanup times computed for low solubility
chemicals (i.e., benzene, styrene, cyclohexane) are excessive, and
thus removal mechanisms for the NAPL form of these chemicals in
groundwater are discussed next in order to evaluate other potential
remediation strategies besides pump and treat.
We calculated the cumulative mass removal of the NAPL lens
as a function of time for the three lowest solubility chemicals for
a groundwater depth of 3 m and a 50% spill volume (Fig. 9). The
removal time of the NAPL lens was much longer than for the residual NAPL, so only removal of the NAPL lens is discussed here. In
coarse sand, mass removal by vertical dispersion is greater than
mass removal by advection. Mass removal by advection was low
due to reduction of the water relative permeability in the NAPL
lens (krw = 0.037 at Sn = 0.35). In silt, the contribution of dispersion
to mass removal decreased compared to coarse sand. This is because
the NAPL lens is only 3 m long in the main ﬂow direction in silt, but
20 m long in coarse sand (Eq. (15)).
For the lower solubility chemicals, diffusive ﬂux via vapor
transport toward the ground surface (Eq. (16)) becomes a more
important mechanism because of the long removal period. For
cyclohexane, most of the NAPL mass (>87%) was removed by vapor
diffusion due to its high vapor pressure and extremely low solubility; the vapor diffusive ﬂux only became negligible after the portion
of the NAPL lens in direct contact with the gas phase was completely removed (Fig. 9(e) and (f)). For benzene, only half the NAPL
in the capillary fringe was removed by vapor diffusion due to its
higher solubility compared to cyclohexane, resulting in a shorter
removal time than for cyclohexane. For styrene, vapor diffusive
NAPL removal was low because of its low vapor pressure.
4.2.2. Effect of excavation
Values of NAPL volume that reached groundwater and cleanup
times in coarse sand and silt for benzene are shown in Fig. 10
for different excavation scenarios. In coarse sand, faster excavation generally results in less NAPL in groundwater, and the effect
is more pronounced at greater groundwater depths. However, the
effect is relatively small, compared to that in silt. This is because
the inﬁltration times, relative to excavation time, are shorter in
coarse sand than in silt. In coarse sand, less NAPL in groundwater and faster excavation only marginally inﬂuenced groundwater
cleanup time. This is because the size of the NAPL source zone
was only slightly larger with the additional NAPL volume, and the
NAPL removal rate due to dispersion was slightly higher. In silt,
less NAPL in groundwater results in shorter groundwater cleanup
times. Results for ﬁne sand (not shown) were intermediate between
coarse sand and silt. These results imply that for low permeability
soils like silt, rapid excavation can be very effective at reducing the
extent of groundwater contamination and groundwater cleanup
times. In Fig. 10 the NAPL amount that reached groundwater was
computed at 30 days, but the case with no excavation still has free
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Fig. 9. Cumulative mass removal of the NAPL lens by NAPL dissolution and NAPL volatilization in coarse sand (left) and silt (right) for (a and b) benzene, (c and d) styrene,
and (e and f) cyclohexane. The depth to groundwater is 3 m and the spill volume is 50% of a tank car.

NAPL in the vadose zone, which has the potential to cause further
contamination.
4.2.3. Effect of free NAPL removal
Groundwater cleanup times for benzene, styrene, and cyclohexane in the three soils with free NAPL removal are shown in Fig. 11.
When free NAPL removal is considered, NAPL saturation in the NAPL
lens is reduced to a residual NAPL saturation of 0.1 as described
previously. For all cases, cleanup times decrease signiﬁcantly by a
factor of 2–7 when free NAPL removal is considered. This is mainly
due to the increase in the water relative permeability as NAPL saturations decrease, and the decrease in the total NAPL mass. For
example, the water relative permeability increased from 0.037 to
0.6 as the NAPL saturation decreased from 0.35 to 0.1 in coarse
sand. Comparison of cleanup times with and without free NAPL
removal (Figs. 8 and 11) reveals that the trends in cleanup times as

a function of depths to groundwater did not change, but the scale of
cleanup times changed for all three chemicals. This is attributed to
the assumption that free NAPL removal reduced NAPL saturation,
but did not change the size of the NAPL source zone, resulting in
similar dispersive ﬂuxes and faster NAPL dissolution by advection.
For 50% and 90% spill cases, cleanup time increased with
decreasing soil permeability at the 3 m groundwater depth. In contrast, for 12.5% spill cases, cleanup time did not follow this trend at
the same depth. This is because NAPL volume in groundwater in the
silt is much smaller than NAPL volume in the sand (Fig. 7), resulting in a longer cleanup time in the sand. Hence, cleanup times in
different soils are strongly affected by chemical solubility and diffusion coefﬁcient values in the gas phase as well as NAPL volume in
groundwater. In addition, the scale of cleanup time with free NAPL
removal for styrene and cyclohexane is still very high because of
their low solubilities.
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5. Summary and conclusions
This paper presents a new model that combines modiﬁed versions of NAPL inﬁltration (KOPT-RAIL) and redistribution
(OILENS-RAIL) modules in the HSSM, with a new groundwater
module. The groundwater module includes source zone removal via
NAPL dissolution and volatilization, contaminant plume development via the modiﬁed Domenico solution, and the concept of arrival
distribution time for a pumping system. The new model is used to
assess the inﬂuence of NAPL spills for six chemicals on groundwater contamination and remediation with a pumping system. In
particular, this study evaluates the effects of chemical properties,
soil permeability, spill volume, depth to groundwater, excavation,
and free NAPL removal on NAPL volumes that reached groundwater
and cleanup times.

Fig. 10. Effect of excavation on (a) NAPL volume across the capillary fringe and (b)
groundwater cleanup time for benzene.

Fig. 11. Groundwater cleanup times with free NAPL removal for (a) benzene, (b)
styrene, and (c) cyclohexane.

(1) In coarse sand, contaminant vapor pressures and density to viscosity ratios were only marginally important in determining
NAPL volumes that reached groundwater for shallow groundwater depths. In silt, high vapor pressures (e.g., MTBE) and
low density to viscosity ratios (e.g., cyclohexane) had a relatively large impact on NAPL volume across the capillary fringe,
because of the slow inﬁltration time compared to the excavation
time of four days. NAPL evaporation into atmosphere caused the
net NAPL inﬁltration rate to decrease and low density to viscosity ratios reduced the NAPL migration rate in the vadose zone.
In this study, the inﬁltration amount for MTBE was reduced by
48% for the 90% spill case in silt, due to NAPL evaporation. Similarly, the excavation time marginally affected the NAPL volume
that reached groundwater in sandy soils, but more so in the
silt. Hence, shorter excavation times may increasingly reduce
the extent of groundwater contamination in lower permeability soils and for chemicals with higher vapor pressures and/or
lower density to viscosity ratios.
(2) For high solubility chemicals, the pumping system efﬁciently
removed all NAPLs and captured the contaminant plume relatively quickly (Fig. 7), while for low solubility chemicals, the
pumping system was not efﬁcient (Fig. 8). Dispersion from the
NAPL source zone (Eq. (15)) controlled the rate of NAPL dissolution. The model results show that the NAPL removal rate by
dispersion from the NAPL lens was not fast enough to consider
pumping an efﬁcient technology for low solubility chemicals.
(3) For low solubility chemicals, free NAPL removal reduced the
cleanup time compared to cases of no free NAPL removal by a
factor of 3–15. In contrast to many contaminated sites, chemical
spills from railroad-tank-car accidents occur over a short time
and the source zone is relatively well characterized. Hence, free
NAPL removal is expected to reduce the cleanup time. However,
even after free NAPL removal the cleanup times can be very
long, in particular for extremely low solubility chemicals like
cyclohexane and styrene.
There are several important limitations of the model and our
evaluation. After the NAPL lens forms, the NAPL distribution is
assumed to be in vertical equilibrium and immobile during pumping. Some free NAPL will be mobilized due to the induced head
gradient by a pumping well. Water ﬂuctuation and NAPL volatilization of the NAPL lens will change the vertical equilibrium of the
NAPL distribution. Hence, the effects of vertical and horizontal
ﬂows could be signiﬁcant. In the current model, we separately
treated the NAPL lens and entrapped NAPL in the vadose zone. As
described previously, NAPL in the vadose zone can inﬁltrate into
groundwater before pumping. It was assumed that all remaining
NAPL in the vadose zone is removed by soil excavation or soil vapor
extraction when pumping begins. Hence, NAPL in the vadose zone is

H. Yoon et al. / Journal of Hazardous Materials 165 (2009) 332–344

not considered a long-term source of groundwater contamination
after pumping. However, soil vapor extraction can enhance NAPL
removal from the lens because the diffusion distance to ﬂowing air
ﬂow induced by soil vapor extraction is smaller than the diffusion
distance to the ground surface.
A continuous pumping strategy is often not practical, in particular for long periods of cleanup. Like other screening models,
subsurface heterogeneity is not accounted for. The effect of the
geometry of spill shapes requires further investigation. Source zone
natural attenuation (including biodegradation) can be important
for many petroleum hydrocarbons for long-term remediation, but
is not considered in the model. The source zone natural attenuation
approach developed by [48,49] can be incorporated into the current model framework. The model includes functionality for NAPL
component degradation in groundwater, but this was not evaluated to facilitate comparison of other removal processes. Finally,
incorporation of other remediation technologies such as in-situ
air sparging and dynamic free NAPL removal (e.g., bioslurping and
multiphase extraction) and coupling vadose zone and groundwater remediation systems may improve the ability of the model to
more accurately assess cleanup times for the variety of chemicals
shipped in railroad tank cars.
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