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A model is presented to account for elevation-dependent residual and entrapped LNAPL above and below, respectively, the water-saturated zone when predicting subsurface LNAPL speciﬁc volume (ﬂuid volume per unit
area) and transmissivity from current and historic ﬂuid levels in wells. Physically-based free, residual, and
entrapped LNAPL saturation distributions and LNAPL relative permeabilities are integrated over a vertical slice
of the subsurface to yield the LNAPL speciﬁc volumes and transmissivity. The model accounts for eﬀects of
ﬂuctuating water tables. Hypothetical predictions are given for diﬀerent porous media (loamy sand and clay
loam), ﬂuid levels in wells, and historic water-table ﬂuctuations. It is shown the elevation range from the LNAPLwater interface in a well to the upper elevation where the free LNAPL saturation approaches zero is the same for
a given LNAPL thickness in a well regardless of porous media type. Further, the LNAPL transmissivity is largely
dependent on current ﬂuid levels in wells and not historic levels. Results from the model can aid developing
successful LNAPL remediation strategies and improving the design and operation of remedial activities. Results
of the model also can aid in accessing the LNAPL recovery technology endpoint, based on the predicted
transmissivity.

1. Introduction
Managing remediation activities at sites contaminated with fuel
hydrocarbons is still problematic. Fuel hydrocarbons are generally light
non-aqueous phase liquids (LNAPL) when in the subsurface. Accurate
estimates of subsurface LNAPL distributions are critical for developing
successful remedial strategies and improving the design/operation of
LNAPL remediation programs (Davis et al., 1993; Johnston et al., 2002;
Rayner et al., 2007). Reliable mathematical models are needed
(Sookhak Lari et al., 2016a) to predict conditions where the use of
LNAPL removal technologies may be eﬀective or when removal technologies are at their remediation end points (e.g., Johnston and Trefry,
2009; Johnston, 2010; Suthersan et al., 2015). Where suﬃcient LNAPL
has entered the subsurface and accumulated on top of water-saturated
strata (see e.g., Sookhak Lari et al., 2016b), predicting the potential rate
of LNAPL movement into a well after accounting for residual and entrapped LNAPL is valuable for determining if a subsurface LNAPL remediation end point has been reached as well as predicting the fate of
the remaining immobile LNAPL.

⁎

In this paper, for the ﬁrst time we present an approach to estimate,
under equilibrium conditions, the elevation-dependent distribution of
residual and entrapped LNAPL saturations when predicting LNAPL
speciﬁc volumes (ﬂuid volume per unit area) and transmissivities from
ﬂuid levels in wells taking into consideration historic locations of the
ﬂuid level elevations in the wells. The model predicts physically-based
free, residual, and entrapped saturation distributions and integrates
them over the relevant domains to estimate the LNAPL speciﬁc volumes
and transmissivity from the current ﬂuid levels in the wells and
knowledge of their historic ﬂuctuations.
2. Background
An important consideration for remediating sites contaminated with
LNAPL is determining the LNAPL volume in the subsurface. Early investigators predicted the LNAPL volume by the LNAPL thickness in
wells, the subsurface porosity, and the areal extent of the LNAPL contamination (Hampton and Miller, 1988) assuming a LNAPL saturation
of 1, or 1 minus the residual water saturation (van Dam, 1967). It was
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entrapped LNAPL (e.g., White et al., 2004; Matos de Souza et al., 2016;
Sookhak Lari et al., 2016b). Wipﬂer and van der Zee (2001), Van Geel
and Roy (2002), and Lenhard et al. (2004) have developed constitutive
capillary pressure-saturation relations for predicting free, entrapped,
and residual LNAPL in porous media. Lenhard et al. (2004) also developed saturation-relative permeability relations that account for the
entrapped and residual LNAPL, i.e., relative permeability as a function
of free LNAPL saturation. In addition to constitutive relations, boundary
conditions need to be known (i.e., the rate and volume of LNAPL released, timing and magnitude of potential ﬂuid saturation path changes
from precipitation and water table ﬂuctuations, etc.) for multiphase
ﬂow codes, which are commonly very uncertain. Furthermore, multiphase ﬂow and transport codes are computationally intensive and typically require sophisticated facilities and training to use the models.
In this paper, we present a method for predicting free, residual, and
entrapped LNAPL distributions in the subsurface from limited information relying on current ﬂuid levels in wells and estimations of the
maximum ﬂuctuation of the ﬂuid levels. The predictions may be useful
to better manage LNAPL remedial activities. Combined with considerations of LNAPL composition (e.g., Sookhak Lari et al., 2016a), the
predictions may further be useful for regulation of LNAPL contaminated
sites by assisting with informed decisions regarding LNAPL presence
and longevity at impacted sites and for risk assessments.

understood at the time, however, the actual LNAPL thickness in the
subsurface is less than the LNAPL thickness in a well (Schwille, 1967;
van Dam, 1967) and using the LNAPL thickness in a well yielded an
overestimation of the LNAPL volume in the subsurface. Consequently,
the LNAPL thickness in a well was referred to as an apparent thickness.
Studies (Zilliox and Muntzer, 1975; de Pastrovich et al., 1979; Hall
et al., 1984; Ballestero et al., 1994) related the actual LNAPL thickness
in the subsurface to the apparent LNAPL thickness. It was commonly
thought the relationship between actual and apparent LNAPL thickness
was dependent on grain size of the subsurface formation among other
factors (Newell et al., 1995). Further, all LNAPL may not be mobile in
the subsurface. Some LNAPL may be entrapped below the water-saturated zone because of water-table elevation ﬂuctuations (hysteresis),
which can cause complex relationships between actual and apparent
LNAPL thicknesses (Steﬀy et al., 1995, 1998; Marinelli and Durnford,
1996; Aral and Liao, 2002). Additionally, some LNAPL will be held in
small pores and pore wedges in the vadose zone and be relatively immobile (residual). Considerable experimental and ﬁeld investigations
have been undertaken to elucidate NAPL distributions and multiphase
relationships (e.g., Lenhard and Parker, 1987; Steﬀy et al., 1997a,
1997b; Rayner et al., 2000; Johnston and Adamski, 2005). A more
fundamental theoretical basis is needed to generalise the approach and
for prediction of endpoint transmissivities.
Lenhard and Parker (1990a) and Farr et al. (1990) concluded the
actual LNAPL thickness in the subsurface is not a good measure to
predict the LNAPL speciﬁc volume based on ﬂuid levels in wells. They
used well established capillary pressure-saturation fundamental relationships to estimate LNAPL speciﬁc volume from ﬂuid levels in wells.
In their models, they used nonhysteretic capillary pressure-saturation
relations and showed LNAPL and water are variably saturated in the
subsurface above the water-saturated zone. A key concept of their efforts was that LNAPL-saturated “pancakes” do not exist. In their models,
they did not account for entrapped or residual LNAPL.
From the LNAPL saturations, LNAPL relative permeabilities or
transmissivity can be predicted, which can yield useful information for
planning remediation activities (Johnston and Trefry, 2009). Parker
and Lenhard (1989) developed vertically integrated constitutive relations for predicting LNAPL speciﬁc volume and transmissivity in the
subsurface from ﬂuid levels in wells. They assumed the LNAPL was
mobile, i.e., its relative permeability is greater than zero, whenever the
total liquid saturation exceeded the water saturation. Their approach
did not account for LNAPL entrapped as ganglia in the water-saturated
zone because of water table elevation ﬂuctuations or residual LNAPL in
the vadose zone held in pore wedges and other small pore spaces where
it is relatively immobile. They further did not account for capillary
pressure-saturation hysteresis. Shortly thereafter, Parker et al. (1990,
1994) amended the vertically integrated constitutive relations to consider LNAPL entrapped in the water-saturated zone and residual LNAPL
in the unsaturated zone. Their algorithms predicted the total volume of
LNAPL entrapped in the water-saturated zone and the total volume of
residual LNAPL in the vadose zone for a vertical slice of the subsurface.
Because they used vertically integrated constitutive relations, they did
not predict elevation-dependent entrapped or residual LNAPL saturations. Later, Waddill and Parker (1997) presented equations for calculating the average entrapped and residual saturations, which were
constant values (i.e., invariant) over the water-saturated and unsaturated zones, respectively. Still later, Charbeneau et al. (2000),
Charbeneau (2007), and Jeong and Charbeneau (2014) followed the
general approach of Waddill and Parker (1997) to calculate average
entrapped and residual LNAPL saturations, which also were constant
over the water-saturated and unsaturated zones, respectively. Based on
calculated average entrapped and residual LNAPL saturations, the free
(mobile) LNAPL transmissivity is predicted.
The most accurate technique to predict the behaviour of subsurface
LNAPL is to conduct simulations using a multi-dimensional, multiphase
ﬂow code with constitutive theory for predicting free, residual, and

3. Model development
3.1. Fluid pressures
Fluid pressures as a function of elevation in subsurface porous
media may be estimated from ﬂuid levels in monitoring wells. For
vertical static conditions, the derivatives of total ﬂuid pressures with
respect to elevation are zero, i.e.,

∂Pi
=0
∂z

(1)

where Pi is the total pressure of a ﬂuid phase i (i.e., Pi = pi + ρigz) in
which pi is the pressure of ﬂuid phase i, ρi is the mass density of ﬂuid
phase i, g is the acceleration due to gravity, and z is elevation. The total
pressure includes a gravitational (positional) component relative to
some datum. The LNAPL and water ﬂuid pressures (pi), which do not
include a gravitational (positional) component, can be expressed as
water-equivalent heads, hi (hereafter referred to only as heads)

ho =

po
gρw

(2)

hw =

pw
gρw

(3)

where the subscripts o and w refer to the LNAPL (or oil) and water,
respectively.
For wells screened across LNAPL and water elevations in the subsurface, the LNAPL head for vertical static conditions as a function of
elevation (z) above the air-LNAPL interface in a well is

ho = ρro (z ao − z )

(4)

where ρro is the LNAPL speciﬁc gravity (ratio of LNAPL to water mass
density) and zao is the elevation of the air-LNAPL interface in a well.
For wells screened below any LNAPL in the subsurface, the water
head as a function of elevation above the air-water interface in a well is

h w = z aw − z

(5)

where zaw is the elevation of the air-water interface in a well.
The elevation of the LNAPL-water interface (zow) in wells screened
in the LNAPL and water regions of the subsurface is where the LNAPLwater capillary head [i.e., how (how = ho – hw)] is zero and determined
by
2
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z ow =

z aw − ρro z ao
1 − ρro

=

(6)

Rearranging, the air-water interface (zaw) in a nearby well only
screened in the water-saturated region can be determined from

z aw = (1 − ρro ) z ow + ρro z ao

Accordingly, only two of the three ﬂuid interfaces need to be
measured to determine the LNAPL and water heads in the subsurface.
From Eqs. (4), (5), and (7), air-LNAPL and LNAPL-water capillary
heads for static conditions as a function of elevation are (Lenhard and
Parker, 1990a)
(8)

how = (1 − ρro )(z − z ow )

(9)

(14b)

1 − Swr

Neglecting Saeo for simplicity, because it realistically only represents
a small volume and unlikely to be a signiﬁcant factor in subsurface
LNAPL extraction from wells, gives an expression for estimating the
actual free LNAPL saturation

(7)

hao = ρro (z − z ao)

Sof + Sor + Saeo

Sof = (1 − Swr )(St − Sw ) − Sor

(15)

Following Lenhard et al. (2004), the actual residual LNAPL saturation depends on three factors: a calibration term, which is the maximum
actual residual LNAPL saturation likely to occur in a porous medium;
the volume of pore space occupied by the LNAPL; and an index to the
size of the pores containing the LNAPL. They proposed an equation of
the form

3.2. Fluid saturations

Sor = (1 − Swr ) AB λC η

LNAPL and water saturations are functions of the air-LNAPL and
LNAPL-water capillary heads (Parker et al., 1987; Lenhard and Parker,
1988)

where A is the calibration term, B represents the volume of pore space
occupied by LNAPL, C is an index to the size of the pores containing the
LNAPL, and λ and η are power terms applied to the factors. Their ﬁnal
equation was

So = St − Sw = f (hao , how )

(10)

Sw = f (how )

(11)

Sor = Sor max (St

Sw + So + Sae − Swr
1 − Swr

(12)

Sw =

Sw + Soe + Saew − Swr
1 − Swr

(13)

where So = Sof + Soe + Sor and Sae = Saew + Saeo, in which
St = apparent total-liquid saturation (LNAPL and water).
Sw = apparent water saturation.
Sof = actual free (mobile) LNAPL saturation.
Soe = actual entrapped LNAPL saturation.
Sor = actual residual LNAPL saturation.
Sae = actual total entrapped air saturation in water and LNAPL
(Sae = Saew + Saeo).
Saew = actual entrapped air saturation in water.
Saeo = actual entrapped air saturation in LNAPL.
Swr = actual residual water saturation.
Apparent saturations include entrapped non-wetting saturations
within the corresponding wetting ﬂuids. For LNAPL contamination, the
apparent water saturation is a scaled saturation including water, entrapped LNAPL, and entrapped air. It indexes the largest pores in which
water occurs to obtain better estimates of the water relative permeability. The apparent total liquid saturation is a scaled saturation including water, LNAPL, and entrapped air. It indexes the largest pores in
which LNAPL occurs to obtain better estimates of the LNAPL relative
permeability.
Subtracting the apparent water saturation from the apparent totalliquid saturation yields

St − Sw =

Sw + So + Sae − Swr − Sw − Soe − Saew + Swr
1 − Swr

− Sw )0.5 (1 − Sw )1.5

(17)

where Sormax is the maximum actual residual LNAPL saturation of a
max
is the historic maximum apparent total-liquid
porous medium and St
saturation.
max
Sormax is the term A in Eq. (16), St
− Sw is the term B, and 1 − Sw
is the term C. To calculate Sof using Eq. (15), Sor is ﬁrst calculated using
max
are
Eq. (17) and then substituted in Eq. (15) where St , Sw , and St
functions of the saturation path history (capillary heads).
The actual entrapped LNAPL, Soe, for a water-wet porous media is
estimated by scaling the actual entrapped LNAPL saturation resulting
from water imbibition into an initially LNAPL-saturated porous medium
until it is apparently water saturated (i.e., possessing only entrapped
LNAPL and continuous water), which is the maximum actual entrapped
LNAPL saturation of the main imbibition branch (i.e., Soe max ). The
min
and a maximum value less than
scaling yields Soe = 0 when Sw = Sw
min
min
Soe max when Sw = 1 and Sw
> 0. When Sw = 1 and Sw
= 0, then
max
Soe = Soe .
Using this approach for elevations higher than zow, the actual entrapped LNAPL saturation is

where So, St, and Sw are the LNAPL, total liquid (LNAPL and water), and
water saturations, respectively. The LNAPL, however, can exist as free
(mobile), residual (immobile – not occluded by water), and entrapped
(immobile - occluded by water as ganglia) LNAPL. The free LNAPL is
important for assessing potential movement of LNAPL during subsurface LNAPL extraction from wells and for assessing risks of subsurface
migration.
To calculate actual free, residual, and entrapped LNAPL saturations
in water-wet porous media as a function of the air-LNAPL and LNAPLwater capillary heads, apparent saturations are used as deﬁned by
Lenhard et al. (2004)

St =

max

(16)

Soe = Soe max (Sw − Sw

min

)

(18)

where Soe max is the maximum actual entrapped LNAPL saturation and
min
is the historic minimum apparent water saturation and represents
Sw
the smallest pores in which LNAPL was present.
For elevations lower than or equal to zow, i.e., Sw = 1, the actual
entrapped LNAPL saturation is

Soe = Soe max (1 − Sw

min

)

(19)

For elevations lower than the LNAPL-water ﬂuid level in the well
min
(i.e., z ow min ), then Soe = 0
corresponding to the establishment of Sw
min
because Sw will equal Sw . Note at zow, Eqs. (18) and (19) yield the
same value. The scaling procedure will likely eliminate the issue
Kaluarachchi and Parker (1992) found using the approach of Parker
and Lenhard (1987) for estimating entrapped LNAPL.
min
max
as functions of the air-LNAPL and LNAPLSt , Sw , St , and Sw
water capillary heads are obtained from appropriate saturation-pressure functions (e.g., Brooks and Corey, 1966; van Genuchten, 1980).
Either nonhysteretic (similar to Parker et al., 1987) or hysteretic (similar to Parker and Lenhard, 1987; Lenhard et al., 2004) constitutive
relations can be employed. Historic and/or current ﬂuid interfaces (zao
and zow) determine the capillary heads as a function of elevation.

(14a)
3
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zow. Provided no additional LNAPL volume was added to the system,
z ow max should equal zow + (z aomax − zao); the same increase in elevation
as with the zao levels. Vor has two components: one is Sor in the elevation
range from the water-saturated zone to where no continuous LNAPL
exists based on the current zao and zow or the ground surface, and the
second is Sor in the elevation range from where no continuous LNAPL
exists based on current the current zao and zow, if not the ground surface,
to either where no continuous LNAPL existed when z aomax and z ow max
occurred or the ground surface. Note that if zu equals the ground surface
elevation, then z umax also will equal the ground surface, and the second
term in Eq. (26) drops out.
Using Eq. (17), Vor is determined accordingly

3.3. Fluid volumes
Volumes of LNAPL at vertical static conditions in a vertical slice of
the subsurface within a representative distance from a well are estimated by integrating Sof, Sor, and Soe over relevant depths of the subsurface.
Sof is integrated over the relevant elevations to obtain the actual free
LNAPL volume (Vof) per unit cross-sectional area in the horizontal plane
zu

Vof =

∫ ϕSof dz

(20)

z ow

where ϕ is the porosity per unit cross-sectional area in the horizontal
plane, and zu and zow present the elevation range at which LNAPL is
present. zu is either the ground surface if LNAPL was released at the
surface and migrated downwards to the aquifer or the upper elevation
where continuous St equals Sw based on current ﬂuid levels in a well.
zow is the lower elevation where free LNAPL is present because at lower
elevations the subsurface will be apparently water saturated (i.e., water
saturated with possible entrapped LNAPL); it is the elevation where
how = 0 [see Eq. (9)]. To calculate Vof, Eq. (15) is used in Eq. (20) to
yield
z

zu

∫

∫ Sw dz⎥ − Vor

⎡ u
Vof = ϕ (1 − Swr ) ⎢ St dz −
⎢
⎣ z ow

z ow

z

Vor = ϕSor max

max

− Sw )0.5 (1 − Sw )1.5 dz

(21)

∫

ϕSoe dz

z ow min

(28)

where z ow min is the historical lowest LNAPL-water ﬂuid level in the well.
Using Eqs. (18) and (19), Voe is determined accordingly

(22a)

Voe = ϕ

σao + σow
σao

(23)

βow =

σao + σow
σow

(24)

zu

∫ Soemax (Sw − Swmin) dz
z ow

(29)

3.4. Fluid transmissivity
Additional important information for managing LNAPL extraction
from wells or assessing future contamination risks is the potential
movement and recoverability of the free (mobile) LNAPL. Such a
measure is the LNAPL transmissivity, which includes potential contributions of LNAPL ﬂow along a vertical slice of the subsurface. The
magnitude of the contributions is a function of elevation because Sof
varies with elevation as does hao and how. The largest potential contributions come from regions of the subsurface where the LNAPL is in
the largest pore sizes. This occurs when St approaches 1 when free
LNAPL is present. Smaller potential contributions result when St is < 1,
because the LNAPL is contained in smaller and smaller pores as St becomes lower as hao increases. When St approaches Sw, the potential
contributions are negligible. To account for the varying potential contributions with elevation in a vertical slice of the subsurface, the LNAPL
hydraulic conductivities (Ko) as a function of St and Sw are summed over
the elevations where LNAPL is present to obtain the LNAPL transmissivity (To)

z umax

∫ ϕSor dz + ∫

zu

) dz + ϕ

(25)

Note that the elevation where continuous St equals Sw is not dependent on any porous medium properties; it is only a function of ﬂuid
properties, zao, and zow. Therefore, the upper elevation at which free
LNAPL exists in the subsurface is only a function of ﬂuid properties and
prevailing capillary pressures (i.e., ﬂuid levels in a nearby well); it is
not a function of porous media properties.
Sor is integrated over relevant elevations to obtain the actual residual LNAPL volume (Vor) per unit cross-sectional area in the horizontal plane

z ow

min

is determined from the LNAPL-water capillary head corwhere Sw
responding to z ow min . Sw is determined from the LNAPL-water capillary
heads corresponding to the elevations between zow and zu.
For cases where the LNAPL-water interface in a well was never
below the current elevation of the LNAPL-water interface, then Voe is
zero. For such a condition, the left integral in Eq. (29) is zero because
z ow min would equal zow. The right integral also is zero because Sw would
min
for all elevations between zow and zu.
equal Sw
Vof, Vor, and Voe can be estimated from the current and historical
ﬂuid levels in wells. The total LNAPL volume in a vertical slice of the
subsurface is obtained by summing Vof, Vor, and Voe.

where σao and σow are air-LNAPL and LNAPL-water interfacial tensions.
Therefore,

zu

Soe max (1 − Sw

min

where βao and βow are ratios of interfacial tensions accordingly

⎧ elevation of ground surface, if applicable ⎫
or
⎪
⎪
zu =
βao ρro z ao − βow (1 − ρro ) z ow
⎨
⎬
⎪
⎪
βao ρro − βow (1 − ρro )
⎩
⎭

∫
z ow min

(22b)

βao =

(27)

zu

Voe =

z ow

βao ρro − βow (1 − ρro )

⎫
⎬
⎭

is determined from the air-LNAPL capillary head correwhere St
sponding with z aomax . Sw is determined from the LNAPL-water capillary
heads corresponding to the elevations between zow and zu or z aomax .
Soe is integrated over relevant elevations to obtain the actual entrapped LNAPL volume (Voe) per unit cross-sectional area in the horizontal plane

βao ρro z ao − βow (1 − ρro ) z ow

Vor =

(St

zu

yielding

z=

∫
max

where Vor is the actual residual LNAPL volume in a vertical slice of the
subsurface per unit cross-sectional area in the horizontal plane.
To determine zu following Lenhard and Parker (1990b), continuous
St equals Sw when

βao ρro (z − z ao) = βow (1 − ρro )(z − z ow )

∫

z umax

+

⎤
⎥
⎦

⎧ u
max
(St
− Sw )0.5 (1 − Sw )1.5 dz
⎨
z
⎩ ow

ϕSor dz
(26)

max

is either the elevation where there was no free LNAPL
where z u
when the ﬂuid levels in the wells were at their historical highest levels,
i.e., z aomax and z ow max , or the ground surface. Therefore, z umax is determined using Eq. (25) with substituting z aomax for zao and z ow max for
4
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zu

To =

∫ Ko dz

Table 1
Assumed properties and parameters.

(30)

z ow

Hypothetical hydraulic properties and parameters

The LNAPL hydraulic conductivities (Ko) are determined from
multiplying the LNAPL relative permeability (kro) by the water-saturated hydraulic conductivity (Ksw)

ρ Ksw
kro
K o = ro
ηro

α (cm− 1)
n
Swr (cm3 cm− 3)
Φ (cm3 cm− 3)
Ksw (cm day− 1)
Sor max (cm3 cm− 3)
Soe max (cm3 cm− 3)

(31)

where ηro is the ratio of LNAPL to water viscosity. Therefore, To is determined from the elevation-dependent LNAPL relative permeabilities

To =

kro

ρro Ksw
ηro

Clay loam

0.124
2.28
0.139
0.41
350
0.15
0.15

0.019
1.31
0.232
0.41
6.24
0.20
0.20

zu

∫ kro dz

(32)

z ow

Hypothetical ﬂuid properties
σow (mN m− 1)
σao (mN m− 1)
ρro
ηro

Following Lenhard et al. (2004) and after neglecting eﬀects of Saeo,
is estimated from
S

2

− ⎫
⎧ t
∫ hdS
−
⎪
(S ) ⎪
−
⎪
⎪
S +S
−
kro = Sof 0.5 w 1 or
−
⎨
⎬
dS
⎪ ∫ h (−
⎪
S)
⎪ 0
⎪
(33)
⎩
⎭
−
−
where Sof and Sor are eﬀective free and residual LNAPL saturations,
respectively, deﬁned as

−
Sof =

Loamy sand

and Parrish (1988). The saturated water content is assumed to equal the
porosity. The maximum actual residual and entrapped saturations for
the loamy sand and clay loam are assumed to be 0.15 and 0.20, respectively, which are consistent with values reported by Mercer and
Cohen (1990). Hypothetical ﬂuid properties are representative of gasoline (petrol) and the LNAPL-water and air-LNAPL interfacial tensions
yield βao and βow scaling factors used by Lenhard et al. (2004) from Eqs.
(23) and (24), respectively. The speciﬁc gravity (ρro) is consistent with
Mercer and Cohen (1990) and the ratio of LNAPL to water viscosity (ηro)
is consistent with Parker and Lenhard (1989).
Saturation path history needs to be considered when using Eqs.
(20), (26), and (29) to calculate LNAPL distributions and Eq. (30) to
calculate LNAPL transmissivities. To show model predictions, we use
two saturation path scenarios. They do not reﬂect actual LNAPL contamination events; they are designed to show elements of the model.
Scenario A is when (i) z aomax equals the current zao (i.e., the air-LNAPL
level in a well was never at a higher elevation), and (ii) when z ow min
equals the current zow (i.e., the LNAPL-water level in a well was never at
lower elevation). For this scenario, there is no entrapped LNAPL and
only residual LNAPL will occur between the upper elevation of complete water saturation (i.e., zow) and the elevation where St equals Sw ,
i.e., where no continuous LNAPL is present. The residual LNAPL will be
generally in pore wedges and ﬁlms, which is considered to be immobile
relative to the LNAPL in the larger pores spaces.
The other scenario, which we will call Scenario B, is when z aomax was
at a higher elevation prior to the current zao and z ow min was at a lower
elevation prior to the current zow. When z aomax is at a higher elevation
than the current zao, residual LNAPL will develop as in Scenario A. As
the air-LNAPL level in a well declines from z aomax to the current zao, the
max
and Sw
amount of residual LNAPL may change at an elevation as St
changes [see Eq. (17)], but it will never become less after the maximum
amount is established, because that amount is immobile. The result will
be a minor amount of residual LNAPL at elevations close to where St
equals Sw when z aomax was established (i.e., z umax ) with greater amounts
of residual LNAPL at lower elevations until a maximum speciﬁc to the
saturation path is established. Once the maximum residual LNAPL is
established at an elevation, all elevations below that level will be at that
maximum until lower elevations are reached where conditions necessary to form the maximum residual LNAPL will never be created. For
these elevations, the residual LNAPL formed will be less than the
maximum and approach zero as the elevation approaches the LNAPLwater level in the well. z aomax may be known from well data or estimated based on historic water-table ﬂuctuations.
Under Scenario B, entrapped LNAPL will exist between elevations
z ow min and zow because z ow min was at a lower elevation than the current
zow. Free LNAPL at these elevations would move upwards or become

Sof
1 − Swr

(34)

Sor
1 − Swr
(35)
−
and 1 h ( S ) is a surrogate for the pore-size distribution of a porous
medium, which will depend on the capillary head-saturation function
used (e.g., Brooks and Corey, 1966; van Genuchten, 1980). Note kro
depends on the current and historical zow and zao because the values are
−
−
used to calculate St , Sw , Sof and Sor .
After integrating the terms in Eq. (33) following Lenhard et al.
(2004), kro is calculated as

−
Sor =

1 m
−
−
kro = Sof 0.5 {[1 − (Sw + Sor )1 m]m − (1 − St )m} 2

29
36
0.73
0.8

(36)

where m is a van Genuchten (1980) parameter. To [Eq. (30)] will need
to be numerically estimated using Eq. (36).
Estimating Vof, Vor, Voe, and To are important for managing subsurface LNAPL recovery from wells because the information can be used
to assess potential future risks and conditions where physical extraction
of LNAPL is warranted practically and economically.
4. Model applications & discussions
To show results from applying the model, predicted subsurface free,
residual, and entrapped LNAPL distributions are calculated for two
general saturation path scenarios. Predicted LNAPL transmissivities are
calculated from the LNAPL distributions and compared to calculations
not accounting for residual and entrapped LNAPL. Parameters used to
predict the LNAPL distributions and transmissivities are shown in
Table 1. There are two sets of parameters: one set to describe hydraulic
properties of hypothetical porous media and one set to describe hypothetical ﬂuid properties. We employ the van Genuchten (1980)
function to describe relations between apparent saturations (i.e., St , Sw ,
min
max
St , and Sw ) and capillary heads from ﬂuid levels in wells. Furthermore, we use the van Genuchten (1980) function as described in
Parker et al. (1987) for air, LNAPL, water systems, i.e., a monotonic
function. We consider two porous media: one representing a sandy
porous medium (loamy sand) and one representing a ﬁner textured
porous medium (clay loam). The hydraulic properties and van Genuchten parameters for a loamy sand and a clay loam are from Carsel
5
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occluded by water (i.e., entrapped) as the LNAPL-water level in the well
rises from z ow min to the current zow. Residual LNAPL between these
elevations may become entrapped. For elevations below zow, Sw will
equal 1 and only water and entrapped LNAPL will exist. For elevations
above zow, entrapped LNAPL also may exist because the current Sw at an
elevation will be higher than the Sw when z ow min was established (i.e.,
min
Sw ). A minor amount of entrapped LNAPL may exist until an elevation where St equals Sw .
For Scenario B, we feel whether z aomax or z ow min is established ﬁrst
will not signiﬁcantly aﬀect the predicted free, residual, and entrapped
LNAPL distributions because z aomax is the major parameter for establishing the residual LNAPL distribution and z ow min is the major parameter for establishing the entrapped LNAPL distribution. This is an
assumption. The current zao and zow mainly establishes the free LNAPL
distribution. Variants of Scenario B are when zao is raised or zow are
lowered independently. The following sections illustrate the free, residual, and entrapped LNAPL saturation distributions likely to develop
from Scenarios A and B and the resulting estimated LNAPL transmissivities and volumes.

Fig. 2. Predicted free (longer broken blue lines), residual (broken orange lines separated
by two dots), entrapped (dotted grey line), and total (solid yellow line) LNAPL saturations
as a function of elevation for the clay loam where zao and z aomax = 150 cm and zow and
z ow min = 100 cm elevations with Sor max and Soe max = 0.2. The shorter broken black lines
are estimates using the model of Lenhard and Parker (1990a). (For interpretation of the
references to colour in this ﬁgure legend, the reader is referred to the web version of this
article.)

4.1. Scenario A

max

the scenario was 0.1 at zao, because the diﬀerence between St
and Sw
max
will be the greatest at zao where St
will equal 1 [see Eq. (17)]. The
amount of residual LNAPL decreases with increasing elevation and will
approach zero at zu. The net eﬀect will be to reduce the predicted
LNAPL transmissivity relative to when no residual LNAPL is estimated.
The predicted LNAPL transmissivity for the scenario when accounting
for residual LNAPL is 4294 cm2 day− 1 [4.62 ft2 day− 1]. The predicted
LNAPL transmissivity when not accounting for residual LNAPL is
6506 cm2 day− 1 [7.0 ft2 day− 1] – a 51.5% increase. Consequently,
lower predicted LNAPL transmissivities will result when accounting for
residual LNAPL, which is important to consider when managing LNAPL
extraction from wells.
Fig. 2 shows the predicted free, residual, and entrapped LNAPL
saturations for the clay loam porous medium using the same conditions
as for the loamy sand in Fig. 1. Fig. 3b shows the actual total liquid and
water saturations. The striking diﬀerence is the low total LNAPL volume predicted for the same LNAPL thickness in a well for the clay
loam. The total LNAPL volume predicted in the loamy sand for a 50 cm
LNAPL well thickness is 12.30 cm3 cm− 2, whereas for the clay loam it
is 1.27 cm3 cm− 2. This highlights the large potential errors involved in
estimating LNAPL volumes from in-well thicknesses without accounting
for porous media and ﬂuid properties.
Approximately 97% of the total volume is predicted to be free
LNAPL largely because of the small amount of LNAPL predicted to be in
the clay loam. The diﬀerence in LNAPL volume predicted to be in the
loamy sand versus the clay loam is attributed to the diﬀerence in poresize distributions. The loamy sand has larger-sized pores than does the
clay loam, despite the same porosity. As a result, the loamy sand is able
to contain more LNAPL than the clay loam under the prevailing capillary heads. A key element that may not be commonly understood is the
LNAPL thickness in subsurface media [i.e., the region of the subsurface
from where the LNAPL-water capillary head is zero (i.e., zow) to where
the total liquid saturation equals the water saturation (i.e., zu)] is the
same for all porous media with the same ﬂuid properties and ﬂuid levels in a well. As discussed in the Model Development section, zu is only
a function of ﬂuid properties and the LNAPL thickness in a well. There
are no factors involving porous media properties, such as a pore-size
distribution. Hence, the same LNAPL thickness from zow to where St
equals Sw is predicted to be in the loamy sand as in the clay loam, but
the loamy sand has larger pores to hold the LNAPL and the water saturation above zow will be less in the loamy sand than in the clay loam,
i.e., a larger capacity to hold LNAPL. If a distinct capillary fringe occurs
(i.e., a completely water-saturated zone above zow) and has a diﬀerent
thickness for the loamy sand and clay loam, then the elevation range

Fig. 1 shows the predicted free (mobile), residual, and entrapped
LNAPL saturations resulting from a LNAPL thickness of 50 cm inside a
nearby well for the loamy sand porous medium. Also shown are the
LNAPL saturations when there is no accounting for residual or entrapped LNAPL, i.e., all of the LNAPL is considered to be free. Fig. 3a
shows the actual total liquid and water saturations. The elevations of zao
and zow are assumed to be 150 cm and 100 cm, respectively. We calculate the predictions assuming z aomax equals the current zao (150 cm)
and z ow min equals the current zow (100 cm).
No entrapped LNAPL is predicted and residual LNAPL will only
occur from zow to the elevation where St equals Sw (i.e., zu), which is at
approximately 192 cm for the assumed ﬂuid properties and well ﬂuid
levels. When summing the free, residual, and entrapped LNAPL saturations over the domain, the total LNAPL saturations closely matched
the saturations distribution when not considering residual and entrapped LNAPL, i.e., using the model of Lenhard and Parker (1990a).
We label saturation distributions when not considering residual and
entrapped LNAPL as short broken black lines in the ﬁgures, which is the
model of Lenhard and Parker (1990a). Even without any ﬂuid level
ﬂuctuations in the well, less free LNAPL volume is estimated when including residual LNAPL. The predicted free LNAPL volume was 85.2%
of the total LNAPL volume. The largest residual LNAPL saturation for

Fig. 1. Predicted free (longer broken blue lines), residual (broken orange lines separated
by two dots), entrapped (dotted grey line), and total (solid yellow line) LNAPL saturations
as a function of elevation for the loamy sand where zao and z aomax = 150 cm and zow and
z ow min = 100 cm elevations with Sor max and Soe max = 0.15. The shorter broken black
lines are estimates using the model of Lenhard and Parker (1990a). (For interpretation of
the references to colour in this ﬁgure legend, the reader is referred to the web version of
this article.)
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A)

Fig. 3. Actual total liquid and water saturation distributions in the
loamy sand (A) and clay loam (B) for Scenario A.

B)

over which LNAPL will exist in the loamy sand and clay loam will be
diﬀerent, because of the diﬀerence in the thickness of the capillary
fringe. However, given there may be larger void spaces because of
heterogeneities (i.e., secondary pore/soil structure, old root channels,
etc.), some LNAPL may extend down to zow even if a capillary fringe is
apparent. Fig. 3 shows the actual total liquid and water saturation
distributions for the loamy sand and clay loam for the assumed conditions.
Although the residual LNAPL in Fig. 2 is small, it still aﬀects the
predicted LNAPL transmissivity. When accounting for the residual
LNAPL, the predicted LNAPL transmissivity for the clay loam is
2.35 cm2 day− 1 [2.53 × 10− 3 ft2 day− 1]. When not accounting for
residual LNAPL, the predicted LNAPL transmissivity is 2.50 cm2 day− 1
[2.69 × 10− 3 ft2 day− 1] - a 6.4% increase.
Fig. 4. Predicted free (longer broken blue lines), residual (broken orange lines separated
by two dots), entrapped (dotted grey line), and total (solid yellow line) LNAPL saturations
as a function of elevation for the loamy sand where zao = 150 cm, zow = 125 cm,
z aomax = 200 cm, and z ow min = 75 cm elevations with Sor max and Soe max = 0.15. The
shorter broken black lines are estimates using the model of Lenhard and Parker (1990a).
(For interpretation of the references to colour in this ﬁgure legend, the reader is referred
to the web version of this article.)

4.2. Scenario B
In Scenario B, z aomax may be higher than the current zao and z ow min
may be lower than the current zow. This scenario reﬂects ﬂuctuating
ﬂuid levels in the subsurface, and in this instance the maximum upper
and lower extent that the respective interfaces achieved in a monitoring
well. Under this scenario, we predict free, residual, and entrapped
LNAPL distributions for several LNAPL thicknesses in a well and for a
slight increase in Sor max and Soe max .
Figs. 4–6 show the predicted free, residual, and entrapped LNAPL
saturations for the loamy sand when z aomax at one time was 50 cm
above the current zao and z ow min at one time was 50 cm below the
current zow for several LNAPL well thicknesses. Figs. 4, 5, and 6 show
the LNAPL distributions when the LNAPL well thickness was 25, 50,
and 100 cm, respectively. The elevations of the ﬂuid interfaces in the
well are marked on the right side of the ﬁgures. The scale of the ﬁgures
is the same so relative diﬀerences in LNAPL saturations for the diﬀerent
well thicknesses can be seen. In Fig. 4, the current zao and zow is at 150
and 125 cm, respectively. Because z ow min was lower at one time, water
is on an imbibition saturation path, which results in entrapped LNAPL.
Between z ow min and zow only entrapped LNAPL is present as shown by
the dotted grey line. The total LNAPL saturation (solid yellow line) will
equal the entrapped LNAPL saturation for these elevations. Free, residual, and entrapped LNAPL is present between zow and zu, which is
approximately 171 cm for these zao and zow. Above 171 cm to where St
equaled Sw when z aomax was established (i.e., z umax ), only residual and
entrapped is present. Entrapped LNAPL is present because the current
zow indicates water is on an imbibition path at these elevations which
can entrap LNAPL (i.e., zow > z ow min ). Residual LNAPL is present because the current zao indicates LNAPL was present forming residual

Fig. 5. Predicted free (longer broken blue lines), residual (broken orange lines separated
by two dots), entrapped (dotted grey line), and total (solid yellow line) LNAPL saturations
as a function of elevation for the loamy sand where zao = 150 cm, zow = 100 cm,
z aomax = 200 cm, and z ow min = 50 cm elevations with Sor max and Soe max = 0.15. The
shorter broken black lines are estimates using the model of Lenhard and Parker (1990a).
(For interpretation of the references to colour in this ﬁgure legend, the reader is referred
to the web version of this article.)
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Fig. 6. Predicted free (longer broken blue lines), residual (broken orange lines separated
by two dots), entrapped (dotted grey line), and total (solid yellow line) LNAPL saturations
as a function of elevation for the loamy sand where zao = 200 cm, zow = 100 cm,
z aomax = 250 cm, and z ow min = 50 cm elevations with Sor max and Soe max = 0.15. The
shorter broken black lines are estimates using the model of Lenhard and Parker (1990a).
(For interpretation of the references to colour in this ﬁgure legend, the reader is referred
to the web version of this article.)

Fig. 7. Predicted free (longer broken blue lines), residual (broken orange lines separated
by two dots), entrapped (dotted grey line), and total (solid yellow line) LNAPL saturations
as a function of elevation for the loamy sand for the same conditions as Fig. 6, but Sor max
and Soe max are 0.20 versus 0.15 (Fig. 6). The shorter broken black lines are estimates
using the model of Lenhard and Parker (1990a). (For interpretation of the references to
colour in this ﬁgure legend, the reader is referred to the web version of this article.)

conditions in Fig. 6, it was 32.45 cm3 cm− 2. The free LNAPL volume
decreased from 24.04 to 22.55 cm3 cm− 2 for conditions in Fig. 6 versus
Fig. 7. Consequently, the LNAPL transmissivity also decreased from
13,840 to 11,590 cm2 day− 1 [14.9 to 12.48 ft2 day− 1] for the slight
increase in the maximum residual and entrapped LNAPL saturations.
The predicted LNAPL transmissivity, if residual and entrapped saturations are not accounted for (i.e., the short broken black lines), is
20,540 cm2 day− 1 [22.11 ft2 day− 1], which is 77.2% higher than the
predicted LNAPL transmissivity when accounting for residual and entrapped saturations. A slight change in Sor max and Soe max can produce
signiﬁcant changes in the predicted LNAPL transmissivity.
To demonstrate potential consequences of not including or including eﬀects of residual and entrapped LNAPL when managing
LNAPL extraction from the subsurface, consider the loamy sand with a
LNAPL well thickness of 18 cm: zao is at 150 cm and zow is at 132 cm.
Further, consider the ﬂuid levels in the well in the past ﬂuctuated 50 cm
(i.e., z aomax is 200 cm and z ow min is 82 cm). Lastly, assume estimates of
Sor max and Soe max equal to 0.15. The resulting predicted free, residual,
and entrapped LNAPL saturations are shown in Fig. 8. Only entrapped
LNAPL is present between elevations of 82 to 132 cm and the entrapped
LNAPL saturation increases with elevation until the 132 cm elevation,
current zow. Thereafter, the entrapped LNAPL saturations will decrease
with elevation from 132 to 215 cm and approach zero at 215 cm; z umax

LNAPL above zu (i.e., zao < z aomax ). To calculate z umax , we assume the
same LNAPL well thickness as the current well thickness, i.e., we use
z aomax for zao in Eq. (22b) and z ow max for zow where z ow max = current
zow + z aomax – current zao. Using a diﬀerent approach may artiﬁcially
aﬀect the total LNAPL volume in the subsurface media because the
LNAPL thickness in the well will be diﬀerent. Realistically, when ﬂuid
levels are raised creating entrapped LNAPL or lowered creating residual
LNAPL above zu, then less free LNAPL will be present and the LNAPL
thickness in the well should change to reﬂect the volume of residual and
entrapped LNAPL created.
For the 25 cm LNAPL thickness in the well (Fig. 4), the diﬀerence
between the free LNAPL saturations and those predicted without considering residual and entrapped LNAPL (i.e., the short broken black
lines) is not great. However, the predicted LNAPL transmissivity when
accounting for residual and entrapped LNAPL above zow is
811.6 cm2 day− 1 [0.87 ft2 day− 1]. The predicted LNAPL transmissivity
when not accounting for residual and entrapped LNAPL is
1230 cm2 day− 1 [1.32 ft2 day− 1], which is a 51.6% increase. The total
LNAPL volume present when accounting for residual and entrapped
LNAPL is 8.29 cm3 cm− 2. When ignoring residual and entrapped
LNAPL, the total LNAPL volume predicted is 4.30 cm3 cm− 2.
Figs. 5 and 6 show the predicted free, residual, and entrapped
LNAPL saturations for the loamy sand with the same 50 cm ﬂuid level
ﬂuctuations as in Fig. 4. Fig. 5 shows the LNAPL distributions for a
LNAPL well thickness of 50 cm with zao at 150 cm and zow at 100 cm.
Fig. 6 shows the LNAPL distributions for a LNAPL well thickness of
100 cm with zao at 200 cm and zow at 100 cm. Development of the residual and entrapped LNAPL follow similar patterns as in Fig. 4, but the
volumes of residual and entrapped LNAPL increase as LNAPL well
thickness increases. In addition, the elevation over which LNAPL is
present in the subsurface increases as LNAPL well thickness increases.
In Fig. 4, LNAPL is present from an elevation of 75 cm to approximately
221 cm. In Fig. 6, LNAPL is present from an elevation of 50 cm to approximately 335 cm. The percentage of free LNAPL to total LNAPL also
increases as LNAPL well thickness increases. The predicted LNAPL
transmissivities when not accounting for residual and entrapped LNAPL
are approximately 50% larger than the predicted LNAPL transmissivities when accounting for residual and entrapped LNAPL.
Fig. 7 shows the predicted free, residual, and entrapped LNAPL
saturations for the loamy sand under the same conditions as Fig. 6,
except Sor max and Soe max are 0.20 versus 0.15. Because of the slight
change, the predicted residual and entrapped LNAPL will be greater as
will the predicted total LNAPL volume. For conditions in Fig. 7, the
predicted total LNAPL volume is 33.78 cm3 cm− 2, but for the

Fig. 8. Predicted free (longer broken blue lines), residual (broken orange lines separated
by two dots), entrapped (dotted grey line), and total (solid yellow line) LNAPL saturations
as a function of elevation for the loamy sand where zao = 150 cm, zow = 132 cm,
z aomax = 200 cm, and z ow min = 82 cm elevations with Sor max and Soe max = 0.15. The
shorter broken black lines are estimates using the model of Lenhard and Parker (1990a).
(For interpretation of the references to colour in this ﬁgure legend, the reader is referred
to the web version of this article.)
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zao of 150 cm and zow of 100 cm. As can be seen, very similar patterns of
free, residual, and entrapped LNAPL distributions result in both ﬁgures.
The diﬀerence is the elevation range over which LNAPL is present in the
loamy sand. For the 50 cm ﬂuid level ﬂuctuations (Fig. 5), LNAPL is
predicted to exist from an elevation of 50 cm to approximately 242 cm.
For the 75 cm ﬂuid level ﬂuctuations (Fig. 9), LNAPL is predicted to
exist from an elevation of 25 cm to approximately 267 cm – a 50 cm
diﬀerence. The greater are the ﬂuctuations, then the ‘smear’ zone will
become wider. The free LNAPL is predicted to exist over the elevation
range from 100 cm to 168 cm regardless of the ﬂuid level ﬂuctuations.
The free LNAPL is governed by the current ﬂuid levels in the well and
not prior levels. Consequently, the predicted LNAPL transmissivity over
the liquid-saturated and vadose zones for the conditions in Fig. 9 is
4225 cm2 day− 1 [4.55 ft2 day− 1], which is exactly the same as predicted for the conditions in Fig. 5. The predicted LNAPL transmissivity
over only the liquid-saturated zone for the conditions in Fig. 9 is
3356 cm2 day− 1 [3.61 ft2 day− 1], which is exactly the same as predicted for the conditions in Fig. 5.
The predicted LNAPL transmissivities for conditions in Figs. 5 and 9,
however, are slightly lower than for conditions in Scenario A (Fig. 1),
when there were no ﬂuid level ﬂuctuations. The reason is because
larger amounts of residual LNAPL are predicted for conditions in Figs. 5
and 9 than for conditions in Fig. 1. z aomax is greater than zao for conditions in Figs. 5 and 9, but z aomax equals zao for the conditions in Fig. 1.
The total residual LNAPL volumes predicted for conditions in Figs. 1, 5
and 9 are 1.78, 3.87, and 4.91 cm3 cm− 2, respectively. Also, entrapped
LNAPL is predicted for conditions in Figs. 5 and 9, but no entrapped
LNAPL is predicted for conditions in Fig. 1. The total entrapped LNAPL
volumes predicted for conditions in Figs. 1, 5 and 9 are 0, 2.95, and
4.47 cm3 cm− 2, respectively. Hence, there are higher free LNAPL saturations over the total liquid-saturated and vadose zones for conditions
in Fig. 1 than in Figs. 5 and 7, which results in a slightly higher LNAPL
transmissivity prediction over the total liquid-saturated and vadose
zones for conditions in Fig. 1. The total free LNAPL volumes predicted
for conditions in Figs. 1, 5 and 9 are 10.25, 9.91, and 9.91 cm3 cm− 2,
respectively; however, the free LNAPL volume over only the total liquid-saturated zone are identical for conditions in Figs. 1, 5, and 9. The
predicted LNAPL transmissivity over the total liquid-saturated and vadose zones for conditions in Fig. 1 is 4294 cm2 day− 1 [4.62 ft2 day− 1]
and the predicted LNAPL transmissivity over the total liquid-saturated
zone is 3356 cm2 day− 1 [4.62 ft2 day− 1]. The predicted LNAPL transmissivities over only the total liquid-saturated zone for conditions in
Figs. 5 and 9 are the same as for conditions in Fig. 1. The important
element is LNAPL transmissivities are largely a function of current ﬂuid
levels in wells and not historic levels. Accounting for ﬂuid level ﬂuctuations in the subsurface will provide information concerning the
range of elevations where subsurface LNAPL may be present. Further,
the predicted actual total volume of LNAPL in the subsurface will be
larger if residual and entrapped LNAPL are considered. This may impact
the management of LNAPL remedial actions of sites.

is approximately 215 cm. Residual LNAPL will begin to occur slightly
above zow, 132 cm elevation, and increase to a maximum value. It will
begin to decrease as the 215 cm elevation is approached because the
conditions at which the largest residual LNAPL is created never develops. The free LNAPL occurs from approximately 132 to 165 cm; zu is
approximately 165 cm. The free LNAPL with positive ﬂuid pressures
(i.e., above atmospheric) is held from 132 to 150 cm elevation. The
predicted LNAPL transmissivity for these conditions assuming the total
liquid-saturated and vadose zones is 274.6 cm2 day− 1 [0.30 ft2 day− 1].
Without accounting for residual and entrapped LNAPL, the predicted
LNAPL transmissivity is 400.1 cm2 day− 1 [0.43 ft2 day− 1].
Because LNAPL theoretically will only ﬂow into a well under positive ﬂuid pressures (above atmospheric), the LNAPL transmissivity that
represents a recoverable rate can be predicted via Eq. (30) if the upper
limit of integration is zao instead of zu. We refer to this rate as the
predicted LNAPL transmissivity of the total liquid-saturated zone,
which for conditions in Fig. 8 is 88.8 cm2 day− 1 [0.10 ft2 day− 1]. According to ITRC (2009), hydraulic or pneumatic LNAPL extraction
systems may not be eﬀective when LNAPL transmissivities are below
0.10 ft2 day− 1. They further state some regulatory agencies have allowed LNAPL recovery (extraction) operations to close when there is
demonstrated lack of recoverability (i.e., LNAPL transmissivity being
low). For our hypothetical example, LNAPL extraction may be allowed
to cease (technology end point) with a LNAPL well thickness of 18 cm if
the eﬀects of residual and entrapped LNAPL as well as the free LNAPL
under positive pressures are accounted in LNAPL transmissivity estimations. If the eﬀects of residual and entrapped LNAPL are not addressed, then predicted LNAPL transmissivities will be higher.
Over the total domain where LNAPL is predicted to exist in Fig. 8,
the total LNAPL volume is 4.82 cm3 cm− 2. The free, residual, and entrapped LNAPL volumes are 2.15, 1.02, and 2.86 cm3 cm− 2, respectively. The free LNAPL volume in the total liquid-saturated zone is
1.23 cm3 cm− 2. By applying the terms in the Model development section, predictions can be made that may help to design and operate
subsurface LNAPL extraction technologies. In addition, technologies
may be designed to target the entrapped and residual NAPL volumes
such as groundwater drawdown or vacuum enhanced recovery. However, these need to be used with caution as they may lower the proportion of more easily recoverable LNAPL. It is likely that a sequential
LNAPL recovery system will achieve the optimum results.
The eﬀect of the magnitude of the ﬂuid level ﬂuctuations on predicted LNAPL transmissivity is shown by comparing Figs. 5 and 9 where
the conditions for Fig. 9 are the same as Fig. 5, except the ﬂuid level
ﬂuctuations are 75 cm versus 50 cm in Fig. 5. Both conditions assume

5. Summary & conclusions
An approach is developed to predict free, residual, and entrapped
LNAPL saturations as a function of static ﬂuid levels measured in wells.
The approach also accounts for historic eﬀects of ﬂuctuating ﬂuid levels. Integrating the saturations over a vertical slice of the subsurface
yields the LNAPL speciﬁc volumes. After accounting for residual and
entrapped LNAPL volumes, the LNAPL transmissivities over the total
liquid-saturated and vadose zones are predicted. LNAPL transmissivity
and the free LNAPL speciﬁc volume over the total liquid-saturated zone
are estimates of the rate of LNAPL ﬂow through a vertical slice of the
subsurface toward a well and the recoverable LNAPL from pumping
extraction technologies.
LNAPL speciﬁc volumes and transmissivities are predicted for two
hypothetical porous media: a loamy sand and a clay loam. Predictions

Fig. 9. Predicted free (longer broken blue lines), residual (broken orange lines separated
by two dots), entrapped (dotted grey line), and total (solid yellow line) LNAPL saturations
as a function of elevation for the loamy sand where zao = 150 cm, zow = 100 cm,
z aomax = 225 cm, and z ow min = 25 cm elevations with Sor max and Soe max = 0.15. The
shorter broken black lines are estimates using the model of Lenhard and Parker (1990a).
(For interpretation of the references to colour in this ﬁgure legend, the reader is referred
to the web version of this article.)
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are developed for diﬀerent LNAPL thicknesses in a well and for diﬀerent
ranges of ﬂuid level ﬂuctuations to demonstrate results from the model.
One key result is the elevation range from the LNAPL-water interface in
a well to the upper elevation where the free LNAPL saturation approaches zero is the same regardless of porous media type for a given
LNAPL thickness in a well. Any diﬀerence in the free LNAPL thickness
in porous media will be related to the thickness of a well-deﬁned,
water-saturated capillary fringe for porous media types. The LNAPL
speciﬁc volume, however, corresponding to the LNAPL thickness in a
well is dependent on porous media type. Another key result is the free
LNAPL transmissivities, whether over the total liquid-saturated and
vadose zones or only over the total liquid-saturated zone, are largely a
function of the current ﬂuid levels in a well and not historic levels.
Therefore, it may not be necessary to know ﬂuid level ﬂuctuations if
LNAPL transmissivity of the total liquid-saturated zone may be the
primary prediction of concern. Lastly, a slight change in Sor max and
Soe max can produce signiﬁcant changes in the predicted LNAPL transmissivity.
The predictions using the approach estimate the form of the LNAPL
(i.e., free, residual, and entrapped) at elevations in the subsurface. The
approach is unique in that elevation-dependent (non-constant) residual
and entrapped LNAPL saturations are predicted and accounted for in
LNAPL transmissivity estimates. The elevation-dependent LNAPL saturations are useful for assessing potential groundwater contamination
risks and possible regions where diﬀerent technologies may need to be
employed other than LNAPL extraction from wells to lower potential
groundwater contamination risks. With knowledge of historic ﬂuid
level ﬂuctuations, the region where only residual LNAPL exists in the
vadose zone can be identiﬁed in which vapor extraction technologies
can be employed to lower contamination risks. The predictions, especially the LNAPL transmissivity over the total liquid-saturated zone,
may indicate when LNAPL subsurface extraction via pumping may be at
a technology end point. The approach can be valuable to practitioners
conducting subsurface LNAPL remediation as well as regulators who
oversee LNAPL remediation. The accuracy of the predictions are dependent on attainment of static ﬂuid levels in wells (i.e., near vertical
equilibrium conditions) and proper assignment of porous medium and
ﬂuid parameters.
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