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Light nonaqueous phase liquids (LNAPLs), due to their low solubility, dissolve slowly, acting as a long-term source of water
contamination, and consequently they represent an important environmental issue. In the subsoil, more than 99% of spilled
LNAPL remains as adsorbed and free phase; therefore, the volume estimation of free phase, obtained in this case through two
di
erent conceptual models (Pancake Model and Vertical Equilibrium Model), is considered a fundamental step for a correct site
remediation. According to the �rst model, the LNAPL �oating on the water table and its saturation is up to 100%; instead, according
to the second one, the LNAPL can penetrate below the water table and the coexistence of LNAPL, water, and air in the pore fraction,
leads to a lower LNAPL saturation, variable with the depth. Actually, in subsoil LNAPL and water saturations vary with depth due
to the in�uence of capillarity, leading to the inaccuracy of Pancake Model assumption. Despite the evident limitation of Pancake
Model, both models were applied, coupled with area calculations with 	iessen polygons and grid at regular mesh, to roughly
estimate the free LNAPL volume existing in a contaminated site. 	e volume estimation carried out, considering the LNAPL type
and its features, the soil type, and relative e
ective porosity, provides estimates of volumes having di
erences up to thousands of
cubic meters. 	e results analysis shows that this estimation has several critical points such as area de�nition and the lack of site-
speci�c data (e.g., porosity). Indeed, the sensitivity analysis for porosity shows that a reduction of this parameter provides a 20%
reduction of estimated volume.

1. Introduction

	e occurrence of LNAPLs (light nonaqueous phase liquids)
in the subsoil can be due to leaking underground storage
tanks, improper surface applications, inadvertent spills, and
abusive waste disposal. 	ese compounds, due to their
chemical-physical properties, represent potential long-term
sources of contamination [1]. In addition, because of their
typically high toxicity, small amounts of LNAPLs can con-
taminate very large volumes of soil and groundwater, produc-
ing detrimental e
ects on both human health and ecological
environment [1, 2]. For this reason, contaminated ground-
water may not be used for human and animal consumption
and for irrigation purpose [3].

In the vadose zone, the migration of LNAPL is ruled
by gravity, capillary forces, residual soil retention capacity,
and entry pressure [4–6]. Indeed, immediately following the
release, if capillary forces exceed the residual soil retention
capacity, the LNAPL migrates downwards under the in�u-
ence of gravity until reaching the water table. Once the
LNAPL is in contact with the capillary fringe, when it reaches
and exceeds the entry pressure (inversely related to the pore
throat radius), it can displace water and penetrate the water
table; otherwise, it starts spreading laterally [4–6].

	e above-mentioned key factors govern also the LNAPL
partitioning in the residual phase (adsorbed to solids particles
due to capillary forces) and free phase (a liquid separated
phase immiscible in water) that represent the 99% of LNAPL
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in the subsoil [1, 7, 8]. 	e widespread attendance of free
phase in the subsoil and its capability to create mobile dis-
solved and vapour phases that represent dominant pathways
for risk to ecosystem and human health [9] lead to the
necessity to estimate the free LNAPL volume in order to re-
cover it and remediate the contaminated site.

With time, the di
erent conceptual models developed to
estimate saturations of LNAPL in the subsoil and free LNAPL
speci�c volume are described in many papers (e.g., [10–18]).
Even now, LNAPL dynamics are studied through numerical
modelling, leading to a quick developing of this �eld science
(e.g., [19–26]).

	emost known and appliedmodels by practitioners and
regulators, due to their simplify applicability, are Pancake
Model and Vertical EquilibriumModel, both from the family
of analytical models.

In this paper, the volume estimations of supernatant
present in a contaminated site are described, quanti�ed
using the two di
erent conceptual models mentioned above:
Pancake Model and Vertical Equilibrium Model. 	e aim of
this paper is to verify the accuracy and the di
erences in
estimation due to the adoption of di
erent simple methods
for LNAPL thickness and for spatial grids. A correct initial
estimation of these volumes has a fundamental value for
practical actions, as monitoring activities and remediation
plans, and it can be considered as a priority step for further
detailed evaluations, aimed to reduce the inaccuracy of initial
estimation, to be conducted by more sophisticated models,
based on costly monitoring activities. In addition, we intend
to provide a contribution to the description of tools and steps
necessary for the free volume estimation, also highlighting
the possible critical points in the adopted procedures.

2. Site Description

	e study area is a contaminated site, characterized by a
di
used contamination by LNAPLs in free and dissolved
phase, chlorinated solvents, agricultural fertilizers, and heavy
metals [27]. Its location cannot be explicitly indicated for
privacy reasons. Since 2002, in order to solve the environ-
mental problem, the site has been undergoing remediation
through a horizontal �ow barrier and a hydraulic barrier
(Figure 1).	e horizontal �ow barrier, by a vertical bentonite
wall, penetrates the full thickness of the shallow aquifer and
part of the underlying aquitard in the eastern and central part
of the site [28]. 	e hydraulic barrier currently consists of
85 pumping wells and 20 hot-spot monitoring wells leading

to an extraction rate of more than 5000m3/d. Water table
changes due to natural �uctuations and pumping activities
are monthly recorded in more than 350 monitoring wells.

2.1. Geological and Hydrogeological Framework. Four di
er-
ent geological units (Pleistocene – Holocene) occur in the
study area: sands unit, with an average thickness of about
25–30m; clay-silty unit, with a variable thickness from 15m
to 35m; and sands and gravel unit with variable thickness due
the underlying unit of grey clay. An unconformity, formed
during the last glacial period (Würm), separates the two last

units. 	e four geological units coincide with four major
hydrostratigraphic units: (1) shallow aquifer, (2) aquitard,
(3) deep aquifer, and (4) aquiclude [27, 28]. 	e uncon�ned
shallow aquifer, characterized by an average hydraulic con-

ductivity of about 2∗10−4m/s, is contaminated and subjected
to remediation.

Based on stratigraphic logs, it is possible to identify the
two main lithologies constituting the shallow aquifer inter-
cepted by the monitoring wells: (1) sands, (2) sands, and silty
sands (Figure 2).

2.2. LNAPL Spatial Distribution, Measured 	icknesses, and
Subsurface Conditions. Free LNAPL, characterized by di
er-
ent composition, has been detected in several monitoring
wells located mainly in the central area of the study site
(Figure 2). 	e main kinds of LNAPL are gasoline (more of
70% of C6–C9), diesel (more of 70% of C10–C30), andmixture
of gasoline and diesel. In June 2013, most of monitoring wells
with supernatant are characterized by diesel (54% of the total
points), mainly distributed in the central area and in the
western side. Monitoring wells with gasoline and mixtures
of gasoline and diesel are located in the western side too
(Figure 2). However, this spatial distribution was not steady
with time; indeed, the monitoring surveys carried out show a
variation with time of LNAPL composition.

	e measured product thickness, in June 2013, varies
from few centimetres to 1.15m. In addition, these thicknesses
show a nonhomogeneous distribution, since it is possible to
observe monitoring wells with signi�cant thickness of super-
natant close to monitoring points with negligible occurrence
of LNAPL (Figure 3).

Analysis of hydrographs and Diagnostic Gauge Plots
(DGP) shows uncon�ned supernatant, without a con�ning
layer preventing LNAPL movement upward (Figure 4). In
fact, the hydrographs display an inverse correlation between
the measured product thickness and the groundwater level.
In the DGP, there is also an inverse correlation between mea-
sured product thickness and air/oil interface (AOI), oil/water
interface (OWI), and corrected groundwater surface (CGWS)
[29], which is obtained by [30]

CGWS = GWS + (PT ∗ �) , (1)

where GWS (m a.s.l.) is the measured groundwater level, PT
(m) is the measured product thickness, and � is the LNAPL
density, here considered equal to 0.8 g/cm3, as average value
calculated by the measured densities of the LNAPL collected
samples. 	e LNAPL subsurface conditions are important,
because the Vertical Equilibrium Model (that is one of the
two models used for the volume estimation and described in
the following paragraphs) assumes that the apparent product
thickness is equal to the real thickness if the supernatant is
uncon�ned; instead it is higher if the LNAPL is con�ned [31].

	e above-described LNAPL spatial distribution, mea-
sured thicknesses, and subsurface conditions refer only to
monitoringwells. Pumpingwells values have been considered
less reliable for a correct volume estimation, since the with-
drawal in�uences the measured product thickness and the
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Figure 1: Horizontal �ow barrier and hydraulic barrier of the study site. Pumping wells in red and hot-spot monitoring wells in blue.

LNAPL characteristics, because of the coexistence of mixture
of di
erent LNAPL types in the wells.

3. Materials and Methods

	e free LNAPL volume estimation can be obtained applying
two di
erent conceptualmodels: PancakeModel andVertical
Equilibrium Model. Both models, which essentially di
er
for their assumptions about the product distribution in the
subsoil, have been applied in this paper.

3.1. Pancake Model. According to the Pancake Model, once
LNAPL reaches the water table, due to its immiscibility in
water, it remains suspended on the capillary fringe above
the water table as a buoyant pool with uniform, constant,
and complete saturation [4, 6, 32, 33] (although sometimes a
saturation lower than 1 is assumed [10]). Despite the physical
limitation of this approach, it continues to be adopted,
at least in Italy, for LNAPL volume estimation in subsoil.
	e thickness measured in the monitoring well is usually
considered as an apparent thickness [11, 34, 35].	edi
erence
between apparent and real thickness is due to the absence
of the capillary fringe in the monitoring well. In fact, this
absence conducts a lower level of water table in the well and
consequently free product �ows more easily in the monitor-
ing well, creating an exaggerated thickness of supernatant
[36]. In addition, the weight of free phase depresses above the
water table in themonitoringwell, further facilitating the �ow
of free product in thewell. Other key factors that in�uence the
di
erence between apparent and real thickness are LNAPL
density, volume of LNAPL release, and grain size distribution
of the aquifer [35].

Since according to the PancakeModel there is a di
erence
between the apparent and the real thickness, it is mandatory

to correct the thickness measured in the monitoring well.
	ere are di
erent ways to correct this measure such as
empirical factors (e.g., four according to [12]) or factors de-
rived by �eld tests (recharge test and baildown test).

In the studied contaminated site, baildown tests have
been used to calculate the exaggeration factor, according to
Gruszczenski [34] or Hughes et al. [36], in order to estimate
the real thickness of free phase in the aquifer. In the mon-
itoring wells where baildown tests were not carried out, an
average exaggeration factor derived by available data is con-
sidered. 	e applied average exaggeration factor is obtained
considering the type of supernatant present in themonitoring
wells; in otherwords, the exaggeration factor applied tomoni-
toring wells not undergoing baildown tests and characterized
by diesel is obtained by the average of exaggeration factors
derived by baildown tests realized in the monitoring wells
with diesel. 	e same procedure has been performed for the
other LNAPL types.	e apparentmeasured thickness and the
exaggeration factor (ranging from 3 to 13.5) allow calculating
the real thickness in every monitoring point. Multiplying the
real thickness for the e
ective porosity, set as 0.25 for sands
[37] and as 0.20 for sands and silty sands [38], it is possible
to obtain the speci�c thickness. From the speci�c thickness,
the volume of free LNAPL present in the subsoil has been
derived, multiplying the speci�c thickness for a linked area,
achieved using two di
erentmethods:	iessen polygons and
grid at regular square mesh (100m × 100m and 200m ×
200m) [7]. 	e mesh size is due to the available data, chosen
to have at least one or more monitoring wells in the same
square cell.	iessen polygons have been built byArcGIS (dis-
tributed by ESRI Inc.) considering all the monitoring wells
located in the site; therefore, every monitoring point is asso-
ciated with a 	iessen polygon. 	e product volume of each
	iessen polygon, achieved multiplying the area of 	iessen
polygon for the speci�c thickness of the associated point,
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Figure 2: (a)Distributionmap of LNAPL types present inmonitoringwells at June 2013; (b) percentage of LNAPL types present inmonitoring
wells at June 2013; (c) percentage of di
erent soil types found in the contaminated monitoring wells; (d) distribution map of soil type found
in the contaminated monitoring wells.



Geo�uids 5

0 250 500 750 1.000125

Sea/Surface waters

Horizontal �ow barrier

0,0

0,010–0,10

0,11–0,20

(Meters)

0,21–0,40

0,41–0,60

0,61–0,80

0,81–1,0

1,1–2,0

N

Figure 3: Distribution map of free LNAPL thickness (m) measured in the monitoring wells at June 2013.
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Figure 4: Hydrographs and diagnostic gauge plots of P46 and P48, indicating the product thickness (PT), the corrected water table level
(CGWS), the air/oil interface (AOI), and the oil/water interface (OWI).
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Table 1: LNAPL input parameters in LDRM for speci�c volume estimation.

Diesel Gasoline Gasoline and diesel

LNAPL density (gm/cc) 0.878 0.738 0.785

LNAPL viscosity (cp) 4.882 0.301 0.707

Air/water surface tension (dynes/cm) 72.74 57.90 50.83

Air/LNAPL surface tension (dynes/cm) 27.07 24.70 25.86

LNAPL/water surface tension (dynes/cm) 29.60 13.60 14.06

has been summed to obtain the total product volume in the
subsoil. Conversely, by the method based on grid at regular
square mesh, an average speci�c thickness has been asso-
ciated with every mesh considering the monitoring wells
located in the mesh. 	e obtained average speci�c thickness
is thenmultiplied for themesh area for each cell obtaining the
total product volume present in the subsoil.

In order to understand the in�uence of	iessen polygon
mesh, new polygons have been drawn using not only the
monitoring wells located in the site, but also the pumping
wells. 	e new 	iessen polygons have been associated
with the speci�c thicknesses obtained for each monitoring
points. In this case, the speci�c thickness has been calculated
considering the same e
ective porosity value and the same
average exaggeration factor in the monitoring points where
baildown test data were not available.	e use of the averaged
exaggeration factor is necessary because the pumping wells
show a mixing of the di
erent types of LNAPL that prevent
the identi�cation of a characteristic product composition.

3.2. Vertical Equilibrium Model. 	e Vertical Equilibrium
Model, applicable when the release of contaminant is ceased,
assumes that LNAPL can penetrate below the water table
and it does not create a discrete layer �oating on it [13].
According to it, the LNAPL, penetrating below the water
table, occupies the pore fraction in coexistence with water
and air. 	e presence of these other �uids leads the LNAPL
to have a saturation less than 100% and variable with the
depth [13, 14]. 	e shape of LNAPL saturation pro�les can
be regular (shark �n) for homogeneous aquifer or irregular
for the heterogeneous ones. Hence, according to the Vertical
Equilibrium Model, the relationship between the LNAPL
thickness in the monitoring well and its speci�c volume in
the aquifer derives from the capillary properties of the soil
and the LNAPL characteristics that in�uence the saturation
pro�les. Usually, given a certain thickness in the well, the
speci�c volume will be lower if a �ner material constitutes
the aquifer [13, 14].	erefore, theVertical EquilibriumModel
requires the knowledge of the saturation pro�les to calculate
the speci�c volume. 	ere are di
erent ways to obtain these
curves. For instance, they can be estimated using empiri-
cal approaches (measuring saturation in core samples), by
analytical modelling or with so�ware as LDRM (LNAPL
Distribution and Recovery Model, distributed by American
Petroleum Institute), which requires information about the
characteristics of the LNAPL and the related aquifer. Once the
saturation pro�le (So) is obtained and the soil porosity (�) is
known, the speci�c volume (��) is given by [13]

Table 2: Soil input parameters in LDRM for speci�c volume estima-
tion.

Sands Sands and silty sands

Porosity (-) 0.25 0.20

Hydraulic conductivity (m/d) 6.43 1.05

Van Genuchten	 (-) 2.25 2.20

Van Genuchten 
 (1/m) 2.60 3.20

Irreducible water saturation (%) 14.14 12.42

�� = �∫
surf

0
�� 
�. (2)

LDRM directly provides the speci�c volume (as ��) based
on the input parameters, included porosity. In addition, this
so�ware provides also the speci�c recoverable volume (��)
due to the di
erence between the area subtended by the
saturation LNAPL pro�le and that subtended by the residual
saturation LNAPL pro�le [15].

In the case study LDRM has been adopted to derive the
saturation pro�les. 	e input parameters, as available, result
from laboratory and �eld data as product thickness, ground
surface elevation, water table elevation, LNAPL density (aver-
age value), and LNAPL viscosity (average value). Instead,
because of limited availability of site-speci�c data, surface
interfacial tensions, 	 and 
 Van Genuchten parameters
[16], porosity, hydraulic conductivity, and irreducible water
saturation have been assumed from literature (Tables 1 and
2) [17, 37–39]. LDRM requires also the selection of a model
(Burdine or Mualem) for LNAPL relative permeability deter-
mination. Burdinemethod for sands andMualemmethod for
sands and silty sands have been considered, because previous
studies showed that the Burdine model, for �ne materials,
estimate relative permeability near to zero, not corresponding
with real data [15, 18].

As in the Pancake Model, based on the speci�c volumes
and the relative areas (	iessen polygons and grid at regular
square mesh) the total LNAPL volume was estimated. In this
case, known �� (speci�c recoverable volume), also the total
recoverable volume was calculated.

4. Results

	e results of the calculation, using the Pancake Model, are

about 9002m3 for the	iessen polygons, and about 8744m3

and 4831m3 for 200× 200 and 100× 100 grid at regular square
mesh, respectively (Figure 5); instead, using the 	iessen
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Figure 5: Continued.
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Figure 5: Product volume distribution in the study site at June 2013. 	e product volume was calculated using Pancake Model and	iessen
polygons (a), grid at regular square mesh (200 × 200) (b), and grid at regular square mesh (100 × 100) (c).

polygons drawn considering both monitoring and pumping
wells, the estimated volume is about 6856m3.

	e volume estimated applying the Vertical Equilib-

rium Model is about 5679m3, 4288m3, and 3024m3 for
the 	iessen polygons, 200 × 200 and 100 × 100 grid at
regularmesh, respectively (Figure 6).	e recoverable volume
calculation shows that about 70% of the product �oating in
the site can be removed by pumping (Figure 7), although in
the �eld this amount can be reduced by several factors that
in�uence the free LNAPL recovery such as well e�ciency,
well interference, and aquifer heterogeneity [40].

	e comparisons between the results obtained using the
twomodels anddi
erentmethods to calculate areas show that
there is a large di
erence between the estimated volumes that
range from about 1810m3 to 4460m3 for 100 × 100 and 200
× 200 regular mesh, respectively (Figure 8) [7]. In particular,
the Vertical EquilibriumModel estimates lower volumes than
the Pancake Model. In addition, it was found that for both
models the estimated volume was higher for 200 × 200
regular mesh than for 100 × 100 regular mesh and 	iessen
polygons. 	e di
erence between volumes estimated with
the Pancake Model and the Vertical Equilibrium Model was
about 51% using 200 × 200 mesh and about 37% using 100 ×
100 mesh and	iessen polygons.

5. Discussion and Limitations

	e signi�cant di
erences observed between estimated vol-
umes are due to di
erent causes.

A �rst reason is due to the initial assumptions of both
Pancake Model and Vertical Equilibrium Model. Indeed, the
higher volumes estimated applying the Pancake Model is
probably due to the overestimation of the LNAPL saturation
considered in the two models (100% in Pancake Model and
less of 100% in Vertical EquilibriumModel). 	e assumption
of a complete saturation represents a clear limitation of the
PancakeModel because it ignores the critical in�uence of cap-
illarity that controls LNAPL and water saturations, leading to
a variability of saturation pro�les in the subsurface [19, 33].
In addition, the simple use of actual LNAPL thickness in
the subsurface does not allow a correct estimation of LNAPL
speci�c volume [19].

Another reason is the di
erent evaluation methods for
calculating the impacted area; indeed the di
erences
observed between 200 × 200 and 100 × 100 mesh allow to
a�rm that the use of smaller mesh can lead to a reduction of
these di
erences, but at this stage the available data do not
permit using smaller mesh and con�rm this theory. In fact,
the 100 × 100 mesh is the most representative because the
average distance between monitoring wells in the study site
is about 95m. 	e adoption of the 	iessen polygons reveals
another problem related to the construction method of these
polygons. Indeed, since they are created as a function of the
distance and spatial distribution of the monitoring wells,
they have di
erent shape and dimension a
ecting the volume
calculation. Monitoring wells with similar speci�c volume
can be associated with polygons with large di
erences in
areas, leading to calculated volumes very di
erent from point
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Figure 6: Continued.
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Figure 6: Product volume distribution in the study site at June 2013. 	e product volume was calculated using Vertical Equilibrium Model
and	iessen polygons (a), grid at regular square mesh (200 × 200), (b) and grid at regular square mesh (100 × 100) (c).
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librium Model. 	e pie chart shows the recoverable volume and the unrecoverable volume through the pumping, according to the Vertical
EquilibriumModel.

to point.	e comparison of volumes obtained by the Pancake

Model considering only the monitoring wells (9002m3) and
those obtained considering also the pumping wells (6856m3)
con�rms the in�uence of the 	iessen polygons on the vol-
ume estimation.

In addition to the inaccuracy due to the area delimitation,
caused also by the impossibility of using kriging because of
high variability of LNAPL thickness and lack of homogeneous

distribution, other critical points in the calculation of the
LNAPL volume have been experienced. A �rst critical point,
found both for Pancake Model and Vertical Equilibrium
Model, is the measure of the product thickness in the
wells during the monitoring surveys. 	is measurement can
be a
ected by errors related to the necessary supernatant
recovery carried outmanually or automatically inmonitoring
wells. 	is action, if executed immediately before of the
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Figure 8: Comparison between product volumes estimated through
Pancake Model and Vertical Equilibrium Model using 	iessen
polygons and grid at square regular mesh (100 × 100, 200 × 200).

survey, can lead tomeasure underestimated thicknesses of the
product. Another critical point is the existence, in the site, of
di
erent LNAPL compositions with di
erent characteristics
and behaviour. To limit this problem, as described in the
previous paragraphs, di
erent values of density, viscosity,
surface tensions, and di
erent exaggeration factors have been
attributed at several monitoring points in function of the
LNAPL type. In addition, the limited availability of some site-
speci�c data, such as porosity, can critically in�uence the
volume estimation. 	e sensitivity analysis carried out for
porosity, applying both Pancake Model and Vertical Equi-
librium Model, shows that a reduction of e
ective porosity
attributed to the two soils can produce a reduction of 20%
of the estimated volume. In particular, applying an e
ective
porosity of 0.20 for sands and of 0.15 for sands and silty
sands, LDRM provides a reduction of about 22% of speci�c
volumes for sands and of about 25% for sands and silty sands.
Instead, the Pancake Model produces, applying the same
e
ective porosities, 20% and 25% lower speci�c volumes,
for sands and sands and silty sands, respectively. In Vertical
EquilibriumModel, whenmonitoringwells are near pumping
wells, the equilibrium conditions assumed by the model are
not really reached on site, due to possible vertical gradient
created by pumping, leading to an overestimation of real
LNAPL thickness and so of the estimated volume. Both
equilibrium conditions assumption and the requirement of
many parameters in�uence the limitation of the Vertical
Equilibrium Model. Indeed, as said above, these equilibrium
conditions can be unreached and, in addition, information
about vertical gradient is o�en not available. 	e requested
insertion of values of many parameters requires so many
additional monitoring activities and analyses that lead to a
signi�cant cost increase, o�en tackled using literature data
instead of �eld data. Nevertheless, literature data have wide
range and, as shown by sensitivity analysis for porosity, the
choice of a value rather than another one greatly in�uences
the volume estimation. In addition, some parameters (e.g.,
capillarity, interfacial tensions, and relative permeability)
cannot be measured using �eld-scale testing, but they need

to be estimated through modelling and lab-scale tests. 	e
estimation throughmodelling results in nonunique solutions,
while lab-scale testing presents unavoidable issue with poten-
tial scale applicability [41].

Finally, an additional limitation of Vertical Equilibrium
Model is that its accuracy decreases for low permeability
soils and heterogeneous soils and when there are signi�cant
water table �uctuations [33]. In detail, water table �uctuations
in�uence the product volumes estimation because capillary
pressure-saturation curves are nonunique and depend on
whether there is drainage or wetting of LNAPL in the porous
medium. In fact, a falling water table typically enhances the
observed thickness of LNAPL in wells and consequently the
mobile product volume estimation [33].

6. Conclusion

LNAPLs contamination is a key environmental issue due
to the chemical-physical and toxicological characteristics of
these contaminants. Indeed, their presence in the subsoil
can have negative e
ects on human health and ecosystems;
therefore, the remediation is fundamental to preserve them.
In order to plan and achieve an e�cient remediation of
a polluted site, it is necessary to quantify the supernatant
volume eventually �oating on the water table. For this
reason, two di
erent existing conceptual models (Pancake
Model and Vertical Equilibrium Model) have been applied
for LNAPL volume estimation in the study site. 	e results
show a remarkable di
erence (up to thousand cubic meters)
between the volumes estimated through the two models, to
be considered as a signi�cant inaccuracy in method appli-
cation. In particular, Pancake Model, having well-known
limitations, estimates higher volumes with respect to Vertical
Equilibrium Model, mainly due to their assumptions related
to LNAPL saturation. Another di
erence in the volume
estimation is linked to the extent of the areas associated with
the monitoring wells; indeed, also in this case, a consider-
able di
erence of several cubic meters has been estimated.
Additional critical points in the method application are (1)
the measure of the product thickness in the wells during
the monitoring campaigns, (2) the existence, in the site, of
di
erent LNAPL composition, and (3) the limited availability
of some site-speci�c data, such as 
 and 	 Van Genuchten
parameters, irreducible water saturation, interfacial tensions,
and porosity. Finally, a sensitivity analysis was performed on
e
ective porosity, showing how lower values of this parameter
reduce the estimated volume up to 20%.

Based on the above, in order to reduce the inaccuracy due
to the lack of site-speci�c data and to the nonhomogeneous
distribution of monitoring points, in the future it is recom-
mended to collect all necessary site-speci�c data and estimate
again the free LNAPL volume through the two models. By
this way, the in�uence of the adopted model will be de�nitely
assessed. In other words, a comparison of the di
erences
between the results derived by the two models needs to
be performed in the future with more site-speci�c data, to
reduce inaccuracy and conversely to de�nitely suggest the
adoption of the most reliable of the models, taking into
account also the bene�t/cost ratio, linked to the needed inves-
tigations and analyses.
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At the current time, Vertical EquilibriumModel seems to
be the most reliable, also using several literature data. 	is
opinion is due to themore realistic assumptionmodel accord-
ing to which the LNAPL cannot �oat on the water table, but
it can penetrate also under this dislocating water, and in the
pore space it can be a coexistence of di
erent �uids (LNAPL,
water, and air). In addition, this model requires many param-
eters about LNAPL and soil characteristics and, nevertheless,
this requirement leads to higher costs; it allows a more
strict control on the in�uence of each considered parameter
on the estimated LNAPL volume.
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