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Methodological approach for the estimation of recoverable LNAPL
volumes in aquifer and for the analysis of residual phase behaviour in

laboratory

Approccio metodologico per la stima dei volumi di LNAPL recuperabili in falda e per I'analisi
del comportamento della fase residuale in laboratorio

Eleonora Frollini

Riassunto: Le fasi libera e residuale sono le pitt abbondanti fasi
di LNAPL (fase liquida leggera non acquosa) nel sottosuolo; per-
cid la stima del volume della fase libera e la comprensione del
comportamento della fase residuale sono fondamentali al fine di
un'efficace bonifica.

La stima del volume della fase libera presente in un sito conta-
minato ¢ stata effettuata attraverso l'applicazione del Modello
del Pancake e del Modello dell’Equilibrio Verticale. Tale stima
mostra una notevole differenza tra i due modelli e tra i diversi
metodi usati per la delimitazione dell’area. In particolare, i volu-
mi stimati sono pit bassi per il Modello dell’Equilibrio Verticale
e la maggior differenza si osserva per maglie 200x200. I risultati
evidenziano anche alcuni punti critici come il valore della porosi-
ta efficace; infatti 'analisi di sensitivita mostra che una riduzione
di questo parametro produce una variazione del volume stimato
fino al 20%.
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Il comportamento della fase residuale & stato analizzato attra-
verso test in colonna a scala di laboratorio realizzati usando tre
differenti materiali porosi e il toluene come contaminante. La
maggior saturazione residua e la minor dissoluzione nei materia-
li pitt fini dimostrano 'influenza del mezzo poroso sul compor-
tamento del toluene. La minor dissoluzione & confermata anche
dalla modellazione realizzata usando sia I'approccio tradiziona-
le che quello basato sui dati sperimentali. Lanalisi di rischio,
condotta usando l'approccio tradizionale e un nuovo approccio
sperimentale, mostra che quest’ultimo permette di ottenere un
indice di pericolo pil affidabile che tiene conto delle condizioni
sito-specifiche.

Abstract: Free and residual phases are the most abundant phases of
LNAPL (light non aqueous phase liguid) in the subsoil; therefore the
[ree phase volume estimation and the understanding of residual phase
bebaviour are fundamental for an effective remediation.

The volume estimation of free phase present in a contaminated site was
carried out through the application of the Pancake Model and the Verti-
cal Equilibrium Model. This estimation shows a remarkable differ-
ence between the two models and between the different delimitation area
methods employed. In particular, the estimated volumes are lower for
the Vertical Equilibrium Model and the higher difference is observed
Jor a 200x200 mesh. The results underline also some critical points as
the amount of the effective porosity; indeed the sensitivity analysis shows
that a reduction of this parameter produce a variation of the estimated
volume until to 20%.

The behaviour of residual phase was analysed through lab-scale col-
umn tests carried out using three different porous media and toluene as
contaminant. The higher residual saturation and lower dissolution in
Jfiner materials reveal the influence of porous media on toluene behavionr.
The lower dissolution is confirmed also by the modelling realized using
a traditional approach and an approach based on experimental results.
The risk analysis, carried out applying a traditional approach and a
new experimental approach, shows that the last one allow to have a more
reliable hazard index which contemplates the site specific conditions.
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Introduction

LNAPLs (light non aqueous phase liquids) are the most
common and harmful contaminants in groundwater being
potential long-term sources of contamination and carcinogenic
or toxic for human health (Baciocchi et al. 2010).

In the vadose zone, immediately following the release,
LNAPLs typically migrate downwards under the gravity
influence. This vertical migration up to the water table
continues only if the capillary forces exceed the residual soil
retention capacity. Once the LNAPL reaches the capillary
fringe, the contaminant starts spreading laterally unless
sufficient LNAPL potential energy exists for it to displace
water and penetrate the water table (Brost and DeVaull
2000; CL:AIRE 2014). This condition happens when LNAPL
reaches and exceeds the entry pressure, which is inversely
proportional to the pore throat radius. The entry pressure,
capillary, viscous and gravity forces are some of the key factors
that control the behaviour of LNAPL and its partitioning in
the free phase (liquid separated phase immiscible in water)
and in the residual phase (adsorbed to solids particles). The
residual phase is immobile (Feenstra 2005) and its saturation
is lower than residual saturation, which is the fraction of
available soil pore volume occupied by the immobile LNAPL
(ASTM 2000). Contrarily, if the LNAPL saturation exceeds
the residual saturation, the LNAPL becomes mobile (free
phase) and can be transported in the subsoil.

Since free and residual phases represent the 99% of
LNAPL in the subsoil, the first action to be conducted in
a contaminated site is the recovery of the free product.
Nevertheless, the complete recovery of all the LNAPL is
difficult and usually causes the further development of the
residual phase that can serve as long-term source of dissolved
hydrocarbon plumes. Based on the above, it is necessary to
quantify the free LNAPL volume present in the site and to
understand the behaviour of residual phase, in order to have
an effective remediation of the site.

To reach this goal, a contaminated site was used to estimate
the volume of the free phase through the application of two
different conceptual models: Pancake Model and Vertical
Equilibrium Model. Although the Pancake Model has
been overcome by more reliable methods, such as Vertical
Equilibrium Model, in this paper it is adopted because of its
easy application when site-specific data are not available. At
the same time, the behaviour of residual phase was evaluated
flanking the case study by column tests, carried out using
different porous media and toluene.

The case study

The case study is a site of about 3.3 km?, characterized by
a diffused contamination by LNAPLs in free and dissolved
phases and undergoing remediation through a horizontal
barrier and a hydraulic barrier (consisting of 85 pumping wells
and 20 Hot Spot pumping monitoring wells). In addition
to wells of hydraulic barrier, in the site there are also 321
monitoring wells (95 m average spaced) used for groundwater
level monitoring, for the evaluation of free LNAPL thickness
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and for LNAPL and groundwater sampling. Stratigraphic logs
allow identifying four different geological units (Pleistocene
- Holocene): sands unit; clay-silty unit; sands and gravel unit;
grey clay unit. The geological units correspond with four
major hydrostratigraphic units: shallow aquifer; aquitard;
deep aquifer and aquiclude (Mastrocicco et al. 2012). Only the
unconfined shallow aquifer, characterized by sands and sands
and silty sands, is contaminated and subject to remediation.

In the contaminated monitoring wells, three different free
LNAPL types have been detected: 1) gasoline (more of 70%
of C4-Cy); 2) diesel (more of 70% of Cy(-Csp); 3) mixture of
gasoline and diesel. In particular, in 54% of contaminated
monitoring wells has been detected diesel, in 26% gasoline
and in 20% mixtures of them.

In June 2013, the supernatant was unconfined (there is
not a confining layer in the formation that prevents LNAPL
movement upward) and its thickness measured in some of
the monitoring wells ranged from few centimetres to 1.15 m
without a homogeneous distribution (Fig. 1).
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Fig. 1 -3D representation of free LNAPL thicknesses (m) measured in the monitoring
wells at June 2013.

Fig. 1 - Rappresentazione 3D degli spessori (m) di LNAPL libero misurati nei
piezometri a Giugno 2013.

Materials and Methods

Two different conceptual models have been developed for
the free phase volume estimation: Pancake Model and Vertical
Equilibrium Model.

According to the Pancake Model, the migration of LNAPL
to the water table and its lateral spreading through the
capillary fringe creates a buoyant pool above the water table,
with uniform and constant saturation, and consequently
in the monitoring wells, an apparent thickness is observed
(CL:AIRE 2014; Dippenaar et al. 2005; Gruszczenski 1987,
Testa and Paczkowski 1989). This apparent thickness is
higher than real thickness in the aquifer, due to the absence
of the capillary fringe in the well that conducts to a lower
level of water table in the well and hence to a more easily flow
of free product in it (Hughes et al. 1988). This difference is
related also to other factors, such as LNAPL density, volume of
LNAPL release and grain size distribution of the aquifer that
influences the capillary fringe (Testa and Paczkowski 1989).
Owing to the difference between apparent and real thickness,
it is necessary to correct the thickness measured in the well
applying correction factors. In the case study, baildown tests
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have been used to calculate the exaggeration factor (EF), in

order to estimate the real thickness of free phase in the aquifer.

This EF is calculated as the ratio between measured thickness

and real thickness which is obtained by the baildown test

chart applying the Gruszczenski or Hughes methods if,
during the baildown test, respectively both supernatant and

water or only supernatant are pumped (Gruszczenski 1987,

Hughes et al. 1988).

Applying the Pancake Model, the procedure to obtain the
free LNAPL volume consists of:

1) identification of monitoring wells with supernatant and
its measured thickness;

2) identification of LNAPL and soil types present in the
monitoring well;

3) identification of EF through baildown test;

4) application of an average EF and determination of real
thickness in the monitoring wells where baildown tests
have not been carried out, considering the LNAPL type
present in the well;

5) determination of the specific thickness as the product of
real thickness and effective porosity in function of soil
type present in the well;

6) determination of the area of interest of monitoring wells;

7) estimation of free LNAPL volume as the product of
specific thickness for area and sum of all volume obtained
for every area.

The average EF is obtained considering the type of
supernatant present in the monitoring wells; namely,
the EF applied to monitoring wells not investigated and
characterized by gasoline, has been obtained by the average
of exaggeration factors derived by baildown tests realized in
the monitoring wells with gasoline. The same procedure has
been performed for the other LNAPL types. The average EF,
obtained following this procedure, are 5.40 for mixtures of
gasoline and diesel, 5.59 for gasoline and 7.9 for diesel.

The area for the volume estimation is calculated using two
different methods: Thiessen polygons and grid at regular
square mesh (100 m x 100 m and 200 m x 200 m). The
mesh size is due to the available data; specifically the size
has been chosen to have at least one or more points in the
same cell. Thiessen polygons have been built by ArcGIS
(ESRI Inc.) considering all the monitoring wells located in
the site, therefore every monitoring point is associated to a
polygon. In addition, in order to understand the influence
of Thiessen polygons construction, new polygons have been
reconstructed using both monitoring and pumping wells
located in the site. However, the use of pumping wells can be
considered less reliable for a correct volume estimation, since
the pumping influences the measured product thickness and
the LNAPL characteristics because of different LNAPL types
mixing in the well.

For each Thiessen polygon a free LNAPL volume has been
calculated, instead of the grid with regular mesh method, an
average specific thickness has been associated to every mesh
considering all the monitoring points present in the mesh.

The Vertical Equilibrium Model can been used only when
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there is not persistence of release of contaminant (Lundegard
and Mudford 1998), i.e. like the scenario considered in the
study site. This model assumes that there is not a discrete
layer of LNAPL floating on the water table, but that LNAPL
can penetrate below the water table. In addition, the LNAPL
saturation varies with the depth because the pore fraction
occupied by product is less than 100% due to the presence
of air and water (ITRC 2009; Lundegard and Mudford 1998).
The saturation profile, whose shape depends on the capillary
properties of the soil and the LNAPL characteristics, influences
the LNAPL thickness in the monitoring well and its specific
volume in the aquifer. Therefore, the Vertical Equilibrium
Model requires the knowledge of the saturation profiles to
calculate the specific volume. These profiles can be obtained
using LDRM program (LNAPL Distribution and Recovery
Model, distributed by American Petroleum Institute), a
software which requires information about characteristics of
LNAPL and affected aquifer (API 2007).

In the Vertical Equilibrium Model, the first two steps of the
procedure followed for the free LNAPL volume estimation
coincide with the first two steps used in the Pancake Model.
Successively, it has been necessary collect data related to
the parameters required by LDRM. These parameters, as
product thickness, ground surface elevation, water table
elevation, LNAPL density (average value) and LNAL viscosity
(average value) have been derived from laboratory and field
data. Instead, because of lack of site-specific data, surface
interfacial tensions, N and o Van Genuchten parameters
result from API (20006), effective porosity from Fetter (2001)
and Kresic (2006), hydraulic conductivity and irreducible
water saturation from the software HYDRUS (Simtnek et
al. 2013). Once all needed parameters are entered in LDRM,
this provides the saturation profile, the specific volume (D,)
and the recoverable specific volume (R,). Right now, as in
the Pancake Model, the areas of interest of monitoring wells
are defined using Thiessen polygons and grids at regular
square mesh (100x100, 200x200). In this case, the Thiessen
polygons reconstructed using both monitoring and pumping
wells have not been considered. The reason is that the Vertical
Equilibrium Model requires equilibrium conditions that
can not be respected in the pumping wells due to possible
presence of vertical gradient. Even the last procedure step
coincides with the Pancake Model procedure and the free
LNAPL volume is given by D, for area. In this case, due
the possibility to have the R, also the total free recoverable
LNAPL volume has been calculated.

Since some parameters are derived from literature and
they are not site-specific data, a sensitivity analysis has been
carried out for one of this: effective porosity. This analysis has
been performed, using both the conceptual models, applying
a value of 0.20 instead of 0.25 for sands and a value of 0.15
instead of 0.20 for sands and silty sands.

Results and Discussion

The specific product thickness, obtained applying the
Pancake Model, vary from 0.05 ¢cm to 5.5 cm; instead, the
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specific volume (D,) and the recoverable specific volume (R,),
provided by LDRM based on Vertical Equilibrium Model, vary
respectively from 0 cm to 8.58 cm and from 0 cm to 6.01 cm.

Based on these results, applying the procedure described
above, the total volume of free product (Table 1) has been
calculated using Thiessen polygons and grids at 200x200 m
and 100x100 m mesh.

The application of the Vertical Equilibrium Model shows
that about 70% of the product present in the site can be
removed by pumping.

The comparison of results, derived applying the two
conceptual models and the different methods to calculate
areas, shows a difference of thousands of cubic meters.

The Vertical Equilibrium Model obtained values are lower
than the Pancake Model results, probably due to the different
LNAPL saturations considered in the two models (100% in
the first one, lower and variable with depth in the last one).

In addition, the use of the different delimitation area
methods leads to a significant difference of the estimated
volumes. In particular, in both models, the higher volumes
were estimated applying the Thiessen polygons, whereas the
lower volumes were obtained using the 100x100 m regular
mesh. Moreover, the difference between volumes estimated
with the Pancake Model and the Vertical Equilibrium Model
varies from 37% (100x100 m mesh and Thiessen polygons) to
51% (200x200 m mesh). These results allow supposing that
the application of smaller cells can lead to a reduction of the
differences, but at this stage, the average distance of 95 m
between the available monitoring wells do not permit to use
smaller cells and confirm this theory.

The Thiessen polygons method reveals another discrepancy,
related to the construction method of these polygons; in fact,
since they are created as a function of the distance and spatial
distribution of the monitoring wells, they have different shape
and dimension and this fact influences the volume calculation.
The demonstration of the influence of Thiessen polygons
construction method to the volume estimation is given also
by the comparison of volumes obtained considering only the
piezometers and those obtained considering both piezometers
and wells; indeed this comparison shows a difference of about
2200 m® between the two volume estimations. For this
reason, the area delimitation represents a critical point in the
free LNAPL volume estimation.

DOI: 10.7343/as-2017-300

Another critical point, in this estimation, is the lack of
some site-specific data as e.g. the effective porosity. Indeed,
the effective porosity sensitivity analysis results show that
the reduction of this parameter provides a reduction of about
20-22% of specific volume for sands and of about 25% for
sands and silty sands leading to a reduction of total free
LNAPL volume (m?) of about 20%. These results show as an
unsuitable value of a parameter, e.g. effective porosity, can
significantly influence the volume estimation leading to an
inaccurate quantification of free LNAPL present in a site and
this can compromise the success of a remediation.

Column test

As said above, the residual phase can serve as long-
term source of dissolved hydrocarbon plumes and so, it is
fundamental understand its behaviour and impact on the
water quality, in order to accurately plan and realize an
effective remediation coupled with a good cost/benefits ratio.
At this aim, lab-scale column tests were performed.

Materials and Methods

The lab-scale column tests were carried out using different
porous media (glass spheres, sandy soil A with 9% of silt and
1% of clay, sandy soil B with 14% of silt and 2% of clay) and
toluene as contaminant.

The sandy soils, reconstructed in laboratory mixing
different fluvial deposits and rock avalanche deposits, consist
mainly of quartz, calcite, feldspars, muscovite and augite, and
had a low total organic carbon (TOC), namely 0.192 + 0.01%
in soil A and 0.189 + 0.01% in soil B.

The hydraulic conductivity, estimated by HydrogeoSieveXL
(Devlin 2015) was approximately 6¥10° m/s in soil A and
3#10” m/s in soil B.

Toluene (CHsCHs) (99.8% Sigma-Aldrich), characterized
by a density, lower than that of water (856 g/L), and a solubility
in water of 526 mg/L at 20°C (EPA 2015), was chosen due to
its widespread presence in hydrocarbon-contaminated sites.

Fluorobenzene (CcHsF) (99% Sigma-Aldrich) was used as
internal standard in static headspace gas chromatography-
mass spectrometry (HSS-GC-MS) analysis. For analysis
procedure, see Frollini et al 2016.

The experimental procedure consists of packing the
cylindrical column (12.7 ¢cm x 2.9 ¢cm), with 6.7 cm of dried

Tab. 1 - Free LNAPL volume (m°) estimated applying the Pancake Model and the Vertical Equilibrium Model.

Tab. 1 - Volume di LNAPL libero (m?) stimato applicando il Modello del Pancake e il Modello dell'Equilibrio Verticale.

Delimitation area method Free LNAPL Volume (m?) Free LNAPL Volume (m?)
Pancake Model Vertical Equilibrium Model
Thiessen Polygons (monitoring wells) 9002 5679
Z:éiii?hi;ii?ﬁi pumping wells) 0856 )
Regular square mesh 200x200 m 8744 4288
Regular square mesh 100x100 m 4831 3024
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soil (glass spheres in the control test) inserted between glass-
microfibre filters and glass spheres of different dimensions
(see Frollini et al. 2016 for details).

Once the column was packed, it was saturated, using a
peristaltic pump, with deionized water (produced by reverse
osmosis) from the bottom. This procedure allows removing
gas bubbles trapped in the porous media and estimating
(based on the water trapped in the column) the pore volume
(PV) of the column that ranged from 20 ml to 30 ml. The
second step considered the toluene introduction from top into
the column to simulate the movement of contaminant into
the saturated zone, until the water present in the column
was completely displaced by toluene, indicating complete
saturation with the organic liquid (Powers et al.1992; US.
EPA 1990). Once column was saturated with toluene, it was
flushed from the bottom with deionized water at relatively
flow rates (from 0.5 to 1 ml/min) for approximately 25 PV
to displace the free toluene phase. Completed this step,
the residual saturation was calculated as the ratio between
volume of toluene remained in the soil and volume of toluene
injected in the soil. The column test continued with the flush
of deionized water into the column and with the analysis of
effluent water, in order to assess the dissolution kinetics of
toluene.

Analytical modelling of the experimental resules flanked
column tests. The results were modelled using a first order
kinetic model and a traditional approach (Frollini et al. 2016).
In the first case, the cumulative mass released by the soil is
function of toluene concentration measured at the column
outlet and of the water volume fed into the column; in the
second one, it is function of solubility of the contaminant in
water and of the water volume fed into the column.

The ratio between theoretical cumulative mass assuming
saturation condition and the experimental cumulative mass,
both calculated for a specific number of pore volumes delivered
(npv*), provides the correction factor (CF). The higher is the
CF values obtained, the greater will be the overestimation of
the mass release calculated assuming equilibrium conditions
between the eluate and the LNAPL.

Finally, the experimental results were used also to perform
a risk analysis. In particular, an effective hazard index (HI.¢)
was calculated; it is directly proportional to hazard index
(HI) estimated with traditional approach (ASTM-Risk-
Based Corrective Action) and inversely proportional to the
correction factor (CF) which is function of the pore volumes
delivered (npv*) (Frollini et al. 2016). The expected pore
volumes delivered in field (npv*) are directly correlated with
groundwater velocity and exposure duration, and inversely
correlated with the length of the source along groundwater
direction and the effective porosity in the saturated zone.

Results and Discussion

The results of lab-scale column tests show that the
residual saturation is function of the grain size distribution;
indeed, residual saturations for glass spheres, soil A and
soil B were respectively 36%, 70% and 77%, indicating an
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inversely proportion between residual saturation and grain
size dimension. The influence of soil properties on residual
saturation is more remarkable if control test and soil tests
are compared, rather than soil A test with soil B test. This
difference is because the grain size distribution of soil A
and soil B are similar (small difference of clay and silt
percentages), whereas the glass spheres used in the control
test are very different with respect to the two soils. The
higher saturation in soils than in the control test can be due
to the higher capillary forces that act in the soils to hold
toluene rather than to the organic carbon, because, as shown
above, the percentage of TOC present in soils were very low.
Dissolution profiles (Fig. 2) show that the solubility of toluene
in water was never reached during the test, except in some
cases in the first samples collected by control test and soil A
test. Conversely, in the soil B test, the solubility was never
reached. In addition, it was observed that the concentration
of toluene decreases more quickly with the increase of particle
size. In the control test after approximately 50 PV the toluene
concentration quickly dropped to less than 100 mg/L, instead
in the soil tests this concentration is reached after 225-250
PV (Frollini et al. 2016). In addition, the reduction of toluene
concentration is more gradual in the soil B (finer soil) due
to capillary forces that in the finer soil are higher, holding
more toluene leading to higher residual saturation and lower
dissolution of residual phase.

First-order modelling results show a good correlation
(ranging from 0.9680 to 0.9977) between the measured and
simulated data (Fig. 2). Conversely, the traditional approach,
which assumes that the eluate from the residual LNAPL is
saturated with toluene, may lead to an overestimation of the
true dissolved toluene concentration in water.

Risk analysis results (Fig. 3) highlight that the traditional
ASTM-RBCA approach provides a unique value for both soil
A and soil B. In addition, this HI value (180) does not change
with the variation of source-zone length and groundwater
velocity. This fact is due to the absence, in the ASTM-RBCA,
of CF that is function of the mentioned parameters and can
reach values of 200 (soil A) and 400 (soil B) at 10000 pore
volumes delivered (npv*). Hence, the traditional approach
can lead to an overestimation of the HI for human health,
especially in scenarios characterized by higher groundwater
velocity and for sources characterized by lower lengths along
the groundwater direction. Indeed, in these circumstances,
the Hl is very lower than the HI estimated with the
traditional approach (Fig. 3) and varies from soil A to soil B.
As shown in figure 3, the HI.4 ranges from 0.2 to 148.9 in soil
A and from 0.1 to 122.1 in soil B.

Based on these findings, it was also found that the approach
proposed in some countries (Carlon 2007) to estimate the risk
to groundwater resources based on conservative concentration
thresholds may provide an inaccurate perception of the effective
impact on groundwater quality. Indeed, the use of steady-
state transport models combined with linear equilibrium
partitioning model can be considered representative only
of the very early stages after the contamination event.
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Conversely, a risk assessment procedure, especially if coupled
with the approach proposed in this work, that evaluates the
risk based on the effective cumulative dose over the entire
exposure duration, can account the observed rapid decrease,
after a relatively short time, of contaminant concentrations in

groundwater.

Conclusion

LNAPLs are a key environmental issue in contaminated
sites due to their chemical-physical characteristics and their
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possible negative effect on human health and ecosystems. In
the subsoil, these contaminants are present for 99% as free
phase (a mobile phase removable from subsoil by pumping)
and residual phase (an immobile phase that cannot be
pumped). The abundance of these phases in the subsoil and
the difficulties encountered in their removal, lead to the
necessity to quantify free LNAPL volume present in a site
and to the need to understand the behaviour of residual phase.
These will allow optimizing the planning and management
of remediation and hence to achieve the goal, namely an

100000
Glass spheres
s OONE 0 e scsmease )
=
E e T 0 O
E
3
o
E
= © Experimental data
= = = Equilibrium model
= First-order model
10 =
CRBRENBRINERENR43L3 8RR NBE2NRBRRNEES
Number of Pore Volumes delivered (ngy)
100000
o
E
£ Sa-a-acacac
3
o
H
= © Experimental data
= = = Equilibium model
—— Firstorder model
10
Number of Pore Volumes delivered (npy)
100000
Soil B
_ 0004 L eeme————
T [
| A
E 1000
o
3 )
= i © Experimental data
= == Equilibrium model
w— First-order model
10 T
LBRBRRL283 L3838 43 8383038328483 12848388
SN RHERBE 8RS SRR B UEERNRRRSEES
b) Number of Pore Volumes delivered (npy)

Fig. 2 - a) Dissolution profiles: Toluene concentration vs ny,; b) M, (cum) vs PV. Experimental data, first-order model and expected release assuming equilibrium conditions (modi-
fied from Frollini et al. 2016).

Fig. 2 - a) Profili di dissoluzione: concentrazione del toluene vs 0y b) M,
condizioni di equilibrio (modificata da Frollini et al. 2016).
1000 -
TRADITIONAL RBCA-ASTM APPROACH Soil A
i 100 1 L10 (m)
x
p =050 (m)
g 10 1 =100 (m)
k]
< 11
N
©
T 01
0,01 +

oue (cum) vs PV. Dati sperimentali, modello del primo ordine e rilascio atteso assumendo

1000
TRADITIONAL RBCA-ASTM APPROACH Soil B

I 100 - L10 (m)
E]
% =150 (m)
g 10 1 uL100 (m)
o
< 1
N
©
T 01

0,01 +

0,02 0,20 2 5,00
Vgw(m/d)

Fig. 3 - Risk analysis. Hazard Index of the soil A and soil B considering different groundwater velocity (v,,,) and different sonrce-zone lengths (L10=10 m; L50=50 m;
L100=100 m) (modified from Frollini et al. 2016).

w

Fig. 3 - Analisi di rischio. Indice di pericolo del suolo A e del suolo B ottenuto considerando differenti velocita dell’acqua (v,,,) e diverse lunghezze della zona
sorgente (L10=10 m; L50=50 m; L100=100 m) (modificato da Frollini et al. 2016).
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effective remediation considering also the cost/benefits ratio.

In this paper, methods and results for the free phase volume
estimation and for the understanding of toluene residual
phase behaviour have been shown.

The results of free phase volume estimation, obtained
applying the Pancake Model and the Vertical Equilibrium
Model, show some possible critical points, such as the area
delimitation method, the presence of different types of
LNAPL and the lack of some site-specific data as effective
porosity. Indeed, the sensitivity analysis carried out for
effective porosity shows that a variation of this parameter can
produce a reduction until to 20% of the estimated volume.
At the same time, the choice of a method, rather than another
for the area delimitation, can provide a difference in the
estimation up to almost 50%.

The experimental results obtained by lab-scale column
tests show that the actual concentration released by residual
phase of toluene is clearly below the solubility. In addition,
the employment of different porous media, allows observing
that the residual saturation and the release kinetics of the
contaminant are affected by the soil properties. In particular,
the finer materials host the majority of the toluene mass,
leading to higher residual saturation and lower dissolution.
This condition reflects in a remarkable reduction of HI
for the finer soil. Therefore, the proposed approach for the
HI ¢ evaluation can provide a more reliable hazard index
considering the site-specific conditions.

It is hopeful that this integrated approach can be used in
forthcoming studies, using different contaminants and porous
media, in order to achieve more detail and clear knowledges
on the dynamics that occur in a contaminated site, as to
realize more efficient and effective remediation also more
economically viable.
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