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Mass transfer of light non-aqueous phase liquids (LNAPLs) trapped in porous media is a complex phenomenon.
Water table fluctuations have been identified as responsible for generating significant variations in the concen-
tration of dissolved hydrocarbons. Based on field evidence, this work presents a conceptual model and a numer-
ical solution for mass transfer from entrapped LNAPL to groundwater controlled by both LNAPL saturation and
seasonal water table fluctuations within the LNAPL smear zone. The numerical approach is capable of reproduc-
ing aqueous BTEX concentration trends under three different scenarios — water table fluctuating within smear
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Mass-transfer zone, above the smear zone and partially within smear zone, resulting in in-phase, out-of-phase and alternating
BTEX in-phase and out-of-phase BTEX concentration trend with respect to water table oscillation, respectively. The re-
LNAPL saturation sults demonstrate the model's applicability under observed field conditions and its ability to predict source zone
Water table fluctuation depletion.

Smear zone © 2017 Elsevier B.V. All rights reserved.

1. Introduction

In a source zone, the presence of entrapped or residual non-aqueous
phase liquid (NAPL), including light non-aqueous phase liquid (LNAPL)
and dense non-aqueous phase liquid (DNAPL), in direct contact with
water is responsible for the continued release of soluble contaminants
into the water (Miller et al., 1990; Cline et al., 1991; Dobson et al.,
2007; Liu et al., 2012; Kokkinaki et al., 2013; Mobile et al., 2016). The
presence of LNAPL in aquifers is often related to the accidental release
of petroleum fuels into the subsurface. Whenever a large volume of hy-
drocarbon reaches the saturated zone, it can displace the water in the
pores. LNAPL tends to accumulate above the water level. However, the
water level may rise and fall as a result of alternating wet and dry sea-
sons, which may lead to a vertical redistribution of the LNAPL as it mi-
grates to lower parts of the aquifer when the water level declines
(Kemblowski and Chiang, 1990; Charbeneau, 2007; Jeong and
Charbeneau, 2014). When the water level rises, LNAPL is retained by
capillary force in the saturated zone, a phenomenon known as trapping
(Farr et al., 1990; Lenhard and Parker, 1990; Marinelli and Durnford,
1996; Kemblowski and Chiang, 1990; Charbeneau, 2007). When trap-
ping occurs, LNAPL becomes entrained in the saturated zone; in con-
trast, when the water level drops, the LNAPL is released and the
previously isolated drops and ganglia agglutinate gain mobility.
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The movement of soluble compounds from the NAPL to the water is
a rate-limited (non-equilibrium) mass transfer phenomenon. The total
mass that is transferred from the entrapped NAPL can be calculated by
multiplying the concentration driving force by the mass transfer coeffi-
cient and the specific interface area between the phases (Miller et al.,
1990):

dc
]:d—ta:kﬂanw(Cs—C), (1)

where ] = flow of mass from residual hydrocarbons to the water
(ML™2 T~ 1), k, = coefficient of mass transfer (LT~ '), C; = maximum
aqueous concentration of soluble compound (ML™3), C = aqueous con-
centration of soluble compound (M

L~3) and a,,, = area of specific interface between the water and
NAPL (L2).

The interface area (a,,,) corresponds to the area of contact between
two immiscible fluids in a given pore volume unit. Various authors
(Anderson et al., 1992; Saripalli et al., 1998; Saba and Illangasekare,
2000; Dobson et al., 2007; Culligan et al., 2004; Cho and Annable,
2005; Cho et al,, 2005) emphasize the need to estimate this parameter
to understand the dissolution of NAPL in groundwater. The dependence
of a,,, on the saturation of the water (S,,) and capillary pressure (P.) in a
porous medium has been determined using thermodynamic models
and laboratory experiments (Held and Celia, 2001; Culligan et al.,
2004; Brusseau et al., 2007; and Brusseau et al., 2009). Thermodynamic
models for the estimation of a,,,, on the basis of drainage and absorption


http://crossmark.crossref.org/dialog/?doi=10.1016/j.jconhyd.2017.01.002&domain=pdf
http://dx.doi.org/10.1016/j.jconhyd.2017.01.002
mailto:chang@rc.unesp.br
http://dx.doi.org/10.1016/j.jconhyd.2017.01.002
http://www.sciencedirect.com/science/journal/01697722
www.elsevier.com/locate/jconhyd

38 E.H. Teramoto, H.K. Chang / Journal of Contaminant Hydrology 198 (2017) 37-47

have been presented (Grant and Gerhard, 2007; Porter et al., 2010;
Kokkinaki et al., 2013). These models are based on the premise that
the work involved in absorption and drainage is transformed into the
formation or breakdown of the NAPL-water interface. The work of
Brusseau et al. (2009) showed this relationship experimentally, as
well as the existence of a linear relationship between a,, and
the mean diameter of the grains for different types of geological
materials.

Mass transfer will occur until the concentration equilibrium be-
tween water and NAPL is reached. NAPL represents a multi-component
system and, in most cases, consists of complex mixtures of organic com-
pounds with different solubility values, which makes their dissolution
more complex than that of a simple compound and the concentration
of individual organic compounds in equilibrium with the water in con-
tact with the NAPL. The equilibrium concentration depends on the com-
position of the mixture, as demonstrated by Banerjee (1984) and
Mackay et al. (1991). The solubility of each compound is less than the
solubility of the pure substances in water and can be determined in a
porous media with two immiscible liquids using Raoult's law:

Ci.sat = )(i.o’)’i,osi (2)

where C; o = concentration of compound i in the water (mol/L), yi, =
molar fraction of compound i in the mixture, 7; , = coefficient of activ-
ity of compound i in the mixture, and S; = maximum solubility of com-
pound i in the water (mol/L).

The equilibrium concentration of aqueous compound depends on
the activity coefficient (vy; ,) of the compounds in the mixture, which
may change with time. Several works (Cline et al., 1991; Eberhardt
and Grathwohl, 2002; Luthy et al., 1993; and Chrysikopoulos & Lee,
1998) state that y; , is 1 or close to 1 for aromatic hydrocarbons, al-
though this value may be valid only for thermodynamically ideal solu-
tions. Ghoshal et al. (1996), Lee and Chrysikopoulos (1998), Lee and
Chrysikopoulos (2006), Liu et al. (2012) and Lekmine et al. (2014), for
example, have shown that vy; , may be different from 1 and is a function
of the molar fraction of the compound in the mixture ( y; ,). Lekmine et
al. (2014) verified experimentally that the values for v; , for fresh gaso-
line vary from 1.2 to 1.4, whereas those of weathered gasolines vary be-
tween 1.0 and 1.2.

The role of lithological properties on the distribution and dissolution
of NAPL has been explored by various authors, including Zhang et al.
(2007), Kueper et al. (1989), Illangasekare et al. (1995), Miller et al.
(1990), Saenton et al. (2002) and Farthing et al. (2012). NAPL accumu-
lates in coarse sand layers, whereas those of fine sand serve as capillary
barriers. Powers et al. (1994), Imhoff et al. (1994) and Zhang et al.
(2007) show a positive correlation between the amount of transferred
mass and mean grain size, indicating an increase in the dissolution of
NAPL in response to an increase in the pore dimension. Zhang et al.
(2002) suggest that in coarse sand, the distribution of NAPL blobs in
the pore allows the water flux to bypass more efficiently, and the inter-
facial area of contact with NAPL will be higher.

The dissolution of NAPL is also sensitive to variations in the flow rate
in the porous medium. An increase in the dissolution rate as result of an
increase in the flow rate has been experimentally determined by Geller
and Hunt (1993), Powers et al. (1992), Seagren et al. (1999) and Saba et
al. (2001). Saba et al. (2001) relate the increase in dissolution with the
formation of water flow fingers in the NAPL bodies with an increase in
the flow velocity.

Most of reviewed works use an empirical coefficient to estimate the
dissolution kinetics of a non-aqueous phase known as the Sherwood
number (Sh). As described by Miller et al. (1990), the parameter Sh is re-
lated to the properties of the porous medium, the Reynolds number and
the volumetric fraction of NAPL. A modified version of the Sherwood
number known as Sherwood-Gilland number has been frequently

employed to calculate the interphase mass transfer (Eq. (3)):

_lady,

S’ o = b-Re‘-Sy¢ 3)

where k; is the coefficient of the overall mass transfer rate (1/T); dm (1/
L) is the average diameter of particles; b, c and d are empirical coeffi-
cients; D" is the coefficient of the molecular diffusion in water (L?/T);
Re is the Reynolds number and Sy is the NAPL saturation.

The Sherwood-Gilland number (Sh’) is normally incorporated into
modified versions of transport models to simulate mass transfer on a
bench scale. The applicability of Sh’ is shown in several works, such as
Saenton et al. (2002), Mayer et al. (1999), Powers et al. (1994), Imhoff
et al. (1994), Zhang et al. (2008), Saba et al. (2001), Miller et al.
(1990), Zhong et al. (2003), and Kokkinaki et al. (2013). However, the
Sh’ parameter is the result of the empirical calibration of numerical
models and is valid only for specific problems for which the parameter
is adjusted. Their applications on a field scale remain an open issue
(Mobile et al., 2016). Moreover, the Sh’ parameter does not explicitly
consider the water-NAPL interface area (a,,) and is thus a source of
error for the Sherwood-Gilland number (Kokkinaki et al., 2013).

One alternative approach to simulate the mass transfer of NAPL to
water is presented in the work of Liu et al. (2012), who proposed a
model to calculate the aqueous hydrocarbon concentration as a function
of NAPL compositional changes. The parameters of the model of Liu et al.
(2012) were adjusted by experiments conducted in a 500-mL glass cell
reactor containing a synthetic mixture of hydrocarbons. Mobile et al.
(2016) used a code that includes an NAPL-dissolution source term
coupled to the solute transport governing equation to reproduce NAPL
dissolution on a field scale. The results of Colombani et al. (2009) and
Mobile et al. (2016) provide evidence that it is possible to quantify
NAPL dissolution within a source zone on a field scale directly using
the mass-transfer coefficient.

Although the role of a large variety of influential factors on the mass
transfer phenomena has been well documented, the impact of the water
table is still underestimated. Only a few works using either numerical
simulation (Reddi et al., 1998), laboratory experiments (Dobson et al.,
2007) or field evidence (Davis et al., 1993; Kehew and Lynch, 2011;
Zhou et al., 2015) have shown that dissolution is strongly controlled
by water level fluctuations. These authors verified that the concentra-
tion of soluble hydrocarbons in water is correlated with the natural fluc-
tuation of the water level, with an increase during the rise of the water
level and a decrease during its fall. This behavior can be explained by the
fact that a rise in the water level promotes saturation of the previously
unsaturated zone enclosing residual LNAPL (Reddi et al., 1998; Dobson
et al., 2007; Zhou et al., 2015). In the field, fluctuations in water levels,
whether natural or induced by pumping, promote a large variation in
the rate of LNAPL dissolution, and this cannot be ignored.

The complexity of the processes involved in the mass transfer of
LNAPL to water tends to be greater in the field than normally admitted.
The present paper presents an analysis of field data from continuous
monitoring of the concentration of BTEX compounds in groundwater
contaminated by jet fuel in an attempt to understand more thoroughly
the dissolution of LNAPL. A conceptual model is proposed to explain the
variations in the concentration of BTEX compounds in response to water
level fluctuation, as well as an algorithm to simulate possible scenarios.

2. Field site background

The study area is located in the municipality of Paulinia, Sdo Paulo,
Brazil. A large volume of jet fuel is present in the subsurface, with an es-
timated volume of 520 m> (Pede, 2009). This area has been investigated
since 2002 with a pump-and-treat remediation system since 2005. Ini-
tially, it operated with four pumping wells. From 2008 to 2009, five ad-
ditional wells were incorporated into the system. From 2010 to 2011,
the remediation was paused and from 2011 to present, operation
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resumed with 20 active pumping wells. To determine the limit of LNAPL
spread and the plumes of the dissolved phase of the BTEX compounds,
104 monitoring wells were installed in an area of 264,600 m?. Fig. 1
shows the poteciometric map, inferred limit of the source zone, location
of the monitoring and pumping wells in the study area. The source zone
occupied an area of approximately 80,000 m?.

2.1. Hydrogeology setting

The geology of the studied Cenozoic shallow aquifer is heterogeneous-
ly composed of clayey sands interfingered with coarse sand lenses, sandy
clays and clayey silts. The geometry of the well-developed channel and
floodplain facies indicate a depositional environment dominated by a
meandering river (Teramoto and Chang, 2008; Pede, 2009; Teramoto,
2015). Because hydraulic conductivity is intrinsically related to aquifer li-
thology, a high variability of k is observed. Hydraulic conductivities deter-
mined by slug tests performed on 64 monitoring wells range from
12 x 1007 m/s to 24 x 10~% m/s, with geometric mean of
2.8 x 107> m/s. The average hydraulic gradient is 0.0036 in the northeast
region and increases to the southwest, towards the discharge zone,
reaching values of 0.0176.

Fig. 2 illustrates the occurrence of alternating rainy (October to
March) and dry seasons (April to September). Seasonal variation of rain-
fall precipitation generates a cyclic water-level fluctuation (Healy & Cook,
2002; Maréchal et al., 2006; Delin et al., 2007; Neto et al., 2016). A time lag
of nearly three months occurs in the studied area between the peak of the
rainy season and the peak of the groundwater-level rise. The groundwa-
ter-level maximum is generally reached in May and falls steadily until De-
cember. The amplitude of the water level is directly related to the amount
of annual accumulated rainfall (Teramoto, 2015).

The seasonal cycles of the fall and rise of the water table (Fig. 2) pro-
mote alternating cycles of trapping and release of non-aqueous phases
in the pores. The upward movement of the water table during recharge
can be understood as an imbibition event, because the wetting phase in-
vades the pores and moves through the crevices of non-wetting lenses or
ganglia. Thus, LNAPL is entrapped by snap-off or bypass mechanisms,
restricting its mobility (Chatzis and Dullien, 1983). During the entrap-
ment period, the decrease or even disappearance of the free phase thick-
ness from the monitoring wells is observed. The downward movement of
groundwater during dry seasons may be understood as a drainage event.
The wetting phase entails the pores being drained and LNAPL being re-
leased and gaining mobility (Chatzis and Dullien, 1983; Marinelli and
Durnford, 1996; Charbeneau, 2007; Jeong and Charbeneau, 2014). The
freed LNAPL can migrate to monitoring wells and the free phase
reappears or increases its thickness in these wells.

Fig. 3 illustrates the entrapment of LNAPL induced by water table fluc-
tuations. The thickness of the free phase is generally smaller during pe-
riods of elevated water levels (Fig. 3a). The observed trend occurs in all
monitoring wells located within the source zone. The smallest free
phase thickness was recorded in May 2011, when the water table was
at its highest level. The largest free phase thickness was recorded in De-
cember 2006, when the water table was at its lowest level. The interval
of aquifer-containing LNAPL can be estimated knowing the maximum
free phase thickness measured in a well (Charbeneau, 2007). The LNAPL
interval as shown in Fig. 3b corresponds to the smear zone, which is sep-
arated into two portions - unsaturated (USZ) and saturated (SSZ) smear
zones.

BTEX plumes resulting from LNAPL dissolution in source zone and
transported dowstream are narrow, <30 m along the flowpath (Fig. 1),
with very low concentration (>10 ppb) due the high biodegradation ki-
netics. The large amount of iron oxides in the aquifer and high concentra-
tion of Fe?* and HCO3 in the source zone support the occurrence of
microbial-mediated BTEX mineralization under Fe(Ill) reduction. The
presence of CH, in the source zone indicates the conjugated BTEX
biodegration by methanogenesis (Teramoto and Chang, 2016).

3. Material and methods
3.1. Field data

Since 2002, the water level and free phase thickness have been mea-
sured with an interface probe with a biweekly frequency in the monitor-
ing wells. This recorded time-series information has made it possible to
construct hydrographs for each monitoring well. Because the physical
properties of porous media have a significant role in mass transfer, aquifer
characterization was executed using lithological data, hydraulic conduc-
tivity and retention curve parameters extracted from previous work
(Teramoto and Chang, 2008; Pede, 2009; Teramoto, 2015 and
Bordignon et al., 2015).

A monitoring program designed to collect water samples for the
chemical analysis of all monitoring wells were conducted from May of
2006 to July of 2014, with a total 33 sampling campaigns. Groundwater
was sampled using a low-flow methodology (USEPA, 1998). Samples
were not collected in wells containing floating phase. Dissolved BTEX
compounds in groundwater were determined by gas chromatography
(GC/MS) using EPA method 8240B in a certified laboratory.

To identify the degree of LNAPL depletion, in 2014, the sampling of 13
selected wells was performed using a disposable bail sampler. The volatile
organic compounds were extracted from the headspace of a 50 ml vial
containing the sampled LNAPL and analyzed by gas chromatography
(GC/MS) using EPA method 8240B.

Legenda
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Fig. 1. - Location of monitoring and pumping wells in the study area and delineation of the source zone contaminated by LNAPL.
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Fig. 2. - Hydrograph and annual accumulated precipitation recorded in a monitoring well distant from the pumping wells.

3.2. Numerical model

A conceptual model was elaborated to describe the temporal con-
centration trends of aqueous BTEX in response to water table fluctua-
tions. To test the feasibility of the proposed conceptual model a set of
simulations using a modified version of the numerical approach of Liu
etal. (2012) (Eq. (4) to (7)) was performed. In Eq. (7), a biodegradation
term was added imposing a first-order decay to reproduce the BTEX re-
moval due the microbial-mediated mineralization.

where C; ; = aqueous concentration of compound i, G ¢4, = equilibri-
um aqueous concentration of compound i, M; , = mass in moles of the
compound i (M), y; = activity coefficient of compound i, V,, = volume
of water in the porous medium, k; = coefficient of mass transfer (LT 1),
Q = flow (L* T~ '), A = interface area (L2), S; 5., = solubility of com-
pound i (M/L?), and E; ; = exchange term of compound i (M/T). \ =
first-order decay coefficient. The values of G, G;q, M;, and E;, are marked
by subscript t and t-1 to account for current time step and previous time
step, respectively.

In the scheme proposed by Liu et al. (2012), the non-linear system of

Cieqr =i (Mi.t/ZTlej.t>'si,sub (4) Egs. (4) to (7) is solved numerically using the Gauss-Seidel iterative
method, with central weighting of time until convergence is reached.
Ei¢=A-ki (Cieqi—Cir) (5) Because the algorlthm of Llu.e.t al. (201?? was developed to reproduce
mass transfer in batch conditions, additional procedures were added
At to reproduce the effect of water table fluctuations in the REV-scale
Mis = Mie1— 7'(51& +Eic1) (6) model. The unit volume was considered to be 1 m? multiplied by the
height of the smear zone.
VY At VY The concentration-based interphase mass transfer is represented as
(Ciemr™) 4 5y (Aki Ciagemr + Eier1 = QCiere ) et b o biee o P ;
Ci = w ) a function of the water table position with respect to the smear zone in
' 14 At (Q +Ak) each time-step. The existence of two distinct compartments was as-
2Vy ' sumed - a saturated smear zone (SSZ) and unsaturated smear zone
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(USZ). To reproduce the dynamic effect of water table fluctuations on
the BTEX concentration employing the proposed approximation, input
parameters related to the position of the SSZ and USZ and hydraulic
head variation over the simulation period are required. Hydraulic
head (h;) and positions of both SSZ and USZ at each time step need to
be specified. At each time step ht. is compared to the top of both SSZ
and USZ. For ht. above the top of SSZ, mass is transferred from LNAPL
within USZ to the groundwater using Egs. (4) to (7).

It is assumed that the SSZ permanently releases BTEX into water be-
cause most of time this comportment is below the water table. Based on
this assumption, the parameters A, Q, LNAPL mass and V,, of the SSZ are
assumed to be constant throughout the simulation period. In contrast,
the LNAPL of the USZ will release BTEX into water only when the
water table lies within this compartment. For the sake of simplicity,
the parameters of A, Q and V,, of the USZ are assumed to be linearly de-
pendent of the height of water table within the USZ at time t, since the
actual relationship between each parameter and the proportion of satu-
rated USZ is not known.

At each time step, the remaining mass of the specific compound in
LNAPL is updated and a new equilibrium aqueous concentration is cal-
culated according to Raoult's law, keeping the mass of the LNAPL con-
stant, because the molar fraction of the BTEX is small in jet fuel
(<0.013). In the case of the USZ, although only a portion is saturated,
it is assumed that the BTEX loss will be distributed to the entire USZ
for the purpose of facilitating numerical calculations.

The REV BTEX concentration corresponds to the weighted average
(Cay) of these two compartments, as presented in Eq. (8).

(Cssz'Vssz) + (Cusz"Vusz)

Cor—
. (Vssz + Vusz)

(8)

where Css; = concentration of compound i in the SSZ; Cys; = concen-
tration of compound i in the USZ (M/L?); Vss; = Water volume in the
SSZ (12); and Vys; = water volume in the USZ (L3).

The optimized values for all parameters are obtained from manual
trial-and-error calibration until the concentration curve was visually ad-
justed to the observed BTEX concentration in the monitoring well.

4. Results and discussion
4.1. Source zone characterization

The measured free phase thickness in monitoring wells may be used
as a parameter to estimate LNAPL saturation in surrounding formations
(Farr et al., 1990; Lenhard and Parker, 1990; Huntley et al., 1994;
Marinelli and Durnford, 1996; Lundegard and Mudford, 1998;
Charbeneau, 2007). Thus a high saturation of LNAPL is expected in the
center of the source zone and a low saturation is expected in the border
(Fig. 4).

The BTEX concentration in LNAPL (Fig. 5) shows a high spatial corre-
lation with the free phase thickness (Fig. 4), suggesting a direct relation-
ship between hydrocarbon saturation and BTEX depletion in LNAPL.
Due to the large amount of LNAPL mass in the center of the source
zone, BTEX has been less effectively depleted. This finding is in agree-
ment with Eberhardt and Grathwohl's (2002) experiment, which dem-
onstrated that NAPL dissolution can vary several orders of magnitude
depending on the NAPL saturation in pores.

Fig. 5 shows the BTEX concentration in an aqueous phase within the
source zone at the time of the maximum water level, which corresponds
to the time of maximum entrapment. Despite the information being
limited, the BTEX concentration in LNAPL follows approximately the
same general trend of a decreasing concentration of dissolved BTEX in
groundwater towards the edges of the source zone. The good correla-
tion in BTEX between aqueous and non-aqueous phases reflects the
well-known dependency of the dissolved aqueous BTEX concentration
on the molar fraction of BTEX in LNAPL (Banerjee, 1984; Miller et al.,
1990; Mackay et al., 1991; Borden and Kao, 1992; Cline et al., 1991;
Eberhardt and Grathwohl, 2002).
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Fig. 4. - Map of free phase thickness in October of 2010 (period of low water-level elevation). The thickness of the free phase was measured in monitoring wells of 2’ diameter, using a
commercial dual-phase probe. The thickness of free phase is correlated with the amount of freed LNAPL.



42 E.H. Teramoto, H.K. Chang / Journal of Contaminant Hydrology 198 (2017) 37-47

BTEX Concentration in Groundwater (mg/L)

) PR T e R < A
b G 0 L L S S L
oF oY oF oF ¥ 4F !
Legend Graphic Scale
—-——-- |sovalues of BTEX in LNAPL (g/L) 0 25 50 100 150
A BTEX Concentration in LNAPL (g/L) - e— T

= Sampled groundwater
r:::J Limit of Source Zone

L

Fig. 5. - Concentration of dissolved BTEX in groundwater as of May 2012, a period of high water-level elevation, showing the largest concentrations in the central portion of the source zone
and decreasing to the margins. Superimposed on the dissolved BTEX map are the contours of the BTEX concentrations in the LNAPL, as in August 2014, showing a similar trend of
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4.2. Conceptual model water table elevation with respect to the smear zone (Fig. 6) are the
controlling factors.
A conceptual model is proposed to explain the observed LNAPL dis- The water table can fluctuate partially within (Fig. 6a), completely

solution in the study area, where LNAPL saturation in the pores and the within (Fig. 6b) or above (Fig. 6¢) the smear zone. The smear zone is

Unsaturafed zone
Unsaturated zone
Unsaturated zone

Smear Zone
Smear Zone

Smear Zone

auoz pajein)es
auoz pajeinies
au0z pajeinies

Saturated Smear zone Unsaturated Smear zone
(SSZ) - Saturated zone (USZ) - Unsaturated zone
with LNAPL with LNAPL

Fig. 6. - Schematic water table fluctuation with respect to the smear zone. The smear zone is divided in two distinct regions: the saturated smear zone (SSZ) and unsaturated smear zone
(USZ). WT refers to the water table. WTn is the water table position at time tn and WTm is the water table position at time tm. a) Water table fluctuating within the smear zone. b) Water
table fluctuating above the smear zone. c¢) Water table fluctuating partially within the smear zone.
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subdivided into two portions denominated the unsaturated smear zone
(USZ) and saturated smear zone (SSZ), lying above and below the water
table, respectively. LNAPL saturation of the SSZ is always higher than
that of the USZ because LNAPL tends to migrate downward whenever
it is freed. Contrary to saturation, the BTEX concentration of the SSZ
LNAPL is lower than that of the USZ LNAPL because it is continually re-
moved by mass transfer, as opposed to that in the unsaturated portion,
where LNAPL is only occasionally in contact with water.

Although the loss of mass is expected to be elevated in the unsatu-
rated zone due to volatilization, Yoon et al. (2002) and Petri et al.
(2015) have shown that in the regions immediately above the saturated
zone, the elevated water saturation reduces volatilization considerably.
This is corroborated by the fact that successive investigations conducted
in the study area have detected the presence of volatile organic com-
pounds only near the saturated zone.

Based on field evidence, a direct dependency of the aqueous concen-
tration trend over time is observed with respect to LNAPL saturation in
pores. In the case of high LNAPL saturation, the mass of releasable BTEX
in pores is large and the depletion trend is subtle. When LNAPL satura-
tion in pores is low (<20%), the BTEX mass is also low, resulting in rela-
tively faster depletion of BTEX, following a fickian first-order decreasing
trend. Low LNAPL saturation is mainly observed in the border regions of
the source zone, whereas high saturation (>20%) is more likely to occur
in central regions.

Fig. 7 synthesizes the concentration trends based on possible combi-
nations between LNAPL saturation and water table fluctuations with re-
spect to the smear zone position.

Trend 1 illustrates a case in which the BTEX concentration oscillates
in phase with water table fluctuations (Fig. 7a). This pattern occurs
when the water table fluctuates within the smear zone. When the
water table rises from the SSZ to the USZ, it promotes the saturation of
part of the smear zone previously positioned in an unsaturated zone.

Because the residual LNAPL in the unsaturated zone is only occasionally
in contact with water, this LNAPL is less depleted in BTEX, so more BTEX
will be transferred from LNAPL to the water and, consequently, the
BTEX concentration will increase as the water level rises. When the
water table drops, it reduces the contribution of less depleted LNAPL
of the USZ and, consequently, the aqueous BTEX concentration
decreases.

Trend 2 shows an out-of-phase pattern of the BTEX concentration
with respect to water table fluctuations (Fig. 7b). When the water
table rises, it promotes the dilution of BTEX because the entire smear
zone was already saturated. In the opposite direction, when the water
level falls, the column of water above the smear zone decreases and
the concentration of BTEX increases.

In the case of Trend 3, the water table fluctuates within and above
the smear zone (Fig. 7c). Similar to both previous cases, because of the
high saturation, LNAPL depletes slowly, resulting in a weak decreasing
trend of the aqueous BTEX concentration. The resulting oscillation of
BTEX will be a combination of the previous cases. Whenever the water
table rises from the SSZ to the USZ, similar to that of Trend 1 (Fig. 7a),
the BTEX fluctuation pattern will be in phase. When the water table
rises well above the smear zone, the resulting pattern will be out of
phase (Fig. 7b).

When the LNAPL saturation is low, depletion proceeds relatively
faster. Hence, there will be a continuous transfer of the BTEX mass
from LNAPL to the water and, for this reason, a continuous decrease in
the BTEX concentration. Because more soluble compounds partition
more efficiently to water, it is expected that the molar fraction of the
BTEX in the remaining LNAPL will tend to decreases over time. The re-
duction of the BTEX molar fraction in LNAPL will then reduce the effec-
tive solubility of these compounds in water, resulting in a continuous
decrease in the equilibrium BTEX concentration. Trends 4, 5 and 6
(Fig. 7d, e and f) reproduce the long-time tailing reduction in the
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Fig. 7. - Theoretical trends of the dissolved BTEX concentration based on combinations of the LNAPL saturation and water table fluctuations with respect to the smear zone, as illustrated in
Fig. 6. Trends 1 and 4, 2 and 5, and 3 and 6 reproduce the conditions illustrated in Fig. 6a, b and c, respectively. a) Trend 1 - weak concentration decrease overlapped with in-phase
oscillation with respect to the water table fluctuation; b) Trend 2 - weak concentration decrease overlapped with out-of-phase oscillation; c) Trend 3 - weak concentration decrease
overlapped with mixed phases; d) Trend 4 - overlapping of attenuated in-phase fluctuation over an accentuated concentration drop; e) Trend 5 - overlapping of attenuated out-of-
phase fluctuation over an accentuated concentration drop; and f) Trend 6 - overlapping of attenuated mixed phase fluctuations over an accentuated concentration drop.
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BTEX concentration over time. These trends are overlapped by BTEX os-
cillation as a result of water table fluctuations with respect to the smear
zone position, such as that described for trends 1, 2 and 3, respectively.

4.3. Field application of numerical model

To evaluate the proposed model, three simulations using the modi-
fied version of the algorithm of Liu et al. (2012) were performed and
compared with field data. Although there are many possible trends
due to the different combinations of saturation and smear zone posi-
tions, the performed simulations aimed to reproduce the three diferente
wells with the most common concentration trends observed in field.
The location of the monitoring well used in the simulated examples is
illustrated in Fig. 5.

4.3.1. Example 1

In this example, the model was capable of reproducing the decline in
the total xylene concentration over time, following a long-time tailing
behavior (Fig. 8). This pattern reproduces the ideal case well, in which
LNAPL saturation is low and the entire smear zone is below the water
table (Fig. 7f, Trend 6).

Example 1 describes conditions commonly found near the border of
the source zone in the study area, where LNAPL has a low saturation and
low BTEX molar fraction. The USZ in this region is only 15 cm thick and
the LNAPL saturation is 11% (Table 1).

4.3.2. Example 2

The simulation of Example 2 was capable of reproducing the ob-
served temporal trend of total xylene concentration, oscillating in-
phase with cyclical water table fluctuations (Fig. 9), which is similar to
that observed in Fig. 7a (Trend 1). This concentration trend is commonly
observed in the central portions of the source zone and reproduces a
condition in which the USZ is 60 cm thick, LNAPL saturation in the SSZ
is 53% and the water table fluctuates completely within the smear
zone (Table 1).

4.3.3. Example 3

The model was capable of reproducing the observed benzene con-
centration trend, oscillating out-of-phase with respect to the cyclical
water table fluctuations (Fig. 10). This trend resembles that observed
in Fig. 7b (Trend 2). Example 3 is also common in the central portion
of the source zone of the study area and reproduces a condition in
which the USZ is absent, LNAPL saturation in the SSZ is 42% and the
water table fluctuates above the smear zone (Table 1).

Table 1

- Best fitted input parameter of the simulations presented in Examples 1, 2 and 3.
Model parameter Example 1 Example2  Example 3
Compound Total Xylene Total Xylene Benzene
LNAPL Saturation in SSZ 0.0112 0.53 0.452
LNAPL Saturation in USZ 0.04 0.09 0.09
Sisub (moles/m3) 14 14 22.79
Q (m3/day) 0.025 0.023 0.028
V,y (m3) 0.22 0.28 0.2
K; (m/day) 0.04 0.05 0.05
Activity coefficient 1.0 1.0 1.0
Interfacial area LNAPL/water (m?) 1.5 0.8 0.8
Simulation time (days) 1800 1640 2450
Time step (days) 1 1 1
Initial molar fraction in SSZ 750 x 1073 9.23 x 103 3.50 x 10-*
Top of SSZ 582 583.1 5834
Top of USZ 582.15 584.5 583.4
Coefficient of first-order decay 11.55 11.55 11.55

(days™)

The proposed conceptual model of LNAPL dissolution combining cy-
clical water table fluctuations with LNAPL saturation was successfully
tested.

The mass of releasable BTEX is directly related to the LNAPL mass
hosted in the pores. Because the amount of BTEX solubilization is limit-
ed by the mass-transfer process, the ratio of transferred BTEX mass to
water over the remaining BTEX in LNAPL is small for the case of a high
LNAPL saturation smear zone, resulting in weak decreasing trend of
the effective solubility and aqueous concentration of BTEX over time.
However, the ratio of removed over remaining BTEX is significantly
higher for a low saturation smear zone, resulting in a sharp decline in
the molar fraction of BTEX in LNAPL and, consequently, a long-tail de-
creasing trend of aqueous BTEX.

The effect of water table fluctuations with respect to the smear zone
position overlaps the overall decreasing trend due BTEX depletion in
LNAPL (Fig. 7). When the water table fluctuates within the smear
zone, the rising water table periodically reaches a region with less de-
pleted LNAPL, promoting an increase in the BTEX concentration,
resulting in an in-phase trend. In the case of the water table fluctuating
most of the time above the smear zone, the rising water column above
the smear zone will promote the dilution of the BTEX concentration
and increase the concentration when the water table is down. Lastly,
in the case of the water table fluctuating partially within the smear
zone, the resulting pattern will be a combination of the in-phase and
out-of-phase patterns - in-phase when the rising water table stays
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Fig. 8. - Simulated and observed total xylene concentrations over time, showing a prominent tailing behavior. Simulated and observed total xylene concentrations are represented by
green and red lines, respectively. The water level is represented by a blue line and was measured in the monitoring well. This monitoring well is located at the border of the source

zone (Fig. 5, well A).
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Fig. 9. - Simulated and observed total xylene concentrations over time, represented by green and red lines, respectively, showing in-phase oscillation with respect to the water table
fluctuations. The water level is represented by a blue line and was measured in the monitoring well. When water level rises, the concentration increases as a result of more BTEX being
transferred from LNAPL to the water. When the water level drops, the concentration decreases as less BTEX is transferred. Note the good peak-to-peak correlation of the simulated and
observed values. This monitoring well is located in the central portion of the source zone (Fig. 5, well B).

within the smear zone, and out-of-phase when the water table rises
above the smear zone.

The simulation results obtained by combining saturation and water
table fluctuations with respect to the water table satisfactorily
reproduced the observed trend of an aqueous BTEX concentration in
three representative wells (Figs. 8, 9 and 10). In Example1 (well A, Fig.
8), the algorithm was capable of precisely reproducing the observed
total xylene concentration trend over almost five years. In examples 2
(well B, Fig. 9) and 3 (well C, Fig. 10), the peak-to-peak correlation
was satisfactorily reproduced, and the magnitude of the simulated
BTEX concentration did not match very well the observed analyses.

The partial fitting obtained for wells B and C can be attributed to the
superposition of other factors taking place simultaneously during
LNAPL ‘considered constant in the simulation. The flow rate can change
in response to local hydraulic head variations induced by groundwater
recharge or artificial pumping. The interfacial area is highly dependent
on non-aqueous phase saturation (Held and Celia, 2001; Culligan et

al., 2004; Brusseau et al., 2007; Brusseau et al., 2009); consequently,
during cyclical events of drainage and imbibition of pores, the mass
transfer rate will also change.

One important process that can affect the aqueous BTEX concentra-
tion is biodegradation, which was not considered in the simulation. Bio-
degradation kinetic changes in response to water table fluctuations was
demonstrated in several works, e.g., Rainwater et al. (1993), Sinke et al.
(1998), Rainwater et al. (1993), Dobson et al. (2007), Kehew and Lynch
(2011) and Rezanezhad et al. (2014). These works suggest that biodeg-
radation enhancement during episodes of a rising water table are attrib-
uted to aquifer oxygenation. It is then speculated that in some
conditions, during the upward movement of the water table, the bio-
degradation kinetic becomes higher than the mass transfer coefficient,
resulting in strong reduction in the BTEX concentration.

Algorithms explicitly based on the mass transfer equation, such as
that of Liu et al. (2012), are better suited than those using empirically
adjusted Sherwood-Gilland coefficients (Mobile et al., 2016). The results
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Fig. 10. - Simulated and observed benzene concentrations over time, represented by green and red lines, respectively, showing out-of-phase oscillation with respect to water table
fluctuations. The water level is represented by a blue line and was measured in the monitoring well. When the water level rises, the concentration decreases as a result of dilution and,
in the opposite direction, when the water level drops, the concentration increases. Due to the lack of analytical information in some periods (dashed red line), it was not possible to
fully compare the concentration changes throughout the period. Nonetheless, one can observe a good peak-to-peak correlation of the simulated and observed values. This monitoring

well is located in the central portion of the source zone (Fig. 5, well C).
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obtained in this work demonstrate the applicability of the mass transfer
equation to REV elements that can be represented by individual cells in
grids of numerical transport models.

The water table fluctuations illustrated in the conceptual model (Fig.
6) tentatively encompass the whole range of natural variabilities of hy-
drologic conditions, as rainfall patterns can vary significantly. Thus, for a
long period of time, one might expect redistribution of the non-wetting
phase in the pores, which may produce patterns other than those pre-
sented in Fig. 7. In the study area, for approximately 10 years (2003 to
2014), rainfall intensity and periodicity did not change much (Fig. 2) ex-
cept in the year 2014, when a severe drought affected the region. One
consequence of the severe drop in the water table is the expansion of
the smear zone width produced by downward migration and redistri-
bution of LNAPL over a larger vertical interval. This downward LNAPL
redistribution reduces the LNAPL saturation and favors subsequent
water table fluctuation oscillating within the smear zone.

Similar patterns of the BTEX concentration changing over time have
been described elsewhere (Davis et al., 1993; Kehew and Lynch, 2011
and Zhou et al,, 2015). Kehew and Lynch (2011) presented three similar
BTEX trends from a contaminated site located in Michigan (USA), sug-
gesting that these patterns are widespread and can be explained by
the conceptual model proposed in the present work.

Mass transfer continually removes the BTEX mass from LNAPL
entrapped in the pores with the aqueous BTEX mineralized by native
bacterial metabolism. The quantification of BTEX mass removal is the
key issue in natural source zone depletion (NSZD) assessment (ITRC,
2009); however in many cases, the available monitoring data are scarce
and cannot identify a clear decreasing concentration tendency, inducing
incorrect interpretations. As demonstrated, seasonal effects, such as
water table fluctuations, can promote considerable LNAPL dissolution
and consequently significant changes in the BTEX concentration over
time. Therefore, this phenomenon should not be ignored in long-term
prediction models.

5. Conclusions

Mass transfer from entrapped LNAPL to groundwater has been suc-
cessfully investigated. The aqueous BTEX concentration trend in the
source zone can be conveniently described as an overall long-term de-
creasing trend, governed by LNAPL saturation in the pores modulated
by seasonal water table fluctuations.

In the high LNAPL saturation zone, the mass of BTEX transferred to
water is comparably low with respect to the remaining BTEX in the
LNAPL; consequently, a weak decreasing trend will occur. In the low
LNAPL saturation zone, the ratio of transferred BTEX mass over the re-
maining BTEX in LNAPL is considerably higher, resulting in a significant
decreasing trend of the aqueous BTEX concentration.

When the water table fluctuates partially within the smear zone,
the BTEX concentration will display an in-phase trend because water
is periodically in contact with less depleted LNAPL. When the water
table fluctuates most of the time above the smear zone, the rising
water table will dilute the BTEX concentration, imposing an out-of-
phase trend. Finally, when the water level fluctuates partially within
the smear zone, the BTEX concentration trend will display an out-of-
phase behavior when the water table rises above the smear zone and
an in-phase trend when the water table oscillates within the smear
zone,
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