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Abstract: We investigate the movement of LNAPL (light non-aqueous phase liquid) into and out of
monitoring wells in an immediate-scale experimental cell. Aquifer material grain size and LNAPL
viscosity are two factors that are varied in three experiments involving lowering and rising water
levels. There are six monitoring wells at varying distances from a LNAPL injection point and a water
pumping well. We established steady water flow through the aquifer materials prior to LNAPL
injection. Water pumping lowered the water levels in the aquifer materials. Terminating water
pumping raised the water levels in the aquifer materials. Our focus was to record the LNAPL thickness
in the monitoring wells under transient conditions. Throughout the experiments, we measured
the elevations of the air-LNAPL and LNAPL-water interfaces in the monitoring wells to obtain the
LNAPL thicknesses in the wells. We analyze the results and give plausible explanations. The data
presented can be employed to test multiphase flow numerical models.
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1. Introduction

Groundwater contamination by petroleum products is a common problem in many industrialized
areas as well as in oil producing countries. Gasoline (petro), diesel fuel, and crude oil are potential
groundwater pollutants. As a group, they are commonly called light non-aqueous phase liquids
(LNAPLs), which may exist in the subsurface in four forms: vapor phase in vadose zone pore spaces,
vadose zone liquid residual LNAPL, free phase LNAPL in the water-unsaturated zone, and entrapped
LNAPL globules above and below the water table [1–3]. Understanding the volume and underground
distribution of these forms is essential for predicting potential groundwater contamination and for
designing associated remediation cleanup programs.

Remediation of groundwater at LNAPL contaminated sites is still a complicated and challenging
issue. Poor planning can increase the potential risk to public health and the environment. Over time,
engineers and scientists have increased their knowledge of subsurface LNAPL behavior from laboratory
experiments, field observations, and models. From older conceptions that considered LNAPL as
pancakes on the surface of the water-saturated region to the current understanding that regard LNAPL
as free, residual, and entrapped phases with varying degrees of saturation, significant progress has
beenmade [4]. Understanding how all forms of LNAPL are distributed underground [5], along with its
possible risk to human health and the environment [6], is essential for defining and developing an
effective LNAPL cleanup strategy.
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Groundwater table fluctuations can change the subsurface distribution of the different LNAPL
phases [7–9]. As the water table rises or falls, free LNAPL may become entrapped or entrapped LNAPL
may become free LNAPL, respectfully [10]. Further, in the dry seasons as the groundwater level drops,
free LNAPL may become a residual form in the unsaturated zone as the bulk of the free LNAPL
migrates downwards with the water table.

Initially, various researchers have predicted the relationship between the thickness of LNAPL
observed in a monitoring well to its actual thickness in groundwater aquifers [11–17]. They found that
the actual thickness of LNAPL in the subsurface is less than that in monitoring wells. They calculated
the volume of LNAPL in the subsurface from the predicted LNAPL thickness in the subsurface
and the subsurface porosity. Some assumed the LNAPL saturation was one minus the residual
water saturation instead of one (completely LNAPL saturated). In either case, the LNAPL saturation
was assumed to be constant with depth—the pancake model. Later, Farr et al. and Lenhard,
Parker [18,19] showed that LNAPL saturations in the subsurface vary with depth and is a function of
the LNAPL-water capillary pressure. They predicted the LNAPL-water capillary pressures from the
depths (or elevations) of the air-LNAPL and LNAPL-water interfaces in a monitoring well, assuming
vertical LNAPL movement has terminated, i.e., vertical equilibrium. From the LNAPL-water capillary
pressures, LNAPL saturations as a function of depth were predicted using approaches by Parker
et al. [20]. When the LNAPL saturations are summed over a vertical slice of the subsurface near
the well, the LNAPL volume of the subsurface vertical slice (specific LNAPL volume) is predicted.
Parker, Lenhard [21] developed an approach to estimate the LNAPL transmissivity, which predicts
the rate at which LNAPL in a vertical slice may move into a monitoring well utilizing relations by
Parker et al. [20]. The approaches in Farr et al., Lenhard, Parker and Parker, Lenhard [18,19,21] assume
all LNAPL is mobile and capillary pressure-saturation relations are single valued (i.e., non-hysteretic).
Parker, Lenhard. [21] further assume saturation-relative permeability relations are single valued
(i.e., non-hysteretic). The equations developed by Farr et al. and Lenhard, Parker [18,19] are
analytical expressions to calculate the specific LNAPL volume. The equations developed by Parker,
Lenhard [21] are vertically integrated capillary pressure-saturation-relative permeability relations
(constitutive relations) for implementation in two-dimensional numerical models for predicting quasi
three-dimensional subsurface LNAPL behavior.

Parker, Lenhard and Lenhard, Parker [22,23] also modelled hysteretic capillary
pressure-saturation-relative permeability relations for porous media containing LNAPL.
They considered LNAPL entrapment by water imbibition saturation paths, which can occur wherever
LNAPL is displaced by water. Parker et al. [24,25] modified the [21] vertically integrated constitutive
relations to consider LNAPL entrapment by water and residual LNAPL following LNAPL drainage
in the vadose zone. They developed equations for predicting the specific total, free, entrapped, and
residual LNAPL saturations as well as for the LNAPL transmissivity of the free LNAPL. Because their
equations only predicted the various specific LNAPL volumes, the distribution of the different LNAPL
forms as a function of depth (elevation) was unknown. Later, Waddill et al. [26] developed equations
for calculating the average entrapped and residual LNAPL saturations in the unsaturated and saturated
zones. The average saturations were constant values over the respective elevations. Still later, Lenhard
et al. [27] modified the hysteretic [22,23] constitutive relations to include elevation-specific residual
LNAPL saturation. Charbeneau, Charbeneau et al. and Jeong, Charbeneau [28–30] utilized the earlier
works of [21,24–26] in their predictive models.

To provide insights concerning subsurface LNAPL behavior and test predictive models,
investigators conducted small- and intermediate-scale laboratory experiments and field
investigations [7,8,10,31–40]. The works involved entrapment of LNAPL, the effect of water table
fluctuations, assessing LNAPL recoverability, transient effects, and other aspects. In addition,
investigators conducted multidimensional, multiphase simulations considering free, residual,
and entrapped LNAPL [28,30,41–43] to predict subsurface LNAPL behavior.



Water 2020, 12, 2337 3 of 15

The purpose of this paper is to provide additional insights concerning the movement of LNAPL
into monitoring wells by experimentally investigating LNAPL behavior subject to a fluctuating water
table in both coarse- and fine-grained aquifer materials. We also consider effects of LNAPL viscosity.
Although some investigators have considered effects of water table fluctuations previously, our focus
is on characterizing transient aspects of changing LNAPL thickness in monitoring wells. We measure
the time-dependent changes of monitoring well LNAPL thickness in a laboratory 3D model. The data
presented can be employed to test multiphase flow numerical models. In addition to the measured
changes of water and NAPL elevations in monitoring wells with time at various positions, we provide
LNAPL and porous medium properties, initial conditions, and boundary conditions. Modelers can
utilize this wealth of data to conduct simulations with multiphase flow numerical models. Relevant
van Genuchten or Brooks-Corey parameters can be found in the literature.

2. Material and Methods

2.1. Tank Description

The experiment involved a glass tank with approximate inner dimensions of 50 cm high,
70 cm wide, and 50 cm deep (see Figure 1). The packed aquifer material had approximate dimensions
of 40 cm high, 50 cm wide, and 50 cm deep (i.e., the aquifer material packing was to a 40 cm height
with the inlet water chamber being 12.5 cm wide and the outlet water chamber being 7.5 cm wide).
A water pumping well was located at the center of the tank and six observation wells were located,
as shown in Figure 1. All wells penetrated the aquifer materials to the base of the tank, had a diameter
of 2 cm, and were screened 35 cm to prevent entry of aquifer material. Screening also prevented aquifer
material from entering the inlet and outlet flow chambers of the tank.
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Figure 1. Top view of wells and inlet and outlet chambers of the tank. Distances of the monitoring
wells from the pumping well (PW) are given in millimeters (mm).

Adjustable floats controlled the water levels in the inlet chamber, thereby manipulating the water
flow rate through the sand. A 1-cm diameter drainage tube was used to control the water level in
the outlet chamber. Further, an adjustable pump controlled pumping rates from the pumping well.
To measure LNAPL (light non-aqueous phase liquid) thickness in the wells, a HERON Oil-Water
Interface meter was used, which required the wells to have the 2 cm diameter. The interface meter
measures air-water, air-LNAPL and LNAPL-water interface elevations with a precision of 0.1 cm.
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A drop in water level near the pumping well was accomplished by pumping from the well.
During the pumping period, the valve to the inlet chamber was kept open to maintain a constant water
level in the inlet chamber with aid of the float. To restore the water level near the pumping well to its
original level, pumping was stopped and the water flow from the inlet chamber was maintained.

2.2. Aquifer Material

We used glass beads as aquifer material to minimize effects of potential heterogeneities and
anisotropy from packing the tank. Further, aquifer material grain size is more easily controlled with
using glass beads. We used glass beads with a size range of 400 to 750 µm in diameter, for what we refer
to as our coarse-grained aquifer material, and glass beads with a size range of <125 µm in diameter,
for what we refer to as our fine-grained aquifer material. During our experiments with fine-grained
aquifer material, we used glass beads with a size range of 400 to 750 µm as a ‘gravel pack’ around the
wells. The water saturated hydraulic conductivities for the coarse- and fine-grained aquifer materials
are 2.5 and 0.79 m/day, respectively. The dry bulk densities for the coarse- and fine-grained aquifer
materials are 1620 and 1400 kg/m3, respectively.

2.3. LNAPL Properties

In order to study the effect of viscosity, we employed two different LNAPLs (crude oil and gas
oil). The physical properties of these LNAPLs are listed in Table 1. The crude oil is Iranian Crude Oil
and the gas oil is a refined product from the Shazand Refinery in central Iran. In order to visualize the
gas oil in our experiments, we mixed the gas oil with “Blue Dispers BL” dye made by Alwan Company
in Iran.

Table 1. Physical properties of LNAPLs.

LNAPL API Viscosity (Pa·s) Specific Weight (kg/m3)

Crude Oil 31.5 0.0230 at 10 ◦C
0.0140 at 20 ◦C 868.2

Gas Oil 39.2 0.0017 at 50 ◦C 829.0

2.4. Injection of LNAPLs

LNAPL was injected into the aquifer materials between the observation well M1 and the pumping
well (PW) (see Figure 1) with a 1-cm diameter tube. We used different protocols for the LNAPL
injection based on the aquifer material. For the coarse-grained aquifer material, we injected the
LNAPLs continuously at about 5 cm below aquifer material surface at a pressure head of approximately
10 cm. The LNAPLs migrated downwards spreading over and depressing the water capillary fringe.
For the fine-grained aquifer material, we injected the LNAPL at the water table at a pressure head of
approximately 25 cm. The volume of LNAPL injected in all cases was approximately 1500 cm3 (1.5 L).

3. Experiments

We performed three different experiments to study the behavior of LNAPL (light non-aqueous
phase liquid) thickness in observation wells (Table 2). Two main factors were LNAPL type and grain
size of the aquifer materials.

Table 2. Experiments.

Exp. No. LNAPL Grain Size (µm)

E1 Gas Oil Coarse grain (400–750)
E2 Crude Oil Coarse grain (400–750)
E3 Gas Oil Fine grain (<125)
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During the experiments, we measured the elevations of the air-LNAPL and LNAPL-water
interfaces in the observation wells. For ease of following discussions, we employ abbreviations to refer
to the thickness of LNAPL in the aquifer materials and wells, which are shown in Figure 2.
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Figure 2. Abbreviations used for elevations and thicknesses of LNAPL and fluid interfaces, where Ho
is the thickness of LNAPL contamination in the subsurface, Hao is the elevation of the air-LNAPL
interfaces in the subsurface above a datum, How is the elevation of the LNAPL-water interfaces in the
subsurface above a datum, Haw is the elevation of the water table above a datum, Zo is the LNAPL
thickness in a monitoring well, Zao is the elevation of the air-LNAPL interface in a monitoring well
above a datum, Zow is the elevation of the LNAPL-water interface in a monitoring well above a datum.

3.1. Experiment E1: Coarse Grain, Gas Oil

Prior to LNAPL injection, the water elevations in the inlet and outlet chambers were set at 23.1
and 22.1 cm, respectively. LNAPL injection was initiated after steady-state water flow conditions were
established. The flow of water through the packed aquifer material was approximately 1.25 × 10−6 m3/s.
24 h after LNAPL injection was terminated, water was pumped from the pumping well at a rate of
5.6 × 10−6 m3/s for 102 min to cause a rapid drop in the groundwater table. After LNAPL injection
and before water pumping, some LNAPL passed from the aquifer material into both the inlet and
outlet chambers. There was a greater amount of LNAPL in the outlet chamber than the inlet chamber,
which only had a minor amount. After water pumping was terminated, the groundwater level returned
to its original level. Air-LNAPL (Zao) and LNAPL-water (Zow) interfaces were measured in the
monitoring wells. The change of LNAPL thickness (Zo) in the monitoring wells following the start
of water pumping is shown in Figure 3. For a better understanding of how LNAPL thickness (Zo)
changed, Zao and Zow in the monitoring wells following the start of water pumping are shown in
Figures 4 and 5, respectively. Figure 6 schematically shows Zo in each monitoring well before pumping,
immediately after pumping, and at the end of test (experiment).
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At the onset of pumping (see Figure 3, time = 0), M1 and M6 had approximately the same Zo with
M3 having a slightly greater thickness, which suggests there may be some heterogeneity in the packing
because both M1 and M6 are closer to the LNAPL injection point than M3 (see Figure 1). Transient
conditions existed during the experiment and ideally M3 should have a smaller LNAPL thickness than
M1 and M6. Farther from the LNAPL injection point, M2 and M4 had similar LNAPL thicknesses,
which is reasonable. The very small LNAPL thickness at M5 is also reasonable because it lies some
distance upstream of the injection point. The greater the LNAPL thickness in a well typically indicates
the LNAPL saturation will be higher in the aquifer next to it and some LNAPL will be contained in
larger pore spaces.

During water pumping, the produced cone of depression is expected to be nonsymmetrical
because of water flow from the inlet to outlet chambers. One would expect LNAPL to drain toward
the bottom of the water depression. From Figure 4, it shows Zao decreased similarly for all monitoring
wells, except for M1 which did not decline as much as the other monitoring wells. The explanation for
the M1 Zao behavior is unclear, but may be attributed to the nonsymmetrical water depression from
pumping. From Figure 5, Zow was different for each monitoring well because of the different Zo in each
monitoring well initially and the effects from the pumping. From about 50 min to the end of pumping,
the rate of decline in Zow was less for M1, M3, and M6, which are the closer wells to the pumping well,
than for M2, M4, and M5. The rate of decline in Zow for M3 and M6, however, is slightly less than
the decline in Zao, which means Zo is decreasing for those wells. The rate of decline in Zow for M2,
M4, and M5, conversely, is slightly greater than the decline in Zao, which means Zo is increasing in
those monitoring wells. Since the rate of decline in Zao for M1 is even less than the rate in other wells
and the rate of decline in Zow is less than the Zao rate, Zo is increasing. Again, the behavior at M1
is unclear. Transient fluid flow is complicated. Because of the rates at which Zao and Zow declined
due to water pumping, Zo slightly decreased in M3 and M6, but increased, sometimes significantly,
in M1, M2, M4, and M5 at the termination of pumping. A plausible explanation for the increase in Zo
at the end of pumping for M2, M4, and M5 could be the migration of LNAPL from the inlet and outlet
chambers. The cone of depression from pumping would produce a gradient whereby LNAPL under
slight positive pressures in the chambers would migrate to the aquifer material.

After pumping was terminated, Zao and Zow increased, as seen in Figures 4 and 5, respectively,
indicating rising water table. During pumping, LNAPL was migrating to the center of the water
cone of depression at the pumping well. Following pumping, the mass of LNAPL near the pumping
well will move upwards and outwards as the water table rises. As seen in Figure 5, the increase in
Zow appears to be approaching a stable level in all of the monitoring wells when the experiment was
terminated, but Zao was still increasing, indicating the LNAPL was still redistributing at the end of the
experiment. Figure 3 shows that the increase in Zo in the monitoring wells is greater for wells closer
to the pumping well. At the end of the experiment, the LNAPL thickness in all monitoring wells is
greater than that at the onset of pumping (Figure 6). The difference in LNAPL thicknesses in the wells
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at the end of pumping and the end of the experiment may be also partly attributed to hysteresis in
capillary pressure-saturation relations.

3.2. Experiment E2: Coarse Grain, Crude Oil

After repacking the tank with coarse-grained aquifer material and establishing water flow from
the inlet to outlet chambers, we injected crude oil as the LNAPL. Packing the tank and establishing
water flow followed similar procedures as for E1. The water elevation in the inlet and outlet chambers
were set at 30.3 cm and 29.5 cm, respectively. The flow of water through the packed aquifer material
was approximately 1 × 10−6 m3/s. Roughly 7 days after LNAPL injection, the water level was lowered
via water pumping from the pumping well. Pumping continued for 110 min at a discharge rate of
4 × 10−6 m3/s. The pump was then turned off so that the water levels could return to pre-pumping
elevations. At the beginning of pumping, M2, M4, and M5 did not have any LNAPL because they were
farther from the injection point than M1, M3, and M6. In fact, no LNAPL entered M2, M4, and M5 at
any time during E2. The higher viscosity of the crude oil relative to the gas oil caused the crude oil to
migrate at a much slower rate than the gas oil. The LNAPL thicknesses (Zo) in monitoring wells M1,
M3, and M6 during the experiment (E2) are shown in Figure 7. Figures 8 and 9 show the elevation
changes of Zao and Zow, respectively. In addition, we show Zo in M1, M3, and M6 before water
pumping, immediately after pumping, and at the end of the experiment in Figure 10.
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Prior to pumping (Figure 7, time = 0), LNAPL had entered only M1, M3, and M6. Although
M1 is closer to the LNAPL injection point than M3 and M6, Zo is greater in M3 and M6. A possible
explanation is that M1 is upgradient to the water flow, whereas M3 and M6 are downgradient from the
injection point (Figure 1). The larger Zo in M6 is likely due to the fact that it is closer to the injection
point than M3. Even after 7 days of LNAPL redistribution, transient flow conditions likely existed
because of the high LNAPL viscosity.

Shortly after water pumping from the pumping well started, Figures 8 and 9 show Zao and Zow in
M1, M3, and M6 rapidly decreasing due to the lowering of the water table. The Zo in these monitoring
wells (Figure 7), however, did not decline as rapidly because of the high LNAPL viscosity. The flow of
LNAPL toward the bottom of the cone of depression was slow. Toward the end of pumping (near
110 min), the relatively flat curvatures in Figures 7–9 suggest LNAPL is moving closely toward the
bottom of the cone of depression. At the end of pumping, there was decreases in Zo in all monitoring
wells because the LNAPL is moving toward the pumping well. The rate of Zo decrease varied among
the three monitoring wells with the rate being greater for wells with a higher Zo initially. A higher
Zo in a monitoring well infers a larger LNAPL saturation and some LNAPL will be in larger pores,
which will have greater mobility. The results are different than in E1 because of the higher LNAPL
viscosity. In E1, some monitoring wells had a greater Zo at the end of pumping while others had
less Zo.

After pumping was terminated, Zao and Zow increased as water levels were returning to their
pre-pumping elevations. Zow increased at a greater rate than Zao. Consequently, Zo continued to
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decrease even after the termination of pumping for an extended period. Only toward the end of the
experiment did Zo in the monitoring wells begin to increase. Because of the slow mobility of the
LNAPL, not as much LNAPL accumulated at the bottom of the cone of depression during pumping.
Therefore, when the water elevations were returning to their pre-pumping elevations, there was less
LNAPL available to redistribute upwards and outwards from the pumping well. Together with the
slow mobility of the LNAPL, the increase in Zo did not occur until later in the experiment (Figure 7)
when the rate of Zow increases became less than the rate of Zao increases. The effect was greater for
M1 and M6 than M3 because M1 and M6 are closer to the pumping well than M3. Hence, there was no
increase in Zo from the end of pumping and the end of the experiment (Figure 10).

3.3. Experiment E3: Fine Grain, Gas Oil

To investigate potential changes in LNAPL behavior due to differences in grain size when subjected
to a fluctuating water table, we packed the tank with the fine-grained aquifer material. Packing the
tank and establishing water flow followed the same procedures as for E1 and E2. The water elevations
in the inlet and outlet chamber were set at 26.4 cm and 22.8 cm, respectively. The flow of water through
the packed aquifer material was approximately 1.7 × 10−8 m3/s. After establishing steady water flow,
LNAPL (gas oil) was injected into the aquifer material. LNAPL injection was different than during E1
and E2 (see Material and Methods). The injection was directly on the water table with a 25 cm LNAPL
pressure head at the injection point. About 7 days after LNAPL injection, we pumped water from the
pumping well for 34 min at the rate of 3 × 10−7 m3/s, which is more than an order of magnitude less
than E1 and E2. Thereafter, the pump was turned off so water could return to pre-pumping levels.
Zo in the monitoring wells during the experiment is shown in Figure 11. Zao and Zow are shown
in Figures 12 and 13, respectively. Additionally, Zo in wells is given at the beginning of pumping,
end of pumping, and end of the experiment in Figure 14. Data for M2 are not shown in the figures
because there was no measurable LNAPL in M2 at any time during the experiment, possibly because
of packing heterogeneities.

Prior to pumping (Figure 11, time = 0), M1 had the largest Zo followed by M6. Both of these
monitoring wells were the closest to the injection point, with M1 being closer than M6. Zo in M3, M4,
and M5 was relatively small, with less than 1 cm. M3 is closer to the injection point than M5, but M5
had more Zo than M3. Further, M5 is upgradient to water flow from the injection point and M3 is
downgradient. In addition, M2 is closer to the injection point than M4, but M4 had more Zo than M2,
which had no LNAPL during the experiment. So, there was likely some heterogeneities in the aquifer
material packing.
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Immediately following pumping, Zao and Zow decreased rapidly (Figures 12 and 13, respectively).
The lowering of the water pressures from pumping caused the water elevation in the monitoring
wells to immediately drop, but the water table in the aquifer material did not respond as quickly
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because of its low permeability. With the drop of the water elevations in the monitoring wells (Zow),
LNAPL in the wells (Zao) also dropped at the same rate. During the drop of Zow and Zao, however,
Zo increased. The Zo increase is attributed to the packing (i.e., gravel pack) around the monitoring
wells, which was the coarse-grained aquifer material. The permeability of the coarse-grained aquifer
material is significantly higher than the permeability of the fine-grained aquifer material. Therefore,
LNAPL in the packing around the monitoring wells was able to move into the monitoring wells much
faster when Zao and Zow dropped than any LNAPL in the fine-grained aquifer material could move
into the packing material. Consequently, immediately after the start of pumping, Zo increased when
Zao and Zow dropped, but LNAPL did not come from the aquifer material—instead, the LNAPL came
from the packing around the monitoring wells.

After the initial rapid drop of Zao and Zow with the onset of pumping, Zao and Zow continued
to drop at a slower pace (Figures 12 and 13, respectively). The rate of the Zao decline was generally
greater than the rate of the Zow decline, which yielded Zo to decrease. From the onset of pumping to
the end of pumping, Zo became less in all monitoring wells (Figure 11). In fact, Zo disappeared in M3
and M4, and there was only a very minor amount in M5.

Even though the fine-grained aquifer material permeability was low, some LNAPL should have
migrated toward the bottom of the cone of depression at the pumping well during pumping. Following
termination of pumping, there was a rapid rise in Zao and Zow as the water table started to return to its
initial elevations. As a result, there was a minor rapid Zo increase in M1 and M6. As both Zao and Zow
rose at M5, the LNAPL in M5 entered the packing around the well, which previously was drained from
LNAPL when Zao and Zow were decreasing in elevation. Because there was only a minor amount
of LNAPL in M5 at the end of pumping, the upward movement of Zao and Zow in M5 caused all
of the LNAPL to enter the packing around the well so no LNAPL was measured in the well at the
end of the experiment. We presume the same phenomena occurred for M1 and M6, but both of them
had larger amounts of LNAPL at the end of pumping. Further, we reason LNAPL that accumulated
near the pumping well during pumping would move upwards and outwards as water levels raised
from cessation of pumping. The nearest monitoring well to the pumping well would benefit first
from the upward and outward movement of LNAPL from the pumping well. We contemplate that
M6, the closest monitoring well to the pumping well, received an influx of LNAPL from this upward
and outward movement so its Zo increased from the end of pumping to the end of the experiment,
similar to what occurred in E1. M1 is farther from the pumping well and upgradient to the steady
water flow. At the end of the experiment, we hypothesize M1 has yet to receive any influx of LNAPL;
therefore, its Zo decreased from the end of pumping to the end of the experiment. At some point, if the
experiment would have continued, we would expect some influx of LNAPL at M1 although it might
not be as much as M6 because it is upgradient from the pumping well.

4. Discussion

We presented experimental results providing insights concerning the movement of LNAPL (light
non-aqueous phase liquid) into monitoring wells subject to varying water table elevations in both coarse-
and fine-grained aquifer materials. We also considered the effects of LNAPL viscosity. We measured
the time-dependent changes of monitoring well LNAPL thickness in a laboratory 3D model.

In the case of a low viscosity LNAPL in coarse-grained aquifer material, initiating water drawdown
via pumping caused LNAPL to migrate toward the bottom of the cone of depression. Any premature
stopping of the pumping before significant LNAPL is removed could cause LNAPL to move upwards
and outwards from rising water elevations. The result may be more LNAPL in monitoring wells than
what may have been initially present. It is also possible that a larger area of LNAPL contamination
could result because the gradient LNAPL movement may be greater than that which occurred during
the initial contamination event. In another case with a high viscosity LNAPL, the results may be
different if pumping is prematurely stopped. The rate of LNAPL movement, because of its high
viscosity, would be slow toward the bottom of the cone of depression, which would yield less LNAPL
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migrating to the bottom of the cone of depression. So, when water levels return to their pre-pumping
elevations because pumping was prematurely stopped, monitoring wells may not receive an influx of
LNAPL. In the third case with a low viscosity LNAPL in fine-grained aquifer material where packing
of coarser material is used as packing around monitoring wells, the packing material can impact the
amount of LNAPL entering and existing monitoring wells, which will be unrepresentative of LNAPL
behavior in the aquifer.

The results from the three cases suggest remediation engineers/practitioners should avoid
prematurely stopping water drawdown operations to extract LNAPL or otherwise they may
inadvertently expand the area of LNAPL contamination. The results also suggest that to fully
understand the behavior and the amount of LNAPL in the subsurface the multiphase flow physics
of materials used as packs for groundwater wells need to be known. The results additionally show
that transient flow behavior may suggest potential flow behavior outcomes, but they will not be those
corresponding to quasi-equilibrium conditions.

5. Conclusions

The movement of LNAPL (light non-aqueous phase liquid) into monitoring wells, especially
when subjected to changing water table elevations, is complex. To understand the LNAPL distribution
in the subsurface, there are many factors to consider such as aquifer grain sizes, LNAPL properties,
and materials used to construct the monitoring wells. It is seldom that equilibrium conditions will
prevail in the field, so remediation engineers/practitioners need to understand how transient flow
phenomena can affect what is observed/measured in monitoring wells and apply this knowledge for
understanding existing subsurface conditions. The data presented in this manuscript can help to better
understand transient multiphase flow and can be used to test and, possibly, improve predictive models.
Except for parameters to predict multiphase flow (i.e., van Genuchten or Brooks-Corey parameters),
we provide LNAPL and porous medium properties, initial conditions, and boundary conditions that
modelers can utilize to conduct simulations with multiphase flow numerical models. Relevant van
Genuchten or Brooks-Corey parameters can be found in the literature. The data are particularly useful
in a data assimilation framework, when there is a significant uncertainty on model error, as discussed
(e.g., [44,45]). Only by conducting experiments and comparing the results to predictive models can
better and more accurate multiphase flow models be developed.
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