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Abstract The leaking from surface spills and underground storage tanks of various 
light non-aqueous phase liquids (LNAPLs) caused hazardous contamination to the 
subsurface system, especially in case of groundwater table fluctuations. The toxi-
city of these compounds has made infeasible field studies and gets a replacement 
with laboratory studies. Researchers have recently become very interested in using 
image analysis techniques to measure the saturation migration of groundwater and 
LNAPLs. Over the last decade, the simplified image analysis method (SIAM) has 
become increasingly popular. SIAM has been proved to be a suitable and effective 
tool for characterization and measuring LNAPL migration in the subsurface system. 
This research introduces a review of the recent studies and published on the simpli-
fied image analysis method for LNAPL migration measurements. The experimental 
approaches in this study can be viewed as an important intermediary between column 
studies and tank studies. Besides discussion on the research efforts, recommendations 
for future research are provided. 
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1 Introduction 

The release of petroleum hydrocarbon liquids is a worldwide phenomenon that has 
been increasing in conjunction with rising oil consumption [1]. Rapid global popu-
lation expansion [2], industrialization, and modern transportation have all increased 
demand for oil, increasing oil spills. An example of an oil incident that released 
oil between (2,100,000 and 2,400,000 barrels) is the Canada Atlantic Empress oil 
spill [3]. Pipeline ruptures, vandalism, human error, system failures, [4] collisions, 
and shipwrecks are the most common causes of oil spills. Crude oil spill expenses, 
cleaning costs, and rehabilitation costs are all examples of catastrophic economic 
and environmental disasters [5]. 

Environmental impacts of hydrocarbon product spills include water pollution 
(surface and groundwater) [6], seashore, and beach contamination [7]. Degradation 
of marine invertebrate habitat, individual oiling, and drowning, alteration of the food 
chain and toxicity [8, 9], mortality, and killing the marine birds [10–12] has all been 
identified. There has also been a decline in vegetation and marine mammals [13–15]. 
The slow response to oil leak disasters aggravates the severity of these risks. Fast 
reaction to oil spillage reduces its migration and lowers the potential effects [16–19]. 

Groundwater is an important element for humans. There is a significant need 
to reduce contaminated groundwater and use it as a source of drinking water in 
the future. Petroleum fuels are contaminating groundwater all over the world due 
to leakage from the underground storage tanks, leaking pipes, and unintentional 
spills. When these products are released on the ground, they migrate downward until 
reaching the water table. An example of petroleum fuels is the light non-aqueous 
phase liquids (LNAPLs). The LNAPLs cause reduction in the elevation of the water 
saturation if the spilled volume of LNAPL is high [20]. 

From previous LNAPL research to the current knowledge, there have been 
substantial improvements. The researchers provide that LNAPL is variably saturated 
in the underground system where the LNAPL can exist in free (mobile), entrapped, 
and residual forms. Understanding all the types of LNAPL distribution in the subsur-
face is essential for establishing a successful LNAPL remediation approach [21] as  
well as assessing the potential for environmental and human health harm [22]. 

Chevalier and Petersen [23] conducted an earlier literature evaluation of LNAPL 
flow, transport, and remedial techniques in 2D laboratory aquifer models. Later, 
Saleem et al. [24] investigated direct and indirect techniques for determining 
spilled hydrocarbon volume utilizing state-of-the-art technology. The authors in 
their research emphasized the significance of interdisciplinary collaboration between 
scientists and engineers. A review of multidimensional, multi-fluid, intermediate-
scale experiments was demonstrated by Oostrom et al. [25]. Experimental aspects 
of LNAPL dissolution and increased remediation are covered in their review. The 
authors also studied the behavior of groundwater flow, saturation imaging techniques, 
and tracer detection in 2D laboratory experiments [26]. Recently, a critical review 
paper discussed the effect of ecohydrology, and ecohydrological interface on heavy
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metals and organic pollutants. It focused on the indispensable role of the ecohydro-
logical interface in the removal of pollutants [27]. Another critical review focused on 
only two factors which are the ground-level fluctuation and the change in temperature 
and how it affects LNAPL spreading and degradation processes [28]. 

Many researchers used image analysis techniques to study the saturation distri-
bution of groundwater and LNAPL in the subsurface system. Such methods are, 
the multispectral image analysis method (MIAM), light transmission visualization 
(LTV), ground penetration radar (GPR), and light reflection method (LRM). The 
widespread use of image analysis methods in a variety of research domains demon-
strates that these methods are quite beneficial, particularly for examining the behavior 
of complicated types of pollutants and determining saturation. However, there is a 
lack of review papers on the investigation of groundwater and LNAPL using the 
simplified image analysis method. Therefore, this study will focus on using the 
simplified image analysis method to measure the saturation distribution of ground-
water and LNAPL in the whole domain under fluctuated groundwater table. The next 
subjects will examine a general overview of groundwater movement and contamina-
tion by LNAPL as well as describe the main design of SIAM and some related studies 
that took into account this technique to measure the groundwater contamination 
saturation. 

2 LNAPL Contamination on Subsurface 

2.1 LNAPL Migration Behavior in the Subsurface 

Light non-aqueous phase liquid (LNAPL) refers to the petroleum hydrocarbons liquid 
that is lighter than water. It is a type of groundwater constituent that has a lower 
density than water and is sparingly soluble. When LNAPL is released on the ground, 
it moves through the unsaturated zone before accumulating in the saturated zone. 
Capillary pressures produce a drop in the water percentage in the capillary fringe by 
keeping a residual fraction of the contaminant in the pore space during migration 
(see Fig. 1) [29–32]. The distribution of LNAPL in the subsurface during infiltration 
is complicated and varies on various parameters [33]. Dissolved and gaseous phases 
of LNAPL are commonly found in the ground as by-products of the pure phase. As 
a result, these various phases interact with the soil–water system, creating a variety 
of chemical and physical changes in the soil [34].

Several factors influence the migration of LNAPL in the subsurface, including the 
volume of NAPL released, the duration of the release, the surface of the infiltration, 
soil characteristics, the properties of LNAPL, and the subsurface flow conditions 
[35]. When LNAPL is released into the subsurface, it migrates down through the 
unsaturated zone as a separate liquid due to gravity’s action. The vertical move-
ment of the contaminant is accompanied by horizontal migration. This is attributed 
to the medium spatial variability and capillary forces effect [36]. During LNAPL
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Fig. 1 LNAPL migration in 
the subsurface system [22]

vertical migration in the unsaturated zone, the residual liquid is trapped in pore 
spaces. Because of the surface tension effects, this trapping occurs. Some LNAPL 
will eventually reach the saturated zone where it will propagate horizontally through 
the capillary fringe when sufficient LNAPL volume is released [36]. 

2.2 Effect of Groundwater Fluctuation on the Distribution 
of LNAPL 

Groundwater table variations can alter the distribution of the multiple LNAPL phases 
in the subsurface. Free LNAPL may become entrapped or entrapped LNAPL may 
become free LNAPL as the water table rises or decreases. Furthermore, as the ground-
water level declines during the dry season, free LNAPL may become a residual form 
in the unsaturated zone, as the majority of free LNAPL migrates downward with the 
water table [37]. 

Water table oscillations may have a significant impact on LNAPL redistribution, 
mobility, and phase partitioning. Several in situ cleanup techniques rely on pollutant 
behavior within porous media. The chemical and the physical traits of the contami-
nants, the chemistry of the subsurface environment, the flow rate of groundwater, and 
other hydraulic characteristics are all factors that influence the water table fluctua-
tion in the real world [38]. Most of the researchers concentrate on the dispersion and 
distribution of contaminants in groundwater using horizontal flow systems, however,



A Review on Simplified Image Analysis Method for Measuring LNAPL … 97

there is still a little attention to the influence of the level of groundwater table on 
pollutants, where groundwater levels are unstable and fluctuate. 

When the groundwater table drops, LNAPL follows, causing LNAPL redistri-
bution and reformation of LNAPL components between phases. In the subsurface 
saturation zone, a portion of the LNAPL remains as discontinuous residual LNAPL 
ganglia. By successive water infiltration, the LNAPL’s most volatile and soluble 
chemicals can volatilize or be leached, contributing to the dissolved plume’s evolu-
tion. Mobile LNAPL is redistributed higher as the water table rises, leaving some 
immobile entrapped LNAPL droplets in the saturated zone [39–43]. 

During repeated drainage/imbibition phases, the influence of capillary pressure, 
as well as the trapping of fluids in the saturated and unsaturated zones, continu-
ously changes the water flow paths [44]. Additional interactions between LNAPL 
and water (rainwater and groundwater) improve hysteresis effects, promoting the 
migration of pollutants (see Fig. 2) [45, 46]. As a result, seasonal or pump-induced 
groundwater level fluctuations commonly cause major pollution dispersion and redis-
tribution through the water table fluctuation zone. It also lowers the average LNAPL 
saturation and mass of the mobile light NAPL that remains afterward. 

Fig. 2 Fluctuation of LNAPL (Sn) and  water (Sw) saturation in soil under the influence of water 
table variations [47]
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3 Simplified Image Analysis Method for Measuring 
Groundwater and LNAPL Saturation 

Simplified image analysis method (SIAM) is a non-invasive and non-intrusive 
method for determining fluid saturations over a wide area. SIAM needs the least 
am out of equipment, is the cheapest, and produces no adverse radiation effects [48]. 

3.1 Design and Advantages of SIAM 

Two types of digital cameras were used in the experiment using SIAM, which is 
Nikon D90 and Nikon D7000. Both of these digital cameras consist of two non-
similar band-pass filters with wavelengths of 450 and 656 nm that are required to 
quantify the saturation distribution of LNAPL using SIAM. To collect photographs 
during the experiments, the cameras must be set in front of the experimental design 
(column or tank). As the only source of light in the dark room, two LED floodlights 
were placed. As a reference for white color, a GretagMacbeth white balance board 
was fixed next to the experimental design (see Fig. 3). Blue-dyed water (Brilliant 
blue FCF added to the solution at a 1:10,000 weight ratio) and red-dyed LNAPL were 
also used to enhance the visualization of LNAPL movement (Sudan III mixed with 
LNAPL Liquid at a 1:10,000 mass relation). The Nikon Camera Control Pro software 
was used to control the digital cameras to minimize displacement and vibrations. The 
aperture settings of the two lenses were modified using exposure periods of a few 
seconds to fully use the camera’s dynamic range. The lenses’ apertures were set to 
f-16 and the exposure length was 2.5 s for all of the photos. Nikon ViewNX 2.10.3 
is required to convert all images from NEF (Nikon proprietary RAW version files) 
to Tagged Image File Format (TIFF). The TIFF images then are analyzed using 
MATLAB [49].

The theory that supports SIAM is the use of the Beer–Lambert equation of 
transmittance to develop a correlation between fluid saturations and average optical 
density, which can then be used to estimate fluid saturations of porous media across 
the entire experimental [48]. 

When a beam of monochromatic light Io intersects with a block of absorbing 
matter perpendicular to a surface, its power is decreased to I t as a result of absorption 
after traveling through a length b of the material, according to the Beer–Lambert law 
of transmittance: 

Di =∈ bc = log10 
Io 
It 

(1) 

where Di is the optical density, ε is the numerical constant, b is the length of the 
path, is the number of moles per liter of absorbing solution, Io is the initial radiant 
power, and I t is the transmitted power [50]. The average optical density (AOD) Di
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Fig. 3 Experimental setup [49]

for reflected light intensity in digital photographs is defined as: 
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1 
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From Eq. (2), a total number of pixels in the selected area is N, the optical density 
of the individual pixels for a given spectral band I is dji, I r j i  is the reflected light 
intensity, as determined by individual pixel values, and I 0 j i  is the intensity of reflected 
light using a brilliant white surface [51]. 

Dt = c.Do (3) 

where D0 is the optical density of a solution of unit concentration, and Dt is the 
optical density of a solution with a concentration of c. So, when two cameras with 
band-pass filters (wavelengths = I and j) are employed, and water and NAPL are 
combined with dyes whose predominant color wavelengths are both I and j, two  sets  
of linear equations can be solved for Sw and So:
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Table 1 Summary of SIAM technique design 

Technique Simplified image analysis method (SIAM) 

Method 
application 

Measuring LNAPL and water saturation distribution in 1D column 

Average 
optical 
density 
(AOD) 

The AOD equations are unique to each mesh element (matrix) 

Number of 
cameras 

2 cameras 

Number of 
filters 

2 filters (450 and 656 nm) 

Calibrated 
sample 

Experimental domain (column) 

Experiment 
calibration 

3 non-linear points were used to generate a linear regression plane from these 
images (Sw = 0% So = 0% dry sand Sw = 100% So = 0% sand fully saturated 
with water Sw = 0% So = 100% sand saturated with LNAPL) 

Advantages Measuring the saturation in the whole domain 

[Dj]mn is the average optical density of each mesh element for wavelengths i and 

j;
[
D00 

i

]
mn and

[
D00 

j

]

mn 
represent the average optical density of each mesh element 

of dry sand;
[
D10 

i

]
mn and

[
D10 

i

]
mn , water-saturated sand, and

[
D01 

i

]
mn and

[
D01 

i

]
mn 

for LNAPL-saturated sand [48]. 
This technique requires two cameras with two different band-pass filters (wave-

lengths λ = i and j) to obtain three calibration photos. Each camera must be calibrated 
based on the photo of the studied domain filled with dry sand, water-saturated sand, 
and LNAPL-saturated sand. The average optical densities for each mesh element 
of the examined domain are analyzed and differentiated to the corresponding ones 
for all three cases, as well as a correlation matrix. The next section will propose to 
summarize current knowledge on measuring groundwater and LNAPL distribution 
underwater table fluctuation using SIAM (Table 1). 

3.2 Measuring Groundwater and LNAPL Saturation Using 
SIAM 

Several researchers conducted their studies on the migration of groundwater and 
LNAPL using SIAM. Flores et al. [48] had a novel study on the simplified image 
analysis method. The simplified image analysis method had been used for analyzing 
the behavior of the two-phase air–water and three-phase air–water-LNAPL fluc-
tuating groundwater systems. Under dynamic conditions, the 1D column porous 
soil (Toyoura sand) contaminated with LNAPLs showed a 4.7% difference in the
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drainage-imbibition three-phase air–water-LNAPL. Another study presented by 
Flores et al. [52] described the movement of LNAPL and groundwater in four 
drainage/imbibition cycles in a three-phase system in a 1D column containing fully 
saturated sand. At the same point of each step, the findings revealed distinct saturation 
levels, which improves the effect of the groundwater movement on the distribution of 
the water and the contaminant through rising and decreasing of the water table level. 
Similar research by Flores et al. [53] measured three-phase saturation of water and 
diesel in granular soil. SIAM was used to investigate the migration behavior of diesel 
in a 1D column filled with Toyoura sand under various precipitation conditions (6.6 
and 63.2 mm/h). The study’s findings revealed that the residual LNAPL saturation 
could be anticipated based on the maximum saturation. Further studies need to be 
done in a two-dimensional tank to measure the vertical and horizontal movements 
of LNAPL. 

A one-dimensional column was used in conjunction with SIAM by Sudsaeng 
et al. [54]. They studied the migration of diesel in porous media under variable 
groundwater conditions. Toyoura sand and Silica #5 sand were used as porous media 
in this study. According to this study, diesel saturation is higher in Toyoura sand than 
in Silica #5 sand at the end of imbibition processes, and sand particle size has a major 
impact on diesel migration behavior. Water and LNAPL saturation distribution under 
the influence of groundwater fluctuation will be different in various sands, according 
to this study. 

Only two published researches on the NAPL saturation migration in granular soil 
comparing different NAPLs with different densities and viscosity were explored by 
Flores et al. [55, 56]. The researchers established a logarithmic relationship between 
viscosity and residual saturation ratios of various NAPLs, which may be utilized 
to compute residual saturation values after imbibition. Even though LNAPLs has a 
lower density than water, their findings show that they can effectively be trapped 
below the water table. Flores et al. showed in the second investigation that the infil-
trated LNAPL depth was significantly related to the viscosity of the pollutant (R2 

= 0.84). The variations in the depth of the LNAPL mobile fraction after both the 
drainage/imbibition steps were also directly related to interfacial tension values (R2 

= 0.79). The viscosity was also logarithmically connected to the residual saturation 
under the same conditions. The researches help to understand and anticipate the 
properties of various spilled contaminants on the ground. 

In addition to studying the effect of density and viscosity of the contaminant 
on its migration, experiments on the influence of LNAPL volume on the contami-
nant migration were done by several researchers. The experiment was described by 
Alazaiza et al. [57] in laboratory 1D column tests. The effect of water infiltration on 
pooled light non-aqueous phase liquid (LNAPL) redistribution in porous media was 
investigated using SIAM. Low and high levels of LNAPL were determined in the 
experiments. The capillary fringe was found to be around 6–7 cm long, which corre-
sponded to the capillary height calculated using empirical equations. This presented 
that LNAPL contamination migrated further into the capillary fringe zone when the 
volume of the contaminant was large. Also, it showed that injected water produced 
a greater hydrodynamic force on the entrapped LNAPL, causing it to move further
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into the capillary and saturation zones. Similarly, another study done by Alazaiza 
et al. [58] in one-dimensional column experiments to show the effect of the volume 
of LNAPL on the migration of the contaminant was carried out to see how varying 
LNAPL volumes affected the behavior of LANPL distribution in the capillary zone in 
the system. Various three diesel volumes (50, 100, and 150) ml were used in separate 
experiments. The research demonstrated that the larger volume of diesel (150 ml) 
leads to faster LNAPL migration. This means that the higher injected volume, the 
faster migration of the contaminant deeper into the capillary fringe which contributes 
to the distinction of groundwater quality. SIAM also was used by Alazaiza et al. [59] 
to expose groundwater and LNAPL migration under the effect of two diesel volumes 
(low and high) and two patterns of water table fluctuation. When the water table 
drained, the water saturation decreased, however, the LNAPL saturation rose. By 
increasing the diesel volume from 25 to 50 ml, the initial saturation of diesel was 
raised above the groundwater table and the capillary fringe height extended from 
36 to 38 cm. It is relatively clear when comparing the two LNAPL volumes, that it 
was discovered that the LNAPL in the case of high LNAPL covered a larger area. It 
seems, therefore, relatively clear that increasing LNAPL volume while keeping the 
same groundwater fluctuation pattern shows a slight influence on LNAPL’s overall 
behavior. 

The emphasis of the research by Harris [49, 60] was to assess diesel migratory 
behavior in the subsurface as a result of precipitation in one 1D column and 2D tank 
tests. The impact of precipitation intensity was considered. The study showed that 
the higher the intensity, the deeper the LNAPL will migrate into the saturated zone as 
a result of precipitation. S-p relationships can also be used to track potential LNAPL 
spills and migration as a function of precipitation, according to the study’s findings. 
The author also concluded that diesel saturation was higher in the first drainage 
than in the second drainage, implying that some residual diesel was retained beneath 
the water table. The author’s findings also reveal that in a 2D tank, the higher the 
horizontal groundwater flow, the bigger the diesel contamination. The displacement 
of the LNAPL in vertical groundwater movements might be upward or follow above 
the soil surface. Continuously, Sudsaeng et al. [61] have used SIAM to evaluate  
the impact of ground-water fluctuation on diesel distribution in the subsurface in 
a one-dimensional column. They also used a 2D tank experiment to investigate the 
impacts of groundwater table fluctuation and lateral groundwater flow. Their findings 
show that the greater the contaminated area by diesel, the large rate of horizontal 
groundwater movement. In the case of the vertical flow of groundwater, the LNAPL 
moves upward to the soil surface. 

Yimsiri et al. [62] completed a one-dimensional column experiment, in which 
they focused on the impact of different particle sizes on the saturation of water 
and LNAPL in the main domain under transient conditions. Also, they investigated 
two-phase experimental data to show the soil-liquid characteristic curves (SLCCs) 
of diesel/air and water/air systems. Scaling procedures were used to estimate the 
soil liquids characteristic curve of the diesel/water system. The authors showed that 
smaller particle sizes affect the distribution of the contamination. They cause lower 
pressure entrance, residual matric suction, and residual saturation degree. The coarser
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Table 2 Summary of experimental research used SIAM 

Ref LNAPL 
type 

Soil type LNAPL 
volume 

Design dimension Software 

[48] Paraffin Toyoura sand 28 g 1D (3.5 × 3.5 × 50) cm MATLAB 

[52] Paraffin Toyoura sand 13.8 g 1D (3.5 × 3.5 × 60) cm MATLAB 

[53] Diesel Toyoura sand / 1D (3.5 × 3.5 × 50) cm MATLAB 

[54] Diesel Toyoura sand, 
silica #5 

28 g 1D (3.5 × 3.5 × 50) cm MATLAB 

[55] 10 NAPL Granular soils 
Toyoura sand 

50 ml 1D (3.5 × 3.5 × 40) cm MATLAB 

[56] 10 NAPL Toyoura sand 50 ml 1D (3.5 × 3.5 × 50) cm MATLAB 

[57] Diesel River sand (25, 50) ml 1D (35 × 35 × 600) mm MATLAB 

[58] Diesel River sand (50, 100, 150) 
ml 

1D (30 × 30 × 500) mm MATLAB 

[59] Diesel River sand (25, 50) ml 1D (35 × 35 × 600) mm MATLAB 

[49] Diesel Toyoura sand (25, 50) ml 1D (35 × 35 × 500) mm, 
2D(500 × 700 × 35) mm 

MATLAB 

[60] Diesel River sand, 
Toyoura sand 

(25, 50) ml 1D (35 × 35 × 600) mm MATLAB 

[61] Diesel Toyoura sand (1D = 28 g), 
(2D = 300 g) 

1D (3.5 × 3.5 × 50) cm, 
2D (80 × 50 × 7.5) cm 

MATLAB 

[62] Diesel Ottawa sand 
(#3821, #3820) 

15 g 1D (3.5 × 3.5 × 110) cm MATLAB 

[63] 0 Quarry sand 0 1D (35 × 35 × 550) mm MATLAB 

particle size results in lower entrapped LNAPL saturation and increase the entrapped 
air saturation. Another study related to the effect of particle size on the migration of 
LNAPL under water table fluctuation was done by Harris et al. [63]. They empha-
sized using the SIAM to estimate water saturation and capillary rise to get the grain 
shape constant. The study included six one-dimensional columns were used to model 
capillary rise at constant groundwater levels. The findings of this study showed that 
coarser sand should be measured with values less than 25 mm2, whereas finer sand 
should be measured with values greater than 25 mm2. Table 2 gives a summary of 
LNAPL migration studies done by using SIAM. 

4 Conclusion 

This review evaluates the use of the simplified image analysis method (SIAM) for 
measuring the LNAPL and groundwater migration in the subsurface system under the 
influence of groundwater table fluctuation. As several researchers prefer doing their 
studies using non-destructive and non-intrusive techniques like the simplified image
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analysis method, using developed digital cameras, up-to-date toolbox like Image-Pro 
Plus software, and a new version of MATLAB is the best choice for image processing. 
The review concludes that SIAM is a good method in terms of groundwater contam-
ination saturation measurements. It is a cost-effective method that doesn’t require 
a lot of equipment, as well as it measures the contaminant saturation in the whole 
domain. 

Studying the effect of groundwater fluctuation is still complex and often limited. 
According to worldwide predictions, the higher the groundwater table variations, the 
higher the LNAPL mobility. Higher precipitation and groundwater levels may cause 
the LNAPL compounds to be diluted and submerged in groundwater and connected 
streams. Groundwater table fluctuations in all studies show high influence on the 
migration of LNAPL in the system. The studies showed that the contaminant moves 
with the movement of the water table producing trapped and residual contaminants 
in the study region. The amplitude of LNAPL may influence the concentration of 
dissolved LNAPL and the moisture content of the soil. 

Also, this paper shows that there are quite very few studies dealing with measuring 
the water and contaminant distribution in the subsurface system using a two-
dimensional tank experiment, need, therefore, to be considered to study the move-
ment behavior of the contaminant in term of groundwater fluctuations. Moreover, 
there is still a deficiency in the effect of both LNAPL and variation in the water table 
in conjunction with the particle size distribution in the main domain. Soil perme-
ability is one of the key elements that determine the migration path and rainwater 
infiltration. It depends on the soil grain sizes and composition. The distribution of 
light non-aqueous phase liquid in layered homogeneous sand is still not covered by 
the simplified image analysis method. Furthermore, there are also very few studies 
that examined the effects of density and viscosity on the movement of the contami-
nant in the whole domain. For these issues, the complexity of LNAPL chemical, soil 
composition, and heterogeneity, and the groundwater table fluctuations amplitude in 
terms of groundwater table fluctuation needs to be studied. Finally, future laboratory 
simulations should take into account the most current technological advances in this 
field. 
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