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Abstract

Migration pattern of contaminants in soil such as
by hydrocarbons and saltwater has long been
studied. The contaminants might be originated from
oil spills, leakage from underground storage tanks
(UST) and saltwater intrusion. The electrical
resistivity technique is oftenly been used to detect
the contaminants’ plume in the subsurface. To
understand the nature of contaminants migration
pattern, a small scale laboratory study was carried
out by measuring LNAPL contaminants using mini
electrodes electrical resistivity imaging. Semi-water
saturated fine sand, coarse sand and clay were
used as the medium in the study. Electrical
resistivity imaging was performed in the third and
seventh days after the release of LNAPL. Resistivity
section shows clearly the positions of fresh water-
saturated zones in the top and bottom layers with
resistivity values of about 100-200 Qm. The semi-
saturated zone occupied the middle part of the
section with resistivity ranges from 500-7/500 Qm.
The shape and positions of contaminants in clay
medium with 30% water content is much easily
detected compared with its migration patterns in
coarse sand.

1. Introduction

Measurement of contaminant migration patterns
are becoming increasingly important in a rapidly
growing developing countries because of the
increasing pollution of groundwater every vyear.
Groundwater ~ contamination  will  ultimately
influence the groundwater system due to several
factors. Two major source of contaminants are
saltwater intrusion and uncontrolled releases of
biological and chemical contaminants :

e Leaking Underground LNAPL Storage

Tanks (UST)
e Leaking landfills

e Improper disposal or hazardous or other
chemical wastes

e Recharge of groundwater with
contaminated surface water

1.1. Characterization of NAPLs

Nonaqueous Phase Liquid (NAPL) is a
chemical that are only sparingly soluble migrate
through aquifer as a separate non aqueous phase (i.e
hydrocarbons). NAPLs also does nothave
homogeneity phase when contacted with water and
air. Hydrocarbon elements bonded together by
covalent bonds. These compounds exist as a gas,
liquid or solid. Hydrocarbons can be classified into
two main groups, aliphatic and benzene. Aliphatic
had four small groups of alkanes, alkenes, alkynes
and aliphatic ring. Differences in physical and
chemical properties of water and hydrocarbons
cause it can not be mixed because there are physical
boundaries of the interface [1].

Hydrocarbon can be classified into Light Non
Aqueous Phase Liquid (LNAPL) and Dense Non
Aqueous Phase Liquid (DNAPL) [2]. LNAPLs
such as gasoline, fuel oil and diesel are less dense
than water and will tend to float on the water
surface. Some of LNAPLs will dissolve into
groundwater and adsorb to pore spaces of vadose
zone. LNAPL head distribution controls the lateral
migration [3]. While DNAPLs such as
Perchloroethylene (PCE) and Trichloroethylene
(TCE) are dense than water. They are tend to sink
in the aquifer below water table. Therefore the
remediations of DNAPLSs leakage and spills is quiet
difficult. Today, most of the spills and leakage are
hydrocarbons LNAPL and the best method to detect
the plume and the migration is using geoeletrical
techniques. NAPLs contaminated soil can be
characterized  through  electrical  resistivity
technique due to higher resistivity values of NAPLs
compared to water. Various studies hasbeen proved
that the hydrocarbon plumes give higher resistivity
anomaly [4-6]. Flow of the NAPLs are dependent
upon viscosities, densities, interfacial tension of the

www.ijert.org

2944



International Journal of Engineering Research & Technology (IJERT)
ISSN: 2278-0181
Vol. 2 Issue 12, December - 2013

1JERTV21S121035

liquids, hydraulic permeability, water content of
porous medium, and capillary forces. Low density
and high viscosity contaminants tend to migrate
horizontally and vertically due to gravity force.

1.2. Background

Over the past few years, various geophysical
studies have shown the possibility to use Electrical
Resistivity Tomography (ERT) to study the
resistivity distribution of hydrocarbon contaminated
soil [7], leachate leaking from a landfill [8,9],
monitor plume segment movement [10] and
saltwater intrusion [11]. Since contaminants and
groundwater has large differences in resistivity
variations, electrical resistivity method is useful for
monitoring and detecting the contaminants plume in
porous medium and rocks [12]. Besides, this
method offers non-destructive, low cost, easy
visualization-measurement manner and non-
radiation.

2. Materials And Method
2.1. Inverse modelling

RES2DINV software is designed to inverts
large amount of data collected by set of electrodes
system. The size and distribution of the model
consists two-dimensional (2D) rectangular blocks
are automatically generated. The depth of the model
depends on the electrode spacing was used: For
Wenner configuration, the first block layer
thickness was set at 0.5 times of electrode spacing.

Generally, blue for low resistivity zone while
red for high resistivity zone.
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Datum point

Figure 1. The arrangement of blocks and data
points in pseudosection

These blocks (Fig. 1) will be colored according to
the measured resistivity values by the system.

RES2DINV software is designed to produce the
inverse model resembling the actual subsurface
structure [13]. Resistivity data collected from the
field gives the image as the sub-surface. Inversion
routine used in RES2DINV is based on least-square
method [14] written as :

(@' +uF)d=1JTg (1)

where F denotes for ff + f,f,", f  the
horizontal flatness filter, f, the vertical flatness
filter, J the matrix of partial derivative, u
thedamping factor, d the pertubation vector model
and g the discrepancy vector.

2.2. Preparation of the experimental models

This study were conducted at normal gravity, 1g
(9.81 ms™) in room temperature. The porosity of
coarse silica sand and fine silica sand are 0.45 and
0.38 respectively while porosity for clay is lower
than both silica sand. A model of coarse silica sand
has been partially saturated homogeneously with
5% water content and filled into the 0.2m x 0.1m X
0.4m strongbox. After 1 day, the 100mL dyed
diesel (dyed with Sudan V) used as a contaminant
were released just about the center of the center of
the model’s surface (Fig. 2) and the point was
marked and measured from left and right side. This
steps will be repeated for fine silica sand and clay
with different percentage of water content and
contaminants (Engine oil and NaCl). Engine oil,
diesel and NaCl were chosen as contaminant due to
their densities and viscosities.

TR T

Figure 2. Releasing dyed LNAPL

2.3. Measurement of Electrical Resistivity

Migration pattern of the contaminants are
observed both visually and the ERT method. ERT
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method is used to detect the contaminant’s plume in
partially saturated porous media. On the third day,
an electrode arrays (Fig.3) consisted of 41 multi
mini electrodes with 8 mm long and lcm apart
between electrodes were installed horizontally
along the centreline of the the strongbox. Those
mini electrodes were connected to Electrode
Selector ES464 and ABEM Terrameter SAS 1000
using crocodile clips and cables. A Wenner
configuration was used in this study because time
limitation and it is less sensitive than other
geometry arrays. This measurement was carried out
every third day and seventh day and data being
recorded.

Figure 3. The electrodes array were installed
along the centreline of the model

Injection pit

Figure 4. Synthetic model

2.4, Data processing and analysis

Raw data will be recorded and transferred to
computer in ‘.dat’ extension to plot two dimension
(2D) pseudosection model image. RES2DINV
software were used to invert all the resistivity
measurements [15]. The software is able to interpret
the raw data by selecting an optimal inverse
parameters automatically according to specific data
sets [16]. However, users still can change the

parameter because the algorithm to correct the
image resolution, resistivity contrast and model
depth variation may not be accurate. The apparent
resistivity is translated in the form of contour color,
generally blue for low resistivity zone while red for
higher resistivity zone. The zone depends on the
anomaly of the study area. In this study, the
minimum electrode spacing on the instrument
ABEM Terrameter SAS 1000 can be adjusted only
to 0.1m which is 10 times larger than the actual
electrode spacing in this experimental setup. Thus,
to get accurate, each apparent resistivity values, p in
raw data have been modified by dividing all values
by 10. The generated resistivity inverse models will
be interpreted and compared according to time and
the mobility parameters ; porosity and water
content of porous medium and viscosity of
contaminants. Besides, the models also have been
compared to visual observation through one side
strongbox wall for accuracy.

3. Results And Discussion

3.1. Time-lapse Analysis

The ERT results of the tank model show
resistivity variation from top to bottom.Fig. 5 shows
the resistivity model of coarse silica sand saturated
with 5% water content without contaminant
measured after three days . This contaminant-free
model is used for comparison with the
contaminated model. While Fig. 6 and Fig. 7are
resistivity models using  NaClsolution as
contaminant. Resistivity measurements were made
three and seven days after mixing the NaCl
solution with the sand.Fig. 6 represents resistivity
measurement after three days and Fig. 7
representing resistivity measurement after seven
days of the mixing. The arrow indicates the point of
contaminant release. The position of the NaCl
solution is clearly observed in Fig. 6 and Fig. 7 as
represented by the very low resistivity value zones
of 1 - 8 Qm spotted in the middle below the arrow
and in small zones in the left and right part of the
model. The seventh day resistivity model shows
almost similar pattern where the NaCl plume
concentrated below the released point. This
contaminated model are very much in different than
the uncontaminated one where the resistivity range
of the uncontaminated model is from 80 Qm to
1400 Qm interpreted as representing water-
saturated and semi-saturated coarse sand. The
water-saturated zone has resitivity value of about
80 Qm to 200 Qm while the semi-saturated zone
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represented by resitivity values of about 900 Qm to
1400 Qm.

Resistivity model of the uncontaminated sand
measured after third day shows high resistivity
about 1355 Qmcorresponding to the dry sand. This
is due to theinterstitial water settled into the base of
the box. The position of the high resistivity of dry
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sand are shown by the arrow on the left of the box
due to inhomogenity of the the coarse sand. Zone of
highly water-saturated are scattered in the box as
shown by the arrow. This wet zone has resistiviy
values between 100 Qm to 200 Qm located mostly
in the bottom part of the box.
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Figure5. ERT result, coarse silica sand, 5% water content, no contaminant released, day 3 (controlling

model)
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Figure6. ERT result, coarse silica sand, 5% water content, NaCl concentration as the contaminant (3rd

day)

Depth  Iteration 7 RMS emor=20.3 %
0.0 0800

DISTANCE (x10* m)
160
e il i

0025
0127
£ 0
S 0%
<
0480 .
5 0573 Wet sand NaCl concentration’s
e o plume
o Inverse Model Resistiity Section
----------D------
157 384 8.00 181 409 209 an
Resistiity in ohmm Unit electrode spacing 0.100
Figure7. ERT result, coarse silica sand, 5% water content, NaCl concentration as the contaminant (7th
day)
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3.2. The effect of water content of LNAPL
migration

Experiment were carried out to investigate the
migration pattern of different type LNAPL with
different water content in coarse grain silica sand.
Fig. 8 shows the migration pattern of diesel in
coarse sand containing 5% water content by weight
measured after seven days of the contamination
and Fig. 9 shows same contaminant and time-lapse
but with 15% water content.Both Fig. 8 and Fig. 9
indicate very low resistivity zone at the base of the
boxes corresponding to highly saturated water zone
about 20 Om to 100 Qm.

In both figures, the position of highly
contaminated zone are shown by the highest
resistivity values. The diesel plume in 5% water
content shows resistivity values of about 13000 Qm
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to 15000 Qm whereas the highly contaminated zone
in the 15% water content box is about only 1000
Qm to 2000 Qm. The difference in the resistivity
values can be interpreted due to the different in
water content. In terms of diesel migration, the
diesel spread into a much larger area (Fig. 8)in the
drier sand whereas the diesel plume concentrated
only in a middle part of the box for the higher water
content sample as shown inFig. 9.

The position of the contaminant plumes in
both tests were located above the water saturated
zone mainly due to the less dense of the diesel
compared to water. The contaminated zone is
produced by migration of LNAPL’s vapors and
therefore the vapors will move faster in the much
drier sand [17].
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Figure8. ERT result, coarse silica sand, 5% water content, diesel as contaminant (7th day)
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Figure9. ERT result, coarse silica sand, 15% water content, diesel as contaminant (7th day)

3.3. The migration pattern of different type
of LNAPL in coarse sand

For this purpose diesel and engine oil type of

LNAPL were used in the test. The medium used is
coarse silica sand with 15% water content.Fig.
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10shows the migration pattern of engine oil in
coarse silica sand with 15% water content after
seven days of the LNAPL released while Fig. 11
shows the resistivity distribution pattern of diesel in
coarse silica sand also with 15% water content.
Based on the high resistivity plumes representing
the engine oil and also the dry sand, the migration
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of the engine oil could hardly be differentiated
based on only the resistivity values. The engine oil
plumes are estimated located near the release point.
The same high resistivity values on the left and the
right side of the box are interpreted as representing
the dry sand and as usual the water are accumulated
at the base of the box. The resistivity values of the
engine oil are estimated in between 1000 Qm to
2000 Qm.

Fig. 11 shows the test for diesel where the
maximum resistivities of about 1000 Qm to 2000
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Qm was found located vertically below the release
point. On top of the water saturated zone with 24
Qm to 100 Qm resistivity values. From this two
tests the engine oil plume as travelled much deeper
compared to the diesel plume due to much higher
density of the engine oil compared to the lower
density of diesel. After seven days of the released
as travelled to a depth of about 4 cm from the
surface of the soil. As for the diesel, the plume
travelled only to about 2.5 cm from the surface.
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Figurel0. ERT result, coarse silica sand, 15% water content, engine oil as contaminant (7th day)
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Figure 11. ERT result, coarse silica sand, 15% water content, diesel as contaminant (7th day)

3.4. Effect of grain size on the LNAPL
migration

Since the mobility of LNAPL migration
depends on the grain size of the media, several tests
involving different LNAPL migrating into different
sand and clay of different grain size were also
tested. For this purpose, coarse and fine grain sand
with porosity 0.45 and 0.28 respectively were used
as the contamination media. For this test, the media
is 15% saturated with brine solution and was
homogenized for one day. As wusual, after
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homogenizing with the brine solution, engine oil is
released in the middle of the box.

Fig. 12 shows the resistivity model of engine oil
in fine silica sand with 15% NaCl measured seven
days after the contamination. The lowest resistivity
(0.03 Qm to 1.5 Qm) appeared at the top of the
resistivity model representing mostly brine
saturated sand. Underlain this layer is much higher
resistivity layers with resistivity of 300 Qm to
13000 Qm corresponding to the settlement of the
engine oil right to the bottom of the test box.
However the engine oil migration in the coarse sand
shows a slightly different pattern than of the pattern
in the fine sand.
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The pattern is shown in Fig. 13 where the
resistivity high of the oil zone can be trace right
from the release point until the bottom of the box
with resistivity values ranging from 300 Qm to
10000 Qm. For the coarse silica sand medium, the

low resistivity zone corresponding to the brine
saturated zone is deeper than in the fine silica sand
media. The thicker low resistivity layers is due to
the easier path for the brine migration because of
the bigger pore space of the silica sand.
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Figure 12. ERT result, fine silica sand, 15% NaCl water content, engine oil as contaminant (7th day)
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Figure 13. ERT result, coarse silica sand, 15% NaCl water content, engine oil as contaminant (7th day)

delineated the plume. The upper part of the
resistivity model was occupied by low resistivity
patches of low resistivity values representing wet
clay of 6 Qm to 60 Qm.

3.5. The effect of clay medium to the
different LNAPL migration

Engine oil and diesel movement in clay were
also investigated in the laboratory. Prior to the
contamination, the clay was homogenized with
30% of water. Fig. 14 shows the photograph of
diesel after seven days of its released. The diesel
plume is clearly observed in the perspex box as
delineated by the dash line. The resistivity model
obtained after seven days of the contamination is
shown in Fig. 15. The electrical resistivity
tomography clearly indicates the oval shape
corresponding to the diesel saturated zone with
resistivity value as high as about 14000 Qm. The
dimension of the plume in both resistivity models
and the test box are quiet similar indicating the 2D
resistivity technique managed as successfully
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Figurel5. ERT result, clay, 30%water content, diesel as contaminant (7th day)
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In the next test, engine oil as the contaminant
was released in the same clay medium. The
photograph and the resistivity model for engine oil
contamination are shown in Fig. 16and Fig. 17. The
dimension of the engine oil plume in the test box is
5cm x15 cm and the size of the contaminated zone
interpreted as corresponding to the highest
resistivity plume of about 2000 Qm to 5000 Qm is

observed in resistivity model. The engine oil was
concentrated from top to about 5 cm depth below
the released point. The length of the engine oil
indicating the horizontal movement of the
contaminant is about 17 cm.

Figure 16. Visual observation of engine oil migration in 30% water content clay (7th day)
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Figure 17. ERT result, clay, 30% water content, engine oil as contaminant (7th day)

The resistivity values of different LNAPL in
different porous media are significantly different as
observed in the laboratory test. Table 3.1, indicates

the resistivity values of different LNAPL in
different media with different water content.

Table 3.1 Characterization of resistivity for different LNAPLs with different water content in 7 days

Resistivity of Contaminants (Qm)

Water Content

Media Grain size (%) Diesel Engine Oil
fine 5 1000-10000 1000-10000
(40/80) 15 800-5000 300-1300
Silica Sand
Coarse 5 13000-15000 800-5000
(16/30) 15 1000-2000 300-10000
Clay 7.0-11.0 30 1500-14000 2000-5000

Higher resistivity is observed in coarse silica
sand with 5% water content compared with
resistivity in coarse silica sand with 15% water
content. This indicate drier silica sand with similar
LNAPL shows higher resistivity values indicating
the influence of water increasing the water
conductivity in the sand medium. Secondly, the
porosity of media also influenced the resistivity of
same LNAPL with same water content. In this
study, the resistivity of engine oil in coarse silica
sand is about 800 Qm to 5000Q2m which is lower

4. Conclusion

In general, high resistivity values always
associates with the presence of hydrocarbons either
engine oil or diesel compared with resistivity of
non-LNAPL media. The resistivity of diesel is
found much higher compared to the resistivity

compared to the resistivity in fine silica sand which
is about 1000 Qm to 10000 Qm.

The resistivity of diesel observed in clay with
30% water content is between 1500 Qm to 14000
Qm which is higher than the resistivity of engine oil
in the same medium and water content which is
about 2000 Qm to 5000 Qm. The resistivity of
these LNAPLs are slightly higher than their
resistivity values in silica sand.

values of engine oil in clay with same water
content. The resistivity of diesel also is found much
higher compared to the resistivity of engine oil in
both fine and coarse silica sand. The resistivity of
diesel or engine oil is always much higher in lower
water content than in the higher water content.
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