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ABSTRACT
The advective property of an aquifer in the Eastern Niger Delta was evaluated using a
conservative tracer. Tracer migration was monitored in observation boreholes at various radial distances
simultaneously. Particle size distribution analysis for the sand samples collected from the boreholes in
the study site revealed aquifer composition to be predominantly fine sand (silt =13.42%, fine sand =
41.76%, medium sand = 36.71% and coarse sand = 8.09%) for the 8m depth sampled. This field tracer
test thus, provides a definitive data on the simultaneous transport of a soluble contaminant and allows a
quantitative appraisal of the advective property of the study site. The mean velocity determined
1.212×10-3 ms-1, represents the advective velocity of groundwater carrying the dissolved tracer
substance. This is an indication of how soluble components of hydrocarbon will be transported in the
study area. Modeling tracer migration by advection process to estimate where and when a soluble
contaminant problem can first be noticed in an environmental matrix and its application in hydrological
studies is an effective tool to address problems such as sustainability and uncertainty in groundwater
resource system.
Keywords: Aquifer, advective velocity, conservative tracer, subsurface water, soluble contaminant,
migration
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1. INTRODUCTION
The release of contaminants into our immediate environment by accidental spills and
human activities at points has become a thing of major concern to users of water from aquifers
in the Niger Delta region. These contaminants such as those from hydrocarbon spills occur
regularly during series of operational procedures at the various stages. They cause water and
soil pollution in areas of occurrence and beyond due to their ability to migrate from their source
point. To be able to management this groundwater resource effectively requires detailed
knowledge of parameters controlling the state and processes within aquifers.
Advection, which a is physical phenomenon undergone by water within an aquifer is one
of the basic aquifer flow characteristics that water resource managers, planners and users should
understand in order to predict the rate of migration and dilution of pollutants that may be
introduced into water bodies and the surrounding environment. Studying parameters of aquifers
at the subsurface is a difficult process. However, tracer tests are simple field methods
(simulation) used to investigate and evaluate the flow properties in areas that are inaccessible
directly as a means of generating data from the subsurface environment (Maliva, 2016;
Piccinini et al., 2016).
This is because the field method is used in understanding dispersion and advection in
order to quantify selected hydrological characteristics of groundwater. Even for the fact that
tracer test sometimes give ambiguous interpretation which is often related to erroneous location
of sampling points (Basirico et al., 2015) the method is known to be one reliable and efficient
means of gathering information on subsurface flow in aquifers and to investigate and
characterize the subsurface preferential flow pathways even in fracture rocks and estimating
discharge rate etc. (Labaky et al., 1998; Field, 1999; Chlebica and Robbins, 2013; Behrens et
al., 2013; Testoni et al., 2015). In the study of contaminant migration, the use of soluble tracer
has shown to be a useful tool for simulating the transport and dispersion of solutes in subsurface
waters. Therefore, our ability to understand the way tracers migrates in a given aquifer when
injected into groundwater in the saturated zone is essential to understanding their application in
simulation studies and in migration towards a possible point of interest.
The Niger Delta is one region in Nigeria that is being threatened by diverse environmental
problems such as groundwater contamination by hydrocarbons. In Rivers state for instance,
Benzene a known carcinogen has been detected in groundwater Nsisioken Ogale-Eleme in
concentration that is 900 times above World Health Organization (2011) guideline for drinking
water quality. Aquifers in the Niger Delta occur at various depth intervals in different parts. In
the eastern part where this study is carried out for instance, depth to water table increases
northwards from less than 1m at the coast to about 8m at the northern parts. Seasonal variation
in the depth to water table is between 2-4m.
Water for domestic activities in the area is accessed by direct tapping of groundwater
resource from the shallow unconfined aquifers through randomly sited boreholes and hand dug
wells. The aquifers in this region are vulnerable to pollution; this is due to the deposition of
recent sediments of the Benin Formation which are found to be very permeable. This physical
property of the aquifers in the region enhances the ease of contaminant migration, such as
petroleum hydrocarbon from point to point (Giadom et al., 2015).
Oil itself is a light non-aqueous phase liquid (LNAPL) which “floats” on groundwater as
free oil. The more soluble components of these products such as Methyl tertiary butyl ether
(MTBE), Ethyl tertiary butyl ether (ETBE) and Tertiary methyl amyl ether (TAME) which are
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additives and highly soluble dissolves in groundwater to cause a long-term groundwater plume
which are carried along with flowing groundwater. The environmental impact of these activities
depend on the type, nature of activity carrying the spilled material, the season of the year,
geological location etc. The vulnerability indices of marginal land contiguous to these
contaminated lands (plate I) are unknown, as there are no records of periodic Environmental
Risk Assessment of the spill sites. In other words, the status of oil contaminated sites in the
Niger Delta has been poorly studied; flow dynamics and fate of these hydrocarbon contaminants
once released into the subsurface are unknown as there has been little information on the
mechanism of the migration of various contaminants from the source points to the receptors
(Giadom et al., 2015).
First tracer test in the Niger Delta area was carried out in a Basin in an oil contaminated
land, Nsisioken Ogale, Eleme, in the North Eastern flank of Rivers State in the Eastern Niger
Delta Nigeria by (Giadom, 2013, published 2015). Boreholes used were drilled to an
approximate depth of 6m with average water table depth of 2.5m below ground surface. Using
a conservative tracer, the mean velocity (advective velocity) in the longitudinal direction of the
migrating tracer plume in the aquifer at the test site established was 1.403×10-3ms-1 (121m/day).
This current research considers the use of same tracer type in the eastern part of River state with
the same geomorphology as that of the North eastern part of the state but with variation in
aquifer characteristics. Result obtained was used for comparison of flow velocity as this
enhances our understanding of the flow dynamics of dissolved hydrocarbon contaminants in
the region. Knowing this aquifer parameter will aid in the planning, delineation, and
remediation activities in contaminated sites in the region for sustainable development.

Plate I. Showing an oil spill site caused by damaged well head in the region
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2. GEOLOGY OF THE STUDY AREA
The study area, Azumini-Isiokpo is situated in Ikwerre Local Government Area in the
eastern part of Rivers State, Eastern Niger Delta Nigeria. The geographical coordinates are
Latitude 004º55’12”N and Longitude 006º52’44”E (Figures 1 and 2). The surface geology
consists of the Benin Formation which is the youngest Formation in the region. The Formation
which contains prolific aquifer horizons has been studied in some detail in the part of Port
Harcourt area by (Amajor, 1991) who characterized the water bearing sandy layers of its upper
(300m) horizon and described rapid horizontal and vertical variations in lithology and hydraulic
characteristics.
The area is low lying and has characteristic feature of a flood plain. Four distinctive strata
were identified from the 8m deep boreholes that were drilled and installed for this study with a
shallow water table. Figure 3 shows the borehole log and description of soil types encountered
in the injection borehole in the study area.
Study area

Figure 1. Map of Niger Delta showing Rivers state and study areas
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Figure 2. Satellite imagery of the study site Azumini-Isiokpo

3. MATERIALS AND METHODS
3. 1. Study design

Plate II. Showing the installed radial arrangement of boreholes and sampling in the study site
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Fig. 3. Showing the borehole log and description of soil types in borehole X.
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The objectives of this study were achieved in two stages: Fields study and laboratory
analysis. Piezometers used for monitoring the piezometric heads in the aquifer were constructed
manually using rotary drilling method. To prevent collapse of the borehole walls, a small casing
diameter was used. The holes were lined with a casing of 10 cm diameter, polyvinyl chloride
(PVC) pipe and the annulus gravel packed. A total of 20 boreholes (1 injection and 19
monitoring boreholes, labeled as boreholes X-S (Tables 2) were designed and installed in the
study site covering a total distance of 15m for a small scale tracer test. Newton and Brian,
1995; Giadom, et al., 2015, states that a distance of 7-20m is sufficient to describe the range of
horizontal heterogeneity in a small scale tracer test.
All boreholes were advanced to a depth of 8m and screened from a depth of 3m to 8m,
which is approximately the full extent of the middle and lower aquifer penetrated. 12 of the 19
boreholes used as monitoring points were installed at radial distances of 1m, 2m and 3m from
the injection borehole for effective monitoring which requires a dense network of sampling
points (Lee and Cherry, 1978). Boreholes were then developed. The field design layout is as
illustrated in Plate II. Soil samples obtained at interval of 0.5m from the surface to a depth of
8m were used for particle size distribution analysis in the laboratory following ASTM P 248792 standard to determine the relative distribution of different grain sizes at the various lithology
encountered. Table 1 and Figure 3 shows summary of results obtained.
Table 1. Particle size percentage result obtained from PSD Laboratory Analysis
for borehole X
PARTICLE SIZE PERCENTAGE
Sample ID
(layer)

Depth
(m)

Coarse Sand
(%)

Medium Sand
(%)

Fine sand
(%)

Silt
(%)

A
B
C
D

2
4
6
8

1.31
8.24
5.36
17.46

16.04
32.61
46.00
52.22

55.24
40.88
44.11
26.82

27.41
18.26
4.52
3.50

3. 2. Tracer preparation, injection, sampling and testing
Conservative tracer was selected for this test for its negligible effect on the transport
properties of the injectate (Van Genucnten et al., 1982; Shutter et al., 2005) (e.g. density and
viscosity), it is chemically and biologically inert and environmental friendly. 20 kg of NaCl
was dissolved in water drawn from the same aquifer and made up to 300 litres, concentration
of the aqueous solution; 66.67 g/l was determined by titration method with a molarity of 1.140
mol/l. Electrical conductivity and pH of the solution were measured in- situ with conductivity
value of 992 µS/cm, Plate III.
Conductivity values were also measured in all the boreholes to determine ambient
condition of the aquifer water before recharging the injection borehole at a steady rate of
1.15litre/minute, a process that lasted for 262 minutes (4 hours 37 mins). Tracer migration in
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the test site was carefully monitored, obtaining water simultaneously from four boreholes of
the same radius from the injection borehole at an interval of 2-5minutes after injection started.
Sampling was later done at every 30 minutes interval after the first breakthrough moment has
been recorded for each borehole and tested for conductivity value. Table 2 shows tracer travel
time and conductivity values obtained for the field test.

Plate III. Testing conductivity of water sample using Hanna Hi 9813-6 Conductivity meter

Table 2. Showing tracer travel time and Electrical conductivity values for the radial flow
tracer test.
Distance
Borehole
from
number
injection
borehole(m)

Background
electrical
conductivity
(µS/cm)

Time ( t )
C/Co = 0.5
(Sec)

Peak arrival
time (Sec)

Peak
Tracer tail
electrical
electrical
conductivity conductivity
(µS/cm)
(µS/cm)

A

1

153

12000

12900

872

451

B

1

153

12000

12900

885

433

C

1

157

12600

14400

564

159

D

1

153

13500

19800

541

178
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E

2

157

12480

13680

824

476

F

2

157

12780

16500

620

310

G

2

160

Not noticed

16500

441

158

H

2

158

Not noticed

18300

453

162

I

3

197

13020

15000

635

370

J

3

199

Not noticed

20400

473

203

K

3

183

Not noticed

20400

232

182

L

3

183

15000

18600

562

204

M

4

171

13980

15300

637

453

N

4

191

Not noticed

17400

351

182

O

7.4

183

15420

18180

542

327

P

6

171

16920

22800

519

173

Q

7.4

167

Not noticed

Not noticed

Not noticed

Not noticed

R

9

187

Not noticed

25920

431

245

S

12

183

Not noticed

Not noticed

Not noticed

Not noticed

3. 3. Calculating mean transport velocity and Breakthrough moments of Tracer
The use of tracer test has proven to be a predictive tool used for evaluating the fate and
transport of contaminants as a simplified way of describing a more complex natural situation
in a medium that cannot be accessed directly. This is because; it is believed that groundwater
flow through complicated pathways (Field, 1999; Fabbri and Piccinini, 2013). The mean
transport velocity of the tracer was obtained by considering the tracer breakthrough curve along
a streamline putting the elapsed time after tracer injection into account. This was achieved by
considering the difference in elapsed time of the centroids of the tracer breakthrough curve
defined upstream and downstream on the same streamline (Kilpatrick and Wilson, 1989
Giadom, 2015).
Tracer travel time was therefore calculated using:
tc = Tc(n+1) – Tcn

(1)

The time taking for the tracer to move from borehole B to O, both in the direction of
groundwater flow as determined covering a distance of 6.4m was used to calculate the traveltime. Borehole B and O were positioned 1m and 7.4m away from the injection borehole
respectively (Table 2). Considering the values obtained for peak arrival times of tracer cloud,
Tcn = 12900 (peak arrival time of tracer for borehole B of radial distance 1m away from the
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injection borehole. Tc(n+1) = 18180 (peak arrival time of tracer for borehole O of radial distance
7.40m from the injection borehole.
Travel-time, tc = 5280 sec.
Mean velocity of the tracer cloud was:
Velocity =

𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒
= 0.001212𝑚𝑠 −1 = 1.212 × 10−3 𝑚𝑠 −1
𝑇𝑖𝑚𝑒

Table 3. Comparison of aquifer parameter values determined for the tracer test sites in
the Niger Delta.
Year

Advective
velocity (ms-1)

Longitudinal
dispersion (m2s-1)

Transverse
dispersion (m2s-1)

Giadom

2013

1.403×10-3

2.45×10-3

2.3×10-3

Ugbena
(Current
result)

2019

1.212×10-3

2.10×10-3

1.54×10-3

Author

4. DISCUSSION OF RESULTS
Analysis of soil samples obtained from field can provide direct point measurement of
some of the basic soil properties which are usually required to determine flow behavior of
aquifer fluid or/an injection fluid. Four (4) soil samples were selected for the four lithology
encountered in borehole X at depths of 2m, 4m, 6m and 8m for Particle Size Distribution
analysis (PSD). Particle size analysis was performed by means of dry sieving using a sieve
shaker (machine) and a set of standard sieve sizes. Table 1; results obtained from the analysis,
revealed the upper layer of the study site to be fine sand while the lower layers were
predominantly medium sand grain size for the unconfined aquifer tested good porosity and
permeability values.
Characterizing the parameters of an aquifer is a difficult task. This is because of the
inaccessibility and complexity of the subsurface. This makes parameter estimation techniques
and investigation of field experiment still challenging. This study has however shown that tracer
tests are effective field methods that can be used to gain data from the subsurface in particular
on groundwater systems that are not accessible directly. Models obtained from such study
enables one to estimating where and when contaminant action can be first noticed at the
subsurface when accidental hydrocarbon spill occur in an area. This field test, though a short
time scale test (4 days) investigates the migrating pattern of soluble substances by advection
process such as contaminant spillage from hydrocarbon with soluble content. The soil
stratigraphy that characterizes the investigated site is shown in Figure 3 with shallow water
table elevation.

-111-

World Scientific News 139(2) (2020) 102-114

Water level in the observation piezometers was constant throughout the period of the
simulation and was in the more permeable layer (2.7–8m). The results obtained from this field
test (advective velocity: 1.212×10-3ms-1) in the longitudinal direction of groundwater flow
compares with the previous result 1.403×10-3ms-1 of (Giadom, 2013) in the same region. These
results have enhanced our understanding of the advective behavior of soluble tracer, hence,
soluble contaminants in groundwater.
Concentration of the injected tracer decreases with time due to advection and natural
attenuation taking place simultaneously not discussed here. The quantity of recharge of the
tracer at an observation borehole at a distance r from the injection borehole is a function of the
properties of the aquifer, the flow rate, and time. However, in this site, the natural process of
attenuation taking place in the aquifer may not be sufficient to limit flow of the tracer/soluble
contaminants of hydrocarbon such as Methyl tertiary butyl ether (MTBE), Ethyl tertiary butyl
ether (ETBE), Tertiary methyl amyl ether (TAME) which are additives and highly soluble in
groundwater. These substances when released into water bodies can cause a long-term
groundwater plume which is carried by advection from their source points covering a large
distance, contaminating both soil and water in the longitudinal direction of groundwater flow.

5. CONCLUSIONS
In the Eastern Niger Delta, the magnitude of flow of any soluble contaminant at the
subsurface will be dependent on the hydraulic gradient of the groundwater and biogeochemistry
of the site under investigation. With the raising concern on how to protect our water bodies, as
part of the solutions, predict the time of arrival of a contaminant and its concentration at a
receptor is a way of enhancing mechanism of pollution monitoring, control and groundwater
management in areas where data are limited. The use of tracer migration models in the study of
contaminants can be applied to foresee their movement towards possible point of interest and
in site characterization study.
Thus, knowing the travel time of a substance in an aquifer is the most valuable
information that can be obtained in a field test to predict the flow dynamics and fate of such
substance at the subsurface. Result obtained in this study and that of Giadom, 2013 compares
favorably with little difference which might be related to difference in aquifer characteristics.
Taking the average of these two flow velocity values gives 1.308×10-3 ms-1. This is an indication
that when soluble contaminants are released into subsurface waters in the Eastern Niger Delta,
plume that is generated will travel at these estimated advective velocities depending on the area
and the soil composition.
Free phase product of hydrocarbon will float on the surface of the flowing groundwater
due to difference in density and buoyancy effect between the two substances. Therefore, free
phase product will be transported at a lower velocity than the dissolved components in the
region due to viscosity variation. These values obtained for advective velocity are high values.
These values are however due to the fact that the aquifers in the study areas are unconfined,
permeable and prolific.
Understanding the flow dynamics obtained from tracer test can help in remediation
planning since NAPL body and any associated compositional plumes will need to be adequately
delineated so that migration can be detected to determine plume stability.
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