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Abstract: Freshwater coastal aquifers can be contaminated by influx of seawater. The study
investigated the effect of geophysical parameter such as seepage velocity (v) determined
empirically on the mass flux (J) of contaminant through the coastal aquifers. Porosities of the
grains were determined and tagged samples A to E. v was obtained in the experimental setup.
Results showed that hydraulic gradient ranged between 3.233 to 0.317 while the
corresponding values of contaminant J ranged between 0.302 to 5.381 Kgm2s* within 60 to
360 seconds. Therefore, the attenuation coefficients of J decreased with increased in flow
rate of fluid through the samples.
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1. INTRODUCTION

Population growth and agricultural development in coastal areas have increased the demand for freshwater. As a
result of this demand more stress is being placed on coastal aquifers. Saltwater intrusion is the most common
contamination problem in coastal aquifers and a major constraint imposed on groundwater utilization [1]. Saline
contamination of freshwater resources can cause significant social, economic and environmental hazards. When
pumping takes place in excess of replenishment, the drawdown of the water table creates a piezometric head, the
fresh water becomes less than the adjacent salt water wedge. Then the saline water moves inland causing a
saltwater intrusion. The saltwater may reach the well which becomes contaminated. Saltwater intrusions have
occurred in many coastal aquifers.

A natural fringe or separation exists between discharging fresh groundwater and seawater in coastal aquifers. This
is referred to as the saline interface in this study, but it is also known as the sea/saltwater-freshwater interface. The
position of the saline interface is dynamic and depends on the geological formation, hydraulic gradient,
topography, and the quantity of freshwater moving through the aquifer system [2]. The saline interface is
influenced by a number of processes forming a complex and variable system. The density contrast between fresh
groundwater and saline water leads to mixing and convective circulation at the saline interface. The interface is
thus characterized by a zone of diffusion as the saline water mixes with the discharging freshwater.

Under normal conditions freshwater flows from inland aquifers and recharge areas to coastal discharge areas to
the sea. In general, groundwater flows from areas with higher groundwater levels (hydraulic head) to areas with
lower groundwater levels. This natural movement of freshwater towards the sea prevents saltwater from entering
freshwater coastal aquifers [3].
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Finally, saltwater and freshwater do not form an inert interface. There is diffusive mixing of salt ions across the
interface, which diminishes the interface and accelerates saltwater intrusion. The extent of mixing is a function of
both freshwater flow rates and geologic characteristics of the aquifer. Consequently, the most accurate models of
saltwater intrusion incorporate diffusion components based on sediment composition and flow patterns [4].

In coastal aquifers under natural conditions, the lighter freshwater lies over the heavier saline water and the flow
is usually from the aquifer to the sea and the discharge zone to the sea is immediately above interface of saltwater
and freshwater. Mixing of freshwater and saltwater occurs only by molecular diffusion while mechanical
dispersion and advection are negligible because the aquifer is homogeneous which results in steady state flow of
seepage velocity [5, 6]. As a result, the mixing zone between saltwater and freshwater is small compared to the
thickness of the aquifer, and an abrupt, well-defined interface is usually assumed. At a point on the interface

between the freshwater and saline water, the pressure of the freshwater, prg hf, usually exceeds the pressure of
the saline water, p;ghs, causing the flow from land to sea. The fresh and saline groundwater have densities Pr

and ps. But when pumping takes place in excess of replenishment, the drawdown of the water table creates a
piezometric head in the freshwater that becomes less than in the adjacent saltwater wedge. Then the saline water
moves inland causing a saltwater intrusion.

2. THEORETICAL BACKGROUND

Analyses of saltwater intrusion assumed that mixing occurs at the transition zone between seawater and freshwater
and hydrodynamic dispersion requires the solution of two partial differential equations representing the mass
conservation principle for the variable-density fluid (flow equation) and for the dissolved solute (transport
equation). Darcy’s law governs the flow equation of groundwater and Fick’s laws govern transport equation of
dissolved contaminant. The properties of the coastal aquifers such as hydraulic conductivity, effective diffusion
coefficient and porosity contribute to the ability of the aquifer to reduce the severity of groundwater contamination
which is known as soil attenuation or soil filtration.

The mass flux of saltwater intrusion in coastal aquifer can be modeled by applying some constrains on Darcy’s
law and Fick’s laws.

According to Darcy’s law, the volumetric flow rate per unit area (volume flux) is directly proportional to the
hydraulic gradient that is:

= g2t
q=—K— 1)
and Seepage velocity,

V= )

@

where K is the hydraulic conductivity and dh/dl is the hydraulic gradient (i).

According to first Fick’s law of diffusion, the amount of mass of saltwater passing through a unit area per unit
time is called mass flux in kgm2s™,

The mass flux is directly proportional to the gradient of concentration [7] that is:

dac

J=-D, — (3)

dx

Where J is the mass flux of substance (Kg/m?s), D, is the effective diffusion coefficient of soil and dc/dx is gradient
of concentration.

According to one dimensional second Fick’s law of diffusion, the rate of change of concentration with time is
directly proportional to the second order of concentration gradient that is:
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o= Doz (4)

Where C is the concentration of saltwater in porous medium, t is the time of diffusion and x is the distance (length)
of diffusion.

The concentration of contaminant can be expressed by exponential function of time [8, 9].

C = C,exp(—4;t) (5)
Also, it can be expressed by exponential function of distance [9-11].

C = C,exp(—1, %) (6)

Where C, is the concentration at the interface between freshwater and freshwater when t =0 and x =0 with
magnitude 1025 kgm-3.

Differentiating equations (5) and (6) with respect to t and x respectively:

& = — 2Coexp(=1, t) %
d
= = —1.Coexp(— Ag) ®)
2
= —A%.Cexp(— Ayx) ©

where A is the coefficient of attenuation and Ax is the coefficient of filtration.
Substituting equations (7) and (9) into equation (4):
— ACoexp(— A t) = DyA% C, exp(—A,x) (10)

from equations (5) and (6):

m(C/e)= 2t m(Cfe)= hxr  pm aa = AO)

=4

A= AV (11)
Therefore, equation (10) can be written as:
-1, VC,exp(—A,x) = D A2C,exp(—A,x) (12)
—VC, exp(—A,x) = DyA,.Coexp(—A,x) (13)
he=—4 (14)
Substituting equation (14) into equation (8):
g: —D—iﬂ'ﬂexp(—ﬂ—:)x (15)

Insert equation 15 into equation 3 the mass flux is derived and expressed as:

J= VCoexp((— DLO) x) (16)
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In () = In(VC,) — (Dl) x (17)
where VC, = J, is the initial mass flux when diffused length x = 0 at time t=0 and J is final mass flux when diffused
length x# 0 and time t #0.

Our derived mathematical model developed in equation (16) was used to simulate saltwater movement in sand
media of different hydraulic conductivities with various hydraulic gradients at different flow length X from the
interface of saltwater and freshwater. Parameters used in simulation are shown on Table (6) which was obtained
empirically.

3. MATERIALS AND METHOD

Soil sample was collected in a stream at Tanke, Ilorin Kwara State close to University of llorin. The sample was
washed to remove the micro organism that can cause decomposition and it was sun dried. The pebbles were picked
from the sample and packed in a polythene bag in which it was taken to the laboratory. The sample was sieved
into five different grain sizes of 125, 250, 350, 400 and 450 um and the grain sizes were tagged samples A, B, C,
D and E respectively. The porosity (&) of the samples A, B, C, D and E were determined using volumetric method.
It must be noted that the porosity of a natural sand deposit depends on the shape of the grains, the uniformity of
the grain size, and the conditions of sedimentation.

3.1. Experimental procedure

The experimental setup consisted of two arms of calibrated cylinder glass with diameter 1.2x102 m erected
vertically and joined together with a similar glass cylinder in the horizontal position which housed the samples.
Saturated sample A of length x with air completely eliminated was inserted into the horizontal glass and screen at
both end before commencement of the experiment. Freshwater was filled in the arm labeled M to 27 cm mark and
saltwater which was colored with red dye (neutral pigment) was filled in the arm labeled N to 15 cm mark. The
controls were opened at the same time to allow flow to occur. Therefore, the volume of freshwater displaced
volume of saltwater in the setup. The hydraulic gradient between freshwater and saltwater was obtained by
determining the difference between hydraulic heads of freshwater and saltwater and then divides by the flow length
X between the two heads. The volumetric flow rate was computed from volume of fluid displaced between the two
arms per time taken and it was denoted as Q with unit of m3s%. Darcy flux (volume flux) was obtained by dividing
the volumetric flow rate with cross sectional area of the tube and it was denoted as vy with unit of ms?, v, = Q/A
(Figure 1).

w2

Where A is cross sectional area of the cylindrical glass which is 2 and d is the diameter of the cylindrical glass,
given as 1.2 x10?m). The flow length X was determined from the distance of the movement of the red dye from
the interface of freshwater and saltwater. The seepage velocity (V) which is the average velocity of water flow
through the pores was determined by dividing the volume flux (vy) by porosity (&). The effective diffusion
coefficient (Do) of soil was determined from of the slope of plot of square of flow length X (X?) against time (t) in
second. The effective diffusion coefficient (Do) of the sample incorporated grain size, uniformity of the grain and
path length of flow. The procedure was repeated for samples B, C, D and E. The hydraulic gradient i, volumetric
flow rate Q, volume flux vy, seepage velocity V, effective diffusion coefficient D, and flow length X for each
sample were determined.
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Fig. 1. Experimental setup to determine volume flux, hydraulic gradient and diffusion coefficient.

4. RESULTS AND DISCUSSION

Results of hydraulic gradients, flow lengths x, volume flux and seepage velocity between freshwater and saltwater
for samples A, B, C, D and E respectively were determined and presented in Tables 1-5. It was observed that the
volume flux increased with porosity while hydraulic gradients decreased with porosity. The results from the
experimental procedure showed that hydraulic gradient for samples A, B, C, D and E are 3.233, 1.049, 0.468,
0.364 and 0.317 while the corresponding values of contaminant volume flux are 0.295 x 104, 2.063 x 104, 3.855
x 104, 4.554 x 10“4and 5.250 x 10 ms™, respectively within time intervals of 60 to 360 seconds in Tables 1 - 5.
Hence, it showed that energy known as hydraulic gradient required in overcoming hydraulic resistance is high
when porosity is low whereby the contaminant volume flux is reduced vice versa.

The values porosity, hydraulic conductivity and effective diffusion coefficient of the homogeneous samples A, B,
C, D and E were presented in Table 6. Hydraulic conductivities of the samples were obtained the slopes the graphs
of volume flux against hydraulic gradient as shown in Figure 2. The graphs of volume flux against hydraulic
gradient for samples B, C, D and E follow the same pattern in Figure 2 The effective diffusion coefficients of
saltwater contaminant through samples A, B, C, D and E were obtained from the slopes of plots between the square
of flow length x and time of flow as show in Figure 3. The graph of the square of flow length against time for
samples B, C, D and E follow the same pattern in Figure 3.

The mass flux was simulated numerically from the developed model [ =V, exp (—% X} in this study using

data in Table 6 with hydraulic gradients ranged from 0.6 to 4.2 and flow length X ranged from 0 < X < 14 cm.
Natural logarithm of mass flux was determined from the values of mass flux of saltwater contaminant through
samples A, B, C, D and E. The average values of natural log of mass flux J simulated when average hydraulic
gradient is 2.1 were obtained as presented in Table 7.

The plot of natural logarithm of mass flux (In J) against flow length x gives a straight line graph and the negative
slope is the attenuation coefficient of the samples as shown in Figure 4 for sample A. The plots of natural logarithm
of mass flux against flow length x for other samples follow the same pattern.

Table 8 showed the Values of attenuation coefficient A for samples A, B, C, D and E by simulation. The
concentration of saltwater attenuated at the different positions within the flow length of range 0 < X < 14 cm for
samples A, B, C, D and E for the simulation were obtained by substituting the attenuation coefficient A into
equation 6. The values of concentration of saltwater attenuated at the different positions within the flow length of
range 0 < X < 14 cm for samples A, B, C, D and E for simulation are shown in Table 9. The difference in
concentration within the flow length 0 < X < 14 ¢cm for samples A to E were 312.70, 894.50, 993.60, 1008.40 and
1017.90Kgm3 and it was obtained from Table 9.

The concentration gradient of diffusion which is the difference in concentration of saltwater per flow length x was
calculated with the magnitudes of 2.402, 4.4896, 7.137, 7.227 and 7.266 Kgm™ for samples A, B, C, D and E,
respectively. The driving force of contaminant in a porous medium is the concentration gradient of diffusion and
it increased with increase in porosity in the simulation. This implied that the diffusion of saltwater contaminant
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through coastal aquifers can be reduced by selecting material with low porosity which will dampen the seepage
velocity.

Table 1. Experimentally determined values of hydraulic gradient i, specific discharge g, seepage velocity and
flow length x for sample A (8=0.25).

'gime Hy?ralljlic head Hgdrgul:(c Hycijr_auli(_: |F|OV\rI] Xz(mz) Volumetricgﬂcl)w Vqun}e qux‘,t v Sleepage/(Zj
ec. of saltwater ead o radient i engt . g g . elocit
(Sec.) s Headof | g ey | xwo® | ReteQms) | a(ms)x10 FR
3 (ms )x10
(cm) 10 %10

60 16.10 25.90 3.960 2.475 0.613 4.148 2.063 8.252

120 16.60 25.40 2.444 3.600 1.300 4.022 2.000 8.000

180 17.10 24.90 1.651 4,725 2.233 3.959 1.969 7.875

240 17.60 24.40 1.162 5.850 3.422 3.922 1.950 7.800

300 18.00 24.00 0.889 6.750 4.556 3.771 1.875 7.500

360 18.30 23.70 0.727 7.425 5.513 3.555 1.768 7.072

Table 2. Experimentally determined values of hydraulic gradient i, specific discharge g, eepage velocity and
flow length x for sample B ( @ =0.300).

Time Hydraulic head Hydraulic Hydraulic | Flow Xz(mz) Volumetricgfli)w Volunle flux, | Seepage

(Sec.) ?;‘ ;{;Itwater 0erad gradient i I)(E?r%t)h x10_3 Rat_eg, Qm's ) q (mf ) zlllriﬂlocny
freshwater 10" x10 x10 (ms)x10"
(cm)

60 17.30 24,70 1.430 5.175 2.916 8.672 4.313 14.325

120 18.10 23.90 0.832 6.975 4.865 7.793 3.875 12.917

180 18.55 23.45 0.614 7.988 6.380 6.693 3.328 11.094

240 18.85 23.15 0.496 8.663 7.504 5.807 2.888 9.625

300 19.05 22.95 0.428 9.113 8.304 5.090 2.531 8.438

360 19.20 22.80 0.381 9.450 8.930 4.525 2.250 7.500

Table 3. Experimentally determined values of hydraulic gradient i, specific discharge g, seepage velocity, mass
flux J and flow length x for sample C (2=0.330).

Tsime I-:(ydrlaulic head :yd(;aulic Hycé(auli_c ::Iowh Xz(mz) VolumetricstPw Vqumle flux, \S/eeipage

(Sec.) E)cns]z;l twater 0fea gradient i )i?r%t) x10.3 Ratg, Qms) q (mf ) q/e(zzjouty,
freshwater x10'2 x10 x10 (ms-l) ><10_4
(cm)

60 18.50 23.50 0.635 7.875 6.202 13.192 6.560 19.879

120 19.10 22.90 0.412 9.225 8.510 10.316 5.130 15.546

180 19.50 22.50 0.296 10.125 10.252 | 8.484 4.219 12.784

240 19.80 22.20 0.222 10.800 11.664 7.240 3.600 10.909

300 19.95 22.05 0.190 11.138 12.404 | 6.222 3.094 9.375

360 20.05 21.95 0.167 11.363 12.911 | 5.441 2.705 8.198

Table 4. Experimentally determined values of hydraulic gradient i, specific discharge g, seepage velocity, mass
flux J and flow length x for sample D (@=0.375).

TSime |'|fydr|z:uli(€ head :yd(;aulic Hy(é(au:ip ::Iovxt/h XZ(mZ) VqumetricstPW Volumle flux, \Sleeipagte
ec. of saltwater ea radienti | len : - - elocity,
(Sec.) o of 9 X(r%) x10° Rate, Qs ) | a(ms) e y
freshwater ><1O_2 x10 x10 (ms-l) X10-4
(cm)
60 18.96 23.04 0.480 8.889 7.901 14.896 7.407 19.752
120 19.60 22.40 0.307 10.126 10.252 11.317 5.628 15.008
180 19.86 22.14 0.218 10.914 11.912 9.148 4.549 12.131
240 20.11 21.89 0.161 11.475 13.168 7.695 3.827 10.205
300 20.26 21.74 0.132 11.815 13.959 6.603 3.283 8.755
360 20.05 21.95 0.167 11.363 12.911 5.441 2.705 8.198

Table 5. Experimentally determined values of hydraulic gradient i, specific discharge g, seepage velocity, mass
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flux J and flow length x for sample E (@=0.420).

Time Hydraulic head Hydraulic Hydraulic | Flow Xz(mz) Volumetric flow | Volume flux, Seepage
(Sec.) of saltwater Head gradient, i | length 3 81 = Velocity,
(cm) of X(m) x10 Ratg, Q(ms) q (m45 ) )
-2 -1 -4
freshwater 10 x10 x10 (ms )x10
(cm)
60 19.40 22.60 0.323 9.900 9.801 16.591 8.250 19.643
120 19.90 22.10 0.200 11.025 12.155 12.317 6.125 14.583
180 20.20 21.80 0.137 11.700 13.369 | 9.804 4.875 11.607
240 20.40 21.60 0.099 12.150 14.762 | 8.145 4.050 9.643
300 20.55 21.45 0.072 12.488 15594 | 6.976 3.469 8.259
360 20.60 21.40 0.063 12.600 15.876 | 6.033 3.000 7.143

Table 6. Values of porosities, hydraulic conductivities, diffusion coefficients, effective diffusion coefficients and
tortuosity for homogeneous samples A,B, C, D and E.

Samples Porosity Hydraulic Effective Diffusion
Conductivity Coefficient (m?/s)x10®
(m/s)x10°°

A 0.250 0.570 3.310

B 0.300 1.870 3.660

C 0.330 7.960 4.080

D 0.375 11.700 4.037

E 0.420 17.500 4.680

Table 7. Mean values of natural log of mass flux J simulated when average hydraulic gradient is 2.1 for samples
A, B, C,DandE.
X(cm) @=0.250 @=0.300 2=0.330 2=0.375 @=0.420
InJ InJ InJ InJ InJ

0 -3.240 -2.040 -0.690 -0.4170 -0.322
2 -3.300 -2.201 -1.220 -1.0374 -0.858
4 -3.360 -2.360 -1.740 -1.6577 -1.572
6 -3.410 -2.516 -2.269 -2.2779 -2.287
8 -3.470 -2.673 -2.800 -3.0640 -3.001
10 -3.530 -2.831 -3.322 -3.5185 -3.715
12 -3.580 -2.988 -3.850 -4.1387 -4.429
14 -3.640 -3.146 -4.374 -4.7519 -5.143

Table 8. Values of attenuation coefficient A for samples A, B, C, D and E by simulation.

Sample Porosity Attenuation coefficient from model
A 0.250 -2.84
B 0.300 -7.89
C 0.330 -26.30
D 0.375 -31.09
E 0.420 -34.89

Table 9. Reduction in concentration of contaminants along flow length for simulation.

Flow length | Concentration Concentration Concentration Concentration Concentration

X (m) (Kgm3) x 103 (Kgm?) x 10° (Kgm®) x 103 (Kgm®) x 103 (Kgm3) x 10°
A (@=0.250) B (2= 0.330) C (©=0.375) D (&= 0.400) E (9= 0.420)

0.00 1.0250 1.0250 1.0250 1.0250 1.0250

0.02 0.9731 0.7636 0.6231 0.5690 0.5036

0.04 0.9238 0.5689 0.3787 0.3158 0.2475

0.06 0.8769 0.4238 0.2302 0.1753 0.1216

0.08 0.8325 0.3157 0.1399 0.0973 0.0597

0.10 0.7903 0.2352 0.0851 0.0540 0.0294

0.12 0.7503 0.1752 0.0517 0.0300 0.0144

0.14 0.7123 0.1305 0.0314 0.0166 0.0071
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y =0.57E-5i + 1.673
R2=0.985

Vol. flux

Hydraulic gradient

- J
Fig. 2. Volume flux, g against hydraulic gradient, i (sample A)
4 N
X? = 1.6E-5t - 0.606
R?2=0.994

X?3(m?2)x103

Time(sec.)

. J
Fig. 3. Square of flow length (x?) against time T(Sec.) for sample A

4 N

InJ=-2.84x - 3.242
R*=0.999

Natural log J

Flow length x

- /

Fig. 4. Plot of natural logarithm of mass flux J against flow length x (m) for Sample A.

4. CONCLUSION

In this study, Darcy’s and Fick’s laws which govern the free flow of water and transport of contaminant in soils
were used to develop a model which controls mass flux of contaminant in coastal aquifers. The medium with
highest concentration coefficient of attenuation and the same time lowest concentration coefficient of diffusion
will not allow saltwater contaminant to flow freely because of its low porosity and hydraulic conductivity.
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Therefore, maximum contact between saltwater contaminant and soil particles enhanced the attenuation capacity
of the medium.
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