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Abstract: Overexploitation of  coastal  aquifers  has become a common  issue with  many  coasta1  regions  experiencing

extensive  seawater  intmsion, resulting  in severe  deterioration ofgroundwater  quality. When  analyzing  the freshwater

quality extracted  from the pumping wells  in coastal  aquifers,  the movement  of  very  iow  concentrations  ofthe  solute

is critical in analyzing  the level of  contamination  in pumping wells,  This researeh  analyzes  the effectiveness  of  four
seawater  control  measures  using  a hypethetical steady-state  salt  distribution model  in a  representative  cross-section

perpendicular to the coastline  using  a two-dimensional  density-dependent solute  transport model  through
homogeneous media,  It is established  that the shallow  pumping wells  are  more  preferable than the deep pumping
wells  as  they have relatively  lower concentration  value  in the pumping  well,  Low  permeable  aquifers  give high con-
centration  values  in thc pumping  well  and  the extent  ofseawater  intrusion is largc than the high perrneable ones.  The
level ofcontamination  in the pumping well  is proportional to the extent  of  seawater  intrusion wedge.  Pumping  wells

located further away  from the seashore  are  not  affected  by the presence of  the seawater  intrusion wedge;  however,
this may  not  bc an  effective  method  ofcontrolling  seawater  intrusion. Deep  recharge  wells  closer  to the pumping well

seem  to be the most  effective  method  ofcontrolling  the extent  ofseawater  intrusion and  the concentration  value  in tlie

pumping well.  Deep seawater  pumping wells  located relatively  away  from the  pumping well  could  be used  to cDntrol

seawater  intmsion if proper disposal methods  for the extracted  saltwater  are  implemented. Low  permeable barrier
walls  located closer  to the pumping  well  could  be used,  although  the initial cost  of  constmction  may  be high.
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1 Introduction

In many  coastal aquifers, intrusion of  seawater  has become
one  of  the constraints  affecting  groundwater management.
The coastal  areas  of  the world  are  characterized  by high
populations, with  about  70%  of  the world's  population
living within  60 km  of  the shoreline  and  eight  of  the 10

largest cities in the world  are located along  the coastline
(Oude Essink, 2001). Overexploitation of  these coastal

aquifers  has become a  common  issue with  many  coastal

regions  experiencing  extensive  seawater  intrusion, resulting

in severe  deterioration of  ground  freshwater quality. As
seawater  intrusion progresses, existing  pumping  wells,

especially  close  to the  coast,  become  saline  due to upconing

and  they are  abandoned.  Management of  these coastal

aquifers  in such  situations is a delicate task  and  requires

special  attention  to minimize  the movement  of  the seawater
wedge  into aquifers  and  up-coning  of  seawater  near  pump-
ing stations  (Reilly and  Goodman, 1987 and  Bower et  aL,

1999). The rate  of  abstraction  in pumping  wells  along  the

coastal  areas  should  not  exceed  the  permissive sustainable

yield. Prevention of  salinisation  becomes eriticat  and

detailed eharacterization  of  coastal  aquifers  is quite
essential  for prevention and  remediation  to protect coastal
aquifers  from  seawater  intmsion.

  The extent  ef  intrusion depends on  a nurnber  of  factors
such  as  aquifer  geometry  and  properties, abstraction  rates,

  
iPh,D.

 Student, Graduate School of  Agriculture, Kyoto University, Ki-

tashirakawa-Oiwake-cho, Sakyo-ku, Kyoto 606-8S02, Japan, CCorres-
pondingAuthor)E-mail;makokha@yahoo.com

 
2
 Associate Professor, Graduate School ofAgriculture,  Kyoto University,

Kitashirakawa-Oiwake-cho,Sakyo-ku,Kyoto6e6-8502,Japan

  
3Professor,

 Environmental Science Division, Ishikawa Prefectural Uni-
versity,Nonoichi-cho,Ishikawa921-g836,Japan

depth, recharge  rate  and  distance ofpuniping  wells  from the
coastline  (Ghassemi et  aL,  1993). Complex  mQdels  are

required  to quantify these factors, so that proper control
measures  are  undertaken  to control  seawater  intmsion.

Numerical modeling  is a powerfu1 tool for the

parameterization and  validation  of  comprehensive  coastal

aquifer  rnanagement  (Van Dam, 1993; Oude Essink, 1996).
This research  analyzes  the efTectiveness  of  different

seawater  control measures  using  a  hypothetical steady-state

salt distribution model  in a representative  cross-section

perpendicular to the  coastline  using  a two-dimensional
density-dependent solute  transport model  through
homogeneous  media.  The  aquifer  is assumed  to consist  of  a

single  homogeneous porous medium  with  the impervious
bottombeinghorizontat.

 When  analyzing  the freshwater quality extracted  from the

pumping wells  affected  by seawater  intrusion, the

movement  of  very  low concentrations  of  the solute  is
critical  with  respect  to water  supply  in pumping wells,  The

normalized  concentration  is important in defining the  level

ofcontamination  in pumping wells.
  The  seawater  intrusion contrel  methods  analyzed  include

the location of  pumping wells  (Pmp, the use  of  Recharge
wells  (llPT), Seawater  pumping  wells  (SMPmp, and  barrier

system.  Previous research  done by Van Dam  (1993),
revealed  that these methods  could  be used  to control

seawater  intmsion in coastal  areas. The  technical and

environmental  limits posed by the probable control

measures  in an  aquifer  system  are also  discussed. This was

quite essential  in proposing the ultimate  location of  the

pumping wells  in terms of  the technical and  environmental

aspects  within  the prevailing physical constraints.
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2 Numerical Modeling

2. 1 Numerical  Theory
The  governing equations  used  in the analysis  were  given
by:

 Ss 
e7tf

 =  oO., ll+Krs'.i(OeH.,' + 
Pp'

 s,6fi,,)l  (1)

           Rdn  
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where  lij is the total head of  freshwater, q  is the specific

storage,  Kl)- is the hydraulic conductivity  tensor of  freshwa-
ter,8. is the dimensionless density reference  ratio  defined

tt, q 
=pha.,eiflf-1,

 in whichpf  is the freshwater density,
C  is the normalized  concentration  defined as

C=  C7Ch,,. 
,where

 (;,. is concentratien  corresponding  to

the maximum  fiuid density p.,. , C is the concentration,
6ii is the Kronecker's delta, tis time, Rd is the retardation
factor, Z･ is Darcy's velocity  vector, xi is the location vector,

t is the time and  Dij is the dispersion coefficient  tensor de-
fined as;

          aTIV+(aL-aT)P12/IVI  ijri=J'

    Dii=  (3)

          (aL -a,)VI PC, /IP' ijc i. ]･
where  aL  is the longitudinal dispersivity and  aT  is the trans-
versal one,  In (1), i =y'

 
=2,

 is vertical,

  Inaddition fi" isdefinedas;

               fi"=ioa-"c (4)

in which  sif is the viscosity  of  freshwateT, It is the dy-
namic  viscosity  ofthe  fluid and  fi. is the ratio  ofchange

in viscosity  with  reference  to concentration.  For (1) and  (2),
the summation  convention  is applied  for the direction. i and

]'. (I) is the continuity  equation  of  groundwater and  (2) is
the solute  mass  balance equation.  (1) was  derived from as-
surning  two driving forces of  the piezomenic  head gradient
and  the buoyaney fbrce directed vertically  upward.  The

normalized  concentration  of  the second  term  on  the right

hand side  is treated as  an  unknown  variable,  while  the one
in the viscosity  term related  to the hydraulic conductivity

tensor is treated as  a  known value  using  the one  at  the pre-
vious  iteration step,  In (2), the Darcy's velocity,  Z･ is also
treated as  a  known  value  by using  the one  at  the previous
iterati-tn step. Therefbre (1) has two  unknown-variables;  e
and  C and  (2) has one  unknown  variableC.Therefbre

two  unknown  variables  are  solved  from  the simultaneous
equations.  Considering the change  in viscosity  and  velocity,

the iteration calculation  is carried out. The governing equa-
tions are  solved  using  the finite element  method,  in which
the  ordinary  shape  function is used.  The  special  treatment

for stability  in the  case  of  the  large advection  is not  consi-

dered, since  the velocity  analyzed  in this study  is not  ex-

pected to be so high. Actually there are  no  oscillations  in

the results. Since the  total head of  the  freshwater H} is an

unknown  vari'able,  the boundary condition  at  the down-
stream  side,  which  is the total head of  saltwater  IZ is fixed
and  has to be modified  using  the fo11owing equation;

         Hf  =z+  (1+E. XH. -z) (S)
 After solving  the equation  at  steady  state  conditions,  the

concentration  in the pumping well  is also examined  at

steady  state eonditions.

2.2 Model  Description

The two dimensional cross-section  fbr the eoastal  aquifer

system  has a fiow domain of  A-B-C-D-E as shewn  in Fig-
ure  1. The model  dimensions are; width  of  60m  and  height
of30m.

SaltwaterC=Cs

No  fiux boundary

Hser

C DVFB

Unconfinedaquifer

A E

HfFrCFrcshM,aterc-o

           Nofiuxboundary Aquiferbottom

Figure 1: Crossection through  unconfined  aquifer

 Along the no  flux boundaries; CD  and  AE, the total flux
perpendicular to the boundary is zero. Along the slope  BC,

the concentration  C  is constant  and  constant  total head M
is set  up  to the node  of  which  the  elevation  coincided  with

the  salt  water  level as  indicated by  the  thiek  line BF  on  the

slope  in Figure 1. Zero  flux eondition  is applied  on  the

nodes  over  the saltwater  level as shown  by the thin line on
the slope  FC, AIong  the boundary AB  and  DE,  eonstant

head  and  concentration  were  applied.  In Figure 1, the sea
shore  is defined as position F.

 The  finite representation  of  the system  comprised  of  1781
nodes  and  1700 elements.  The general fiow and  transport

parameters fbr all cases  were  as in Table 1. Since the para-
meter  fii, has not  been studied  well,  the vatue  was  tenta-

tively set as shown  in Table 1. The values  are  assumed  hy-

pothetically and  the parametric study  about  hydraulic con-

ductivity is carried out. In this study, the hydraulic conduc-

tivity is assumed  to be isotropic, while  the diffUsivity is
considered  to be anisotropic.  Since the simulation  is canied
out  at steady  state conditions,  the specific storage  and  the

retardation  factor are not  necessary  for the simulation.

Table 1 : Flow  and  transport  parameters fbr numerical  model

Parameters ValuesandUnits
Pumpingrateofpumpingwell(g.)5xlo-3ms'i
Porosity(n) O,33

Freshwaterconccntration oo/,

Seawaterconcentration 30/o

Modifiedcoefficientofv{scosjty(fi,,)O.Ol

Densityrefercnceratio(E.) O.03

Longitudinaldiffusivity(cxL) 2 × 1o'2m
Transversediffusivi(a) 2 × 1o'3m
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2.3 Description ofthe  seawater  contrel  measures

Four seawater  eontrol  measures  were  analyzed  namely;  the
location of  pumping  wells  CPmp from the sea shore,  the use
ofrecharge  wells  (Rva), seawater  pumping  wells  (SmpPD
and  the barrier system.  The  normalized  concentration  C  

,
 in

the pumping  wells  was  calculated  considering  all the me-
thods. The pumping  wells  used  were  located at a  depth of
1O m,  16 m,  and  26 m.  They were  at a horizontal distance of
6m  from the sea  shore.  The  pumping  rate was  described at

the node  corresponding  to the depth ofPM

  Table 2 shows  the specific  parameters used  to model  the

four control  measures.  In the  first method  the PM  were  lo-
cated  at  a  varying  horizontal distance from the sea shore.

The  discharge index (Q) was  ealeulated  and  it was  defined
by; 9 

=
 Kthct,ig, where  K  is the hydraulic conductivity  as-

sumed  to be isotropic, i is the average  hydraulic gradient of
the region  calculated  frorn the boundary conditions  and  was

a constant  of  about  O.02, L  is the horizontal distance of  the

pumping well  from the sea  shore,  d is the depth of  the

pumping well  and  qp is the pumping  rate,  If the e value  is

small, the pumping  well  suffers  greatly from the effeet of

seawater  intrusion. This index is oniy  applied  in the exami-
nation  oflocation  ofpumping  well,

 Recharge  wells  (Rva) are  used  to iaject freshwater into an
aquifer  for primary purposes of  controlling  seawater  intm-
sion  to protect coastal  aquifers  from  contamination.  They
are located in the upstream  of  the pumping  well.  A  eonstant

total head  equal  to the  ground level was  fixed for all the
nodes  in the reeharge  well.  Total recharge  flux of  the re-

charge  well  was  then  calculated.  Seawater pumping wells
(Smpmp are used  to extract  saltwater  along  the coast  in or-

der to reduce  the length of  seawater  intrusion and  prevent
coastal  aquifers  from  contamination.  They  are  located

downstream ofthe  pumping well  in the sea.  The seawater

Table 2]Parameters for four control  measures

barrier walls  are used  to protect the pumping  wells  from
contamination.  The  effect ofvarying  the permeability of  the

barrier and  length were  analyzed,  For all the control  meas-

ures,  K  is applied  to Kl. and  1<le, direction, 1(1. is set at zero.

3 Results and  analysis

3.1 Location ef  pumping  wells  and  pumping  rate

Table 3 shows  the  results  obtained  for varying  the horizon-
tal distance ofthe  pumping wells  from the sea  shore  for the
case  ofK=  4.7 × 1o'3 ms'i.

Table 3: Discharge Index (e) and  norrnalized  concentration

       (C )valuesfbrK=4,72 × lo'3ms"
HorizontaldistanceofDepth 2

Lc

PPiffromshore(m) (m)
4 10 3.68023

16 2.58O.29
26 O.73O.37

6 10 4.51O.20

16 3.16O.25
26 O,90O.31

8 10 5.33O.16

16 3.73O.21
26 1.06O.27

10 10 6,56O.11

16 4,59O.17
26 1,31O.21

12 10 6.97O.15
16 4.88O.16

26 1.39O.19
28 10 11,49o.oo

16 8.04o.oo
26 2.29o.oo

Methoda)LocationofPM

  Depthof PM
  Horizontal distance of  PM
  from sea  shore

  Hydraulic conductivity  (K)

  Pumping rate  (q.)
b) Recharge wells  (R PP)
  Depth  of  R PV
  Horizontal distance of  RPV
  from PPV

  Hydraulic conductivity  (K)
c)  spzp  nv

  Depth  ofSrzPM

  Distance ofSmpM  from  PM

  Hydraulic conductivity  CK)
  Pumping  rate  (q,)

d) Barrier System
  Length ofbarriers
  Distance ofbanier  from PPV
  Hydraulic conductivity  of

  banier

Parameters

10, 16, 26 m

4, 6, 8, 10, 12, 28 m

2.4× 1O-3,4.7× 1o-3,
7.1 X  10'3 ms'1
5.0 × lo'i m3s'i

4, 10, 13, 26  m

4, 12m4.7
× 10'3 ms'i

4, 10, 13,26m
2,5,8m4.7

× 1O-3 ms'i
2,Oxlo-3,

2.5 × 1O'3 m3s'l

15, 20 m2,4m4

 × lo'4
      '

4 × 10-8 ms'i

   It was  observed  that the discharge index varied  inverse-
ly with  the concentration;  that is, the concentration  in-
creased  with  depth of  the PPZ  Shallow PW  of  10 m  depth

had less C  value  than  deep PMof26  m.

 Figure 2rmshows the relationship  between discharge index
and  the C  v-tlue  in PMlocated  at  different horizontal posi-
tions. The  C  value  seemed  to decrease as the horizontal
distance from  the shore  increased from  4 m  to 12m. This
could  also  be seen  from Figure 2 as  the  gradient of  the C
was  steep  for PM  near  the sea  shore  at  4 m  and  it reduced

gradually forPM  that were  12 m  away  from the sea  shore.

O.4:･e-

 o.3gg

 o.2g8

 o.1

o

DistanceofPMfromshore

       +4m
       +6m
       +8m

       -x-10m
+12m

-･-

              0 2 4 6 8
                       Q
Figure 2] Normalized concentration  (C ) and  discharge

        index (Q) in thePMat  1O m  depth
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The wells  located 28 m  away  from the sea  shore  Jl{ere not

affected  by the seawater  intrusion as  they had C values

equals  to zero,

 Varying the hydraulic conductivity  also  had an  effect  on

the C  value  in the purnnlng wells.  Table 4 shows  the

discharge index and"the  C  values  at varying  hydraulic
conduetivity,  High C values  were  observed  in the case  of

K  =  2.4 × 1O-3 ms-i,  compared  to the case  of  hydraulic con-
ductivity was  K  =  7.1× 10'3 ms'i.  The  seawater  intmsion
was  relatively  less in the case  ofK  t=  7.1 × 1O'3 ms'i  Com-

pared to the.g/ase of  K  =  2.4× 10'3 ms'i,  Large intmsion
meant  high C values  in the PM  Therefbre the hydraulic
conductivity  and/Lhe  horizontal distance ofPM  from the  sea

shore  affect the C  value  in PM

Table 4: Discharge Index (e) and(C  )values for varying
hdraulicconductivi(

K(ms'i) 2,4xlo'37.1xlo-3

DistanceofPPrDepth9U Qi
fromshore(m)(m)

4 101,85O.325,53O.15

161.29O.403,87023

26O.37O.45LIOO.32
6 10225O.296,77O,14

161.57O.354,73O.18
26O.45O.401,35026

8 102.66O.268.00O.11
161.86O.315.59O.07

26O.53O.351.59021
10 103,28O,239,85O.Ol

162,29O,266.89O.02

26O.65O,291.96O.06
12 103.48O,2210,47O.Ol

162.44O.242.44O.Ol
26O.69O.27O.69O.02

28 105.74O.061722o.oo
164.0IO.1012.05o.oo

261.I4O.113.44o.oo

 Figure 3 shows  the relationship  of  C  and  e in relation  to
the varying  K  for the  PM  located at  10 m  depth. High  e
values  were  observed  in the case  ofhigh  Kvalues. From  the

e value  the contamination  in the Ru/mping well  could  be
inferred; High  Q value  meant  low C  value  in PPV. [[here-

fore shallow  PW  located at 10 m  depth and  at a horizonLtl
distance of  28 m  were  most  effective  in reducing  the C
yalue  in the PW.

                    Hydraulicconductivity

                 + 4.7 x  1O-5 mls
                 ---i--- 7.1 x10-5  mls
       U  "---"

        bO -'
        o  ''---.
       A  

`-.

                             
-A

       O.1

         O,O 2.0 4,O 6.0
                    Q

Figure3: RelatiLonshipof C valueandeinPPilat10m

         with varying  hydraulic cenductivity  (K)

3.2 Recharge wells  (R mp
For all the cases, to examine  the effect ofRPVI  the  PM  ex-

isted at the distance of6  m  from the seashere,

 Table 5 shows  the results  for varying  the horizontal dis-
tance and  depth ofRM  for the PPV/ Thgresults reveal  that
as the depth ofthe  RMis  increased the C  value  ofwater  in
PM  reduced,  that is, they  are  inverselyn;oponional. Figure

4 shows  the relationship  between the C value  ,Ln the PPV

of  16 m  depth, and  the depth and  the horizontal distance of
the RWI  The  same  tendency was  observed  in the different

qgpth of  the PPX  Deep  RM  significantly  reduced  the

C  value  in the P}PZ When  the R}V  was  located 26 m  deep,
the value  of  C  in PPVwas  zero.  The  C  values  were  rel-

atively  higher when  the RMwas  4 m  deep (Table 5), RPV

locatgLd 4 m  away  from the PPPr seemed  to effectively reduce

the C valueinPMthantheRMlocated12maway.

 Figure 5 shows  the relationship  between the depth and  the

total recharge  flux (q) ofthe  RPV  in the ease  ofP'PV  at 16 m
depth, The  same  tendency between the depth andq  in the
RM  was  observed  fbr the different depth of  the PM  The

total q increased as  the depth ofthe  RMincreased;  they  are

directly proportional. The total recharge  flux reduced  as  the

RPV  were  lecated from  4 m  to 12 m  from  the  Prz  This im-

plies that a  lot ofrecharge  flux is required  for RM  located 4

m  away  from the PPV than the RPV located 12 m  away  to

maintain  the groundwater total head. The  g value  was  in-

versely  proportional to the C  value  in the PPVI tLLat is, high

qvalues implied lowTC values  in thePPZ
Figure 6 shows  the C distribution for RMat  var]ling  depth,
The  extent  of the seawater  intrusion wedge  was  sLgnificant-

ly redueed  when  the RMwas  located 26 m  deep than when
it was  at  4 m  depth. The depth of  the RM  is inversely pro-
portional to the extent  of  intmsion wedge.  Therefore the
deep RMthat is closer  to the PM  seems  to be the most  ef

fective method  in red-teing the extent  of  the seawater  intru-
sion  wedge  and  the C value  in the PM

Table 5: Effects of  horizontal distance and  depth of

      Rur  on  the  C  value  in the PW

DistanceofRPV
fromPPF 4m 12m

DepthofPMmDepthof

RM(m)i
g 6 g

10

16

26

261310426131042613104o.oooO.O02O.O05O.Ollo.oooO.O08O.OIOO.098O,OOIO.060O.1710219O.OIOO.O08O.O07O.O05O.OIOO.O08O.O07O.O05O,OIOO.O07O.O06O.O04o.oooO.O05O.O06O,025O,O07O.024O,047O.168O.086O,383O.458O.897O.O07O.O05O.O03O.O03O.O07O.O05O.O03O.O03O.O07O.O05O.O03O.O03
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re 6: Effect of  varying  depth of  RM  on  the extent  of

   seawater  intmsion; a  is R  PPi at  26 m  depth; b is RM
   at 13 m  depth; c is RW  at 1O m  d¢ pth; d  is RM  at  3

   m  depth located at  horizontal distance of4  m  away

   from  1O m  depth PM

3.3 Sea  water  pumping  wells  CSPFPPrp
To examine  the effect of  the SWPPV; the PPV  was  located at
a  horizonta1 distance of6  m  from  the  seashore.

 Table 6 shows  the results obtained  for varying  the hori-
zontal  distangg, depth, and  the pumping rate of  SnvPM  on

the value  of  C  in the PM

 It was  generally observed  that the shallow  PM  had rela-
tively lower C values  than the deep PM  The position of

the SMPM  also  affected  sigriificantly the value  of  C  in
the PPPI For instance, considering  the PPV  loeated at  a  depth
of  1O m,  the SMPMplaced  at  26  m  depth seemed  to effec-

tively reduce  the value  of  C  in the Prz  The  general trend
was  that, as  the depth of  the SMPMincreased  the value  of

C  in the PMsigriificantly reduced.  The  C  value  in the

PPV is inversely proportional to the depth of  the SMPPPZ
 The horizontal distance of  the SMPMalso  had an  effbct  on

the extent  of  seawater  intrusion and  the value  of  C  in the
P}VL Figure 7 shows  the C  distribution to indicate the

effect  ofvarying  the horizontal distance of  the SMPM  from
the PM  on  the extent  of  seawater  intrusion, It is observed

from Figure 7 and  Table 6 that, the SMPW  located 8 m

away  reduced  sigpificantly  the extent  of  seawater  intrusion
wedge  and  the C value  in thePval than the well  ataho-

rizontal distance of  2 m.  The  extent  of  seawater  intrusion

influences the C  value  in the  PPI

 As  the horizontal distance of  the SMPM  from the PM  in-
creased,  the C  value  in the PPV] and  the extent  of  seawater

intmsion wedge  also  reduced,  Therefbre deep SMPM  that is
located relatively away  from the PPYI is effective in reduc-
ing the extent  ofseawater  intrusion wedge  and  the C value

in thePM

 Lowering the pumplgg rate by 20 %  did not induce the
clear  increase ofthe  C value  in the PM  This implies that
small  changes  in the pumpipg  rate  in the SMPPV;  does not
affectthemeasureofthe  C valueinPPV(Table6).

Table 6: Effect of  depth variation, horizontal distanee,

       and  pumping rate ofSWPM  on  the C  value  in the
       pw

SPVPPVpumping

rate(m3s-1)
2.5× 10-3

2 ×

10-3

Horizontaldistance
ofSPrPMfromPM2m

5m 8m 2m

DepthofPW(m)Depthof

smpm(m) i i 6 i

10

16

26

261310426131042613104O.140O.1600229O.336O.198O.361O.389O.370O.170O.489O.494O,500O.139O.1430211O.286O.178O.232O.312O.348O.148O.434O.445O.416O.135O.138O.198O,203O.162O.200O.243O.292O.165O.359O.383O,385O.166O.181O.240O,368O.203O.373O.398e.422O.197O.496O.502O.525
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Figure 7: Effect of  varying  the horizontal distance of  the

         SmpW  at 26 m  depth on  the extent  of  seawater

         intrusion; a  is 2 m  from  PPV; b is 5 m  from PPP;
         c  is 8 m  from PPP'

3.4 Barrier system

To  examine  the effect  of  the  barrier system,  the PM  was

located at a  horizontal distance of  6 m  from  the  seashore.

 Table 7 shows  the resunelts for varying  the permeability of
the barrier wall  on  the C  value  in the PPPI The observed

ggperal trend was  that, as the depth of  the PM  incTeased the

C value  also increased; the deep PMwas  more  contami-

nated  than shallew  Pew,

 Figure8  shows  the C distribution indicating the effect

of  varying  the permeability of  the barrier on  the extent  of

seawater  intrusion wedge  for the case  of  the PW  loeated at
10 m  depth. The actual length ofthe  barrier was  considered

to be half of  the total length of  barrier shown  in Table 7.
The  upper  half had the permeability corresponding  to that
of  the porous media.  It was  observed  that when  the permea-
bility of  the barrier was  low the saltwater  intrusion wedge

wentLg/round  the barrier. The low perrneable barrier reduced

the C  value  in the PPV  by almost  42  %;  that is, as  the

permeability ofthe  barrier became low, the C value  in the
PPPJ also significantly  beeame low. However  the effect  of

lowering the permeability of  the barrier is not  proportional
to reducing  the salinity  in the PM

  Doubling the horizontal distance of  location ofthe  barrier

from the PMdid  not  seem  to change  so  much  the C  value

in the PM  The C  yalue  for the banier at  4 m  increased
within  the range  of  2- 15 %  (Table 7). Therefore building

baniers funher away  from the PMmay  not  be quite neces-
sary.

 Increasing the length of  the barrier ef  K!= 4.72 × 10'4 ms'!
by 33 %, did not  also  affect so much  the C  value  in the

PM  In the case  of  Ki4.72× 10-8 ms'i, theC  value  in the
PPV  at  16 m  depth, redueed  by 6 %  and  in the PPV  at  26 m

depth, the C value  was  reduced  by 7 %  (Table 7). There-
fore when  considering  using  the barrier system  as  seawater

control  measure,  the permeability of  the barr/ier system

seems  to have an  effect  on  the  reduction  of  salinity of  the

PPZ However the length and  locatien ofthe  barrier may  not

be quite negligible  especially  when  using  a  low permeable
banier.

Table 7:Effects ofvarying  the horizontal distance, RgLrrnea-
bility, and  the length of  barrier on  1/heC the

value  in the PM

Permeabilityofbarrier

(Ms'1) K4,72 × 1o'4
Lengthofbarrier(m) 15 20

Horizontaldistanceof
barrierfromPif(m 2 4 2 4

DepthofPif(m) i i i i
101626 O.178O.235O.305O.180O.240O.308O.169O.223O,303O,1690221O.295

Permeabilityofbarrier

(ms'1) K=4.72 × 1o'8

Lengthofbarrier(m) 15 20
Horizontaldistanceof
barrierfromPMm

2 4 2 4

DepthofPM(m)i U i 6
101626 O,103O,180O.239O.119O,193O.261O.101O.110O,224O.126O.143O.248
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: Effect ofvarying  the  permeability on  the  extent  of

  seawater  intrusion for the 15 m  length barrier, at

  a herizontal distance of2  m  from the  PMlocated

  10 m  deep; a  is K!4.72  X  10'4, b is 1(!4.72 ×

  1O'8 ms'i
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4 Technical, and  enyironmental  aspects  of  the reviewed
 control  measures

From  the foregoing discussion, it is obvious  from all  the

fbur control  measures  reviewed  that shallow  PM  are  more

preferable than  the deep PMas  the C value  is relatively
less in the shallow  PM  than the deep PvaL In addition,  the
extent  ofthe  seawater  intrusion wedge  affects  the  C  val-

ue  in/-ghe P}Z  As  the seawater  intmsion wedge  increases,
the C  value  in the PPV also  increases; they are  directly
proponional. Therefbre reducing  the extent of  the seawater
intrusion wedge  is primary in reducing  the C  value  in the
PPFI

 Figure 9 shows  the C  values  fbr the most  effective  op-

tion oTf each  of  the four reviewed  methods  in comparison  to

the C  values  of  the PPV at a horizental distance of  6 m

from the seashore,  before the application  of  the control

measures.  Figure 10 shows  the extent  of  the seawater  intru-
sion  wedge,  Figure 1Oa is the seawater  intmsion wedge  for
the 1O m  deep PMwithout the control  measures,  Figure 1Ob
is the one  for the PM  located 28 m  away  from the seashore.

It is observed  that, the PMwhich  is located further away  at

28 m  from the seashoLt  is not  affbcted  by the seawater  in-
trusion wedge  and  the C  value  in the PMis  zero.

  The deep RM  located 4mLaway  from PM  and  26 m  deep
significantly  reduced  the C value  in the PW  to zero  (Fig-
ure 9). The  extent  of  seawater  intrusion was  also  signifi-

cantly  reduced  (Figure 6a). However the deep RMrequires
large recharge  flux, The large amounts  of  artificiaL  recharge

could  be expensive  and  it may  be difficult to maintain  the
water  head  required  for the RPP; therefbre raising  environ-

mental  and  econemic  issues. Therefore, when  selecting  the

location ofRMI  it should  be deep and  close  to thePM

  The  SmpPV  located 8 m  away  from thLg.PMand  at  a  depth

of26  m  was  effective in reducing  the C  value  in the PW
(Figure 9) and  the extent  ofthe  intrusion wedge  (Figure 7c),

g,9tiegopo=oU

O.35O,3025O,2O,15O.1O.05o-O.05-O,1

10m  16m

   Depthofpumpingwells26

 m

Figure 9: The  C  values  ofthe  PPV for the mest  effective

         option  ofeaeh  reviewed  method
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Figure 10: Seawater intmsion wedge;  a  is the PPF; 10 m

         deep without  the control measures;  b is locating

         Pza  28  m  from sea  shore

However the general limitation of  this method  eould  be the
disposal of  the extracted  saltwater  from the SPVCPPV (Todd,
1974). Therefore this method  may  not  be economically  and

environmentally  feasible.

  The seawater  barrier wall  with  low permeability (K=4.72
× 10'8 ms'1).and  located 2m  away  ftom  PMrelatively  re-

duced the C value  in the PFV  (Figure 9). However since

the differenee ofpermeability,  location and  length efbarrier
have  little effect on  the reduction  of  salinity  in the P}Vl an
eeonomical  barrier should  be selected.

5 Conclusions
.

.

.

.

.

.

.

It is clear  frorn all the four reviewed  methods  that the
shallow  PM  are more  preferable than the deep PM  as

the C  value  in the shallow  wells  is lower,
T-he extent  of  seawater  intrusion is proportienal to the
C  value  in thePve;' therefoTe controlling  seawater  in-
trusion is very  critical in controlling  contamination  in
pumpingwells.
The  perrneability of  an  aquifer  affects  the extent  of

seawater  intrusion and  therefore, contamination.  Low

penneable aquifers  have high C  values  and  the ex-
tent of  seawater  intrusion is large, than  the high per-
meable  aquifers,

PM  located further away  from the sea shore  are not

affected  by the presence of  the seawater  intmsion
wedge.Deep

 RM  Iocated eloser  to the PM  are the most  effec-

tive, in reducing  the C  value  and  the extent  of  sea-

water  intrusion. However they  require  large volumes  of

water  to maintain  the total head. Therefore it may  be
expensive  to maintain  thern.

Deep SrzPM  located relatively away  frorn the PM
could  be used  to control  seawater  intrusion if proper
disposal methods  for the saltwater  extracted  are  im-

plemented.
The  low perrneable barrier wall  located closer  to the

PMis  effective  in redueing  the C value  in the PPZ
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. However  it is more  preferal)le to built an  economical

   barrier.
 In conclusion,  from this study  the recharge  well  is the best
seawater  control  measure,  but the barrier system  may  be
usefu1  in controlling  seawater  intrusion, therefore funher

research  is being considered.

References

[1] Bower,  J.W., Motz,  L.H., and  Durden, D.W.  (1999): Analyti-

  cal  solution  for determining the critical  condition of  saltwater

  upconing  in a  leaky artesian  aquifer,  .lournal qf  Ilydrology,

  221, pp. 43-54,

[2] Ghassemi, F., Chen, T.H., Jakemax] A.J., and.  Jacobson, G.
  (1993): Twe  and  three-dimensional  simulation  of  seawater  in-
  trusion: perforrnances of  the 

"SUTRA"

 and  
"HST3D"

 models,

  AGSO  Jburnal ofAustrialian Geotogy and  GeophJ,sics, 14

   (2-3),pp.219-226,
[3] Oude Essink, G.H.P. (2001): Salt Water Intrusion in a

   Three-dirnensional Groundwater  System in The Netherlands:

   A  Numerical Study, ftansport in Porous  Mledia, 43 (1), pp,
   137-158.

[4] Oude  Essink G.H.P. (1996): Impaet  of  sea  level rise  on

   groundwater fiow regimes,  Phl) Thesis, Delft Unjversity of

   Technology, The Netherlands,

[S] Reilly, T.E., and  Goodman,  A.S, (1987): Analysis of  saltwa-

   ter upconing  beneath  a  pumping well,  Jburnal of Llytb"ology,
   89, pp. 169-204.

[6] Todd, D.K. (1974): Saltwater Intrusion and  Its Control: Wa-

   ter Technology Resources, .lournal  ofAmerican }PZter PPbrks

   Assoeiation, 66(3), 180- ]87.

[7] Van  Dam,  J.C. (1997): Saltwater intmsion in coastal  aquifers,

   guidelines for studying,  monitoring,  and  controlling,  water

   repoms  11, FAO,  Rome,  pp.1-152.

Discussion open  until  June 30. 2009

24 -  JOURNAL OF RAINWATER  CATCHMENT  SYSTEMSAIOL.14 NO,ri2008

NII-Electronic  


