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Dear Brian

JAVA SALINE INTRUSION

Following our recent discussions we have pleasure in enclosing a draft
review of saline intrusion modelling with a short bibliography, which we
hope will meet your needs for further discussions with AAAT.

Please add any comments that you might have.

May I take this opportunity of wishing you a Happy Christmas.

Yours sincerely

R B Bradford

RBB/JH '
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l. The continuing development of the groundwater resources along the
north coast of Java pd leading to saline ia31352529a problems that will
eventually restrict the utilisation of these reBOurces. Groundwater
management‘models which take into account saline intrusion_yill be required
for planning and investment decisions. '
basis
2. Management decisions can be made on the 245 of monitoring the aquifer
system. This is expensive_andL by itself, will only provide qualitative
predictions. However,- by linking observations with methematical nodels_the

behaviour of the system and its response to abstraction can be more

. Mepptave
effecrively understood‘thereby‘enabling more Xaan&aeéve predictions.

3. The development of predictive models'tO'represent'the complex
hydrogeologicel conditions of northern Java as well as the. saline ‘tntrusion
effects will require expert skills and the use of large computers.

4. Recognising the potential problem and the need for expert sdvice,
Agency for the Asgessment and~Application‘of-Technology‘(AAAT) held'initial
discussions with Sir Alexander Gibb nd Partners (SAGP) during the recent
visit by -British consultants to Ehe&h;:?‘ ‘As "a result of- these discussions
Institute of Hydrology (IH) have prepared on behalf of - SAGP a brief review
of - saline instrusion and -the various factors which need to be taken into

account. This is accompanied by a short list of the major published

articles on saline intrusion.

5. Any ouentative and prediéti#e modellof saline intrusion must consider
three important aspectS‘ the'scale and geowmetry of the problem under

Vconeideration, the characteristics of . the aquifer system, and the processes

_associated with the interface between fresh and salt water. These factors

largely determine the type of model required and the extent to which
lsimplifying.aSéUmption can be applied.’
6. The conplexity of the aquifer system along the.north-coast'oftJava
suggests that s phased modelling procedure would be appropriate. This
would begin with-a simple model and progrese fn.stages to more complex

wyd O{{M’“'°
representations of .the system by including such factors as
dispersion and well abstraction. The ultimate ohjective for. predictive

lpurposes Would be three—dimensional finite elenent, time-varying,
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local/regional model ihcorporéting hydrodynami ¢ dispersion.

7._ To be~éuccessfui the quellihg.prqcedu:e must {nvolve .the traihing of
model users familiar with the iocai_hydroggplogy. These.staff wquld then
be in a position to properly adviée‘manageré'aﬁd to up&até the model with
new idfdémation. In addition, déveiopment'of a model serves to fécus the

collection of data.

8. IH is actively engaged in programmes of research .into groundwatef
models of saline lntrusion.ﬁhd,_through their consultancy sép&ices, have

experience overseas in the application of such models. Their specialist

‘staff are able to  assist in the preparatibn of an infitial conbeptual_model

of the system, developing the apprbpria;efmathematical descfiption'and“

.translating thtérinto computer.programs which can be,combined:with'actual

data to représentfto real system. The§ are also able to offer appropriate

trafning %ﬁ.the‘theory'and application of salineiintrusion models.



Introduction

fhg Agency for the Assessment and_Application pf Technology (AAATj
advises the Indonesiaﬁ goverament on the int}Bduction.of advanced.
techaology ahd 1faises-with external consultants who can offer expert
advice. During a recent ﬁisit by’SACP, as part of a visit by British
consultants to Indongsia,,the problem of saline intrusion along the north
coast of Java was discussed with AAAT. Nhilsf-the‘prgblem éf saline
intrusion appears to be most serious in the region round Jakarta, it
affects the whole. of the northern coast. It 18 due to the over-extraction
W am“c_ rhat

of groundwater for potable, industrial ‘and irrigation use however

‘some of the water ‘quality problems are a result .of salinisation of

groundwater due to return {rrigation water.

IH are activel} engaged in research into saline intrusion. They,weré
approached by SAGP to discuss the posq;ﬁle application of computer models

to-the Java situaﬂ}bn. A mathematical model: of the saline intrusion would

allow both a quantitative understanding of the present situation and future-

prediction. Ppedictions’could be madg oftbe,consequénces of contfnuing the
present abstraction regime ‘and also to assist management dec;éioné aimed&at“
alleviating or even reversing the saline'iﬁfrusion. An addifiongl
advantage of such a saline.1ntrusion-modél_would‘bé that it could be used

as a management model for the groundwater resources of the area.

In this review :herappiicatioﬁ.of'quaniftétivé analysis to saline
intrusion is diséﬁssed. Some of the various alternative modeis available
are presented with dighussion of their applicébillty to northern Java. -

In addition we have indicated the type of data that is required to

.decidewhich mathematical model would be most appropriate and also that -

required to calibrate the model. We also suggest b:iefly‘the mannet in

. which the modellingvmight‘be carried ocut and a Ggy of transferring the

advanced technology that would be utiligsed for the model,

2, The hydrogeology of Northern Java

Northern_Java consists of two distinct geological regions: in the west

‘and central region the coastal plain consists of thick Quaternary

‘(Pleistocene. to Hbloéene)'alluvial sediments whereas in the east there are.
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Tertiary Limestone foqmations.

The Jakarta artesian basin and thé northern coastal plain of central
Java consist of thick‘Qﬁa;erna:y alluv{al‘sequences which are locally of
high grounﬂwater-potential. These aquifers generalli.coqsist of thin
gravel or sand layers 1ntercalated betweén clay layers. In these coastal
plains saline or brackish water-bearlng layers are of ten found above as.

well as below the confined freshwater aquifers.

In the Tertiary Limestone formations of the eastern coastal plain of
northern Java groundwater is unevenly distributed. These limestone
formatiops_have solution fissures and caverns ‘and the groundwater potential

fa theéé.aieas_depends mainly on the intensity of solution channelling.

3. The occurrence of Saline Intrusion

There usually ékis;s a hydraulic gradient towards the sea in coastal
Qquifers. Due'to.the existence of salt water in the aquifer formation
under the sea bed therénis a contact. zoneé, known as the séiiqe 1nteéféce,v
between the lighter fresh water“which is flowing’towards‘the sea and the
heavier salt watéf. Iypically ghere exists a body of sea water, often in
the form of a wedge underneath éhe fresh water. The contact zone between
the fresh and salt watér takes the form of. a ;%ansition zone across which
the density of the mixed water vques'frbm that of ffesh water to that of

salt water.

Under undisturbed conditions a state of equilibrium eklsés with a-

statipqéry saline interface and a fresh water flow to the sea above 1t, If

”fresh water is pdmped from the goasthl aquifer in excess of natural

teplenishment thé‘saline interface will advance 'inland to a new. equilibrium

. position. As well as. causing an advance inland of the saline interface,

pumping results in an fncrease in the width of the transltlon zone L the
punping rate is sufftciently high the ponsequence of this change of

ﬁbsition and thickness will be contamination of the abstraction wells.

There exists a relationship between the rate of fresh water discharge
to the sea and the extent of saline intrusion. Sea water encroachment -is a
management problem siance the fresh water discharge is the difference

be;wgéd the rate of natural aond artificial replénishment and pumping.




4. Quantitative analysis of saline intrusion

The contamination of fresh watery by‘salt water whether it be natural
or man'induced} significantly reduces the potability of the fresh water.
Thus a quantitative understanding of the pattErns of movement and mixiﬁé_of
fresh and saline water is required. Increasingly complex m&themat#cai
models of the fregh—salt‘water interaction have been developed over the
last 100 years. These models can be used to 1nveét}gate'thé physical

processes which affect saline intrusion and also to .study different

management regimes which can be used to conserve and protect the fresh

water resource,

An exact mathematical statement of the saline fintrusion problem is
extrgmely complex. No analytical solution exists for this problem and,
until recently, no computers were sufficientlj large to solve‘the problem
numerféélly. Asstﬁtions have been made gbout the flow which occurs in
coastal aquifers to simplffy the mathematical statement of the problem,

These assumptions lead to mathematicai'modgls that can be solved

aumerically, and, 1in their simplest. form, analytically. These assumptions

can Be'catagoriéed'into three inter-related groups: the physics of the’

"mixing process, those about the aquifer characteristics and the geometry

-and scale of the aquifer/problem under study.-

4,1 The physics of the mixing process

-The saline Lnterface cbnSists of a transition zone across which the

.fluid density varies from that of salt water td”tha: of fresh water. Under

certain cicumstances it 1s‘reasonasfe to assume that the width of the
transition zoné is very small so that an abrupt interface approximation can
be introduced. This would be justified when the interface thickness ts sl
relative to the Ehickness of the aquifer; or when there is a rapid

groundwater'floq so that the solute transport is dominated by advective

rather than dispersive processes, When the abrupt Lnterface approximation

i1s made the fresh and salt water are treated as two miscible (non-mixing)
fluids.. Nonetheless, the mathematical .statement of the miscible flow
problem is still complex since one of the boundary ‘conditions is the
location of the saline interface which is non-stationary.

Other assumptions are often introduced to stmblify”the'problem sti11
further. The qimpleat of these is ihg-Ghyben—Herzbe;g aﬁprqximation ‘
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(Badon-Ghyben, 1888 and Herzberg, '1901), which assumes that, there is static

equildlibrium and horizontal flow in the fresh water zone and that the salt

.water is statlionary. Under these circumstances the depth to the saline’

interface is 40 times the distance below sea level that the water table is

above sea level., However, the Ghyben—Hérzberg approximation is not valid
close to the coast since the frgsﬁ water flow 1s not horizontal and, since
the saline interface muist be at sea level at the coast, there is no outlet
for fresh water, a physically unreasonable assumption. Where there is a
lack_of data, the Gﬁyben—Herzberg approximation, despite its drawbacks, is

often the best model of saline {ntrusion that can be used,

Other more complex énalytical abrupt interface models“havg been

derived by Muskart (1937) and Hubbert (1940). More recently numerical

‘techniques have been used to solve-the tmmiscible flow problem. A good.

'descpiption of these is given in Bear (1979) Chapter 9.

In the context of the northern.coastal plain of Java it is uﬁlikely

that an abrupt interface appfoximgtion will be reasonable as .the ‘aquifer is

~multi-layered and within each.layer the interface thickness is likely to be

a significant proportion of the aquifer thickness, Groundwater flow.in

.these aquifers 1s slow due to their genérally low transmissivity. Thus

solute transport will be dominated by dispersive rather than advective
processes and an abrﬂpt'interfacé approximation would not be justified.--fn
order to confirm thesé statements lithologicai and .conductivity profiles
are required from fully screened boreholes and 1nfopmation.is re&uired on

groundwater flow velocities..

A further reason wh} the-miscible flow assumption may not be
reasonable is because groundwater.abstraction is of great importance within

the aquifers under éiudy. The effect of'weli'ébstraction_is to cause a

~movement inland and thickening of the saline interface and thus in order to

accurately represent the effect of well abstraction the thickness of the
'saline 1nteréace must be modelled. Work has been carried out within the
Institute of Hydrology ;o_deiermine ;ﬁe effecf}on both the position and

thickness of the saiiﬁe interface of well abstraction {(Reeve and

Wikramaratna, in ppepafapionj.

In or@er to model ;he‘thicknessxof,the saline interface the effects of

-




_dispersion is given by Bear (1979) Chapter 7.

hydrodynamic dispersion must be introduced, where the groundwater is
treated as a miscible fluid which varies in density from salt water to
.fresh,wate: across the saline interface. Hydfodynamic dispersion is the
irreversibie process by which a solute being transported by the groundwater
flow occupies a volume greater than would be expected-according to-the

average flow,

Two ‘processes contribute to hydrodynémlc-dleﬁersion: mechanical
dispersion and molecular diffusion, Mechanical dispersion is caused by .
variations from the average groundwater flow velocity and molecular
diffusion occurs due to the nonhomogeneous distribution of solute
molecules. Despite much research on the subject over the last 30 years the
phencmenon of hydrodynamic dispersion i{s not fully understood and a
complete mathematical statement of the physical processes involved has not
been'derided. Detailed summaries of this research work can be found in '

Bear (1969 Chapter 4 and 1972 -Chapter 10) and Fried (1975)

It is generally agreed that both mechanical.dispersion and molecular
diffusion are a function of the goncentration gradient of the solute ln the
cggggug? otngig; ;??fu::tﬁ‘fo:Lthedgcuifer under study. - This is often
taken as being a ‘proportion (usually between 1/3 and 2/3) of the actual
coefficient of molecular diffusion for the solute under consideration. For
mechanical dispersion Bear and Backmat (1967) expressed this coefficient as
a function of aquifer mee:1C'geometry, flow velocity and molecular
.diffusion. The influence of aquifer matrix geometry on the coefficient of
mechanical dispersion is known as che dispersivicy of the porous medium,
The definition of this property is extremely complex but if the aquifer can
be considered as {sotropic it can be simpltftedlto a function of two
constants,'thevlongitudinal and“trensverse dispersivity_of the aqgifer. !

"good description of the mathematical representation of -hydrodynamic

OLJ’SC:A"‘?-"L

The complete .representation of hydrodynamdc disperqtoq<above is

"mathematically complex and requires parameter values which are extremely

_difftcult to measure in-the field. Due to these problems simplified
techniques for representing hyd:odynaﬁic dispersion have been utilised.
These include taking the coefficient of hydrdﬂyqamic'dispeféion as cons;éntr
or as a linear funccion of the flow velocity. Hachemacical.models have
been developed at the Insitute of Hydrology using the Bear and Bachmat

representation of hydrodynamic dispersion (Wikramaratna and Wood, 1981).
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These have been used to investigate the effect of representing the

dispersion process in different ways and to study the‘effect\thaﬁ varying

‘the values for the aquifer dispersivities have on both the position and

thickness of the saline interface.

A miscible flow model is required to represent the saline intrusion
which occurs on the northern costal plain of.Java. Inftially, this model
should‘gz?a simplifiéa representation of the coefficient of ﬁydrodynamic
dispersion. To pbtaln a good simulation.thg complex Bear and Bachmet
representation may be required. If this is the case t}acer tests will be

required to-obtaln estimates of aquifer dispersivities.

The saline intrusion models described above assume that there is no

‘chemical interaction between the groundwater .and solid matrix of the

aquifer, The. effect of chemical interaction is to elther advance or retard

the transport of the solute relative to the mean velocity.of groundwater

flow, When the solute being transported is salt and the aquifer matrix

consists.mainly'Of'séﬁds and gravels this 1s'a physicglly reasonable
‘assumption. Howéver, if there {s a Significént proportion of clay uthin
the aqﬁiﬁer there may be some'chémicgl interaction with the solute. These
chemical processes can be represente@'by_isotherms which model the transfer

of solute between the solid and fluid phases. These isotherms are usually

.derived from laboratory experiments. -

4.2 Aquifer characteristics

Saline intrusion modeis have been applieﬂ malnly to aquifers whose
characteristics can be assumed to be homégeneous and isotroplc. In reality
aquifers such as these rarely if ever exist. Thgs a second 1mpo:tant
consideration when deriving a sallne.intrﬁsion model 1s-the spatial and
directional variation.of aquifer_properties.- 1f an‘aquifer.consists.of a
number of .distinct layers separated by aquicludes there will be a2 multiple
saline interface. The exact position of the {nterface in each layer will
depend on the aquifer properties of thac'iayer and, similarly, the relative
positions of -the interface in the different layers will depend on éheir

relative properties.

‘Inhomogeneties 1in aquifer propergies_éanfbe represeated-in saline

~intrusion models, However, there are difficulties in representing

anigotopic permeabflitf if‘the full representation of the hydrodynamic




dispersion tensor is used. As stated previously the dispersivity of the
porous medium can only be simplified for an isotopic aquifer.

Much research is being carri;d out in an attempt to derive a
representations df;the coefficient of hydrodynamic dispersion in
anisotropic aquifers. The Institute of Hydrologythas recently embarked on
a research project to iavestigate the effect of aquifer inhomegeneties on
saline intrusion. This project has involved the development of a
speclalist instrument to look at 'in-situ' pore water salinity in shallow
heterogeneous aquifers. The collected -data will be used to calibrate

numetrical models of saline intrusion.

A model of the.nofthgrn Eqastal aquifers of Java will need to take .
account of the multi-layered .nature of these aquifers. In:order to decide
to exact form of the model detailed lithological profiles are required
to. subdivide the aquifer into its different iayers. Field and laboratory’

determination of aquifer properties are required to calibrate the.model;

4.3 Geometry and Scale

The modelling of salihg‘intrusion as a miscibié"flow.pfqblem is’
cléarly a three-dimensional-phgnbmeddﬁ. Since 3-D solute transport models’
are extremely demanding on both-computeé memory and time, approximatipné
are often made which allow the problem to be reduced to the modélltng of a
2-D vertical section perpendicular to the coast. This can be achieved
by making use of symmetries which occur .in the area. to be modelled o}
alternatively ﬁgzgj"réprésenta;iye" 2-D vertical section. In complex
aquifers the assumptioqs that allow the use of these quasi 3-D models are
usually not applicable and thus fully 3-D solute transport models ate

required.

If an immiscible flow model is used the problem can be ;epresencad by

a 2-D areal model, théh are cheaper computa;ionafly'bqt suffer from the

‘major drawback that vertical variations in aquifer properties cannot be

represented.

The multilayered nature of the aquifers of the northern coastal plain

of Java suggest that a_quasidﬂ'or fully 3-D representation will be.required’

to model the saline intrusion.
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Saline intrusion can be modelled as either a steady-state or
time-varying phenomenon. Steady-state wodels are used when the system is
in equilibrium. bue H&en changes to the system are occurring, &hether they
be natural or man induced, a time-varying model should be utilised. This
{s the case .in Java where aquifers are affected by abstraction, Such a .
model will allow history matching against collected data and also,
extrapolation into the future to predict the consequences of different
management regimes., Initially, a steady-state saline lntrusion model could
be used to investigate the natural equilibrium position and thickness of

the saline interface.

The scale of the problem being studied should also be considered

when developing a model. 1If flow and solute transport in a large region

are to be modelled a much coarser numerical grid ls.requiredathan”if saline

intrusion is to be simulated in a localised area, such as at a_single

abstraction well. The scale of the area to be modelled also affects the.
data requirements: a localised model will.réquire extremely detailed data
at one site whereas a regional model reqoirqs:data fron manj sites.over a

large area.

As well as considering the phybloal‘sizefof the system to be modelled
thg;different numerical tophnlqpes whléh oxist to solve the derived
mathematipal eqnatlons must be selected. In general,'finite‘element
techniques are used for solute transport modelling because of the greater
flexibility they offer in grid definitton to allow accurate representation
of complex ‘aquifer property variations and external boundaries. Efficlent
equation solving techniques must be used to minimise the use of computer
time and storage whilst énéuring a connergent solution, Research has been‘
carried out to derive speclal numerlcal techniques for use in solute

transport problems such as. that undertaken at Inatitute of Hydrology

. (Wikramaratna and Wood, 1983).

Once a computationally efficient model of. saline intrusion has been
de;éloped'a calibration process mst be carried out.. This requires both
spatial and temporal information on groundwater flow and solute transport.
Once the model has been calibrated lt can be used tolpredict'the.

‘consequences of future management options.

-~
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5. The modelligg procedure

Because of the complex nature of saline intrusion modelling it 1s
usual to start the modelling process witn simple mooek; which, in most
cases, would be a numerical, sharp-interfaee model. Once this model had.
been calibrated the effects of hydrodynamic dispersion can be introduced
perhaps initially employing{eonstant coefflcient of hydrodynamic
dispersal. Eventually a more complex representation such as that derived

by Bear and Bachmemt may be required.

In terms of aquifer properties the initial model would usually assume
homogeneity. Later models could fntroduce inhomogeneity and anisotropy 1f
this was required to obtain a better simulation. 1In the context of Java )
the coastal aquifer eoulo be represented by a two-layered system coneisting
of a semi-confined aquifer overlain by a pheatic aquifer, This would be a’
better fnitial approximation of aquifer properties.than the assumption of .

homogeneity..

Whilst a steady-state saline intrusion model -could be .used to study
the equilibrium positionlof the saline interface{ an {nvestigation of the

effect of well abstraction would require a time-varying model.

‘6. Technology Transfer

Saline intrusion modelling is normally carried out on mainframe

computers due to the -large computational requirements. This work be

-based in the UK because of the large -range of COmpuEers.available. As part

of the UK-based modelling activities, staff from Indonesia could be trained

in_both the theory and practical use of saline intrusion models with the .

"additional benefit that these staff could attend one or more of the many..

_grOundwater flow and solute transport modelling courses that take place

every year in Europe.’ Once .the derivation and calibration ofnthe saline
intrusion model has been completed it could be‘transferren to computers 1n
Indonesia. These models could then. be used as part of the ongolng
.management of the groundwater resources °“‘tb€ northern‘eoastai plain of.

Java.
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