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CHAPTER 7 EVALUATION OF WATER RESOURCES

7.1 GROUNDWATER MODELING
7.1.1 Groundwater Flow Model

The computer model used for the study is a quasi three-dimensional
groundwater flow model (Q3P model). Its basic concept is -that the
groundwater in the main confined aquifer is supplied by lateral Tflow
through the aquifer and by vertical flow through the aquitard from the
overlying phreatic aguifer (Figure 7.1.1.).

Q3P solves the groundwater flow equation using a finite-element approxi-
mation. The model is based on & rectangular finite-element grid. The
" model is applicable to two-dimensional or 'three+dimensiona1--prbblems
gven in multi-aquifer systems involving steady-state or nonsteady-state

flow.

" The model computes changes 'in piezometric heads over time caused by
‘changes in groundwater pumpage and groundwater recharge. If future plans
- of groundwater :pumpage are  inputted to: the model; it can calculate

future piezometric heads.

The'required‘input data for the model are as follows: -

' for _model framework

Element data

‘Node data

Boundary conditions
Model control card

- for hydrogeclogic setiings

TransmissiVity
_Storage ‘coefficient
-HAquitard thickness

Aquitard permeability



7.

Phreatic water leovel
Initial piezometric heads
Direct recharge data

for groundwater use

Discharge data
The output-data from the model are:
Piezometric heads distribution at each time-step

Changes of piezomeiric heads at specified nodes

Water balance components in specified area

“The model assumes that hydrogeoldgic parameters such .as transmissivity,
‘storage coefficient and leakance are not affected by changes in piezo-
-metric-heads.'Also,'the model needs to assume that thoSerparameters and

boundary conditions do not change over time. The phreatic water levels

are assumed to be constant over time.

- The ‘model must be calibrated before starting actual calculations. The

1.2

main procedure of mode! calibration -involves specifying - the: boundary
conditions and the identification of some poorly reliable hydrogeologic
parameters. Generally the model is verified hy the comparison of calcu-
lated piezometric heads with actual piezometric heads. ~Figure 7.1.2.
shows the general flow of model calibration.

After all parameters and boundary conditions are fixed, the model can
compute future piezometric heads based on future groundwater pumpage

plans and future recharge estimates.

The groundwater flow model was applied to the Antipolo-groundwater ba31n
and the Metro Manila groundwater basin (Figure 7.1.3).

Solute Transport Model
The two-dimensional solute transport and"diépersion'model (MOC model)'

used in the study was. 011g1nally ‘devised. by L. F..Konikow and J. D.
Bredehoeft in 1978. T



© MOC is a two-dimensional model for the simulation of non-conservative
solute transport.in saturated groundwater systems. It computes changes
‘in the~spatial'concentration distribution over time that are caused by
convective transport, hydrodynamic dispersion, mixing or dilution from
recharge, and chemical reactions. '

The chemical reactions include first-order irreversibie rate reaction
(such as radiocactive decay), reversible equilibrium-controlled. absorp-
tion with Iinear, Fruendlieh or Langmuir isotherms, and reversible

equilibrium-controlled ion exchange for monovalent or divalent ions.

‘The model assumes that fluid density variations, viscosity changes and
temperature gradients do not affect the velocity distribution. MOC does
‘allow modeling heterogeneous and/or anisotropic aquifers.

The calculation procedure of MOC model is shown in Figure 7.1.4. MOC
couples the groundwater flow equation‘with the nen-conservative solute
transport equation. The computer prbgrmn uses ADI or  SIP proceduré to
solve the finite-difference approximation of the groundwater flow equa-
tion. The SIP procedure for solvihg'the groundwater equation is most
useful when. areal discontinuities' in transmissivity exists or when the
ADI solution does not ¢onverge.

MOC uses the method of characferistiCSgto.Solve the solute transport
equation. It uses a particle tracking_méthod to represeni convective
transport and a two-step explicit:proceduré to s0lve the Ffinite~differ-
ence equation'descfibing the effects of hydrodynamic'dispersibn,-fluid
sonrces orjsihks,'and divergenée of 'velocity.

The eXpliCit procedure is subject to stability eriteria; but the program
'automatically-détermines and implements-the time-step limitations neces-
sary to satisfy the stability criteria. '

MOC uses a rectangulap??blockméentered, finite-difference: grid for flow
'and"transpbft calculations, The 'grid  size,-for-'flow zea1eu1ations is
'limited to 40 rows and 40 columns. The grid-size for transport calcula-
tions:is limited to 20 rows and.20 columns which can be assigned to any
area of the flow grid. | | SRR "



The program allows for spatially varying “diffuse recharge or -discharge,
saturated thickness, transmissivity, boundary conditions, initial heads
and ‘initial concentrations- and’ unlimited: number of injection or with-

drawal wells.
The required input data for the model are as follows:

for model framework

Node data
Model control card

Transport calculation controel card

for hydrogeologic settings -

Transmissivity (Txx and Tyy)
Storage coefficient

Aquifer thickness

Leakance

Initial heads

Recharge data

Discharge data

for transport calculation

Maximum number of particles

‘Initial number of particles per node

Bulk density of the solid

Langmﬁir adsorption coefficient

Maximum adsorption capacity

Half-life of the solute

Reaction specifier
"Effective porosity
Longitudinal and transverse dispersivity -
Source concentration-

Initial concentration .

The output data from the model are:
Summarized input data table

7-4



Heads distribution -in each -time step ,

Changes:of heads and concentratlonq at speclfled nodes
. Water balance components in modeled ares

Coneentration distribution in each time-step

Chemical mass balance

Computed velogities -

Computed dispersivity .

The model must be calibrated before starting actual calculations. The
main procedure of model calibration involves specifying boundary condi-
tions and the identification of some-poofly reliable hydrogeoclogic
parameters and physical/chemical paraMeters;.Generally the model should

. first be verified by the comparison of calculated . heads with actual

~ heads. After fixing hydrogeologic:pafameters.ahd boundary . conditions,
the identification for solute transport calculation of parameters,

" boundary. conditions and initial'cdnditiohs will be by comparison of
their actual distribution of concentration.

After all parameters and boundary conditions are fixed, the model ean
then compute future heads and future concentrations based on future

groundwater pumpage plans and future recharge estimaties.

The solute transport model was applied to the Las Piflas area to reveal

;the.mechanism.of.saitWater intrusion (Figure 7.1.3).

7.2 ANTIPOLO GROUNDWATER BASIN
7.2.1 Model Parameters and Boundary Conditions

The quasi three-dimensional groundwater model was applied tc the aquifer
system: in: Antipolo plateau, eastern part of .. Metro Manila (see Figure
7.1.3). The Antipblo plateau“forms an indepéndent-gfoundwater'basin at

“the place where the Guadalupe Formation overlies the altered spilitic
basalt of the Kinabuan Formation.

- ‘Member IIT -of the Guadalupe Formation (Gs) = forms fairly.good aquifers.
. -Groundwater -in-‘the uppermost weathered beds is in the phreatic condi-

'tiOn;_~GroundWater;in'lower part_of the member I1I is confihed and forms
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a main aquifer in Antipolo plateau. Member IV (Gmd) forms an aquitard
or aquifuge. The altered basaltie rocks form a hydrogeologic basement of

the Antipolo groundwater basin.

The quasi three-dimensional model was used to examine the dynamic
groundwater flow in the basin and the effect of groundwater development.
Various hydrogeologic data and parameters required for: the model had

been préviously'prepared.

A number of simplifications had been made in the représentation of the
hydrogeologic system in order to analyze ‘the dynamic behavior of ground-
water flow. The confined aquifer (Gs) was' modeled as a main confined
aquifer which 'is hydraulically connected to the overlying phreatic

aqﬁifer through ‘confining layer..

The finite-element grid used in the model is ‘shown in Figure 7.2.1. The
model domain has an area of 24,56 km? which was divided into 393 rectan-
gular elements of 250m x 250m. The number of elements in the x and y
cOordihatés are 34 and 16, respectively. The ‘number of nodes in  the

domain at which the heads are computed is 448.
(1) Boundary Conditions

Two different boundary conditions were  specified based -on: the hydrogeo-
logic interpretations'(Figure 7.2.2). The outlets of major valleys were
modeled as constant-head boundaries. Also assigned as a constant-head
boundary is the southern perimeter of thé modeled area where the aquif-
er in the plateau may extend south towards Laguna de Bay. The head
values of constant-head boundaries were drawn from-the: initial heads

estimation.

The rest: of -the nodes along the modeled perimeter Were?modeled.as no-

" flow boundaries.

{2) Model Parameters

~Input’parameters ‘used in the model ‘were -those coilected/measur9d3by'the
Study Team during stages I to 1II. After'datafprocessing-was'Compléted,

- -input data for the Q3P model were prepared. Theseiparametersﬂwére'input—

7§



ted to the model, and then modified and identified through model cali-
bration. The period of model calibration is ten (10) years, from 1981 to
1890.

“ Model:parameters used 'in the model are as follows:

(a) Transmissivity -

Because of inadequate pumping test data in the modeled area, the
initial' transmissivity value was modeled uhiformly ‘as 100m2/d.
Throughout - the steady—state'calibration.of the model, transmissiv-
ity values from a minimum of .10 m®/d to a maximum of 2,000m2/d
were identified.iﬂigh transmissivity values had to be assigned to
the -elenents along the constant-head boundaries, rivers, and
. “around the center part'of:the basin. On the other hand, low trans-
missivity values had to be assigned to the area where the basement

rocks are exposed and/or where the topographic’ levels are higher.
. (b} Btorage coefficient

The valhes of - storage coefficient were initially and uniformly
assigned as 1x10-3 because of the lack of ‘actual data. During the
nohstéédy—state calculation, the values were modified by compari-
son of model results with field observations of piezometric heads.

 Further, the Q3P model was arranged. to simulate changes of piezo-
metric heads~in51990?using-estimated three-day ‘recharge and dis-.
- charge “data. for: the 1dent1flcat10n “of storage. coefficient.
“Throughout the 120+ step simulation, done . with checking of range
~of :piezometric -heads, . the values  of storage coefficient were
finally identified as 0.1 to 0,05.

(e} Aquitard thickness and pérmeability

+:The:: thlckness and - permeablllty of. aqultard control the leakage
.a*~recharge to rthe ‘confined : aqulfer. From a- result of monitored
-;w p1ezometr1c heads, the ‘recharge in the ‘Antipolo-basin is assumed
) Qto occur- as the direct. recharge Therefore the thickness of
aqultard was unlformly modeled as 20m with 1ts permeablllty as
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om/d.
(d) Phreatic water level and initial heads

The phreatic -water level is an important leakage recharge parame-
ter. The Antipolo basin model assumes the recharge to be only the
direct recharge from precipitation so that -dummy data were input-
ted to the model,

The initial piezowmeiric heads were estimated from the steady-state
simulation because no figures'were aVailable'for'the actual heads
in 1981. For'the-steady—state simulétion,-the-input initial heads
were prepared based on geomorphological analyses. A river level
‘map was made from topographic maps using the same grid to model
the area. The initial heads were then assumed to be 10m below the

river level. -

 After 30 steps (30 yearé) of steady-state éalculétion using the

recharge and diséharge_data of 1981, the stabilized piezbmétric
heads were noted. These were then used as the initial heads of
- 1981 for the nonsteady-state simulation.

{e) Direct recharge

The direct recharge was estimated from the waier balance computa-
tion. The daily rainfall measured at the Boso-boso station and the
Science Garden station plus the daily pan-evaporation measured at
Science garden were used to estimate direct- recharge.ﬂThe pan-
evaporation data were used to compute the éctual soil evaporation
and evapotranspiration. The soil characteristics viz. so0il type,
moisture holding capacity and thickness of soil zone, as well as
vegetation characteristics were taken into_account'in determining

the surplus water from the soil zone.

Figure 7.2.3 shows the annual -rainfall and comphted fecharge at
Boso-boso station from 1981 to 1990. The'annudl-recharge values
were inputted- to the model. Figure 7.2.4 shows the water balance
components in ‘the Antipolo basin using Science;Garden's data:from
11962 to 1989. . ‘



7.2.2  Verification of the Model

Model verification is carried out to identify input parameters and
assigned boundary conditions. This process is the most important and
most complicated work in groundwater modeling because the areal guanti-

_fication of various parameters, which play ~significant roles in the
groundwater regime, should be done under actual: hydrogeologiec con-
straints. Thus, the verification of the model yields a better insight on
dynamic groundwater behavior in the area as well as on the limitations
of the model. '

(1) Steady-state Simulation

The calibration of the model was initially carried out in steady-state
conditions to .identify the initial heads .and transmissivity of the

model. The - simulated piezometric heads were observed ét_the‘selected

points'shown.in Figure 7.2.5. Using -constant, year-1981 . ‘pumping fate

throughout the 30-year period (30 time—Steps), computation of ground—
water: heads proceéded on a trial-and-error basis until it reached the

point when the -drops -in head “had become approximately zero . (Figure
7.2.6) .

Throughout the steady-state simulation, transmiséivity and -boundary
~conditions were modified. The piezometric heads obtained from the 30-
year steady-state calculation were extrapolated and used as. the initial
groundwater heads in 1981 fbr-nonsteady—state gimulation (Figure-7.2.7).
Figure 7.2.8 shows the difference between initial piezometric heads and
‘elevations of the bottom of the aquifer. The initial piezometric heads
are located at more . than 100m above the. pottom of aguifer around the
central-part of the basin. .

-{2) ﬁonsteady—state‘Simulation

The nonsteady-state simulation “from 1981 to 1990 was carried out to
~ simulate transient groundwater flow and decline of piezometric heads due

,thgrbundwater:pﬂmpage,}The-storageicoefficient-was also:: modified and
rsidéntified'thfoughouttthe,éimulation, The - simulation pefied is divided
_“into 10 time-steps, each. time-step having‘a duration of 1 year (365

days). '



7.2.3

The groundwater discharge data in the mbdeled=area'were-prepared:from
the groundwater use survey of the Study Team. There are ten. (10) MWSS
wells and twenty &ix (26) private wells in the area. Figure 7.2.9 shows
the‘annual-grOundwatér'productioﬁ from 1981 to 1990 based on the monthly
production reports of MWSS'weils and field'investigations of  private
wells. The total groundwater production has increased from 11,419 CMD in
1981 to 19,456 CMD in 1990. The year-wise distribution of the discharge
data from 1981 to 1990 were arfanged.for computer simulation. Figures
7.2.10 and 7.2.11 show the groundwater pumpage in 1981 and 1990, respec-
tively.

Throughout the nonsteady-state simulation, the storage coefficient was
modified through comparison of computed heads with actual heads. Fur-
ther, the Q3P model was arranged to simulate changes of piezometric

"heads” in 1990 using estimated 3-day recharge and discharge data for the

identification of storage coefficient. The final storage coefficient

tanges from 0.05 to 0.1,

Figure 7.2.12 shows the simulated ‘piezometrie contours :in"1990. The

- difference between the simulated heads and bottom elevations of the

aquifer is shown in Figure 7.2.13. The piezometriec heads since 1981 have
declined at a maximum depth of - 16.4m due to the increase of discharge

(Figure 7.2.14).

Optimal Pumpage

" {1) Future Pumpage Plans

The Antipolo groundwater- flow modelisimulatedffﬁture:?iezometric heads
for the design of optimal pumpage in the area. The simulated future
period is up to the year 2010. Thus piezometric'heads of 30 time—éteps
(30 years) from 1981 to 2010 were: simulated 'cdntinuously . Three (3)
cases were prepared for future simulation based on the well d931gn of
new MWSS wells and the rehabllltatlon plan These are: '

“(a) - The discharge of MWSS wells in 1990 will ¢ontinue up to 2010.

" (b) --NeW'MWSS-wells'will.he-constructed‘ahd*wiih-pump-frnm:year31991'to .

2010 at ‘a rate of'830 CMD per well.: The discharge. of ‘éxisting
MWSS wells will not change. ' EEtE



{¢) -~ New MWSS welis will be constructed and will pump from 1991 to 2010

“at ‘the rate of 830 CMD per well. The discharge of existing MWSS

wells will be augmented 207 CMD per well from 1981 by well reha-
‘bilitation.

It is assumed in the above cases that the discharge of existing private

‘wells will be the same as that in 1990 and no new private wells will be
constructed. It is also assumed that future recharge will be uniform
from 1991 to 2010.

- (2) Future Recharge Evaluation -

The recharge from rainfall is the most important parameter for evaluat-
ing the future groundwater potential in the area. As mentioned before, a
. 10=year recharge estimation had been carried out using daily rainfall
and daily -pan-evaporation ‘data. ;The'iestimated' recharge ' took' a wide
range--from-337.9mm/year to 1310.8mm/year, depending on the amount of

precipitation and rainfall pattern,

The long-term statistical analysis of rainfall and recharge.aids the
evaluation .of groundwater récharge. The meteorological data at the
Sumulong and Antipolo stations were used for the analysis. The 62-year
data from 1911 to 1972 were collected and arranged for annual recharge
-estimation.'The annua1'rainfall-and estimated annual recharge are shoun
- din Figure 7.2.15.  The average, minimmnﬁ'and maximum:*rechargé for the
v~26—§ear-periodf are:'636.0mm/year, 223.3mm/year, 1682.6mm/year, respec-
‘tively. : '

‘A probability analysis using the Thomas method was: done. The results are
shown in Table 7.2.1.
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Table 7.2.1 RESULTS OF DROUGHT PROBABILITY.ANALYSIS OF:
RECHARGE (26-YEAR DATA OF SCIENCE GARDEN)

Drought Probability Recharge Recharge to the Basin

{mm/year) {CMD)
(8imple average) - 636.0 = 42,799
2 years : 589.¢ S 39,697
3 years 495.1 : . .33,318
5 years 418.8 28,183
10 years 350.2 : TR 23,5667
20 years ©'302.0 20,323

For the future simulation, the recharge value for a ‘b-year : drought

‘probability was employed on the safe side. The recharge value of. 28,183

CMD is the maximum groundwater potential from the water balance point of

view.

{3) Future Simulation

{a) Case (a)

The evaluated recharge and the discharge in iQQO.were_inputted-to
the model. Figure 7.2.16 shows that the simulated piezometric
“heads will decline even though the discharge is the:same as that
for 1990. The simulated piezometric contours and the heights from
the aquifer bottom are shown in Figure 7.2.17 and 7.2.18, respeCQ
tively. The wmaximum drawdown from 1991Jt0'2010%isiexpected as
52.4m. o

{b} Case (b)

The exploitable groundwater. potential, possible number and loca-
tions of new MW8S wells were examined under'different3recharge
conditions. The discharge of existing MWSS wells and ‘existing
prlvate wells in 1990 will continue up to 2010 The follow1ng are

the criteria for locatlng new wells:



i) New wells should be located where the simulated piezometric
heights of Case (a) in year 2010 (Figure 7.2.18) arec more
than 30m because the drawdown of new wells are estimated to

_be 20m to 2Im from static level.

ii). Existing pumping grids should be avoided for the new wells’
location.

iii) The total discharge of existing wells and new  wells -should
not exceed the recharge to the basin.

iv)  Simulated piezometric heights up to the year 2010 using the
=new'discharge data ‘involve the. new wells"discharge. - The
simulated piezometric heights at. the sites .of new wells
should be more than 2im.

The'poséible number and locations of new wells were identified
--under ‘several discharge conditions and are given in Table 7.2.1.
‘Evaluation .results are given in Table 7.2.2.

Table 7.2.2 AVAILABLE NUMBER OF NEW WELLS AND EXPLOITABLE
" DISCHARGE UNDER DIFFERENT RECHARGE CONDITIONS

Drought - ~ Recharge. |Total Available ~ Exploitable

'Prébability' : - Discharge New Wells - Discharge
(CMD) - - - (CMD) . - (Nos.) - (CMD)

"2 years 39,697 36,056 20 16,660

3 years. ~ 33;318 - 30,246 13 10,790

-5 years - -28,183 - 27,756 - 10 : 8,300

10 years =~ 23,567 22,776 - . 4. 3,320

20 years - 20,323 20,286 1 830°

In this case, the construction of ten (10) new wells may be opti-
- -mal for future groundwater development in the area.



{c) Case (e)

A plan for the construction of new Wélls,'as well as the augmenta-
tion of existing MWSS wells by well rehabilitation, are examined
in this case. The discharge of each existing MWSS well will be
augmented by 207 CMD. So, the total augmentation of existing MwSS

wells is:
207 CMD x (10 MWSS existing wells) = 2,070 CMD.

Under the recharge conditions of a 5-year drpught'probability, the
‘total recharge to the basin'is estimated as 28,183 CMD. The exist-
- ing wells were pumping 19,456 CMD in 1990; so,'the maximum avail-

able water: from ‘the new wells is:
28,183 CMD - 19,456 CMD - 2,070 CMD = 6,657 CMD

The simulation study that was carried out to make an optimal plan
of groundwater -development in'the area had the piezomeiric heads
in 2010 computed first using the increased discéharge of existing
wells, The number and location of new wells were determined using

the same criteria as Case (b).

As a result, seven (7) néw_MWSS wells were found to satisfy the
eriteria. The optimal distribution of future diseharge is shown in
Figure 7.2.19. Figure 7.2.20 and Figure 7.2.21 show the piezomét-
ric contours and piezometric heights from aquifer bottom iﬁ'2010,
respectively. The piezometric heads:will he lower than 100m at the

central part of the basin, but the piezometric--heights at the new'
sites will be more than 21m. Figure 7.2.22 shows that the piezo-
‘metric heads will almost be stabilized by the:year}2010.

The total discharge in the basin is:

19,4586 CMD'+2,070 CMD 45,810 CMD {7 new wells) = 27;334 CMD
Flgure ‘7.2:23. shows:the estimated dlscharge and recharge in the

optimal plan,



~{4) ‘Optimal Plan for Groundwater Development

Under the conditions mentioned above, the optimal groundwater develop-
ment plan in Antipolo basin is summarized as follows:

i) Rehabilitate existing ten (10) MWSS wells
ii) Construct seven (7) new MWSS wells

However, it should be noted: that this ‘optimal plan was made under var-
ious assumptions, the ‘most important and problematic of which is the
‘. remaining ‘constant of the future pumpage of private wells., Actually
there :are many unknown factors to consider in predicting future pumpage
- of privately-owned wells. ‘These may be correlated with population
growth; but still many assumptions -are needed.

~'The optimal ‘plan .was carefully examined 'from=.the water  balance ang
‘hydrogeologic conditions in.the basin. The groundwater potential also
- was evaluated on the safe side.

‘From the maximum groundwater potential of 29,287 CMD, existing wells are
already pumping 19,456 CMD. ‘So-the maximum available water in the future
is estimated only as 10,000 CMD.

Some-probiemSjcould.odcur'duringjtheVIOWering of piezometric -heads as
“reactions?tougr0undwater development..: 0ne=of.these;problems fis the
: decreasingvyield'of_eiisting.Wells. Some of - these wells_are.so=shallow

that- they may not be abieﬁto‘yield water at the same present rate. Some
--wells may have to install higher. capacity pumps. -

"Since the groundwater potéﬁtial and source of groundwater recharge are
limited in the area, a -countermeasure:: for groundwater conservation
- should also be taken into account for better utilization of .groundwater

resources, ' _ 7 et

7.3 "METRO MANILA GROUNDWATER BASIN ..
.+ lny:The rquasdi-: three-dimensional groundwater flow. model - (Q3P model) was
. ;.applied to ‘the aquifer 'system :in the Metro Manila - groundwater basin.
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7.3.1

The Guadalupe formatioti and Alluvium comprise a complex: and: confined
aquifer system in the Metro Manila groundwater basin.

The eastern margin of the basin is bounded by a hilly area consisting
of Pre~Quaternary formations. The aquifer system continues across north-
ern and southern boundaries. The western margin and southeastern 'are
bounded by Manila Bay and Laguna de Bay, respectively.

The hydrogeologic basement in the basin consists of Pre-Quaternary
formations, but detailed information -on basement rocks have mnot been
collected because these are overlain by the thick Guadalupe. formation.

“The thickness of Guadalupe aquifer system may be more than 1,000m in

Manila Bay, but detailed structures ahbout the basement of Guadalupe

formation have yet to be ‘known.

‘Conceptualizations and quantifications have been made in the representa-

‘tion of the groundwater regime in order to analyze the dynamic behavior
of groundwater flow. The aquifer system up to a depth of "300m was mod-
eled as a: main confined aquifer hecause most of the wells in the area
extract groundwater at a depth of 300m. The main aguifer is hydraulical-
1y connected to ‘the overlying phreatic aquifer through a confining

layer.

The finite-element grid used in the model is shown in Figure 7.3.1. The
model domain- has an area .of 1404.7km? and is divided into 754 rectangu-
lar elements of 1350m X 1380m, which correspond to 45 seconds of longi-
tude and latitude. The number of elements in the x and y coordinates are
28 and 35, respectively. The number of nodes in: the domain where the

heads are computed is 828.

Model Parameters and Boundary Conditions

(1) Boundary Conditions
Three (3) different boundary éohditions were spedified' based on ‘the
hydrogeologie interpretations (Figure '7.3.10).  The boundary of ‘the
eastern margin of the basin was treated as a no-flow bouhdary{:The
northern-and southern perimeters of the modeléd area where the ‘aquifer

extends . out were assigned as constant-flow :boundaries. ~Constant-head
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.boundaries were assignéd to Manila bay and Laguna de Bay at the place
where the distance from coastlines is about 5km. The area between con
stant-head boundaries and actual. coastlines was regarded as cushion

Zone.
"{2) Hodel Parameters

Input parameters used 'in the model were those collected/measured by the
Study Team during Stage I to I111. After data processing was completed,
“input data for the Q3P model were prepared. These parameters were input-
ted to the model, and then modified and identified through model cali-
bration. The-period of model calibration is the ten (10) years from 1981
to 1990.

Model parameters used in the model are as follows.
(a) Transmissivity

CTransmissivity was estimated from the data on. specific capacity of
existing wells and the pumping tests results compiled by the
Study Team. The methodology of the estimation is as mentionmed in
Chapter 3. Transmissivity values range from 10m2/d to 315m%/d.

(b) Storage coefficient

~The initial values of storage coefficient were uniformiy assigned
as 1x10-3 because of the lack of actual data, But during the

-‘steadyéstate- and ' nonsteady-state _éalculations, the values were
‘modified by pomparison'of model resulis with field observations of
piezometricxheads. Finally, 1x10-3 to 1x104 of storagé coéfficient
is assigned to the model. '

(¢) Aquitard thickness and permeability

The thibkness (b’) and permeability of aquitard (k') control the
- 1eakage-recharge;to'the_confined-aqﬁifer:as'leakance (k*/b'}. The
?;aquitard=thickness was bbtained from3the.elay-eontentimap which
-.was?prepareq from the wellncOIﬁmnar seﬁtions,eollectedaby'the
- 'Study Team. The thickness ranges from 7m to 53m. |
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The permeability ‘of aquitard is one of the unknown parameters in
- the ‘area. Thus, initial values of the permeability were uniformly
assigned as 1x10-3m/d, and then modified and identified throughout

the model calibrations. Final permeability ranges from 1x10-1lm/d

to -1x10-9m/d. The computed leakance values vary from 1x10-6/d to
-2x10-3/4.

(d) Phréalic water level and initial heads

The phreatic water level is an important leakage recharge parame-
ter. This was estimated from argebmorphological'analyses; A river
level map was ‘made from topographic maps .using the same’grid to
model the area. The phreatic water level was then assumed to be
10m helow the river level., The model assumes that the phreatic

water levels are invariant during the simulation:

The initial piezomeiric heads for the steady-state simulation were
estimated using the same method mentioned. The initial piezometiric _
héadS'in 1981 ‘for the nonsteady-state simulation were prepared
~from the data of MWSP II (1883).

{e) Direet recharge
The direet recharge area was demarcated based on ‘the results of
groundwater leveling mentioned in-Chapter 3.5.1. The model assumes-
‘that leakage recharge does not occur at the direct recharge area.
The values of ‘direct recharge were-obtained from the water balance
‘study méntioned in Chapter 3.6. The “input ‘average recharge is
183.1mm/year, or dbout 8% of annual rainfall.
7.3.2 Verification of the Model

(1) Steady-state Simulation

Model verification is:carried’ out ‘to identify “input -parameters and

assigned boundary econditions.  This process :is the most importaht and

" most complicated work in ‘groundwatermodeling because areal quantifica-

tion of various parameters,-which play sighificant rdoles in the ground-
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‘water regime, should be dohe under actual hydrogeclogic constrqints.
:Thus, : the :verification of the model :‘yields a better insight on .dynamic
groundwater behavior in the area as well as on the limitations of the
modetl.

The calibration of the model was initially carried out in steady-state
conditions to?identify-initial'heads, storage coefficieni, -leakance and
boundary.conditions of the model. The simulated piezometric heads were
~observed at the selected points shown in Figure 7.3.3. Using a con-
-stant, year-1981 pumping rate (see,Figuré 7.3.4) throughout the 30-year
~period (30 time-steps), computation -of groundwater heads proceeded on a
triaixand'érror,basis-until it reached the point when the difference
“between- the computed and actual heads-in 1881 had‘become-appfoximately
Zero. Figuré 7.3.5 shows the changes of piezometric heads at‘observétion
points during the steady-state simulation. The simulated piezometric
contours after the 30—year'steady—state calculation .are shown in Figure
7.3.6.

(2) Nonsteady-state Simulation

. The nbnsteady—state-simulation'from-lgsl-to 1990 was carried out to
‘simulate transient gfoundwater flow and decline of piezometric heads due
to groundwater pumpage. The actual piezometric “heads measured in 1981
- were used as ‘initial heads in the"model{,Thé-leakance'and storage coeffi-
cient were modified and identified. throughout the.simulaiion;~The'simu~
"1atioh'period-iSﬁdivided-int0710xtimefSteps;-eaehstimeﬂstep having 1
~year-(366-days). . .- ' '

The groundwater discharge data in the modeled area were prepared - from
the groundwater use-sufvey af the:siudy;TéamQ Figure:7.3.7 shows the
annﬂal_groundwater production from 1981 to 1990 .in the modeled area.
Total groundwater production’ decreased from 333.1 MCM/year in 1981 to
310.5 MCM/year in 1990, but the production of MWSS weils increased from

18.2 MCM/yéar'iﬁ 1981 to ZQ.O'MCM/year in-1990.- The- discharge data were
arfanged- for computer simulation. Figure: 7.3.8 shows fhef'discharge
distribution in 1990. ' - ' '

Throughoutiﬂthe nonsteady;staté simulation, leakance (permeability of
‘aguitard) and storage ‘coefficient were modified and identified bj com-
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‘parison of computed heads with actual heads. The leakance is- the most

sensitive parameter in the mbdel~so that more than hundred times: of test
simulation was carried out to determine this parameter.

Figure 7.3.9 shows the simulated piezometric contours in 1990. The
changes of piezometric heads at- the observation paints ‘are -shown in

"Figure 7.3.10. Recovery of the piezometric heads in the northern part to

the central part of Metro Manila (Caioocan,-valenzuela, Manila, the
western part of Quezon city, San Juan, Mandaluyong and western:part of

‘Pasig) and the ' Cavite area is reasonably simulated: due to decreases

of the discharge. However, the piezometric heads in the southern part of

“Metro Manila (Taguig, Parafiaque, Muntinlupa, Las Pifias, Bacoor, Imus,
- ‘kawit, Noveleta and Rosario) went down because the ‘discharge increased

7.3.3

-in those areas.

Prediction of Future:Groundwater Levels

The modél can simulate future plezometric heads using future recharge
and discharge plans. The duration of future ‘simulation :is ‘the 20 yéars
from 1991 up to 2010. The future piezometric heads are computed based on
the simulated piezometric heads of 1990.:The model thus computed: piezo-
metric heads at 30 time—stéps (the 30 years from 1981 to. 2010).

The ‘evaluation of the future recharge to the baSin'is-contained:in*the
water balance study in Chapter 3.6.;Five (5) cases of future ground-
water levels were prepared based on - future water demand projectidns.
The scenarios used in projecting future demand were. also -adopted for

ithese cases.

(a) Discharge in 1990 continues up to 2010.
{(b) Scenario 1
{c)} Sceénario 2
{d) Scenario 3
(e) Scenario. 4
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Table 7.3.1  SUMMARTZES THE CHARACTERISTIC THOSE FOUR SCENARIOS.

Table 7.3.1 CHARACTERISTICS OF THE SCENARIOS

Scenario MWSS Surface . - Future Pumpage of CDS Connection

No. .- Water Supply Commercial & Industrial in Cavite MSA
-IPFOJects Private Wells
1. . On-schedule .. Increasing (1 ‘ Bacoor 100%
- completion of covered, Kawit
ongoing projects - 50%, others 0%
2 Same as - Increases (2 up to All
Scenaric 'l - year-2000, thereafter - municipalities
-pumpage is constant : ‘covered
3 - Same as - . Inecreases (2 gp to : '_All
Scenario 1 - - . year-i995, thereafter municipalities
- pumpage is constant covered
4 .Two years delay Same as Scenario 1 Same as
.. of completion of . Scenario 1

- ongoing projects

- ‘Note:. (1 With respect to future demand increases but maintaining
 year~1960 percentage shares .
{2:With respect to future demand increases and up to the
year indicated

‘Yearly . groundwater production of each scenario in the modeled area is

:,shoﬁn?in:Figure 733{11.:In_éach graph, groundwatef.prdductiqn from 1981
-1until 1990 is actual: figure. The dischafge‘distribution maps in the year
2010’of780eﬁario 1 and 2. are -shown . in Figure 7.3.12. The discharge
diStributiOH of'Seenafio 3'and 4 are shown in Figﬁre 7.3.13. |

The'résUIts of simulation are as follows:



. {a) Discharge in 1990 continues up'to-2016-

This case assumes that the discharge of 316.572 MCM in 199C con-
tinues up to 2010. As shown in Figure 7.3.14, and in comparison
with heads in 1990, the piézometric heads in 2010 will recover at
a maximum of 10.7m in the céntral part of Metro Manila. Decline
of heads can be seen'in the nbrthern'part, eastern part'(alohg
Marikina river), and sounthern to southwestern pari of Metro Mani-
la. A maximum drawdown of 21.7m is predicted at the northern part
of Quezon City. A 16.9m drawdown will occur in Rosario.

(b} Scepario 1

The  simulated piezometric contours in 2010 (Figure 7.3.14 (a))
show that a large piezomeiric depression appears in northwestern
Metro Manila. The “deepest portion will be lower than -170 masl.
Also, considerable lowering of piezometric heads can be'seen in
the southwestern part, the southern ahd eastern parts of Metro
Manila. In Cavite, the piezometric heads will be as deep as -90

masl.

The piezometric changes from 1991 . to 2010 are -shown in Figure
7.3.16 (a). Piezometric heads in 2010 rise in the southern part of
Quezon'City; Paraﬁaque; lLas Pifias 'and Bacoor. A maximum rise 20m
" of ‘piezometric heads is predicted at the coastal area in Las Pifias
because of decrement of discharge. However, heads will go down in
' the northern and -southwestern parts of Metro-Manila. Signifiecant
drawdowns such as 83m at north valenzuelay; 57m in Cavite and 37m

in Pasig are predicted.

Figure 7.3.18 {a) shows that the piezometric heads in Cavite and
Calooean City. declined  for ‘the period 1991 £0.:2000, -ihen stabi-
‘lized after. Constani decline can be seen in Pasig:from 1991 to
2010. Piezometric heads in Las Pifias rose”in the period from 1991
‘to 2000, but.they go down gradually after 2005.: -

{c¢) Scenario 2

A large piezometric depression can be seen in the northwestern
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part of Metro Manila- (Figure 7.3.14 (b)). The lowest head will be
-149 masl at north Vvalenzuela. A piezometric lowering belt in
which the heads range from'—so'tn -80 masl lies from Cavite 1o
Marikina through Muntinlupa and Parafiaque.

iPiezometric_heads.will go down 59m at north Valenzuela and 33m in
'CaVite'since‘lgglf(see Figure 7:3.16 (b)). Heads will decline in
most of Metro Manila from 1991 to 2000, then stabilize or slightly
- recover after 2001 as shown in Figure -7.3.18 (b).

' (d) Scenario 3

Phis scenario is the most ideal case. All ongoing projects will
be ‘completed on schedule and be able to supply surface water to
the area. But the simulated piezometric contours $till show a
large -depression as deep as. -134 masl in northwestern part of
Metro Manila (Figure 7.3.15 (a)).

Heads- in 2010 are 50m lower at- north Valenzuela and 29m lower in
- Cavite. than those in 1990 (Figure :7.3.27 (a})). Recovery.of heads'
will occur in almost all areas from 2001 to 2005 due to decreasing

g diScharge {Figure 7.3.18 (c)).

{e) Scenario 4 -

This .is the scenaric in which grdundwater discharge is the maximum
- :among .the five ecases. The*dischargeHincreasés'from 1991 .t0-2000 and

from 2005 to- 2010, ‘As a~reSult;;the-3imulaﬁed:piezometrie heads

(Figure'7.3.15'(b)) will be lower than those of Scemario 1. '

nghe-drawdbwns.ofﬁpiezqmetric«headsqare-estimated_as-90m;at north

- Valenzuela and -56m -in. Cavite_;(Figuré .7.3.17, (b)).. Piezometric

>a;heads;in most: of -Metro Manila;shOWpsignifiCant declines until

-msafterazooo.wheﬁ they decline gradually:or stabilize (Figure 7.3:18
o)) s o :

~The results of simulation show that a maximum drawdown of 50m will oecur

;geygnﬁin:thé case’ of Seenario 3.where theudjSChafgeais;thQ-smallest anong

;;mhe~future{gfbundwateryuseapians,-This‘ﬁohld?eauSE'Sevére.saliqe wvater
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intrusion and may damage even inland areas.

7.4 SALINE WATER INTRUSION MODEL

The Las Pifias area 'is one of those Metro Manila areas most affected by
saline water ‘intrusion. The intrusion may have been caused by the
decline of the groundwater head which resulted from the increase in
groundwater pumpage. The source of saline water in Las Pifias maybe

seawater, but the mechanism has yet to be clarified.

Generally, in coastal areas like Las Pifias, salt water occurs under-
ground, net at sea level but at a depth below sea level of about 40
‘fimeés the height of the fresh water above sea level. This phenomenon,
‘which is generally referred to as the Ghyben-Herzberg relation, is
attributed to a hydrostatic equilibrium existing between the two fluids
of different densities. But in many areas with extensive groundwater
development, the Las Pifias area included, a hydrodynamie equilibrium may
"exist due to the dynamic groundwater flow caused by groundwater extrac-
tion so that the Ghyben-Herzberg relation cannot be applied directly.

Most researchers have approached the seawater intrusion problem by
describing the landward movement of a discrete interfaée between sea-
water and freshwater. This appfoach assumes that Seawater infiltrates
solely from an offshore outecrop of the aquifer. If, however, a coastal
aquifer is overlain by aleaky confining layer, this assumption is often
inappropriate because seawater can potentially migrate from above. A

diserete interface approach does not consider such leakage.

Therefore, applying this approach t¢ the Las Piﬁas .area poses some
diffieulties: (1) the aquifer system is divided into a shallow aquifer
and deeper aquifers by leaky confining'layers; (2) - both- the confined
aquifers and the confining~layers “tilt toward the sea; and (3) the
groundwater flow' is very much disturbed by groundwater pumping so that
the pattern of saltwater intrusion is different from that of the Ghyben-

Hergzberg relation.

According:-to the measurement of electric conductivity (EC);lbgging and
water quality analysis' in the Las Pifias area,isdline-water‘ocbﬂrs in a
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shallow aquifer up to a depth of 100m below mean sea level. In con-
trast, EC values and chloride concentration in deeper aquifers decrease
with depth. This phenomenon may occur because seawater and saline sur-
‘face water are forced to infiltrate into the underground with the lower-

ing of piezometric head by the groundwater extraction.

The two-dimensional solute transport- and dispersion model3were'employed
to verify this hypothesis and to understand the mechanism of saline
water intrusion. This model may also aid in predieting  the quantity and
location of saltwater resulting from future groundwater utilizatiom or

-regulation.

‘The - solute transport model was .originélly developed - for plane two-
dimensional problems, but it has been modified for vertical two-dimen-
sional multiple aquifers system to allow for more detailed analysis of

results.

A vertical two-dimensional model was made along the geological section
line shown.in Figure 7.4.1. This section-line is almost perpendicular
to the coastal line. The line which is taken as the ~x-axis for the
model  is divided into 40 nodes. Each nodal spacing is 100m and the
width of: 100m for each side of the line is taken into account for model

‘domain.

Figure 7.4.2 shows ‘the grid ‘of the vertical two-dimensional model.
Vertically, the elévations from +30m to -330m are modeled. Each cell is
15m-thick so that . the volume of each cell  is 15m X 100m x 200m =
© +300,000m3.. '

".The computer program of the solute-transport model allows a grid to have
up to 40 rows and 40 columns for groundwater flow calculations. Because
'the‘numerical-proceduré requires that the cuter rows and columns repre-
~ sent no-flow boundaries, the aquifer itself is then limited to have a
 maxinum of 38 rows and 38 columns. . Further, the grid size for trans-
‘port calculation is limited to 20. rows and 20 columns which can - be
assigned to any area of the flow grid. - |

_ Therefore,-the_grid size for the flow calculation in Las Pifias is fixed
as 24 rows and 40 columns, and transport subgrid size as 20 rows and 20
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7.4,

1

‘eolumns- (see Figure 7.4.2).

Mydrogeologic unit of each cell viz. Alluvial clay, aquifer (sand) and

aquiclude (clay) have been specitied (Figure 7.4.3) based on the hy-
drogeologic section given in Figure 3.2.20. '

Model Parameters and Boundary Conditions
(1) Model Parameters

Input parameters used in the model were those collected/measured by the
Study Team during Stage I to III. After data processing was completed,
input data for the MOC model were prepared. These parameters were inpht—
ted to the model, "then modified and ‘identified through'model*calibra—

tion.
Model parameters used in the model are as follows.
'{a) Transmissivity

Transmissivity values of the aquifer came from the results of the
pumping tests rconducted in the test wells by the Study Team.
Transmissivity of aquiclude was estimated from the core observa-

tion.

Table 7.4.1 summarizes the aguifer parameters of the hydrogeologic
‘units. The apparent transmissivity (Taxx) which is inputted in the
model is computed as KxX X 200m because the width.of each cell is
200m. The ratio of longitudinal transmissivity (Tyy) to transverse
transmissivity (Txx) is ‘assumed as 0.1 because the aguifer systems

may be anisotropic due-tOfthe'sédimental'struéture;:1- -



Table 7.4.1  HYDROGEQLOGIC UNITS AND AQUIFER PARAMETERS

Hydrogeologic . Actual ‘Permeability Apparent
unit transmissivity : transmissivity
“{label) C o Txx{m® /4) Rxx{m/d) .Taxx (ft2/s)
Alluvium {A) (4.4) 1.46 x 10-1 3.6 x 10-3
Aquifer-1 (B) 220.0 7.30 - +181.9 x 10-3
Agquiclude-1(C) (4.4) 1.46 x 10-1 3.6 x 10-3
Aquifter-2- - (D) - 681.2 2.04 50.8 x 1038
‘Aquiclude-2(E) (2.4) 8.00 X 10-2 2.0 x 10-3
Aquifer-3 - (F) 33.6 1.12 . 27.9 x 10-3
Aquiclude-3{G) (2.4) 8.00 x 10-2 2.0 x 103
Aquifer-4 -(H) (30.0) 1.00 - . - 24.9 x 10-3

{ ): estimated values
(b) Storage coefficient

Storage coefficient was uniformly set to zero for the steady-state

simulation.
f(c)qubifbrﬂthickness

Apparent thickness of aquifer for the model was uniformly set to
200m - (856.2f1) . in the wmodeled -domain because the width of ‘each
cell is modeled as 200m. The actual aquifer thickness is the total
thickness of the aquifer cells,

(d) Leakance

In this model constant-head.boundaries were simulated by adjusting
the ;eakance..A sufficiently high value (such as 1.0/s) was as-
“:-Signedfat‘éOHStant—héad boundaries. In-the' rest of the area leak-
- anee-was‘modeled:as~0;'Theﬂactual-leakancé-in the aquifer system
wés:exﬁréssédfasﬂ(permeability‘of aquicluﬂe)/(thickness of aqui-
“clude). ' -



(e} Initial heads

~The initial heads were set at Om except the~uppermosticells repre-~
‘genting the ground surface, the sea and marine pond. The water
‘levels in the uppermost cells were treated as constant. Phreatic

water levels were estimated from the topography.
{f) Direct recharge

The groundwater recharge was estimated. from the water balance
study. Because the actuval area of each cell is 200m x 100m =
20,000m2 the input’ recharge values was computed as

Input recharge-at each cell (m3)
= 20,000m2 x estimated recharge (m3/m?)

The obtained recharge values were given to the uppermost cells

representing ground surface.
" {g} bischarge

The groundwater discharge was estimated. from the results of the
groundwater use survey. The location of pumping wells within the
model domain were projected on the vertieal grid. If the well
‘structure was  known, the depth of the well and the secreen posi-
.tions were also projected; otherwise, they were assumed. The
" discharge values were distributed into the:.cells where the screens
are located (see Figure 7.4.2). It is assumed that if a cell
expresses an aquiclude, groundwater is not extraCted_from the :
cell,

{k) Initial chloride concentration

The initial chloride concentration of the domain was set at Omg/l
except the pcells representing the seafand-marine-ponds. The chlo-
- ride concentration of seawater and marine ponds water was_aséumed
at 21,500mg/1. '



7.4.2

(1) Transpori parameters

- Several parameters were assigned for transport simulation, Table

7.4.2 summarizes inputted transpori parameters.

Table 7.4.2 TRANSPORT PARAMETERS

Maximum number of particles : 6400
initial number of particles per node 9
Reaction specifier - NO REACTION
Effective porosity _ . 0.05

- Longitudinal dispersivity : S 7.00ft
Ratio-of transverse to longitudinal ,
dispersivity - S . s 1.0,
Source concentration - 21500mg/1

{2) Boundary Conditions

As shown in Figure 7.4.2, outer flows and columns of the flow grid were
treated as no-flow boundaries. It was assumed that the phreatic water
levels in theiuppermnst-cells are constanit -so that the constant-head

boundary condition was assigned to these cells. Cells which are located

'in- the sea, rivers and marine pounds were also treated as constant-head

boundaries.

Steady-State Simulation

‘Steady-state simulation was carried out for identification of the model .

_Duration of the simulation is 10 years, with values of imput discharge

and recharge being obtained from year-1990 data. The calculated piezo-

~-metric heads.show gdod agreement with the observed values without modi-

. tication of hydrogeclogic parameters {Figure 7.4.4).

After computing the groundwater flow, the solute . transport model was

- calibrated. The boundary conditions of initial chloride concentratiom,

_effective:ﬁotoSity,*longitudinal'and tranSverse dispersivity are modified

- during model . calibration.  Figure '7.4.5. shows chloride concentration

- ffafter'?a 10-year simulation using  finalized parameters -and boundary
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conditions.

During model verification, several sets of parameters were prepared and
inputted into the model in order to compare the saline water movement.
The Yocation of the source, and dispersivity were changed  for this

purpose.
{1) Saline Water Movement vérsus Time

The movement of saline water was studied under. steady-state conditions.
Figure 7.4.6 shows the steady-state piezometric ‘contours -in the flow
grid and solute transport grid. Changes'of chloride concentration were
monitored at four {4) observation points. ‘These "points coincide with

screen positions of the test wells as shown in Table 7.4.3.

Table 7.4.3 OBSERVATION POINTS IN THE MODEL

Observation Point Name of Test Well
{depth)
Obs-1 LPS2-3 (100m)
Obs-2 : 1P82-2. (200m)
"' Obs-3 < LiP82-1 (300m)

Obs-4 S LPS3-1(300m)

Figure 7.4.7 to Figure 7.4.9 show changes of concentration over time.
The saline water moves downward and reaches the bottom of Aquiclude—l'in
2.2 years siﬁce-'éimula;iOn -started., After  passing Aquiclude-i, the
- saline water intrudes in Aquifer-2 along thevflow]directionftowards the
low piezometric heads. In 7.1 years since simulation started, the foref
front of ‘saline water reaches the center of -piezometric debression in
Aquifer-3. After 10 years, the coﬁtdursof~2000mg/1_reachesathe’éenter.of

piezometric depression.

Figure 7.4.10 shows changéssof*chlofide coneentration atuthe”Obsefvation
‘points. The*chloride'concentrationfincréasés'from=the first year sinee
simulation started at:Obs-1, thenrit-fises-StéeplY*frdmﬂthe Seéond_ﬁo=the
forth year;'By-the‘sixtha:vear?the*GOncéntrationﬂshows~high?ﬁaliﬁity )
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that is almost the same as Seawater.

At Obs-2, ‘the chloride concentration rises 4 years after the simulation
started. It then increases gradually and reaches 13,000mg/1 after 10
- years simulation. At Obs-3 the concentration after 10 years is only
33mg/1. Saline water appears after 6 years of simulation.

The saline Water'appears'at'obsﬂ4 after 5 years simulation. Then the
concentration - increases cohstantly .and it reaches  6,000mg/l by the
tenth year. '

{2) Source of Saline Water and Dispersivity

“In order to identify the source of saline water, it was modeled that the
‘sources of saline water be located at Manila Bay. (%=3,y=2) and a marine
pond {3,8). In this study it is assumed that the chloride concentrations

" 6f sea water and marine pond water are the same.

- Figure 7.4.11 shows simulated chloride concentrations after 4.4 years
~and after -10 years. The. longitudinal and transverse -dispersivity is
7.0ft. The saline water from Manila Bay mainly goes downwards. in Aquif-
. er-1 and -intrudes slowly :towards -inland ‘in  Aquifer-2. The forefront
moves 200m in the lateral directiion. n contrast,_the saline water from
the marine pond goes'downward“in Aquifer-1, and then moves as far as
©1400m in -Aquifer-2 and-Aqﬁifef43, towards the center of piezometric
" depression. All these observations = -indicate the significant contribu-
~tion of marine -ponds ‘and 'salty rivers in saline water intrusion.

- The simulated.chloride concentration wusing 33.0ft of longitudinal and
trahsverse: dispersivity : is 'shown in: Figure 7.4.12. .The:locations of
‘saline water sources are -the same.as those-in Figure ?;4;11. The ‘result
show that the saline water from both sea and marine pohd disperses
'widerathan{theupreviqus”casef;Theqséline water moves. more downwards so
‘wmhAt.fhe cdntouanf:2,0b0mg[1:does-not reach the center oﬂ-?iezometric
-ﬁ;depnession.;Thefsalinegwaterffromﬂthe.sea moves onlya300m-in,theslateral
:w;ditection-Févén.finrfthis- case. _Hdwever}-:the"simulated distribution of
5ssaline‘wateriis?different.frOm?thefactualrdistribution;so that the dis-
, ?éfsiyity'shduld be ‘smaller than 33ft.



(3) Mechanism of Saline Water Intrusion

Above results show that the groundwaier flow patterns greatly affect the
movement of saline water. The marine ponds ‘also substantially contribute
to the saline water occurrence. rTo illustrate: If the source of -saline

 water is only the sea, the distribution of saline water is very limited

7.4.3

near the shoreline; in case the source of the saline waiter is assumed

to be both the sea and marine ponds, the result shows good agreement

;With'the actual saline water distribution and -concentration.

Future Movement of Salina Water

The groundwater flow pattern in the future will be different from the
present pattern because the locations and amount of discharge may be
changed. Subsequently, the pattern of saline water occurrence may also

‘be different.

The future movement of saline water will be -controlled by the future
pumpage in the area. It is easily predicted that 'if the existing depres-
sion of piezometriec heads moves more inland, or a new bigger depression
is formed in the more inland part, the saline water also moves: deeper
inland. Also, if deeper wells are conmstructed to extract from deeper

aquifer, saline water may intrude more deeper portions.

~According to the future water demand projections, ‘the groundwater dis-

charge in Las Pifias, Muntinlupa and Parafiague will decrease in - the
future, but the discharge in Cavite area will -increase. Under scenario
1 the results of the groundwater flow simulation in Metro Manila show

that large piezometric depressions will oceur in Cavite, 'at the southern

part of Las Pifias, and in Muntinlupa and Parafiaque in the year 2010.

This will cauge further saline water intrusion in the area.

The simulation studies show that :though the groundwater discharge in the
coastal area is regulated, the piezometric depressions will remain in
Muntinlupa and Parafiaque. In this case saline water from Manila Bay will
move towards the depressions, -because: the piezometric--heads in the
¢oastal ‘area where saline water has=a1ready:éxisted=are'higher'than
those in the inland area. ' o '

7-32



PN Discharge, Qd

< . Phrectic head

- ___Piezometrig head
Confining layer

[+

—

N ;
o . - h
- -~ .
. .
. -
. . . .
. LI .
. . . :
N . X
. + . N
.
. . . . - .
. .
foe. e n e s —— A S — — —
T e e ]

o T |
- N Confined aquifer m
o R C T Tekm '
-‘;.:O - 0 : . . . . '
QOO0 0 0 00 0 Q. - A
STUDY ':#Qg‘lTHE‘GRQUNDWATER DEVELOPMENT | ¥rgure 7.1.1 - . .
LU NMETROMANILA | SCHEMATIC CROSS-SECTION OF
- JAPAN INTERNATIONAL coorERATION acency |  THE QUASI 3-DIMENSIONAL MODEL

7233




START

W

PIEZOMETRIC
HEADS HAP

PREPARE ACTUAL

-

READ HYDROGEOLOGIC
‘PARAMETERS, INITIAL HEADS,
RECHARGE AND DISCHARGE DATA

l

COMPUTE PIEZOMETRIC HEADS

— l— — CHANGE
COMPARE SIMULATED PARAMETERS
PIEZOMETRIC HEADS - AND
WITH ACTUAL HEADBS ' BOUNDARY
' CONDITIONS

AGREE?

END

NO

STUDY FOR THE GROUNDWATER OEVELOPMENT |
01 N-METRO MANILA®, ..

JAPAN INTERNATIONAL. COOPERATION - AGENCY

FIGURE 7.1.2 . - SIMPLIFIED: FLOWCHART OF : -
THE: QUAST -THREE-DIMENSTONAL®

. FEM FLOW MODEL (Q3B) .




p oz 3. 4 5 & ¥ B 9 0 W

n o

12 13 14 18 48 WF 18 18 23 21 2z 23 24 .25 25 . 7 29

v N

2 VIINT VN> Las Pinas Model Al

RO

Y
S R

I '\\\\\-\.
\_.I\
N

T3
T
7
=Y i
Y
_/—-‘

)
)

3

=)

i ,i:__ 2 7 s
a'ddy
- .'.flb//i s

T
P L L I A1s

0 O O v

NVl A I VA Ve

§ 7 -] 9 woon

e

ENE
LEGEND: _
.-  BOUNDARY OF MODEL, , © == mm

I3 W .15 1% 1w .18 @ 20 21 @2 23 24 @y 28 27 23
: ? 3 g
BOUNDARY OF BASIN ————T ==

STUDY FOR THE GROUNDWATER
DEVELOPMENT IN METRO - MANILA

FIGURE 7.1.3

U IAPANTHTERSATIONAL COCPERATON “ ABENGY ©

__ LOCATION OF GROUNDWATER MODELING




READ GEOLOG!C,
"HYDROLOGIC, &

" DEYERMINE LENGTH
OF TIME INCREMENY

. _FOR EXPLICIT
- CALCULATIONS -

g

"CHEMICAL
INPUT
DATA
. GENERATE UNIFORM COMPUTE HYDRAULIC
DISTRIBUTION OF Rt GRADIENTS FOR. - fe——
TRACER PARTICLES ONE TIME STEP
COMPUTE DISPERSION | COMPUTE .
EQUATION COEFFICIENTS _ GROUND-WATER
: . VELOCITIES

" MOVE ‘PARTICLES

¥

I

-GENERATE NEW PARTICLES
.~ ORREMOVE GLD .
PARTICLES AT |
JAPPROPRIATE -BOUNDARIES

COMPUTE AVERAGE

1 CONCENTRATION IN EACH
FINITE-DIFFERENCE CELL

v

COMPUTE EXPLICITLY
THE CHEMICAL
CONCENTRATION AT
: " NODES

¥

SUMMARIZE AND
PRINT RESULTS

\

v

ADJUST CONCENTRATION
OF EACH PARTICLE

X

-, 'COMPUTE
- MASS BALANCE

SIMULATION 2.3

END OF |

NO

STUDY FOR THE GROUNDWATER DEVELOPMENT |
N METRO MANILA

JAPAN INTERNATIONAL COOPERATION AGENCY

FIGURE 7.1.4

SIMPLIFIED FLOWCHART ILLUSTRATING THE MAJOR STEPS
" IN THE CALCULATION PROCEDURE




S0 LI B M 5 ®

2 2
¥ b :
3 (( , _ 4
5 X o 5
6 \__‘__/ s
T e | 7 .
8 N 8
9 & } o
1o /// 1o
TR V4E / : "o
2 ‘\ ' 12,
13 ‘l 13-
14t/ T 14 -
5 | £ L. . i5
16 A |- " 1 ' T_GJ‘ 16
17 " \ j \ R Y e ir
18 1 \ \ A \5\_. o 18
: : : . o
e -

\-.‘, \ 21
22 ? \\‘ 22
2z Q o 23
24 ] e x4
25 | Al 25
26| [ 2%
» 2’ AY a7
28 2
=1 29
30| 0
30 31
%2 32
335 33
.34 ; d B 4

123 4 5 6 7.8 9 10l 2 13 4 15 16

“T.W.: TEST WELL SITE'BY MWSSAICA

© 200 \gom

SCALE

srunv FOR THE GROUNDWATER DEVELOPMENT '

IN METRO MANILA

JAPAN iNTERNATIONﬁL OOOPERATION AGENCY

FIGURE 7. 2.1 :
FINITE- ELEMENT GRID USED

TO THE MODEL THE ANTIPOLO BASIN

~1
i

37




5,6 7.8 9 10 H I2 13 4 18 1§

Pl .
! f d !
2 / A1 2
3 / NE
4 VEVS 4
5 _ 5
& : / 8
7 . / T
g : 8
9 9
1o 10
i Il
[
12 12
c\_' Lo -
i3 i3
R
i4 14
|
15 ]
Is 16
7 w
8 8
Is 19
20 20
2t 21
22 22
- 23 T ' SR R N A -
24 s 4 24
o5 . . ) T . H Z 25
% : ' %
rapay. b . S ' e
28 y Vs ' : e Rpdt:
29/ ' . ' AR FAVAr:
- + L - . .
k) : 30
sl s B R R VAP k]
32!, . : . = I i 7|32
3 L 1 3
34 - : ) . I '_'. A '. 1 34
- bb bbb b & VN
i 2 3 43 6 7 8 92 KN-0-42-13 M 5. 16
SCALE" T ; -
LEGEND:

& NO-FLOYW BOUNDARY
O CONSTANT-HEAD BOUNDARY

sruov FOR THE GROUNDWATER DEVELOPMENT . | FIGURE 1.2,2 . R -
N METRO MAMILA. .. BOUNDARY CONPITIONS FOR THE ANTIPOLO.

,.;

"JAPAN:1NTERNAT!0NAL-COOPERATION ABENCY GROUNDWATER BASIB MODEL




ANNUAL RAINFALL AND RECHARGE

{BOS0-BOGO>

: 4000 3a831.7

3500

3000“

25@;30;9_5; )

E zxnwkxd - .

15009 1310.6

100715.5 "‘;_,23,2,..‘-*:-.. _ £58.5 0.6 .ot

so0{ 4201 3058 T Tagp gt
0 e N I e P
1951 1982 1983 1984 1985 1986 1987 1988 1989 1990

YEAR

O RAINFALL  + RECHN&E

FIGURE 7.2.3 R ‘ :
"ANNUAL RAINFALL AND ESTIMATED RECHARGE AT BOSOBOSO- STATION

 WUATER BALANCE COMPONENTS IN ANTIPOLO
USING SCIENCE GARDEN DATA €1962-190%)

SOIL MOISTURE €0.&%) INTERCEPTION LOSS (0. 9%

s

RECHARGE. (26, 190

RUNOFF (29, 8%

=

L]

TRANSPIRATION (2,890, = P ORATION <15, 80

FIGURE 7.2. 4
' WATER PALANCE COMPONENTS IN ANTIPOLO BASIN
USING SCIERCE GARDEN DATA

| STUDY FOR 'THE GROUNDWATER -

' JAPBN INTEE&NM}IC)ENAL; COOPERATION “AGENCY

| DEvELQPYENT TN HiTho MANILA




15

I 2 3 4 5 6 7 8 9 0.0 12 13 14 6
i t
2 / 2
3 / 3
. 7
s - 5
6 8
7 / 7
X 17 s
9 9
10 10
il 11
12 ) , 2
3 ATH-10] % .
14 ’E:rp—_g "
15 . ) : 15
i BEREN s
i —1BTR-1 v
18, 8
" “atR-8 0
20 20
21 2i
22 22
23| 23
24 , 24
25 RS
26 S 2%
o &1 .
27 NO_J'-_'ES_S 27
8 =
20 | 29
30 0
3 . 31
22 32
33 33
34 1. _ 4 34
T2 3 4 5.6 7 8 9 ©0 1 @ B 4 B B
o T
SCALE .

STUDY FOR THE GROUNDWATER DEVELOPMENT
N METRO MANILA

FIGURE 7.2.5
LOCATION OF

JAPAN INTERNATIONAL COOPERATION AGENGY

OBSERVATION Post

T-~40




T86T J0 SAVEH TYILINI IYVK OL AONIOV  NOLLYYIJ00D TTUNCILVNMIALINI Nvave
ROILVIADTIVD 4lVIS-AQVALS dHIs-08

VNV OMLIW NI IN3IWJO1IA3C
C9'zeL ZuaRIA|-  YALVMONNCES 3HL UCd AONLS.

N 2 Sdl¥ x TAY v 6dlV o OF-dlY + ML WIIM o

__ W R
%2 @ W 91 i B A
“...~_._,“._p._.,._.»_-._._.B.,._Q»w._...
+-+..T_+-._..+.+.+..T+.+..T++.._...+.+.+.+,+.;T++-.__.;r o |
L T 08T
..,om..w _

_nt,wcw gy

b-»-&-ﬁ-&-»-»-u.w-b-b.b-n-&t??u-».w-?n.»..w:w o

(i*Bne=yy OIRGT=D OIBIS—<PROIT)
O0ATLNY NI STVEH JTULTHOZILd GALYTMIS

41



13 200

(UNIT . masl))
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FIGURE 7.2.8 _
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FIGURE 7.2.12
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FIGURE 7.2.17 :
. SIMULATED PIEZOMETRIC HEADS IN 2010 (DlScharge from
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7 {UNIT :'m).

FIGURE 7. 2 188 : ' : ‘ ' '
SIMULATED PIEZOMETRIC HEIGHTS FROM BGTTOM OF THE "AQUIFER 2010
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FIGURE 7.2,20.
“SIMULATED PIEZOMETRIC HEADS IN 2010 (Dlscharge from
©19917t0 2010 Optimal Plan)
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FIGURE 7.2, 21
SIMULATED PIEZOMETRIC HEIGHTS FROM BOTTOM OF -THE AQUIFER
N 2010 (Discharge from 1991 to 2010 = Optimal Plan) -
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