3. 'HYDROGEOLOGY
3.1 Geology
3.1.1 General Geology

The Study Area is underlain by a variety of pyroclastic and sedimemary rocks
formed from Miocene to the’ Quater_nary. For the basic geological condition, a
geological maps prepared by MRD and available reports, such as the " Outline of the
Geology of Viti Levu (1967)", interpretation SLAR imagery of the mains island of Fiji,
1987", and "Geology of Fiji, 1989".- The compiled geological map of the Study Area'
is shown in Fig. 3.1.1. The stratigraphy of the Study Area is summarized below.

Age Li;hology ' .' o . _ ' - Formation

- . Clay,sil, sand and gravel ‘ ‘Altuvial deposits
Quatemary _ _ _ _ . .
Mainly silty clay and silty sand, partly gravel layers Terrace deposits
Homblende andesité lava -~~~ - ' Vatia serics
Biotite and augite andesite ' “Tavua series

Tuff, mudstone, and grits

Pliocene ~ Bedded basaltic flows an breccia (Nacilau volcano)
E ‘Basalt and basaltic breccia - 4
. Basaltic flows (pillow 1ava and columnar basalt) Ba series
. Tuffaceous sandstone, mudstone, and tuff : o
. Basic tuff with agglomerate
“‘Chloritized trachy basaltic volcanics
Augite and hornblende andesite (Karavi volcamcs)

Andcsmc breccia and flows Koroimavua series

_ ... Intercalation of andesmc breccia and sandstone
Mio-Pliocene _
- ' -Sandstone and conglomerate . : - Suva series

Miocene * - Sandstone, argllhtes and congiomerate Sigatoka series

Pliocene 7 lntruswe rocks

The oldest rock formation of the Study Area belongs to Sigatoka series of the
Miocene crops out-ata small limited area in the western part of Navala in the upper
‘reaches of the Ba river..The Slgatoka series consists of sandstone, argillites, and a
conglomerate occumng in the shape of an anticline.

In -ascending .order of the. stratigraphic sequence, the -Suva series and the
- KorOimaVua series were formed in the Mio-Pliocene age. ‘The Suva series consists of
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conglomerate and the alternation of sandstone and shale whrch from 100 20 cm thick.
beds. The grayish to light greenish sandstone is very hard in the fresh parts, but
weathering has generally progressed. The conglomerate was only parttally observed,-
but tuffaceous breccias were predommantly observed accompanying the alternation of
sandstone and shale instead of the conglomerate. The series rs_surrounded by the
overlying Koroimavua series. | | |

.The Koroimavua series is formed of, hornblende andesite, and breccia locally |
intercalated with sandstone occupying. in the southwestern part of the Study. Area. The
sandstone layers seem (0 be affected by volcanic action and the. bedding planes are .
frequently. dlsco_nnected‘ and_f_ol__ded by :faults, and foldmgs QN :

In the Phocene volcamc actwrttes produced a huge amount of pyroclastlc rocks
of basalt basaltic breccia, -andesite. Tuffaceous sandstone, mudstone and tuff. were
also accompamed These products are classified into the Ba series, the Tavua series

and the Vatia series in ascendmg order, covering the most part of the Study Area.

“The basalt and basaltic breccra are the most common types of rock occupying
more than half of the Study Area from low hills to mountams

The middle reaches of the Ba river, the, southemmost part of the Study Area, and
- the uppermost reaches of the Ba r1ver are predommantly underlam by tuffaceous .
sandstone, mudstone and tuff. The beddmg planes of the rocks dlp gently at around
10°, in various directions. Cracks have developed i m the sandstone and they appear to
be rectangular in shape and about 50 cm in size. B

The ch]orrtrzed trachy basaltic rocks of the Ba senes underlte the area of Rakiraki,
surroundmg a steep small mountain composed of mtrusrve rocks;:about 5 km east of
Rakiraki, The rock texture is similar to the andesitic rocks and yery hard in the fresh
part. The eastern peninsula of Rakiraki includes basw tuff with an agglomerate of the |
Ba series. Weathering of the tuffaceous rocks. 1s developed in. thlS part and the
topography is gen_tle in general

Typtcal prllow lavas of the Ba series are evrdent in the upstrearn reaches of- the:' .

Yagara rrver -Joints: 1n a radlal drrectron were frequently observed in the prllow lavas,: o

but they are vefy hard in general - {"_-%‘:_"f-f:ff'*' SO e e e

“Very hard augtte and hornblende andesrtes of the Ba senes underlle the -
moderately steep mountams in the northwestem part of Ba The andesrte is very hard‘ _'



in the fresh part but it is cracky in general. Generally, residual soil has developed
thickly in this part.. ' '

‘The bedded basaltic flows and breccia of the Ba series are distributed at the west
coast of the Study Area.

~-As for the Tavua seriés, the rqé_k_s of biotite and augite andesite form a circle of
about.7 km in diameter. in the eastern part of Vatuk'()ula. This large circle is assumed to
be a caldera, A sequence of tuff, mudstone, and grits of surround the above biotite and
augite andesite, in the form of a circle band of about 0.5 km in width. These rocks
form the outer wall of the caldera.

- Thick hornblende andestic lavas of the Vatia series were observed on the Vatia
peninsula in the western part of Tavua. The fresh andesite is grayish and very hard but
joints have developed and vertical outcrops are evident on the steep slopes.

‘Other than the effective rocks, intrusive diorite rock crops about 5 km west of
Rakiraki and about 3.5 km east of Vatukoula.

- The flat plains several meters above the present riverbeds are composed of terrace
deposits of silty. materials with a thin intercalation of sandy materials formed in the

Quatemary. Predominant terrace deposits were observed along the Ba river, Nasivi
-river,-and Yaquara river. In the middle reaches of the Ba.river the terrace deposits

consists of mainly silty materials with rounded small gravel layers and thin shell layers,
forming flat plains 5 m to 7 m above the present riverbed. .

Alluvial deposits were prédominantly observed along the Ba river, Nasivi river,
Yagara river, and Penang river. The soft sediments in the low and flat zone of old river

_ channels in the downstream reaches of the Ba river, are included in the river deposits.



3.1.2 Geological Structure

Acéording to the "Outline of the Geology of Viti bévu P.Rodda (1967)", during
~ the upper Mmcene, sedimenis were deposited in'several large basins, and in an
elongated basin north east of Sigatoka, which was apparently fauit- controlled: ‘Many
of these rocks are now folded, but some of the synclinal features are probably caused

- by‘initial dip, compacuon effecls and penecontemporaneous movemient of faults. A

broad anticline south-south-east of Ba shows progresswely steeper dipsin rocks of the
Ba and Koroimavua senes suggestmg mtermment nsmg of the:core of the antlclme

over an extended period. © L R L

Several north-southerly faults,' up to 10 km in length, which occurred in the
lower Pliocene to Miocene dominate structurally in the south part of Study Area. The |
longest fault (Namau Fault), separates the sandstone and conglomerale of the Suva
series and the intercalation of andesitic brecc1a and sandstone of the l(ormmavua series
at the south of Navala village. '

“The Tavua series in Vatukoula formed a typical .caldera;structure,’ caused by
several volcanisms accompanied by subsidence and / or collapse of the volcanic mass.

According to results interpreted. from aerial phot‘ograph's ‘in the' Study - Area,
generally the hneaments directions are NW: SE-and NE-SW. *Most of the lineaments-
directions are NWW-SEE in the middle reaches of the Ba tiver, B-W; NW- SE and NE-
SW in the upper reaches of the Barriver, E- W and N-S in the mountain between Baand-
Tavua, NE- SW and NW-SE in the southern part of Tavua; NWW-SEE in the area‘of
Vatukoula, NWW SEE and NE-SW in the mountain between lhe Yaqara nver and
Rakiraki, and NWW SEE, NE- SW and NE- SW in the Rakiraki area; '

_ Lineaments mterpreted by SLAR 1magery (D I 1. Malhck and F Habgood 1987)'
were also included in the geological map. Thelr remarkable directions are E- W and
NE-SW in the middle reaches of the Ba river, NW-SE and NE-SW in the ‘upper reaches_ S

of the Ba river, NW-SE and NWW-SEE in the western part of Ba, E- W, NE-SW, |
NWW-SEE, and NEE-SWW in the area of Valukoula, and NWW-SEE, NEE SWW
and NW SE in the area of Rakiraki. '



3.1.3 Geophysical Prospecting

Geophysical prospectings were carried out for confirmation of the fractured zones
and water bearing beds by electromagnetic sounding and electric sounding in the first
and second field investigations (See the:details in APPENDIX-B).

- According to results of the electromagnetic sounding, most of the apparent
resistivity values are less than 100 ohm-m, and more than half of them are less than 30
ohm-m. This indicates that the surface is composed of highly weathered material. The
phase angle values mostly vary between 15¢ and 60°. Many low resistivity anomalies
may be found; but most of them are likely to be due 'to weathering of the surface
because of their phase angles of less than 45° indicating that the lower part is more
resistive than the surface. '

Water within the faults and fractures in the volcanics will produce distinctive low
resistivity anomalies against the solid rock.

Some promising_ areas with faults and fractured zones can be found where distinct
low resistivity anomalies and phase angles of more than 45° exist, indicating that the
lower layer is more conductive than the surface. Their locations are shown in Fig.

© 3,12, Fairly significant anomalies are.found in line 2, 12, 31, 32, 35,41, and 42. .

| According o the interpretation of the electric sounding and compared with the
existing MRD well data, the main aquifer is probably in the low resistivity zone beneath
or between the high: resistivity layers. A resistivity boundary of 30 ohm-m can be
_Ir‘oughly: divided into low and high resistivity zones, which may be subdivided into two
zones by boundaries of 10 ohm-m and 100 ohm-m, respectively.

The low resistivity zone will correspond to the weathered volcanic and
sedimentary material or fractured zone, and the high re31st1v1ty zone will reflect fresh
volcanic rocks. The very low resistivities of less than 10 ohm-m possibly point 10 a
higher clay content or a higher. groundwater salmlty Consequently, the aquifer zone in
- this area is likely to-be characterized by resistivities of less than about 30 ohm-m
'beneath or bctween the high resistivity zones. - The areas w1th the above mentioned
resistivity structures are shown in Fig. 3.1.2. :

- “The test w’éll"sites were- ﬁnally determined by considering the geophysical
prospecnng rcsults which mdlcated low res:stmty anomalies. The detailed drilling

i resuns are shown in /APPENDIX-C.
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. 3.2 Test Well Drilling and Pumping Test
3.2.1 Dnllmg Operatlon

“Test well drilling works were executed wrth an average depth of 70 m in:order to'
understand the aquifer at the eleven sites selected as indicated in Fig. 3.2.1 and Table
3.2.1. The target depth of the test wells was determined by:the depth of the existing
wells, and from the hydrogeological and geological. information of. The Study Area.
The drilling work commenced on January. 21, 1994. usmg 'MRD's rotary type drilling
_ng (Model Top-200) which had been repaired with the assrstance of JICA. ‘Three test.
wells, TWO004, TWO005, and TWOIO were completed in the initial penod before the.
end of March 1994.

The drilling work resumed on May 23 ]994 using two drtllmg rigs, one of
which, Top-300, was-provided' for the Study by JICA. The drilling work was carried

out smoothly on eleven sites using the direct rotary method-and completed by the end of . o

~ Aungust 1994 as shown in Fig. 3.2.2. The details of the dnlhng records and the tests of
each well are- descnbed in- APPENDIX C.. ' TS

© The. proposed site TWOO? was refocated to FW012 because no agreement could '
be reached regarding land acqu1s1tlon During: the drilling of the. TWOO06 test well,; it
was observed that after drilling was completed to a depth of 70 meters, the water -
commg from the deeper aquxfer possessed an objectlonable odor, while the water from
the shallower aquifer seemed to be of good quality. Therefore,. an additional. shallow‘
borehole (TWOO6A) was drilled to:a depth of 2].3 meters ad]acent to TWO06. Then,
the drilled borehole of the original TW006 was ﬁ]led with sandy. material and covered-
with cement to a depth of 18 _meters, leavm_g the upper aqurfer un_covered

3.2.2 'Casings and Séreens _ g
-Steel plpes six inches in nommal dtameter were used as casmg ptpes Stamless

wedge wire: - wound: type screens, six.inches; in nommal dtameter ‘were employed
Before the installation of the stnng of casmgs and screens geophysxcal loggmg was

carried out on each drilled’ hole in: order to 3usttfy the locatlon of- the water beanng '

section in relation to the geologlcal records. Geophysrcal loggmg was carried-out usmg o

the GEO-LOGGER 3030 MARK2 to mspect -normal resnstmty, SP, temperature, and’
gamma rays. . SCIeens were. assembled to fit with- the location of the water ‘bearing

E fissure zone: of the: consohdated rock of the' gravely bed Steel pipes. eleven mches and L

~ nine inches in nominal dlameter were. also used for temporary surface work



3.2.3 Gravel -Enﬁéelopi_ng- L

Sieved natural gravel ranging from 3 to 10 mm in diameter was'employed to
envelope the st'ring of casings and screens of each test well, except the stable drilled
holes in consolidated rock masses. The gravel was placed into the annular space
between the wall of the drilled hole and the string of casings and screens from the
ground surface using a bucket and, then, the top portion of the annular space was
sealed with cement mortar up to the ground surface., _ '

3.2.4 Development

. Initially the development of the test wells was carried out dsing the high velocity
jeuting method to remove drilling fluid and clogging materials from screens, gravel
envelops and , the surrounding walls of rocks. This operation was continually carried
out until the water become almost clean with only small quantities of sand present.

The air lift method was then applied in the second stage of development, using an.
air pipe which was lowered. to the bottom of the drilled hole. Final development was
executed using the over pumping method by utilizing the test pump. Pumping was
continually.carried out until the water became free of sand. In the case of TW002
drilled in an ur_:t_:onsolidated bed under the Ba river, the overpumping method was
conduétcd'for 130 hours in order to remove bentonite. :

3.2.5 Pumping Tests
... Pumping te_s_té, were carried out on eleven test wells from June to August 1994,

using a step drawdown. test, a continuous pumping test for 48 hours, and recovery
observations. The results of the pumping tests are shown in Table 3.2.2.

The step drawdown test was performed using four steps of pumping rates in each
test well to evaluate the productivity of yield and well loss at each test well. The
cor_;S;ant pumping rate lej.ezich step was maintained for 3 hours. The step drawdown
iest.Was carried out on only seven of the eleven test wells, because of the poor yield of
some téét wells. .. ' | |

Continuous pumping test: swe_r_ée executed on.eleven test wells for 48 hours,
pumping at a corista_nt rate, to confirm the hydrogeologic constants. However, it was
" _impossible in four of the eleven test wells to maintain a constant pumping rate for 48

~ hours b'ecgausé; of the poor yield. Instead, pumping tests were additionally applied to
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two of MRD's existing boreholes to conﬁrm the existence of water bearing rock and
their hydrogeologlc constants,

3.3 Aquifer
3.3.1 Groundwater Recharge Conditions

* The Study Area is located in the northern coastal area of Viti Levi.- The Ba,
Nasiebi, Yagqara, and Penang rivers drain this area and flow from the southern
‘mountainous region to the northem flat coastal plain through low undulatrng hills. ‘The
mountainous regions and low undulating hills are underlain by consolidated pyroclastic
- rocks and lava formed in the Miocene-Pliocene, which are partly intercalated with
sedirnentary rocks. Some- alluvral deposits exist o the riverbeds and i in the: coastal area
covering the above- menuoned volcamc matenals

- According to the r'net'eorological and hydrological study, the recharging amount of
rainfall is estimated to be between 485 and 843 mm / year, which is equivalent 10 25 to
38 per cent of the basin mean rainfall. The runoff rano is affected by topography and-
'geology, as well as'by land use. In the mountainous slope forest is not predom:nant‘
‘but grass grows w1dely Low undulating hills are- utilized for sugar cane fields. ' About

80 per cent of annuat rainfall occurs during the rainy season.. ‘Therefore, it is _mferred
that a large amount of rainfall 'imme_di_ately flows out as'surface runoff, and a major part: -
of the recharge flowing into the subsurface weathered zone will return to streams which
flow on impervious hard rock. ' ' S

- The shallow aquifer can receive a certam amount of recharge from rainfall.
However percolauon from the shallow aquifer to’ the deep aqurfer i$ leSs effective
because of the permeability of the consohdated rock massesl ’

3.3.2 Water Bea’r’i‘ng Bed

In North Viti Levu,‘as shown on. the Geologrcal Map in Frg 3.1, l the main’
lithological units-are Quaternary’ deposrts, Pliocene. basaltic rock,’ MlO Phocene
andesitic brecccia, sedrmentary rock Mlocene sandstone and conglomerates The
water bearing bed of the Study Area has been classified mto three types of aqurfer '
based on the geologlcal mformanon and tesl well dnlhng results : '




(1) - - Quaternary-aquifers

Alluvial deposit aquifers are the most common exploitable groundwater sources
in many regions. However, boreholes are generally not drilled in these deposits in the
Study Area, because the groundwater potential is relatively low and drilling is difficult. -

The Quaternary deposits are composed of alluvial deposits and terrace deposits,
which are located in limited narrow areas along the Ba, Nasivi, Yaqara, and Penang
rivers. These deposits consist of clay, sand, and gravely materials which sometimes
form low permeable shallow aquifers. - |

Cn Accdrding to the data of TW0O02 in the yard of the PWD depot in Ba, gravel and
coarse sand layers continue for about 30 m in depth near the Ba river. These gravel and
sand layers seem-to-be a middle potential aquifer. According to the electrical
prospcctmg, the middle reaches of the Ba river and the lower reaches of the Nasivi river
show fine impervious deposnts.

. River terraces elevated several meters above the present riverbed have formed
along the river channel of the Yaqara river. The terrace deposits consist of rounded
gravel of an average 20 ~ 30 cm in diameter. The terrace deposits seem to bear
groundwater and are cdnsidered to bhe potential aquifers. Results of the electrical
prospectmg and data of abandoned boreholes show imperious sediments and sea water
intrusion in the Penang river ailuvial flat plain. The groundwater from TW002 does not
satisfy the criteria for a potable water supply, due to high Iron (Fe) and Manganese
(Mn) levels. ‘This tendency is the same as the other alluvial aquifers in Viti Levu,

(2) Tertiary sedimentary rock aquifer - -

In contrast to the Quaternary sediments, Tertiary sediment sequences usually
exhibit a rather insistent stratigraphy. The primary porosity of a layer of Tertiary
sediments is often strongly reduced by compaction and cementation. Water bearing
' .beds with secondary porosny are usually aligned along the bedding plane's fractures
_ and Jomts - e : : -

This type of aquifer is mainly distributed in the low hill area along the Ba river in
the south of Ba. _' Tertiary ‘sediment rocks consist of tuffaceous sandstone and
* mudstone; ‘Tuffaceous sandstone of the Ba series was confirmed at the left bank of the
_ Ba fiver near Moto by TW003 (77 m). According to the geological log, this formation
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is compacted and solid without a fractured zone. Therefore, groundwater development -
is not expected from the tuffaceous sandstone. ' ' '

Tuffaceous mudstone of the Ba series was. deposrted at the nght bank of the Ba
river in the Koronubu area. TW006 was drilled up to:76 m to confirm the permeability
of the tuffaceous mudstone, According to the geological log and driller's information,
tuffaceous mudstone has-several fractured zones.. These are confined aquifers with
self-flowing heads and moderate to high permeabilities. - However, very high electrical.
conductivities, 1,400_,_micro-simens fcm, show at the fra_c-tures.t';elo_'\}t_r 31'.7’;_:m. ,The:
existénce of high electrical conductivit_ies and bad odor, indicate _st"agnant aquifer.
conditions. Therefore, the development potential of the fractured aquifer in the
tuffaceous mudstone is expected at only the most shallow rechargeable fractured water
bearing bed (10 to 20 m in depth).- Accordmg to the existing well data and electrical .
prospecttngs, the distribution of water beanng fractured mudstone beds is located ina.
limited area of Koronubu. ' ' :

- Older Tertlary sediments in the htgher elevation areas wh1ch belong to the Suva
series, Sigatoka series; and the lower- part of the Ba series are.not expected to develop
- groundwater, due to therr steep topographrc condition with stronger compacuon and

cementatron - P '

3) - 'Volcanic_rock aquifers . .

- Volcanic. rocks have:vaﬁous-hydrogeolog_ical properties including excellent
“aquifers and impervious layers. .Excellent aquifers usually occur in porous layas and
loose pyroclasttc flows of recent age (Quaternary period). However, older volcanics
(Tertiary) are generally poorer aquifers than Quaternary volcamcs due to the.
sedimentation of secondary minerals into ﬁssures and weathenng

~ There are no Quaternary-volcanic: rock‘s foun'd in the Study'Area Co'nsequently,.-
fractured volcanics.are the most common type ¢ of volcanic aqurfer in the Study Area..
" These types of aqulfers generally ‘consist of- wcathered porous fractured zones: or:
sheared zones of the Ba volcanic senes Other volcanic rocks’ belong to the. Vatia.
series, Tavua series, and Korormavua senes ‘and Intrusive rocks seem to be generally'
rmpermeablc cxccpt the open fractures and joints, . ' :

Bedded basaltrc ﬂows and breccra (Nacrlau volcamcs) is drstrrbuted in: the most,

 western area of - the. Study. Area They are . characterlzed by a generally low. SRR

permeabrhty, due to havmg less fractures



The most intensively developed aquifer in the Study Area is the very hard dark

- grayish augite and hornblende andesite (Karavi volcanics) underlying the moderately

steep mountains in the Karavi and Raviravi areas in the northwestern part of Ba. The
andesite is very hard in the fresh part but in some places it is cracked and permeable
therefore fonni_ng a.good aquifer. However, the ratio of unsuccessful boreholes is
relatively high due to the unexpected distribution of open joints and fractures. The
aquifer is generally 20 to 40 m below the surface. |

Many boreholes are drilled in basalt and basaltic breccia of the low hill areas, -
because it is widespreéd along the northern coast except the Tavarau-Raviravi area, -
Vatia penisula, Vatukoula caldera, and the Rakiraki area. The potential for groundwatér
in the rock formation is either low or-high depending on the intensity of the fracturing.

_ Generally, the low hill areas between the Ba river and the Nasivi river have
medium potential aquifer conditions. However, the low hill areas between the Nasivi
river and the Yaqaqra river are poor, except the basalt and agglomerate rock aquifer of
the Yaqara river. The high fracturing volcanic rock aquifer at GW254 in Yaqara
possesses the highest specific capacity. (19.64 I/s/m) of the Study Area. The specific
capacity usually ranges from 0.01 to 0.59 I/s/m. The main aquifer is generally situated
from 10 to 50 m below the surface. However, TWO0! and TWO008 show a deeper
depth of aqu_ifé,r, because these well are located at a higher elevation. For example,
Screens in the TWO001 were installed 43.1 10 69.35 m below surfacc.

- Typically very hard pillow lavas are evident in the steep mountain area of the

- upstream reaches of the Yagara river, forming an impermeable layer. The chloritized.

trachy basaltic. rocks underlie the Rakiraki area and surround the smalil steep
mjoun_tain_ou_sa -ar_ca,composed:of _.in'trusive rocks, about 5 km east of Rakiraki.
According to the geological log of TWOI11, these rocks are non water bearing beds,
because very hard compacted rocks and thick volcanic ash were found underlain by

~ strong weathered clayey rocks.
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3.3.3 Hydraulic Constants - -
(l) Well loss:of JICA test wells o

" The step drawdown test is used t0 determrne the efﬁcrency of the pumpmg well
1t is reasonably understood that the drawdown of the water level by pumping includes
‘two components, namely the drawdown of an aqutfer loss in accordance with the
aquifer characteristics, and the drawdown of a well loss caused by turbulent head loss
in and around the well screen. The well 1oss is associated with turbulent flow and is
expressed as, ERE S R e

. where: - Sw i Total dravtrdG_Wn-_.-. -
| Qi Discharge rate -
B.

. Aquifér loss coefficient .. - ..
BQ : = Aquiferloss

- C Well loss coefﬁcrent
e 'Well loss '

~Therefore, the total drawdown Sw consists of the aquifer-loss BQ and the well'
loss of CQ2. Evaluation of the well efficiency is expressed in Table 3.3.1.; Generally, 5
- test wells were showing a large ratio of well loss (54 %.to 84%) that is probably caused
by the small drilling diameter and the limited opening of fractured rock. Because, the
larger diameter wells (TW002 and’ TWO006) show a rather small ratio (24 % to 35%)
~ compared with- the smialler wells, Another poml of viéw; is the rangeé of specrﬁC'
capacity is showing from O. 11006 l/s/m whrch means the dratvdown is very large‘
compared with the pumpmg ratio. © e S e )

(2) Transmissivity of the Study_ Area

Transmrssrvrty is calculated by applymg Jacob's modrﬁcatron of the non-

equilibrium formula . The analyzed results of the _pumping tests are shown in ’l‘able o "

3.3.2. The values of transmissivity obtamed can be classified into three groups

‘The first group, has a large transmtssmty of more than 200 mzlday, expectmg-

high groundwater development potential in the Study Area, However, more attentton o

will be paid to the evaluation. In the case of GW254 in. Yaqara, based on the 1mt1al
' drawdown data collected dunng the pumpmg tests a large transmtsswrty



(2,676 m?/day) was obtained by the gradual decline of the water level. However, the
decline became steeper 5 hours after pumping started. As a result of the steeper
decline, a smaller transmissivity of 829 m?/day occurred. It is observed that the
distribution of a better aquifer is limited around the test wells and that the surrounding
rock mass possesses a much smaller transmissivity. '

.- . The second group has'medi_um transmissivity (200 - 20 m?/day) in medium
fractured rock masses and alluvial formations, The test wells belonging to the second
group can produce groundwater in 5 to 1 I/sec.

The third group:has poor transmissivity of less than 20 m?/day in the limited
fractures of the consolidated volcanic rock masses where the test well yield is less than
1 I/sec of water with great drawdown.

According to the distribution of transmissivity in the Study Area, the low hill

areas between the '_B_a river and the Nasivi river generally show better transmissivity
compared with other areas, except for the Yaqara area. '



3.4 Meteorology and Hydrology ...
3.4; 1: General

The Study Area covers an area of 1,567 km? in the northern part of Viti Levu..
As indicated in Fig. 3.4.1, annual rainfall varies from 1,800 mm.aldng the coast to
3,800 mm in the mountains around Nadarivatu. The Study Area can be divided into the
following nine drainiage basins. Division into different basin is shown in Fig. 3.4.2.

Basin No.  River ' . Catchment
T S ... Area (km?)
1 o (small creeks) - o -38 R
) Ba sy
3 (small creeks) ' 55
& Nesivi e
s "Walsal etc ::,: ST S
7 Korolulu,Wailoa, etc. 49.
8 Nakauvadra / Penang 102
9 - (small creeks) _ 27
Total 567

In general, the mountains in the upstream basin of the rivers possess vcfy steep
slopes and are not densely forested. The middle and lower reaches are cultivated for
growing sugar canes. It scems that runoff concentration happens within a short period
due to less retardation effect of the upstream baSi_n_. It is repotted that the lower reaches
of the majbr river basins are sometimies inundated when heévy rainstorms occur.
Drought occasionally occurs in the dry season oWin_g to the significant difference in
rainfall between wet and dry seasdns: as well as the above mentioned basin

-characteristics. In the small catchment basins, in the dry season the amount of water in
streams becomes very low, or almost no flow occurs. The rate of loss by evaporation
might be relatively high, espemally in the lower reaches which are mostly covered with. '
sugar cane farmland. The following presents a prehmmary esumatlon of average -

-runoff and the recorded lowest flow at the principal stream gauges: '



7 _River Stream Gauge I Catchment Average Lowest
- - Area. ~ Runoff Recorded
- | (km?2) (m¥sec) | (m3fsec)
Ba Toge 578.7 223 2.34
Ba  |Navala | 3220 | 157 | 179
Nasivi Vatukoula 96.0 23 | 017
| Nakauvadra Vatusekiyasawa 384 0.8 0.06

3.4.2 Rainfall Stady
4)) .Aveil_able records

The rainfall records were provided by PWD's Western Division and FMS on a
daily basis from 32 rain gauge stations. The stations possess records which were
collected over a different length of time. The records collecied over the longest periods
of time were obtained at Rarawai Mill (from 1925), Penang Mill (from 1930) and
Nadarivatu (from 1936) However, the collection of records was interrupted around
the 196OS or 19703 ‘Several of PWD’s statlons were mstalled wrth automatic recorders'
in the early 19808 ' ‘ ' '

(2) Review of the records -

Before estlmatrng the basin mean ramfall the dally rainfall records for the 32
statlons were revrewed by the followmg process

1) Check of missing records
2) Examination by double mass curve
3) Examination by correlation- '
4 Interpolatlon of mlssmg records based on correlation

After the process of rev1ew the ramfall records used for the estimation of the

basm mean ralnfall were selected takmg into consideration the recorded penod and the
jocation of the rain gauge stations. The 23 stations selected are shown below. '



No. ' Station - " Periodof  No. = Statioh Period of

Records =~ =~ - * Records
V7748C  TavuaFilter ~ 1970-1992 V77765  VawruMet - 1982-1992
* House . ' o

V77482  Tagitagi 19561992 V7775D " Nad_rugu: 1983-1992
V77491  Yagara 1965-1992  V7777A BukuyaDepot 19811992 -
V77554 © LololoPine . 1979-1992  V7778A  Nanoko 1983-1992
V77563 Varoka 1981-1992 V77194 NadrauMet 1_9777-1992
V17560 BaFilerHouse 1960-1992 V78311  PenangMill  1930-1992
V77571 Veisaru 1956-1992 V7831B  Vaileka Depot  1970-1992
V77581 Vawkoula  1965-1992 - V78401 . DrauniiviPine 19791992
V77591  Nadarivatu  1936-1992 VI840B  Vawkacevaceva 1983-1992
V7765A  Navilawa 1972-1992 VI841A Narara 19711992
V7768A Navala 1981-1992  V7850A Naseyani 10711992

V77691 Taunabe 1982—199_2_ :

(3) Basin_ meao'_r_a_i!_lfa“_ o

For the low ﬂow study dlscussed m the succeedmg secuon, lhe basm mean '
ramfall is generally requrred for a per1od of at ]east 20 years. However, at almost half
' of the stations the recorded perlods were less than 20 years, ’I‘he followmg methods
were therefore applied in order to esnmate the basin mean rainfall for longer penods

1) Basin mean rainfall for the last 10 ye_ars : Case 1

'I'he Thissen Polygon was formulated usmg the 23 ram gauge statlons menuoned
above, as shown in Fig. 3.4.3. The basin average ramfall was estlmated for the penod
from 1983 to 1992. '

2)  Basin mean rainfall for a iong period.: Case2

The Thlssen Polygon was formulated usmg the 12 ram gauge statlons where the .
records were. collected over the. longest period of tlrne, as shown in Fig. 3 4.4, The
period was determmed . be 22 years, from 1971 to 1992 accordmg to the avarlablhty
_ of records. - : '
3)  Conversion

The basin mean rainfall was obtained using rhe"foll_owing;'equ_atiohs: =



Rp=R] (1983-1992)
Rp=R2xCF (1971-1982)
CF =Riave/R2ave

Whete, Rp - : Basin mean rainfall - -
-R1 - Basin mean rainfall calculated by "Case 1"
R2 - : Basin mean rainfall calculated by "Case 2"
CFE : : Conversion factor
* Rlave : Average annual rainfail of "Case 1" (1983-1992)
. R2ave : Average annual rainfall of "Case 2" (1983-1992)

The basin mean rainfall was estimated for the upstream basins of the stream
‘gauges such as Toge, Vatukoula, and Vatusekiyasawa. The basin mean rainfall was
also estimated for the nine catchment basins in the Study Area. The average annual
rainfall of each basin is presented below:

Upstream Basins of the Stream Gauges : -

River = Stream Gauge | Catchment Basin Mean Rainfall
' ' ' Area (km?) O (mm)
Ba  |Toge 578.7 2,700
Nasivi | Vatukoula 96.0 | 2,666
Nakauvadra | Vatusekiyasawa 38.4 2,389
" ' 9Catchment Basins
" [TBasin No. | River | Catchment ~ | Basin Mean Rainfall
SRS SR e Area(km?) | - (mm)
1 - ' 38 2,118
2 Ba 957 2,517
R L - - U 1,839
4T T |Nasivit 191 2311
5 |Waisali . 32 1,807
6 Yaqara B 1z | 2,193
7 . | Korolow/Wailoa 49 2,203
'8 |Penang o102 | 2360
9 |- 27 1,990
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3.4.3 Runoff Study
{1 Available records

The river stage records were collected from four stream gauging stations: the
Toge and Navala stations on the Ba river, the Vatukoula station on the Nasivi river, and
the Vatusekiyasawa station on the Nakauvadra river. Since the stages were recorded on
an hourly basis, an arrangement was made to compare the hourly river stage to the daily
mean runoff using the stage-discharge rating equations for the respective gauging
stations. However, the. rating. equatious'did not'cover the whole periods for which the
river stage records were available, The availability of the nver stage data and the stage-
discharge ratmg equations are 11sted below:

. Station .. - -.-- Perlodof Lo Penodof

| . _ Rlver Stage Record . Ratmg Equatron - )

Toge o 1om-1992 . 1979-1986
Navala - - o 1982-1992 - | 11982 - 1985

. Vatukoula | 1977-1992 1977~ 1985

Vatusekiyasawa .. 1980-1992  1980- 1984
2) Review of "re'cords

For the low flow study drscussed in thrs sectlon conunuous runoff records for at
least 20 years were generally required, However, the period of collection of the
available runoff records was less than 10 years, and it was found that a srgmﬁcant -
number of records were missing:. A runoff simulation model was therefore apphed in
order to provr_de long-term runoff :re_cords for the low’ _ﬂow study.

* The mmulatron model requrres runoff records and the mean ralnfall of the basin
upstream of an objective stream gauge The runoff records to be used for the -
simulation model were selected from the available records m the penod where the
number of mrssmg records is small - ' P

River _' g -.Stream Gauge A Penod of Runoff Records
Ba . = CToge . 1982-1986 '
Nasivi = Vawkoula - 1982-1985
Nakauvadra ~ Valusekiyasawa - [ 1981 - 1984
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The selected runoff records were examined using the double mass curve with the
mean rainfall of the upstream basin. The results of this examination were judged as
acceptable. P

(3)  Outline of the runoff simulation model

The tank model method which is a serial storage type mode! was applied for the
runoff study. The tank model is composed of a number of containers which indicate
~ the catchment basin (hereinafter the container is called a 'tank’).

The tanks have several holes on their sides and bottoms. Ram enters the top tank
first then passes into the lower tank through holes on the bottom of the upper tank.
Water also passes.;hrou_’gh_ holes on the sides of the respectlve tanks. Water moving
through the bottom holes i'ndicate_s infiltration, while runoff moviﬁg through the side
holes of all the tanks indicates river discharge. | |

Normally, low ﬂow can be analyzed by the serial tank model using four
contamers Each tank represents the runoff mechanism on the ground surface or layer,
and is a component of the runoff hydrograph Wthh are general]y considered as
follows:

Tank '-Gkoun_d ‘Sut;fécé'/];.a‘ye'r Runoff Component

Top | Sljrféce 4_ , | : N Surface Runoff

2nd | Surface L_ayer. | _ _ Intérmediate Runoff
3rd | LowerLayer . Groundwater Runoff
4th ' L | . | (Baseflow)

At some time step runoff and infiltration of a tank are calculated using the
following diagram and equations:

- 59 -



e 4,- 7 > ot
- : Cu
—F —r
wd —
. H e I_‘ SR
) | r Cb R
MRS
(), D'=D+I-B |
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@) D"='D'-0-R'_
~ Where, T Ramfall or mﬁltrat:on from the uppertank
R } 0 : 'Runoff '
"R . Infiltration to the lowertank
- E Evaporanspiration :
. Cu Coefficient of the upper hole on the side
a 'Coefﬁment of lhe lower hole on the 31de
- Cb ::'_"-Coefﬁment of the bottom hole -~~~
"Hu i Height of the upper hole from the boltom _
H Height of the lower hole from the bottom
D + " Depth of water (storage of tank)
D' ': : Depth of water after cal_culation process (1) above
i D"-

i+ Depth of water after calculation process (4) above - o

Note ; All variables are in mm.

Calculations are made for all tanks ffom the upper to the lower tanks. The sum of
runoff from the side holes of all the tanks indicates river runoff. The reammg depth of
each tank constitutes the initial depth for the next step, and the calculatlons are repeated _

using the same process

The tank model can express the following _com'piic'ale.d‘ runoff phenomena: o



- Initial loss depending on previous rainfall
- Non-linearity :
- Runoff rate depending on the runoff magnitude
- Componénts.of runoff, such as surface runoff, intermediate runoff, and
- groundwater runoff
- Lag time '

The tank mode! is convenient in that runoff can be estimated using simple
arithmetic.

The disa'dvanta'ge of the tank model is that the constants, such as coefficients and
the height of the tank holes, have to be determined by trial and error. It may take a lot
of time for the calculations before the constants are fixed.

(4) Preparation of the runoff sirnulation model -

The tank mbdclé'-were prepared for the upstream basins of the Ba river at Toge,
the Nasivi river at Vatukoula, and the Nakauvadra river at Vatusekiyasawa. The inputs
-~ for the prgpa.ra_tibn of the tank models are listed below:

1) Catchment area of the objeCtive basins
2) Runoff records observed at the stream gauges
3) Mean rainfall of the upstream basins for the period corresponding to that of the
observed runoff records
* - 4) Evapotranspiration estimated using the evaporation records
'5) Constants of the tank model '

" ‘Runoff c':ou_ld'b'e computed once the tank parameters were sel. The constants
were analyzed by comparing the computed runoff with the observed runoff using the
runoff hydrograph and flow duration curve. Model calibration was carried out by trial
and error for setting the constants until the computed hydrograph and flow duration
curve fit those of the observed. The constants, hydrographs, and flow duration curves
~ obtained for the respective stream gauges are shown in Fig. 3.4.510 3.4.9.
5y ‘:':Ld\:xr'ﬂow"a;ﬁiélysis IR

Usmg the tank model discussed above, long-term runoff was simulated on a
daily ‘basis’ for the rcspectwe stream gauges " Thé runoff was simulated for 22 years

. from 1971 to 1992 using the basin mean rainfall for the corresponding period. A flow.
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duration curve was also prepared as s'hown: in Fig. 3.4.10. .The following results were

obtained from the long-term runoff estimations:-

. Average Runoff and ‘Los_s.(1_97,l_—l_9_92) L

344 Groundwater-Recharge

Catchment | Average Runoff | lé'asin Mean ) Loss
Stream Gauge Area Runoff Depth Rainfall | o
_ (km?2) {m3/sec) (mm) (mm) - (mm)
Toge 5787 | 2757 | 1502 {2,700 07 |T1,198
Vatukoula 96.0° 2.73 897 | 2,663 1,766
Vatusekiyasawa| - 38.4 103 . .{ - 846 12,389 .. ¢| 1,543
" Low Flow’
: : _ Runoff
Stream Gauge | Catchment| Period o (mdfsec)
Area - .
{(km2)- | . . | Average | - 95% .| Min
Toge - | 5787 |1971-1992 |+ 2757 | 3.06 | 2.44:
Vatukoula 960  |1971-1992° | 273 | o260 |09 |
Vatusekiyasawa| 384 | 19711992 | 103 | 010 | 006

The tank model dlscussed in this section aims mamly at evaluatmg river runoff

namely surface water. In addition, the tank model assesses the conditions: of mﬁltrahon

and storage in the ground layer, as well as the surface water. Accordingly,

groundwater recharge can'be estimatedapproxnnately by assessing: inﬁltration and

storage in the. tank model. The followmg presents a prelrmlnary estimation of .
groundwater recharge using. the results of the tank model s1mulatron :

, Frrstly, runoff from the respectwe tanks was assessed in order to clanfy the
components of the runoff hydrograph -Outflow trom the side. holes in the 3rd and 4th
tanks could be consmered as baseflow whrch is the groundwater runoff. On the other '
hand, variations in the sum depth of the 3rd and 4th tanks were compared w:th those in
the groundwater level contmuously recorded. The vanatlon pattems of both: values

- were found to be qurte srrmlar. 'Ihese résults mdlcate that water moving: through the S
holes in the bottem of the 2nd tank and 3rd tanks of the model can be assumed as.i o

groundwater recharge
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According to this assumption, groundwater recharge was estimated for each basin
where the tank model simulation was carried out. Estimations were carried out for an
average year and a drought standard year with a return period-of 10 years. The values
presented below were obtained through simulation conducted over 22 years (1971-
1992):

Average Year

Cawch- - Basin . 4 2 &1 4

River Basin ment Average Mean Direct Ground- Recharge Evapotrans
: Area Year  Rainfal Runoff  water {mm) -piration
(km2) (mm) (mm) Runoffl o {rmm)
' (mm)
Ba Upstream Toge - 578.7 .0 1972 2,644 . 985 552 704 955
G/S ' _
Nasivi Upstream. - - 960, 1981 . 2,532 568 226 843 1,121
Vatukoula G/S
Nakauvadra Upstream CUvagd 1990 2,328 54l 0227 582 1,205
: ' Vatusekiyasawa - R . :
G/s
Drought Standard Year
‘Catch- - Drought” Basin~ Ditect Ground- Recharge YLvaptrans-
River Basin ment  Standard Mean Runoff water piration
Artea Year Rainfall . Runoff o
(km?) (mm) (mm) (mm) __ (mm) (mm)
Ba Upstream Toge 5787 1083 2,00 808 209 . 495 797
Nasivi  Upswream . 960 1992 - 15857 308 = 103 492 1,057
P VatukoulaG/S L | )
Nakauvadra Upstream © .- 384 1980 1,589 243 112 319 1,027
ValuseklyasaWa
GS . .

Note 1_ Dlrect Runoff (DR) _ :
' The surn of runoff from the s:de holcs of the top and 2nd tanks.
2 Groundwater Runoff (GR) - '
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The sum of runoff from the s:de holes of the 3rd and 4th tanks
* Total Runoff = (DR) +(GR)~

" [3  Rectiarge (G)

Runoff from the bottom holes of the 2nd and 3rd tanks =

/A Evapotranspiration (E) -
Evapotranspiration (E) can be calculated using the following equation.:
Basin Mean Rainfall (R) = (DR) + (G) + (E) |

. With reference to the above results, groundwater recharge for each catchment

basm in the Study Area was estlmated usmg the followmg equauon

o-cexf
"~ Where,- G : Groundwater recharge - _
Lo Gg : Groundwater recharge for the gauged basm ‘
R : Basinmean rainfall o
Rg'-" :  Basin mean rainfall for the gauged basin

The estimated groundwater recharge in each catchment basin is shown in Table .

3.4.1. The detailed assessment of groundwater recharge and development potentlal is

discussed in Chapter 4

3.4.5 Surface Water Potential

J

2

3)
4)
- 5)

. . Surface water potential was evaluated under the following conditions: R

- Assumed development points;

- Bariverat Toge G/S . N
- Nasivi river at Vatukoula G/S _
- - Nakauvadra river at Vatuseklyasau/a G/S.
Return period of the drought standard year is set at 10 years

"~ The s1mulated minimum dally dlscharge year 1s assumed as the § nver mamtenance _
i flow. : ' s L : -

No storage scheme is consnclered : _ :

Possible development yield is derlved from the dally dxscharge exceedmg the
nver maintenance flow. Dependability of the yleld is set.at 95%, whnch means
that a deﬁcn occurs for ]8 days dunng the drought standard year | '




The daily discharge simulated by the tank model was used for the evaluations.
The following results were obtained: '

Ba River at Toge G/S

- Catchment Area ' | : 578.7 km?

- DroughtSundard Year ;1983

- Min. Discharge % — . ;. 2.443 mifsec

- 95% Discharge in 1983 = o . 2.836 mYsec

- Possible Developrhent Yield L : 0393 m?/sec
(12.394 MCM/year) .

* Nasivi River at Vatukoula G/S

. CaichrientAra L 96,0 km?
. DroughtStandard Yew - . 1992

| Mm Dischar,.ge;'_ ) : 0.188 m¥sec
= '95% Discharge in 1992 : 0.238 mfsec

- Possible Development Yield : 0.050 m3/sec
R '-' (1.577 MCM/year)

Nakéuy'adra River at Vatusekiyasawa G/S

Catc'hmenlAfe'a : +38.4 km?

- Dr_ought Standard Year

Min, Discharge
95% Discharge in 1980

- Possible Development Yield

1980

0.058 m¥/sec
0.073 m3/sec
0.015 m3/sec

- (0.473 MCM/year)

The above results were referred to for the estimation of surface water potential in
the whole Study Area. The following equation was applied for the estimation:
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Y= Yng

- Where,

'Rg

Yg

e
Rg
N
Ag

A
Ag

Possible development yield (MCM/year)

Possible development yield for the gauged basm
(MCM/year) L

Basin meart rainfall (mm/year) .

Basin mean rainfall for the gauged basin (mm/year)
Catchment area (km?)- e

: Catchment area of the gauged basin (kmz)

T abl‘e"S'.Zi_.Z: éhéﬁws the results of the above calculation,

The possible development yleld of each basin in the Study Area is estlmated

below
, Catchment Area | Possible Development Yield
No. River . (km?) '_ (MCM/year) (m3/year/km2)
Lo 38 0638 16,800
2. Ba 957. 19107 19965
30 55 0624 11,344
4. .. Nasivi 191 2723 14256
5. Waisali 320357 11,147
6.  Yagara SV 1515 - 13528
7. KorlowWailoa 49 0557 11,359
8. Penang 102 B 17 SRR U (-
9. . : 27 0277 10260



3.5 Groundwater Flow
3.—5.1_ Groundwater Flow -

- The groundwater level contours of the shallow aquifer in the dry and rainy season
are shown in Fig. 3.5.1, based on the simultaneous water level observations of the dug
wells. The groundwater in the shallow aquifer generally flows down from north to
south and east to west, The general hydraulic gradient of the main area is as follows.

Season - . L .. Hydraulic gradient

Ba Uplands  Tavua Basin Penang Basin
Dry 1:60 - 1:110 1:40-1:50  1:60 - 1:90

- Rainy . 1:50-1:100 1:50-1:60  1:50-1:80
The hy'draulic gradient at the lower elevation exists almost in parallel to the
surface gradients, but the hydraulic gradient of the high elevation area is more gentle

than the surface profile due to the thick pervious residual soil.

“The. difference in the water level of each well ranges from 0.19 to 4.89 meters
betweer the dry and rainy season.

3.5.2 Gr_oﬁﬁ_dwaier Level Fluctuation ..

Seven autoinatic_ water level recorders were installed at the existing MRD
boreholes in October 1993, and 3 were fitted at the test wells drilled initially by the

JICA Study Team, in-order to observe the fluctuations of the water level of the weils.

These recorders were installed in a shelter. However, 2 of the recorders at the existing

'MRD -boreholes GW044 and GW042 were damaged by some people in May and
" August 1994, respectively. The location of these observation wells is plotted in Fig.
2.3.1. B

The _hydro_graphs of lhé observation wells recorded between October 1993 and

August 1994 are shown in Fig. 2.3.2, Water levels in the boreholes are within 9
ineter_s_ below the ground surface. The hydrograph shows two different types of
' fluctuation. One type of fluctuation indicates that the water level rises gradually, a little

after the begmmng of the rainy season, then it remains at an almost constant level until

' _the begmmng of the dry season,. and then. declines towards the end of the dry season.
o Water:: level ﬂuctuatlons in the. exlstmg boreholes GW042, GW030, and GW035
.. belong to. thls type :
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Another type of fluctuation shows that the water level rises raptdly,
corresponding to the precipitation at the beginning of the rainy season and then declines
gradually towards the end of the dry season. Annual fluctuations of the water level are

- greater in the latter than in the former.. Annual water level fluctuattons in these
boreholes reach a maxtmum of 2.5 meters.- '

‘The hydrographs’ of 'the test: _Wells are shown in Fig. 3:5.4.- These indicate the
same type of 'ﬂuctuations_ as those of the former type of MRD boreholes. A disturbance
on the TWO010 hydrograph occurred during the pumping test.. ’I’_l'tese'di_fferent types of
water level fluctuations could be .caused bj‘('low‘permeable closed water bearing beds.

Tidal fluctuations of the water level ranging' from 2t04 cm are observed at the
existing boreholes GW013, GW014 and GW042. These boreholes are located 0.3 to
2.5km from the coast.’ :

Daily water level ﬂuCtuations.haVe been measuired at two selected dug wells. The
~ hydrographs of these dug wells, which correspond to the daily rainfall at Ba town are
shown in Fig. 3.5.5. Water-levels rise imrne'diately after heavy‘rain ‘and decline
immediately after the rain has stopped at both dug wells GW003 and GW028 with a
| ‘range of 0.5 - 1.2 meters. The water level ﬂuctuates more sharply in concordance.te
the amount of rainfall compared to that of the boreholes. - The difference in the annual
water level between the ramy season and the dry season at the dug wells is 2. 2 meters.

~Simultaneous observations of the well water levels were can'ied ou’t"to 'understand
the groundwater flow condlttons of 12 ex1st1ng boreholes and 28 dug wells listed in
Fig. 3:5.2, in both the dry’ and ramy seasons.’ ‘Water levels range from 0. 25 to 13.17 _
meters below’ the ground- surface- according to the measurement camed out in - .

September 1993 in the dry’ season (See Table 3.5:1). The water level of the same wells - '

was measured in the rainy season in March 1994, “The dtfference in water levels of
each well ranges from 0.19 to 4.89 meters between the dry and ramy seasons In
general greater ﬂuctuanons occurred in dug wells than in: boreholes |

3:5.3 -Thermal Spnng

Thermal spnngs are common in volcamCIand tectomc actmty areas Thermal:
water usually ortgmates from surface water or' shallow groundwater However,_

thermal water’ crrculatton covers a-greater distance and ‘takes alonger time’ comparecl o

wrth normal groundwater ctrculauon Because, _water from the surface must move__




downward through faults or fractured zones to the deeper heating source. Water rises
up toward the surface when its temperature rises above boiling point after reachmg a
heating source through other vertlcal fractured zones.

According to the existing hydrogeological map of Viti Levu (MRD 1991), several
thermal springs exist in the Study Area. Four thermal springs and two springs were
confirmed by the. JICA-MRD Study Team. ‘The thermal springs, which rise in volcanic
rocks, are’ located in the sea and near the coast between Tavua and Rakiraki. The
thermal spring of Waikatakata at Rabulu Road has a temperature of 44.9°C, which is
the higheét water tempe'ratur‘e'in the Study Area. The discharge rate of this spring is
constantly- about 5 ifs. However, the biggest thermal hot spring in the Garampani area
on the northern side of Vatukola has dnsappea_red due to a subsurface shaft constructed

for Emperor gold mining. It is indicated that the hydrogeologlcal conditions of thermal
- water are that itis rare and unstable

The biggest discharge rate for a spring is 50 I/s. The spring is located on the
slope of a mountain in Wai Matalevu in the upper reaches of the Yaqara river. It rises
in volcanic rock, and the ‘water temperature is 25.6°C with low conductivity.
Therefore, the fecharged water of Wai Matalevu does not reach its heated source and is
probably dlscharged through tubular channels or fractures in the shallow part of the
volcamc tertain. : '

. f69.‘



3.6 Water Quality .
3.6.1 General .
(1). Purpose-of the Water Quality Ana]ysis NI

The objecnves of the Study were 1o evaluate the groundwater resources potenual.
and formulate a groundwater. development plan’ for. prov1dmg North Viti Levu with an
: adequate and safe water supply The main industries in the Study Area are- sugar,
production and. gold mmmg - A huge amount of agrochemicals- and femhzers are
consumed for the. cultivation of sugar cane, and these. components infiltrate: mto the
soil.. Wastewater containing heavy mctals is probably dlscha:ged into rivers and dust.
containing noxious-materials falls onto the ground surface. In addition; the constltuents
of the groundwater change when the groundwater dissolves subsurface substances. For .
these reasons, a water quahty analysis of the surface and subsurface water is very
effective for studying the hydrologic.circulation. |

Therefore, the purpdée of the water Quali_ty. analysis was as follows:

1) to detennihélthe.suitability of groundwater as a potable water supply, ..~
2) to analyze the circulation of groundwater based on 'itsgeouhar_nical_
characteristics ' ' o ' :

 The water quality analysis was scheduled to be carried out in both the dry season.
and rainy season, because the groundwater environment changes remarkably due to

surface groundwater recharge. The water samples from the test wells were collected

- during execution of the pumping tests to avoid the influence of mud water from drilling

and stored well water. '

(2) Sampling Points and Date

The location of the water sampling points are shown in Fig. 3.6. 1 and Fig.
" 3.6.2.. The JICA-MRD Study Team examined the sampling pomts m regard to the -

existing wells' location, their hydrolog:cal enwronment and other factors 61 water -

samples were collected in the dry season and 641 in the rainy season, to analyze the-
potability of the water supply and geochemlcal mvesugatlons In addll;l()l] 10 samples‘ -

were collected in both seasons for an agrochemlcal analy31s The detmls of the -

locations are shown in Table 3. 6 1.



. The sampling dates are as follows:

Dry Season Rainy Season | Test Wells
Heavy Metals :11-12 Aug 1993 I- 2 Feb., 1994 during the
' R : pumping tests
Agrochemicals : 20 Aug 1993 31 Jan., 1994 - '
Physicaland . .. - ... - . _ : during the
Geochemlcal Items :7-9 Sep., 1993 1-2Feb, 1994 pumping tests

(3) Items and Methods of the Water Quality Analysis

The purpose of the water quality analysis was to determine the suitability of the
groundwater as a poteble water supply and to investigate the circulation of the
groundwater._ _:.‘.1_‘he JICA-MRD Study Team decided that the following 32 items should

" be studied as part of the water quality analysis:

1. Temperature ‘ 2
3. Electric Conductmty (EC) 4,
% 5. :ETurbldlty . 6.
7. Sodium (Na) - 8.
9. -'_Calc1um (Ca) 10.
11. fflron (Fe) - 12,
13. Ammomurn (NH4) ' 14.
15, Carbonate (CO3) 16.
17. _"‘Sulfate (504) . 18.
19. Nitrate (NO3) . 20.
21. " Copper | (cwy o 22.
23. Zinc (zn) 24,
25. V‘_Cadmlum (Cd) N 26.
27. f_;Arsemc (As) 28.
29. Aluminum (Al) 30.

31

. Totai Dissolved Solids (TDS) 32.

pH

Color

Total hardness
Potassium (K ) |
Magnesium ( Mg)
Manganese { Mn)
Bicarbonate (HCOB)
Chloride (Cl)
Nitrite (NO2)
Fluoride (F)

Lead (Pb)
Chromium (Cr)
Mercury ( Hg )
Cyanide (CN)
Silica (8i02) -
Agrochemic_als ( See Section 3.5.3)

The tests were conducted at the National Water Quality Léboratdry of PWD. The
o water quallty samples were examined according to the "Standard Methods for the
* ' Exammatron of Water and Wastewater (APHA AWWA WEF 1992 18th edmon)"
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The water samples for the agrochemical analysis were brought to Japan and
examined using the gas chromatography-mass spectromietry ‘method (GC-MS).

3.6.2 Suitability of the Groundwater as a Potable Water Supply
(1) ~ Criteria of Water Quality for a Potable Water Supply

PWD possesses a water supply service where the guldelmes of the World Health
Organlzatnon (WHO) are apphed in order to control the quallty of the water supply
The essential constituents are as follows :

pH L el P n65L088

Color -~ : less than 15 TCU
“Turbidity © G 0t Clessthan 05 ONTU
“Total hardness: - lessthan 500 ‘gl
Total dissolved solids (TDS) ~ - “less than 1,000~ mg/

Iron (Fe) 7 lessthan 0.3 mgh

~ Manganese (Mn) © lessthan 0.1 mgf
Aluminum ( Al) ~ lessthan 02 mg/l 7
Chioride (CI) = lessthan 250  mgd

‘Sulfate (SO4) lessthan 400  mgl
Nimate (NO3) ~ lessthan 10 mgl =
'Fluonde (F) -_ less than 1.5 mg/l |
Cymide (CN) ~  lessthan 0.0  mgl
Sodium (Na) - lessthan 200 mgl

- Copper (Cu) less tha‘l}'“ B :1 0 ‘mg/l .
Lead (Pb) . S less thani 0005 Comgh
Zinc (Zn) - - less than 5. 07 mgfl o
Chromium (Cr) = .~ lessthan 0005  mgl
Cadmivm (Cd) lessthan 0.005  mgl
Mercury (Hg )y 'i:_ T ess than OOOImgll -
Arsenic'(A_s )_ C ' lessﬁthan_ ' 005 mg/l

B WHO reexammed and amendcd the cntena to more stnct ]lmllS in 1993
(_2) Results of the Water Quahty Analys1s '

The results of the water quahty analysns are shown 1n DATA BOO C ”The o
ifems Wthh exceeded the WHO standards are shown in Flg 16. 3 and Flg' 3. 6 4.

The ratio of water quahty exceedmg the: standards for potable water is shown in Table e



3,6.2. The constituents' concentration level is compared with the standards for potable
water. The regional characteristics of water quality are as follows:

1) 'The Eastern Area

This area is contained within the Penang river basin, the Wailevu-Narewa Coastal
Plain, and the "Yaqgara River: Basin.: The results of the water quality analysis are
different for-_the:dry season and the rainy season. In the Penang River Basin during the
dry season, the concentration level'of Cadmium (Cd) in the water of the dug wells and
the river is higher:than the standards set. The concentration level 6f Sodium-(Na) and
Chloride (C1) in the dry seasoh, is about four times the amount stipulated by WHO due
to saline water intrusion. Heavy metal contamination and saline water intrusion
disappear in the rainy season. In the Penang River Basin and the Wailevu-Narewa
Coastal Plain, the concentration level of Iron (Fe), Manganese (Mn), and Aluminum
(Al) in natural water in the dry season is lower than the WHO standards. However, in
the rainy season these concentrations are highér. Since these constituents are contained
within the upper soil or aquifer, they are washed out during heavy raios in the rainy
season. In the Yagqara River Basin, the concentration level of Iron (Fe), and Aluminum
(Al) in the boreholes is higher than the WHO standards. This well is'not in use,
therefore, the presence of higher concentrations of the above are probably due to
corrosion of pipes or the accumulation of groundwater. ‘

2) The Central Ared

. This-area is divided into the Rabulu Coastal Plain, the Tavua Basin, the Matalevu
Uplands and the Vatia-Lousa Coastal Plain. In the Rabulu Coastal Plain, the water
quality is good in the dry season, but the concentration levels of Aluminum (Al) in the
dug wells and/or hot springs is higher than WHO standards during the rainy season. In
Tavua Basin, the concentrations of heavy metals such as Chromium (Cr), Lead (Pb),
and Arsenic (As) in the branches of the Nasivi river exceed the standards for potable
water ‘because these branches receive wastewater from the gold mines. The
concentration levels of Sodium (Na) and Chioride (C1) in the lower reaches of the
* Nasivi‘river in the dry season are higher than the standards set by WHO because of
saline ‘water intrusion. “Cadmium (Cd) in sevetal dug wells exceeds the WHO
standards in the dry season, In the Matalevu Uplands and Vatia-Lousa Coastal Plain,
| ~ the concentratlon level of Iron (Fe) and ‘Manganese (Mn) in the groundwater is
someumes hlgher than the standards set by WHO.
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3). - The Western Area. . .

This area includes the Mountainous Area, the Koronubu Uplands, the Moto
Uplands, the Ba Uplands, the Ba River Lower Plain, and the Tavarau-Raviravi Coastal
Plain. The water guality in the upper reaches of the Ba river is very good in the dry:
season, but because of soil erosion in the rainy season, concentrations of iron (Fe) and
aluminum (Al) exceed the WHTO standards. In this '.a'rea,:the‘ pH value and ti_lr.bidity' of
the water of some dug wells are higher than the standards set, but the quality of water
in the boreholes in the 'dry:éeason corresponds to the criteria for a potable ,watef supply. .
The concentration level of iron (Fe), manganese (Mn), and aluminum (Al) in the .
groundwater-during the rainy season is sometimes higher than the WHO standards. . -

4). . The Test Wells .
.. The items exceeding the water.quality standards for potable water were as

' follows:. S

Color .. TW003, TWO0S, TW009, TWOI 1.

. Turbidity . . - TWO003, TWO00S, TW009 =~ . = - =
. Tron(Fe) - . TWO02, TW003, TW00S, TW009 " .

. Manganese (Mn) . TW002, TW003, TW005, TWO009
Aluminum (D).~ TWO003, TWO00S, TW009 - |

The water quality of five test wells (TWO001, TW004, TW008, TWO10, and
TWO012) was very good end did not exeeed the standards. Iron (Fe), mahganese ('Mn)'
and aluminum (Al) are generally contamed within soil or strata, and are dissolved in‘the .
groundwater. - Iron or manganese mns cause: colormg or turbidity. to exceed the
standards; o ' ' '

3.6.3 Influence of Agrochemicals and Fertilizers - .~ .. . ‘.ia i

(1) Use of Ag_rochemi_cal_s _a'nd Fenilizers and _'I'h_eif cmgﬁg,@ LI e
The main 1ndustry in- the Study Area is. sugar producuon ’I‘herefore, the land 1n.i B

thlS area is used mostly. for sugar cane: ﬁelds Many agrochemlcals and. femhzers -are

consumed in sugar cane: plantmg The dlfferenl kmds of agrochemicals whlch are.pow. - '
usedareshownbelow . _ o




.- Commercial

, - Technical . . Application -
. Name Name
~ For Sugar Cane =~ Butoxone - dicamba + 2,4-D - pre-planting
" Cane Spray 333 dicamba +2,4-D pré-planting
Diuron 90 diuron pre-planting
- Gramoxone  paraquat pre-planting
Roundup’ glyphosate
Velpar ‘hexazinone + diuron post-planting
For Other Crops ™ Fusilade fluazifop-butyl post-planting
Ronstar FLO oxadiazon post-planting
Saturn ECS0 benthiocarb 5-
o e {4-chlorobenzyi] .
‘N, N-diethylthio-
carbonate

StamF34 . propanil
The criteria of agrochemical use in regard to potable water supplies were decided
by WHO and the Environmental Protection Agency (EPA)

The criteria of
agrochemlca]s now bemg used in Fljl are as follows : '

R WHO EPA
24D '<0.03 mg - <01 mgh
“glyphosate -~ - < 0.07 mg/
propail <002mgl

The fertilizers being used in Sugar-_cane planting are Ammonium Sulfate, Di-
Ammonium Phosphate, and Triple Superphosphate.

The constituents dissoived from the fertilizers are mainly Nitrogen, Phosphorus,
and Sulfur. Therefore; the criteria of these components are referred to in Section 3.6.2

(1.
2)  Results of the Water Quality Analysis

The results of the agrochemlcal analysis in natural water are shown in DATA
'BOOK C. The concentration levels of all agrochemicals are less than the limit of
detectlon set by WHO and EPA for potable water. Therefore, contamination by
agrochemlcals does not take place in the Study Area in the dry season or the rainy
season
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The concentration levels of the main fertilizers such as Nitrate (NO3) and Sulfate
- (SO4) are shown in Tables 3.6.2 to 3.6.4. The concentration levels of these fertilizers
are less than the standards for potable water in all the water. _samples except for one
sample. Therefore, contamination by fertilizers does not take place in this area. |

| 3.6.4 Geochemical Characteristics of the Surféce and Subsurface Water

The results of the geochemical analysis are showh in DATA BOOK-C. The tri-
linear dlagram and hexa-diagram of the mainly dissolved consutuents are shown in Fig..
3.6.5 to 3. 6 10.

The principally dissolved components in the surface and subsurface water are the
following seven ions : . '

Cations : Sodium {Na), Potassium (K) Calcium (Ca),_ Magnesiﬁm(Mg)
B AniOns - :,;Ch_lon'de (), :__Bicar_bon_ate ‘(HCQ3),' Su,lf,a_tg(S_()ﬁ_)_

Water is classnﬁed into 5 types in lhe tri- lmear dlagram as. shown in the ﬁgure;
below. The amount of ions contained within the water is indicated m equivalent
_concentrauons such as meq/l. The amount of each cation and anion in the water,
" expressed as a percentage. of the tolal amount of cations respectwely, was plotted in the
tri-linear diagram: shown below. The water is generally classmed mto 5 types'
accordmg to the plotting position in the tri-linear dlagram as listed below

Alkaline Earth. Bicarbonate [Ca(HCOB)Z typel . .
Alkaline Blcarbonatc [NaHC03 type] -
‘Alkaline Earth Non-bicarbonate [CaSO4 or CaC12 type]
Alkaline Non-bicarbonate [Na2804 or NaCltype] . .. . -
Internal Type (often c_c..)mbincd with type-2 or3) ..

T N VR Nt

Usually, types 1,2 and 5 are normally fresh water, type 3is volcamc or mine _'
water, and type 4 typ1cally sea water. ' '

e



' Study Aréa. |

The hexa-diagram, as shown in the ﬁgufe below, has three parailel coordinate

‘axes, upon which the determined values of the six major ions were plotied. By

connecting the six points, a concave or convex hexagonal shape is obtained, the shape
and size of which vary according to the concentration of the constituents. The uilinear
and hexa-diagrams were prepared on the basis of the circulation of groundwater in the

—
[ ]
o]
(S

o T 11 }

Na+K e e —ql S
. Ca ——— \/ > HCO3 (pH4 8Bx)

S04

Y The réé'ib'néil_'gebcheﬁmical characteristics are :sur'i_irrialiined below :
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(1) The Eastem Area

In the Penang River Basin, the constltuents of the river water and groundwater
are Ca(HCOB)z,»or natural fresh water But the composrtron of sample No. RO11
belongs to NaCl in- the dry seaeon because of saline water intrusion. The water sample
SP001 was obtamed ata hot spnng and its- composmon was different from that of the
groundwater in thts area, ' '

The Wailevu-Narewaacoasta_l Plain is loeated nea_r the sea, but the constituents of
the surface: and subsurface water:are""Ca(HCOZi)z and' the concentration of dissolved
ions is low. Thus, sa]me water 1ntrus10n does not take place and hydrologtc circulation
is rapid. ' ' " .

(2) The Central Area

In the Rabuiu Coastal Piain, the water: Sarnple SP002 r":ontains more sodium than
any otheri 1ons, but the sample pomt is located on a hrlisrde The water belongs to
CaS04 or CaCl2. type however, the reason for the hrgh concentratiof of sodium fossil
water seepage The composition of the other Sample pomts are Ca(HC03)2 or mtemal
type, which is representatrve of norma] groundwater,

_ In Tavua: hasin, the water is classiﬁed as.Ca(HCO3)2 or internal type, except for,
sample No. R014 and GWO020. The concentration level of sodium and chlonde in .
RO14 is very high because of saline. water mtrusron both in the dry ; and ramy SE4sons,
The mainstream of the Nasivi river. contains a meager s_uppl_y of ions; but the ,sampl_es.
from the branches, such as sample No, R017 or RO16, have a very high e'oneentr_at,iqn_ :
of ions probably due to discharge from the gold reduction plants. The constituents in
the water of the dug wells in this area belong to Ca(HC03)2 but the concentratron :

levels are very different among these wells. Therefore, the hydrologlc circulation of |

groundwater is rather local and is mﬂuenced by surface recharge

The coristituénts in the groundwater of the M_a_tale_vu__' Upl'and_s_' and the Vitia-Lousa -
Coastal Plain indicate that the water belongs to Ca(HCO3)2 or internal type, but the

amount of dissolved rons is different between the dug wells: and boreholes Near |
Tavua, the concentration levels of the dug wells are higher than those of the boreholes.

Near the Ba area, the phenomena are reversed Therefore s suspected that the
groundwater c:rculates ina local and hmrted area The concentratlon levels of the



-

constituents in the river water samples are very low; indicating rainfall is quickly
discharged into the river.

(3) - The Western Area. . - .:. -

- In this area, the composition of irons in the surface and groundwater are generally
Ca(HCO3)2 or internal type.: The concentration levels of the constituents in water at
midstream or dug wells on the upper side of the plain are very low. Therefore, it is
inferred that rainfall quickly infiltrates into the soil and is recharged into the
groundwater... On the lower side of the plain, there is a tendency for more ions to
occur, and the concentration level of magnesium ions is higher in boreholes than in dug
wells. '

In the. Tavarau-Raviravi Coastal Plain, the composition of the groundwater
resembles type-1, . The concentration of sodium in the dug wells is higher than in the
boreholes, and the concentration of magnesium in the tube wells is higher than in the
dug wells ,'bcca{usc of the hydro-geological and groundwater recharge conditions, -

In conclusion, groundwater is almost always alkaline earth bicarbonate type, or
typical natural water; but correlation among the groundwater quality in the wells rarely

' appcars;_.Therefore, hydrologic circulation in the Study Area is inferred to be regional.

Rainfall quickly infiltrates and is recharged into the groundwater, and the groundwater
flow pass is short, and discharges into the river.

-



L _GROUNDWATER RESOURCES EVALUATION SR
| 4.1 General

Based on the hydrogeological characteristics and the potential for groundwater
development, the Study Area is divided into 13 groundwater regions as shown in 'the
Fig. 4.1.1. The characteristics of these groundwater reglons aré described in Table -
411, The potenual for groundwater development in each reg10n is presented in this'

:-.chapter ' ' ' ‘ '

- The: potenttal for groundwater development is generally' determined by the
capacny to sustain the productton of groundwater by balancing the recharge, without
any environmental problems It is practically difficult to evaluate regionally the
groundwater balance in the whole Study Area because of the poor transmissivity of

“ the ‘aquifer and the complicated topographtc feature, The groundwater balance was

studied by the simulation methiod in the limited area of the right bank of: lower
“reaches of the Ba river ‘where the water demarid is hlgh However, it is considered

" that the capacity of yreld of a typical borehole is one of the factors of groundwater
developrent.

Therefore; the potential for gtOur’r‘dWatet 'developm‘ent is essentially- ju‘stiﬁe‘d'by’
. ‘the y1eld capacity of common ‘boreholes such'as test wells Transm:sswlty 1s also -
considered in each region.. The potential grade of each regron is: presented under the
following criteria; TR e ' .

Pumpingyield ~ Transmissivity - Grade
(1/sec) __(m%/day) | :
>5 >200 _ Excellent
1-5 ©20-200 Medium
<t <0 . Poor

Water quality is taken into consideration in this evaluation. Sea water intrusion
- makes further development impossible, however, this water quality can be '

acceptable for groundwater development lf treatment can 1mprove the quahty to
shght}y exceeds the cntena
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. 4.2 Groundwater Resources Potential

4.2.1 Mountainous Area

" -The region of the Mountainous Area, forming a steep topography above the -
200 meters contour line, occupies about 70 per cent of the Study Area. Much of the -
Mountainous Area is covered with Ba volcanic series and in the upper reaches of the
Ba river, it is underlain with Tertiary sedimentary rocks. Both rocks are well
consolidated. It is inferred that water bearing rocks only occur in the fissures of the
consolidated rock series. | ‘ '

A few inhabitants live in this area, in small isolated villages. Groundwater use
is comparauvely low as the people fetch household water every day from streams or
small spnngs ' '

'The test well TWOO1 ‘was placed at an elevation of 62 meter on the periphery
of the inountainous area, 4 km west of the Bariver. The static water level in the well
was observed at 23' meters below ground level, a level which is deeper than other
test wells: This test well produces water at a rate of 3 I/sec.

“The Mountainous Area may have a recharge capacity because of its vast area
and enormous volume of rainfall. However, runoff occurs quickly. The water level

~ will be fixed depen’ding on the balance between subsurface recharge and discharge.

However, in generél, the higher the elevation the deeper the groundwater level.

_ Groundwater dévelopment will be practically impossible in the higher areas.of this

region, except the areas in the lower periphery.

. Therefore; in this region, groundwater will be abstracted locally from the

| - fissure zones of the consohdated rocks in a hmlted area of the lower periphery of the

mountmns
422 Tavarau—Rzivirav_i Coastal Plai_n

‘This region is located in the most western part of the Study Area and forms a

low coastal plain extendmg 10 kmn in an east-west direction, bounded by a steep
; mountam in the south-and by a ‘mafigrove coast in the north. - The land in much of the

regxon has been used to produce sugar cane, especially in the lower parts. The
region is underlam by auglte and homblend andes1te and possesses thlck weathered

' res1dual so1l
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125 boreholes are used by villagers in this region. The amount of
groundwater abstracted is estimated at 199 m3/day. Therefore, in the Study Area,
this region utilizes the most groundwater. It is noted that sea water intrusion may
occur due to the high elecirical conductivities observed in water samples taken in the
boreholes along the coast. - ' '

Consequently, groundwater development is unable to develop further in this.
region, Thus, potential in this area is considered to be poor except for some- fracture .
concentration zones in the mountain side. '

4.2.3 Ba River Lower Plain

This region is located on the flat plain along the lower reaches of the Ba river,
where river terrace deposits exist. The deposits are not very cbnsolidatedindic'ati'ng
the presence of a permeable.bed is under the riverbed. The results of the

_examination of test well. TWO002 indicate that the sediments contain lmper.vio'us‘
clayey ‘materials. The transmissivity obtained is-as low as 21 m?/day, and , in
addition, iron and manganese ions slightly exceed the WHO'standards for potable
water. This suggests that the potential for groundwater development is low even
_though the. ytelds of the test well show that the regron isa potenttal medrum grade

4, 2 4 Moto Uplands

© The Moto. Uplands region is located between Moto and Toge on the left bank;
of the Ba river, where sugar cane fields are wrde spread,- The region is ‘underlain by
“afine grained tuffaceous sandstone of the Ba series from the Tertiary period, | which '
is well consolidated.. Observattons carrted out on widely. exposed outcrops 1ndtcate
that the fissures which occur in theése rock masses are .very poor.. The TW003 test,
well could not locate a good fissure sectron in the borehole. It is inferred that thrs is.
common in the rock masses of this regron thus, groundwater development potennal
in this region is poor. '

4.2.5 Koronubu :Upl'an'ds— :

Thrs regton i located at the rrght bank of the mrddle reaches of the Ba river, =
and comprises low undulating lnlls -where - sugar cane fields.are. w1de spread; g
‘Consolidated: tuffaceous: mudstone. masses: of the Tertrary penod are wrdelyg
dtstnbuted ln the southern part of the regron boreholes are not present due lo the




difficulty of drilling through fissures in,the-fresh sedimentary rock masses. In the |
northern area, on the cohtra_ry, several existing boreholes have been used.to supply
water. '

The TWO006 test well, drilled in the northern part of this region, encountered
several fissure zones in the sedimentary rock masses at a depth of 70 meters. The
quality of water in the shallow fissure zones is good,. However, water in the deeper
ﬁs_sure zones which extend 31.7 to 37.0 meters in depth, possess an objectionable
odor and a high electrical _.condt;ctivity of 1,400 MS/ cm. Thus, the deeper section of
the test well up to 18.8 meters below the ground surface was filled with sand and
mud and covered with mortar, leaving the upper section of the fissure zones free of
mat_erials. An additional_te_st,wel_l (TWO06A) was drilled near the original test well at
a depth of 21.35. meters_ to obtain water from the shallow fissure zones. Both test
wells yield water 'at- a rate of around 2 1/sec, and the quality of their water is
acceptable, though turbidity slightly exceeds the WHO standard,

-This _su'gges_ts that groundwater may be recharged with precipitation and only
circulate in the shallow fissure zones, 'and that water in the deeper sections is
Qccu_'rre_d'_':st_agnam fossil water. Therefore, the potential for groundwater.

deveilopment is: gradedmedium .in the limited shallow fissure zones. The.water
| qualityl;of the deeper fissure zones will _be'carefully inspected when drilling is carried
out.. .

4.2.6. Ba Uplands

The region of the Ba Uplands is located on the right bank of the lower reaches
of the: Ba river and includes. the town of Ba. The region chiefly comprises low
undulating .hil-ls:wi,th vast sugar e_ane_ﬁelds outside the residential areas of the town.
Basalt and basaltic breccia of the Ba series of the Tertiary period are common in this
area.

The PWD water supply system covers about 70 % of the region, however, a

: number of. prtvate boreholes have been used in and outsuie the system. The main
- source for the. water supply system is surface. water However, groundwater is
added to thrs system by four boreholes which act as supplementary water sources, of
' Wthh three are located in the Ba Uplands region and one in the Koronubu region.
The yields of these boreholes, which act as supplementary water sources, range
from 1.5 10 2.7 sec, or a maximum 320 m3/ day.
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Two test wells, TW004 and TWOOS were built i in this regron Pumpmg tests
were execited on these test wells and also on an existing MRD borchole, GW035.
These wells produced water at a rate ranging from 2.2 to 4.8 I/sec and transmissivity
from 20 to 138 mzlday The groundwater level was measured ata depth of 8to 9
meters L o n '

* The essential aquifer is the ﬁs’s’ure'z'ones of thie volcanic rock masses, which

_ are . distributed irregularly in the rock masses. It is noted that several unsuccessful

_ boreholes still remain in thrs regron and that these constitute. 20 to 30 % of the total
number of exlstmg boreholes ' o ' C

"In general the water qualrty is good except for some samples where the’
concentration levels of iron, manganese and aluminuim ‘and turbrdrty were shghtly‘
over the WHO standards. This was probably due to the addttron of decomposed" _
ions from the weathered rocks. A o

~ The potential for grou’rldw'a'ter development is considered medium in this
region. . The demand for water is considerable in this regron ‘because it contains the
brggest town in the Study Area and many rural commumtres A careful’ Study 1s_'
needed to be carried out to further develop groundwater wrthout any problems or
interference; and sea ‘water intrusion.  For this reason, thig regton was selected for
. the Study on groundwater balance, which will use the groundwater mode! srmulatr_on'
method. '

_4.2.7 Vatia—Lou_sa Coastal Plain S

| The Vana—bousa Coastal Plam is srtuated between the Natunuku pemnsula and |
the west coast of the Vatia pemnsula and is formed chiefly of basaltrc or’ andesmc'-'
rocks of theé Tertiary perrod There are several boreholes abstractmg water atan
estimated rate of 109 m3/day." '

- Tidal fluctuations were observed in the water level momtonng records of the o -

exrstrng borehole GW042, Hrgh electncal conductrvrty, up to 920 MS/cm was_.

observed in the water from several existing boreholes along the: coastal area, Thus,

itis feared that further groundwater development rnay cause sea’ ‘water mtrusron 10
: progress The potentral ‘r‘or groundwater development seems to be poor m thrs S
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4.2.8 Matalevu Uplands

This region 1s located along the coast and extends in a rectangular shape
between the Tavua Basin and the Mountainous Area of the Vatia peninsula, and

comprises undulating hills. -The region is composed of fresh and hard basaltic lavas

and their weathered soil; The land is commonly used for sugar cane fields.

. Test well TW008 was drilled in the southern part of the region and- when
pumping produces water at a rate of 1.3 I/sec. In addition, there are 27 production
boreholes and three existing MRD boreholes. Their water levels are a short distance
below the ground surface. Several of these boreholes are self-flowing.

Water quality is good throughout this region. It is presumed that groundwater
is sufficiently recharged not only through the surface weathered zone but also
through the mountainous areé in the south. Therefore, the potential for groundwater
development in'this region is medium, ~ . '

429 T'avu'a'Basin BN

* Tavua Bas'in_‘ lies in the central part of the Study: Area along the Nasivi river.
The region comprises undulating hill masses dissected by the Nasivi river and its
tributaries. Along the lower reaches of the Nasivi river, is an alluvial plain which
extends (0 the coast.: The region is formed by basaltic rocks. In the upper reaches a
gold mine has been opened in a caldera at Vatukoula.

PWD's water supply system supplies about 50 % of the inhabitants of the
region including the town of Tavua. The 61 production boreholes confirmed in this

: reglon, abstract water at an estimated rate of 99 m3/day. A majority of these

boreholes are’ dlsmbuted throughout this reglon, especially in the southern and

“eastern ‘areas- where no water supply system exists. On the other hand, it was

observed thata number of. boreholes were abandoned because they did not produce

-water

s The"rate" of these abandoned 'boreh'o'les isabout 50 % of all the drilled holes,

' Thls suggests that the occurrence of ﬁssures is poor in the: basaltle rock masses of
thls reg10n ' ' :

. Test well TWOOQ was bullt at Drumasi in'the southeastern side of the region,

. ;.ﬁpenetratmg fresh compact ohvme basalt. Unfortunately, the test well did not meet
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a fissure zone which it could tap, Little water could be pumped out over.a short
duration of time. The poor existence of fissure zones has been confirmed in this
region. . '

. The qualtty of water in wells is generally good However somie of these wells
in the northern coastal area have a high electrical conductivity of 600 MS/cm
Hazardous constituents such as cadmium, arsenic, and chromium were detected in
some of the water samples collected in this-region.. Owing to-the poor occurrence of -
fissures in the rock masses and the hazardous constituents of the walter, the potennal -
for: groundwater development is poor m this reglon '

4.2.10 Rabul Coastal Plain

Rabulu Coastal Plam is located between the Tavua Basm regton and the Yaqara
River Basin, and'is boundediin the north by the sea and by the Mountainous Area i in
the south. This region consists of basaltic volcamc rocks belonging to the Ba series. -
These rocks are chiefly hard, fresh basalts and volcanic agglomerates About
21m3/day of groundwater is. abstracted by 15 existing boreholes; mainly from the
fractured volcanic agglomerates in the coastal area, Clarified lineaments ahd hot
springs are located along the: Drumasi road, ' Therefore, the drilling of test well
(TWOH)) was carried 'out-el_orig the Drumasi road about2’km from the coast in order
to confirm the penheabili'ty of ‘volcanic rOéks in the area. However, it was observed
that transmtsswrty of the rocks was: poor Therefore the potentlal for groundwater
-development in this region is poor.: i : ‘

4.2.11 Yaqara River_-Basius

The Yaqara R1ver Basin is located along the: mrddle to lower reaches of the.
Yaqara river, and comprrses a mountamous area in the. south and undulatmg htlls in
. the north, whichare drssected by the Yaqara river and its. tnbutarles Basalt a.nd_ )

basaltic breccia of the Ba series are common in thls regron The mountamous area’ is
covered with forest and the undulatmg hills: are covered with pasture

A spring flowing about 50 l/sec; ie'foUnd' in, the'uoper"pa'rt of th'e' mourrtaihous )
area located in the southern part of this regron The sprmg water is used throughout L
the year by the mhabrtants of Nananu vﬁlage -

| ‘There a are several. exrstmg MRD boreholes Tldai ﬁuctuauons aré detected in - L
the water level of: the: exrstmg boreholes cven though the water level 18; located far A




higher than the mean sea water level. It is presumed that the rock masses in this
region possess. many fissures forming a good water bearing bed.

- The pumping test carried out on GW254, showed that this test well possessed
the greatest yield and transmissivity in the Study Area, 15 V/sec and 2,672 m?/day,
respectively, . It is, however, noteworthy that the drawdown curve at a constant
pumping rate become steeper 5 hours after pumping started. It is suggested that a

less pervious rock mass surrounds the pervious mass where the borehole was
drilled. .- - o S

In addition, water level recovery almost ceased 20 cm below the onginal level,
6 hours after pumping stopped, due to an inferior recharge and the limited
distribution of a good water bearing bed. - In order to maintain groundwater levels,
the possibility of artificial recharge is to be considered in future studies. This is
because, the pumping test results in the Yagara river basin showed high porosity
witha permeabi]ity zone in a concentrated area, and moreover, the annual water level
fluctuation between 7 and 9 m in depth from surface responds to the rainfall pattemn
suggésting.the fissure water bearing bed has more storage space for artificially
recharged water. ‘The quality of the pumped water is good for drinking. Thus, the
‘potential for groundwater development in the limited fissure zones in this region is
" excellent. -

4.2.12 Wailevu - Narewa Coastal Plain

‘This region'is a narrow coastal pléin which is bounded on the north by the sea,
in the west by the Yaqgara River Basin region, in the east by Penang River Basin, and
in the south by the mountainous area located along the Kings road. According to the
well inventory survey, oniy 4=--pr_odu'ction boreholes with a total daily estimated
discharge rate of 3'm? were confirmed. :This region consists of mainly chloritised
trachy basaltic volcanic rocks which exist together with dioritic intrusive rocks in the
center of the region. Transmissivity is 1 m?/day. The average electrical conductivity
' of_ grouhdwater ranges from 320 to 630 MS/cm. Hot water enters the sea from the
bottom of the coral reef near the intrusive rocks. The groundwater potential in this
region is poor.

| 42.13 Periang River Basin

The region of the Penang River Basin is situated in the western part of the
" “Study Area and extends along the Penang river. 1t is composed of a gentie
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mountainous slope in the southern area and undulating hills and alluviat plain in the
northern area. The basement of the region consists of c‘hiorotis_edlrachy basalts,
basaltic breccia, and tuff of the Ba series from the Tertiary period. Alluvial deposits
cover the basement rocks in-the lower reaches of the Penang river. -A.thermal
spring, with 'a7'temperaiUre-- of around 35°C, is located on-a tributary of the
‘Nakauvadra river 2 km upstream of the Nakauvadra river pumping'étation._ SRR

PWD's water supply system only supplies the town of Rakiraki and the
surrounding area. . However, the water Supply was insufficient in the dry season due
to the shortage of surface water at the Nakauvadra river 'pumping'station.
Groundwater is only :utilize'd in a limited area-such as Wairuku, -where.villagers
‘abstract water from dug wel_l's.. Several boreholes were drilled at Ellington in the
coastal area, however, the majority were unsuccessful because they were
unproductive or produced saline water. ' '

The drilling of two test wells, TWO11 and TW012, was carried out in this
region in order 1o find the water bearing zone. However, both of those test wells
were unable to locate good fissure zones-in the-basement of. the rock -masses. - Test

well TWO012 produced water at a rate of :1 1/sec and test well TWOLL yielded less - |

' durmg the pumping test: “The quality of the pumped water at TW012 is good for
drinking. However, the water at TWO011 contains aluminum i fons, the concentranon
level of which, slightly exceeds WHO standards. ' '

Tt is observed that sea water enters the upper reaches of the _Fen_ang river about
3 km from its estuary. -A'FSCMill borehole, located along the Penang river, was
abandoned 10 years ago due 10 salinization of the groundwater. == - .~

_ Itis inferred that the occurrence of fissures in the basement rock masses is low
~and that sea water enlers’-the_aféa; along the lower reaches of the river.. Thus, the
potential for groundwater development in this region is considered poor. . - g '




4.3 Grohndwatcr Simulation
4.3.1 General -
(1) Purpose

The main purpose of groundwater simulation in this Study is to quantitatively

- evaluate groundwater resource potential which will be utilized for the formulation of

the Project. In addition, transfer of knowledge to the counterpart personnel was also
achieved through on-the-job training (OJT) by the JICA Study Team.

(2) Scbpe of works

The entire Study Area is located in the northern coastal zone of Viti Levu and is
bounded by the southern watershed, when the Ba river originates and flows from

'south to'north, the coastline in the north, the watershed of the Penang river in the

east, and the east end of the Lautoka water supply system in the west. The Study
Area is estimated to:cover an area.of 1,567 km?. .

The Ba Uplands in the l@wer basin on the right bank of the Ba river were
selected for the gr_oundwater.sim’ulation, based on thie groundwater evaluation study
in Section 4:2. An area of some 75 km? surrounded by the northern coastline, the

" Bariver from the west to the south, and the Navisa creek from the south to the east,

was finally defined as the arca for groundwater simulation.
(3) Procedure
It is well known that mathematical models .are the most useful tools for

groundwater simulation.  There are two types of mathematical models, the analytical
model and the. numerical model; Since the complicated nature of subsurface

- conditions can rarely be completely explained using the -analytical model, the

numerical model is generally introduced for this Study. In the Project, two kinds of
numerical models- were used for the evaluation of the recharge amount and the study

of the groundwater flow system.

Both numerical'mode_l simulations are realized through the following steps and
are shown in Fig. 4.3.1.
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1) Construction of a numerical model
a. Computer coding _
b. Approxrmanon of its real nature; conceptualization of the:.-- i
recharge and groundwater flow
2) Calibration and validation of the model
3) Model prediction

4.3.2 Hydrogeological Background - |

In order to determine the topography, subsurface:geology, and parameters,
etc., required fo_r modeling, the hydrogeological backgrounds are
discussed/summarized in this section. .

OF Topograph)*» [

_The Ba river basin is surrounded by steep mountamous slopes in the east
which extend to the south and ‘west,: and a:mangrove coast in the north. :Flat and -
gentle hilly plains are widespread in the basin. The elevation of the plains is around
100 mon an average,' except for the lower terraces along the Ba river. |

A]though the Ba nver is the only stream; w1th a perenmal water: flow,: many.
tributariés ‘and- creeks also exist. along depressions- caused- by the undulation of
~ plains.: Inthe: Study Area flat plains and low hllls are. mostly used for: sugar cane

fields. ' :

(2) Hydrological condition
In the: Ba basin, the infiltration of .rain water is;:‘eonsi.der_ed on essential

groundwaler source; sincé: groundwater inflow from-the mountainous areas rar_ely__

occurs due to the geological‘characteristics. Therefore, maximum;gro'undwater_--

develop‘ment potentia] should be lirited ,-to the t_ot_al inﬁlt.ration of rain water.. - ..

A recharge: study, drscussed in more: detarl in: Sub-scctlon 4. 3 3, was camedé'.'

out using a lumped parameter model, otherwrse known in: Japan as the ’I‘ank Model -
It is obvious that the characteristics and statlstrcal conditions of. precrprtatlon are.

extremely 1mportant for the: recharge study -".E\;ffei;* ey el e g

Annual precrprtanon of 1 000 mm to 3 ,000 mm is recorded m the northem part__

of Viti Levu 1sland whnle a relatwe]y hrgher precrpltatlon of 2 000 mm io 4 800 mm; - '



is predominant in the southern part. There are clearly two different seasons, the dry
season from May to November and the wet season from December to April when an
increase in precipitation is expected.

Hydrological standard years, on the other hand, should be obtained for the
prediction of future.groundWater flow under certain recharge conditions. Annual
precipitation for the last 23:years was calculated as a weighted mean using Thiessen
polygons, and ‘the probability of precipitation in'various return periods was

~examined graphically-using Hazen. p!ots ‘As a result, the hydrological standard :

yeam are defined below:

: .'Hydrological Conditions Year of Occurrence - Annual Precipitation -

Drought over a 10-year period 1992 1,430 mm
Mid-point (average year) 1991 2,018 mm
Ram overa 10-year period 1989 2,917 mm

(3) - Geology

Basalt and basaltic breccia of the Tertiary period are common in the Ba
Uplands. Recent depos_its"su_ch as silt, sand, and gravel have been found on terraces
along the Ba river course, and have a maximum thickness of 20m.

- From a hydrogeological viewpoint, potential aquifers are only expected to exist
in basaltic volcanic rocks, based on the existing wells. -

) _Aquifer system

~As a result of the well inventory survey and simultaneous observations of the

groundwater level, it-has been concluded that two aquifers with different
: groundwater levels mlght exist in the Ba river basin. Although the groundwater

level of sha]low aquifers is usually higher than that of deep aquifers, a confining

layer was not clearly defined by any of the drilling results.

- C_oﬁséqﬁehtly-,-- m the present- Study, an aquifer system consisting of two
aquifers ‘with one -corifining layer was conceived. Therefore, a quasi-three
dimeénsional model which'can evaluate not only the groundwater flow in aquifers but
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also the interaction between upper and lower aquifers, was applied for the numerical -
simulation. ‘

(5) Aquifer properties. .

_The Study included test well drilling work. :The characteristics of the aquifer
were examined through the pumping tests carried out on the test wells. According to
the resuits of these field mvestlgauons transm:ssmty of the deep aquifers ranges.
from 0.1 to 150 mzlday Consxdenng the hydrogeologlcal conditions in the Study.
Area, it is conceived that transmissivity of the deep aqu1fers will be around 5 m2/day
on an average. Hydraulic conductance of the shallow aquifers ranges from 1* 10 -2
cmy/sec to 1*10-4 emy/sec; even though data are not available due to the sinall number
of field tests cartied out. '

(6) - Groundwater level -

‘During the early stages of the Study (late 1993 and early 1994) when a survey
on water supply, demand and use was carried out, the groundwater levels of the
existing wells were also measured. ' &

1): - ‘Water table of shallow unconfined aquifers =

The watershed of the unconfinied groundwater is the northem coastline; the Ba
riverin the west to the south, and the Navisa creek in the southeast. The unconfined -
groundwater generally flows in the direction from the eastern mountains to the Ba
river alnd/or the sea coast (southwest) in'concordance with the topography of the’
area. : : '

Although the trend of the groundwater movement is rather simple, local.
undulations such as-a mound in the Vunisamaloa area and a depression in the eastem
part of Ba city, are observed which charactenze the contour rnap Ve

2) -Piezometric-head of the deep confined aduife;s-;-. o e e
- Deep: wells were not avallable for, measunng grmmdwater levels because the___ -
casmg tops ‘of all the ex:stmg tube: wells have been: closed . Therefore, ‘the

groundwater levels of 20 exlstmg wells;. measured when the wells ‘were mstalled are.
collected and used to anaiyze the plezometnc head of the couﬁned groundwater



The trend of the groundwater movement of the deep confined groundwater is
almost the same as that of the shallow unconfined groundwater, indicating a flow -
direction from the mountains to the Ba river and then to the coastline. When the
shallow and deep groundwatér contours were compared, it was observed that the
hydraulic gradient of the deep groundwater was more gentle and the head was
generally lower than the shallow groundwater.

(7) Groundwater usage

According to the well in\?entory survey, a large number of shallow and/or deep
wells are located in the Study Area and are being utilized mainly for domestic
purposes. '

The maximum depth of the shallow dug wells most of which are not equipped
with pumps, is about 153 m. in genérai, these shallow dug wells were constructed
for emergency use, therefore, they are rarely used. It is estimated that the total
amdunt-of water used from the shallow dug wells in the area is, at the most, 34
m¥/day.

- Deep wells (boreholes) are about .40 m deep and are drilled by boring
machines. - Submersible motor pumps are generally installed in these wells, The
total amount of water discharged from the deep wells in the area is estimated at about
490 m3/day, out of which 420 m3/day is pumped from PWD wells (boreholes).

4.3.3 Recharge Model Study .
(1) - Tank model - .. .

‘The tank mode! has normally been utilized for simulating surface runoff, e.g.
runoff from mountainous areas under the present Study (see Chapter 2), but may,
‘with some.modifications, also be used to estimate aquifer recharge as discussed
. below. = oo '

1) General description of the Tank Model -
. The oi'igi.nal Tank Model was developed by Sugawara et al (1974) under the
‘auspices of the National Research Center for Disaster Prevention in Japan. Models

-:__of ira:j'ing.com'plexity-_were' calibrated against observed discharge records for
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catchments in the USA, Australia, USSR, Japan, Cameroon, and Thailand,
representing a. wide range of climatic conditions; - The basic model and hybrid '
versions have since been applied widely in many countries, -particularly in Southeast: :
Asia but, as evzdence of the:model's flexlbthty, also in arid regtons

" The basis for the model is the "tank” Wthh may be consrdered asa storage.
unit of variable capacity. An individual tank i is characterized as follows:

- storage capacily expressed in mm;
- inflow .to the top of the tartk;
- - lateral outflow through one or more side outlets Ioeated at different levels;
- - vertical (downward) outflow from the base of the: tank, representmg inflow -
to the tank below, if one exists;
- losses which may result from natural phenorhena such as evapotranspiration .
- or-capillary rise; or from abstracttons for example by pumpmg (from an
aqutfer) ' ; '

By co'm'bining several'-'tar_tks',-; each with its own storage, outlet, and loss
parameters, a realistic model of the hydrological cycle can be devised. . The:basic:
concept is to combine tanks vertically with each tank representing a discrete storage
unit, say the surfice or soil motsture storage ‘However, tanks can also be added
laterally to represent the different SOl] or land: use ‘characteristics of the catchment- |
area, or perhaps to srmulate channel storage to’ attenuate surface ﬂows

Although the basic outflow function is linear, :the effect of combining more _
than one lateral outlets at di fferent levels is to create, for.the tank in question, a non-

linear outflow response which reflects more accurately the actual storage-dewatermg e

relationships, combined with original storage levels. Furthermore, outflow for an
individual outlet can be expressed as a non-linear storage functlon, though thrs
option was not utilized in the present Study '

*'The tank model utilized for 'the'present_ -Study is:s_cher_na_tically' shown in Fi"g-.-: |

4.3.2, corresponding to the configuration and inflow/outflow assumptions. This
three tank configurations might be conceptuahzed as representmg from top. to_ _

bottom, the surface, topsorl and/or subsoil. and aqurfer though it.is stressed thati" S

these are not ngtd definitions. The former two tanks correspond to the unsaturated
zone and the latter one to the saturated ' '
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2) Basic calculation concept

. _Inflow.to the top tank is from rainfall, Heavy rain fa_llihg on a single day will
produce surface runoff, the amount depending on the rainfall intensity and the

" current storage and infiltration capacity of the topsoil/subsoil, represented by the tank:

below. These can be simulated by adjusting the height and dimensions of the outlets
and the tank storage capacity. - For example, setting Al = 0.5 and H1 = 50 results in
50 percent of daily rainfall in excess of 50 mm (including any residual storage in the
top tank remaining from the previous day), flowing out of the side outlet as surface
runoff. 1f residual storage plus rainfall is less than 50 mm then clearly there will be
no outflow through A1, but outflow might occur through the base outlet.

Qutflows through side and bottom outlets are, in the simplest case, controlled
by a linear relationship as follows: . -

- Q =:Alx(H-HI) H>H1
S Q=00 o H<H1
- Where -

Q : outflow

- H.. : current depth of storage in the tank
H1. : height of outlet above base of tank
A1l : size of outlet.

Evapotranspiration is derived from the top tank if the precipitation on a certain
date is less than 5 mm, In the present recharge study, groundwater abstraction was
not considered since the total usage from the shallow groundwater is quite limited as

discussed above..

;'_[‘hc.'samepﬁn'(:iplc's-, except for the evapotranspiration in the second and third

' tanks, are applied to derive the initial outlet characteristics of each tank, relating these
if possible to actual physical parameters of the storage unit concerned. Model

coefficients are then adjusted during calibration.

3)  Model modification for the recharge study

Groundwatcr recharge in the tank model sxmulanon is. obtamed as verncal

outﬂow of the:second tank, say the inflow to the saturated zone from the unsaturated
- zone." It is also. 1mportant to: evaluate the groundwater runoff amount to-understand
: the groundwater balance.
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There are two types of groundwater runoff in the Study Area: outflow to a
different groundwater basin and outflow as surface runoff.” In the actual calculation,
both of these are obtamed as outflow from the side outlet of the thrrd tank They are .
described by the followmg relattonshtps B o o

a) Outflow to a different groundwater basin (Fig. 4.3.3 (a)) -

Q=AlxH-h)
Q 0 -

b) Outflow to surface (Frg 4.3.3 (b))
: Q=Alx(H-Hl) H>H1:
Q=0 ~ HgHr

~ As apparent from' the above .forrnulation‘s "the outflow to a different -
groundwater basin depends on the storage of the conniected tank, while the outflow
to the surface is mdependcntly defined by its own tank- spemficatlon For .
convenience sake, the term groundwater runoff”: will be used for the outflow to a
d1fferent groundwater basm and the tcrm spnng“ for the outﬂow to the- surface 7

)] C_alibration results
‘Data used for the calibration are summarized below:- .

- Data & Description =« 7 Content & Explanation ..
_ Prec_ipitation - Evaluated from the Thiessen Polygons -
- Evapotranspiration” - ‘Derived from the monthly | pan evaporatton :
Calibrated Area -~ Right bank of the Ba river - ./,
- Calibrated Data - G/W hydrograph of GW003 (dug well)
 Calibration Period * * 1993.1.1 1 1994 531+

The final result of calrbratxon is shown in Frg 4.34. As seen, the constructed .

~ fiumerical model can calculate satrsfactonly the actual groundwater level ﬂuctuatront L

- of the GW003 well Water balance during: the’ calibration: penod is shown in Table '

DATA BOOK D (D-4) Wrthtn one and half’ years, preclp:tatlon totals 2 750mm . ; .




36% (990mm) evaporates, 37% (1,030mm) directly runs off, and 26% (730mm)
infiltrates as groundwater recharge. : '

(3)  Recharge during the hydrological standard year -

For necessity of the prediction run of the groundwater flow model, recharge in
the hydrological standard year was estimated supposing the converged condition
under the Mid-point (the year of 1991) rainfall equals the recharge of the
hydrological average year. Furthermore, successive calculations from the converged
conditions from rainfall with a 10-year return period (the year of 1992) yield a
recharge equal to the hydrological drought year (shown in DATA BOOK-D (D-S))
Final results are summarized below. - ' :

Hydrological Standard Year - Annual Recharge in mm/year

Mid-point (average year) =~ - S 554
Drought in a 10-year period 296

4.3 4 Groundwater Flow Simulation - -

Although aquifer response was examined through a numerical model study, it
has to be.str_essed_that insufficient data left many uncertainties in understanding the
hydrological condition of the Study Area. Therefore, the model should be revised
upon receiving additional data. | |

(1)_ Numeric_al model _
1) Introduction

_ Consrdenng a model isa tool designed to represent a simplified version of
reality, properly constructed groundwater models can be valuable predictive tools for

* the management of groundwater resources. Analytical and numerical groundwater

mOdcls"- areic;omrn()n_lry used no_wadays to study groundwater ﬂow sy’stems.

A mathematrca.l model consrsts of a set of dlfferentlal equauons that are known

‘to govern the flow of groundwater Since the assumptlons nécessary to solve a
: mathematlcal r_nodel analyucally are farrly restrictive, numerical techniques are



generally used. This creates more realistic situations than those often assumed from
analytical models, e.g. homogeneous and isotropic. .- . : '

There are two types of numerical models: ,me' finite differ_enceand-.the finite
element. ‘In each case, a system of nodal points is superimposed over the problem
area. In the- finite difference method. (FDM) which was used for the' proposed
groundwater potential evaluation of the. Study Area, the concept of dlscreuzallon into.
mesh form was fundamental in the development of the equations.

. Although the groundwater model study usually deals with steady state: ﬂow_
and transrent flow, only the application of the FDM to the transrent flow equation is.
discussed below because this equation also covers the steady -state. flow -equation. in -
steady-state flow, the spatial problem domain is subdivided into a mesh of blocks.

However, in transient flow, the value of groundwater heads (h) in cells is not limited
to the spatial problem,domain, butis a functio_n of_'ti___me. Gl te

2)  Derivations of the finite-difference equation .~ -
(@ Mathematical model

The three-dimensional movement of ground ‘water through porous malenal
may be described by the fol]owmg equation

RN o). @ ah . @h
Br (Kn 'é?)* @yy ay) <Kzz az> .-."‘.":;1;52 EL

Where _ -
Kxx, Kyy, Kzz : - values of hydrautic conducuvrty (Lt‘l)
' h i the polentiometric head (L) - L
W . :  avolumetric flux per. unit volume and represents |
. sources and/or sinks of water (t‘l) "
. :Ss " the specrﬁc storage of the porous matenal (L"l)

: ?.'T'- 5 -\tmre (t)

Equauon (1) constrtutes a mathemaucal representatlon of a groundwater ﬂow " |
- _system if flow and/or head condmons at the boundanes of an. aquer system '
— and mmal head condauons are specrﬁed
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As already mentioned above, analytical solutions of equation (1) are rarely -
. possible, so various numerical methods must be employed fo obtain

approxirmate solutions. One approach is the finite-difference method, wherein

. the continuous system described by equation (1) is replaced by a finite set of

discrete points in'space and time, and the partial derivatives are replaced by
terms calculated from the differences in head values at these points.

_ This. process: leads :to systems of simultaneous linear algebraic difference

equations, and the solution yields values of head at specific points and times.

Discretization

" Fig. 435 shows a spatial discretization of an aquifer system in the Study

Area, that uses a mesh of blocks called cells, with their locations described in

" terms of rows, columns, and layers. In the present Study, the width of a cell

was set to 500 m for both row and column.

In eduation:__(ll ), the head, (h) is a function of time as well as space so that, in
the finite-difference formulation, discretization of the continuous time domain

-is also required.

Finite-difference equation -

Development of the groundwater flow equation in finite-difference form
follows from the application of the continuity equation, i.e. the sum of all

‘flows into and out of the cell must be equal to the rate of change in storage

within the cell. The continuity equation expressing the balance of flow for a
cellis , .. -

. ODNh
Qi=3Ss . PaN
- 2 Ji=3Ss - " \Y

" Qi a flow rate into the cell (L3t 1) |

s specific storage equivalent to Ss in equauon (1) Ly

S '+~ the volume of the cell (L3) o "
T AR the changein head over 4 time interval of length

<

. -z99 =

(2)



The term on the right hand side is equivalent to the volume of water taken into
storage over a time interval of At given achange in head of Ah."'-E_quation 2)is
“stated in terms of inflow and storage: gain. Outflow and loss are represented
~ by defining outflow as negative inflow and loss asnegative gain: -

Consequently, a backward-difference equation which can be used as the basis
~ for a simulation of the partlal differential equatron of ground water’ ﬂow
equation (1), is expressed by ' '

- m ~.m ' m m .
Ry 12k®ig -tk - Pija )+ OBy Migene "Mk )
G g ik ) CG s g Mgk Pk

*OVijko 120kt Mkt NVigior 128 et "k

_ . - _ _ (h h m1 )
. m : ,J,k ljk : 3)
. + Pi,j,kh i ,j,k"+'Qi,j',k 1 k(A!’_], Aci, AVK) . tm-t P :
Where | _
CR - : Hydraulic conductance in the row direction which is

the product of hydraulic conductivity and the cross-
sectional area of flow divided by the length of the -
" "flow path (the distance between the nodes.)

CC" " Hydraulic condictance in the column direction
CV " " : Hydraulic conductance in the vemca] drrecnon
PQ Y General extérnal ﬂow tenn :

Arj, Aci, Avk Width of acell in the row, column and ven:ic:al‘:'.'
directions o '

The coefficients of the various heéd'tenhs’i'ﬁclu&ing the term Qi  in equation
(3) are all known when the head is at the begrnnmg of the trme step, i Jl K :

The seven heads at tm, the end of the trme step, are unknown because they are -
part of the head dlstnbuuon 0. be predlcted 'l"hus equanon (3) cannot be S
solved mdependently, smce it represents a single equation in seven unknowns
However, an equation of this type, can ‘be written. for each actrve cell in the'

mesh. Accordmgly, there is only one unknown head for each cell resulttng in. . |



a system of “n” equations with “n” unknowns which can be solved
simultaneously.

3) - Vertical discretization

It is inferred that the aquifer system in the Study Area consists of two aquifers
with one confining layer. In this system, it may also be assumed that storage release
occurs only in the aqu:fers, flow in the aquifer is essentially horizontal, and flow in
the conﬁmng layer is essentlally vertical. In this case a single mode! layer may be
used to represent each aquifer, while the confining layer may be represented simply
by the vertical conductance between layers. This approach'to vertical discretization
is known as the “quasi three-dimerxsional” approach and is applied to the present
aquifer modeling, |

4) Modeling software
" The “3D MODELOW: A Modular Three Dimensional Finite Difference

Groundwater Flow Model” (MaoDonald and Harbaugh, 1988) will be used for the
quasr-three d1mens1onal ﬁmte d]fference model This modet is useful for perennial-

yield planmng of . a large complex unconﬁned/conﬁned aquifer system.

In prmcrple, MODFLOW can smulate flow i in three dlmensmns The model
may be used for elther two or. three dimensional appllcauons Physical and
mathematical concepts are mcorporated in the modular structure of the computer
program The modular structure consists of a Main Program and a series of highly
mdependent subroutmes called modules The modules are grouped into

““packages”. Each packagc deals w1th a specific feature of the hydrologlc system

which is to'be simulated, such as- flow from rivers, or with a specific method of
solving linear equations which describe the flow system, such as the Strongly
Implicit Procedure., o

Groundwater flow within the aquifer is simulated using a block-centered finite-

~ difference approach. Layers can be simulated as confined, unconfined, or a

combmanon of both. Flow associated with extemal stresses, such as wells, area

- recharge, and evapotransprranon can also be simulated.
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2) - Model construction . . . -

Hydrogeological data, including the top and botto_rn of aquifers and the

confining layer in the form of a contour map, were manipulated into a computer code
_as shown in DATA BOOK-D (D-6 TO D-12). Remarks for the model construcuon,
mcludmg aquifer charactensucs, are summarized below

_'H drogeological Condition

AR Aguifer,ghar@teristigg T
- . 0 1 to 150 m7/d

T of the deep aquifer .
K of the shallow aquifer
' Storanvrty (deep aquifer)
Storativity (shallow aquifer)

‘Ground surface:

'EBottom of the conﬁnlng layer B

Procedure of model calibration

h Menioulatim 'Method/Charactenstics

1"‘10'2 tol*10"4ycm/sec o

©0.001

0.07

Manipulation Method/Charac r'isi.

* ..’Reading from topographical map (1: 50 ,000)
+ . Top-of the:conﬁm_ng layer:: ... '

Inferred from the depth of -
shallow dug wells , L
Inferred from the screen desrgn o

" of deep tube wells -
' Hydrogeologtcal basement Inferred from the depth of-
L . 4é_deep tube wells . .
Groundwater table of the Result of the field mvesugatlon
shallow aquifer -~ " "conducted in this project o R
- Piezometric head - ‘Refer to the-existing ‘data of the deep:'

; : ... wells measured during constructlon :
-Groundwater usage L : _.Utlhzed in the inventory. survey result '
Recharge o Utrhzed in the recharge study result '

. Othe]-S R I T R '
Cahbrated data - GWO003 for the shallow GIW level and |
- TW004,TWO00S5, GW035 for the deep '
. G/W ievel '
Calibration period 1993.1.1 to 1994.5.31_.

i;'.p Frasgiil ’," PR RTINS MR i i
CAETar s URRIRI S T e T T s TR e e

The model is test-operated into acomputer by i.nputtin'g recharge and pumping,

and outputting the simulated groundwater table fluctuatlon in. each cell. The
srmulated groundwater table will be compared w1th the actual records of the” :



continuously monitored wells. - The model then will be modified/adjusted until final-
agreement between the simulated and the actual water level fluctuation is achieved.

Thus the model is calibrated and ready (o use for water table simulation under
various development situations.

Generally, model calibration is carried out in the following steps:

- Calibration of the steady-state flow
- Calibration of the transient flow

As known from its.tenninology, the ﬁrst step of model calibration requires an
assumption of the steady-state_eonditions for all constituents__of groundwater flow,
ineluding recharge, discharge, boundary conditions, and aquifer characteristics. The
steady-state flow should indicate a stable water table, though this is considered to be
an ideal condition. By monitoring data of the whole Study Areca to date, rather
obvious water level fluctuations, due to a seasonal increase/decrease in recharge
volume and groundwater abstraction are noticed. A'ssumption/simpl'ification,

‘therefore, will be based on recharge, discharge, water table, etc., in order to achieve

the first step of calibration. The target of this step is to clarify the approximate
hydraulic conductivity or transmissivity of the aquifers.

In the second step, the non steady -state flow or the time dependent flow will
be srmulated and/or calibrated in the manner explained above. The second step
cahbratton alms to ﬁx the aqulfer parameters consisting of hydraulrc conducnvrty or
transmrssmty and storauvrty or storage coefﬁcnency '

) Calibraedmodel

' Stmulated groundwater level hydrographs are shown in F]g 4.3.6, and the
water table map and the piezometnc head map are presented in Figs. 4.3. 7 and
4 3, 8 These ﬁgures are the ﬁnal outputs 'of the model calibration. As observed
from these figures, the ﬂuctuatlon trend shows’ good agreement between the
observed and calculated; and the rehabrhty of this numerical model is very good.
Consequently, itis concluded that this model is ready to predrct the aquifer response
under future groundwater usage Fmal agreement on the model cahbratlon has also
defined the aqulfer charactenstrcs as shown in Flgs 4 3 9 and 4.3, 10 '

'Altematiyely, water balance 'of: -in!ﬂouv and outflow during January 1993 fo

'- ~May 1994 (17 months) is summarized below. According to the table, almost all of
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the rechiarge flows out as springs and/or groundwater riinoff. ' Supposing that'the
groundwater resource potential is limited to leakage from the shallow aquifer 1o the
deép one, the maximum amount is expected to be 26.3 mm'in depth or 1.97 mrllron
m3 in volume. B N S

_ o Water Balance .
Constituent ~ inmm__ in*105m?  in *103m3/day

Recharge 756.8 " 56.76 EEE I § § 5 e
G/W runoff : o '
... &Sprngs 7100 5325 1044
Pumpage 28 021 04
© O Leakage v 263 0 197 39
- “£Storage +44.0- o #3300 +6.5

435 Optimization and Pjr-edictioti. |
(1) Optimization procedure
1) Perennial-pumping strategy h

“Perenmal yteld” is the maxrmum quantrty of water that can be contmuously_ C
wrthdrawn from a groundwater basm wrthout adverse effects A perenmal yreld_
_pumpmg strategy” isa specrﬁc pattem of spatrally dtstrtbuted pumpmg that causes'
the evolution and maintenance of an approprtate potentlometnc surface. Thus a
- perennial-yield pumping strategy assures a certain amount of water to the user over a
long term. ST

o A common management goal m the Study Area 1s to ful]y utthze water
resources to produce economtc and socnal beneﬁts A groundwater management
plan should satrsfy specrﬁed ob]ectrves whtle consrdermg the physrcal constramts off
the aqutfer system and legal and economtc constramts o :

To effecttvely achteve thts goal the optrmrzauon techmque adoptmg a lmeari'
-programmmg algorlthm 1s used These models can predrct the behavror of a grven:‘
aquifer and determine the best management and/or the perenmal pumpmg strategy for- :

o the specrﬁed objecttves and constramts/bounds




2)

(a)

(b)

Mathematical models for the optimization

Obijective function

- The objective function of the model is to maximize total steady groundwater

extraction,

max1m1ze Qtotal— EQI’J
| o i=1 B (1)

- where

: Qi',_ j groundwater pumplng in a cell located in row i and column j,
m
N : total number of cells w1th potential pumping wells

The optimization problem is linear as long as the objective function and the
- constraints/bounds stay linear. The standard problem of linear optimization is
solved using the simplex-algorithm. In this Study, it is supposed that the
+ ‘relation between the groundwater level fluctuation and well discharge is linear
:"'-and therefore the optrmlzauon problem might be linear.

Constraints and/or bounds

" For the planned optimization model, constraints and/or bounds on the pumping

rate and head are described as:
h%j< hij < by @)
Qb Qs ey @)

o '_ L andU denote lo\uer and uPper boun.ds,' respeetively.

:_";In the present Study, the lower bounds on head are used solely to avord or

. mmlmrze problems caused by unacceptable drawdowns whtle the bounds on

pumptng are pnmanly mcluded in the explortatlon strategy based on the future

' water dernand
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(2) Constraints on the model prediction

. .Groundwater resources poténtial in the Study -Area.was:examined_under the
following constraints and/or assumptions: '

Items o ' Constraints/Assumption
Constraints and others R S
Recharge Condition " Two years a hydrological.average year and
' - drought year in a 10-year period, and a
hydrological average year, -
Groundwater Level =~ Piezometric head of the deep aquifer-should be
' higher than sea level to avoid sea water
~ intrusion
- .Drawdown - - : . . Maximum drawdown in a well should be up to
: -+ the mid-point of the screen section.
Exploitation - TWO04, T’WOOS (test wells) and
Strategy -~ 0 - GWO35 (owned by MRD) will be fully

. utilized as production wells

Assumptions
. Groundwater Usage - .- ---Same amount as present for the exrstmg wells,
' ' different for the new preduchon wells (see
S R Table 3.3.10)
Initial G/W level =~ ~Converged. Groundwater level after a 10-year
iterative run under the recharge of the .
hydrologlcai average year '

. * -According to the field survey, water demand is very hrgh in the vrcmtty of
- “the GWO035 well, :

“(3) Model prediction

1)  The relationship between the calculated water level and the drawdownina |
production well

Smce the mesh wrdth of the dlscrete model is 500 m drawdown m a mesh

calculated by the numerical model is consrdered equal to an. image well w1th a 250 m

radius. The relatlonsmp between drawdown m a mesh and drawdown of the actual

radrus of a well should be consrdered as it 1s necessary to conﬁrm the detarled
iutlllzatlon/constmctton plans of the exrstmg and/or ne ';ly dnl
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.. The Thiem equation, for measuring steady radial ﬂow to a well in a confined
aqulfer is shown below;

h,-q. )
nR2s0) R

Where
: - Pumping rate (L3[F )
: Transmissivity (L2/T)
. =K*b

K Hydrauhc conductmty (L/T)

b : Thickness of aquifer (L)
_ H : Static water level (SWL) in a well (L)

- {Equivalent to SWL of a mesh where the well is
located) |

= O

Ho : Pumping water level (L)
- R . : Radius of influence (L)
- Yw'+ Radius of pumping well (L) -

Supposing the radius of an imaginary well, which corresponds to the discrete
mesh in the simulation model; is 250 m and the radius of an actual production well is

- 0.076 m (7.6 cm), drawdown of the mesh (imaginary well) can be converted into

that of the actual well by the equation below:

L @he
h,=H- X
| TnR250)  [R(RI)

Where - _
~hy 1 Pumping water level in an actual well (L)
hy ¢ Pumping water level in a mesh; i.e. imaginary well (L)

o According to the 'l_*:ésult'of:the test well drilling executed in this project, well
~ lossis estimated at about 50 % of aquifer loss, equivalent to the theoretically

- obtained drawdown hw, Consequemly, the equation above can be modlﬁed to the

) followmg equauon

w_....

_ [ (H-hy)

 -'_‘-10?7--'-__ |



 Altemnatively, considering the hydrogeological condition of the Study Area, the
radius of influence was inferred to be about 3,000 m, th_erefore conversion from hy' _
to hy was done supposing R of 3,000 m.
| 2) Pr_vediction case

Ten cases of model prediclion'are prep'ared as follows.’

_ Unit : m3/day

Case Pumping rate of each well. - ‘Remarks
No. ~ TW004 TWOOS TW000 GWO035 ' ' -

0 0 0 0 7 0 Noadditional pumpage
©o .0 ....'oes oo Hydrological average year

1 .0 0 -0 0-‘ No additional pumpage
e Hydrologrcal drought year

2 209 166 R 0346 .,-.Drscharge rate at the pumping test
3 104 8 0 173 | Half of the above pumpmg_ r_ate

4 70 8 0 115 Twothifds of the above for
ST TWODAand GWO3S

5" 0 '126 0 _ ]15 1 Snmes oftheaboveforTWOOS

6 70 83 209 115 Addmonal pumpage from
B : L TWO000 (new well) on lhe Case 4

7 70 83 83 115 Sa_me as the above, but the pumping -
' _ - rate of TW000 was decreased :

8 70 102 .0 . .-115... Optimum plan using exrstmg
: . _ S '___;threewells .

9 70 . 77 150 115 Opumum plan usmg exrsung wells

e and the newly dnlled wells
Wlthm ‘the above trials; the d:scharge rate of the optrmum plans m Case 8 and
9 was obtained form the opumrzatlon study dlscussed in section (2) :




3)  Prediction results

Figs. 4.3.11'to 4.3.12 show contour maps, that is the optimum Cases 8 and 9,
of the groundwater level in'December of the drought year in a 10-year period.
Figs. 4.3.13 to 4.3.14 are prepared as drawdown maps of the groundwater level of

optimum Cases 8 and 9. Other non-optimum cases are shown in DATA BOOK-D
(D-13 to D-16).

Although it is difficult to find any obvious change in the contour maps,
depressions like a cone centered by the production wells are indicated in the
drawdown maps. In Case 2, for example, drawdown reaches a maximura of 6 m,
violating the assumed constraints and indicating that pumping strategy in this case is

~ not acceptable.

Even though acceptable pumping strategies are chosen, it is judged that a
drawdown of abbut 1.5 m will be experienced 500 m from the production wells.
Although itis known from the inventory survey that a deep tube well is located near
TWO005, no serious influence is inferred from the saturated thickness of more than
10 m and the limited discharge rate. In addition, a few MRD water wells are located
about 1.5 km from TWO005. Since the influence from this distance is estimated at

‘about 50 cm at the most, no serious damage is expected.

As a result of additional pumping from the deep aquifer, the maximum
drawdown of about 15 cm was reasonably estimated for the shallow groundwater.

" Therefore, no serious problems, in regard to the magnitude of the estimated
~drawdown, are expected during daily usage of the shatlow dug wells.

The water balances of 10 cases are explained in Table 4.3.1. A schematic
diagram of the annual water balance of optimum Cases 8 and 9 are shown in Fig.
4.3.15.  Other non-optimum case are shown in DATA-BOOK-D (D-17). As
shown, almost all the recharged amount ﬂoWs out to the sea and the river, however,
an increase in pumpage from the deep aquifer is supplemented by an increase in

o leakage from the storage and/or outflow of the shallow groundwater.

‘ Furthenﬁo're gven 'though the recommended pumping is continued throughout
the drought year, the- ground water level of the deep aquifer is expected to increase in

' _Case 8 and Case 9 if hydrologlcal conditlons of the followmg year equal the average
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(4) Conclusion

The optimization study and the'modc_l prediction have consequently clarified
and optimized the best two pumping strategies, shown be_:low::- ;

- Use of existing three tube wells . .
- Dischargerate. .- - .o 0
TWOM 70  m3/day
CTWO00S - 1020 |
. GW035 - 115 . ..
. TOTAL.. = - 287 ...

Plan 2 R T
- Use of existing three tube wells and one newly drilied well
| . TWO04.. . 70.m3day
CTWO0S o TR e
TWO00 -+ 150 - e
_GWO035 i1s |
TOTAL fi 4a12. .. .
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