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Abstract

While global change is directly affecting wateraeses, it is also well know that anthropogenic aetg on
hydro-geological systems can result in long termmhand the degradation of the resource if theyrae
adequately managed. While this witnessed arouedwbrld, management options to prevent increasing
damage to the surrounding environment are beingldped on an individual site basis. Salinity inibaswith
the eventual degradation of both land and watelitguia one of the most common examples of thisetyb
problem. Due to increase in demand to fresh watsources, ground water is being exploited, andtabas
ground water systems hydraulically connected toottean necessarily has to cope with salinity imdrusThis
paper presents our observations and analysesioitysahtrusion at selected areas in the Asia Racigion,
namely in New Zealand, Australia, Japan and Indlialiscusses the characteristics of each siteylsies some
sites using state of the art soft ware, and analythe impacts on the environment. It also preséms
management practices used to mitigate the resudangage on the environment at each site.
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1. INTRODUCTION

The most significant impact of global change iseifect on water resources. A United Nations report
has warned that, coastal degradation will putsk eicosystems which support over half the world's
economies, unless coastal management strategieésaliemented. It goes on to say that "terminal”
disaster looms in many coastal areas unless "umtesisitroduce much more effective management
immediately." “Coastal marine ecosystems haveided!|progressively in recent times due to the
increase in human populations and their accompgnyeavelopment of coastal regions. This,
accompanied by increasing climate change, is gutiimormous pressure on the coastal ecosystems”
say the authors of the report. "By 2050, 91% ofwueld’s coastlines will have been impacted by
development,” It says that, "We believe that ussciéntific and traditional knowledge, togethertwit
better understanding of the economic value of hgattoastal ecosystems, can help change the
political discourse that eventually determines statipressures. Although the situation is direrelie
reason for hope. Our understanding of the ecolbdicectioning of the coastal ocean is quite good,
and we have a basic kit of useful management &iadsir disposal.”

Coastal aquifers are important sources of watecoastal regions. As population density in many
coastal areas increased, need for fresh waterirdseased. Along with the population, industriatlan
agricultural growths in these areas accelerateettoitation of groundwater. Over exploitation of
groundwater from coastal aquifers may result irugibn of saltwater in the aquifer. This is maidlye

to excess withdrawal of groundwater compared toréoharge rate, and unplanned pumping locations
and pumping patterns. Saltwater intrusion oftemltesn loss of fresh potable water, loss of wditer
irrigation, increase in soil salinity etc. Thisu#ts in even possible relocation of habitants frollages

due to non-availability of productive soils andrding water effectively changing the catchments
characteristics including its socio economic chindstics.
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On the whole, contamination of coastal aquifers nemg to serious consequences on environment,
ecology and economy of that region. This researtfeavours to investigate changes in coastal zones
caused by salinity intrusion, and first, would a&ssand predict the long term salinity intrusiomniaiiton,

and then, simulate aquifer variations, and theeeafevelop a model that would facilitate the policy
makers to take optimal decisions with multiple ahijees to manage the changes occurring in coastal
zones.

2. CASE STUDIES
2.1 Whaiwetu aquifer, Wellington New Zealand

There are three principal groundwater areas inWhedlington region: Lower Hutt Valley, Kapiti
Coast and the Wairarapa Valley. Secondary grourstwateas include: Upper Hutt, Mangaroa
Valley, Wainuiomata Valley and Sections of the EastWairarapa Coastline. Aquifers in all of these
areas are found in unconsolidated alluvial, aepbaw beach sediments of varying grain size. Minor
aquifers are also found in limestone and fractgmegwacke in some areas of the region.

Saomes Island -ﬁ-
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Wellington Harbour Somes Island Bore

/' Greywacks
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rock

Figure 1. Lower Hutt Groundwater System Source: Wellington Regional Council Report.

2.1.1 Long term variations

The Waiwhetu aquifer is located beneath the Hutiieyaand extends well into the Wellington
harbour. Greater Wellington extracts 40% of it'sevaequirements from ground water. The risk of
salinity intrusion is emphasized by the level o$tasction from the Waiwhetu aquifer, estimatedeo b
as 80 to 90% of the total through flow. The vadatpf Conductivity and Total Dissolved Solids for
the points Somes Island, Petone and Seaview avenshd-igures 1 and 2.

Figure 2 — Variation of Conductivity  Figure-Bariation of Total Dissolved solids
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Table —1 Variation and Forecast at Seaview

Present Average Slope% Coefficient of Forecast

Values Values (Gradient) Correlatiori/1/2010 1/1/2025
Conductivity 202 195.61 0.75 0.94 229.6270.6
Total Dissolved Solids 130 122.73 0.54 0.83 147.3 176.9
Cl 19 17.42 0.09 0.85 21.6 .826
Na 18 17.62 0.05 0.75 20.0 22.8
Hardness 55 49.81 0.34 0.77 65.484.3

It can be seen that there is a very high correlatay all these factors with time. In the case of
conductivity it is as high as 0.94, giving an(square of the Pearson product moment correlation
coefficient) value of 0.88. The gradient of, theiaton of these factors and particularly conduityiv
being positive and high indicates that there isriauous rise in these factors. The regressiomtees
can be extrapolated to indicate that, the Condiigtdf the water at Seaview will cross the threshol
from fresh into the medium saline category by teary2025. Analysis of Somes Island and Petone
reveal that there is no significant correlationwmsn either conductivity or TDS and time at Somes
Island. The aquifer cap in and around Seaview cbeldhinner, or fractured to allow saline water
intrusion to take place. As it was clear that tlgiifer is susceptible to salinity intrusion detail
investigation was performed and presented as felldfere, PMWIN has been adopted to develop a
three dimensional model in the study area. The mmadeised to understand the ground water
movement and the risk of saltwater intrusion. Basedesulted conditions, the paper highlights some
of the possible approaches to use for enhancingusiminability of ground-water resources.

2.1.2 Simulating Monitoring and Management of Seat&a Intrusion

PMWIN model package is used to test different agdioms on how the system may develop in the
future. Since the future is uncertain, some assiomptabout the evolution of the main source/sink
terms need to be made resulting in different fusgenarios. The complete set of scenarios prowdes
wide insight into the long term sustainability ofisting pumping rates under different conditions.
Furthermore, they provide information about whergl avhich additional corrective measures are
needed. Many corrective measures can be consid&asically, they can be grouped into: reduction of
groundwater pumping; increase of recharge; relonadf pumping wells; and in the case of coastal
aquifers, additional engineering solutions to nesggroundwater quality (e.g. hydraulic barriers).

2.1.3 Control of the water abstraction

Control of abstraction to manage the levels recontted by different studies is the traditional method
to control seawater intrusion in Waiwhetu Aquif@rhe new model has a more detailed layer structure
and re-designed boundaries. The information andysisaon the aquifer system has been used to
review the critical level for hydraulic heads o tiquifer. Donaldson, I.G. and Campbell, Cussins a
Phreatos studying the aquifer's flow under différetiesses calculated a critical level for hydrauli
heads on the aquifer. Based on the results, comfohbstraction to manage the levels was
recommended.

The model simulations showed a noticeable effeseafvater intrusion for the dry period.

Assuming that the recharge is zero (aquifer reehargy from river bed seepage, no recharge from
raining or other sources), after five years pemotth constant abstractions of 15000, 25000 and 6000
mc/day for each of the wells, the results showrsierable advance of the seawater intrusion.
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Figure 5. Seawater Intrusion.
No abstraction,no recharge. 15000mc/day each well. No recharge.

Blue line is sea water location, green zone ishfrgater zone

Figure 6. Seawater intrusion. Figure 7. Seawater intrusion.

25000mc/day each well. No recharge. 50000rgc#dah well. No recharge
Blue line is the seawater location. Blue lim¢he seawater location.
green zone is freshwater zone green zomeshwwater zone

2.1.4 Recharging the Aquifers

This investigation deals with artificial rechargimg the unconfined part of the aquifer. Natural
replenishment of aquifers occurs very slowly. Thame withdrawal of groundwater at a rate greater
than the natural replenishment rate causes degliof groundwater level, which may lead to
decreased water supply, contamination of frestemay intrusion of pollutant water from nearby
sources, seawater intrusion into the aquifer astal areas, etc. Artificial recharge may be defiag

an augmentation of surface water into aquifers dmes artificially planned operation. Possible
adverse effects of the excess recharging may tettetgrowth of water table near the ground surface
and causes several types of environmental probleow) as water logging, soil salinity, and may
affect natural aquifer storage and recovery systéintke recharge is increased to 400mm/years, the
seawater intrusion is less significant for the edugion of 15000, 25000mc/day but considerable for
50000 mc/day.
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2.2 The Bunderberg aquifer Australia.

Bundaberg is a regional centre on the coast of @elaed, 360 km north of the state capital,
Brisbane. The Bundaberg aquifer provides a majatewwsupply for domestic consumption and
irrigation. The aquifer is located under the Butrextd Elliott river systems and is hydraulically
connected to the ocean. It is known to suffer sortresion from the sea. The State Government has
constructed an extensive surface irrigation scheemmeduce the pressure on the aquifer, and pumping
of groundwater is controlled by license. The vaomin conductivity between 1/1/90 and 7/8/2002 at
four wells in the Elliott head area of the Bundapground water system is presented.

Variation of Conductivity
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Figure 8 - Conductivity at Elliot Heads

Table — 2 Variation of Conductivity at Elliott Heés
Present Average Slope% Coefficient of Forecast

Values Values (Gradient) Correlation 1/1/2010 1/1/2025
Well 156 3302 3447 0.22 -0.13 23%5(n 1187(n/a)
Well 178 2708 2375 0.41 0.55 4241 6511
Well 157 9308 6130 2.35 0.94 17,953 30862
Well 168 734 843 0.086 -0.64 738 0

The coefficient of correlation for all the wellsxaept number 156 is reasonably high. Well 157 has
the highest correlation value of 0.94, giving amalue of 0.88. Well 156 is closest to the oceatian
very susceptible to the external variation of tjdehkile 157 is inland by about 1.3km. Well 168 is
further inland by 1.1-1.2km; its results are infleed by freshwater flow from inland to the ocean,
which explains the decreasing conductivity. Ithisught that the rising conductivity in 157 and 178
could be due to two factors: (a) intrusion from Eikott River (there is a tidal flat nearby); dv)(the
aquifer in the vicinity of 157 is more clayey arais responds more slowly to changes than a highly
permeable aquifer, say at 156. Well 168 furthesinfithe coast is associated with an 18 m thick
aquifer. Its conductivity values are decreasind simould reach the fresh potable water range in the
near future. Its decreasing salinity may be cadsedto inland flow, the greater proximity to theasb
and the effect of stringent water management prestemployed in this region. The analysis of the
Bundaberg aquifer suggests that it is possible émage saline water intrusion. If the aquifer is
managed well, not only will the degree of intrustom reduced but also the recovery of the ground
water quality is possible.

2.3 Andra Pradesh India

In the state of Andhra Pradesh, saltwater intrussowidespread in the Delta regions of the eastern
coast. Cities/towns affected by deteriorating gowater quality due to increase in salinity are
Vijayawada, Guntur, Tenali, and south regions @& Krishna River. This study area is known for

large amount of groundwater withdrawals for agtiend and aquaculture. The increasing salinity in
the explored groundwater aquifers is a matter oicemn. A 3-D, transient, density dependent, finite
element based flow and transport simulation mosleimplemented for the selected area in Nellore
District, in Andhra Pradesh, India. This area ideasgively utilizing pumped water from the

underlying aquifers for agricultural, domestic aadua cultural uses. The simulation model is
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calibrated using observed head and concentratité. dde calibrated model is then utilized for
evaluating the impact of adapting few pumping sgas for controlling the saltwater intrusion
process.

The geographical location of study area is showwellThe study area falls under alluvium soil type.
These soils comprises of admixtures of sand, sdt@day in various proportions. The quartz pebbies
invariably encountered at different depths in alima$ places in alluvial areas. It is generallyhlig
brown to pale gray and sandy in nature. The thiskma# coastal alluvium is very large as evidentrifro
the exploratory wells drilled by Central Ground WaBoard (CGWB) in this area. Bedrock was not
encountered even at drilling depths ranging frof 26500 m.

Districts of
dhra Pradesh
MAHARASHTRA

Fig — 9 Location of the aquifer

Saltwater intrusion is already occurring in thigar This is mainly due to excess withdrawal of
groundwater for domestic, agriculture and aquaceltuses. For the past 5 years the growth of
aquaculture industries is very high, which requinegie amount of water. The only usable water
source in this area is groundwater. The observatain by State Groundwater Department, Nellore
suggest that water the table is going down eveay.yl@ addition to high pumping, there is no good
amount of rains for the past 4 years (2001-2004)is Tfurther accelerates the groundwater
deterioration. The only source of groundwater aggh is through rainfall. The data collected fas th
study area are briefly described below.

A 3D, transient, density dependent, finite eleméased flow and transport simulation model,
FEMWATER is implemented for simulating the coupl#ow and transport processes of saltwater
intrusion in a coastal aquifer in Nellore distraftAndhra Pradesh, India Available data for a deléc
study area of around 355 krwas collected from different agencies to be usednaut data for
implementing the numerical simulation model for #tedy area. Due to the scanty nature of available
data and questionable reliability of all availalolata the best but subjective judgment was used in
selecting the data for implementing the model.

Fig. 10. Observed salt concentration Fig 11. @ated salt concentration
contours July 2001 contours July 2001
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The numerical model was calibrated for two yeargetperiod, between July 2000 and July 2002, both
in terms of hydraulic heads and salt concentrafitnme aquifer was considered heterogeneous in terms
of vertical stratification. Both flow and transpaite considered transient. Withdrawal from aquiiéer
estimated based on available data, and assumingegasing trend over the period of calibration and
validation. The calibrated simulation model wasduse predict the saltwater transport scenario @& th
study area at future time periods. This predictegidhand concentration values show the future sttwa
intrusion patterns if the present trend of pumpmngtinues. These results also show if the withdrawa
rate continues to increase over time it may haverdental effect on the salt concentration in thelg
area.

2.4 Salinity intrusion in Japan

The Ogawara lake, located in the north end of Japaain island Honshu, indicates salinity intrusion
during particular periods, Ishikawa et. al., (200Ihe lake is hydraulically connected to the sea by
means of the Takase river which is 6 km long. Dyitine summer months due to tidal effects sea
water intrudes the lake and thereafter, the uppearlof low salinity flows towards the lake exit ieh
the bottom layer of high salinity flows in the ogjte direction, due to the balance between effectiv
gravity towards the centre of the lake as welhasgressure gradient towards the exit.

Clams, which breed in this lake and used for a deg&a soup (Miso) require a certain degree of
salinity for breeding. A dynamic balance which deps at certain locations facilitates sea water
intrusion and higher salinity in shallower areasuitng in favourable conditions for breeding of

clams. This is a positive implication of salinitytiiusion caused by a natural phenomenon.

A study done by Tokuoka., et. al. (2000), on then&dver in the Shimane prefecture indicates that
the fresh - saline water interface of adjacent siibse aquifer systems demonstrate good positive
correlation to the movement of the fresh-salineewanterface of the surface river system. This
implies that utmost care must be taken in any vetation of the hydro geological system, as any
intervention in either would impact on both the evratystems.

A study done by Tsumi et. al., (2001), in the westeart of Fukouka city, demonstrates that the
degree of sensitivity of salinity intrusion in ctalsaquifers to direct recharge of rain water and
irrigation water, is high in lowlands but low indghi lands. Surface development work such as
construction on low lands would result in reducedpmage and thereby impact on salinity intrusion in
coastal aquifers. In addition, systems used tgdte and drain water in low lands express varying
sensitivities to salinity intrusion. The impactsafch activity on high lands is much lesser. Thaeefo
not only surface development work, inclusive ofgation and drainage systems, but also, their
location within the surface system, plays a mapte m salinity intrusion.

The aquifer system in the Izena Island in norti@kimawa prefecture is the main source of water for
domestic and agricultural consumption. It has tekgloited to meet the needs of the island. As it i

imperative that this aquifer continuously yield glgie water, exploitation of this source has to take
place in a sustainable manner. A study done bytRale (2001) indicates that, even though large
percentage of fresh water flow through the systertoithe ocean, the formation of large cones of
depression due to continuous abstraction causesiphard journey of the saline - fresh water

interface and the gradual contamination of the faquirhis could be mitigated by construction of

impervious subsurface dams at appropriate locatiwhih assists not only in the increase in spded o
recharge of the aquifer by reducing the speed dfvand flow, but also impedes the upward

movement of the saline water fresh water interface.
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Fig — 12 Schematic diagram of underground damnugdfer

3. SUMMARY AND CONCLUSION

The analysis of the Waiwhetu aquifer suggest thettet is considerable dependency as well as stress
on the aquifer and it has the potential to degeaexad cross the thresh hold category limit ofngali
water unless properly managed. The Bundaberg asahdicates that implementation of aquifer
management practices can prevent the degenerdttbe aquifer over a long period of time. It is not
only possible to prevent degradation, but alsoatulifate the recovery of water quality even to the
point of eventually yielding potable water. The @gasa river and the breeding of clams in high
salinity areas reveals a positive impact of safifitrusion caused by a natural phenomenon. The
Ogawara case also indicates that numerous comkegitist in salinity intrusion and the difficulity
analyzing the impact of intervention. The Gonokagese reveals that surface and aquifer water
systems are correlated and utmost care must ba taketervention of the hydro geological system,
as any intervention in either the surface or thaifeg water systems would impact on both the
systems. From the Kitakyushu case it could be thait] not only surface development work inclusive
of irrigation and drainage system, but also thedation within the surface system, play a majoe rol
in salinity intrusion of coastal aquifers.

From the case of the North Okinawa Island aquifstesn it could be concluded that, the important
criteria in a hydro geological sense is not therde®f exploitation of aquifers, but the equililmiwf

the aquifers and this could be achieved not onlpdtyrally maintaining hydraulic gradients but also
even by means of intervention such as creatiompérvious subsurface dams.

This paper presents modelling of the Waiwhetu aguénd expresses the stresses under which the
aquifer is subject to. PMWIN model has been usedinwulate the aquifer, and some innovative
scenarios have been investigated to identify ptessiflutions to reduce the risk of seawater intnisi

The result of the simulations shows that the rikleaa water intrusion can not be reduced only by
controlling the level of abstraction particularfydemand continues to increase and recharge degreas
but augmentation of recharge is a superior andevialternative which facilitates abstraction aslwel
River banks, infiltration basins and injection weelave been simulated and the result show that the
using a combination of different techniques absimaccould be maximized. The simulation studies
show that abstraction can be double the actuakctabstraction with no risk of seawater intrusion.
Model Simulations indicate that implementation afuéer management "practices and varying
methods to augment the recharge are alternatia¢sdhild be considered for the Waiwhetu aquifer if
it is subject to higher abstraction levels, lonestrarge and salinity intrusion.
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