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Abstract Climate change will have a significant negative impact on fresh groundwater quantitie
in every area of the globe. A literature review of the Salt Water Intrusion Meetings (SWIN
papers was conducted to survey the state of research into water security isssi where saline
groundwater affects freshwater resources. From this literature review a lack of research relatin
to SIDS (Small Island Developing States) in the Pacific Ocean was uncovered. We there
undertook a study is set up of SIDS. Deltares havedn conducting research into the topic of
securing fresh groundwater resources, and have found a possible solution; the seepe
provision. Several models were created using PMWIN, representing the following scenarios
reference scenario; a scenario accaoting for sealevel rise; and a scenario accounting for the
introduction of the seepage provision system. Further models were also created to investiga
the outcomes of applying alternative measures. The results show that the provision syste
requires a water extraction rate that is too great for application to these islands. We therefor
advise the use of other measures such as beach nourishment and ASR.

Keywords groundwater, fresh water resources, climate change, measures, SWIM,-kneel rise,
variable-density groundwater model, SIDS, Pacific, Deltares




Table of Contents

1. Introduction

2. Literature Review and Modelling Method

2.1 LItErature REVIEW.......oviiiiiiiiiiii ittt smmmee bbb smmme e
28 \Y/ [ Yo L= 11T o 1Y/ =11 0T Yo S
2.2.1Alternative MOdElS. ..o ireeeeeee e e

3. RESUIS L.ttt e ettt n————— e
3.1 OBSEIVALIONS.....cceiiiiiiiiiiieteieeemmmmme e e ettt eeeeet et mmmmmmmme e e ettt eeeeees s mmnmmmmmeeeeeeeeeeeeeesannnnns
3.1.1Part 1: 1.5 meter height..........coooiiiiiii e
3.1.2Part 223 meter height...........ooooiiii e e e eennee
3.1.3Part 3: Alternative MOdelS..........cooiiiiiiiiiiieeeeeeeee e eee e

I 1 (=11 o] =] €= 1[0 o OO TP OUOPPPPP
4. DISCUSSION ...eeeeiiieiiee e e e e e e e e oo oo oo e e emmmmmmeea s s s bbb b s e e emnnnns s b bes e e e e et e s eemnnmmmees
5. CONCIUSION ..ttt m e e e e e e e e e eens bbb e e e e e s e e nnnne
BiDIOGrapNy .. e e e

Y o] o =1 g o [ Gt PP
Y 0] 01T 06 | G OO P PR

Y o] o =T g o )G 7 PP

11

12.

13.

17

21...

22

24

26

27

.28.

32.

33.



1. Introduction

This report has been written as the Bachelor thesis of the study Earth Sciences at
Utrecht University. The aim of this research is to test one possiblechnical solution to
the water security problems that climate change poses to fresh groundwater quantities
found in Small Island Developing States (SIDS).

Before canmencing with this researchfirst a literature review has been performedof

the Salt Water Intrusion MeetinggSWIM) papers thathave been published since 1968,
because it was necessary to get acquainted with water security issues in coastal zones
where saline groundwater affects freshvater resources.Since this datel968, experts
have come together to exchange &hs and discuss problems relating to saline
groundwater. A database has been compiled with key features of each paper lisedhe
SWIMs. If possiblegeological information wasextracted,because it isof particular
interest for fresh saline groundwaterissues The database clearly indicates that to this
date there exists a lack of research on theesh-saline groundwater conditions of

islands; particularly of SIDS in the Pacific Ocean. We have therefestablished astudy
focusing on SIDS with the aimfaattempting to diminish the problems related to water
security that these islands face due to climate changad global changeNow that the
population is also growing, even extra extraction of fresh groundwater is needethe
database itself will be disassed in further detailinthA OAAOET T h OpBOAOAOOO

Climate change will have significant negative impact on fresh groundwater quantities
in every area of the globe. SIDS are particularly inerable to the threats that C(poses
since there are little to no actions executed to prevent this threat selavel rise will have
on the freshwater reservoirs. There areapproximately 50,000 islands located in the
Atlantic, Indian and Pacific Oceans. These islands have a total populatidri® million
people, whilst the land area that they occupy is very small, amounting to less than 100
kmz2, often with a maximum island width of 3 km. Many of these islands have relatively
high rainfalls but with evaporation increasing rapidly due to globalvarming, these
islands are often alreadyexperiencing severe droughts (lan White et al. 2006)et alone
in future circumstances Current climate models (GCMz Global Climate Modelsare too
inaccurateto estimate the real dfect that climate change has on these islands, since the
models are based on gridike division of 240 by 210 km. This makes thee small islands
disregarded by the calculationgK. B. Karnauskas et al. 2016)

In this researchthe focus will lie on the SIDS of th@acific Ocean in particular (figure 1).
These islands are very divese in their geography and albelong to some of the most
remote countries in the world. There are 1000 inhabited islands with a combined
population of 2.3 million people This is 12.8% otiof the overall 18 million people living
on SIDS around the worldMost of these islands are extremely small indeed, comprising
a land area of less than 10 kdand with widths of 1 km or less. As population density
can be as high as 12,000 people/kithe lack of freshwater becomes a major issue
(White and Falkland, 2010).



Rising sealevelswill place pressure on both the extent of fresh groundwateaeservoirs
as well as on itgquality, posing risks to health, including an iorease of insectborne
diseases(The World Bank, 2016& Kelman & West2009).
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Figurel Small island countries in the central and southern Pacific Ocean (White & Falkland, 2009)

As people living on SIDS rely on fresh groundwater as the source for all domestic
purposes,as these island do not have excess to fresh surface water at large extent,
further research is therefae needed of what we consider the impact that these water
sources will suffer due to climate changeWater scarcity, which will increase in the
future, is capable of threatening the very survival of these peoples (Bailey et al. 2009).
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Figure 2 Cross-section groundwater lens on two -layer atoll island (Underwood et al., 1992)

Thoughregular continental islandsexist in the Pacific Ocearfe.g.New Guinea, Solomoj
a significant proportion of Pacific Islands consist of lowying atolls, which reach only a
few meters abovesealevel (United Nations, 2009. Overall there are 294 atoll islands in
the Pacific, which are defined by a set of unigqugeological featuresThese islands are
composed of circular chains of small coral islands which enclose shallow lagoons, and
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possesghick sedimentary sequences accumulated on top of a submerged seamount of
volcanic origin (Bailey et al. 2009). Especiallghe uppermost few tens of meters of the
sedimentary sequence are of hydrgedogic significance, constituting the Holocene
aquifer. Beneaththeseatoll islands, fresh groundwateraccumulates as a lens, which is
separated from the underlying seawater by #hin transition zone of mixed water (figure
2). The upper aquifer isoften composed of 20 to 30m of unconsolidated sands, gravel
and sits and possesses a moderate permeability (Underwood et al. 1992).

Deltares (a Dutch independent institute for applied research in the fieldfavater and
subsurface) havebeen conducting research into this topiof securing fresh groundwater
resources on SIDSand have tested a potentiaiechnical solution in the Netherlands,
Zeeland. This solution isapable of diminishing the effects of rising setevelson fresh
groundwater. Their results are promising. The tehnique appears to work effectively.
Thismethodh xEEAE EO AAI 1T AA O+xAl OT 1T OUEATWEIT Co | O
be quantified to calculate the effectiveness of this method on SIDS. This will be
performed usingthe PMWIN (processing MODFLOW)a$tware. Our methodology will be
further explained in sectionO- T AAT 1 ET C | AOET Ad 8

Then the results will be pesented. In the Discussion, problems or inaccuracies of the
models and the input data that have been chosenill be given with suggestions for
improvements for further studies. Finally, some conclusionaith the focuson the
effectiveness of the methodare stated Thecircumstancesthat affect the freshwater
volume will be discussedShould the model demonstrate results which correspond to
thosethat are measured in the field at the seepage provision, then this technical solution

z A oz~

will be communicatedA O OEEO UAAO6O 37)- ET 1 OOOOAI EAS



2. Literature R eview and Modelling Method

2.1 Literature Review

SWiM-database
The literature review that has been performed took a period of around 5 weeksut of
12 weeks. In this time, all 60Qublished SWIMproceedingspapers (up till the year
2008) have been analysedvith the aim of extracting key summary information.Most
papers are digital available orwww.swim -site.org. Such information includes: the
country where the investigation took place; year of publication; topicgeological
information; and, where present, the type omodel that is used The topics are:
Descriptive, Modelling, Calculations, G@hysical, Chemical, Study and 8tey methods,
Prevention and Climate Change.
The geological information includes aquifer type, aquifer layers, and number of clay
layers if present. The complete databasean be found in Appendix 1.
The geological information was of particular interest, as researchers require this data in
order to understand the geological structure of an area in order tbetter understand its
hydrogedogical systemwithin the context of salt water intrusion.
In figure 3the locations areindicated with coloured dots where theresearch from each
paper was conducted on. Graedots represent papers which have reviewed, whilst red
dots representthe papers reviewed by Eleni Bampalouka (research intern at Deltares)
and Daniel Zamrsky (PhD student at Utrecht University), in collaboration with whom
this database was compiled.

Figure3 Map with research area of each paper ithe database | started with the first 400 SWIM proceedings papers,
which most studies were conducted in Europe, thus ending up with most green dots in Europe.

From the map it is visible thatthere have been only a very limitecamount of papers
published onsalt water intrusion problems of islands, especially the Pacifidherefore it
is decided to set up atudy on SIDS in the Pacific, also as they appear to be the most
vulnerable areas prone to sea level rise.


http://www.swim-site.org/

For this case study several scenariosnd alternatives will be created.Two scenarios will
be set up b get an idea of how much fresh groundwater is availableow, and to see the
effect of sealevel rise on the fresh groundwater reserves. Another scenario is when the
provision system has beerapplied. Also some alternative modelwill be created, which
will give more insight in what the effects will be of severameasures on the fresh
groundwater reservoir. As this is important for drinking water purposes, the most
effective measure would be considered to apply to these islands. The method of the
modelling will now be explained.

2.2 Modelling Method

The research was conducted over a period of 7 weeks usitige variable-density
groundwater flow and coupled solute transport code SEAWAT within th@MWIN
modelling software.

Scenarios

Three future scenarios were created; Scenario A, a reference scenario with no dewel
rise; scenario Bwhich incorporates increasing sealevels; and scenario C, with sebkevel
rise andthe seepage provision, as being an effective measure against the impact of sea
level rise,accounted for. Each different scenario has been modelledttvtwo different
values foreach of the variables: hydraulic conductivity, recharge and height of the
island; giving a total of 8(23) models per scenario. The width of the island remains
constant across all scenarios, so effects of erosion is left oBased on the paper of White
and Falkland, 2010, an average of width of 1 kimas been applied.

Model concept

In figure 4 below, an image is shown of what the model looks lik&he boundary

conditions of the modelsare given in table 1. This will also be given in the factsheet
(Appendix 2). The pixels are 10 meters wide and 2 meters in length. So to indicate the
island in the model, which is 1 km wide, the cells from 251 to 350@ made inactive with
Ond A& O OEA O' AT AOGAT (AAA "1 01 AAOUG8 4EEO
the wells are shown in red, this is not present for the scenarios A and B.
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Figure4 Image d view the model. The colours indicate; Redhe wellsof scenario C, yellowthe island, Black: thesea g
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Model MODFLOW

General information General Head Boundary Package

Width: 6 km Boundaries: 1000 LA2/T

Depth: 100 m 251-350: 0 Lr2/T

MT3DMS/SEAWAT

Simulations setting Advection Dispersion:

Salt (TDS g/1) Density On Max. Particles 6000000 0.1

DRHODC: 0.7143 NPL 16 Diffusion coefficient:
NPH 27 0.0000864 LA2/T
NPMIN 16
NPMAX 27

|Width: 1 km Effct. Porosity: 0,2 Drain HC: 1000 LA2/T |

Tablel Boundary conditions okach modelwhere T = day)

Further to these three main scenarios, we have also created additional conceptual
models. In these additional models we have only applied a single set of variables, with
the same aim of calculating what effea@ combination ofdifferent measures would have
on the fresh groundwater volumes. This is explaind in more detail under the

sub OAAOCET T h O!'l OAOT AGEOGA 11 AA1 068

The parameters that are chosen for the modelsre explained here.

- In all the models, the horizontal (Kn) and vertical hydraulic (Kv) conductivity are
distinguished. Considering a sandy island, Kis chosen as 5 m/d and Kis 0.5 m/d.
And for an islandin a coral setting, with no fine sand nor clays presentin the soil Ky
would be 50 m/d and K, 1 m/d. These valuesare basedon the paper of Bailey et al.
(2009). However the values for the sandy island havéeen estimatedbased on the
general characteristics of sandy soils

- Two different natural groundwater recharge values are chosen to represent the
variation in recharge overthe two different climates: a dry climateand a wet climate
setting. The papers of Bailey et al2009) and Underwood et al(1992) give more
information on the degree of recharge on these islands and present an annual rainfall
ranging from 0.5 m to 3.75 mValues of 1m and 2m a year are chosen to represent
the difference between the two climate settingsHowever these values have been
reduced by3.98 mm/d to 4.73 mm/d since evapotranspiration has a significant
effect on decreasing the amount afatural groundwater recharge. In the end we
have settled on values of 5. mm/d and 0.75 mm/d for the purpose of our models.

- Furthermore, alculations have been performedusing ArcGIS to find the elevatio
distribution in SIDS (figure 5. This is important as when sedevel rise occus, the
piezometric head and groundwater level want to follow. ldwever, ifthe DEM is not
high enough this will severely hinder the adaptation of the freshwater lens ta new
dynamic equilibrium, andthus significantly reduces the ste and volume of the lens.
The most frequent elevation lies ktween 0 to 120 m The complete list withthe
elevation data of these islands is included as Appendix B figure 6, there is also
map with the DEM of several islandthat we havezoomed in to.For an island with a
width of 1 km, a height of 1.5and 3meters would be most likely to occur.

Therefore these values are appliedlhe shape of theDEM (digital elevation map) of
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Frequency

the island is created as a parabold he formulas forthe island are:

y =-0.0006(x-50)2 + 1.5 (For the 1.5 m height)

y =-0.0012(x-50)2 + 3 (for the 3.0 m height)

A drain package is included where these values are inserted. From this height the

water will be drawn off. 4 EA AT 1T AOAOAT AA &inds vergHigDan®deUT OEA O
level of the drain is equal to the DEM parabolic shape.

Table 2 provides all the parameters tha have been used for each model (also given in
Appendix 2).
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Figure5 Elevation value distribution in SIDS which are smaller than 10 kmrthe Pacific Ocean.
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Figure6 DEM of the Northern part of the Enewetak atolFor most these islands the elevation lies between 0 to 5 meters.

The different scenarios that are created will now béurther discussed.



1 Scenario Ais the reference situation. This scenario gives an indication of how long it
takes for the freshwater lens to developntil it eventually stabilises: the sacalled
dynamic equilibrium. This depends on the parameters that have been used for the
model; the periods are variable from 100 to 250 years. The concentration
distribution of the equilibrium situation will then be used as the initial concentration
for the models of scenarios B and C.

1 Forscenario B a sealevel rise of 0.5 meterds applied, to calculate what effect this
will have on the freshwater volume

1 Scenario Cis when there is a sa level rise of 0.5 metersvhilst alsothe seepage
provision method of Deltaresis active. This will be further explained.
Commissioned by Rijkswaterstaat (agency of theninistry of Infrastructure and
Environment), 75 ha of land is added to the outer dike area of the Westerschelde
(Zeeland, the Netherland) A A1 1 AA . Orothe Q¥ & JuheAnf2015, an
entrance has beercreatedin the existing dike. From that momenton the water from
the Westerscheldeis influenced by tides, thewater will therefore stream in and out
of Perkpolder.

This unique andinnovative method, which is the seepage provision system, is able to
protect the fresh groundwater in the aquifer from getting affected by the saltwater
intrusion. The excessive amount of saltwaters removed through pipesthat have

been drilled into the ground. Figure 7 gives an illustration ofhow this system works.

In Perkpolder there are 61 pipes installed, whiclreach a depth of 17meters and are
conneciedto each other with horizontal pipesthat lead to several control wells.

These wells are used for regulating the opation of this provision system After a
period of intensive testing,it proved that it works very efficiently.

It is able to diminishthe effect of sedevel rise, andmay evenincrease the

freshwater amount (Deltares, 2016)

Netto groundwater recharge

L A T S A

—> Extraction Ground surface

.

Figure? lllustration of the working of the Seepage Provision system of Delta@side Essink, 2016)



In the model itself, thisprovision systemhas been inserted as wells that extra the
saltwater from the subsoil The exact amount and position where they have been mad
can be found in table2. The codes that have been given to these modelghich represent
the parameters that have ben applied, can also béound in the same table and

Appendix 2.
Parameters MODFLOW (flow packages) Output frequency

Code Topic Kh [m/T) Kv (m/T) Elevation [m) | Recharge (m/d) Max. el of the Drain (m) Wells Depth (m) & position Years
sidsA110 Reference 5 0,5 0 0,00075 15 200
sidsA111 Reference 50 1 0 0,00075 15 100
sidsA120 Reference 5 0,5 0 0,0015 15 200
sidsA121 Reference 50 1 0 10,0015 15 100
sidsA210 Reference 5 0,5 0 0,00075 3 250
sidsA211 Reference 50 1 0 0,00075 3 100
sidsA220 Reference 5 0,5 0 10,0015 3 250
sidsA221 Reference 50 1 0 10,0015 3 100
sidsB110 5LR 3 0,5 1 0,00075 15 200
sidsB111 5LR 50 1 1 0,00075 15 100
sidsB120 SLR 5 0,5 1 0,0015 15 200
sidsB121 5LR 50 1 1 0,0015 15 100
sidsB210 5LR 5 0,5 1 0,00075 3 250
sidsB211 SLR 50 1 1 0,00075 i 100
sidsB220 5LR 3 0,5 1 0,0015 3 250
sidsB221 SLR 50 1 1 0,0015 3 100
sidsC110 SLR+M ] 0,5 1 0,00075 15 16;-0,6 4-11at250 & 351 200
sidsC111 SLR+M 50 1 1 0,00075 15 16; -0,6 4-11at 250 & 351 100
sidsC120 SLR+M 3 0,5 1 0,0015 135 16; -0,6 4-11at 250 & 351 200
sidsC121 SLR+M 50 1 1 0,0015 15 16; 0,6 4-11at 250 & 351 100
sidsC210 SLR+M 5 0,5 1 0,00075 3 16;-0,6 4-11at 250 & 351 250
sidsC211 SLR+M 50 1 1 0,00075 &l 16; -0,6 4-11 at 250 & 351 100
sidsC220 SLR+M 3 0,5 1 0,0015 3 16; -0,6 4-11at250 & 351 250
sidsC221 SLR+M 50 1 1 0,0015 3 16; -0,6 4-11at250& 351 100

Table2 The codes and parameters that are used for each model
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2.2.1 Alternative models

For model A110 there are four different alternative models created.

- X: The first conceptual model is when the sides of the island will get submerged by
the sealevel rise of 0.5 m. This would cause thisland width to decrease to the point
where the elevation will exceed the 0.5 m.

- ASR4EA OAATT A Al OAOT ACEOA E QAR istiizEeEA O 3 O1 OA
injection of freshwater back into an aquifer for recovery and use. The GERESH
project (www.go-fresh.nl), is a project where certain measures are taken testore
the aquifer by inserting freshwater into it.
One method iSCARD (controlled artificial recharge and drainage)wherefresh
surface water asartificial extra rainfall is added to increasehe freshwater storage in
the aquifer (Pauw, P.S et gl2015).
So in this alternativethe rainfall will be increased with 80% from 0.00075 m/d to
0.00135m/d.

- WIDTH: The third model is when beat nourishment isapplied; widen the island by
adding sand along the beaches. The width of the island in the modek&imated to
increasewith 100 m. A new formula has therefore been applied to create the
parabola shape again, which is: y = 0.00049587*®%5)2 + 1.5

- Z:The fourth modelis actually the same method that has already been applied to the
scenario C models. But this timehe aim is to finda certain location and amount of
extraction that will increase the freshwater volumewith 10% relative to the
reference situation.

So there are threealternative measuresundertaken in the cases AL11ASR AL110-
WIDTH and AL110z, except AL116x, where there has been no any influence of humans.
In table 3the legend ofthe alternative modelsis provided.

AL110-x Decrease island width till the elevation lower than 0.5 m

AL110-ASR ASRz Increase recharge with 8%

AL110-WIDTH Increase island width with 100 m

AL110-z Increase freshwater volume with 10% relative to the reference
level using extraction wells.

Table 3 Legend alternative models for 110.
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3. Results

The resultsof the modellingwill be presented in the observation part. In this section the
graphs of the total amount of freshwater will begiven and the differences that is found
between the scenarios and the alternatives tables. In the interpretation, the
observations will be shortly explained and a conclusion will be drawn. Also the total
amount of people that are able to live on the iahd will be calculated regarding to the
freshwater amount that is presentfrom the rainfall. To calculate the volume it is
necessary to multiply the values given by the model to the length of the island. There is
little information available on the length of islands from articles but it has been
estimated to be around 3 km for ourl km width island concept.

3.1 Observations

The observations from the resultsof the modellingwill be divided into three parts; the
first two parts are the two heightswhich are chosen for the islands The third part would
be the alternative modelsThe first part givesthe valuesof the freshwater amount for a
height of 1.5meter. The second partgives the valuedor a height of 3 meter. Eventually,
the differencesbetween both parts will be discussed.

The modelgives resultsin 103 m3¥ | for the freshwater amount, per stretched meter or
i Gepresents the volumeas a crosssection (2D view). Therefore,as mentioned earlier,
to calculate the total volume of freshwater on the islandhe length of the island(3 km)
is multiplied by these values.

For each different conceptual model of the reference situatiodepending on the
parameters, it takes a certain amount of time tillit reachesa stabilization of the
freshwater lens. The model will run till it reaches this stabilization (the dynamic
equilibrium) , with time steps of10 years. As mentioned earlier, the concentration
distribution at the final stage ofstabilization of the reference situationwill then form the
initial concentration for the scenarios B and C

For model C, welldrom which groundwater is extractedare included in the model. 16
extraction wells have been placed in each model which extractsch0.6 m?/d, which is

a total of 16*0.6 = 9.6 r&/d. Tables will be given with the ratio between the recharge and
the discharge of the extractiorof each model of scenario CThis will make it possible to
conclude on the possibility of applying this system on the islands.

12



3.1.

1 Part 1: 1.5 meter height

The results include agraph with the total amount of freshwater volume, and how it
developed through time.Also a2D view of the concentration distribution at the final
stage of the cases B and C gpeovided. Also table 4 is giverwith the legend of the

models, to make it ea®r to understand the case codes seen in the graph.

Volume of freshwater amount of scenario A, B and C for DEM 1.5 m
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2 15000 — B111
=] SLR
o e B120
> SLR 00—
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Graphlx 2t dz¥S 2F (KS TNBaK@ABEIMCHYEEMME 2T {
Scenario DEM (m) Recharge (mm/d ) Kh/Kv (m/d)
A = Reference 100 =15 10 =075 0=5/0,5
situation
B=SLR 200=3 20=15 1=50/1

C = SLR + measure
Table 4 Legend for numbering models for the scenarios A, B and C

The first general observation fromgraph 1 is that for the reference situation, it takeshe

models A111 and A121some 100 years to stabilize, while the models A110 and A120
neededsome200 years. After this stabilization, the sedevel rise causes the volume to
drop down quite rapidly, within some tens of yearstill it also reaches its stabilization.
For the scenario Qraphs, it is visible that it reaches itslynamic equilibrium quicker
and lies closer to the reference situation, antbr C120, it even reaches above the
reference level.
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In figure 8, the freshwater lens is visualisedn the imagesfor the cases B110,B111,
B120 and B121 This can be compared with figure Qwhere the freshwater lenses of the
cases C110, C111, C120, and C121 are presented.

Figure8 2D view of the final stage of each case with an elevation of 1.5 m for scenario B

Figure 8also showsthat the largest freshwater amount is faind for the caseswith small
hydraulic conductivities (B110 and B12(Q. These lenses reach a géh of around 25to
38 meters deep, when only looking at a cacentration of around 1 to 2 g TDS/L Whilst
for the caseswith large hydraulic conductivities (B111 and B12)) it will not exceed the
20 meters. The transition zone seems to be relatively larger for these casesdthe lens
developed more in width rather thanin length.
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