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ABSTRACT

Estimation of Impact of Artificial Groundwater Recharge in Small Islands

using a Numerical Modelling Approach

There are many small islands all over the world, which face scarcity of drinking water due to
low rainfall, high evaporation rate, absence of surface water and salinity in groundwater. Island
width, amount of recharge, pumping rates and aquifer properties are the governing factors of
freshwater lens volume. Only a certain percentage of rainfall will percolate naturally into the
ground and remaining rainwater will reach the sea without recharging the ground. In addition
to natural recharge, artificial recharge can be used to increase the freshwater lens volume. In
order to identify the effect of artificial recharge in the freshwater lens, the existing conditions
of the aquifer and the volume of groundwater should be identified. It can be identified by using
geophysical investigations, algebraic models or numerical models.

The objective of this study is to identify the impact of artificial recharge on aquifer condition
and groundwater table in small islands by using a numerical modelling approach.

Three islands in the Maldives, namely Dharavandhoo, Henbadhoo and Bodufolhadhoo, which
face scarcity of drinking water, were selected for this study. A two-dimensional numerical
model was developed by using SUTRA (Model for 2D or 3D Saturated-Unsaturated, Variable-
Density Ground-Water Flow With Solute or Energy Transport) with ModelMuse as graphical
user interface (GUI). The model simulates the seawater-freshwater interface by using the
following approach. Island undergoes a prolonged drought, which causes the water inside the
island to become fully saline due to saltwater intrusion. Later, rainwater recharge to the island
starts which drives out seawater, raise the water level on the island, and finally a constant
freshwater lens develops over time. In the present study, the freshwater level and seawater-
freshwater interface level in each island were measured by using electromagnetic surveys
(Model: ABEM Terrameter SAS 1000), and aquifer properties were obtained from the
literature and in-situ testing. Holocene aquifer hydraulic conductivity was calibrated until the
percentage difference between simulated freshwater lens volume and observed freshwater lens
volume is less than +10%. The impact of artificial recharge was identified by increasing the
recharge rate in the model by 5% and 10% of annual rainfall and simulating the previously
calibrated model, presuming that artificial recharge can be increased to facilitate an additional
recharge of 5-10% of annual rainfall.

Observed seawater-freshwater interfaces of the islands in most transects were in lens shape as
expected, but interfaces in certain transects have clear upconing effect at particular locations
due to over-pumping. The calibrated Holocene aquifer hydraulic conductivity values range
from 25 m/day to 45 m/day, which is in the same order of magnitude for atoll island Holocene
aquifer hydraulic conductivity values presented in previous studies. The analysis of the effect
of artificial recharge indicates that the freshwater lens thickness and volume significantly
increased with artificial recharge. With a 5% of annual rainfall as artificial recharge, the
freshwater lens thickness of Dharavandhoo, Henbadhoo and Bodufolhadhoo islands increased
from 5.2 mt0 6.9 m (33%), 2.6 mto 4.0 m (54%) and 1.5 m to 2.7 m (80%), respectively and
with a 10% annual rainfall as artificial recharge, it increased to 8 m (53%), 4.9 m (88%) and
3.4 m (127%), respectively.

Based on these results, it can be concluded that the model developed can be effectively used
in quantifying the effect of artificial recharge on groundwater volume and artificial recharge
will be a sustainable solution to overcome the scarcity of drinking water in small islands.

Keywords: Atolls, Freshwater lens, Maldives islands, SUTRA - Model Muse



TABLE OF CONTENTS

DECIAIALION ...ttt i
ACKNOWIBAGEMENT ... I
ADSTTACE ... ii
Table OF CONTENES. ..ot v
LISE OF FIQUIES. ...ttt vii
LISE OF TADIES ... X
N | 1€ (0o 11 1ol o] o PO PO O PR PP OUR PR 1
1.1 GBNEIAL ... 1
1.1.1  Definition of small islands ...........ccoccoiiiiiiiii 1
1.1.2  Coral @tOllS ..o 1
1.1.3  Scarcity of drinking water in small islands............c.cccooeiiiininiiicnnn, 2
1.1.4  Current measures in small islands to solve drinking water issues......... 3
1.1.5 Artificial groundwater recharge and fresh water management ............. 4
1.1.6  Brief introduction about the study area.............cccccceveeviveecieeesiieeene, 5

1.2 Problem StatemMeNt.........coviiiiiiicre e 8
1.3 Objective 0F the STUAY ......eeeiiieeiiic e 8
1.3.1  Main ODJECLIVE ... 8
1.3.2  SPeCifiC ODJECHIVES .....vvvieciiic e 8

1.4 OUtliNg OF THESIS ...c.viiiiiiieiiiee e 9

2 LIErature REVIEW......ccuiiiiiiieiiicieeie et 10
2.1 GENEIAL ... 10
2.2 Methods used in Modelling Freshwater Lens ..........cccccocvveeviieeiiinee e, 10
2.2.1  Geophysical INVeStIgatioNns............ccoveiiieeiiiee e, 10
2.2.2  Algebraic modelling ........coovviiiiieiiee e 11
2.2.3  Numerical modelling .........ccoveeiiiiiiie e 13



2.3 Studies Carried out in the Maldives ISIandsS..........ooouov e, 18

2.4 Knowledge on Artificial ReCharge ..........cccoooveiiiiiiiiiiiiccec e 21
2.5 RESEAICN GAP ... tiiieeieiii ittt 23
Materials and Methodology .........cocuveiiiiiiiiie e 24
3L GBNEIAL .. i s 24
3.2 STUAY ATBA....eeiiiieiiei ettt 24
3.3 Data Collection and Data Checking ..........ccccovvveiiiiiiiniiciieie e 25
3.4 Model Selection and DeVelOpMENT........cccviiiiiiiiiieiieeee e 26
3.4.1  Model deVEelOPMENT ......cvviiiieie e 27
3.5 CaliBration.......ocuoeiiie 30
3.6 Freshwater Lens Volume Calculation.............ccccooiiiiiiniiiiiinie e 31
RESUILS ... et e et e e et e e e nes 33
4.1 Data CheCKING .....oee i 33
4.2 Initial Parameter ASSIGNMENT .........coiiiieiiiee e e 33
4.3 SENSILIVILY ANAIYSIS ...oeeiiiieiiiie e e e ee e e e 34
4.4 Model CaliDratioNn.........ccveiiiiiiiieseese e 35
4.4.1  Model calibration for Dharavandhoo Island ..............ccccooeiiiiininnnnn, 36
4.4.2  Model calibration for Henbadhoo Island ...............ccccooeiiiiiiinnnns, 45
4.4.3  Model calibration for Bodufolhadhoo Island ...............cccceoiiinnnne, 48
4.5  Effect of Artificial ReCharge .........cooovveiiiiiie e 50
45.1 Effect of artificial recharge in Dharavandhoo Island .......................... 50
4.5.2  Effect of artificial recharge in Henbadhoo Island ..................c........... 52
4.5.3  Effect of artificial recharge in Bodufolhadhoo Island ........................ 54
DHSCUSSION ...ttt ettt ettt 56
5.1  Existing Freshwater Condition of the Islands ..............cccccceviiiiiiecinne, 56
5.2 SensSItiVItY ANAIYSIS ....oeveiiiiiiie e 57



5.3 MOel Calibration ... oot 59

5.4  Effect of Artificial ReCharge .........ooovveiiieiie e 61
6  Conclusions and ReCOMMENUALIONS ..........covieiiiiiiieiiiieiii e 64
6.1 CONCIUSIONS ....eveieeiiie ettt e st e e enraaeenes 64
6.2  RECOMMENUALIONS. ....ceiiiiieeiiie ettt e e seee e e e e 65
R E T 1=] LS RSTR 66
AAPPENTICES ...ttt ettt 77
Appendix A — Reference Maps of ISIands...........c.ccoociiiiiiinii 77
Appendix B — Freshwater Lens Volume Calculations............ccccooeviiiiiiiennnnne, 80

Vi



LIST OF FIGURES

Figure 1.1: Location of the Maldives iSlands .............cccoeiiieiiiiniic e 5
Figure 1.2: Hydrogeological characteristics of Maldives islands...............c.ccccevnee. 7
Figure 3.1: Location of  selected islands (original in colour)............cccccceniennene. 24

Figure 3.2: Model outline showing locations of no-flow boundary, specified pressure

boundary and recharge and puMPINg..........cccooveveeiieniieiieeee e 29
Figure 3.3: Model development flow chart.............cccooiiiiiii 30
Figure 3.4: Methodology flow Chart ..o, 32
Figure 4.1: Comparison of freshwater level measured from the electromagnetic

survey and dug WelS........ccooiiiiiiie e 33
Figure 4.2: Sensitivity analysis plot of hydraulic conductivity.............ccccccevienneene. 35
Figure 4.3: Sensitivity analysis plot of recharge rate.............cccooviieiiiiciie 35

Figure 4.4: Electromagnetic survey locations and the modelled cross-sections of

Dharavandhoo ISIand ............cccoiiiieiiiieic e 36
Figure 4.5: Legend of model output (Salinity concentration (Kgsait / KQwater))............ 37
Figure 4.6: Modelled freshwater lens of Dharavandhoo Island in Transect 2 ........... 37
Figure 4.7: Modelled freshwater lens of Dharavandhoo Island in Transect 3 ........... 38
Figure 4.8: Modelled freshwater lens of Dharavandhoo Island in Transect 4 ........... 38
Figure 4.9: Modelled freshwater lens of Dharavandhoo in Transect 5...................... 39
Figure 4.10: Modelled freshwater lens of Dharavandhoo Island in Transect 6. ........ 39

Figure 4.11: Comparison of observed and simulated seawater - freshwater interface
of Dharavandhoo Island in Transects 1(a), 2(b), 3(c), 4(d), 5(e) and 6(f)
(Original IN COIOUN).....vvieeiee et 40
Figure 4.12: Electromagnetic survey locations and modelled cross sections of
Henbadhoo 1S1and............ccooiiiiiiiie e 45
Figure 4.13: Comparison of observed and simulated seawater - freshwater interface
of Henbadhoo Island in Transects 1(a), 2(b), 3(c), 4(d) and 5(e)
(0riginal IN COIOUN).....c.vvieeiie e 47
Figure 4.14: Electromagnetic survey locations and modelled cross sections of
Bodufolhadhoo IS1and ............ccccvoiieiiieii e 48

vii


file:///F:/hanusha/Msc%20research/T/Final%20Thesis/Change%20accepted/Final%20Thesis_Rubyhanusha_198015X.docx%23_Toc43903066
file:///F:/hanusha/Msc%20research/T/Final%20Thesis/Change%20accepted/Final%20Thesis_Rubyhanusha_198015X.docx%23_Toc43903069

Figure 4.15: Comparison of observed and simulated seawater - freshwater interface
of Bodufolhadhoo Island in Transects 1(a), 2(b), 3(c) and 4(d) (original
N COLOUN ettt e 49
Figure 4.16: Change in seawater - freshwater interface with artificial recharge in
Dharavandhoo Island in Transects 1(a), 2(b), 3(c), 4(d), 5(e) & 6(f)
(0riginal iN COIOUN).....oiiiiiii e 51
Figure 4.17: Change in seawater - freshwater interface with artificial recharge in
Henbadhoo Island in Transects 1(a), 2(b), 3(c), 4(d) & 5(e) (original in
COIOUD) e 53
Figure 4.18: Change in seawater - freshwater interface with the artificial recharge in
Bodufolhadoo Island in Transects 1(a), 2(b), 3(c) & 4(d) (original in
COIOUD) e 55

Figure 5.1: Observed seawater - freshwater interface of Dharavandhoo Island in

TTANSECE 2 ..t e e e e st e e s a e 56
Figure 5.2: Observed seawater - freshwater interface of Henbadhoo Island in
TTANSECE 3 ..ottt 56
Figure 5.3: Observed seawater - freshwater interface of Henbadhoo Island in
TTANSECE 5. 56
Figure 5.4: Observed seawater - freshwater interface of Bodufolhadhoo Island in
TTANSECT 3 ...t s e 56

Figure 5.5: Sensitivity analysis plot of Holocene aquifer hydraulic conductivity .....57
Figure 5.6: Sensitivity analysis plot of Holocene aquifer hydraulic conductivity in a
previous study (Alsumai, 2018) ........cccoeeiiiieiiiie e 57
Figure 5.7: Comparison of modelled and calculated freshwater lens thickness ........ 58
Figure 5.8: Comparison of observed and simulated freshwater lens thickness of
Dharavandhoo Island in Transect 1(a), 2(b), 3(c), 4(d), 5(e) and 6(f)
(Original IN COIOUN) ....uviieiie e 60
Figure 5.9: Summary of variation of freshwater lens volume and thickness with the
artificial recharge in Dharavandhoo Island .............cccccoooeiiiiieiiec i, 62
Figure 5.10: Summary of variation of freshwater lens volume and thickness with the

artificial recharge in Henabdhoo Island............ccccccooiiiiiiin i, 62

viii



Figure 5.11: Summary of freshwater lens thickness and volume with the artificial

recharge in Bodufolhadhoo Island ...............cccooeiiini i,



LIST OF TABLES

Table 1.1: Aquifer properties of Maldives islands ............ccccovvveiii i, 7
Table 2.1: Summary of algebraic models used in freshwater lens modelling............ 13
Table 2.2: Summary of numerical models used in groundwater studies.................... 18
Table 2.3: Summary of studies carried out in Maldives islands.............ccccccccvevinnnns 20
Table 2.4: Summary of studies on artificial groundwater recharge ...........c.cccceevenee. 22
Table 3.1: Details of the selected iS1and ...........cccooveiiiiiiiii 25
Table 3.2: Details of geophysical investigation ...........ccccooveiiiie e 26
Table 3.3: Annual recharge and pumping rate of islands ...........ccccccovviiiieiiiiinnn, 30
Table 4.1: Initial aQUITEr PAraMETErS......cc.viiiieiii s 34
Table 4.2: Parameters assigned for the modelling of Dharavandhoo Island.............. 37

Table 4.3: Calculation of observed freshwater lens volume of Dharavandhoo Island

............................................................................................................... 41
Table 4.4: Calculation of simulated freshwater lens volume of Dharavandhoo Island

............................................................................................................... 43
Table 4.5: Summary of observed and simulated freshwater lens volume of

Dharavandhoo IS1and ... 44
Table 4.6: Parameters assigned for the modelling of Henbadhoo Island................... 46

Table 4.7: Summary of the observed and simulated freshwater volume of Henbadhoo

ISIANG ... 47
Table 4.8: Parameters assigned for the modelling of Bodufolhadhoo Island ............ 49
Table 4.9: Summary of observed and simulated freshwater lens volume of
Bodufolhadhoo ISIand ............cceeiiiiiiiiiii e 50
Table 4.10: Total recharge with the natural and artificial recharge of Dharavandhoo
ISIAN ... 50

Table 4.11: Comparison of observed and simulated maximum freshwater lens
thickness and freshwater lens volume of Dharavandhoo Island ............. 50
Table 4.12: Total recharge with the natural and artificial recharge of Henbadhoo
ISTAN ... 52
Table 4.13: Comparison of observed and simulated maximum freshwater lens

thickness and freshwater lens volume of Henbadhoo Island .................. 52



Table 4.14: Total recharge with the natural and artificial recharge of Bodufolhadhoo
ISIANG....eee s 54
Table 4.15: Comparison of observed and simulated maximum freshwater lens
thickness and freshwater lens volume of Bodufolhadhoo Island ............ 54
Table 5.1: Summary of observed and simulated freshwater lens thickness, volume
and calibrated Holocene aquifer hydraulic conductivity value of all three
ISIANAS. ..o 59
Table 5.2: Summary of freshwater lens thickness and volume of all islands with and
without artificial recharge ... 61

Xi



