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INTRODUCTION

The main emphasis of the Workshop had been on knowledge and understanding
of water resources occurrence and assessment leading to appropriate and
efficient development.

In the context of this workshop, small islands were defined as less than some
5000 sq km in area and in consequence generally unfavourable to the construc-
tion of surface water storage schemes of significant size. The larger main
islands of Indonesia, Papua New Guinea and Fiji were therefore excluded.

The geographical region of main consideration has been the South Pacific,
Micronesia and the Indian Ocean.

The Workshop was planned to have a primary training function and participants
were expected to have some involvement in water resources development in
small islands, whether as water engineers, hydrologists, hydrogeologists,
agriculturalists, public health engineers/inspectors, environmental scientists
or as managers of supply utilities. With such a wide range of background
skills anticipated amongst the participants it was decided that the programme
should concentrate on the understanding of source occurrence, notably ground-
water, and the broader problems and issues relating to resource assessment
and development. Since most of the Resource Personnel assembled for this
Workshop have close associations with the region, consideration of these
issues was able in most cases to be correlated with local case histories.

In addition to providing the technical review, the Workshop also planned to
provide advice and comment on current country programmes of work and to iden-
tify projects or studies which would have regional value. These latter are
contained in the Summary of the Discussions and Recommendations from the
Workshop that formed the first part of the report. This report forms part two
of the workshop and contains the technical proceedings of the main theme
programme.



HON. J.B. NAISARA, MINISTER FOR LANDS, ENERGY AND MINERAL
RESOURCES SPEECH AT THE OPENING OF WATER RESOURCES
WORKSHOP AT USP ON 2/7/84 AT 9 P.M.

Mr Chairman, Ladies and Gentlemen,

May I, on behalf of Government, extend to you all a most warm welcome. To
those of you - participants, observers and resource personnels - who are
visiting our shores for the first time, I trust that your stay will be
enjoyable and may this be the first of many visits.

I understand that this is a training workshop and the theme of the
workshop is 'Water Resources of Small Islands" with particular reference
to resource assessment and its appropriate and efficient development.

The fact that this is a training workshop seems to suggest some degree of
self-examination - to understand clearer what we have and where we are in
terms of personnel and resources and equally as important to appreciate
where we are going in relation to national policies and objectives. At
meetings such as this, it is usually an opportune time to discuss and
comment on the status and progress of regional or cooperative projects.
But there seems to be no such programme in the field of water resources in
operation in this region of the South Pacific. I am of course, not
familiar with water resources activities jin the Indjan Ocean Region. They
might have something to offer the Pacific Islanders during this workshop.

As far as Fiji 1is concerned, the provision and supply of water is a
continuous and recurring problem, almost a night-mare. Practically every
alternate year, Government had to spend a considerable amount cof its
Limited resources to supply emergency water-supplies to rural villages and
to many of its islands. A year ago, in 1983, this country experienced the
worst drought in recorded history and nearly $1.0 million had to be spent
on emergency water supply.

Although only a small proportion of this sum was spent for the smaller
islands, the costs per unit volume delivered, were very high. Costs of
$20.00 per cubic metre were not unknown for water barged to the outlying
islands, involving 2 or 3 days trip from the capital, Suva. Experiences
such as this should explain why we in this country are only too anxious to
have the water resources on the smaller islands of our group developed.

In recent months, my Government has had serious discussions on the
possibility of converting salt-water into drinkable-water. We realize, of
course, that the costs of desalination plants are prohibitive; but that
will not deter our efforts in this direction. When one understands that
the inhabitants of some of our smaller islands have over the years been
more or less subjected to the fate of the old mariner who longed: '"water,
water everywhere, but not a drop to drink" - one can then appreciate why
water resource assessment has to be addressed and tackled. But
fortunately for these people there are green coconuts around to drink
from.
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My Government has had an opportunity to study the various themes which you
will be discussing at this workshop. And I can say that the Fiji
Government considers them to be very important and relevant to our needs.
It is for that reason that the Fiji Government had no hesitation in
agreeing to host this training workshop. I can say, too, that when this
workshop was being proposed, it was being proposed at a time when all Fiji
Government hosted meetings were being subjected to detailed appraisal
before approval can be granted. The fact that it was approved and the
fact that I am able to stand before you today is an jndication of my
Government's support for the aims and objectives of this workshop.

Mr Chairman, I am also particularly impressed by the level of participants
attending this Workshop. I understand that among you, you have
hydrogeologists, hydrologists, water engineers, agriculturalists, health
inspectors and so on. Such a group has the experience and expertise to
tackle the task before this Workshop in a thorough and scientific manner.

We Look forward, therefore, to the recommendations of this workshop. Be
assured that when the views of this Workshop is made known, my Government
will give it the most serious consideration that it deserves.

Before concluding, may I take this opportunity to thank all those
Governments and Organisations who so willingly co-sponsor this tra1n1ng
Workshop:-

1 The Commonwealth Science Council

2) UNEP
3) UNESCO
4) SPC

5) ESCAP

6) The Overseas Development Administration of UK
7) The Australian Bureau of Mineral Resources

8) The NZ Department of Scientific and Industrial Research and
others that I may have been forgotten.

It is with their support and generosity that we have been able to meet

here in Fiji this week. I thank them all most sincerely on behalf of us
all.

It is my pleasure to declare this workshop on Water Resources of SmaLL
Islands officially open.



COMMONWEALTH_SCIENCE COUNCIL

OPENING SPEECH, WATER RESOURCES OF SMALL ISLANDS WORKSHOP

Given by Ms K Gass

Ladies and Gentlemen, on behalf of the Commonwealth Secretary General and the
Secretary of the Commonwealth Science Council, I would like to warmly welcome
you to this workshop, the first of the Council”s emphasis on water resources

of small islands.

I wish to thank the government of Fiji for hosting this workshop and the
Department of Mineral Resources, particularly Alf Simpson for its local
organisation, I would also like to thank our resource people, particularly
Dr Edmund Wright, for developing the programme for this workshop. Finally, I

wish to thank our sponsors and various interested parties.

The Commonwealth Science Council is an autonomous intergovernmental body
under the umbrella of the Commonwealth Secretariat. It”s basic purpoge is to
increase the indigenous capabilities of individual nations to use science &nd
technology for their economic, social and environmental development through
promoting collaboration among the member countries of the Commonwealth. In
the past, the Council has focussed its activities on technology tranmsfer with
limited success. Its emphasis has s@ifted since 1982 to the wuse of science
for technology for development. This shift in emphasis has meant an expanded
programme of scientific cooperation, which has been shaped by an Expert Group
of eminent scientists from both the more advanced and the less advanced
Commonwealth countries. This Expert Group is headed by Sir John Kendrew,
Nobel Laureate, and has drawn up plans for expanding scientific cooperation
in new areas of developmental significance, including high technology, over

the next 10 years.



Water resources is one area of importance in view of its limiting function

on agricultural production, industrialisation and population growth. The

Council has six programme areas.

1. Environmental Planning

2, Mineral Resources, under which the Water Resources project falls

3. Energy
4, Renewable Natural Resources
5. Industrial Support

6. Science Policy and Organisation

These programme areas are designed to provide a strategic programme focus

on integrated resource management.

The water resource project of the Council has been in existence for five

years, and workshops have been held in the Caribbean and

is the first activity in the South Pacific region.
becoming an essential source of water in many countries,
so on small islands. However, the apprdaches for
resources on these islands are necessarily different from

continental areas, due to physical size.

in Africa. This
Ground water is
and increasingly
developing watér

those for large



A much more integrated approach considering the relationship between
surface water, ground water and sea water 1is needed, in small island
situations. It is the problem of water development on small islands with
particular reference to resource assessment and appropriate efficient

development that will be the major focus of this workshop.

As a result of the Council”s shift in emphasis to the use of science for
technology for development, each project 1looks to the potential of
promoting and initating appropriate research and training opportunuties,
especially through regional co-operation, with the view to identifying
solutions to common problems, assessing on-going studies, and sharing
information and experience. We will therefore be investigating the need,
scope and feasability for a research and training network in the
appropriate aspects of water resources of Small Islands in this region. I
would be grateful if you would keep this in mind during the workshop, and
feel free to discuss any ideas or problems you have on this matter with

any of the resource people.

On that point I would like to convey once again the appreciation of the
CSC to the Department of Mineral Resources, the local organisers and the
Government of Fiji for hosting this important workshop, and wish all
participants a pleasant and fruitful stay in Fiji, and successful

deliberations over the forthcoming week .






PROCEEDINGS REVIEW

by E P Wright

This introductory paper is designed as a personal review by the Workshop
Technical Organiser. The Workshop Programme was planned to correspond with the
normal procedure for a water resource development project commencing with
considerations of geography, geology and hydrology, followed by water resource
assessment and finally planning and development.

The geographical region of main consideration is the South Pacific Ocean and |
Micronesia but extends also to the low latitude islands of the North Pacific and
Indian Ocean (Table 1).

There is justification for the distinction between large (>5000 sq. km) and
small (or smaller) islands. The large islands of the region coincidentally have
large populations, humid climates, more abundant and diverse water resources and
camonly (but not always) a higher level of development. They include
Indonesia, the Phillipines, Sri Lanka and Papua New Guinea.

The total population of the small island groups of the two regions is some three
and a half million people and the islands have a very widespread geographical
distribution. The economic level of the majority of the island countries is
fairly low and a desire to attain the life style imported by earlier colonial
powers has tended to impose a strain on basic resources.

The Theme I keynote presentation emphasised the problems of ‘smaller” islands
with areas generally less than 50-100 sq. km. The water resources are
constrained by a lack of potential storage, whether below or above ground level.
High rise islands are commonly composed of volcanic rocks with a high runoff
percentage and low groundwater storage. Smaller limestone islands are mainly of
low elevation with thin freshwater lenses overlying sea water within the
limestone aquifer. Rainfall occurrence, both total and seasonal will be
critical factors whether in relation to rainwater catchments or groundwater
recharge. The limitations of storage will most strongly affect islands with low
rainfall and a high incidence of drought which includes notably those islands in
the eastern Pacific (Figure 2 in Dale, Theme I). A second important factor in
many of the smaller, low lying islands is a high population which creates
problems both in terms of demand and in the management and protection of a
freshwater lens.

Small islands with dimensions up to 5000 sq. km include notably the Solamon
Islands, Hawaii, Vanuatu, New Caledonia and French Polynesia. Similar
hydrological constraints to those occurring in the smaller islands also exist
but to a lesser extent. Surface water storage schemes may be feasible, although
of small size. Groundwater occurs in volcanic rocks, coralline limestone and
alluvium. Populations tend to have a fairly widespread distribution and this
dispersion constitutes a major factor in the provision of supply.

Water use in the islands of the region is discussed in Theme I. In the smaller

islands, domestic supply is almost the only requirement other than the supply of
groundwater for phreatophytic trees and other plants (coconut palms, babai). In
the larger islands, a more varied use may existing including hydrcopower,



TABLE 1

Country Number of Islands Area Pooulation
sq. km.
I PACTIFIC REGION
American Samoa 6 197 31,500
Cook Islands 15 240 18,500 -
Fiji 2 large 18,272 601,000
320 total
French Polynesia 139 islands in 5 4,000 141,000
o main groups
Guam 1 549 90,000
Hawaii 8 main 16,638 887,000
Kiribati 33 719 56,452
Marshall Islands 34 171 29,670
Nauru 1 22 7,700
New Caledonia 1 large 19,103 138.000
+ 2 small groups
Nieu 1 258 3,578
Norfolk 1 35 1,698
Northern Marianas 16 471 15,970
Palau 1 400 14,800
Papua New Guinea Eastern half of 461,690 3,168,700
New Guinea + many
offshore islands
Pitcairn 1 main 5 64
Solamon Islands 6 main 29,785 196,823
Tokelau 3 10 1,565
Tonga 3 main groups 671 92,000
Tuvalu 9 26 9,000
Vanuatu 80 11,880 112,59¢
Western Sampa 2 main 2,934 13,463
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TABLE 1 (Cont'd)

Country Number of Islands Area Population
sq. km.

II  INDIAN OCEAN

Andaman,/Nicobar 550 8,293 188,254
Maldives 1200+ 298 149,000
Mauritius 1 1,860 936,000
Seychelles 100+ 444 65,000
Sri Lanka ' 1 65,610 14,640,000

IIT SOUTH EAST ASTA

Indonesia 5 main, many 1,900,000 143,000,000
offshore
Malaysia Continental; 336,700 13,463,000

some offshore

Phillipines 2 large + many 300,000 45,000,000
thousand others
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industrial use and irrigation. A significant -factor is the general importance
of tourism, which requires both a safe and a high per capita supply including
the provision for such exotic uses as swimming pools. Ensuring adequate
supplies for tourism can sametimes be a strain on water resources, particularly
on the smaller islands. Research is needed to reduce desalination costs and to
make more effective the utilisation of alternative energy sources.

Legislation was the subject of the third presentation in Theme I. Legislation
includes both written legislation and custamary law and ideally should provide
the essential controls required to ensure a fair and equitable distribution of a
basic natural resource and the maintenance of its quality and quantity.
Camplications exist due to the diverse ethnological background of the
populations, often within a single country, in addition to the influence of
alien laws deriving from earlier colonial constitutions. In the independent
small island countries, little formal legislation on water resources exists and
statements of policy are generalised and do not include a Water Code. Custamary
law typically provides full ownership of water resources to associated
landowners. With development, it is inevitable that conflicts will arise if
land access is to be obtained or adequate protection of water sources to be
ensured. There is an urgent need for the enactment of legislation which will be
effective and acceptable. There is a tradition by which people of this region
will sacrifice private ownership right for public benefits, preferably by
leasing arrangements. State ownership is not favoured and emphasis should
preferably be placed on natural user rights.

Theme II. The Formation of Islands.
The islands of the region may be divided into three main categories:-

(1) Continental islands which are a detached part of an adjacent land mass.
Examples are Sri Lanka and the Seychelles.

(ii) Island arc islands which occur on the continental side of deep trenches
and have same continental affinities. Associated volcanics are pre-
daminantly andesitic, hence the alternative classification of Andesite
Province. Examples are Indonesia-New Guinea, the Phillipines, the
Solomon Islands and Vanuatu.

(1ii) Islands of the Oceanic Province occur on the oceanic side of trenches or
subduction zones. Volcanic rocks are mostly basaltic (hence Basaltic
Province and associated with intraplate volcanism. Examples are the
Hawaiian islands and French Polynesia.

Some broad water resource correlations can be recognised. The volcanic
sequences of the island arc andesitic province have a predaninance of sukmarine
flows and ill-sorted pyroclastics, both of poor permeability and porosity. The
main aquifers are in limestones, notably raised reefs, or localised alluvial
sediments. Oceanic islands with older volcanic sequences and abundant
pyroclastic rocks also tend to have poor productivity in associated aquifers.
In contrast, young volcanic centres have a predaminance of lava flows which
contain highly permeable and porous aquifers, chiefly a consequence of the
abundant vesicular and fragmentary rocks in a multiple sequence of thin flows.
Oceanic islands are generally submergent and may ultimately form atolls. Atolls
are low lying limestone islands and water resources are effectively limited to
groundwater occurring in thin freshwater lenses.

12



The Keynote Speaker concentrated his discussion mainly on the oceanic islands.
Of the various theories of origin, he favoured one in which deformation of the
lithosphere occurs as a consequence of sea floor loading by volcanic piles. The
sequence which cammences as an initial emergence of a volcano above sea level is
followed by subsidence due to the loading of the lithosphere and is reflected in
adjacent areas by emergence of other islands due to a concammitant upward
bulging of the lithosphere. Although the general sequence of events fits the
broad hypothesis, there are islands, such as same in Hawaii, with anamalous
features. In addition to the effects of such tectonic/isostatic forces, there
have also been major eustatic changes in sea level consequent on the periodic
melting and freezing of polar ice caps.

The Keynote Speaker also reviewed the trend of age relations exhibited by rocks
of the Oceanic Province with results summarised below.

(1) Occurrence: Ridges - seamount - guyot - atoll - volcano
(ii) Average age: 89 48 37 17 5
millions of
years

Dates are mainly radiometric. Other methods include subsidence rates and
geamorphological expression (for relative ages). Subsidence data do not
generally give a good correlation with radicmetric dating.

There were four ancillary speakers in this Theme who provided discussions on
standard atolls, on a raised atoll (Nieu), on younger oceanic volcanic islands
(Hawaii) and on the geology of an island arc group (Lau-Fiji). The theory was
propounded that atolls may not have formed to any great extent until the very
recent stabilisation of sea level (i.e. within the last three thousand years).
The proposal does not accord with the age sequence outlined earlier, nor with
the raised atoll, Nieu, which is camposed mainly of Miocene limestones. Nieu
also lacks the indurated sediments of the reef plate which may perhaps
characterise the more modern atolls.

The value of an understanding of the geological controls must be stressed. In
addition to the broad correlation of resource characteristics with age and the
geochemical province, other regional controls which have caused elevation or
subsidence or changes in sea level have been of critical importance in
determining the hydrogeological characteristics of the limestone sequences
relating either to original lithofacies or to secondary features, cementation
and karstification.

Theme III. Island Hydrology and Hydrogeology.

Theme III was designed to provide the baseline hydrology and hydrogeology.
Inevitably, the quantitative understanding resulted in some overlap with Theme
IV, resource assessment.

The Keynote Speaker concentrated entirely on the situation of the smaller, low
limestone islands and the occurrence of the freshwater lens. From the very
comprehensive review which he presented, the principal conclusions are set out
below.

(1) Recharge: Best calculated by soil moisture balance unless the soil cover
is thin or absent. Factors which must be considered are set out below.

13



Runoff typically small to negligible but it can assume very significant
proportions (up to 90% in one instance) with intensive rainfall.
Sheet flow may occur which will be difficult to quantify.

Interception: 7.5% and 15% quoted for two case histories.

Instantaneous recharge: significant, 10% evaluated in one modelling
study.

Evapotranspiration: monthly data, minimum requirement; Penman method
recamended.

Root Constants and Maximum Soil Moisture Deficits: generally estimated.
Phreatophytic Discharge: may be a significant component of discharge.

(1i1) Freshwater lens Geametry and Response Characteristics: Influences
include ground layering and groundwater head fluctuations. ILatter can
relate to recharge, transmissivity, storage and tidal and barametric
effects. Overall response is essentially dynamic. Ground layering
affects lens geometry and response to stress (i.e. abstraction, etc).

The use of a range of empirical factors to be added throughout the recharge
calculations is daunting and disturbing and certainly provides encouragement to
seek alternative methods such as the chloride balance (described in Theme IV).
A cambination of geophysical survey and drilling is essential for lens
investigations, although if initial results indicate fairly uniform conditions,
a simplified model can also be considered as both a predictive and management
tool. :

The majority of the ancillary papers continued the emphasis on the smaller, low
limestone islands. In the discussion of hydrochemistry, the variability of the
chemical composition of rainfall and the major control of aerosols (wave
generated particles) were noted. An important factor brought out in the paper
on climatology is the marked orographic effect which can occur over quite small
islands, less than 100 sg. km, and moderate height. The one paper on
groundwater in atolls provided an important case history, extending and
developing the issues raised by the Keynote Speaker. Most notably, the effect
of lateral heterogeneity (the reef flat plate) on the shape and the response of
the lens is illustrated. The two main geophysical techniques most applicable to

the situation in low limestone islands are seismic refraction and electrical
resistivity.

The final paper discussed the ecology of islands and the relation of vegetation
to water. Apart fram the general correlations such as the occurrence of
phreatophytes above shallow water tables and the abundance and diversity of
plants which occur above the thickest part of the freshwater lens, the speaker
referred to other important controls on vegetation, notably the cyclonic winds
and the interference of man. This last point is significant both on low
limestone islands and on the larger more variably vegetated islands. The effect
on water resources is discussed of the replacement of forest by grassland.

Theme IV. Water Resources Assessment.
This Theme covers much the same topic as Theme III but with a greater emphasis

on techniques of measurement and results of case studies. Appropriate surface
hydrological measurement networks have been mainly evaluated for larger islands

14



with graphs of station densities occurring for the range 100-20,000+ sg. km. It
was suggested that for smaller islands, presumably less than 100 sq. km., four
rain gauges and one evaporation station might suffice and for low atolls, one
rain gauge and one evaporation station. In high volcanic islands with varied
topography, the number of gauges would need to be higher. It should be
remembered that these quide lines have been developed for analysis of total
rainfall. Since the geochemistry is also important, particularly for recharge
calculations, the controls to the variability of camposition needs also to be
taken into account in planning networks. Selection of station density should
preferably be based on experimental studies. For remote areas solid state
loggers attached to recording rain gauges are to be recamended. One paper
discusses tests being carried out on the Solamon Islands with this type of

equipment.

Surface runoff measurements may be required for safe yield estimates on surface
flows, for flood studies, to evaluate hydroelectric potential or in connection
with groundwater recharge. 1In the case histories presented at this Workshop
only the last named objective was under consideration. In low limestone
islands, runoff is generally considered unimportant except under very intensive
rainfall conditions where water logging and sheet flow may occur. Runoff
studies have been mainly undertaken on the larger volcanic islands, for water
balance or for base flow analysis.

Evapotranspiration is the largest element in the hydrological cycle after
precipitation. Corrected pan evaporation figures are more cammonly used than
Penman calculations which require extensive data.

One lecture was concerned wholly with modelling. Results of modelling studies
are also referred to in a few case histories. The models used have been of the
predictive type to assess probable response of the aquifer to stresses such as
pumping or variations in reharge. The potential of modelling is yet to be
realised and limitations of data are usually regarded as the main constraint to
construction. A better understanding of regional geological sequences may allow
more standardised models to be developed.

Calculated recharge rates vary from negligible to high proportions of total
rainfall as shown in the listed figures below.

I Volcanic

Island Occurrence Method Recharge as
Percentage of
Rainfall
Hawaiian Oceanic Soil water balance (1) Young volcanics
Islands Province 30-36%

(11) Old volcanics 16%

Babelthuap Oceanic Baseflow 6%
(01d volcanics)

Efate Island Arc Baseflow 27%

Norfolk Island Arc Soil water balance 25%

Chloride balance 18%

15



II Limestone

Peleliu Limestone - Well hydrographs 20%
Male Coral Limestone Flow net 41%
and sand
Guam Coral atoll (1) various methods 37-62%
(i1) Chloride balance 38%
Christmas Coral atoll Soil water balance 11-29%
Island and model {varying with degree
of cover of coconut
groves)

The older oceanic volcanic sequences in Hawaii and Babelthuap show low values of
recharge, 6 and 10% and this is generally attributed to weathering effects
resulting in high runoff. The fairly high values of recharge for the island arc
volcanics on Efate and Norfolk island are rather higher than might normally be
assumed for these rock types of the Andesite Province and may perhaps be
atypical.

In the limestone islands, the chloride balance tends to give lower values than
the soil water balance methods. In general, errors in the former method, other
than an overestimate of the rainfall chlorides, would tend to underestimate
recharge and a fair consistency of the two methods may be assumed. The
importance of the vegetational cover, notably coconut groves, should be noted.
Recharge can be increased by reducing the cover of this tree.

Theme V. Planning and Management

The Keynote Speaker reviewed the constraints and inadequacies which are
affecting planning and development in the region. These include institutional,
economic, geographical/logistical, policy and legislation, and hydrological. He
makes the important point that the Decade targets will be met, in many cases
sooner than 1990 but quality of service needs upgrading. Urban supplies are
generally adequate in the region but rural more variable.

The ancillary speakers covered a wide range of topics which included groundwater
development aspects in high oceanic islands (dyke aquifers) and in atolls
(galleries), rain water catchments, pollution, drilling and pump testing,
desalination and surface water measurement planning for small islands.

Three papers were concerned with rainfall data processing either generally or
more specifically in connection with planning storage capacity for rain water
catchments. For the latter, two methods of calculation are described in
detail.

Dyke aquifers had been referred to earlier in relation to Hawaii where high
level aquifers have been impounded by vertical dykes and are tapped by
horizontal drilling. The occurrence described in Theme V relate to ah
exploration drilling project in Tahiti. The results demonstrated that the
aquifer geometry was more related to heterogeneities in the lava pile, mainly
horizontal or shallow dipping, without apparent impoundments occurring in
consequence of vertical dykes (see Figure associated with Conclusions). The
aquifer head measurements were low and much less than the altitude of perched

16



springs which are supposed to represent the overflow of the dyke aquifers.
Since the dykes do not result in a significant build up in head and aquifers
constitute a stratified series with restricted interconnection, horizontal
boreholes will have an inflow restricted to the main layers which are
intersected and drilling angles and directions could prove critical factors.

Two papers were devoted to groundwater development in atolls and the discussion
of Christmas Island was particularly comprehensive on aspects of gallery design
and construction. It is important to note that even with very lengthy skimming
galleries, which must be adjudged the most effective way known at present to
abstract from fresh water lenses, only a relatively small proportion of recharge
is feasible to abstract. 1In the case of Kwajalein this amount is 16% of total
recharge and for Christmas Island between 10 and 13%.

Two papers were concerned with pollution in small island water resources.
Although a wide range of pollution occurrences have been identified overall
which includes contamination of rain water (in the atmosphere or from catchment
materials), contamination of other water sources including groundwater by
leakage of toxic fluids from airfields or military installations, of chemicals
used in the timber industry, canning and agriculture, and by damestic garbage
and sewage, it is concluded that the main threat to small island water resources
are the inappropriate use and handling of pesticides and inadequate sewage
disposal. Monitoring of water supplies is given an obvious priority although it
must be pointed out that in the case of the agrochemicals this is rather easier
said than done, since there is no straightforward indicator equivalent to
coliform bacteria for sewage. An emphasis is recammended on restrictians in use
of dangerous chemicals which if and when used should be costed to include the
expense of appropriate monitoring. Legislation is particularly critical to
ensure protection of such highly vulnerable aquifers as fissured limestone or
highly permeable volcanics.

The final and most important topic to be referred to in Theme V is desalination
which must also include alternatives to water supply other than from localised
developments of groundwater and surface water. Desalination has an obvious
attraction for islands with water resource problems and a particular potential
for low limestone islands with a dense population and a fresh water lens at risk
due to overabstraction, high drought incidence or excessive vulnerability to
sewage (or other pollution). The main constraint to desalination is cost. Of
the various methods, the cheapest would appear to be reverse osmosis and this is
the method discussed in three of the papers of this Theme.

Various figures of cost, either capital cost of plant, or overall cost of
production are set out below as a basis for camwparison. Australian and Tonga
dollars (palanga) are currently equivalent at 1.5135 to the pound sterling, the
Fiji dollar is 1.2814 and the US dollar 1.07. Some data has also been provided
fram outside sources, notably for Anguilla in a published document and fram the
Dupont Company. Gallons are assumed to be imperial gallons unless stated
otherwise.

Christmas Island. Production requirement: 11,000 gpd (50 m3/d)

Method of Production Cost per m3 (Australian $)
Gallery: 3.72
Desalination (conventional reverse osmosis): 6.41

Solar still: 4,27
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Rainwater collection: . 20.00 (in excess of)
Importation (tug/barge): 9.31

Note: The above costs include capital, operating, maintenance and replacement
costs with a discount rate of 10 per cent.

Fiji Offshore Islands.

Method of Production Cost in Fiji Dollars

Importation (barge): 6.00

Desalination (R/0O): 20.00-40.00 (estimated)

Capital cost of small plant: 4-6 FS$S per litre per day capacity
Tonga.

Estimated cost of 50,000 gpd plant (230 m3/d): 60,000 Tonga Dollars equivalent
to 0.26 T$ per litre per day of capacity. :

Anguilla.*
Brackish R.0. Plant: 20,000 = 75 m3
Estimated production costs (presumed total costs): . US$ 5.80 per m3

The estimated costs of R/O production at Christmas Island and Anguilla are
fairly comparable for similar size plants. The estimated rate for Fiji is much
higher and appears excessive. The total estimated cost for production at Tonga
is not quoted but would seem likely to be appreciably lower than for Christmas
Island, perhaps as little as TS 1 per m3.

Three tables from the Permasep? Engineering Manual have been reproduced below.
It must be emphasised that actual costs will vary significantly for different
locations depending most notably on the size of the plant and the energy costs.
Commercial R/O for intermediate size plants (50,000-~100,000 US gpd; 190-380 m?
/d) are generally quoted at USS 5-10 gpd of capacity for sea water treatment
(USS$1.3-2.6 per litre per day of capacity) which is significantly more than the
estimated rate for Tonga. On the assumption of 10 US$ per gpd, the smallest
plant in Table IX for a production of 36 m3/d would include US$ 3.36 per m3
amortisation of capital to be added to the USS 1 per m3 of production giving a
total figure of cost of same USS 4.36 per m3. This is rather less than the cost
quoted for Christmas Island and could relate to variance of energy costs. For
larger plants and with brackish water use, costs drop appreciably (Table II from
Permasep Engineering Manual, Bulletin 307) corresponding with lower energy costs
and a relatively lower amortisation. These results demonstrate the potential of
R/O desalination for the small limestone islands with dense populations, such as
Male or Tonga.

Goodwin, R S Water Resources Development in Small Islands, Perspectives and
Needs. Am. Soc. of Civ. Eng. Nat. Speciality Conference on Water Supoly -
Florida, 14-16th March 1983.

t* Reg. U.S. Pat. & Tm. Off. for Du Pont's Permeators (Du Pont Company) .
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TABLE II
BRACKISH RO SYSTEM
TOTAL WATER COST
18,900 m /d (5 million GPD)

Cost of Product
S/m (S/1,000 gallons)

Energy 1.57 kith/m (S0.06/kWh) 0.09 (0.36)
Chemical Cost 0.02 (0.09)
Labor Cost 0.03 (0.12)
Maintenance and Repair 0.01 (0.05)
Membrane Replacements 0.03 (0.10)
Amortization 0.13 (0.48)
Total Water Cost 0.31 (1.20)
TABLE XT
SEAWATER RO SYSTEM
TOTAL WATER COST SUMMARY
3,785 m /d (1.0 million GPD)
Cost - $/m
($/1,000 gallons)
Energy (6.4 kiWh/m ) ($0.06/kWh) $ .38 $(1.45)
Chemical Cost .01 (.05)
Labor Cost .18 (.70)
Maintenance and Repair .05 (.20)
Membrane Replacement .19 (.71)
Amortization .41 (1.55)
TOTAL $1.22 $4.66
TABLE IX
PERMASEP* PERMEATOR SEAWATER RO SYSTEMS
ACTUAL OPERATING COSTS FOR FOUR PLANTS
Ras Al Cowpet Bay
Mishab Condominium Key West Cadate
43,000 33,000 38,000 38,000
;gf 284 m%/d 36 m¥d 11,355 m¥d 3,785 m*/d
Ener 113 2.50 2.03 0.423
d {2¢/kWh) (10¢/kWh) (8¢’kWh) (4¢1/|;\:lh)
Chemicals 15 ;(5’ -(18 g.oss
Filter .50 29 — 0072
Other o 14 39 0.132
Labor -22 * 2 '03. 0‘0 P
Membrane Replacement 62 ___ 8 : :
Operating Cost $/1,000 gallons of product 2.65 3.81 2.53 0.856
*Minima! replacements for 1st two years. (/m3) (0.70) (1.00) (0.67) (0.22)

**No replacements for 1st two years.
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Conclusions.

The Workshop Proceedings have extended over a wide range of issues concerning
the water resources of small islands. The aspect which has been given most
prominence relates to the fresh water lens which occurs on low limestone
islands. There has been a very thorough review given of fresh water lens
systems in relation to geology, recharge, vulnerability to pollution and methods
of development. Evidence put forward would favour groundwater as the most
cost-effective supply source but for the more densely populated smaller islands,
such as atolls, it is possible that R-O desalination could be campetitive even
now and probably more so in the future. Energy costs are a critical factor and
cost effectiveness would improve if cheaper, renewable energy resources can be

developed.

Of the other two main types of island - continental and island arc - there has
been little emphasis and the omission is perhaps most significant in the latter
case since they include such important groups as the Solomon Islands and
Vanuatu. Although commonly falling into the defined category of small islands
(<5000 sq. km), many are of significant size and in consequence surface water,
either run of river flow, or springs, constitute important supply sources. For
planning purposes, it is necessary to make camparisons on the potential and cost
effectiveness of development of both ground and surface water. The
circumstances in Vanuatu will be described below as an example of the issues
involved and because the writer has some first-hand knowledge of the country*.

The rural population of Vanuatu is same ninety one thousand out of a total of
one hundred and eleven thousand and is dispersed widely throughout the island
archipelago (total area of 14,800 sq. km) although often concentrated along
coast lines. The recent census showed that 29,939 live in localities with less
than 50 people and 77,743 (the majority) in localities with less than 200
people. A summary of water service data is shown below.

Summary of Water Service Data for the Rural Population of Vanuatu to end 1983.

Percentage

Rural Population 93,745 . 100
Water service projects com@leted 39,572 42
(by population)
Water service projects in progress 10,948 12
(by population)
Residual population without basic 143,528 _46
supply

100

* Wright, E P 1984. Water Resources in Vanuatu (unpublished BGS Report
WD/0S/84/5) .
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Projects completed or in progress Population Percentage of Population

in relation to water source with service
(1) Spring sources 15,674 37
(ii) River sources 9,079 21
(iii) Rainfall catchment 8,159 19
(iv) Wells/boreholes (locally 9,753 23
canbined with rainfall
catchments 42,655* 100

*includes same surveyed

These results demonstrate that same 46% of the total rural population do not
have access to a basic service. They also demonstrate that of the existing
supply sources, spring and river flow account for 58% of the total to date.
There is a general preference for a piped distribution system fram a spring or
remote river source mainly because of the assumed safe quality and the lack of
maintenance requirements. However in the context of plamning for future
development, two main factors need to be taken into account, cost and timing.
For standard gravity feed systems, the costs can be demonstrated to be about
7118 Vatu per capita (110 Vt - £1) made up of 4500 Vt for materials and 2618 Vt
for labour, supervision and transport. In rural water supply budget terms these
costs are fairly high and reflect the significant duration of project
construction. Costs are likely to remain at an equivalent level in the future
or to increase because sources are dispersed and the larger sources for bigger
population centres have been generally utilised already. Reservoir storage
schemes have been discounted because of the high costs associated with such
schemes and their unsuitability for dispersed populations.

The lengthy duration of construction of typical rural water schemes has been
referred to and the current annual progress of service cover is between three
and five thousand of population service annually. In the context of a residual
population of over 43,000, there is clearly little hope of attaining Decade
targets as set out in the National Development Plan without very large increases
in project inputs, staff and materials or the use of mare effective (time as
well as cost) methodology. This might be obtained by integrated projects in
areas of greater demand (two islands have a residual population without cover of
22,000) in which all supply options can be given appropriate consideration and
which will allow a more concentrated and effective deployment of professional
and technical expertise. The increasing utilisation of groundwater could prove
very advantageous in both overall time and cost terms in camparison with
development of remote surface sources of supply, even taking into account
increased maintenance requirement and pumping costs. Precise oosting for
groundwater development for camparative purposes is not readily available, nor
can the standard costs of a dispersed drilling programme using slow and
cumbersome cable tool rigs be utilised to make a fair camparison. However, it
ocould be anticipated that a figure of 2000 to 3000 Vt per capita would be a
reasonable estimate and would still represent an overall lower? total cost.
Groundwater development would require greater expertise in relation to siting,
avoidance of pollution etc. The more effective use of professional manpower
within integrated projects should ensure such an input.

+ Taking account of all factors for either type of development including
amortization of capital outlay.

21



Acknowledgements.

The assembling of such numbers of speakers with a wealth of first-~hand
experience of the region is not likely to occur again for some time. I should
like to take this opportunity to express my appreciation to them all for their
contribution to the success of the Workshopand for their generosity in giving
their time throughout the days and during most evenings. This paper is

published with the permission of the Director of the British Geological Survey
(NERC) .

22



THEME 1

br R E Dijon

General Review of Water Resources Development in
the Region with Emphasis on Small Islands

Mr W R Dale

Water Utilisation in the Pacific Islands

Dr E P Wright
Water Law

GENERAL REVIEW

23

Page
25

45

55






THEME I

General Review of Water Resources Development
in the Region with Emphasis on Small Islands

Background paper prepared by:

Dr. R.E, Dijon *
Interregional Adviser (Water Resources)
Natural Resources and Energy Division
Water Resources Branch
Department of Technical Co-operation for Development
United ¥ations
Nev York

® The opinions expressed herein are those of the author and 4o not
necessarily reflect the views of the United Nations

25



1. INTRODUCTION

The Pacific Ocean contains more than 30,000 islands. Most of these are
located south of the Equator. Oceania is the generic name given by many geo-
graphers to most of the islands. Three mein groupings are recognized accord-
ing to geographical and ethnographical criteria, that is, Polynesia in the
Central Pacific, Micronesia in the Western Pacific, North of the Equator, and
Melanesia, South of Micronesia, mostly south of the Equator.

This paper deals vwith water resources aspects and problems in smaller
inhabited islands of the Pacific. The boundaries of the area covered are: to
the north, the southern maritime boundaries of Japan and its possessions, and
of Hawaii (USA); to the west, the Philippines and Australia; to the south,
New Zealand. ’ '

An inventory of the smaller inhabited islands of the area is presented in
Table 1 (attached). "Smaller" should be understood as follows:

- area! generally less than 50 km?; 100 km2 at most;

- width: not exceeding 3 km (exceptionally 5 to T km).

These features imply that a smaller island contains a small and thin
fresh ground vater body surrounded by salt water,

This workshop, sponsored bty the Commonwealth Science Council, follows a
similayr wvorkshop wvhich was held in co-operation with the United Nations on
6~11 October 1980 in Bridgetown (Barbados). Caribbean end Pacific islands
present many similarities in terms of their dimensione and geological conditionms,
in that the majority are volecsnic and low-rise limestone islands; their trop-
ical oceanic-type climates, their latitude (10° to 27°N. for the Caribdean;
10° to 27°S for most of the Southern Pacific islands); and their vulnerability
to tropical storms. Hovever, there are considerable differences in terms of
the ethnographic and cultural background of the populations, and also in the
dimensions of the area. The Caribbean islends are mostly distriduted along e
relatively narrow arc which extends over 2,000 miles from the Bahamas to
Trinided. The Pacific islands are scattered over an immense area some 6,000
miles long from Paleu in the N.W. to Pitcairn Island in the S.E., and 3,000
miles wide from Vanuatu in the S.W. to Honolulu in the N.E. A distinct feature
of the Pacific area is the atoll-type island which is not encountered in the
Caribbean,

%8 far as wvater resources are concerned, both areas have much in common in
terms of occurrence of rainfall and ground water, although rainfall is in most
cases more abundant in the Pacific. In both aress, extensive development of
scarce water resources is required to serve the needs of densely populated
areas and tourist facilities. The problems encountered, including salt water
intrusion and overdraft, are similar, as are the tyves of technologies utilized
for assessing the water resources potential and for developing the resources.
It, therefore, would appear most useful to promote an exchange of information
between water specialists of the two areas starting with the reports of the
two workshop sessions.

2. GENERAL
While a variety of climates can be encountered in the vast Pacific area,

the range of temperatures betwveen the tropics of Cancer (Hawaii) and Capricorn
(New Caledonia, Tonga) is narrov. It never gets yeally cold at sea level as
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the sun stays mainly overhead during most of the day; nor very hot, as cooling
vinde blov from the sea. In most inhabited islands average temperatures range
from 22° to 26° C.

Winds are generally uniform in the trade wind belts. In Polynesisa,
hurricanes (called typhoons) are frequent. Yearly rainfall values are mostly
in the renge of 2 to 3 metres. In high-rise islands rainfall values vary
sharply according to elevation., For example, on Ponape at an altitude of T00
to 800 m, yearly rainfall values may exceed 10 metres. Sharp contrasts can
als0 be observed between windward and leevard exposures (for example, windward
sides may receive 1 m compared to L-5 m rainfell on leevard sides per year).
In most areas humidity averages 60 to 80 per cent.

In terms of geologic origin and features the Pacific islands are quite
distinct from the continents bordering the Pacific Ocean, including Australia.
The islands of Polynesia correspond to the tops of volcanic mountains which
rise steeply from the floor of the Pacific Ocean up to 5,000 metres and more.
Some of these summits have been eroded by the movement of the sea close to sea
level and have been cepped by limestone reefs built by marine living organ-
isms. These reefs have developed under water at shallov depth. Debris have
accurulated over the surface forming low sandy islands.

The atolls are formed of a narrov (a few hundred metres at most) and
interrupted strip of reef enclosing a shallow lagoon. Atolle are generally
only a few metres above see level, their shape varying videly from sub-cire-
ular to sub-triangular; their dimensions can be considerable, up to 120 km in
length (Kwajalein). In some cases atolls have been raised up by earth forces
80 a8 to constitute massive islands. The raised lagoon has emptied and con-
stitutes a topographic depression in the centre of the island. The largest
raised atoll is oval-shaped Niue Island (15 x 20 km). Its central plateau
is about 30 metres above sea level.

High-rise islands have occurred vhen volcanic extrusions have risen high
above sea surface. The highest volcanic peak in the Pacific Islands is Msune
Kea in Hawaii (4,200 metres above sea level). In general, on high-rise
islands the volcanic core, which may be active, is surrounded by a coralline
platform (Rarotonga, Cook Islands), the island itself being surrounded by a
lagoon and an atoll reef (Truk, Bora-Bora).

Pacific islands are mostly distributed along volcanic chains; that is the
case of the Hawvaiian Islands, the Society Islands and Samoa.

The atolls of the Pacific are densely populated. For example, on the
three atolls of Tokelau the populetion is about 3,000 over & land mese of
about 10 square kilometres. In high-rise islands the population is concen
trated in the narrov coastal platforms. ’

Coconut trees are among the most valuable resources. Coconut juice is
varticularly importent as it is the only drinking supply aveilable when pro-
longed droughts occur. Copra made of dry coconut meat has traditionally been
the main export of the islands. Other tree-grown staple foods are breadfruit,
bananas, papaya, mango, pineapples and oranges. Small gardens have been dev-
eloped close to dwellinge. In atolls these gardens are developed in shallow
pits dug into the coralline sand down to a few centimetres belov the fresh
vater level. leaves, vegetable debris and manure are deposited into the pit,
allowed to rot and a fertile thin and wvet soil is therefore constituted in
vhich taro or "elephant ear", a potato-like root making starch food, is growm.
Other gerden crops include mainly sweet potatoes, and diverse vegetables. In
major islands rice and sugar cane are grown. Small pigs amd chickens, fed
meinly with food scraps, and goats in high-rise islands, provide the only
local meat availeble. Islanders are expert fishermen. Phosphate deposits are
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exploited on some islands (Nauru, Kiribati). They represent practically the
only mineral resource of smaller islands.

A local subsistence economy still exists in islande which are not easily
accessible, that is, vhich do not have an airport or an airstrip. A trend
tovards the depopulation of the smallest islands or islets, which inciude a
few hundreds or a fev scores of inhabitants, can be observed while the main
centres, capitals with services, shops, airport and other facilities, are grow-
ing and eventually may absorb the entire population of an island or a cluster
of islands.

There is also a growing emigration of active manpower towards industrial-
ized countries: Australia, Nev Zealand, USA (vie American Samoa, Hawaii),
Prance and the United Kingdom,

" Rapidly growing urbanized areas such as Colonia in Ponape and Bonriki in
Tarawa (Kiribati) have created social problems. Tourism is one of the main
sources of income for the Pacific island countries. The presence of several
military installations, some being of major importance, especially in Micro-
nesia, has also a major impact on the economy, the environment and society.

3. WATER KEEDS

VWater is one of the major natural resources of the islands, which are poor
in productive soils, minerals and energy. Vater demand has been rising repid-
ly as a result of: concentrations of population in a small number of crowvded
areas, such as on the islet of Ebeye in the Marshalls, which has a population
of atout 5,000 and is only 1,700 m long and 150 m wide (a population density
of 2000/kmé); the presence of military installations; the development of
luxury hotels; and rising living standards of the population.

In the traditional way of life, water is needed for:
- Drinking: generally rain vater, collected from roofs, is needed, together
vith ground vater, if not too brackish. If these two sources are not

available, coconut juice is used;

- Cooking: brackish well wvater can be used and also poor quality surface
vater; ‘

- Bathing, cleaning utensils, washing: if no better resources availatle,
gsea vater can be used for such purposes;

- Agriculture: irrigation is not commonly developed; however, surface run-
off is in some cases diverted to the pits under cultivation. Water is
also needed to sustein the tree (coconut, breadfruit, etc.) and bush
vegetation. It has been observed in atolls that if a severe drought
occurs, ground water reserves are depleted by evaporation, which is not
compensated by infiltration. As a result, saline water intrudes inland
from the coastline into the cultivated pits, destroying the crops. The
trees also suffer: leaves turn yellowish and crops are damaged. An
excessive draft on ground water resources by means of drainage or pump-
ing 80 as to substantially increase the availability of domestic water
would have similar effects leading to the destruction of the very food
base;

- Drinking vater for animals (mainly pigs): <the povulation shows an ances-
tral tendency to use large quantities of water when available without
restraint; this carefree attitude to "enjoy the day" results from the
uncertainties of tomorrov and the permanent threat of hurricane
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disaster, compensated by a greet resilience in tires of need. For exemple, in
Papeete (French Polynesia) water consumption, or waste, was recently estimated
to be in the range of 1.5 m3/capita/day. Moreover, it has been reported that,
in another country, taps of standposts (fed by pumped ground water) sre kert
open by the people, who fear that water will not come rack if taps are shut
off. On the other hand, in some atolls, during prolonged droughts, the popule-
tion live on coconut juice for drinking and 2 litres of brackish well water
per day per person.

In small towns end villages where weter suprly syvstems have teen develop-
ed, water consumption cen be estimeted at 20 to LO litres/dey; water consump=-
tion in hotels and militarv installations may be estimated at 10C to 200 1/day.

The concept of water demand in such areas is ouite vague and extremely
flexible. In Micronesia many dwellings get their supply from 50 gallon drums
vhich receive rain water collected by roof catchments, and most, if not all of
the water thus collected is used for bathing. This alrost unlimited demand ie
matched by an erratic and limited water availability.

4. WATER RESOURCES

Five socurces of water are aveilable:

Rain water is the main resource. Its distritution in space varies wide-
ly. Total yearly rainfall can be as low as 700 mm and as high as 10 m and
rore in the high spots of Ponape. In most areas rainfall is in the range of
2 10 3 m per year and is sufficient to sustain vegetation, as well as to re-
charge the fresh ground water bodies, and to meet the needs of households and
public services.

Generally, 200 to 250 rainy dsys may be observed per year, especially in
Vanuatu and parts of Micronesia. Most of the rainfall occurs during a rainy
season which can be as short as 3 monthe or as long as 7-8 months. In most
southern Pacific islands, the rainv season ends in March/April, while it can
start as early as October or as late as December. On the other hand, in
Micronesia, north of the Equator, January to April are the driest months and
July to November the wettest months. Sore rain occurs during the so-called
"dry season”. Water supply conditions become dramatic in smaller islands if
no significant rains occur during periods of 2 months and more,

Surface water. Runoff occurs only in high-rise volcanic islands if the
volcanic rocks are not too porous; if that is the case, most runoff waters are
lost to the sea. In general, topographic conditions are not favoureble for
storing water tehind dams in sizeable quantities., The occurrence of ponds at
the foot of volcanic massifs is common in Micronesia. Taro pits are developed
in such areas. Under exceptionally favourable circumstances of rainfall and
topography mini-hydropower development is feasible (in Ponape).

Springs, In high-rise islands springs occur either as outlets from
volcanic rocks or as seepage from alluvium fills. That is the case particular-
ly in several Micronesian #slands.

Ground water is one of the major resources. A United Nations publication
ertitled Ground Water in the Pacific Region (Natural Resources Water Series No,
12) was issued in 1983, and provides an overlook of water resources availabil-
ity in Pacific island countries. In most of the islands a fresh water lens
occurs. In atolls the fresh water layer is quite thin (in many cases it does
not exceed 1 metre); the wvater resource is not significant in terms of
extraction for huran consumption if the width of the island is less than 1/2
mile. However, it is sufficient to sustain the wvegetation, end especially
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coconut groves, even if the island is narrow. In times of drought the fresh
vater lens evaporates to a certain extent, ground water selinity increases
and the vegetation suffers.

In smeller volcanic islands ground water resources are not well known as
a result of their 4ifficult accessibility et depth. Seepages of fresh water
can be odbserved at the contact between the volecanic core and the surrounding
coralline platform.

Degsalinated water. Desalinated plants, due to their high capital apd
operation costs, have been installed on some smaller islands meinly, if not
exclugively to serve the needs of military or tourist installations. The
possibility of utilizing solar energy to desalinate brackish water has been
considered.

5. WATER RESOURCES INVESTICATION AND ASSESSMENT

A certain amount of information is availadble on rainfall in the Pacific
Region, but this information is far from being sufficient. The reasons are
that: the rainfall is quite erratic in space and in time; only a fev smaller
islands have rain gauges, which are operated by unskilled persomnel; and the
rainfall datea collected on large islands cannot necessarily be extrapolated
to the smaller ones as the dimensions and morphology of the land mass and its
exposure to vinds are paramount factors in the distribution of rainfell.

It seems also that the availadle date have not been fully anslyzed so as
to determine the likely frequency and length of drought periods, a fundamental
element in the knovledge of water resources in the region, including ground
water,

Ground wvater resources have been studied in a very sophisticated manner
in a number of atolls and limestone islands for community water supply or for
military purposes. This has been the case in particular in the Marshalls,
Cook Iglends, Tuamotou, Tonga, Kiribati, Niue and Tuvalu. These investiga-
tions have included: water balance studies, delineation of the fresh water/
salt water interface, by means of geophysical investigation; pumping tests.
interpretation and modelling. They have shown the complexity of the inter-
relationships existing between fresh water bodies and their brackish or saline
environment. They have also shown certain complexities in the lithology of
atoll aquifers (massive coral, coral debris and sands).

The hydrogeology of volcanic islands has been studied mainly on major
islands especielly in Fiji, Yap, Society Islands, Vanuatu, and in lesser
islands of political importance such as Moen Island in Tru¥k. However, the
investigations, mostly local in character, have indicated great variations in
geological features, especially as regards the lithology. It is therefore
difficult to draw conclusions which would validly apply to smaller islands,
since the size of the land mass considerably affects hydrogeological conditions.

Most of the ground water investigations in the Pacific have been carried
out in isolation, by & variety of firms and orgenizations from several
industrialized countries, mainly the United States, the United Xingdom,
Australia, New Zealand and France. A listing of projects carried out within
the framework of the United Nations system is provided in Annex II.

The publication, Ground Water in the Pacific Region, contains listings of
gelected references. It would be extremely useful to establish a complete
analytical bibliography of all the material dealing with water resources in
Pacific islands, A similar work has been carried out in the Caritbean region
by & United Nations expert.
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6. DEVELOFMERT AND CONSERVATION

In small islands, and especially in atolls, most of the domestic and
community water supplies originate from rainfall collection, mainly by means
of roof catchments., A variety of technological, traditional and modern, are
involved. Storage devices are extremely diverse; households utilize 50~
gallon drums vhen available. Water is also stored in excavations, in ferro-
cement, asbestos or aluminum tanks. A survey of the various technologies in
use or usable in the area, including an evaluation of their effectiveness,
operational and maintenance problems and costs, would be extremely helpful,

Large roofs such as church roofs are among the best and most economical
collecting surfaces; also to be mentioned are airport runways if asphalted
(Majuro), and asphalted land catchments. One of the problems is the con-
servation of the quality of water. Simple filtering devices using local
materials have been developed and tested as pilot projects: in several cases
results have proved deceptive as the installations were not maintained, aban-
doned or worse, vandalized.

In volceanic high-rise islands small storage and diversion dams have been
built. Ponape has perennial streams, which is exceptional for islands of such
modest dimensions. 6prings in most cases are private property. One of the
problems is the protection of the catchments against the intrusion of people
and animals.

Ground vater is developed mostly by means of shallov dug and drilled wells
which tap the fresh water lens in its upper part. In most cases the yields
have to be kept lowv 80 as to leave the fresh/brackish water lens as undisturb-
ed as possidle,

Ground vater is also developed for agricultural purposes by means of the
taro pits already mentioned in section 2 above.

In atolls ground water is particularly vulnerable to pollution. In order
to conserve its quelity, various measures have been taken such as: construc-
tion of "banjo" toilets along the shores, above the sea; restrictions on the
circulation of pigs by keeping them behind enclosures, or tied to trees; dis-
posal of refuse as far as possidle from the wells,

The use of detergents, fertilizers and pesticides pose a real threat to
the scarce wvater resources, especially in atolls.

T. POLICIES, INSTITUTIONAL ASPECTS, LEGISLATION

Two cases are to be considered. The first is the case of major islands
wvith an eirport, or a major airstrip or a political capital with government
buildings, for example Moen (Truk State), Funafuti (Tuvalu), Majuro (Marshalls),
Rarotonga (Cook Islands) and Tarawa (Kiribdati). In such islands some kind of
central water supply system does exist under the managerment of a water
authority or a governrmental technical service.

In less developed islands most water supply installations are individual,
it being understood that each house with {ts own well or rain water collector
may be occupied by several families; in addition, there are some community
wells and storsge reservoirs,

The World Health Crganization has contributed to developing an awvareness
of the importance of the protection of water resources ageinst contamination,
especially in Tonga, by providing support to water boards or water authority-
type organizations.
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Beceuse of the abundance of rain, water supply and sanitatior have
received little atterntion from government planrers on smaller islands vhere
human comrunities live in isolated end deeply-rooted traditional ways of life
oriented towards day-to-day survival, and also lack resources. This is the
case in most of the sraller islands, except those which have a major politi-
cal, econoric or strategic importance. There are, however, seversal fields in
vhich the International Drinking Water Surply and Sanitation Decade's acti-
vities could most usefully develop, such as in:

- the creation of water storage facilities to amlleviate water shortages
during periods of drought;

- the enactment of proper rules, regulations and concrete measures includ-
ing public education to prevent the contamination of water resources,
especially ground weter, by orgenic or chemical (fertilizers, pesticides,
detergents) contamination;

- the organization of systems to provide water supplies during emergency

periods as part of an overall contingency plan for natural disaster
mitigation, especially as regards typhoons.

8. S0CIO-ECONOMIC ASPECTS

Several countries, especially in Micronesia, are now contemplating water
resources development plans, It has to be borne in mind that in the recent
past, a number of projects have failed to meet their objectives as they had
not been sociclogically and economically absorbed by the communities., As a
result, installations were not maintained, or worse, wvere vandalized.

Sociological considerations are paramount when decisions are to be made on
development projects in the Pacific region, especially in smeller islands.
Traditional attitudes regarding water use, water rights, and also laws and
customs regarding land, individual snd collective property, skills and cult-
ural aspects are to be taken into consideration. It has to be borme in rind
that, . within the same country or territory, an atoll populated with Poly-
nesians and high-rise islands populated with Melanesians or Micronesians, may
exist. -

The economic factor is also extremely important, and economic conditions
are extremely diverse in the Pecific area. Nauru has one of the highest per
capita incomes in the world, while Samoa is among the least developed coun-
tries. Within the Trusteeship Territory certeain political entities have high
income from the lease of military bases while others have only an economy of
subsistence based upon coconuts, taro and fish.

It is, therefore, important that the water projects be meintained within
certain cost limits, especially as regerds recurrent coste for maintenence
and operation, so as to allow the beneficiaries to afford them with a reason-
able level of external aid. Too many piping, storage, pumping, sewerage
treatment and desalination installations have not worked satisfactorily or
have fallen into disrepair due to excessive operation and maintenance costs.

In general, costs are high due to & number of adverse factors such as:
adverse topograrhiecal or geological conditions: the small scale of projects,
vhich results in high per capita costs; the need to import expensive indus-
trial production from far-awasy countries; the high cost of expatriate
expertise; end the experimentel nsature of some projects and related risks.
An inventory and an assessment of the technologies used or usable in the
region for water supply focusing upon investment, maintensnce, repair and
operetion costs would be most useful.
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9. CONCLUSION

Water resources development in the Facific region and in particular the
accorplishment of the objectives of the International Drinking Water Supply
and Senitation Decade, especially in the smaller islands, will have to over-
come & great number of difficulties to be successful. These include: insu-
lation; long distances; difficult access; lack of suitable sites for storing
wvater sbove ground and underground; high cost of materials and design; small
size of projects; the tendency to take water for granted, as a free commodity
vhich is not to te paid for; the tendency to waste water; lack of local
sources of energy; vulnerability of limited and fragile water resources to
pollution; end exposure to typhoons.

A number of steps, however, can be taken to improve this situation. A
programme of action prepared by the ESCAP Secretariat was discussed and adopt-
ed at the conclusion of the ESCAP meeting on Water Resources Development in
the South Pacifie, which was held in Suva (Fiji) from 15-19 March 1983,

At this meeting, a long-term plan for water resources development in the
Pacific Region was adopted. The Programme and the Plan are included in the
report on the Proceedings of the ESCAP meeting which was published in 1983
under Ko. 57 of the ESCAP Water Resources Series (ST/ESCAP/SER.F/ST, United
Nations Sales Publication No. E.B8L.II.F.7). The meeting was attended by rep-
resentatives of Fiji, Niue, Semos, Solomon Islands, Tonga and the Trust Terri-~
tory of the Pacific Islands (Federated States of Micronesia, Republic of the
Marshall Islands, and Commonwealth of the Northern Marianas Islands).

The recomrended programme presented in Annex IV herewith dealt with vari-
ous aspects for which actions (projects, investigations, training sessions,
studies, drafting of legislation) were proposed, which may require the involve-
ment of the United Nations syster or some form of external assistance, espec-
ially for the following:

- water resources sgssessment and management, particularly in atolls;

-~ dimprovement of water supply systems;

- 7protection against sea water intrusion;

- determination of appropriate technologies for water collection;

- wvater pollution control;

- development of a water policy;

- training of water specialists:

- disaster mitigation

Regional actions in these fields could be considered for countries which
express interest. The identification of such actions vas the purpose of an

interdisciplinary mission of ESCAP and other United Rations agencies, vhich
vas visiting the region at the time of the Suve Workshop.
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ANNEX 1

Tentative inventory of smaller inhabited

islands of the Pacific Region

Country or territory

Political status

‘Atolls

Limestone islands

High-rise volcanicJ

American Samoa

U.S. territory

3 smaller islands
(1300, 500, 300
inhebitants)

Cook Islands

Self-governing state in
free association with
New Zealand since 1965

10 atolls, pop.
about 2500

1 (Nassau)

3 smaller islands
Mitiaro (22 xm?)
Mautue (18 km?).
Aftutaki (18 xm?)

Fiji:

Eastern Lau group

Islands off Vanua Levu
" " Viti Levu

Lomaiviti

Yasava

Rotuma

Independent - U.N.
member (1970)

Adout 10 islands

About 20 islands
lh "
12 ”
10 "
16 "
1 "

French Polynesia:
Society Islands

Austral Islands

Tuamotu

Marquesas

Overseas territory of
France

1l atoll: Tetiaroca

T atolls with popu-|
lations above 200

3 small islands:
Maiao, Bora Bora,
Maupiti

3 small islands:
Rurutu, Tubuai,
Rapa

T smaller islands
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Country or territory Political status Atolls Limestone islands High~rise volecanics
Kiribati: Independent (1978) 15 atolls 6 single islands -

including Line Islands

Midway UsA (U.S. Navy) Atoll

Nauru Independent state 1 raised atoll

(sd island
Bas

New Caledonia

Overseas territory

1 atoll, Ouvea

Iles Beley (3 islands]

of France Ile Tiza
Niue Self-governing state 1 raiged atoll

in free association (single island)

wvith Nev Zealand
Papua Nev Guinea: Independent U.N.
Trobriand islands member b coral islands
Laughland group 1 atoll, Abomat
D'Entrecasteaux group 1 {sland 1 island
Louisiade Arch 1 atoll
Confliet group 3 islands
witu 3 i{slands
Duke of York several islands

Islands off Bougainville
Takan
Ki{lineila
Migsan

Nuguria
Test Sepik

Islands off Manua

Several atolls

Atoll, pop. 500

2 atolls, pop. 150

Eeveral atolls

Small reef, pop.350

Coral islands, pop.
600

Coral islands end
volcaniec islands
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ANNEX 1 (pege 3)

Country or territory Political status Atolls - ILimestone islands. High-rise volcanics
Tokelau Belf-governing state in 3 atolls
: free association with
New Zealand
Tongéi Independent 1l small island,

Tongatapu group
Baapai group
Vava'u group

A'teta

14 inhabited island

15 inhadited islandq
Tafai, Nivefoou

Trust Territory of
the Pacific Islands:

Northern Marianas

U.N. Trusteeship territory

2 small volcenie
islands: Pagan,

Agrihan

Marshall 4 major atolls,

6 minor atolls
Palau 6 atolls
Federated States of
Mieronesia:
Ponape 2 atolls
Truk 12 atolls T islands
Yap 9 atolls 4 islands
Tuvalu Independent state 3 atolls 6 limestone islands
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ANNEX 1 (page 4)

Country or territory

Political status

Atolls

Limestone islands

Righ-rise volcanics

Vanuatu:
Banks Islands
Torres Islands

Central Group (small islands)

Southern Group

Independent state, U.N.

menmber

T high-rise islands,
rop. k00O

5 high-rise islands,
pop. 200

5 islands, Paama,
Lopevi, Epi, Tonjoa,
Emal Island

2 small islands,
Aniwa, Futuna

Wallis and Futuna

Overseas territory of

France

3 volcanic islands

TOTAL (approximate)

80-90 atolls

About LO limestone
islands

About 150 volcanic
islands
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Ground water projects in the Pacific Region sponsored

by_the United Nations Development Programme

Ground wvater component
Exclu~- | Substan-| Minor
Country and project Symbol |Agency Duration give or| tial
major | (30-50%
of pro-
Jeet
Cook Islands
Fnvironmental health| CKI-73-| WHO 1973-82 x
engineering edvi- 003
sory services
Fiji
Hydrogeological FI1J-69-| U.N, 1971-T3 x
survey 001 A
Pellowship in FIJ-Th-| U.N.| 1974-75 x
hydrogeology 003
Niue
Mineral prospect- NIU:T8-] IAEA 1979-81 x
and water resou- 006
rees
Papua New Guihea
Assistance in the PRG-TT7-| U.N. 1977-80 x
implementation of ook
e vater develop-
ment policy
{Samoa
Hydrodata collect- SAM-TL-] U.K, 1977-82 x
ion 006
“Solonon Islands
al water supply §0I-80- | WHO 1979-82 x
and sanitation 002
onga .
onga Water Board TON-T5- | WHO 1976-82 x
development 00k

The Department of Technical Co-operation for Development of the United Nations
has provided advisory services in wvater resources development through short-

term consultant missions to Kiribati, the Federated States of Micronesia (Truk,
Yap, Ponape), the Northern Marianas, Marshall Islands, Cook Islands, Niue,
the Solomon Islands, Tuvalu, Samoa, Fiji.

The Regional Mineral Resources Development Centre of the Economic and Social
Commission for Asia and the Pacific (formerly in Rengkok, now in Bandung) has
provided consultant services in hydrogeology to several Pacific countries

including Tonga, XKiribati and Vanuatu.
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MAP NO. 3086 Rev. 2 UNITED NATIONS

DECEMBER 1982

BANDA SEA

. . v

A G\ ibANos TUVALY ¢, sunetur
. \
*Sants Crur s

Meonett~> B

" v Bemks b,
LCOoRAL mmuR
T VANUATY -
+Cocos (Kesbing) is. ioid *
. iy . .
SEA New N & Loviity 1s
Caledonia ® .
~Nordolk
| o
Lord Nows

I NDI AN

OCEAN

- 2-Chatham Is.
»
° 5% 1000 km ~Bounty Is.
PO A -
° 500 1000 + Auckiand Is. 1Antipodes I3
Lambert Azximuthe! Equal-Ares Projection - Compbetl
Center 10°S 180°E
) * Mequarne
40° 80 100° 120° 140° 160° o0

@“ s . N & ‘%.).' Govasnalie un-::.:':' Lo mewant
VoAb IRy GiN Mh“‘%'\‘"’"“ SOLOMON " Niee nostix o

[
\,. @Tm‘l ’ NEW ZEALAND

Konten

Matden
Starbuck
.Tokelsu Southern
. - Line Is
Askzpuha Atoll .
“Swains ¢ S Makahsngs Marquesss
s s Atol Vostok  * MO 0k Hiva. e ke ,
Ve Upoha

\ \
L 80° ! ';0' ‘ o N
Kure: . Mbcway Is. N °
- PO Linisnsk L4
‘& s @ beirote <Volceno Is. Minemi Tori Shims TLeren Gadner Pinascies ;
* §y/ Toiwan Necker -
d tinos Koust
; fm——r—m——m——— - ~ S algm
; PHILIPPINE, - S wake e Mavt
:: [} . Mariana S~a O Hawaii
: -~
SE4 ' X * S~ . Johnston
I sSeipen =
[§ — - !
L Sume_ o 1
e |
. SRS NORTH
e TRUST TERNITORY OF THE PACIFIC ISLANDS - © :
s Y Caae Kempgion?.,
e N o ed PACIFIC OCEAN
H 1 - T Xowrse BN |
cg\'O"“. s".”da e ) _Paimyrs
. - Tersing
' Northe
1 i, Aot m " Tebuseren
________ _———— Gilbert Is. ';’:':"‘ Lingls. 4 iitimen
New ireland e K I RI B AT | e

Suwarrow Fiemt Us Pu’ ,evs On

" Marotin

SOUTH

PACIFIC OCEAN

The boundurtes and npmuts ou this map do uet imply
offictal endorsement or acceprance by the United Natisns,

o~

120°

/




ANKEX 4

Recommended programme for vater resources development
in “Proceediqgg of the meeting on water resources
development in the South Pacific" held at Suva (Fiji)

from 14-19 March 1983

ESCAP - WATER REEOURCES SERIES NO. 57

III. RECOMMENDED PROGRAMME
(agenda iter 6)

20. The Meeting discussed and considered measures to solve the problems iden-
tified in the discussion under the previous agenda item. It recognized that
both short- and long-term measures would be required for the solution of those
problems,

21. In general, the problem/project-oriented issues would require urgent and
short-term measures for their resolution. Even some issues in that category,
hovever, had certain aspects requiring long-term measures to ensure complete

and satisfactory treatment.

22. The broad and long-term perspective issues required long-term measures
by all concerned. In general those issues were concerned with the compre-
hensive and integrated approach to the development of water resources.

23. The Meeting adopted the long-term action plan shown in the annex.

24k, It recommended however, that the following selected items in the compre-

hensive programme should be given urgent attention es they addressed the speci-
fic problems identified by the Meeting:

(a) Assessment of water resources:
(i) For each country in the Pacific region:

a. Esteablish an inventory of currently available water resource
data; :

b. Establish the minimal additiomal date collection system needed
to meet development objectives, taking into account water quality, including
sea-vater intrusion of groundwater and sediment in streams, and small scale
hydropover requirements:

c. Determire the areas which required the immediate assessment
of vater resources to satisfy their current and future needs;

(ii) At the sub-regional level:

a. Establish a project in the Pacific to determine optimum water
resource availatility and management on atolls (for weter supply and agricul-
ture), including water balance studies, techniques of assessment and evapo-
transpiration from coconuts, taro pits and natural vegetation, and develop
guidelines on the above:

b. Develop guidelines for the agsessment of water resources on
volcanic islends or islands with surface-water potential.

(v) Conservation on vater and efficiency of water use:

(i) Establish the test ways and means of educating the consumers
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to conserve water:

(ii) Establish a treining programme for detection and repair of
leakage in water supply systems and the subsequent repairs;

(iii) Establish a programme of modifications to systems to improve
water supply distribution;

(iv) Establish a programme for the siting of ground-water extrac-
tion points to and the determination of withdrawal rates to evoid salt water
intrusion and overpumping;

(v) Determine the priority water demands for &ifferent purposes
wvith specific reference toc the smaller atolls and comrunities;

(vi) Produce guidelines for the provision of water supply systems
adapted for local conditions including:

a, The design of roof catchment and storege systems using approp-
riate materials and design methods;

b. Gravity distribution systems;
c. Hand pumps;
d. Wells.

(vii) Survey and monitoring of sources of water pollution, including
mierobiological, chemical, and pesticides, and the feasibility of removel
thereof;

(viid) Establish guidelines for the design of waste disposal systems
especially in smell islands;

(ix) Esteblish guidelires for the security of water supplies and
waste disposal systems during floods and cyclones;

(x) Coordinate activities in water pollution with the South Paci-
fic Regional Environment Programme;

(xi) Investigate and encourage irrigated agriculturesl préaduction
wvithin the constraints of other water demands;

(xii) Consider the water requirements of industries in the planning
of water development projects teking into account water quality problems and
the specific requirements of tourist development in the region;

(x1ii) A multi-purpose approach is recommended for the development of
hydroelectric pover, irrigation, gravity water supplies and recreational uses
vhen there is a perceived need;

(e) Policy, institution, legislation and technology:

(i) Establish a realistic national water policy within the frame-
work of the economic, social and environmental conditions existing in the
country;

(1i) Develop a water plan within the context of national water

volicy taking account of the economic, social and environmental conditions
existing in the country;
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(iii) Undertake evaluation of recent and/or existing water projects
and base future developrment on those findings;

(iv) Study local communities and promote their involvement in the
design, construction, financing and operation of the local water supply;

(v) Esteblish sppropriate institutional arrangements, vhere
rossible vithin one orgenization, for the promotion and co-ordipation of the
assessment , development and management of water resources within each country,
snd vherever appropriate in cuter islands, appoint trained locals to control
individual island water systems;

(vi) Establish simple and enforceable legislation, using local
existing legislation and relevant examples from similar island countries and
territéries elsevhere, e.g. the Caribbean, to. cover all aspects of water
resource menagement and, in particular, groundwater extraction, pollution and
the protection of surface vater sources;

(vii) Identify and promote the use of appropriate technology for
vater resource assessment, wvater-quulity monitoring and water-supply system
construction and operation, inecluding appropriate use of low cost energy
development (e.g. solar and wind power).

(a) Public information, education and training

(i) Develop public avareness through suitable mehns, ineluding
sudio-visual medis programmes, so as to promote the protection of water qual-
ity and the conservation of water;

(i1) Recognising the general lack of trained manpowver in the field
of water resource assessment, development, management, operetion and mainten-
ance, it is essential that training programmes be orgenized at the subregional
level, taking into sccount the activities of the agencies in the subregional
and the continuing need for participation in both basic and specialist train-
ing courses and conferences overseas. The most urgent needs are for the cen-
tralized and field training of:

a, Water managers.

b. Water supply technicians in leakage detection, pipe repairs,
instrument repairs, etc.,

c. Professionals in water resource assessment and vater supply
design: B :

4. Hydrological technicians in water resourcéa data collection
and processing;

e, Villagers in the opération of water supply and vaste vater
treatment systems;

(iii) FEstadblish a wnit in an existing university or technical agency
for the collection and dissemination of water resource information/pudlic-
ations from vithin and outside the Pacific region inecluding relevant weter
resource publications from United Nations agencies;

(iv) Encourasge countries to produce reports on water resource
problems and their solutions relevant to other countries in the region;

(v) Establish a quarterly newsletter for transmission to all
relevant wvater agencies and departments of information on developments and
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incoming publications pertinent to the region:

(vi) Promote the establishment of e subregional association of
wvater specialists to provide a direct medium for the interchange of ideas.

(e) Mitigation of damege caused by cyclones and associated floods

(i) Carry out, where appropriate, flood loss prevention and
management measures, comprising both structurel and non-structural measures,
to prevent or minimize flood losses;

(1i) In the nationel disaster preparedness plen/sctivities
include measures for the security of water supplies and water resources struc-
tures and vhere applicable their restoration/repairs.

25. The Meeting recommended that an interdisciplinary mission te organized
and co-ordinated by ESCAP to visit the island countries of the South Pacific
subregion including Micronesia to examine in depth their water problems and
recormend appropriate measures for their solutions, The mission would give
particuler emphasis to the identification of problems shared by several
countries and would formulate subregional action proposals.

26, The Migssion would comprise between three end five water specialists in
vater resource assessment, development and management, from or appointed by
member organizations of the United Nations family such as ESCAP, UNDICD,
UNICEF, ILO, FAO, UNESCO, WHO and WMO, subject to availability of resources.
27. The terms of the mission would de:

(a) To review ongoing and planned activities in water resources
development and especially those related to the International Drinking Water
Supply snd Sanitation Decade with govermmental agencies involved in water re-
source assessment, development and management, such as those concerned with
public work, water supply, health, agriculture, hydrometeorologicel services
snd geology.

(b) To exemine in depth prodlems encountered, such as:

(i) Lack of water resource data and of suitadble data collecting systenm;

(ii) Lack of adequate vater supplies, especially in outer areas/islands;

(iii) Environmental problems related to water resources (sea water intru-
sion, organic and chemical pollution of water);

(iv) Vater deficiencies in agriculture;

(v) Deficiencies in technologies.(pumps, wells, roof catchments and
others);

(vi) Lack of adequate legislation for the conservation and management
of water resources:

(vii) Lack of technical personnel and resources especially for operation
and maintenance of installations;

(viii) Lack of proper institutional arrangements;
(¢c) To recommend solutions and meassures to maximize the use of man-

power and other resources in the development and management of water resources
including, inter alia
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(i) Collection and utilization of water data;
(ii) Water planning, legislation and management;

(iii) Water conserveation measures (both as to quantity end qual-
ity); ‘

(iv) Training;
(v) Institutional aspects;
(vi) Water costs and financing of water projects.

28, The mission should direct special attention to low-lying limestone
islands and small islends, especially atolls.

29,  The mission'd fiadings and recommendstions should be drafted in eco-op
eration and in consultation with government officials at the decision level
and professional technical personnel engaged in activities related to water
resources. It should take into account water resources availability; priority
needs; a country's resources and the technologieal level and cultural dack-
ground of the population concerned.

30. In order to facilitate the task of the mission, it was desirsble that
the relevant documentation be compiled so as to be made availadble upon the
arrival of the mission. In addition, it was expected that a questionnaire
would be circulated to the countries for completion Before the arrival of the
nmission.

31, In this connestion, the representative of ESCAP informed the Meeting
that pursuant to Xconomic and Social Council resolution 1981/80 the URDP
resident representatives of all developing countries had been directed by the
UNDP Administrator in 1982 to inform the governments that the United Nations
was prepared to send on request interdisciplinary missions on water resource
development to interested countries. The regional commissions were entrusted
with the responsibility of playing lesding roles in the organization and
co-ordinetion of missions within their respective regiens.

32, In the light of the foregoing information, the Meeting agreed that,
provided the costs involved would not be charged against country IPFs teking
into account General Assembly resolution 3338(XXIX) on developing islané
countries, the mission should be organized within the framevork of the Economic
and Social Council's resolution.

33. Accordingly, ESCAP was requested, as soon as possidble to

(2) Inform the countries of the South Pacific subregion of the recomm-
endation of the Meeting to organize a mission in accordance with the terms of
reference adopted by the meeting and that such a mission could be organized
within the framevork of Economic and Social Council resolution 1681/80 concern~
ing interdiseiplinary missions;

(v) Request countries to inform ESCAP whether they would require the
services of such a mission;

(e) Coﬁsult with members of the United Nations system engaged in vater
resources to ascertain their peadiness to participate in the mission, discuss
financial arrangements, etc.;

(d) Co-ordinate all arrangements for the organization of the mission.

44



COMMONWEALTH SCIENCE COUNCIL WORKSHOP ON
"WATER RESOURCES OF SMALL ISLANDS"
WATER UTILISATION IN THE PACIFIC ISLANDS

SUVA, 2-9 JULY 1984

W R Dale
H.0. DSIR, Wellington, NZ.

To produce a regional understanding of how water is used we need to
discuss both quality and quantity of available water. 1 say
"available" because during dry seasons and particularly during a
sustained drought like 1982-83 the quantity of available water is low.
As we have noted, water is the most critical of all resources on
oceanic tropical islands (Dale and Waterhouse, 1984). It is the
quality first and the quantity second that determines what use we make
of the available water.

To put not too fine a point on it, however, under drought conditions no
one is concerned if the salt or iron concentration for example exceeds
the WHO recommendations (WHO, 1971). Provided the water is
"acceptable" they will drink it to survive, regardless of quality.
However, as a contribution to the International Drinking Water.Supply
and Sanitation Decade the WHO (1983) provided a minimum evaluation
procedure (MEP) for water supply and sanitation projects.

What then is the fresh-water resource of the Pacific? Initially of
course, it is rainfall and figure 1 sets out the rainfall regime for
the region (Hessell 1981). This illustrates a very dry zone (less
than 800 mm/an.) in the eastern equatorial belt increasing to under
2000 mm/an. (dry) in the region of the Cook Islands and French
Polynesia. From the Tokelaus to New Britain and north to the Marshall
Islands is a wet region of 2000-3000 mm/an. To the northwest lies the
very wet region with rainfall exceeding 5000 mm annually - on the
average. But few years are "average" years and few of us live in
average places. The dry side/wet side of many larger land masses, and
Viti Levu is a prime example, presents us with one of the local
variants. Both the total rainfall and its periodicity are determined
by large-scale solar influences with the dry-season trade winds
oscillating with tropical cyclones in some areas and a monsoonal
trough extending eastward over the Coral sea from northern Australia
in others (Revell 1981). Figure 2 illustrates the frequency of
tropical cyclones.

The basis of our water resource varies from place to place and from
time to time and also in intensity. We therefore have to make the
best use of the rain that falls as soon after it falls as we can.
This is because it will either run off or run in. At the same time,
with the prevailing temperatures, evaporation from the ground surface
and from vegetation as well as the water transpired by ground cover
takes place almost continuously.
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Studies in many places confirm that mature broadleaf forests or conifer

trees will intercept up to 50% of rainfall. But as anyone who has stood
under a tree in a storm will know the Longer the rainfall continues the

more will reach the ground. Grasslands intercept twice as much rain as

forests. On the other hand forest trees transpire more water than grain
crops or pasture (Pearce and Rowe 1979).

This doesn't look good for those parts of the regjon which record under
800 mm of rainfall - perhaps only 400 mm has a chance of entering the
ground-water system. Of course some use is made of roof collections
into tanks if such a system is in place. In this way most of the,
rainfall can be collected from small areas. However, from a survey we
conducted in 1980 (figure 3) we know the roof catchment areas on most
small islands are themselves quite small and often not matched with
sufficient tank storage (Dale 1981). This is one way in which
substantial improvement can be made to increasing available water - by
increasing tank storage.

Otherwise there is a dependence on wells, galleries, streams and dammed
water courses supplemented by tanks and a mains storage/supply systems
particularly on the higher jislands and drilled or dug wells on the Llower
- islands.

Once the rain water enters the terrestial system its chemical
characteristics change (Dale and Waterhouse 1984) and this influences
the uses which may be made of the ground water. It also starts running
out to sea. In a recent study on a small sandy cay we found a thin skin
of water, much purer than the underlying fresh water, a week or two
after substantial rainfall. It is worth exploiting this fresh rain
water by pumping to storage rather than letting it flow away to the
ocean. Despite some lag, that's where most of it is heading anyway.
This lag, especially on the high islands, acts as a temporary reservoir
just as stream-course gallerijes do. Unfortunately in the Pacific much
of the rock structure is porous volcanic material which, although it
allows the ground water to move freely down slope, is commonly
structurally unsuitable for storage reserviors. Indeed lava tubes have
been exploited in Hawaii for the development of water supplies (Takasaki
and Mink, 1983).

Kassas (1983) noted that on a global scale only 3 per cent of water is
fresh water (42 million km 3). Of this, no more than 23% is contained
in ground waters, lakes and rivers. It is the careful exploitation of
these groundwater ‘resources and the effective use of the available
waters which is the main thrust of the discussijon.

In 1642 Abel Janszoon Tasman made a journal entry regarding water
supplies on Tongatapu (Tonga). Two Dutch longboats went ashore "but
returned without water: for the jnhabitants themselves had to dig holes
from which Ltheyl scooped water." He later records returning to the
ship with "nine casks of dug water' (Sharp, 1968). So the principle to
tapping the potable ground water in the Pacific is as old as settlement
in the region. Today we have mechanised the process with drills, pumps,
reticulation and treatment systems but you still have a finite resource
to exploit.
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By today's reckoning there.are four main uses:
* Personal needs: for drinking, cooking and other domestic
purposes.

Agricultural needs: for private gardens or commercial crops.

Industrial needs: for washing, cleaning, raising steam and the
like. .

Tourist needs: for personal use, swimming pools, and the related
industrial services.

In Tasman's day, and even today in some places, the typical
consumption is 10 to 20 litres per person per day where the water has
to be carried considerable distances. Where water is more easily
available the consumption is nearer 50 litres per person each day and
rural water supply schemes in developing countries are often designed
for 40 to 60 litres per head for their daily production (Halcrow,
1983). Compare this with a value of 600 litres per person per day for
some industrialised water-rich countries. It is a matter, then, of
comparing the volume of water available with the proposed consumption
to determine the daily use for basic necessities. Some
supplementation using brackish ponds or shoreline springs for personal
washing and laundry is certainly the practice in parts of our region.

If a society wishes to practice agriculture then further water may be
required. At the simplest level water is ladled by hand on individual
plants or trees during the drier parts of the year. This
labour-intensive work means other activities have to be neglected.
Given adequate water resources trickle irrigation is an effective way
to supply water to individual trees, bushes or vines but is of course
capital intensive.

Our experience at Totokoitu (Cook Islands) is that the yields of
oranges in a drought season can be halved when water supplies are
limiting. Flowering may be aborted but a second flowering in the same
year may partly compensate for loss of yield. So if agriculture is to
be considered so is the need for water by the crop up to maturity.
Additional water is required for pest and disease control through
foliar sprays. Coconuts which are major subsistance and commercial
crop in the region, are also significant users of water with the
ability to draw some of their requirements from brackish or seawater as
well as fresh water. Drinking nuts are, however, and important
traditional source of water for humans and pigs. As livestock farming
is established the requirement for stock water makes a futher demand on
the resource. Each milking dairy cow can consume upwards of 5 litres

" of water per day. Paddy rice is of course a special case restricted to
only a few countries -in the Pacific.
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As the rural agricultural industry develops the need for processing
plants increases. Canning factories, fish packhouses, abattoirs and
0il mills need steam and washing water. Even small juice-freezing or
juice-concentration plants will require water. Health and hygiene
regulations, which seem necessary far the safe running of these
operations, require high quality water in increased quantitites.
Suddenly we find water treaiment is needed to remove some of the 400
ppm or so of total hardness (as calcium carbonate) before water from
underground sources on coral islands can be used in industrial
boilers. Treatment for bacterial contamination is equally important
where water is needed in any food industry. Modern sterilisation
systems, however, may provide an easy solution to this problem.

Having established a modest agricultural industry we need a tourist
industry to pay for it. For example 1977 Fiji earned around $70M from
tourism. This requires water (again of a quality standard acceptable
to the visitor) and in greater quantity than local people expect for
showers, baths, swimming pools (and ice for their drinks). This is
what they are accustomed to in their own (usually) water-rich
countries and they expect it too on holiday. All the support
services; hospitals, laundries, food production and preservation,
flush toilets and so on will also be expected. This competition for
limited water resources increases as the number of users increase
(Dijon 1983). There is a good side to this story, however. The water
lens - either as a fresh-water body within the sands or rocks of
smaller islands or flowing down from the peaks of the high islands -
may produce more water if a proper development programme is followed.

Ad hoc (wild cat) drilling without. the benefit of geophysical and
hydrogeological informatjon is disastrous. So is pumping without
monitoring. Serious understanding of the shape and volume of the
aquifer is neéded to determine correct drill sites and safe pumping
rates. Appropriate forward planning should include the desired
storage reticulation and the treatment facilities for the designed

purpose. In other words a systems approach based on agreed -
objectives.

Studies Like those of Jacobson and Hill (1980) for Niue, Hunt and
Peterson (1980), Ayres and Clayshulte (1983} in Micronesia and
Waterhouse and Petty (1984) for the Southern Cook Islands are
important. In some of these studijes they have identified the
rainfall, determined the interception and evapotranspiration Losses
and calculated the ground-water recharge. Without this basic
information the risk of overpumping is high and salinity of the
ground water will increase. Naturally the sound practitioners have
set correct pump heights and identified safe pumping rates. But all
this data hinges on knowing the absolute datum for sea levels. Now
this basis is likely to prove a stumbling block for the more isolated
islands unless authorities have taken the precaution of establishing
such datum points in advance.
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We use the water but are casual about its disposal. Some studies in
the region (Lynch, 1984) suggest that contamination of the cavenous
limestone water lens by harmful bacteria is widespread. We know that
waste water from factories, hospitals and domestic septic tanks can
infiltrate into the ground water and with the dynamic movement of
water through gravity and also stimulated by bore pumps, waste fluids
can easily distributed within the ground-water system.

There is some support for this argument from the occasional outbreak
of water-bourne diseases in the region. Septic waste discharges are
often too close to someone's "fresh-water' borehole! 1In addition
there are discharges of agricultural chemicals (washings from mobile
spray plant and fungicide dip-tank wastes). Soluble fertilisers,
including heavy metals like zinc, are applied to pastures, animal
wastes are leached and modern washing powders and detergents add
soluable phosphates to the ground water (Ayres and Clayshulte, 1983).

In conclusion then we have a responsibility to use the Limited
freshwater resource carefully and ensure we do not recontaminate the
groundwater by discharging untreated wastes so that they contaminate
the hydrological system. This workshop is an .important occasion for
use to encourage all countries in the region to identify then adopt
appropriate practical planning and monitoring steps for the effective
use of each small island's limited water resources.
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Figure 3
Population
('‘000)
Niue 3.6
Tokelau 1.5
Tonga 90.1

Wallis / Futuna 6.0

Figure 4
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Roof Area (m2) Land Area (km2) Rainfall (mm/a)
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CHEMICAL CHANGES TO RAINWATER
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6.5
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all g/m® except pH.- ’
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8
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35
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WATER LAW

E P Wright*

Introduction.

This paper 1s written from the viewpoint of a hydrogeologist concerned with
understanding the basic processes of law in relation to the development of a
natural resource. The time is clearly apposite for a consideration of this
issue. There is much current and planned development of water resources
throughout the region, as elsewhere in the world, stimulated in some part by the
UN Decade of Water Supply and Sanitation. The discussion is relates primarily
to the circumstances of the island countries of the Pacific and Indian oceans,
many of which have recently gained their independence, or are beginning to
guestion the controls of remaining external authorities, mainly France and the
United States. Inevitably legislative changes are occurring which in this
region are being strongly influenced by traditional customs.

The objectives of law in relation to water resources may seem fairly self
evident and along the following lines.

(i) To ensure an adequate distribution of water to supply basic needs for
everyone.

(ii) To promote the optimum utilisation of water resources and to plan for
the future; to protect existing user rights within this cortext.

(iii) To ensure an appropriate role for government in the management of the
resources.

There will be obvious differences in precise interpretation of these objectives
in accordance with the political and socio-economic fabric of individual
countries. Necnetheless, it is reasonable to assume that these broad concepts
would be generally acceptable.

Water Law has a long history, as long as that of man himself, and even written
legislation goes back more than 2000 years. Despite this lengthy periocd of
development, it is fair to say that water law in all countries tends to be a
somewhat unsatisfactory blend of traditional rules and subsequent legislation.
This statement applies even in the most advanced and developed countries. Water
is a complex and pervasive resource for which there is often much competition
and diverse usage. It is inevitable that legislation which is predominantly
use-oriented should be fragmented and often overly complex. It has to take
account of a host of considerations, economic, environmental and social as well
as technological. Hydrologists, geologists or engineers cannot be expected to
have special knowledge of all these aspects but are or should be in a position
to recognise the unified nature of the resource and to provide planners and
politicians with a proper perspective on which to base policy and planning.

Essential Definitions.

There are two main categories of law, unwritten and statutory. Unwritten law
includes the traditional or customary law and also the so-called Common Law in

¥ Dr E P WRIGHT, British Geological Survey, Hydrogeological Adviser to ODA,
Wallingford, United Kingdom. This article is published by permission of
the Director of the British Geological Survey.
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which the legal principles are derived from the previous decisions of the
judiciary. It is the basis of the law of England. Statutory law is written
legislation enacted by the State Legislature or by empowered Committees, e.g.
Acts, Statutes, Decrees and Bylaws.

Historical Development.

There are four historical societies which have made major contributions to the
initiation and development of water law. They include the so-called hydraulic
civilisations of ancient China with legal codes concerned mainly with irrigation
rights; the Hebrew and Moslem systems._which by virtue of the arid environment
placed emphasis on groundwater; and Roman Law which has been more broadly
concerned with overall water resources within a generally humid environment.

The Chinese civilisation which developed more than 2000 years ago in the
vicinity ‘of the Hwang Ho River had an elaborate unwritten code which placed
‘great emphasis on individual flexibility but sought an equitable distribution of
water resources. The system was sustained by a belief in harmonious and
accepted rules of conduct which would ensure the solution of private disputes
without recourse to the procedures of external justice or arbitration. The
flexibility of human judgement was preferred to rigid legislation and water was
regarded in the category of 'things common' which could be used but not owned.
The unwritten code lasted throughout the land development stage. Written
legislation first commenced in the Ch'in dynasty (c. 250 BC), concomittantly
with modifications of the natural river systems by diversions etc. and with
increasing competition. There was initially resistance both to the concept of
written legislation as imposing too rigid an interpretation and to the central
role of government.

The Hebrew peoples produced the Bible and the Talmud (400-200 BC) both of which
contain legal doctrines and injunctions relating to water and in particular
groundwater. The Moslem laws of later date bore close similarities. Both
systems stressed community ownership of this essential scarce resource although
with important private use rights and priorities in use. The right of thirst
was over-riding. Control was also exercised by restricting development around
existing sources.

Roman Law has given rise to the two major legal systems of the western world:
Common Law which is the basis of English Law, and the Civil Code represented
most notably by the legal systems of France and Spain. Roman Law classified
matters in relation to concepts of ownership. Air or flowing water were not
susceptible to ownership as such but could be used. They fell into the category
of 'res nullus or res communes', belonging to no one or common to all¥., The
Common Law has maintained this concept in respect to flowing water in defined
channels, whether surface or underground; the Civil Code departed from the
concept by declaring that all things, including such intangible elements as
water itself, can be owned, whether by private individuals or the State. In
both systems, groundwater could be owned, either as part of the land in the
Common Law System or in the Civil Code as an individual commodity.

Modern developments in Water Law in advanced countries have tended towards
limiting the privileges of private ownership or user rights and to increase the
power of the State. Such changes have been progressive. The riparian doctrine
in Common Law which provided initially almost unrestricted usage by riparian
land owners, became constrained by doctrines of natural flow and reasonable or
beneficial use. A second important development in Common Law was the

¥ Justinian (AD 53L): By natural law, these things are common to all; air,

running water, the sea and as a consequence the shores of the area.
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'Correlative Rights Doctrine' whereby owners of land above a common reservoir
(groundwater) had co-equal or correlative rights. Another variant of user
rights is that resulting from prior appropriation "A prior appropriation of
either (wood or water) to steady individual purpose establishes a gquasi-private
proprietorship which entitles the holder to be protected in its quiet enjoyment
against all the world but the true owner®. The constraints and additions to
Common Law rights were introduced in consequence of increasing demand on
existing supplies as were the laws applied in regions with less abundant
resources, such as the Western United States. The modifications to riparian
doctrine were designed to offset the advantages obtained by upstream owners by
controls which required that each user should return the flow to the common
channel substantially undiminished in quantity or unimpaired in quality.

Modern Legal Systems.

Modifications of traditional legal practices have now been made in virtually all
countries, mainly designed to increase public control over water resources.
Degree of control varies and the methods may range from incorporation of the
resource into full State control (the public domain) or more commonly by
licensing of use. The prior appropriation doctrine, referred to earlier, is a
forerunner of the modern licence system. Although the concept of eqguitable use
is still fundamental to most modern legal systems, the importance of land
ownership or the seniority of existing water use rights are progressively being
superseded by use criteria with State control by licence. This is essentially a
recognition of the nature of water as inconsistent with normal ownership
concepts, the need to ensure equitable distribution in accordance with defined
use criteria and the essential role of the State in ensuring that such
objectives are attained.

Water Code.

During the course of the Workshop participants were asked to comment on existing
Water Law in the countries which they represented. Many of the Pacific Islands
apparently had no water legislation as such (e.g. Tuvalu, Maldives, Vanuatu,
Micronesia); others had legislation which was either not enforced or generally
disregarded (e.g. Solomon Islands, West Samoa). The island groups affiliated to
or controlled by foreign powers, notably France and the USA (e.g. New Caledonia,
French Polynesia, Guam/Marianas, Hawaii) had legal systems based on those of the
controlling power, although with some resistance from indigenous people and with
customary law prevailing in remoter areas. The apparent lack or disregard of
existing legislation is not surprising in view of recent political events in
which many of the Pacific Island groups have gained their independence. To some
extent it may be assumed that inherited legislation from a previous Colonial
power was likely to be inappropriate, at least in the context of customary law
towards which there are general reversionary trends. At the same time, the
degree of technological development which has been obtained or which is
currently being provided by international/bilateral aid agreements, and the
common occurrence of significant plans for further development require that
effective and appropriate legislation should exist. The first requirement in
progress to this end is the formulation of a Water Code. '

A Water Code is defined as 'a basic legislative document which establishes the
broad general principles and patterns for administrative action but leaves the
regulation of matters of detail up to subsequent ancillary legislation'¥.
Although a legislative document, it is not conceived as a synthesis of existing
legislation, which in any case would be inappropriate in thé present context,

1 A decision of the California Supreme Court in 1855 quoted by H E Thomas in
'Water Laws and Concepts', Trans.Am.Geophys. Union, 1969, V. 50, No. 2, pp L0-50.

* Guidelines for the Drafting of Water Codes. Water Resources Series, No. 43,
United Nations. 57



but as the basis for more effective legislation than already exists. The Ccde
should be concerned primarily with fundamental issues, policies, principles and
rights. It should hopefully command enduring assent so as to avoid continual
alteration or addition. A Code has to be socially and politically acceptable as
well as effective and will therefore tend to be country or regionally specific.
As far as possible, it is desirable that the Code should be consistent or
reconcilable with what already exists in a country's constitution or customs.

In drawing up a Code, it is as well to be aware of inherent deficiencies in
existing legislation, whether imposed or traditional. Most existing water
legislation tends to be use-oriented and therefore fragmentary. An
understanding of the unified nature of water resources, including all forms of
surface and groundwater, will lead to more efficient overall use, and better
coordination among the various administrative groups dealing with particular use
variations, e.g. domestic supply, agriculture, energy, etc. Making full use of
the potential of technological achievement requires concerted planning. The
exercise of constructing a Water Code which will contain basic principles will
have considerable educative value and compel close association of all relevant
circumstances, social, political, economic and technological. It is an approach
which should be followed in relation to the use of any basic resource.

A Water Code essentially confers administrative powers on central or local
gocvernment authorities and restricts private rights. The four main policy
issues which need to be detailed in a Water Code are set out below and discussed
separately.

(i) Rights in natural waters
{ii) Power relating to land
(iii) Registration and licensing

(iv) Administrative structure

Rights in natural waters:

In this first section the Water Code must define in appropriate legal terms, the
manner of the State's title to natural waters, the nature of equivalent private
rights if any, and those waters to which the Code applies. The State may wish
to own or to control a water source. As noted earlier, in the Common Law legal
system, flowing water in defined channels cannot be owned, either by the State
or private individuals. The right to use would be in accordance with the
riparian doctrine with such modifications and additions as may exist. In such
circumstances, the State could gain equivalent rights by purchasing the land
adjacent to the water courses in question. In those countries whose legal
systems operate according to the Civil Code, the State may own water occurrences
outright, irrespective of the type. A second formula of ownership available in
the Civil Code is that based on the concept of the publiec domain. The State in
effect is caretaker for the public and has complete user rights in perpetuity
but is unable to sell or dispose of such rights, nor do they lapse by virtue of
lack of use. State ownership rights in accordance with the first concept in the
Civil Code and that based on Common Law principles, where these apply, are
identical with the rights of private citizens, and ownership may be sold or
transferred.
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Alternatively, as a more modern approach the State may elect to control usage
rather than to own water sources, particularly in Common Law countries where
ownership of water rights is legally constrained.

It is important that the Code should specify the different sources of water to
which it applies - surface water in channels, ground water, distributed surface
water etc. The latter for example is important for drainage or irrigation.
The modern tendency is to make provision for potential administrative control
over all sources of water. In view of the continuity and interaction between
water sources, there is logic in the approach.

Private rights in respect to water form a subject on which existing legal
systems generally give full and detailed consideration. The main concern is for
adjustment of disputes between individuals. Such private rights are mainly
exercised without prior administrative concession. It is a matter of debate
whether a re-statement of private rights should appear in the Code or whether
the Code should be concerned mainly to ensure that the State possesses adequate
administrative control. There are obvious advantages if the concept of
ownership of waters can be played down since ownership has an implication of
absolute rights.

Ownership of water rights in the Pacific Islands has been most clearly defined
in terms of the ecosystem products, fish, coral, seaweed, etc. In several
Melanesian countries, such as Vanuatu, the Solomons and Papua New Guinea,
ownership of rights to harvest such products is restricted to certain groups.
Ownership of the water itself tends not be defined in traditional Pacific Island
law with occasional exceptions in areas where water supplies are scarce. It is
in association with land that the concept takes on more critical importance and
will be referred to later.

Rights over land:

Successful management of water resources inevitably requires that certain
controls be exercised over adjacent or associated land in addition to those
concerned directly with the water source. The Water Code should contain a
declaration of the interests and objectives of the State in this respect and the
limitation of any claimed powers. These rights may be needed to construct or
undertake works, to gain access or to control the activities of private persons.
Such administrative rights may be so comprehensive and long term that either
ownership or perpetual supervening administrative rights may be required.
Alternatively more limited administrative rights may suffice. Purchase may need
to be carried out on compulsory terms or by negotiation. The Code will need to
acknowledge that the State is liable to pay compensation for damage or for
expropriation, whether it be complete or limited. The State will also need to
assert its right to carry out remedial actions required in consequence of
unauthorised activities of private individuals and to obtain from the offending
individuals the full costs. Some discussion on private rights over neighbours
land may also be appropriate.

The State's title to land can be couched in the variety of ways discussed as for
water, whether by ownership, incorporation into the public domain or by a
declaration of supervening administrative control.

The issue of land rights and land ownership is likely to represent one of the
most difficult problems to resolve satisfactorily. The Pacific island people's
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preoccupation with land goes to extreme lengths. Customary man sees land as a
reality with which he and his succeéssors have an eternal link. The affinity may
transcend all other loyalties whether to tribal group or to the nation state.
There is a general reluctance to sell land and a resistance to compulsory
purchase.

Although all governments in the region have legal powers in their constitutions
which will allow them to make compulsory purchase of land, there is generally a
reluctance to do so, especially of customary land. Alternative preferred
procedures include leasing and the creation of communal lands which can involve
legislation to ensure adequate control but without change of title. A full
definition of public purposes, objectives and constraints is more likely to
obtain public consent and facilitate land transfer, whether by purchase or by
leasing. There are precedents which indicate a willingness to allow customary
land to be used for specific public purposes provided that utilisation is not
changed without the customary owners consent and that compensation is paid. 1In
view of the typical reluctance against State ownership in many island countries,
a policy allowing flexible administrative control seems the most appropriate
method. Water reserves in South Tarawa are leased and controlled by a public
utility. Although no livestock or additional agriculture (babai pits) is
allowed, the landowners retain the rights to use tree crops and existing babai
pits and have been paid compensation for the loss of normal rights to the land.

Registration and leasing:

These legislative procedures provide powers to control and regulate water usage
or other relevant acts by private persons or organisations. Registration is a
declaration of private rights which are usually of traditional origin; licensing
is the seal of official permission. Registration does not confer rights but is
official recognition of a claim and may be ratified by licensing.

The system helps ensure proper and equitable use of available resources and
facilitates planning and monitoring of development. Flexibility is incorpobrated
since licensing covers limited periods only and may not necessarily be renewed.
The use of such administrative procedures will tend to prevent private disputes
and costly litigation. A wide range of activities should be included, relating
to both consumptive and non-consumptive water uses, in addition to those which
could affect the flow or quality of the water.

The Water Code should also introduce the concept of payments and penalties and
confer special powers on administrative bodies or agencies to grant permits or
levy charges. Even where water usage costs are subsidised, e.g. rural water
schemes, the use of nominal charges will pave the way for acceptance of the
procedure and increases may follow when the recipients of the supply are better
able to pay. Payments, for example, could cover the cost of leasing land needed

for proper control and protection of a water source or access for a distribution
system.

The concept of penalties will also need to be included for acts, e.g. pollution,
which will have adverse effects on the water source or supply.
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Administrative framework:

Water resources are utilised in a variety of ways and there is inevitably a
proliferation of government agencies. Although it may seem desirable to keep
all administrative functions within one agency, there are practical and economic
difficulties in doing so, not least because of the cost of providing specialist
staff with the wide range of expertise required to cover all fields of work.
Additionally it is generally considered advisable to separate the responsibility
of supplying water from the assessment, allocation and use-licensing of
resources in order to avoid any conflict of interests. In smaller, lesser
developed countries, a compromise may be obtained by using the organisation
responsible for the most important development option as the main executive
agency required to undertake overall resource assessments and empowered to
allocate resources.

The functions of a national water administration may be summarised as follows:
(i) Inventory of water resources and current usage.

(ii) Recommendations of policies and plans for development, conservation and
protection.

(iii) Development by government agencies and co-ordination of programmes.

(iv) Allocation, administration and supervision of private development and
usage.

The government agency or agencies should be granted adequate powers to carry out
these functions. Specific and detailed listings are not normally included in
the Water Code but are contained in ancillary provisions. Specific and relevant
examples or broader groupings may be included in the Code to illustrate the
principle.

Case History: Vanuatu.

Prior to independence in July 1980, Vanuatu (New Hebrides) was controlled
Jjointly by Britain and France, an arrangement inherently complex and
particularly so, it may be assumed, in legislative matters since it would
require a combination of the French Civil Code and English Common Law.
Legislation of this period in respect to water was minor and mainly concerned
town planning in Vila and Luganville, the two main urban centres. But even on
such local issues, unnecessary and inefficient complications resulted from the
joint control system.

Since independence, no legislation specifically related to water supply has been
passed but new land regulations will have an important bearing on water supply
matters. These include Land Acts by which all land reverts to the indigenous
customary owners and a prohibition of land ownership by non Ni-Vanuatu. Other
important acts relate to negotiations for purchase of the Municipal Areas of
Vila and Luganville. The implications of this major reversion to customary law
now need to be assessed in relation to water supply.

Physical features and population

Vanuatu is an archipelago stretching north-southwards in a chain over 800 km in
length and comprising 12 main islands and islets. The range of size of the
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islands, their geology, climate and population type and distribution, is
representative of the Pacific Islands generally. None of the main 12 islands
exceeds 5000 km and only 2 exceed 2000 km . The majority are less than 1000 km
and include high islands dominated by volcanic rocks and low coral islands
and atolls. The larger high islands have a more complex geology which includes
volcanic sequences, coral limestones of various ages and valley alluvium.
Rainfall decreases from north to south and at four spaced sites with long term
records, the range of mean annual rainfall is from 1596-4103 mm. The rainfall
is seasonal and a rain shadow exists in the westerly coasts of high islands.
There are five perennial rivers of moderate size.

The indigenous people are of Melanesian stock; the total population is 111,251
(1984) of which 94,470 live in rural areas. The population per unit area varies
considerably from larger islands which may have less than one person per km
area to over 70 on some small coral islands. The population on the larger
islands tends to concentrate in coastal areas with the vast majority in
localities containing less than 500 people (Table 1).

Water demand and supply

The urban centres of Luganville and Vila have ‘piped distribution which meet
minimum service levels or higher. Circumstances of scurce occurrence and
distribution design render the systems vulnerable to pollution and attention to
this risk is needed.

Of the total rural population of 93,752 some 42,665 are said to be provided with
design service levels of 25 litres/c/day (lower for rainfall catchment supply)
in existing, under construction cor planned schemes (1984). Table 2 shows the
percentage of such numbers related to supply source.

Spring flow systems mainly utilised a gravity-feed piped distribution. In
general, spring sources are in remote areas and therefore have good natural
protection. Arrangements need to be made to obtain permission from customary
land owners and this apparently presents little problem if the owner lives in
the community which is to be provided with a supply. Problems do occur in
obtaining rights of access to lay lengthy distribution systems and difficulties
also arise when developing sources adequate to supply several communities.
Similar problems arise with riverflow sources and the latter lack the natural
protection afforded by springs.

Groundwater from wells/boreholes provides for only a moderate percentage as yet
(22%) but this number could increase substantially in the future, mainly as a
response to more favourable economics of development and improved pumping
systems. The main advantage of the nearness of the source location is to some
extent offset by the vulnerability to pollution (aquifers mainly phreatic and in
limestone) and the need to exercise control over the areas of influence to well
sources.

The two urban centres of Vila and Luganville have groundwater sources from well
fields in limestone aquifers on the margins of the planned 'municipal areas'
which are under negotiations for purchase. The sources of supply are clearly
vulnerable to pollution over areas which extend within and outside the municipal
areas. The distribution system is also at risk. The main pollution risk in
both cases in the built-up areas is from septic tanks for which land conditions
are far from ideal. Additional pollution may also exist in outlying areas still
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within the groundwater catchment and could include cattle, agriculturél
practices, minor industry etc.

Close administrative control of water source and supply systems is clearly
required in the municipal and adjacent areas and in the more densly populated
limestone islands which are largely reliant on groundwater. Despite the
inherent resistance to State ownership concepts, there would seem to be little
alternative option to ownership unless an indefinite supervening administrative
control can be acceptable and effective.

A lower degree of control would be acceptable in rural areas mainly in relation
to associated land areas for access or to prevent actions which could have
deleterious effects on the water supply. Leasing arrangements would seem to be
most appropriate. Such costs might be met by a charge levied on the service and
justification would be apparent.

Recommended organisation structure for Vanuatu

The present arrangement in Vanuatu corresponds fairly closely to the recommended
structure following recent administrative changes which have given more overall
responsibility for water resources to the Department of Geology, Mines and Water
Supplies within the Ministry of Lands and Natural Resources. Some modifications
to the existing systems are recommended and are embodied in the schematic
framework shown in Table 3. Main changes are as follows:

{i) The formation of a Water Resources Board whose members could include
senior representatives from government departments concerned with water
use cr economic planning in addition to representatives from the private
sector.

{ii) The Public Works Department to retain authority for urban water supply,
maintenance and charging of fees. An extension of service to include
sewage facilities could also be envisaged, whether mains sewage or non-
sewered sanitation. Proper maintenance and design of the latter could
be undertaken by PWD with charges levied comparable in concept to water
service charges.

Although legislation is assumed to exist which will guarantee private rights, a
system which allows an appeal against administrative decisions is desirable.
This facility could be incorporated within a special judicial review body with
special knowledge of water law and legal representation or alternatively able to
provide access to the ordinary courts as required.
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Size of Locality

Census.

<10 10-49 50-99 100-199 200-499 500+
Loc. Pers Loc. Pers Loc. Pers Loc. Pers Loc. Pers ILoc. Pers

Total Vanuatu 566 3216 1077 26,889 360 25,191 182 24,702 1ol 29,331 3 1922
Urban
Port Vila Centre - - 1 45 2 75 4 581 26 8,539 1 63
Port Vila Rural - - - - 3 244 1 180 11 3,573 1 630
Luganville Centre 1 4 3 117 4 321 4 588 15 4,153 -~ -

Total Urban 1 4 4 162 9 740 9 1,349 52 16,265 2 693
Rural 565 3212 1073 26,727 351 24,451 173 23,353 49 13,060 1 1229
(by difference)

Table 1. Distribution of Population in Vanuatu: Basic Statisties from 1979



Table 2. Population served by different sources (in existing, under
construction or planned schemes, 198L4)

Source e ‘ﬁ
Springs 37
Riverflow 21
Rainfall Catchments 20
Wells/Boreholes 22

100
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99

(a)
(b)
(c)

JUDICIAL REVIEW BODY
{(a) Ensure administrative agencies
acting within law
(b) Protect private rights

(c) Establish liability and imposc
penalties or compensation

J—

Private Users

Basic rights without license
Basic rights with license

Obligations to provide information,
allow legalised administrative in-
tervention and required pay levies

(a)
(b)

(c)

WATER RESOURCES BOARD (within Central Planning Office)

{a) Policy interpretation «nd drafting - Coordinate

work programmes

MINISTRY OF LANDS AND NATURAL RESOURCES
Department of Geology, Minus and Water Supplies

Main Executive Agency »n Water Resources

(a) Rural water supply development (planning
priorities by CP0O and Local Government)

{b) Urban water supply : within items (c)-(e)

(c) Data storage - resource evaluation
Master Planning

(d) Allocation of resources -~ Use License -
Levy charges as required

(e) wWater quality/abstraction : monitoring
and surveillance

(f) Provide advice on overall legislative pro-
visions; enforce specific legislation in
accordance with Water Code

tlunicipality

{a} Urban sewage

(b) Environmental pollution
control and general
licensing

-

Public Works Department
{(Ministry of Works)
Urban water supply

Construction, metering, maintenance
and surveillance

As empowered : levy charges and en-
force legislative provisions

Table 3.

Environmental Health Unit
{(Ministry of Health)

(a) Rural water supply development
(rural sanitation)

(b) As empowered : levy charges
and enforce legislative pro-
visions

Schematic Administrative Framework and Functions.

Water in Agriculture
(Ministry of Agriculture)
Drainage, irrigation, flood control

Construction. metering, maintenance
and surveillance

As empowered : levy charges and en-
force legislative provisions
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GEOLOGIC CONSTRUCTION OF ATOLLS

Jerry F. Ayers
Water and Energy Research Institute
University of Guam
UOG Station
Mangilao, Guam 96913

INTRODUCTION

Atolls are common throughout the tropical Indo-Pacific ocean
and provide a habitat for a significant portion of the population

within the equatorial region. The atoll is a unique end product
of a continuous series of geologic and biologic processes that
have been at work for perhaps tens of millions of vyears. The

purpose of this paper is to briefly describe these atoll-building
processes, their geologic products, and how they relate to
island hydrogeology.

As viewed from sea level, the atoll is characterized by a
ring-like structure consisting of a barrier reef system totally
or partially enclosing a central lagoon. Maximum lagoon depths
between atolls range from a few to several hundred feet. Often,
but not necessarily, islands primarily composed of unconsolidated
carbonate sediment form on top of the reef platform. These
islands are variable in size and shape, 1low lying, and usually
vegetated with numerous species of plants (depending on the
availability of fresh groundwater). Below sea level and out of
view, the atoll pedestal, composed of sediments and volcanic
rocks, may extend upward from the ocean floor for several
thousand feet.

GEOLOGICAL HISTORY OF AN ATOLL

Most atolls begin as submarine volcanoces which develop over
so-called hotspots or near ocean-floor spreading centers (such as

the East Pacific Rise). Outpourings of basaltic lava build a
mountain on the sea floor that may eventually reach sea level or,
with continued volcanism, will build high islands. Contempor-

aneous with the formation of these high islands is the develop-
ment of fringing reefs along the newly formed shoreline.

As discussed in the paper by Barry Waterhouse (this volume)
oceanic volcanic islands tend to subside with time due to tec-
tonic processes of plate motions and localized factors (including
loading). If subsidence is slow enough such that coral growth
keeps wup with the relative changes in sea level, then thick
sequences of reef and reef-associated sediment will accumulate.
Eventually, with «continued subsidence, the familiar ring-like
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i

reﬁf structure of the atoll will develop.

5

A set of diagrams depicting the series of events that leads

tol the formation of an atoll is shown in Figure 1. Examples of
isjlands demonstrating the various stages cartooned in the figure
are readily found throughout the Pacific region. Referring to

the diagrams, during the early stages of volcanic island sub-
sidence and reef development the reef tract is narrow and few 1if
any islands form upon its surface. As subsidence continues and
the volcanic core slowly submerges, the reef tract increases 1in
width by progradation and more islands form on 1its surface.
Eventually a few of the islands coalesce and increase in size as
the reef tract expands lagoonward. The whole process of reef
development, sediment production, transportation, and deposition
is; directly related to the relative position of the land to the
level of the surrounding sea. :

| ,

?- During the past few million years, .eustatic sea-level fluc-
tuations related to global episodes of glaciation have affected
réef growth and carbonate sedimentation across the Indo-Pacific
region. Rapid lowering of sea level during glacial advances
exposed reef structures to subareal conditions which relocated
coral growth and subjected the carbonate platform to erosion and
karstification. Fringing reefs began to develop once again adja-
cent to newly formed emergent shorelines. With subsequent
melting of alpine and continental glaciers a large volume - of
water was added to the world’s ocean causing a eustatic rise in
sea level. Previously emergent platforms were submerged and
coral growth was again displaced. With advances and retreats of
glaciation, this <cycle of falling and rising sea level was re-
peated numerous times during the Pleistocene; each cycle left an
imprint on the geological makeup of the atolls.

[

GEOLOGICAL COMPONENTS OF AN ATOLL

Deep drilling and seismic studies primarily in the Marshall
Islands (Dobrin and Perkins, 1954; Raitt, 1954; Raitt, 1957; Ladd
and Schlanger, 1960) and Funafuti Atoll (Royal Society of London,
1904) have revealed information on the subsurface geology of
atolls. In general, the atoll complex is composed of several
thousand feet of mainly reef and reef-associated sediment over-
lying and partially draping an older volcanic basement. The
basement 1s composed of basaltic lava similar in composition to
that of the oceanic lithosphere itself. Numerous facies indica-
tive of specific depositional environments have been identified
wiFhin the various carbonate units. These facies represent pre-
vious deposition within the fore-reef, reef, back-reef, and
lagoon environments.

i It is noteworthy that little evidence has been found to

indicate the pre-existence of atoll islands. This lack of evi-
dence may be due to one of three factors: (1) sediments com-
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prising atoll 1islands are similar to sediments comprising the
substrate upon which the islands sit and therefore <cannot be
distinguished in samples collected from the subsurface; (2) prior
to burial, the unconsolidated sediments of the atoll island may
have been removed by waves and currents; or (3) atoll islands
simply did not form prior to the latest high sea-level stand.
With regard to point number three, the interpretation of observa-
tions made on numerous atolls in Micronesia suggests that islands
seem to form when a hard substrate 1is present prior to the depo-
sition of their reef-associated sediments. In addition, results
from drilling on atoll platforms indicates that within Holocene
sediments, only the present-day reef flat depositional environ-
ment exhibits a significant thickness of well-indurated material.
Sediments underlying the reef flat are, for the most part, poorly
cemented to unconsolidated except for the occasional thin well-

cemented zone or layer. If a substantial hard substrate did not
develop prior to the present and the interpretation of the obser-
vations 1is correct, then atoll islands would not have formed to

any great extent until the very recent stablization of sea level
(i.e., within the last three thousand years).

Although the overall geology of an atoll is interesting from
the geologist viewpoint, it is of little practical value to the
hydrogeologist. What 1is of interest, however, 1is the upper
couple of hundred feet of the carbonate pile near sea level.
This 1s the geologic package within which fresh groundwater will
occur. Therefore attention is turned to taking a closer look at
the various components that comprise this important zone.

Numerous atolls within Micronesia, and probably elsewhere,
appear to have very similar geological characteristics. This 1is
not particularly surprising since the same physical and bio-
logical processes are at work shaping each atoll and all islands
have gone through about the same history (at least during the
Pleistocene). The picture that is unfolding is an 1interesting
one in terms of the hydrogeologic framework of atoll islands and
may eventually 1lead to a general model which can be applied to
many previously unstudied island cases.

Based on work conducted on Enewetok (Ladd and Schlanger,
1960), Bikini (Emery et al., 1954), Tarawa (Jacobson and Taylor,
1981), and Nukuoro (Ayers and Clayshulte, 1983), it is known that
reefs and reef-associated sediments of recent age rest upon an
older Pleistocene karstified surface. Carbonates of Pleistocene-
age units usually differ greatly in their hydraulic properties
when compared to their Holocene counterparts; higher permeability
due to the development of secondary or solutional porosity is the

most significant difference. Although depth is variable, the
Pleistocene contact is often located between 40 and 80 feet below
sea level. Recent carbonate sediments overlying the Pleistocene

units are mostly unconsclidated to poorly consolidated with occa-
sional thin hard layers of either <coralline algae or well-
cemented sands and rubble. Numerous facies may be present and
usually exhibit unique hydraulic properties.
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As an example of what might be encountered in the subsurface
of a typical atoll-island aquifer system, the results from field
work conducted on Deke Island, Pingelap Atoll (Ayers et at.,
1984), are briefly presented. Field work on Deke included core
drilling, seismic-refraction surveys, and surficial geologic
mapping in an effort to collect information related to the hydro-

geologic makeup of the island’s lens system. Figure 2 shows a
representative geologic cross section of Deke; all relevant field
data was used to construct the diagram. Table 1 i1s the symbol

legend for Figure 2.

Referring to Figure 2, sediments comprising the island (unit
1) rest partly upon the reef-flat plate (unit 3) and partly upon
sands deposited lagoonward of the reef flat (unit 5). Unit 3
extends beneath the island to variable distances and forms a
continuous plate from the reef margin to wherever it grades into

- sediments of the sand apron. Beneath the reef-flat plate, and
.apparently associated with 1t, .are sand- and gravel-size
sediments derived from the reef environment. A notable charac-

teristic within unit 4 (observed as a drilling response) is
alternating hard and soft zones. Based on the analysis of cores,
these zones are associated with well-cemented sections and uncon-
solidated layers of rubble. This alternation of cemented and
non-cemented zones would certainly produce a strong horizontal
component to the groundwater-flow regime (anisotropy). Another
point that 1is noteworthy is the close affiliation between the
reef-flat plate and this unit. Constituent particles comprising
both units are the same; the difference is the abundance of
cement. As readily observed in core samples, the amount of
cement binding the sediment decreases with increasing depth. The
reef-flat plate forms a wedge-shaped plate with the thickest

portion oriented toward the reef. Where the plate grades into
the lagoonward unit (unit 5), the lithologic character of both
units 3 and 4 change; the matrix cement is absent and the sedi-
ments are mainly unconsolidated and finer grained. All of this

seems to indicate that the process of cementation 1is somehow
linked to sea-water circulation along the ocean shoreline.
Further, since the unit below the reef-flat plate is similar in
particle composition but lacks thick zones of well-cemented
sediment with depth (i.e., prior development of well-cemented
reef-flat deposits), the process of reef-flat cementation 1is
probably controlled by the present-day sea-level stand.
Hopefully, as more field data become available, the origins of
the reef flat will be explained. Because of the important role
it plays in the occurrence and movement of fresh groundwater, the
endeavor is an important one.

The presence of a Halimeda facies (unit 6), similar to that
described for Enewetok (Ladd and Schlanger, 1960), underlying the
reef-flat plate, its associated sediments, and the sand apron was
confirmed by drilling and its contact was mapped by seismic

shooting. Field data 1indicates that the top of the Halimeda
facies 1is highly irregular and occurs at variable depths below
sea level. Based on velocity data there seems to be a trans-

verse change in either density or composition near the lagoon
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shoreline where velocities tended to be somewhat lower. The best
explanation for the velocity contrast would be a change in compo-
sition associated with disparate depositional environments. That
is, the Halimeda facies probably grades into an environment more
closely related to lagoon deposition.

Each of the above described units is an important component
of the hydrogeologic framework of Deke Island. The various units
exhibit wunique hydraulic properties that influence, to some
extent, the occurrence and movement of fresh groundwater within
the lens system.

The main hydrological function of the island (unit 1) 1is
simply to catch rainwater and transfer it to the subsurface
units, that is, to the units which comprise the reef-tract
complex. Numerous processes are involved with the transmittal of
water. A portion of the rainfall is intercepted by plants and
may be returned to the atmosphere by direct evaporation. After
rainwater reaches the ground surface, some is used by plants and
transpired back to the atmosphere, some is retained in the soil
and sediments of the unsaturated zone, some is evaporated back to
the atmosphere, and the remainder eventually percolates downward
intc the saturated zone. All of these processes, of course, are
part of the hydrological cycle and are important factors to be
considered when dealing with the overall water budget.

As documented by water-level observations in standpipe-
piezometer pairs during the course of the Deke study, the reef-
flat plate functions as a confining bed beneath which fresh
groundwater 1is under hydraulic pressure. The presence of the
plate greatly affects the configuration and behavior of the
fresh-water 1lens as well as previously held views of how ground-
water occurs beneath atoll islands. A simple Ghyben-Herzberg
lens model does not apply to the flow system of Deke and to
similar islands. The picture 1is greatly complicated by (1)
partial confinement of the flow system, (2) leaky behavior of the
reef-flat plate, (3) impedence of direct recharge to the sub-
surface, and (4) extension of the discharge area past the ocean
shoreline of the island. Details of these points are addressed
in another paper of these proceedings; however, the second point
is worth pursuing since it reflects the hydrogeologic properties
of the unit. As documented by data collected during water-level
observations, the reef-flat plate is not totally impermeable as
its well-cemented character might suggest. It was observed that
on rising tides, groundwater was pumped upward through the plate,
possibly via fractures (observed on the exposed reef flat) or via
the small degree of interparticle porosity not affected by the
cementation process. The tidal pumping response was delayed and
its amplitude was dampened as compared to the unimpeded responses
observed in piezometers which penetrated the plate. On falling
tides, 1infiltrating rainwater and residual groundwater (that 1is,
water left standing over the plate after a rising tide) tended to
gravity drain downward into the lens flow system.

There is a sharp contrast in permeability between the reef-

73



flat plate and the underlying unit. Low abundance of @ fabric
cement and numerous unconsolidated zones, in addition to the wide
sediment size range, contribute to the relatively high permea-
bility of unit 4. The permeability of unit 4 is about 1500
ft/day or equivalent to an aquifer composed of sand and fine
gravel. As a testimony to this high permeability, the following
was experienced after the completion of a borehole which pene-
trated unit 4. Seawater was used as the drilling fluid. After
drilling was completed, salinity profiles were measured within
the borehole for several days. Measurements indicated that the
borehole had cleared well within a 24-hour period.

Based on available information, unit 5 is composed of uncon-
solidated sand derived from both the lagoon and the reef
environments. The portion of the unit of interest underlies the
island between the reef-flat plate and the lagoon shoreline.
Because the plate is missing, recharge water infilrating island
sediments enters the flow system unimpeded. Of greater interest
is the apparent disparate permeability between this unit and unit
4, Although no direct measurement of permeability was made for
this unit, considering the type of sediment comprising unit 5 and
its more uniform size distribution (measured from samples) and
from the greater dampening of the tidal signal, it can be deduced
that the permeability of unit 5 is probably an order of magnitude
less than that of its neighbor. Generally, clean sands in the
size range that comprises unit 5 have a measured permeability of
around 150 ft/day.

Permeability values were not determined for the two deeper
units because little material was recovered during drilling. It
is assumed, however, that the permeability of units 6 and 7 are
probably <c¢lose to that described for units 4 and 5 since they
appear to occupy the same relative depositional position as
overlying units.

CONCLUSION -

Atolls are unique geological structures. Their development
is linked to tectonic processes within the oceanic 1lithosphere,
to biological processes of reef building, and to numerous other
factors that produce, transport, deposit, and consolidate car-
bonate sediments. Because many atolls are inhabited, it 1is
important that the practicing hydrogeologist understand their
complex history (particularly during Pleistocene and Holocene
times) and numerous the processes that have contributed to the
development of atolls, if realistic and sound approaches are to
be applied to solving the numerous water problems experienced by
atoll island communities.
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Figure 1. Series of diagrams depicting various stages in the geologic history
of an atoll. An emergent high volcanic island (A) forms as the initial
stage. After cessation of volcanism, the volcanic core begins to subside
(B) until little is above sea level (C). The final stage is the familiar
ring-like structure that characterizes most atolls (D).
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Figure 2. Geologic cross section of Deke Island, Pingelap Atoll., Six stratigraphic units comprise the
hydrogeologic framework of the island's groundwater-flow system. Table 1 gives the legend and a
brief description of each unit.



Table 1. Legend and brief description for the stratigraphic units
shown in the geologic cross section of Figure 2.

Unit No. Syabol Deacription

Unconsolidated sediment comprising Deke
Island.

Reef structure.

Well indurated sedimencs of the hard layer
(reef flat); Permeability {s very low.

Unconsolidated to poorly consolidated
sediments probably associated with back-reef
= — deposition; Permeability is very high.

——— Mostly unconsolidated sand-size sediments
5 NALRN probably deposited in the sand apron behind
SIENE the reef flat; Permeability is high.

Halimeda facias composed of poorly
consolidated sand- and gravei-sized reef
rubble; Permeability Ls very high.

Unit composition is unknown, may be
7 —— associated wich lagoon deposition;
el Permeabilicty is probably similar to that of
unitc 5.

Unitc contact established by measuremenc.

Hypothetical unic contact; represents a

U
; gradation betwveen unics.
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NIUE ISLAND: AN EXAMPLE OF A RATISED ATOLL

G. Jacobson

Bureau of Mineral Resources, Geology and Geophysics

Canberra, Australia.

Abstract

Niue Island, in the south Pacific Ocean, is a raised coral atoll with an

area of 259 kmz. The original atoll rim is preserved as a peripheral ridge
about 60 m above sea level, and the original lagoon floor now forms an
internal basin about 35 m above sea level. Drilling has proved limestone

of Miocene age to a depth of more than 200 m. Gravity and magnetic surveys
indicate that the limestone probably overlies volcanic bedrock at a depth

of about 300 m below sea level. The classical Ghyben-Herzberg freshwater lens
does not exist on Niue island. Results of electrical resistivity surveys
indicate that in the centre of Niue the freshwater layer is 40-80 m thick and
beneath the former atoll rim it is 50-170 m thick. 1Tt decreases to zero close
to the coast, where mixing with salt water occurs along fissures in the
limestone. The irregular configuration of the freshwater layer is ascribed

to permeability differences in the limestone.

NIUE ISLAND: AN EXAMPLE OF A RAISED ATOLL

Niue Island in the South Pacific Ocean (Fig.l) is a raised coral atoll
comprising limestone and coral sand. The original atoll topography

is substantially preserved (Fig.2). ‘he former lagoon floor, the Mutalau
Lagoon (Schofield, 1959), is now a flat-bottomed internal basin at an
elevation of about 35 m above present sea level. The former atoll rim, the
Mutalau Reef, is now a narrow peripheral ridge which extends around the

island at an elevation of about 60 m. The former lagoon passage is now a
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dry valley to the south of Alofi (Fig 2) at an elevation of about 42 m.

A narrow terrace, the Alofi Terrace, extends along the west and south
coasts, at an elevation of 25 m; steep cliffs descend from the terrace to
the sea. Younger coral terraces, 2-4 m above sea level, fringe parts of
the east and south coasts, and a fringing coral reef about 100 m wide
encircles the island at sea level. Concentric lineaments are apparent in

the southwest of the island, and probably represent strandlines of the
former lagoon.
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Drilling has proved limestone to a depth of more than 200 m in central
Niue. The limestone varies in texture from hard and dense to soft and
chalky or sugary; the sequence also includes beds of unconsolidated sand
and hard, recrystallised dolomite. The limestone is jointed and cavernous
to great depths, and most of the sequence to a depth of 170 m below sea
level is Middle to Late Miocene (Jacobson & Hill, 1980). Fossils from
surface localities in the interior of Niue have been dated as Plio-
Pleistocene (Schofield , 1959); they were probably taken from a thin veneer

of younger sediments in parts of the former lagoon.

The island is underlain by a seamount that rises 4000 m from the floor of
the Pacific Ocean. Gravity and magnetic surveys indicate that Niue has a
dense, reversely magnetised, volcanic core centred in the south of the

island (Fig. 3) and that the volcanic rock is at an average depth of about

300 m below sea level (Hil1},1983).
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Niue Island has been affected by a complex history of sea-level changes, the
"yo-yo oscillations' of sea-level so graphically described by Friedman
(1975). Local tectonic effects have been superimposed on these changes -
the "yo-yo tectonics" of the seafloor. This has given rise to the coastal
terraces and to the extensive dolomitisation of the sedimentary sequence
(Schofield & Nelson, 1978). The most recent uplift to form the present
raised atoll may be due to the upwards bulge of the Pacific lithospheric

plate before its subduction in the Tonga Trench (Dubois and others, 1975).

The thickness of the freshwater layer has been inferred from electrical
resistivity depth probes (Jacobson & Hill, 1980). Tt ranges from 40-80 m
beneath the centre of Niue (Fig. 4), to 50-170 m beneath the former atoll
rim, and declines to O <close to the coast. Thus the freshwater layer is
approximately doughnut-shaped, and does not have the characteristic lens
shape of small oceanic islands with an homogenous permeability
distribution. The irregular shape of the freshwater layer is probably due
to a variation of permeability within the limestone, with less permeable
material underlying the rim of the island. This could be the case if the
former lagoonal sediments are porous calcarenites while the former atoll

rim is underlain by recrystallised or cemented reef limestone or dolomite.

Some geomorphological features of the Niue Island coastline are shown in
Figure 5. A transition zone of brackish water extends inland for up to one
kilometre due to mixing along fissures in the limestone. Several types of
caves are developed; deep fissures near the coast described as ''chasms' by
Schofield (1959), are water-table windows. Groundwater is developed
through a number of bores on Niue, and the freshwater resources are
substantial enough for the foreseeable agricultural and industrial

development.
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GEOLOGICAL AND GEOMORPHOLOGICAL EVOLUTION

OF SMALL ISLANDS, PACIFIC REGION

B, C. Waterhouse
New Zealand Geological Survey

Otara

Abstract

A review of the evolution of small oceanic island in the Pacific
region is given. The islands are volcanic in origin and rise from the
deep sea floor to heights in excess of 4200 m asl (Hawaii). Sea floor
loading by volcanoes on an elastic lithogphere is considered a mechanism
for elevating or depressing nearby volcanic islands.

The growth of islands dating back to the pre-Oligocene, and the
formation of a coral cap when the volcano is at or near sea level is
described.

Five bathymetric features of the sea floor are recognised. They are
(oldest to youngest average ages) ridges 87 M, seamounts 57 M, guyots 35 M,
atolls 11 M, and volcanoes 8 M years. bating is by radiometric methods,
assumed subsidence rates, or geomorphological criteria. Eustatic
fluctuation of sea level, and the effect on some islands is noted.

The geology, size, and topographic features of an island determines
water supply potential. Three types are described (youngest to oldest);

high islands (volcanic), raised atolls, and atolls.

Keywords Pacific islands; evolution; volcanic; sea floor deformation;

age; water supply.
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Introduction

'Small Islands' are defined as being less than 50002km in area
located within the central Pacific region. For convenience the islands
are classified into high volcanic islands, raised atolls, and atolls.

The geological and geomorphological evolution of each 'type' is discussed.
Most of the evolutionary processes are related to the theory of plate
tectonics, which explains earthquake and volcano distribution, continental
drift, seafloor spreading, and mountain building.

The geological age and geomorphology of the islands provides a
rough guide to their water resource potential e.g. the younger islands

{the high volcanic islands) have better prospects.

Theoretical Development

Many theories have been suggested for the formation of island chains,
a common feature in the Pacific. These include the relative motion
between the lithosphere {(the earth's crust and upper mantle) and a
partially melting (hot) spot in the mantle (the part of the earth's
interior extending between the outer core and the base of the crust)
(Wilson 1963a, 1963b), propogation of volcanism along fractures (Betz &
Hess 1942, Batiza 1982), diapiric upwelling (a domed structure ruptured
by the squeezing out of plastic core material) (McDougall 1971), melting
caused by shearing beneath the lithosphere (Shaw & Jackson 1973},
heating of the lithospheric plate during volcanism and consequent
regional uplift (Schlanger et al. 1981), or deformation of the lithospere
by sea floor loading (McNutt & Menard 1978).

All of these mechanisms have their proponents and equally there are

probably as many opponents to theories as supporters. The model adopted
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here provides a simple and acceptable mechanism for the formation of

oceanic islands.

Sea Floor Deformation

The model is that proposed by McNutt and Menard (1978). Although
it provides a simple explanation for some observed geological and
geophysical features common to many Pacific islands and island chains,
it can be questioned in some details which do not neatly fit the picture
in all cases. McNutt and Menardbpresent an argument for sea floor
deformation by modelling the oceanic lithosphere as an elastic plate

overlying a fluid asthenosphere, a shell of weakness underlying the
lithosphere. Their model (Fig. 1), which can be likened to a modern
day water bed, illustrates the isostatic effects of a young growing
volcano on nearby islands or atolls formerly at sea level but now up to
70 m above sea level. McNutt and Menard (ibid) argue that the weight
of volcanic material accumulating on the sea floor compresses the
lithosphere in that region, and the consequent thinning of the litho-
spheric plate is compensated by a thickening nearby. This is
demonstrated by the presence of moats and arches revealed by topographic
profiles in the ocean bathymetry. That the weight of volcanic material
is probably significant in sea floor topography can be judged by the
volume of lava extruded from an estimated 22000 to 55000 seamounts and
1500 to 200 active volcanoes on the Pacific lithospheric plate

(Batiza 1982). McNutt and Menard's (1978) hypothesis that islands may

have been uplifted by deformation of the lithosphere seems logical.
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FIGURE 1 Model of apparent sea leve| change on coral atolls caused by volcanic loading
on an elastic lithosphere (after McNutt & Menard 1978). |
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Growth of an Oceanic Island

The observations from emergént-islands in the Pacific allows, to
some extent, a deduction of their geological history.

Yonekura (1984) clasgifies three types of islands in and around
the Pacific. They comprise:
1. Continental islands belonging to any continental mass such as

Asia,'America, and Australia.
- 2. Iéland.arcs associated with oceanic £renches, active volcanoes

on islands, and back-arc basins.
3. Oceanic islands, either volcanid or coral reef, standing from

deep ocean floors far from any continent. |

. The present discussion is restricted to oceanic islands of which
Scott and Rotondo (1983) distinguish eleven distinct types. They
comprise (Fig. 2)

a; Volcanic islahd with no fringing reef

b. Volcanic island with fringing reef

c. Raised volcanic island with fringing reef

d. Almost-atoll

e. Raised almost-atoll

f. .Atoll

g. Inundated atoll

h. Part raised atoll with open lagoon

i. Part raised atoll with enclosed lagoon

j. Raised atoll with dried out lagoon

k. Raised atoll with typical form lost
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a) Volcanic island with no Iringing reel b} Volicanic island with fringing reef c) Raised volcanic island with (ringing ree!

eg. Hawaii eg. Kusaie, Caroline Is. eg. 0ahu, Hawaiian Is.
d) Almost.stoH el Raised simost-aloll t) Aol

raised logoon sediments

eg. Truk, Caroline Is. eg. Atiu, Cook Is. eg. Arno, Marshall s,
@) inundated atoll (dry only at low tde) h) Part-raised atoll (lagoon open) i) Part-raised stoll (lagoon enclosed)
lagoon logoon n}” reet logoon new reef

eg. Pearl and Hermes Reef, Hawaiian Is. eg. Gardner Atoll, Hawaiian Is. eg. Swains |, north of Samoa
j} Raised atoll (dried out lagoon) k) Raised atoll {atoll form lost)

Bosoltic core that wos

iniliolly o volconic islend

:l Reef focies produced during stable
or submergence phoses

Reel developed during
or following emergence phase

eg. Nauru, Gilbert Is. eg. Niue, east of Tonga Is.

FIGURE 2 Island—atoll types on the Pacific lithospheric plate (Scott & Rontondo 1983).
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The formation of each oceénic island type is controlled by episodes
of dilation or contraction of the lithospheric plate, and in their model
Scott and Rotondo show five subsidence and six elevation cycles (Fig. 2).
It is suspected that some of these would be eustatic rather than
tectonic events as depicted.

At least two of Scott & Rotondo's illustrations are in error.

Atiu (e) is a volcanic island, or raised island with fringing reef,

not a raised 'almost atoll' although this description has been applied
to Aitutaki also in the Cook Group (Wood & Hay 1970; Waterhouse &
Petty in press). Niue (k), a raised coral atoll, displays the original
atoll rim as a peripheral ridge about 60 h asl, and the original lagoon
floor now forms an internal basin about 35 m asl (Jacobson 1980).

In the following discussiqn, a simplified history of events shows
two phases_of island construction i.e., initial elevation followed by a
continuing period of subsidence (Fig. 3).

During periods of intermittent volcanic activity, it has been
suggested that the ocean floor in the vicinity of the volcanic islangd
swelled upwards as a result of increased lithospheric pressure associated
with the fusion processes which generated the lava to form the island.

In the dying stage of eruptive activity the volcanic edifice would then
start sinking under its own weight at a rate which may have been between

2 mm to 10 mm per hundred years (Detrick & Crough 1978; Baillard 1981).
Fig. 3 illustrates the possible history of elevation and subsidence of a
volcano from its initial eruption in the pre-Oligocene (pre 37 m.y.) to
the present day; (1) coral reef forms when volcano rises to within

-45 m or above sea level, (2) continued emergence of volcano forms

high island and elevates coral reef (makatea), (3) intermittent volcanic
activity, and subsidence as a result of sea floor loading, (4) dying

stages of volcanism and continued subsidence of volcanic edifice,
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(5-6) spasmodic inner parasitic eruptions as volcano sinks to greater
depths, (7-8) volcano erodes and continues to sink forming "raised"
atoll (7) and atoll (8) while coral continues to grow upwards.
Eustatic fluctuation of sea level probably occurred contemporaneously
during both growth and subsidence stages, and earlier coral reefs are
now preserved at various levels down to about 1000 m below sea level.

During the long periods between volcanic eruptions, and when sea
water depths, temperatures, food, and oxygen supply were favourable,
coral colonies became established around the islands. Subsequent
fluctuations of water depths in response to both sea floor lcading on
the lithosphere and the melting and freezing of the polar ice caps
.contributed to the death of the polyps, but their calcareous skeletons
remained to form the prominent reef system that now surround the islands.
Both volcanism and reef building proceeded contemporaneouslx’as shown
by interbed&ed makatea limestone and volcanics in drillholes on Mangaia
(Waterhouse & Petty in press) énd by abundant coral fragments in tuff
and agglomerate on Aitutaki in the Cook Group (Wood & Hay 1970).

Irrespective of the mechanism, whether it be isostasy, eustatism,
or tectonism, apparent or real sea level fluctuations relative to present
day level, have been.recorded at -66, -44, -23, -11 and 12 m in the
Pécific generally (Baillard, 1981), -33 to -37, and -11 to -15 m on
Niue (Schofield 1959), and -120 m and -37 m in the Southern Cook Group
(Wood & Hay 1970). There is also good evidence for stillstands at
various levels from 3 m up to 70 m and possibly 240 m asl (Wood & Hay
1970; Schofield 1971).

The maximum depth to which coral can grow is con;idgred to be =45 m
(Fairbridge, 1968) which, when added to the net sea level fluctuation

range of 360 m, (-120 to +240 m) gives a potential in situ coral
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thickness of some 400 m. Thus, the thickness of coral resulting from
eustatism alone may be of this order, but it is known that it is greatly
in excess of 400 m in places i.e. 600 m on Hao and 1000 m on Rangiroa

in the Tuamotus (Baillard 1981), 500 m on Manihiki in the Northern Cook
Group (Wood and Hay 1970), possibly 1000 m on Home Island in the Cocos
Group (Jacobson 1976), 1400 on Eniwetok in the Marshall Islands and
probably 900-1000 m on Funafuti in the Tuvalu (formerly Ellice) Islands
(Menard 1964).

Eustatism alone cannot account for these considerable thicknesses
of coral and some other explanation is required. It is suggested that
the volcanic edifice itself plays a role in the development of the
coral reef., During the growth stage of the volcano, as soon as the
summit rises above -45 m bsl, coral becomes established and forms a
crown. This may have occurred as early as the middle Oligocene or
Miocene for fully developed atolls judging by the age of the makatea
limestone on Mangaia (Wood and Hay, 1970). Returning to the "water bed
effect" model of McNutt and Menard (1978), continued uplift as a result
of adjacent sea floor loading would also elevate the coral cap to
different heights between different islands. When the volcanic mass
exceeds the lithospheric strength, its own weight on the lithosphere
would result in gradual sinking of the entire edifice. In accordance
with the Darwinian theory advanced in the mid nineteenth century the
coral would continue to grow upwards, as the bases on which the reefs
first became attached slowly sank below the level of the sea.

The detail and time scale of these complex series of events

involving periodic emergence and submergence by volcanic activity,
possibly contemporaneously with eustatism, and crustal warping,

remain to be solved.
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Alignment of Volcanics Arcs

It is accepted that many volcanoes in the central Pacific
region are along alignments that show up on bathymetric charts as plateau
like features, commonly with a broadly NW SE orientation. The emergent
peaks of the volcanoes, or their coral caps, form island chains and
submerged ridges, examples of which are the Hawaiian Islands, the
Marquesas, the Tuamotu Ridge, Austral Ridge, Line Islands, and Southern

Cook Group.

Age of Volcanics: Radiometric

Volcanic activity in one form or anpther has extended over much of
the geoclogical time scale and was widespread in the mid Cretaceous epoch
(100 m.y.) (Schlanger et al. 1981). An unreliable potassium argon
(K-Ar) date of 156 m.y. from Tahiti, given by Jarrard and Clague (1977)
indicated a mid Jurassic age for a dredge sample, but most of their
dredged or outcrop samples were much younger. An analysis of Jarrard
and Clague (ibid) radiometric age data from Pacific linear island chains
shows some broad trends (Table 1, Fig, 4). For this paper, 181
reliable or probably reliable ages have been selected from a total of
250 samples, and grouped by origin into volcanoes, atolls, guyots
(a flat topped seamount), seamounts, (a mountain rising from the sea
floor but not reaching the surface), and ridges. There are obviously
many more determinations for volcanoes than for the others, but the
trend for volcanoces shows an age range from active to about 25 m y and
an average of around 5 m y; atolls are averaged at 17 m y; guyots

at 37 m y; seamounts 48 m y; and ridges 89 m vy.

Age of Islands: Subsidence

A more indirect dating method for island structures relates an assumed

rate of subsidence to depth of burial of the volcanic edifice. Drillholes
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FIGURE 4  Log plot of age determinations from Pacific island chains (calculated from Jarrard & Claque 1977).

Number of Youngest Oldest Average <average
dates {my) (my) (my (%)
Volcanoes 143 active 77 5 75
Atolls 11 0.7 59 17 55
Guyots 11 19.3 74 37 46
Seamounts 13 21 88 48 53
Ridges 3 69.7 126 89 67

Table 1

Summary of radiometric age data of 181 reliable or orobably

reliable determinations from Pacific linear island chains.

(calculated from Jarrard & Clague 1977)
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penetrating the coral cap on the atolls of Eniwetok and Bikini in the
Marshall Island and Midway in the Hawaiian Islands indicate that they
have subsided 1.4 km, 0.78 km, and 0.38 km respectively (Menard and Ladd
1963). From 60 m y of dated stratigraphic horizons, Menard & Ladd (1963)
calculated the islands had subsided an average 20 m/m y (2 mm/100 yrs).
At tﬂis rate of subsidence volcanism becéme extinct, or ﬁearly extinct
70 m y years ago on Eniwetok, 40 m y ago on Bikini, and 20 m y ago on
Midway (Table 2).

Seismic data suggests that Funafuti atoll has a coral cap about 1 km
thick and at an assumed 2 mm/100 yr subsidence rate it would have taken
Aéo m y to have sunk to this depth; However, Baillard (1981) in discussing
Pacific atolls on a regional basis, assumed a subsidence rate of
10 mm/lOO yrs, a rate five times faster than- Detrick et al's figure, -
and if Baillard's 10 mm rate is appliéd the ages aré significantly

different (Table 2).

Age of Islands: Geomorphology

Kear (1957) in discussing the connection between age and degree 9f
erosion of volcanoes, defined four stages in cone dissection. They
were, in order of increasing age;

.Volcano Stage e.g. Hawaii. Cones that are essentially similar to those
of active volcances. Holocene,

Planeze Stage é.g. Rarotonga (Dalrymple et al. 1975). Dwindling sectors
of the constructional surfaces (planezes) survive on the ridges between
deeply eroded consequent valleys. Craters do not survive to the latter
part of this stage unless enlarged by erosion. Mid Pleistocene to
Holocene.

Residual Mountain Stage e.g. Rapa (ibid) Continued erosion causes

the planezes to dwindle and then virtually disappear. The residual
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Eniwetok (4) 1400 70 14
Bikini (5) 780 40 14
Funafuti (6) 1000 50 10
Aitutaki (7) 1000 50 10
Rangiroa (8) 1000 50 10
Hao (9) 600 30 6
Manihiki (10) } 500 25 5

1

Midway (11) 380 20 4

Table 2 Minimum age of atolls based on subsidence
rates. Notes (1) Eniwetok and Midway
drilled to basalt; remainder from seismic

calculations,

(2) Detrick & Crough, 1978 (3) Baillard 1981
(4) Ladd & Schlanger 1960 (5) Raitt 1954
(6) Menard 1963 (7) Hochstein 1967

(8,9) Baillard 1981 (10) Wood & Hay 1970

(11) Ladd et al. 1967.
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hill or mountain no longer exhibits any recognizable original cone
surface except possibly at its base. Lower Pliocene to mid Pleistocene.
Skeleton Stage e.g. Mangaia (ibid) Only the most resistant internal
parts of the cone remain eqg stocks, necks, dykes. Upper Miocene to
upper Pliocene.

Stages of erosion that extend beyond the Skeleton Stage are not
specifically defined, however islands older than the Skeleton Stage would
be represented by gently domed or flat topped surfaces, deeply weathered
and eroded in their emergent form, or capped by coral. Atolls, guyots,
seamounts and ridges are grouped together for the purpose of this
discussion, and their age is considered simply as Miocene or older.

Kear's geomorphological method and criteria can be applied to the
volcanic 'high islands' (defined below), on the understanding that more
than one stage may be represented on the same island i.e.Upolu in

Western Samoa exhibits three stages of erosion (D. Kear pers. comm).

Discussion on Age of Islands

In applying the various methods discussed above, it becomes apparent
that there is no completely accurate criteria for determining the exact
age of an island. Darwin's evolutionary principles for the formation
of small islands seems universally accepted. The precise dating of
evolutionary geological events however are less reliable because of
their dependence on largely assumed criteria.

There is little correlation between the radiometric dates obtained

for atolls (Table 1; Fig. 4) and those calculated on the basis of

rates of subsidence (Table 2). The major constructional phase of island
volcanism is claimed to be short (0.5 - 1.5 m y; Jackson et al. 1972)
but it is apparent that even a long life span from birth to extinction

would be inadequate to accommodate the ranges presented in Tables 1 and 2.
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It is clear that volcanic activity at any one centre is not
restricted to one period of time, and that spasmodic eruptions have
occurred at a much later date than that of the main edifice building
stage on at least some of the islands in the Pacific (Waterhouse &
Petty in press). Radiometric dating recorded by Dalrymple et al.
(1975) of lava from Atiu (7.2 m y), Rarotonga (1.19 - 2.8 m y). and
Aitutaki (0.66 - 0,77 m y) in the Southern Cook Group indicate later
stages of activity than any suggested from the assumed subsidence rates,
and it is conceivable that still younger eruptions, the products of which
have not been identified, also occurred on these islands.

The ages indicated by geomorphic criteria are also inconsistent
with the K-Ar dates of Dalrymple et al. (1975) who remarked that the
assertion that the Cook Islands chain increases in age to the NW was
not supported by the K-Ar results, and that the volcanic rocks of
Rarotonga and Aitutaki are much younger than predicted. This is well
demonstrated on Aitutaki which could be Eocene, Miocene, or Pliocene
on geomorphic evidence (Wood & Hay 1970), Eocene to Late Miocene on the

subsidence theory, or mid Pleistocene on K-Ar dating.

Water Resources

The age, geology, and geomorphology of an island governs to a
large degree its water resources potential. In the following elementary
hydrogeological discussion, three distinct 'types' of island commonly
encountered in the Pacific are 'high islands' (volcanic), 'raised atollst,
and 'atolls', Each have distinctive hydrogeological characteristics,
as discussed by Dale & Waterhouse (in press).

The high volcanic islands (Fig. 5) generally yield good qﬁality
water from a number of sources which include drillholes, dug wells,

springs, maui 'skimming' tunnels, infiltration galleries and streams.
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Skimming tunnel

Drillhole, dug well

Drillhole

Lakes and swamps
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|
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Fresh water

Sea water

FIGURE 5  High island (half width) showing emergent volcano with feeder dykes and sills, and flanking coral reef .

Rainwater is shed by direct runoff, or percolates to water compartments in the volcanics or to freshwater lens.
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In geoclogically young volcanoes the 'fresh' surface rocks allow rainwater
to penetrate readily to the groundwater reservoir. Conversely, prolonged
exposure to the elements (weathering) reduces the volcanic material to
impermeable clay which impedes rainwater absorption and increases surface
runoff. As a general rule, the younger the volcano the better the
prospects as a water resource,

In raised atolls (Fig. 6) the limestone surface usually includes
fractures and solution channels through which rainwater can penetrate
to the groundwater reservoir above or close to sea level . Streams are
generally absent but adequate supplies may be obtained from drillholes,
dug wells, or brackish ponds. 1If the water resource is close to sea
level care must be taken to ensure that prolonged abstraction does not
lower the fresh water level to below the sea level, in which event salt
water contamination would ultimately occur.

In a coral atoll, (Fig. 7) a limited amount of fresh water might be
obtained from the fresh water (Ghyben-Herzburg) lens close to sea level.
The delicate hydraulic balance between the fresh and salt water must be

maintained if this resource is exploited.
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THE GEOLOGICAL HISTORY OF THE LAU GROUP, FIJI
by

D. Woodhall

The islands (39) and atoll reefs (31) of the Lau group form the eastern
part of the Fiji islands. The islands are surrounded by barrier

and/or fringing coral reefs, but the atoll reefs are so called because
they have no associated islands. More detailed descriptions of the
geology of the Lau group have been given elsewhere (Woodhall, 1984 & in
press).

Many of the islands are deeply eroded volcanic cones formed of basaltic,
andesitic, and occasionally dacitic and rhyolitic, lava flows and
volcaniclastic rocks. The majority of these volcanoces are of late
Miocence age, but some formed during the middle Miocene and early
Pliocene. The activity of each Miocene volcano was followed by erosion
and submergence, and there is stratigraphic evidence which indicates that
the submergence was rapid and in many cases entire volcanoes were sub-
merged. Following this submergence coral reefs became established on

and around the islands and they probably resembled the present day
barrier and atoll reefs in the Lau group. Growth of these reefs continued
during a lull in volcanism that occurred between that of the late

Miocene and early Pliocene. The early Pliocene volcanism was much less
widespread, and the products more basaltic, than that of the Miocene.
Although none of the Miocene volcanoes appear to have been reactivated
during the early Pliocene, some of the Pliocene volcanoes formed either
within or adjacent to pre-existing reef systems of Miocene-early Pliocene
age.

Regional uplift and associated block faulting, which has strongly
influenced the present day configurations of the barrier and atoll reefs,
may have occurred during as well as after the early Pliocene volcanism.
The uplift of the Miocene-early Pliocene coral reef systems was inter-
.mittent and as a result the newly emergent reef and lagoonal limestones
were terraced. The limestones were intensely recrystallized following
their emergence. The greatest amount of uplift took place in central
and northern Lau, and because of this, the underlying Miocene volcanic
basement beneath the Limestone has been exposed by erosion on many
islands, but in southern Lau, where there was less uplift, no volcanic
basement has been exposed and therefore most of the islands in this
part of the Lau group are formed entirely of limestone.

Renewed coral reef development, following the uplift of the earlier
reefs, commenced during the late Pliocene and continues at the present
day.

Renewed volcanism took place during the late Pliocene and Pleistocene
from small centres situated on pre-existing eroded Miocene volcanoes and
limestone terraces. The products of this volcanism were lava flows and
pyroclastic deposits of alkali basalt composition, and these basalts are
quite distinct from those erupted during the Miocene and early Pliocene.
Small volcanic cones which formed during the Pleistocene have undergone
very little erosion.
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During the sea level lowstands of the Pleistocene glacial periods

the present day coral reefs, and their associated lagoons, were emergent
features and consequently must have undergone erosion. Following the
submergence of the reefs as a result of the interglacial and post
glacial sea level rises, coral growth was re-established on topographic
highs that remained after the erosion which took place during the glacial
periods. Slight regional uplift, probably in combination with the
glacio-eustatic changes in sea level, brought about the emergence of
what are now the present day reef systems. Evidence for this emergence
is limited to scattered occurrences of limestone which form the
erosional remnants of a very low lying terrace. Only rarely is more
than one terrace apparent. The limestone has been much less recrystallized
than that of the Miocene-early Pliocene.

The superficial deposits that occur on most islands, and which form
various sand cays, were deposited within the last few thousand years,
after the present day sea level was attained following the lowstand

of the last glaciation, but before the first human settlements were
established on the islands. Many of the sand cays are the only islands
associated with reef systems that would otherwise be atoll reefs.
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Discussion - Theme II

How does the\age of geological structures assist in developing
ground water supplies? .

(Keynote Speaker) The younger volcanic rocks (say 3000 years old)

are usually more permeable and therefore have greater potential for
holding and supplying water. Older volcanics (say 50 million years)
have undergone weathering and these changes usually mean that imperma-
able clay minerals are formed which reduce the permeability of the
rocks.

(Simpson) Radiometric age determinations need expensive equipment
which we don't have. It is nice to have these sophisticated data
but in our region we need to use simpler evidence, such as geo-
morphology, from field observations.

Could you clarify the terms porosity, effective porosity and perme-—
ability?

(Chairman) You may have high porosity without permeability - if
the pores are not connected you do not have any permeability.
Could someone explain effective porosity please?

(Barker) Effective porosity can be determined by allowing saturated
rocks to drain and measuring the water running out. Within the rock
structures other water is held on the surface (specific retention).
The total porosity is the sum of the effective porosity and the
specific retention.

Could you expand on the "yoyo" movement of islands in relation to
the flexibility of the lithosphere?

(Jacobson) There have been some (isolated) research studies but no
general theories seem available. Perhaps some of the internal research
reports could add to this knowledge if a regional research programme
could be developed. An on-going project is by the HIPAC team,
basically a group of workers from Kobe University (Japan), with
members from NZ and Fiji. One report, giving data from Micronesia,
Fiji, Samoa and Cook Islands, has recently appeared, and further
studies will be made beginning later this month.
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AQUIFER PROPERTIES AND PUMPING TESTS: An Introduction

J A Barker
(British Geological Survey)

1. INTRODUCTION

An aquifer ‘is a geological formation that has the ability both to store and
to transmit water in significant quantities. This paper introduces the
physical parameters characterising these two properties, and then pumping
tests, which are used to determine the values of these parameters in the
field. The significance for such tests of some of the special conditionms
encountered on oceanic islands is also discussed.

Much of this material is presented in greater detail in standard hydrogeo-
logical textbooks (.e.g Bear, 1979; Todd, 1980; Walton, 1970). However, it
is hoped that this brief exposition will serve both as an introduction for
readers who intend to undertake hydrogeological investigations, and as an
adequate survey for those whose main interest lies outside hydrogeology.

A selected bibliography is provided as an aid to further study.

2. AQUIFER PARAMETERS

2.1 Storage

There are two distinct mechanisms by which water can be stored in (or
yielded by) an aquifer, and it will be convenient to introduce these by
considering first a confined aquifer and then an unconfined aquifer.
(Although the former case will be of limited interest in relation to small
islands).

Figure la depicts a confined aquifer of thickness b. Suppose there is a
net flow of water, of volume AW, into a section of the aquifer of area A,
this will be accompanied by an increase in head, Ah. It will normally be
found that these quantities are related through the equation:

AW = Se<A-An

The constant S is a dimensionless parameter which characterises the
storage capacity of the aquifer and is known as the storage coefficient or
storativity of a confined aquifer. Another quantity of interest is the
specific storage, Sg, which is given by:

S¢ = S/b

and represents the volumetric change in storage per unit volume of the
aquifer per unit change in head.

A typical value of Sg might be 5 x 10 6 m_l, which represents a change in
storage of only five cubic centimetres in one cubic metre of aquifer for a
one metre change in head. The reason for such small values is that the
storage and release of water is due to the small amount of elastic com-
pression and expansion of the water and rock matrix.
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Figure 1. Definition sketch for the relationship between change in storage
and change in head. (a) A confined aquifer. (b) An unconfined
aquifer.

Figure 1b depcits an unconfined aquifer where an increase in storage of AW
within area A is accompanied by a rise Ah in the water table. As before:

AW = 8S-+A-Ah

where S is now the storage coefficient or storativity of an unconfined
aquifer. In this case the storage capacity provided by the elasticity of
the water and rock matrix is almost completely negligible in comparison
with that due to the pore space above the initial water table. This pore-
space storage is referred to as spectfic yield, Sy, and for all practical
purposes is equal to S.

It might be expected that the specific yield is equal to the aquifer porosity,
n, and this would indeed be true for a8 water table rising into an initially
dry rock (provided no entrapment of air took place). In practice, however,
the rock above the water table retains a certain amount of water in intimate
contact with the rock matrix due to molecular forces. This quantity is
characterised by a parameter known as the specific retention, S,, which is
given by the difference between porosity and specific yield. Therefore:
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and it becomes clear why the specific yield is also often referred to as
the effective porosity.

2.2 Conduction

Figure 2 represents uniform groundwater flow through saturated rock as a
result of a head difference Ah over a distance A%. If the volume of water
that flows through area Ap, perpendicular to the flow direction, in unit
time is q then it is normally observed that these quantities are related by:

q/Ap = K-Ah/AR

which is known as Darcy's Law. The constant K is known as the hydraulic
conductivity of the rock (the term coefficient of permeability is also used).

Al -

Figure 2. Definition sketch for flow through an element of aquifer under a
uniform head gradient.

Suppose now that the area Ap penetrates the whole aquifer thickness, b,
over a width w; then the above equation can be written:

q/w = K-beAh/AL = T-Ah/AL

where the quantity T (= K+b) is known as the transmissivity of the aquifer.

The quantities K and T are most frequently expressed in units of m/day and
mz/day respectively.
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2.3 Heterogeneity

In the above discussion it has been assumed that the agquifer material is
homogeneous; however, it is often found that aquifer parameters vary
significantly from place to place. Hydraulic conductivity, in particular,
can vary by several orders of magnitude within a single aquifer unit.

Often the parameter of interest is an average over a large areal extent
since this will determine the regional flow behaviour. But local hetero-
geneities can also be important; for example, in relation to the performance
of individual wells.

3. - PUMPING TESTS

Pumping tests are performed for two (often related) reasons: (i) to determine
the hydraulic parameters of an aquifer, and (ii) to determine the production
characteristics of a given well. Frequently, wells are constructed
specifically for the former task and are never used for production.

In its most general sense a pumping test can be described as an experiment
in which a known hydraulic stress is applied to an aquifer (normally, but
not always, using a pump) and the response of the aquifer (changes in
pressure or head) observed.

3.1 A typical pumping test

Figure 3a represents what is probably the most commonly applied form of
pumping test; namely, a constant rate interference test in a confined
aquifer. Water is pumped at a constant rate, Qw, from one borehole or well
while the reduction in water level, s (the drawdown), is observed in a
second borehole. VWhen the data is plotted as drawdown against the
logarithm of time, t, since the start of pumping (Figure 3b) it is often
observed that for large times there is a relation:

8 = m 2n t/ty

An analysis of the data can be effected by estimating the constants m and
to, graphical methods are usually of sufficient accuracy, and then estimating
the aquifer transmissivity and storage coefficient from:

T = Quw/(4+m°'m)

S = 2.25+ty-T/r?

The mathematical theory on which these formulae are based will be found in
most hydrogeological textbooks and will not be repeated here. They are
only valid under certain circumstances; most importantly, it is necessary
that the aquifer is homogeneous over a significant region.

It must be emphasised that this is only one of several possible methods

for analysing the same data. Perhaps more commonly, the analysis would be
carried out with the aid of fype curves.
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Figure 3. Constant rate pumping test in a confined aquifer.
(a) Section through pumping well and observation well.
(b) Typical drawdown data.

3.2 Types of pumping test

In. Table I an attempt has been made to classify pumping tests according to
a number of features. Brackets are used to group alternative possibilities,
although not quite all combinations can be realised in practice.

The hydrological context of the test, naturally, has a major influence on
the test procedure (form and duration of pumping, number and placing of
observation wells, frequency of data collection) and on the method of data
analysis.

Confined and unconfined aquifers have very different storage coefficients
(Section 2.1) and this will significantly effect the length of the test.
Also, data analysis for an unconfined aquifer can be very difficult,
especially if the drawdown at the pumping well is large. Leaky aquifers,
where water can seep through a semi-pervious stratum, have quite different
long-term responses to pumping.

During a pumping test the region of the aquifer influenced will expand with
time. If this region includes significant geological changes (such as a
fault which might act as an impermeable boundary) these will influence the
drawdowns. Recharge boundaries, such as rivers, lakes and the coast, will
tend to cause the long-term drawdowns to be limited.
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TABLE I
A Classification of Pumping Tests

AQUIFER
d unbounded homogeneous
°°nf1;‘i’ g no-flow boundaries Tonoee isotropic
:n:zn ne recharge boundaries fiZsured anisotropic
eaky coastal boundaries
PUMPING RESPONSE
constant rate
constant head » : steady state
multiple rate transient
slug test
WELL(S)
fully penetrating small diameter
partially penetrating large diameter

o

DRAWDOWN OBSERVED IN:

pumping well only
observation well(s) only
both

Layering and fissuring can have a very complicated effect on the drawdowns.
This makes data analysis particularly difficult, and sometimes computer
models have to be employed.

The rate of abstraction of water can be varied considerably. Most commonly,
a constant rate test is employed, and this has the advantage of relatively
easy data analysis and producing parameters which are characteristic of a
significant region of the aquifer. Constant head tests are rarely employed
by choice but are convenient under certain circumstances, such as in testing
an artesian aquifer. When the hydraulic characteristics of.a well are of
particular interest the rate of pumping is often changed in discrete steps
and the drawdown in the well observed; this is called a step test. A test
that can often be very convenient is the slug test, where water is extracted
from or injected into a borehole as fast as possible and the subsequent return
of the water level to its original position monitored. Slug tests only yield

parameter values characteristic of the aquifer in the immediate vicinity of
the borehole.
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3.3 Special considerations for small islands

3.3.1 Where an aquifer outcrops in the ocean it is subject to a tidal
variation in head, the effect of which propagates through the aquifer. 1In
so far as the resulting head variations in boreholes interfere with pumping
tests, this is an unwanted phenomenon for which correction needs to be made.
Such a correction involves monitoring the water level fluctuations in the
pumping test boreholes before the test and correlating them with tide levels
or, preferably, with fluctuations in neighbouring boreholes which are un-
likely to be affected by the pumping test. Then the tidal component of
drawdown variation can be predicted for each borehole during the test, and
subtracted from the total observed drawdown.

3.3.2 From a different point of view, the tidal fluctuation constitutes a
measurable stress on the aquifer which can be regarded as a natural form of
pumping. From the resulting response of the water level in a borehole it is
possible to obtain an estimate of the ratio of the transmissivity to the
storage coefficient of an aquifer, T/S, which is known as the diffusivity
(e.g. Todd, 1980, pg 242). When the aquifer is unconfined this method is
only effective when the mean saturated thickness is large in comparison to
fluctuations in that thickness.

3.3.3 Rocks of very high hydraulic conductivity are not uncommon on oceanic
islands (e.g. many rocks of coral and volcanic origin). Pumping tests in
such material tend to a steady state so quickly that normal methods of
transient analysis become ineffective. The results of such tests can reveal
reasonably accurate conduction parameters (transmissivity, hydraulic con-
ductivity), but only very inaccurate, if any, values for storage coefficients.
This may not be a severe problem because, if the aquifer responds very rapidly,
its behaviour can be predicted by assuming steady-state conditions at any
instant. However, if the storage coefficient is of interest then the com-
plementary use of tidal response data (Section 3.3.2) may sometimes prove
effective.

Formulae useful in the analysis of steady-state borehole tests are given by
Hvorslev (1951).

3.3.4 Most methods of pumping test analysis are formulated in terms of the
aquifer transmissivity. However, on small islands the aquifer will often be
of large unknown thickness. Under these conditions, with relatively shallow
boreholes, a transmissivity value is difficult to determine. It will then
often be sensible to analyse the data by a method which is formulated in
terms of hydraulic conductivity (e.g. Hantush, 1962; Kruseman and de Ridder,
1979, pg 162).

3.3.5 Since the salinity, and therefore the density and viscosity, of
groundwater varies near the coast it may seem necessary to take account of
this when analysing data from pumping tests. However, in relation to all

the other uncertainties and approximations involved in pumping-test analysis,
such. variations are unlikely to have any significant effect: probably less
than 3% error in the derived transmissivity or storage coefficient.

3.4 General remarks

3.4.1 The analysis of pumping-test data is far from being a routine matter.
Frequently the aquifer fails to respond as anticipated, which often reflects
the presence of unexpected aquifer heterogeneity or recharge mechanisms.
Even when the behaviour of the aquifer is well understood quantatively, the
analysis can be mathematically complex, sometimes to the extent that a
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computer model has to be employed. In consequence it can prove worthwhile,
on balance, to perform a technically complex and expensive test (e.g. using
deep boreholes and pumping for long periods) so that the data analysis
becomes relatively straightforward.

3.4.2 Thought should always be given to the exact use to which parameters
derived from pumping tests are to be put. For example, there is no point
in going to a great deal of trouble to obtain an estimate of the storage
coefficient of an aquifer, as well as the transmissivity, if the results
are only to be used in a steady~state model, which requires only the latter
parameter.

3.4.3 If the intention is to put the pumping-test derived parameters into a
numerical aquifer model, which will normally require average regional values,
it may be more appropriate to obtain these values by calibrating the model.
Pumping test data might be used in the calibration procedure, but it will
probably be more valid to use head variations in response to natural
stresses such as rainfall and tides.
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FRESHWATER - SALTWATER RELATIONS

J.A. Barker
(British Geological Survey)

1. INTRODUCTION

The purpose of this paper is to introduce the basic concepts that are used
in describing the relationship between the freshwater and saltwater in a
coastal aquifer. The emphasis will be on a qualitative description although
the powerful Ghyben-Herzberg approximation, which is the basis of most
quantitative investigations, is also introduced.

Since this presentation is necessarily of very limited scope and detail, an
annotated bibliography is provided as an aid to further study.

2. GENESIS OF A FRESHWATER LENS AND TRANSITION ‘ZONE

Figure 1 represents a section through an oceanic island (this and subsequent
figures are highly distorted for clarity). The freshwater lems is a dynamic
system, maintained by recharge, with flow from the water table towards the
coast. Where the freshwater meets the saltwater there is a transition zone
through which the salinity increases with depth as suggested for the vertical
line XY in Figure 1.

salinity

— P~
X

depth

Y Y Y saltwater

Figure 1. A freshwater lens in an island aquifer.
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The width of the transition zone is determined by a number of factors. The
primary geological factor is the branching nature of flow paths in the rock
which gives rise to the mixing of waters with different salinities. This
dispersion process can take place both at the microscopic scale, due to the
granular nature of rocks, and at the macroscopic scale, due to heterogeneity
such as layering or fissures.

Even with steady-state flow conditions there would be a transition zone.

In practice the flow rates are continually changing due to pumping, tides

and changes in recharge, and these changes enhance the size of the transition
zone. Such processes are complex and no satisfactory quantitative descrip-
tion has been produced.

Should a long drought be experienced the lens will contract (even when there
is no abstraction) and could effectively disappear. On the resumption of
recharge the lens will begin to grow again, although the transition zone may
extend up to sea level for a considerable period.

3. GHYBEN-HERZBERG APPROXIMATION

When the transition zone is relatively thin, it is often assumed that there
exists a surface above which there is freshwater (at a constant density,
pg, of about 1000 kg/m3) and below which there is saltwater (at a constant
density, p., of about 1025 kg/m3). This is known as the sharp interface
approximation.

ol

water

—"”—TEYEE__—

ocean

freshwater

.\

saltwater

hdﬁ&———-“j-——€h<—n;rﬁgp

Figure 2. Definition sketch for the Ghyben-Herzberg approximation.
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Figure 2 depcits a sharp interface in the vicinity of the coast. Consider
the water within an (imaginary) U-tube extending from the ocean surface
through the interface and up to the water table. Assuming that the water
in the U~-tube is in hydrostatic equilibrium, the pressure P at point I, on
the interface, is that below a column of saltwater of depth hy; and also
that below a column of freshwater of depth hg + hg. Therefore:

P = pgeg hs + Py = Pe 8 (hs + hf) + Pa

where g is the acceleration due to gravity and Pg is atmospheric pressure.
This equation can be rearranged to give:

h, = & hg (1)

where § = op/(pg - Pg) 7§ 40 (2)

Equation (1), which is known as the Ghyben-Herzberg approximation,
indicates that the depth of the interface below sea level should be about
forty times the height of the water table above mean sea level. This is
a very important result which gives rise to many useful formulae for '
estimating the position of the interface under various conditions.

In the case of a thick transition zone the Ghyben-Herzberg approximation

can still be applied with reasonable accuracy provided the sharp interface

is identified with the 50% seawater isochlor (about 10,000 ppm chloride).

The assumption of hydrostatic equilibrium in the U-tube (Figure 2) is
satisfied when the saltwater is at rest and the freshwater flow is horizontal.
Such conditions are often approached in practice.

4. SOME STANDARD SITUATIONS

4.1 A saltwater wedge

Figure 3 depicts a situation where a full lens is unable to develop because
of a confining layer at depth B below sea level. The interface stretches
inland a distance L, intersecting the top of the confining layer along a
line known at the foe, with the saltwater body within the aquifer taking
the form of a wedge.

Assuming that the aquifer is homogeneous and making use of the Ghyben-
Herzberg approximation and Darcy's Law, an estimate of the length of the
wedge is given by:

where K is the hydraulic conductivity of the rock and Q is the discharge
rate of freshwater to unit length of the coast.
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Figure 3. Definition sketch for a saltwater wedge in an unconfined aquifer.

From this equation it is obvious that if Q should decrease, either due to
lack of rainfall or increased abstraction, the saltwater will encroach
further into the aquifer. It also shows that the higher the conductivity
of the aquifer the greater the extent of intrusion.

4.2 Single well near the coast

The above situation can be extended to include a single well which distorts
the otherwise uniform flow to the coast. Figure 4a depicts the flow pattern
while Figure 4b shows the water table and interface.

Water flows from the stagnation point S both towards the coast and towards
the well. Should the toe of the interface encroach further inland than
point S, saltwater will soon arrive at the well. A sufficient condition
for this not to occur is that the freshwater head H at point S should
exceed B/40 since then, according to the Ghyben-Herzberg approximation,
there can be no interface above the confining layer. This condition can
in turn be expressed in terms of a critical pumping rate which should not
be exceeded (see: Strack, 1976; Bear, 1979, pg 399).

4.3 Upconing beneath a skimming well

A skimming well is simply a well that abstracts freshwater fror above a
saline interface. The harder such a well is pumped the higher the
salinity of the abstracted water. Although this system is best described
in terms of the transport of chloride in the water (Diersch et al., 1984),
considerable insight into its behaviour has been gained by study of the
sharp interface model (Bear, 1979).
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Figure 4. Flow to a well near the coast. (a) Plan view of flow pattern.
(b) Vertical section perpendicular to the coast.

initial interface position

Figure 5. Definition sketch for upconing below a skimming well.
(a) Confined aquifer. (b) Unconfined aquifer.

128



Figure 5 depicts skimming wells in both a confined and an unconfined
aquifer. In the confined case (Figure 5a) it has been found that, if a
certain critical pumping rate, Q., is not exceeded, the interface remains
at some distance below the bottom of the well. However, if Q. is exceeded,
the interface rises quickly up to the well. In the case of a homogeneous,
isotropic aquifer with hydraulic conductivity K, Q is approximated by:

Q. = m D% K/40

and the rise of the interface, z, at this rate is about D/2 (e.g. Schmorak
and Mercado, 1969).

These results will rarely apply with great accuracy because of aquifer
heterogeneity, flow to the coast and the existence of the transition zone.
However they do suggest that a skimming well should be made as shallow as
possible (because of the D? factor in Q;) and that the salinity of the
abstracted water will rise relatively quickly if a certain pumping rate is
exceeded. This rate can be found experimentally, perhaps using the value
of Q. given by the above expression as a guide.

Figure 5b depicts a skimming well in an unconfined aquifer. For very small
drawdowns the behaviour will be the same as that in a confined aquifer,
with an impermeable surface coincident with the water table, so the above
discussion applies. However it is interesting to observe that, because of
dewatering of the well with increasing drawdown, such a well has a limited
production capacity. It is therefore possible to choose the well depth,
d,,, such that upconing into the well is impossible, at least on the basis
of the sharp interface approximation. This was investigated by Chandler
and McWhorter (1975) who found, for example, that d, should be less than
dg¢/3 (Figure 5b) for a homogeneous isotropic aquifer. :

5. CONTROL OF SALINE INTRUSION

From what has been said it should be clear that certain measures can be
taken to prevent excessive saline intrusion on small islands. Wells
should be shallow, pumped at low rates and as widely dispersed as possible.
When the freshwater lens is very thin infiltration galleries are obviously
preferable to wells.

Other possible methods of control (e.g. Todd, 1980), such as the construc-
tion of subsurface barriers and the use of scavenger wells, are probably
too expensive and technically complex to be of value on small islands.
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THE (IN)SIGNIFICANCE OF WATER IN

PACIFIC ISLAND ECOLOGY'

Harley I. Manners

ABSTRACT

While water, the major emphasis of this workshop, is a significant
factor in island ecology, in this paper I take the proposition that other

factors are equally important in the ecology and development of atolls.

One indicator of the significance of water in the island environment
is vegetation. Yet vegetation is related to other environmental factors:
storms and hurricances, salt water tolerance, island size, geographic

isolation and human disturbance, to name a few.

Through the title of this paper I suggest that water is a significant
factor in island ecology, but that one cannot focus on water alone when

considering the ecology of atolls.

1 Paper presented at the workshop on Water Resources of Small Islands. University of the South

Pacific, Suva, Fiji, 2-8 July 1984. Sponsored by the Commonwealth Science Council,

2 Senior Lecturer and Acting Head of Geography, University of the South Pacific, Suwva, Fiji.
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INTRODUCTION

Last year (1983) the leeward sides of Fiji experienced a severe drought
which greatly reduced its sugar export earnings. The Republic of Nauruy,
which has the highest per capita income in the Pacific because of its
phosphate deposits, imports water during periods of drought. 1In 1980,
a number of papers at the Regional Technical Meeting on Atoll Cultivation
(Tahiti) underscored the significance of water in atoll ecology, agriculture
and development. Throughout the Pacific, the lack of water is an oft cited

constraint towards development.

The theme of this workshop centers on water in the Pacific islands,.

and while the examples cited above certainly support the significance of
water in the Pacific islands, my approach to the topic will be slightly
different., As a geographer and an ecologist I will suggest through a number
of éxamples that water is only one factor in the island ecology and develop-

ment, and that other factors may be equally significant,

Water and vegetation ecology

All life requirés water. A visible expression of the close ecological
reiationship between water and life is plants and vegetation. Plants, for
example, have been classified according to water need and the terms hydro-
phytes, mesophytes and xerophytes are representative of such classifica-
tions. 'Similarly, we are familiar with descriptions of vegetation which
incorporate or suggest a relationship between water and vegetation,.
Examples of this relationship include tropical evergreen rainforest,
tropical dry deciduous forest, subtropical desert, sclerophyllous forest,
savanna, mangrove and swamp. FEach of these formations is indicative of
a particular moisture regime and differs greatly in terms of ecological
structure (species composition, numbers, vertical and horizontal stratifica-
tion, nutrient, water and energy requirements) and function (nutrient and
hydrologic cycling and energy flow). Water is a key factor in each of
these vegetation formations. The ecological significance of water, as
well as the islanders' understanding of it, is perhaps best exemplified

by the 'babai' pits in Kiribati.

Kiribati (the former Gilbert Islands) is composed of 17 small low
lying coral atolls which rise less than 4 meters above sea level. The

islands are located in the dry belt of the Central Pacific and receive
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between 100 and 300 cms of rainfall per Yyear. The main food crops of

Kiribati are pandanus, coconuts and 'babai' (Cyrtosperma chamissonis) of
which only the latter is said to be cultivated (Lambert 1982).

The 'babai' requires ".

a more or less continuous supply of water
to thrive" and is planted in pits, roughly 20 m x 10 m and 2-3 m deep,
which reach down to the surface of the fresh water lens (Lambert 1982:
163). As babai is intolerant of salt or brackish water (Wiens 1962) most
of the pits are located towards the atoll's center where the hydrostatic
lens is thickest and contamination from salt water intrusion minimized.
The plants are mulched with a mixture of humus and selected leaves and
depending on the variety, require between two to 15 years before harvesting

(Lambert 1982). Similar systems of babai cultivation are found in Mokil,

Nukuoro and Kapingamarangi (Wiens, 1962).

The association of 'babai' pits and fresh water is also reflected
by the nature of the atoll vegetation. Usually trees and other plants
are larger, more numerous and more diverse where the lens is thickest.
However, water is not the only factor to consider in analysing the vegeta-
tion ecology of these islands. Tolerance of vegetation to salinity, the
strength and frequency of winds, tropical cyclones and tidal waves (Guerin
1982), human interference, island size and distance to a seed source are
some other factors which affect the distribution and nature of vegetation
in the islands. The rest of the paper will consider the importance of

the first three of these factors.

Salinity

All plants vary in their tolerance to salt, whether contained in sea
spray, soil or water. Most indigenous atoll plants are tolerant in varying
degrees to salt (Wiens 1962), and on many islands there is a definite
zonation of vegetation which can be correlated with salt whether contained
in soil, water, or sea spray. According to Niering (1956) in decreasing

salt tolerance are the following groups:

a) Cocos nucifera, Pandanus tectorious, Messerchimidia argentea,

Scaevola sericea; and Guettarda speciosa;

b) Cordia subcordata and Clerodendrum inerme;

¢) Terminalia samoensis;
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» d) Premna obtusifolia and Morinda citrifolia;

é) Callophyllum inophyllum;

f) Artocarpus altilijs.

All of these plants or their close relatives, the majority of which
are trees, are to be found on most islands of the Pacific, When species
less tolerant of salt are found in more salt exposed conditions, they often
display evidence of salt damage or are stunted and display a less vigorous
appearance. On Nauru, where phosphate has been mined for almost 80 years,
the most successful colonizers of the mined sites are 48 indigenous strand
plants which are tolerant of the alkaline soil conditions (Manner, Thaman
and Hassall 1984). Although approximately 400 plants have been introduced
to Nauru, less than 5-10 of these species are capable of colonizing these
abandoned mined areas. As salt is present in atoll environments, studies
of salt tolerance in plants can contribute to the understanding of atoll

ecology (Guerin 1982),

Tropical cyclones and storm surges

Tropical cyclones or hurricanes with winds exceeding 64 knots are
not an uncommon feature of the South Pacific islands (see Table 1 in the
Appendix). Between November 1969 and April 1980, Fiji experienced 18 storm
wind sbeeds greater than gale force (Fiji Meteorological Service 1980c)
of which 14 were classified as tropical cyclones (Krishna, R. 1981). Since
March 1983, Fiji has experienced three tropical cyclones: Oscar and Sarah
in March 1983, and Cyril in March of this year. Of these, the most serious

was Oscar which will considered later in this paper.

The effects of -a tropical cyclone and its associated storm surge on
fresh water resources and vegetation can be devastating for small islands.
Blumenstock (1958) noted that Typhoon Ophelia, which struck Jaluit (Marshall
Islands) in 1958, uprooted or snapped off 70 to 90 per cent of the trees
on Majatta and north Jaluit. The storm surge of salt water killed exotic
plant species, scoured and shifted soils and gravels (which buried other

plants), and reshaped the geomorphic features of these islands (Blumenstock
1958) .

Destruction of the agricultural system and crops has also occurred

during a hurricane. Wiens (1962) 1lists the following: salinization of
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soils which required six months to leach*free; destruction of food trees

(coconuts and breadruit), and infilling of taro pits.

Human influences

For the larger Pacific islands the significance of water in ecological
functioning and development can be just as critical as it is in the smaller
islands. The larger islands often receive higher rainfall totals (see
Table 2 in Appendix), and because of their more complex geology, are usually
better watered than the smaller islands. However, the precipitation is
not evenly distributed spatially as much of it is orographically induced.
Thus, for many of the larger islands, there is a definite rainshadow effect

where drought sometimes occurs.

Tropical rainforest is the natural vegetation for these larger islands.
However, in many areas of the Pacific where the climatic conditions are
suitable for rainforest, the landscape is dominated by grassland vegetation.
Parts of lowland and highlands Papua New Guinea, the northern coast of
Guadacanai in the vicinity of Honiara, and the western side of Viti Levu
and Vanua Levu are dominated by a grassland vegetation. While the presence
of a grass cover suggests a dry climate or a period of water deficit, the
origin and maintenance of these areas are partly ascribed to burning for
pasture or clearance for shifting agriculture (Brookfield and Hart 1971,
Pajijmans 1976, Manner 1976). In Fiji these grasslands or 'talasiga'
(literally sun-burnt lands) are located in the rainshadow. Thus, while
they are of presumed anthropogenic origins, climate is an obvious contrib-
utor. Average annual rainfall and pan evaporation for two stations in

this area are:

Station Rainfall Pan evaporation
(cm) (cm)
< ps 1
Nadi Airport 187 208
Lautoka Mill 183 148

1Fiji Meteorological Service (1980a)

2Fiji Meteorological Service (1980b)
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For decades, much of the economy of the western sides of Viti and
Vanua Levu has revolved around sugar for the export market. But since
the 1960's the Forestry Department, and later the Fiji Pine Commission
(FPC) have reforested 33,263 hectares of the steeper 'talasiga' slopes
with Pinus caribaea (Fiji Pine Commission 1984). A plantation of 60,800

hectares is planned for these areas (Fiji Pine Commission 1984).

While reforestation of these oft burned grassland slopes has economic
as well as ecological benefits (erosion reduction, increase in soil water
capacity, etc.), studies elsewhere indicate that evapotranspiration rates
are higher and annual runoff totals are lower in areas under trees than
under grass. Unfortunately for the FPC the coincidence of growing pine
trees, drought and lowered stream levels have not gone unnoticed by the
residents and sugar cane growers 1in the region, who consider the lower
stream levels to be causally related to the pine reforestation scheme.
However, the paucity of rainfall and stream discharge data for this area
precludes any conclusions on the impact of pine reforestation on the

hydrology of these grasslands.

In 1981 Ilsubmitted a project proposal to the FPC to assess the impact

of Pinus caribaea plantations on the hydrology and nutrient cycling of

these grasslands (Manner 1981). Briefly, the project involves the monitor-
ing of precipitation and stream discharge in two adjacent third order water-
sheds of comparable size (approximately 450 hectares) and required the
emplacement of weirs, stage level recorders and rain gauges. The Masi
Creek watershed is largely unforested (there is less than 1 hectare of
pines in it) and has been monitored for stream flow and precipitation for
one and a half years. Monitoring operations in the Vatuma Creek watershed,
which was reforested in 1980, began in 1982, Other ecological studies
are in progress. The watersheds are also being studied for changes in
nutrient cycling through the analysis of soil, water, and plant tissue;
vegetation and biomass changes as a result of reforestation; erosion; and
other ecological parameters. A detailed soil study of these watersheds
will be published before the end of this year. It is expected that the

above mentioned studies will be carried out over a complete growth cycle
(17+ years).

The project is not without its share of problems. Firstly, heavy
siltation of the streambeds caused by high magnitude discharge have

temporarily rendered the stage recorders inoperative. Secondly and more
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importantly, it would have been theoreticélly ideal if both watersheds
were unforested when the weirs and stage recorders were first emplaced.
Such a situation would have allowed for a precalibration period in which
it could be assessed whether or not the watersheds were hydrologically
comparable. However, it was almost impossible to locate two such sites
because of topographic or logistical problems. Thus the 1980 plantings

in the Vatuma Creek watershed may make such an assessment impossible.

On March 1983, Hurricane Oscar devastated the 1980 plantations in
the Nabou and Nadi Forest including the plantation in the Vatuma Creek
watershed, to the extent that ". . . most areas in this category have been

designated for complete clearance and replanting" (FPC 1984: 4).

It is perhaps fitting and ironic that a study which was designed to

measure the impact of Pinus caribaea on the hydrology of these grassland

ecosystems has been aided by a hurricane. While water is a critical factor
in island ecology, other factors are likewise important in the development
process. With the pressures of increasing development and populations
in the islands, there is a need for basic water research and greater
supplies of water. Rational development must consider also the effects

of the other factors on the island environment.
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APPENDIX

1
Table 1. Tropical cyclones in the South Pacific by island groups.

Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sept. Oct. Nov., Dec. Total Annual

Average

Frequency
Fiji 21 15 22 5 1 13 ” 2
Tonga 16 7 1§ 6 1 3 3 | 2
Samoa 10 2 8 2 2 6 30 2-3
Vanuatu 11 12 9 2 1 1 3 2 41 2
New Caledonia 12 13 10 1 1 2 5 44 3
Norfolk S 9 7 3 2 1 2 1 30 2
Tuamotus K] 2 1 1 7 -5
Tahiti 3 1 1 3 8 -2
Solomons 2 1 2 1 6 -2
Cook 2 5 3 5 17 -5

TOTALS 85 67 77 20 2 2 1 1 3 5 g 39 N

Percentage 30 20 25 6 & B I .3 1 2 2.5 12

1Based on an analysis of 311 storms circa 1853 and 1924.

Adapted from Visher (1325: 27).
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Table 2. Climate data for selected Pacific islands.

STATIONS Average Annual Temperatures R.H. {per cent) Precipitation
max. min. mean am pm (cms)

Admiralty Islands
Lorengau 32.2 22.2 27.2 87 - 391

Caroline Islands

Palau 30.0 24.4 27.2 79 76 3386
Ponape 28.4 23.3 26.4 85 77 485
Yap 30.5 24.4 27.4 89 o

Cook Islands

Aitutaki 28.9 22,2 25.6 79 al 187

Manihiki 28.4 25.6 27.5 80 79 248

Rarotonga 26.7 20.5 23.6 79 74 458

Pukapuka 30.6 25.0 27.8 80 73 298
Guam.

Sumay 30.0 24.4 27.2 86 73 227
Kiribati

Ocean Island 311 25.0 28.0 78 82 189

Tarawa 31.1 25.5 28.3 77 ! 200

Line Islands

Fanning 31.6 25.0 28.0 75 - 2

Malden 32.2 23.8 28.0 63 76 70
Marianas

Saipan 28.3 23.3 25.8 86 75 209

Marshall Islands

Jaluit 31.1 25.0 28.0 84 78 403
Ujelang 30.5 25.0 27.8 84 78 196
Nauru 31.6 23.3 27.4 72 7 191

New Caledonia

Noumea 27.2 19.4 23.3 73 70 110
Pagoumene 28.3 20.0 24,2 4l 66 85
Niue 28.9 20.6 24.8 83 73 o 201

Papua New Guinea

Daru 29.4 264.4 26.9 81 - " 210
Madang 31.1 23.3 27.2 84 76 348
Port Moresby 30 23.9 26.9 72 62 101
Samarai ‘ 28.9 23.9 - 26,4 - 76 - - 274
Rabaul 32.2 22.8 27.5 76 72 228
Kavieng 31.1 23.3 27.2 80 76 318

Phoenix Islands
Canton 32.2 26.1 28.2 77 62 34

Solomon Islands
Kieta 30.6 23.8 27.2 78 79 304
Tulagi 30.6 24.4 27.5 81 - 313
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STATION Average Annual Temperatures R.H. (per cent) Precipitation

(%)
max., min. mean am pm (cms)
Tahiti
Papeete 31.1 21.1 26.1 82 7 163
Tonga
Nuku'alofa 26,7 20.0 23.4 73 73 161
Va'vau 27.8 22.2 25.0 77 - 197
Tokelau Islands
Atafu 30.0 26.1 28.0 86 81 158
Tuamotus
Makatea 30.6 22.8 26.7 86 81 158
Mangareva 28.3 20.6 24,4 - 74 222
Tuvalu
Funafuti 3.7 25.0 28.4 81 73 400
Vanuatu
Port Vila 28.3 21.7 25.0 77 73 210
Tanna 26.7 211 23.9 78 84 240
Western Samoa
Apia 29.4 23.3 26.4 78 76 285
Fiji PAN(cms )PE
Rotuma 29.4 23.9 26.6 84 77 350 167
Nadi 2 30.1 2141 25.5 80 76 1884 208 166
Lautoka Mill 194 154

Sources of data

1
Except for Fiji, all climatic data is from: Meteorological Office. 1958. Tables of
Temperature, Relative Humidity and Precipitation for the World. Part VI. Australasia and

the South Pacific Ocean. London, Her Majesty's Stationery Office.

2
Fijg Meteorological Service., 1980, Climatological Summary Table - Nandi Airport 17045'5
177°27'€ 16 m. Information Sheet No. 51. Nandi Airport.

Fiji Meteorological Service. 1880. Potential Evapotranspiration in Fiji. Information
Sheet No. 60. Nandi Airport.

4 : s
Fiji Meteorological Service. 1981. Average Rainfall of Fiji Stations. Information Sheet
No. 68. Nandi Airport.
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APPLICATION OF TWO SURFACE-BASED GEOPHYSICAL TECHNIQUES
IN ISLAND GROUNDWATER INVESTIGATIONS

Jerry F. Ayers
Water and Energy Research Institute
University of Guam
UOG Station
Mangilao, Guam 96913

INTRODUCTION

Two surface-based geophysical methods, seismic refraction
and electrical resistivity, have been used extensively in ground-
dwater studies conducted by personnel of the Water and Energy
Research Institute, University of Guam. Information obtained
from the application of these techniques has been extremely
useful 1in determining subsurface structure and stratigraphy and
in estimating the thickness of fresh-water lenses for a number of
atoll islands. These methods have also been used in the study of
Guam’'s ground-water resources both on large and small scale
projects (Camp, Dresser, and McKee, 1982; Ayers, 1982; Ayers and
Clayshulte, 1983). Primary advantages of utilizing geophysical
techniques are (1) relative ease in field setup and operation,
(2) coverage of large areas with less time consumption and effort
by field personnel (compared to methods involving subsurface
exploration methods), (3) cost effective in terms of information
obtained verus equipment and time involved in the operation, and
(4) large amounts of subsurface data can be collected. Some
disadvantages associated with geophysical applications are (1)
initial cost of equipment may be high (depending on the level of
instrument sophistication) and (2) interpretation of field data
usually requires experience and sound hydrogeological judgement.

The aim of this paper is to present an introduction to the
methods of seismic refraction and electrical resistivity and to
show, by specific examples, the type of information that can be
obtained from the field application of these methods. - These
examples are drawn from a study conducted on Kuttu Island,
Satawan Atoll (Ayers and Clayshulte, 1983) located in the Lower
Mortlock Islands of Truk State, Federated States of Micronesia.
During the course of this study of salt-water intrusion, several
seismic-refraction lines and resistivity stations were
established across the small island. Results from the analysis
of field data gave information on the layered nature of the
subsurface and its possible composition, and information on the
extent of fresh groundwater and the position of the transition
zone between the lens and the underlying saltwater.
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BACKGROUND AND METHODOLOGY

In this section, information related to the theory behind
the two geophysical techniques is given and the methods used to
analyze field data are briefly discussed.

Although the two techniques are very different in terms of
methodology and the physical properties which they measure,
seismic and resistivity surveys are often run together during
hydrogeologic field studies. Results from both applications are
complementary and thus ease the task of data interpretation.
However, to insure a meaningful interpretation from any geophys-
ical data, field methods should be confirmed by obtaining geolog-
ical and hydrological information from independent means such as
drilling and water-quality monitoring.

Seismic-Refraction Profiling

Seismic-refraction methods have been used in a wide variety
of 1investigations involving the determination of subsurface
structure. The object of refraction seismology is to obtain a
time-distance graph from the first arrival of sound waves gener-
ated by an energy source. From time-distance graphs, seismic
velocities can be calculated and depth determination can be made.

Detection of refracted sound waves generated by controlled
energy sources (e.g., hammer striking a steel plate, weight drop,
or explosion) usually produces a seismic record indicating one or
more events that are caused by the change in velocity of the wave
front. Seismic energy is transmitted through solid material as
elastic waves. Abrupt changes in the elastic properties of the
medium through which these waves pass will cause the waves to be
refracted or bent. The degree to which the wave paths are
refracted 1is related to Snell s Law, that is, the sine of the
angle of incidence 1is equal to the sine of the angle of
refraction. Another way of expressing this law 1is by the
following equation:

sin i vy

sin r Vs

where,
i is the angle of incidence,

r is the angle of refraction,

Vy is the velocity of transmission of the elastic wave in the
incidence medium, and

V, is the veloctiy of transmission of the elastic wave in the
refraction medium.
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A primary concept in refraction work is that of the critical
angle. Where r is equal to 90 degrees, sin i is equal to V| /V,.
Here, the incident wave path or ray strikes the layer boundary at
the critical angle and the refracted wave travels parallel to the
boundary. A refracted wave front acts as a first arrival when
its travel time from the source through the refraction medium to
the detector 1is equal to or greater than the time required for
the direct wave to travel from the source to the same detector.
The path that first-arrival waves take is dependent upon the
depth to the reference interface and the distance between the
first detector and the energy source (Telford et al., 1976; Zohdy
et al., 1974).

When first-arrival times derived from seismograms are
plotted on a time-distance graph, a break in slope of the curve
will occur where the time taken for both direct and refracted
waves to travel from the energy source to the detector 1is the
same. Seismic velocities are obtained from the slope on the
time-distance curve (i.e., velocity is the inverse of the slope).

The most widely used of all field techniques in refraction
work is profile shooting. To obtain the necessary time-distance
data, shot points and detectors or geophones are laid out on long
lines and repeated shots are taken at various positions at the.
ends and middle of the geophone spread. ‘1f successive . spreads
are necessary, the lines are overlapped by at least one or two
geophones.

. During field operations on Kuttu Island, several seismic-
refraction lines or spreads were established across the study
island. Each 1line was shot in both the forward and reverse
order; several lines were shot at the midpoint of the spread.
The energy source used in the refraction work was a sledge hammer
striking a steel plate. Geophone spreads consisted of 12 detec-
tors spaced at 25-foot intervals connected to a McSeis-1300
Signal Enhancement Seismograph. A permanent record was produced
on light-sensitive paper. Figure 1 shows a schematic diagram of
the field setup for the instrumentation.

Although a number of analytical approaches are available
(see, for example, Telford et al., 1976 or Dobrin, 1976), the
least time-consuming method utilizes computer processing of the
time-distance data. The computer program used to process the
Kuttu Island data was first published by the U.S. Bureau of Mines
(Scott, 1972). The program generates a two-dimensional model
representing a layered-earth depth interpretation. Travel times
are picked from the seismogram by the user. These times,
together with shot point and geophone locations and  refraction
layer control information, are used as program input. A first
approximation delineation for each refraction boundary 1is ob-
tained by a computer adaptation of the delay-time method. The
approximation is then tested and improved by the computer through
the wuse of a ray-tracing procedure in which ray travel times
computed for the model are compared to field data.  The model is
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Figure 1. Schematic diagram of the field set up for seismic-refraction
equipment.
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"subsequently adjusted in an iterative manner such that the dis-
' crepancy between computed and measured travel times is minimized.
Seismic velocities and depths to refractor boundaries, among
~other information, are printed as the final step.

Earth-Resistivity Sounding

In addition to the application of seismic-refraction
~profiling in ground-water investigations, earth-resistivity mea-
surements are  widely wused in the determination of . subsurface
characteristics and, in may cases, water quality. Essentially,
" the method involves measuring the electrical resistivity of earth
materials by introducing an electrical currrent into the ground
and monitoring the potential field developed by that current. 1In
" most earth materials, electricity is conducted electrolytically
by the interstitial fluid, and resistivity is controlled more by
porosity, water content, and water quality than by the resistivi-
ties of the matrix (Zohdy et al., 1974). Clay minerals, however,
are - capable of conducting a current electronically, and the
electrical " flow 1in a clay unit 1is both electronic and
electrolytic.

In conducting earth-resistivity soundings, a commutatéd
direct current or very low frequency (<1 Hz) current is intro-
duced 1into the ground through two electrodes (Zohdy et al.,
1974). The potential difference is measured between a second
pair of electrodes; the current and potential measurements are
used to calculate apparent resistivity.

The most commonly used electrode configuration for vertical
electrical soundings, and the one used in the Kuttu study, is the
Schlumberger array.  Four electrodes are placed along a straight
line on the ground surface such that the outside current elec-
trode distance (AB) 1is.equal to or greater than 5 times the
inside potential electrode distance (MN). For any linear, sym-
metric array AMNB of electrodes, the apparent resistivity 1is
given by (Zohdy et al., 1974):

P, = v @B/2)2 - (m/2)2 - av
MN I
where
AV is measured potential difference, and

I 1is electrical current.

A Soiltest R-60 resistivity unit was used to conduct the
survey on Kuttu. The unit utilizes dry-cell batteries as a power
source with a maximum output of 810 volts and 1.0 amps. All
soundings utilized the Schlumberger configuration with a maximum
current electrode: (AB/2) spacing of up to 100 feet.  Figure 2
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shows a schematic diagram of the field setup and instrumentation.

Resultant data generated during the resistivity survey were
analyzed by a trial-and-error procedure of curve matching. The
first step was to plot the field data on a graph of apparent
resistivity versus electrode spacing (AB/2) for each station and
smooth the vertical electrical sounding (VES) curve to remove the
discontinuities produced by the method of measurement (see, for
example, Zohdy et al., 1974). Next, an appropriate layer model
was selected as a first approximation to the field VES curve.
Layer thickness or depth and resistivity values are used as input
to a computer program (Zohdy, 1974) which calculates the model
VES curve. This model VES curve is then compared to the field
VES curve for goodness of fit (usually a qualitative comparison).
If necessary, the input values are adjusted and the program
rerun. This procedure is continued until a reasonable match 1is
achieved between the model and field curves.

As' discussed by Zohdy (1974), for a given earth model com-
posed of horizontally stratified, 1laterally homogeneous, and

isotropic layers, the computer program calculates the
Schlumberger apparent resistivity in two parts. First, the total
kernel function T = f(h,e, A ) is calculated for an n-layer model

using Sundi’s recurrence formula which is given by

Ti = (h, o, A) = [I_Qie-ZAhi]/[I*Qie—thi]

R P L PSR LA CPRIR L Y

2Ah

T (s Py A) = (1~ Q _je-2rh n+l1]

n-1]/[1 + Qn—le—

oy = Iy o 1/le |+ el

where,
f; 1is resistivity of the ith layer, and
h; is thickness of the ith layer.

The second part in the calculation of the Schlumberger
apparent resistivity is based on convolving the inverse filter
coefficients (Ghosh’s coefficients) with the computed total
kernel function curve. The convolution is made twice and six
apparent resistivity values per logarithmic cycle are obtained.
The abscissas of the computed points are logarithmically equally
spaced, with

(AB/2) /(AB/2)i = 1,468

i+l
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where AB/2 is the Schlumberger electrode spacing.

STUDY RESULTS AND THEIR INTERPRETATION

Results from the Kuttu study are presented in this section
and the meaning of these results are discussed. Although other
interpretations are certainly possible those presented here
represent the "best fit" in terms of additional field data
collected during the course of the study. This additional infor-
mation 1includes water-quality analysis, surficial geological
data, and general observations.

Figure 3 shows a map of Kuttu Island with the locations of
seismic-refraction lines and resistivity stations.

Seismic-Refraction Profiles

A total of 11 seismic-refraction lines were run across the
island. Of the 11 lines, 10 produced useable results. As shown
in Figure 3 eight lines were run along a pathway (through the
village) and the remainder were shot near the ocean shoreline.
Lines 1 through 4 and lines 5 through 8 were set up such that
each spread overlapped the forward line by two geophones. Thus
line 1 was coupled to line 2 and line 2, 1in turn, was coupled to
line 3 and so on. This method was used in order to analyze the
data either for a single line or all lines together. Lines 9 and
10 were treated as single spreads. Line 11 failed to produce
usable results due to poor acostic properties of the ground.

Resultant seismic data obtained from the survey were
analyzed on the computer using Scott’'s (1974) program. From the
computer study of seismic data, two types of information were
obtained (1) velocity values for various subsurface layers and
(2) depths to the top of the layers beneath each geophone.
Seismic velocities are listed in Table 1 and layer depths are
illustrated in the profiles of Figures 4 and 5.

A number of relevant points can be made with regard to the
computer results. These points are summarized below.

1. Interpretation of seismic data from those lines
established along the lagoon side of the island (spreads 1-8)
indicate that the near surface structure is composed of three
layers.

2. Interpretation of seismic data from spreads 9 and 10

established on the ocean side indicate that the near surface
structure is composed of two layers.

149



OCEAN

BENIO e LA o s S it s N .

REEF FLAT

~

0.1mi

2% Reef-drived rubble
@K1 Resistivity Station

—~——SL1 Seismic-refraction line

"TARO PATCH

LAGOON

Figure 3. Map of Kuttu Island showing the locations of seismic-refraction
lines and earth-resistivity stations.
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Table 1. Layer velocities determined by the seismic-refraction
survey conducted on Kuttu Island, Satawan Atoll.

Layer 1 Layer 2 Layer 3
Line (ft/sec) (ft/sec) (ft/sec)
1 1186 5485 6213
2 1500 5634 : 7747
3 1345 5222 6612
4 1103 5160 5968
5 1175 5540 8852
6 1500 5200 6612
7 1158 5370 9162
8 1272 5549 6894
Mean Vel. 1280 5395 7258
9 1192 6134
10 1083 5847
Mean Vel. 1138 5990
*1-4 1201 5388 6472
*5-8 1207 : 5419 7361
Mean Vel. 1204 5404 6916

*NOTE: Results from the computer analysis of coupled lines.
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3. Velocities of layers 1 and 2 appear not to vary across
the 1island, suggesting no significant change in composition or
internal structure (i.e., intralayer construction). There 1is,
however, distinct differences between the two layers.

4., Layer 3 appears to underly only that portion of the
island along the lagoon shoreline. It should be noted however
that the seismic-line coverage is 1inadequate to verify the
presence of layer 3 elsewhere.

5. The top of layer 2 displays relatively little relief and
1s located at an average depth of 6.6 feet below the surface.

6. The top of layer 3 is very irregular with a relief of
about 20 feet to 25 feet beneath spreads 5 to 8 and about 10 feet
to as much as 40 feet for spreads 1 to 4. It is noteworthy that
the surface of layer 3 is greatly depressed beneath spread 1;
this location corresponds to an area of severe damage to root
crops by salt-water intrusion.

7. The average depth to the top of layer 3 is roughly 40
feet beneath spreads 5 to 8 and 35 feet beneath spreads 1 to 4
except for spread 1. Here the top of layer 3 exceeds a depth of
60 feet.

Earth-Resistivity Soundings

Seven resistivity stations were established at various sites
across the island (Figure 3). The purpose of wutilizing this
field technique was to determine the thickness of the fresh-water
lens at selected locations by vertical electrical soundings.

The conceptual model of the island system formulated for
analytical purposes was composed of four layers of different
thicknesses and electrical properties. These layers represent a
dry surface unit, a second unit saturated with freshwater, a
third layer saturated with a mixture of freshwater and seawater
(transition zone or zone of mixing), and finally a fourth layer
of infinite thickness saturated with seawater. Layer thicknesses
and their corresponding resistivities are adjusted during. the
iterative procedure until a reasonable combination is found.

Analytical results (Table 2) indicate that at the time of
measurement the fresh-water column probably was 10 to 12 feet in
the thickest part of the lens. On average, the transition zone
or zone of mixing between fresh groundwater and the underlying
seawater, may be on the order of 12 feet thick, or about the same
thickness as the fresh-water nucleus near the center of the lens.
These values are subject to about a 15% error, however, they do
serve as a first approximation of water availability.
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Table 2. Fresh-water lens and associated transition zone thicknesses
derived from earth-resistivity data obtained from surveys
conducted on Kuttu Island, Satawan Atoll.

Fresh-water Lens Transition Zone
Station Thickness (ft) Thickness (ft)
K-1 6 . 14
K-2 10 8
K-3 8 12
K-4 12 8
K-5 ' 8 12
K-6 6 12
K-7 15 10
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CONCLUSION

Information obtained from the application of seismic-
refraction and electrical-resistivity methods to the Kuttu Island
case aided the study in -evaluating problems of salt-water
intrusion. These methods are relatively inexpensive to use com-
pared to the alternative of drilling, are very portable and easy
to operate, and are 1less time consumming in their field
application. One additional advantage is that the methods can be
utilized at all levels of detail within the scope of a given

project. That is, these methods can be used to obtain informa-
tion quickly for reconnaissance level surveys or be used to
obtain rather detailed data for more sophisticated studies. All

~of these advantages plus the availability of the equipment make
these geophysical techniques valuable tools to the investigator
of island ground-water resources.
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GROUNDWATER OCCURRENCE BENEATH ATOLL ISLANDS

Jerry F. Ayers
Water and Energy Research Institute
University of Guam
Mangilao, Guam 96913

INTRODUCTION

A recent study by the Water and Energy Research Institute
(Ayers et al., 1984) has shed light on the problematic subject of
atoll island hydrogeoclogy. Deke Island on Pingelap Atoll, Ponape
State, was the study area for a relatively comprehensive investi-
gation of island hydrogeology and groundwater occurrence. Field
work included the installation of a network of observation wells,
water-level monitoring, installation of a lagoon tide gage, core
drilling, surface geological and topographical mapping, geo-
physical surveys, and water-quality analysis. Information
obtained from field work on Deke indicates a much more complex
hydrogeology than would ordinarily be expected for such a small,
and seemingly uncomplicated, island. Discovery of a hard sub-
strate wunderlying much of the island and documentation of 1its
profound effect on the occurrence and behavior of groundwater may
force a re-evaluation of earlier-held views of atoll island
hydrology.

A number of practical aspects have already come to light
based on the work on Deke. For instance, on islands similar to
Deke, such as Nukuoro and many others in Micronesia, it 1s now
obvious why salt-water intrusion occurs in areas of root-crop
cultivation (e.g., taro). Steps necessary to control the problem
are also obvious. We have a somewhat better understanding of
flow paths within the lens system and why fresh groundwater
occurs where it does. We also have a better understanding of how
to deal with the 1interpretation of field data, particularly raw
water-level information. Finally, a set of guidelines for dir-
ecting future studies on atoll island hydrogeology has  been
developed.

The purpose of this paper is to present a discussion of
atoll island hydrogeology using the results of the Deke study as
an example. The primary objective is to present a conceptual
model of atoll island hydrogeology and groundwater occurrence
based on the intrepretation of the results obtained from the
investigation of Deke Island. The point of using Deke as an
example is that Deke is representative of many islands within the
Western Pacific region in terms of its geological makeup, con-
figuration of the reef tract and relative position of the island,
and the relative position of the fresh-water lens within the
hydrogeological framework. There are, however, cases that do not
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fit the Deke model and therefore such cases should be considered
on an individual basis.

LOCATION AND DESCRIPTION OF DEKE ISLAND

The study island of Deke is located on Pingelap Atoll which
some 175 miles east of Ponape, Eastern Caroline Islands (Figure
1). Deke 1is one of three islands situated atop the atoll plat-
form and 1s located along the northwestern margin. Deke 1is
typical in the sense that it is low lying, densely vegetated, and

composed primarily of reef- and lagoon-derived sediment. The
island 1is approximately 4260 feet long, on the average is 1300
feet wide, and is somewhat arcuate in shape. For the most part,

the ocean shoreline is exposed to wind-driven waves generated by
the prevailing northeast trades.

Deke Island was selected as the study site for a number of
reasons. First and foremost, the configuration and size of the
island 1is such that a substantial fresh-water 1lens should be
present. Second, the island appeared to be typical of other
atoll islands located elsewhere in the Western Pacific. Third,
the island 1s° uninhabited and therefore the groundwater-flow
system could be studied in its pristine environment without the
effects of human activities. Results of this study could then be
compared to study findings obtained from similar insular hydro-
geologic settings in order to evaluate the impact of settlement.
Finally, air service would be available in case of emergency and
equipment replacement or repair.

METHODS OF THE DEKE STUDY

Emphasis of the hydrogeologic investigation of Deke was
placed on documenting relevant'aspects of island hydrology.
These aspects included the extent of the freshwater lens and its
relative position with respect to the geological components
beneath the island, the behavior of the lens system to 1influ-
ential factors such as rain-derived recharge and sea-level
fluctuations (ocean and lagoon tides), and the control, if any,
that particular geological units may exert on the occurrence and
movement of fresh groundwater. 1In order to collect data relevant
to the goals of the study, many approaches were used during the
course of the field work. Some of the field activities included
the 1installation of a network of observation wells (including
several standpipe-piezometric pairs; locations of water-level
observation sites are shown in Figure 2), the application of
geophysical techniques (seismic refraction and earth resistivity;
station locations shown in Figure 3), c¢ore drilling, topograph-
ical and geological mapping, and water-quality evaluation. These
activities and others were designed to lead to an understanding
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of the dynamics of the lens system beneath the island.

RESULTS OF THE DEKE STUDY

Results from the field work and subsequent data analysis and
interpretation are given below in outline form under three
general headings: Geomorphology and Geology; Water-Level Moni-
toring; and Hydrogeology and Groundwater Occurrence.

Geomorphology and Geology

1. Initially, Deke appears to have formed as two small
separate islands. Each of these small islands was surrounded on
three sides by well-developed ridges of coarse coral gravel. The

former tidal pass between the two islands is represented by a
north-south zone of sandy coarse pebbles that cuts through the
center of the island (Figure 4).

2. Currently, the 1island is prograding lagoonward as evi-
denced by the reef-derived sediments accumulating on the lagoon
beach and the angle~of-repose slope just offshore in the lagoon.
Further evidence 1is provided by extensive development of tidal
deltas and spits along the southeastern and southwestern margins
of the island (which gives Deke a concave shape to the south).

3. The surface geology of the island (see Figure 4) 1is
composed of four main components: a set of ridges composed of
cobbles and boulders adjacent the ocean shoreline; a series of
coalescing wash-over fans consisting of coarse pebbles and
cobbles; a narrow band of coarse to medium pebbles and sand more
or less centrally located (the central depression); and a low
berm composed of sand with scattered medium pebbles along the
lagoon shoreline.

4. The geology beneath Deke 1s composed of several distinct
units (see the paper on the geology of atolls for details).
Underlying part of the island is the hard substrate of the reef-
flat plate. The plate is wedge shaped in cross section, thinning
toward the lagoon and eventually grading into sediments of the
sand apron (Figure 5). Poorly consolidated to unconsolidated
sediments underly the reef-flat plate. This sediment package
varies considerably in thickness across the island (Figure 6
shows seismic profiles across Deke; bottom of sediment package
corresponds to boundary between V1 and V2). Similar to the reef-
flat plate, this unit appears to grade lagoonward into the uncon-
solidated sediments of the sand apron. A Halimeda-rich unit
underlies the unit beneath the plate and extends to an unknown
depth. This Halimeda facies also appears to grade lagoonward
into a unit composed of finer-grained unconsolidated sediments.
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Water-Level Monitoring

1. Tidal fluctuations diminished inland and there was an
inland-increasing time lag for the occurrence of highs and lows
(Figure 7). Close to the shoreline, the tidal range was con-

siderably larger in the north (oceanside) than in the south in
part because the range in the lagoon was considerably less than
in the open ocean. Overall, the lateral attenuation of the tidal
signal was such as to dampen a 5.0 ft fluctuation in the north
and a 3.0 ft fluctuation in the lagoon to less than 0.5 ft in the
interior of the island. The tidal signal signal required 3 to 4
hours to reach the interior.

2. Where the hard substrate of the reef-flat plate was
present beneath the island, the tidal fluctuation was ‘larger and
generally occurred earlier in the groundwater below the plate
then in the groundwater resting upon its surface (Figure 8).
This difference indicates that the reef-flat plate acts as a
confining bed. Where the plate pinches out toward the lagoon,
fluctuations within the two ground-water bodies (i.e., above and
below the plate) became less different and eventually became
identical.

3. There was a pronounced asymmetry of the lagoon tidal
variation due to the impeded exchange between the open ocean and
the 1lagoon (Figure 9). The lows are truncated and lag some 2
hours and 20 minutes more than the highs so that, on the average,
the time between a high and a low was 7 hours 48 minutes and that
between a low and high was 4 hours 17 minutes (Figure 7).

4. Substantial day-to-day variations 1in measured water
levels were observed at all wells. The principal control was the
variation in daily sea level as measured in the lagoon; rainfall
also causes obvious changes in ground-water levels (Figure 10).

5. Day-to-day variability in water levels in the unconfined
water resting upon the reef-flat plate was larger than that
measured in drilled or dug-through piezometer. This was probably
a ralnwater-catchment effect and thus a temporary condition.
Also, it appears that during wet periods the level 1in the
unconfined groundwater over the plate is slightly higher than the
piezometric surface of the confined groundwater (i.e., the lens
system itself),. However, the difference was slight and over a
period of several weeks the average water level in the uncon-
fined portion was about the same as that in the confined system.

6. Water level data, when plotted on a map and contoured,
indicated an asymmetric surface to the top of the fresh-water
lens (Figure 11). A ground-water ridge occurs on the lagoon

side of the island, south of the pinchout of the reef-flat plate.
This ridge marks the region where the system is under water-table
conditions and is the recharge area for the confined aquifer that
underlies the reef-flat plate.
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Hydrogeology and Groundwater Occurrence

1. There are four main components comprising the hydro-
geology of the Deke lens system: the island itself; the reef-
flat plate; the sand apron lagoonward of the plate; and the
partly consolidated, partly unconsolidated sediments beneath the
reef-flat plate. Each of these units plays a unique role in the
hydrology of the island.

2. The main function of the island is to catch rainwater
and transmit it to the subsurface flow system. Numerous aspects
of the hydrologic cycle such as plant interception and evapo-
transpiration are involved in the transmittal process.

3. A significant component of the hydrogeology is the reef-
flat plate. The plate acts as a leaky confining bed and extends
over a large portion of the groundwater-flow system.

4. Fresh groundwater 1is stored within the two remaining
units. It appears that sediments of the sand apron have a lower
permeability (about 150 ft/day) than the sediments beneath the
reef-flat plate (about 1500 ft/day). The latter seem to be
associated with the plate and may represent a non-indurated
equivalent.

5. Fresh groundwater occurs as a complex lens displacing
sea water. The configuration of the lens is asymmetric with the
thickest part located within the less permeable unit adjacent to
the lagoon shoreline.

6. Where the reef-flat plate is present the system is under
confined conditions; elsewhere, the system is under water-table
conditions. Primary recharge to the system takes place over the
area not underlain by the plate.

7. Flow directions follow two routes, one from the ground-
water divide directly to the lagoon beach face and the other
toward the ocean beneath the reef-flat plate exiting the system
somewhere between the island shoreline and the reef (Figure 11).

8. The transition zone between fresh and salty groundwater
is created and maintained by sea-level fluctuations, particularly
the tides. Its thickness is dependent on the frequency of the
sea-level oscillation and on the permeability of the aquifer.
The thinnest transition zone is associated with the less perme-
able unit adjacent to the lagoon shoreline.
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DISCUSSION

Under 1ideal conditions where the aquifer is homogeneous and
isotropic, the system is recharged uniformly, and there are no
outside influential factors (e.g., sea-level variations), a
symmetric Ghyben-Herzberg 1lens would be maintained. This,
however, 1is not the usual case for real atoll island systems and
is certainly not the case for Deke Island. The fresh-water lens
beneath Deke is partially confined, is maintained within complex
geologic units possessing disparate water-bearing properties, 1is
subjected to recharge events of variable magnitude, and 1is
greatly affected by sea-level variations due to tidal fre-
quencies, barometric pressure changes, and seasonal or long-term
ocean-level oscillations (steric effects).

A conceptual model of the fresh-water lens system beneath

Deke .is presented in Figure 12. This ‘model was developed in
order - to generalize the complex dynamics of the flow regime and
its hydrogeologic framework. The data base for the model con-

sists of information obtained from water-level reduction calc-
ulations, specific-conductance measurements in boreholes, water-
quality analyses, and the application of geophysical techniques.
It should be noted for clarity that the vertical dimensions have
been greatly exaggerated. In reality representation of the lens
thickness would be little more than the width of a single line.

A number of important points relevant to the subsurface flow
system of Deke are illustrated by Figure 12. Among these points
are (1) the asymmetry of the lens configuration, (2) the relative
position of the reef-flat plate and the primary recharge area,

(3) the groundwater-flow pattern, (4) the zone of ground-water
discharge, and finally, (5) the thickness variability of the
transition zone. These points are discussed below.

One of the most obvious features of the model is the asymme-
tric configuration of the lens. Fresh groundwater ' is stored
within two hydrogeologic units, that is, 1in units 4. and 5. It
was mentioned previously that these units differ in permeability;
the unit with the lowest permeability is adjacent to the lagoon.
The thickest portion of the lens occurs within this (relatively)
low permeable unit. Resistance to ground-water flow due to the
low permeability tends to maintain higher heads which in turn
depresses the position of the transition zone thus producing a
thicker lens.

Direct recharge occurs over that portion of the lens where
the reef-flat plate 1is not present. Infiltrating rainwater
enters the system across the water table. This direct influx of
water is an additional factor which contributes to the asymmetry
of the lens.

The combination of asymmetric head distribution and local-

ized ground-water recharge, 1in addition to the hydraulic effects
of the reef-flat plate, produce an unusual subsurface flow
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pattern. Two flow paths are possible (refer to Figure 11). If a
particle of water enters the system on the lagoon side of the
flow divide, the path taken is relatively short, under unconfined

hydralic conditions, and discharges directly into the lagoon.
The zone of discharge 1s in the vicinity of the beach face. If,
however, a particle of water enters the system on the ocean side

of the divide, the path taken is much longer. The water particle
will travel under confined hydraulic conditions beneath the reef-
flat plate and discharge from the system somewhere between the
island shoreline and the reef margine. Because of the presence
of a confining bed, 1t is not appropriate to assume that the
ocean shoreline of the island is the discharge zone. Under
confined conditions the island unit is not a factor in the con-
trol of ground-water movement. What does control flow is the
hydrogeology of the reef complex; the island merely plays the
role of a rainwater catchment. Misinterpretation of atoll island
systems similar to that of Deke can arise if this concept 1is
overlooked.

Specific characteristics of the zone of mixing or transition
zone between fresh groundwater and the underlying salty water
were not well documented during the field work on Deke. However,
from conductance profiles and indirect evidence some general
features can be deduced. Sea level fluctuations, in particular
tidal responses, are factors mainly responsible for creating and
maintaining transition zones in island systems. As the level of
the sea oscillates, the lens must also move in concert with the
change because the flow system is in hydraulic 1link with the

surrounding ocean. With the rise and fall of the fresh-water
body, mixing between fresh and salty water occurs at the lower
boundary of the lens. The thickness of the transition zone or

the degree to which this mixing occurs is dependent on (1) the
frequency and amplitude of the sea-level oscillation and (2) the
permeability of the aquifer. In units of low permeability, the
transition zone is relatively thin due to a greater attenuation
of the landward propagating signal generated at the shoreline by
a given sea-level oscillation, such as a tidal signal. In units
of higher permeability, the opposite is the case, that 1is, a
thicker transition zone develops. Based on the Deke field work,
there is a disparity in permeability between the two units within
which fresh groundwater is stored. This difference is reflected
in the head distribution and location of the thickest part of the
lens along the lagoon side of the island. It follows that the
thinnest transition 2zone will occur where the 1lens 1is the
thickest (i.e., where permeability is the lowest) and the
thickest transition =zone will occur where the lens 1is the
thinnest.

Additional support for the above argument can be deduced
from the known distribution of tidal efficiency (refer to Figure
7). Tidal efficiency variations across the island reflect the
inland permeability-dependent attenuation rate of sea-level
oscillations generated at the ocean and lagoon shorelines. Based
on the graph of Figure 7 and other data, the attenuation rate is
greater within units adjacent to the lagoon (i.e., the signal 1is
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dampened at a greater rate over a shorter distance as compared to
units adjacent to the ocean). Thus it follows that the tran-
sition zone would be thinner where the attenuation rate is the
greatest Dbecause of the dynamic relationship between sea-level
fluctuations and the freshwater/seawater mixing phenomenon.

CONCLUSION

Results from the hydrogeologic investigation of Deke Island
have led to a better understanding of the geological construction
of an atoll platform and how fresh groundwater occurs within this
framework. Of equal importance is the recognition of the various
factors that control the behavior of the fresh-water lens and its
associated transition zone. All of these general aspects are
important components of the overall picture of atoll 1island
hydrology.

A number of practical aspects have already come to light as
a result of work performed on Deke. The study findings help to
explain why certain problems related to ground-water occurrence,
movement, and supply are experienced by atoll island communities.
Among the major problems are salt-water intrusion and seasonal

water shortages. By applying what is known of the flow system,
many of these problems can be avoided or their effects greatly
reduced. Although the subject of water quality was not directly

addressed by this paper, the results of the Deke study could be
applied to efforts in solving problems related to well contamin-
ation, control of water-borne diseases, locating sanitary facili-
ties, and so on.

It 1is now readily apparent why, on some islands similar to
Deke, salt-water intrusion into cultivated areas occurs. From
first-hand observations, theé favored area for growing food
plants, taro in particular, is within the central depression (a
geomorphic feature which formed between the boulder ridge and the
lagoon sand berm). The usual practice is to remove the original
sediment to about the ground-water level and refill the area with
organic matter until a relatively thick humus soil is produced;

planting takes place within this new soil. As time passes and
the demand increases for additional food to support the
community, the area of cultivation is gradually enlarged. On
many 1slands the expansion was toward the ocean and over the
reef-flat plate and the highly-permeable unit beneath. During

the dry season, when little recharge is available to maintain the
lens configuration, the greatest reduction in fresh-water storage
occurs within the highly-permeable units. The fresh-water column
decreases and the transition zone thickness increases resulting
in a well-mixed brackish water zone underlying the food crop.
With the strong tidal pumping action through the reef-flat plate,
very saline water enters the root zone of the cultivated taro.
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Water shortages experienced by island inhabitants during the
annual dry season or during droughts, for the most part, could be
avoided by properly locating wells and applying appropriate
design criteria. The fresh-water nucleus of most lens systems is
fairly stable even during extended times of 1little or no
rainfall. With accurate mapping of the fresh-water lens, the
resource could be sensibly developed to meet the long-term needs
of the community.

If sensible decisions are to be made related to the prac-
tical solutions of water-related problems on atoll islands, then
more information must be collected in order to gain an under-
standing of these complex groundwater-flow systems. Much was
learned about the fresh-water lens of Deke and geologically
similar islands, but the model presented in this paper must yet
stand the test of time and the practicing hydrogeologists must
learn a great deal more about the atoll island environment before
such models can be applied universally.
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Table 1. Iegend and brief description of stratigraphic units
shown in Figure 12.

Unit No. Symbol Description

Unconsolidated sediment comprising Deke
Island.

Reef struture,

Well indurated sediments of the hard layer
(reef flat); Permeability is very low.

Unconsolidated to poorly consolidaced
sediments probably associated with back~reef
S deposition; Permeabilicy is very high.

Mostly unconsolidated sand-size sedimenés
probably deposited in the sand apron behind
the reef flat; Permeabilicy is high.

Halimeda facies composeq of poorly
congsolidated sand~ and gravei-sized reef
rubble; Permeability is very high.

Upit composition is unknown, may bde
associated with lagoon deposition;
Permeability is probably similar to that of
unit 5.

Unic contact aescablished by measurement.

Hypothetical unit contact; represents a

; gradation between units.
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A REVIEW OF SOME OF THE MORE IMPORTANT
DIFFICULTIES ENCOUNTERED IN SMALL ISLAND
HYDROGEOLOGICAL INVESTIGATIONS

*

by J.W. Lloyd

ABSTRACT

Selected hydrological and hydrogeological controls are
discussed. The importance of long-term rainfall trends and return
drought periods are stressed, and the nged for detailed recharge
inputs emphasised. The difficulty of using groundwater head
fluctuations for recharge and resource model calibration leads to
the proposal that more attention should be paid to lens base
fluctuations as a possible calibration factor. Ground layering is
postulated as being one of the most important hydrogeological
controls that may be encountered in a small island and examples of
layering influences upon pﬁmping—test data and saline groundwater

level responses are given.

*
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1. INTRODUCTION

Small island hydrogeology naturally contains all of the elements
that are encountered in the hydrogeology of a large unconfined coastal
aquifer area. Many aspects of the groundwater conditions, however, are
more accentuated in the small islands because of two important controls.

These controls are:

(i) The very limited area and normally low elevation
of small islands, which preclude the establishment
of fresh groundwater bodies or lenses of any

significant extent or thickness.

and (ii) The isolated maritime locations of small islands,
which impose highly dynamic groundwater responses
within the islands and thus make the quantitative

study of conditions very difficult.

In many small islands such as those in the Pacific and the Caribbean
a tropical climate exists with an inherent seasonality in precipitation.
This gives rise to a certain dependence upon groundwater in dry seasons,
through the lack of other suitable storage facilities, but in itself
provides a further unpredictable hydrogeological control, namely the lack

of reliability of precipitation and subsequent recharge.

In the ground, geological variations within a small island are likely
to be more significant than in a large area simply because of the scale
factor. Geological layering is a common feature of limestone islands
resulting from variations in lithological deposition, diagenetic modifica-
tion, caliche formation and variable permeability development. In
volcanic islands geological inhomogeneity is the rule rather than the -
exception. Such variations complicate the establishment of fresh water
bodies and control to a considerable extent the utilization of the

groundwater resources.

The highly dynamic groundwater conditions in small islands influence
the relationship between the fresh water body and the underlying saline’
waters. The dynamism accentuates mixing b