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PREFACE

The Government of the Federal Republic of Germany has supported the
Regional Mineral Resources Development Centre (RMRDC) of the United
Nations Economic and Social Commission for Asia and the Pacific singe
1970 by providing advisers in the fields of geology and mining.

The development of the region depends essentially on an adequate supply of
water for all sectors of the economy and daily life, principally drinking
water for both rural and urban areas, as well as suitable water for agri-
culture and industry. In many of the countries there are still major
problems to be solved concerning the assessment, development and protec-
tion of groundwater resources.

Hydrogeological maps represent the most important basis for the planning
and implementation of water-supply and groundwater-protection projects.
They contain information about availability, extractable quantities,
suitability, and vulnerability of groundwater to pollution.

It is for this reason that the Federal Minister for Economic Cooperation
has decided to concentrate his support for the RMRDC onto the field of
hydrogeology, particularly on institution-building and assistance in the
preparation of planning documents.

The Federal Republic of Germany has for many years been promoting a numbher
of national and international mapping projects in the field of geology
through the competent authority, the Federal Institute for Geosciences and
Natural Resources (BGRi. In line with these activities, the Federal
Ministry for Economic Cooperation supported the ESCAP-RMRDC Workshop on
Hydrogeological Mapping by providing specialists from the BGR and by
meeting the bulk of the printing costs of the proceedings of the warkshop.
The Federal Ministry for Economic Cooperation is caonfident that this
assistance will contribute to the development of the ESCAP region,

Dr. U. Lorenzen
Ministry for Economic
Cooperation
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FOREMNDORD

Hydrogeological mapping has increased considerably in the last two de-
cades, due mainly to the support which this subject has received from
international organisations. The publication of the International Legend
for Hydrogeological Maps (UNESCO, 1963; amended version by UNESCO, IAH,
IAHS, and IGS London, 1970) was an important step in this. The first sheet
of the International Hydrogeological Map of Europe, scale 1 : 1 500 000
was issued in 1970 and generated additional interest and attention.

In recent years many projects in hydrogeological mapping have been started
on a national basis and there is a clear tendency to use legends derived
from the UNESCO recommendations. Criticism and suggestions concerning the
International Legend have led to a new draft which was discussed during
the workshop.

Although the trend towards the standardization of general hydrogeological
maps will continue, there are still a great number of cases which require
special legends. This is particularly true for arid regions where hydro-
chemical problems predominate.

Fortunately, the practice of undertaking hydrogeological mapping‘on1y
after a rather high data level has been attained, has been abandoned in
recent years. The urgent necessity to provide information on groundwater
for development planning coupled with the scarcity of hydrogeological data
in underdeveloped areas has induced many governments to prepare draft maps
at an early stage of groundwater exploration, i.e. as soon as the geologi-
cal composition of the area is known and descriptions of the main l1itholo-
gical units are available.

RMRDC organized this workshop in awareness of the probability that the
meeting would be attended by participants of different professional
background and origin and that there might be some difficulty in finding a
common level for discussion. The following papers which reflect this
variety made it possible for the meeting to look at problems from dif-
ferent positions.

The workshop was intended to be a review of achievements as well as a
source of information on different subjects. We hope that it will have
also provided incentive either to start mapping or to improve ongoing
projects.
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We acknowledge the support which RMRDC has received for the workshop from
the Government of Indonesia. We appreciate also the contribution of the
Governments of Australia, the Netherlands, the Federal Republic of Germany
and of UNESCO, which provided funds for some participants.

RMRDC has promoted hydrogeological mapping since the early seventies when
it was still a geological advisory group based with ESCAP in Bangkok. In
those days, this kind of activity was regarded as rather academic in some
ESCAP countries. Since then, the situation has greatly 1mpﬁoved. The com-
mon interest in hydrogeological maps today is a recognition of the growing
importance of groundwater and the need to monitor the development and use
of this resource in view of the fact that it is being threatened by a
variety of human activities.

James F. McDivitt Wolfgang F. Grimmelmann
Coordinator, Senior Hydrogeologist,
RMRDC RMRDC
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OPENING ADDRESS

Dr. John A, Katili, Director General of Mines, Republic of Indonesia

Distinguished audience, ladies and gentlemen,

On behalf of the Government of Indonesia, 1 would 1ike to express my sin-
cere welcome to all participants of this workshop. This is the first
workshop on hydrogeological mapping organized for countries of the ESCAP
region.

Hydrogeology, or groundwater geology, has become an important branch of
geology in the past 3 decades. Essentially, there are two reasons for this
development: first, water resources have become extremely precious in some
parts of the world, due to the increase in population and consequently
water consumption. Second, pollution of various kinds has spread over
large areas and there is a growing awareness of the necessity to protect
water resources from certain activities of man.

Hydrogeological maps have turned out to be useful tools for coping with
both problems: water supply and water protection. Hydrogeology deals with
water-bearing rocks and most aquifers can be defined as geological units
or parts of theﬁ. It is fair to state that no hydrogeological map can be
produced without prior or simultaneous geological mapping.

Fortunately, the importance of geological mapping has been recognized and
in many countries geological mapping has been carried out on different
scales, long before groundwater investigations were commenced on a large
scale. The availability of geological maps in many parts of the world has
enhanced the activities of hydrogeological mapping.

The scarcity of data on the occurrence of groundwater, aquifer producti-
vity, groundwater quality, etc., is commonly regarded to be the greatest
constraint in resources assessment for the purpose of regional development
planning. As a developing nation we have become aware of this fact and in
Indonesia the first modern hydrogeological mapping in this country on a
scale of 1 : 250 000 was started earlier in 1969 and it will take some
time before the 150 sheets of this scale will be completed.

A map on a scale of 1 : 2 500 000 covering the whole Archipelago has
recently been printed. Detailed information on the state of the art of

hydrogeology of Indonesia will be presented during this workshop.
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Allow me now to expose some serious problems that are currently being
encountered in this country in relation to hydrogeology.

14

HYDROGEOLOGICAL PROBLEMS IN URBAN AREAS

In the beginning of this century, groundwater was found to be artesian
in the area of the capital-city Jakarta. That means that the hydraulic
head of the groundwater was several meters above the earth's surface
and wells which tapped deep aquifers were self flowing.

Rapidly increasing groundwater extraction has changed the original
situation profoundly.

Groundwater levels hdave dropped on a regional scale. The zero-line,
once having been beyond the coastline, has been drawn far inland. Huge
depression cones have developed in some parts of the city in which the
groundwater level has dropped down to 20 - 30 m below sea level. As a
consequence, sea water is drawn far inland to many wells and saliniza-
tion of the originally fresh groundwater has set in. This disturbance
of the fresh-saltwater interface is endangering the water supply of
greater Jakarta which still depends widely on groundwater resources.
This serious situation has been amplified by the fact that most rivers
and canals in the urban areas are highly polluted and offer no signi-
ficant substitute for a safe water supply.

Land subsidence is also threatening the city and it is well known to
us that this phenomenon has already struck many large cities in South-
east and East Asia. In most cases the lowering of the groundwater
table has been identified as the main cause of land subsidence. Much
more damage can be caused by subsequent disturbance of the drainage
pattern. When the base levels do not function any more, extended
flooding will occur. Since Jakarta is situated in a flat coastal
plain, it is rather vulnerable to this threat.

HYDROGEOLOGICAL PROBLEMS IN RURAL AREAS

The islands east of Bali, known as the Lesser Sunda Islands, have an
annual rainfall of only 1420 mm as compared to the average annual
rainfall in Indoneésia of 2620 mm.

Topographic, geologic and vegetational conditions are responsible for
relatively high annual evapotranspiration. Consequently, almost every
year these islands are struck by drought severely damaging crops and
killing cattle. Shortage of drinking water for the rural population is
a common feature.



The problems stated above, one caused by the intervention of man and the
other due to natural conditions, have been recognized by the Indonesian
authorities and steps are being undertaken to remedy the situation.

With the rapid increase inm the demand of water resources, groundwater will
certainly play an increasing role to overcome the shortage of this valu-
able resource. Much will depend on our wisdom to prevent a renewable re-
source such as groundwater from being degraded to a non-renewable one.
There is much new scientific theory, and new technological apparatuses and
equipment which can be brought to bear on these investigations to remedy
the situation when crises arise.

The meeting which is opening today, I hope will chart the paths of these
investigations, to identify major areas which must be dealt with and in-
stitutions which can collaborate in dealing with them. I therefore hope
that this workshop will come up with practical recommendations to the
governments of the ESCAP member countries on how to deal with problems
pertinent to hydrogeology.

With inadequate funds, limited knowledge and weakness in scientific and
technological infrastructure, the development of groundwater resources in
our region is a demanding challenge.

The problems to be encountered are so numerous and so complex that a
satisfying solution will not be so easily achieved without regional and

international cooperation.

I wish you every success in your deliberation.
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Hydrogeological Mapping in Asia and the Pacific Region
Proceedings of the ESCAP-RMRDC Workshop, Bandung, 1983

THE ASSESSMENT AND MAPPING 0F
AUSTRALTIA"'S GROUNDWATER RESOURCES

G. Jacobson

ABSTRACT

Groundwater is a vital resource for Australia's future development but its
use is constrained by various factors including salinity. Australia's
groundwater resources have not been fully investigated and a national
hydrogeological mapping programme has been initiated and is expected to
become a basis for groundwater assessment, development and management. In
the hydrogeological maps so far published, groundwater salinity has been
the main parameter mapped, and in this respect Australian maps are dif-
ferent from those of other countries. Problems which need to be addressed
in the Australian hydrogeological mapping programme include the deter-
mination of appropriate map scales and the cartographic representation of
groundwater salinity, superimposed aquifers, and variations -in recharge.
Automated cartography may aid the immense task of the hydrogeological
mapping of Australia.

GROUNDWATER USE AND DEVELOPMENT IN AUSTRALIA

The quality and quantity of groundwater vary greatly in different parts of
Australia. This variability is due to the complex geology; and to the
variable topographic, climatic and surface hydrological conditions, both
present-day and in past geological time. The hydrogeological mapping of
the continent is therefore a difficult task!

Three broad aquifer types have been distinguished in reviews of Austra-
1ia‘'s groundwater resources: surficial aquifers including unconsolidated
sediments and calcrete, deeper aquifers in large sedimentary basins, and
shallow aquifers in fractured rock provinces (Fig. 1). The surficial
aquifers cover about 25 percent of the continent and partly overlie the
sedimentary basins and fractured rock aquifer provinces. Sedimentary
basins cover about 65 % of the continent and fractured rock provinces
about 35 %. Groundwater abstraction in Australia totals about

2500 million m3 annually, of which the surficial aquifers supply about
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60 %, the deeper aquifers in sedimentary basins about 30 %, and the frac-
tured rock aquifers about 10 %.

Overall, less groundwater is used than surface water in Australia. Never-
theless, about 60 % of the country is totally dependent on groundwater,
and in another 20 % of the country, more groundwater is used than surface
water. The groundwater-dependent area includes most of the arid zone

(Fig. 2) which has sparse and unreliable surface water, high evaporation
(Fig. 3), and frequent and lenghty droughts. Groundwater is therefore spe-
cially significént for arid-zone agricultural and domestic water supplies,
and for the important pastoral and mining industries.

NS G 2R .
ST. VINCENT BASIN
OTWAY BASIN

' 1000km

Sedimentary basins
Fractured rock provinces

. Major surficial aquifers
19/N39

Figure 1, Australia: Major hydrogeological divisions.

Present-day groundwater recharge is shown in Figure 4. In the arid zone,
lTow recharge means that future groundwater development will depend on

18



abstraction from groundwater storage. The total amount of groundwater in
storage is very large, many times the available storage of surface waters.
In the large sedimentary basins, the total storage is of the order of

1014 m3, although not all of this is available for abstract{on. Much of
the groundwater in storage is fossil water derived from recharge during
wetter periods of the Quaternary

Figure 2. Australia: Mean
annual rainfall, and
extent of the arid zone.

BRISBANE

—200— /sohyets (mm) HOBART

1 Arid zone
19/A37

Figure 3. Australia: Mean
annual evaporation.

ADELAIDE

Mean Annual Evaporation MELBOURNE

800 1600 2400 3200 4000
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L)

monm 19/A/53

The intensive use of groundwater in some areas, especially for irrigation,
has led to the overdevelopment of some regional aquifers. This has occurr-
ed in at least 13 areas (Jacobson, Habermehl & Lau, 1983) and is manifest
as low water-tables or increased salinity. These problem areas are now

19



being managed by controlling the abstraction of groundwater, or by artifi-
cial recharge or by the conjunctive use of surface water.

1000 km
2

L |BRISBANE

Annual Groundwater Recharge

- >100 000
- 10 000 — 100 000
NE D 1000 — 10 000 0

B 1 &

€
100 - 1000
D 0100 HOBART
19/A/55

Figure 4. Australia: Annual groundwater recharge.

The main constraint to future groundwater development in Australia is
1ikely to be water quality. Many regional aquifers are naturally saline
(Fig. 5) and this is a factor in the sparse population and slow develop-
ment of much of the interior of the continent. Saline groundwater may also
be a factor in the high blood pressure of many Australians! In addition,
salinity problems associated with groundwater have occurred in parts of
Australia as a result of changes in land use since European settlement of
the country began in the late 18th century. Rising salt has affected
several thousand kilometres of agricultural land, and is attributed to
reduced evapotranspiration after land clearing, and to poor irrigation
drainage.

20



1000 km P

DARWIN geosid\é

- Saline groundwater MELBOURNE
(more than 14 000 mg/| total dissolved solids)

quality ble, including saline 0

D Fresh and brackish groundwater
(less than 14 000 mg/I total dissolved solids)
\:j quality unk HOBART

Figure 5. Australia: Salinity of main aquifers.

p

19/A/52

Many aquifers in the arid zone contain freshwater which has relatively
high concentrations of nitrate, fluoride or other deleterious chemicals
which 1imit the usefulness of the water. In addition, at least two impor-
tant regional aquifers are polluted by urban and industrial wastes, and a
number of important local aquifers are also polluted.

21



GROUNDWATER RESOURCES ASSESSMENT

Australia is a federation of States, and constitutionally most aspects of
water resources development are State rather than federal matters. Each
Australian State has a water authority which is generally responsible for
the assessment, development and management of groundwater resources.
However, in South Australia, Tasmania, Victoria, Western Australia and to
some extent in Queensland, the State Geological Survey undertakes much of
the groundwater investigation and assessment and has an important role in
groundwater resources development. The Federal government is directly
responsible for groundwater resources in the Australian Capital Territory
and the smaller Australian island territories. In addition it disburses
funds to the States for major water development projects and for water
resources assessment, and thus has an oversight of water policy.

Groundwater resources assessment, in Australia as elsewhere, is a pro-
gressive process. The initial stage is the study of geological maps and
water bore data to identify potential aquifers. This information is
usually sufficient for the planning of limited groundwater development.

Subsequent investigation of the aquifers involves geophysical surveys and
drilling. The ability of the aquifers to transmit and store water is eva-
Tuated at this stage by pump testing of the bores and water samples are
taken for chemical analysis to determine water quality. At this stage
detailed information becomes available for planning extensive groundwater
development and for determining its broad-scale effects. An estimate of
the safe yield of an aquifer or basin can be made, based on the amount and
timing of recharge and the amount of water in storage.

At a later stage, responses of the aquifers to various patterns of ab-
straction and recharge are assessed, generally by modelling the hydraulics
of the groundwater system.

The adequacy of the groundwater resources data that is available for
planning and management purposes varies throughouth Australia, and is
related to the intensity of groundwater development in a particular
region. In a recent review of Australia's groundwater resources estimates
of possible yield were made for the nation's 238 drainage basins. The
reliability of the resources estimates was categorised (Fig. 6). Some 39
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1000 km
—

" Alice Springs

2 | BRISBANE

- Based on reliable investigation data 1} &

D Based on limited data
D Based on no data HOBART
19/A/54
Figure 6. Australia: Reliability of groundwater resources assessment.

drainage basins (16 %) were described as having reasonable groundwater
investigation data; the other 199 (84 %) were described as having limited
or no investigation data. Thus there are substantial gaps in knowledge of
Australia's groundwater resources, and a pressing need for the upgrading
of that knowledge.
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HYDROGEOLOGICAL MAPPING

A national program of hydrogeological mapping is needed as a basis for
groundwater resources assessment and development. However, hydrogeological
maps can only be constructed when there is a certain level of scientific
information, that is, an effective data base (Day, 1983). So far in
Australia this level has been attained only in small parts of the country,
and only a few hydrogeological maps have been published. The reconnais-
sance geological mapping of the continent at 1 : 250 000 scale has only
just been completed, and many of the nation's estimated 500 000 water
bores are not yet catalogued.

State hydrogeological mapping programmes are under way in Victoria and
Western Australia. So far one large-scale hydrogeological map has been
published, for Western Port Basin, Victoria, which is an area affected by
saltwater intrusion (Lakey and Tickell, 1980). This map is at a scale of

1 : 100 000, and the main parameters represented in colour are water sali-
nity, shown in different colours, and bore yield, shown as light or dark
shades. Priority in the State mapping programmes is given to regions of
economic interest, or where groundwater systems are under stress.

At smaller scales, there are published groundwater resources maps of
Victoria (Nahm, 1982) and South Australia (Shepherd, 1980) at 1 : 1 million
scale. National coverage is provided by the groundwater resources map of
Australia, scale 1 : 5 million (Australian Water Resources Council, 1975).
This map is in 4 sheets, representing the three main aquifer types:
shallow, unconsolidated sediments, sedimentary basins, and fractured
rocks; and a composite sheet showing principal groundwater resources. It
is essentially a hydrochemical map and water quality in each sheet is
shown in five salinity ranges representing particular uses of the water.
Thus, water of less than 1000 mg/1 total dissolved solids is considered
suitable for domestic use or irrigation. Water with 1000-3000 mg/1 is
considered good-quality water for livestock. Water with 3000-7000 mg/1 is
considered fair-quality for livestock. Water with 7000-14000 mg/1 is poor
quality but still suitable for sheep, whereas water with more than

14 000 mg/1 is unsuitable for any livestock.

The distinguishing feature of all the Australian hydrogeological maps
published so far is that groundwater salinity is the parameter represented
in colour. Hydrogelogical maps with a primary geological base, as in the
International Hydrogeological Map of Europe, have not yet been published.
Future hydrogeological mapping programmes in Australia will have to
address fundamental cartographic problems because the hydrogeological
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environment is different from that of Europe. These problems include the
determination of appropriate map scales; the great variations in salinity;
superimposed aquifers in large sedimentary basins; and great variations in
groundwater recharge.

THE PROBLEM OF MAP SCALE

The area of the Australian continent is about 7.7 million km2, which is in
the same order as that of the United States, or of Europe. The development
of groundwater resources is concentrated in certain areas, and there are
vast areas with little or no data. The need for hydrogeological maps is
two-fold. Firstly there is a need for maps at scales of 1 : 250 000 and

1 : 100 000 in areas of intensive groundwater development, or where sali-
nity problems have arisen. Secondly, there is a need for continent-wide
coverage including the areas of presently sparse settliement and future
development promise. There are existing topographic base maps at a scale
of 1 : 250 000 and 1 : 1 000 000, and there are geological maps at

1 : 250 000, 1 : 2 500 000 and 1 : 5 000 000. These provide the basis for
a national hydrogeological mapping program.

SALINITY VARIATIONS

Variations in groundwater salinity, both areally and in depth, are so
marked that salinity has been regarded as the most important parameter in
Australian hydrogeological maps published so far. For instance the Western
Port Basin map and the hydrogeological map of the Australian Capital
Territory (Evans, in press) both show three classes of groundwater sali-
nity (Table 1), which are related to the usefulness of the water for
domestic, irrigation and stock watering purposes. Secondary subdivisions
have been made on the basis of bore yield or aquifer type. In this
respect, Australian hydrogeological maps are different from those of
Europe or Southeast Asia where the aquifer type, i.e. fissured or porous,
is the main mapping parameter, and most groundwater is fresh.
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Table 1

Colour matrix for the Hydrogeological Map of the Australian Capital
Territory (Evans, in press)

PROBABLE YIELD (1/s)

Low Moderate High
SALINITY Low 1ight blue medium blue dark blue
(mg/1 total Moderate 1ight green medium green dark green
dissolved solids) High 1ight red medium red dark red
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SUPERIMPOSED AQUIFERS

At least half of Australia has superimposed aquifers. Thus, surficial
aquifers in alluvium or calcrete commonly overlie deeper aquifers in sedi-
mentary basins or fractured rock provinces. In addition, there are mul-
tiple aquifer systems in the large sedimentary basins such as the Murray
Basin (Fig. 1) which covers about 280 000 km2 and has layered aquifers of
different salinity, in poorly consolidated sediments up to 500 m thick.
The Great Artesian Basin (Fig. 7) covers about 1.6 million km2, and has
lTayered sandstone aquifers which are productive from depths of up to

2000 m. Methods of portraying these groundwater systems cartographically
have yet to be devised.

VARIATIONS IN RECHARGE

The Australian arid-zone has low recharge (Fig. 4) and large-scale ground-
water development depends on abstraction from groundwater storage, in-
cluding the mining of fossil waters. Palaeohydrology is thus an important
consideration in groundwater resources assessment, and techniques for its
cartographic representation need to be devised.

CONCLUSIONS

Much of Australia is dependent on groundwater. Groundwater development has
been intense in some areas, but overall the resources are not fully deve-
Toped, and are inadequately known. A national program of hydrogeological
mapping is required as a basis for groundwater resources assessment, de-
velopment, and management. The hydrogeological maps produced so far have
been hydrochemical in character and the special problems of the Australian
hydrogeological environment require different cartographic representation
from that of other countries.

Groundwater systems are dynamic in nature and there are changes in
hydraulics and chemistry within the normal lifetime of a published map.
The problems of scale and the cartographic complexity necessary to show
variations in many parameters suggest that digitised hydrogeological maps
should be developed at an early stage in Australia. These would be based
on the manipulation of groundwater data bases to produce thematic maps of
various aquifers.
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HYDROGEOLOGTICA AL MAPPING IN FIJI

Alfred T. Simpson

ABSTRACT

Hydrogeological mapping in Fiji is essentially in its infancy. An attempt
to produce a tentative hydrogeological map of the largest island, Viti
Levu, was started in September 1983 with the help of the RMRDC Hydrogeolo-
gical Consultant.

The exercise has provided a good case study on the production, in a short
time, of a hydrogeological map using limited data. Though the map produced
is far short of the printing stage, it has provided the first step in an
exercise which would be of enormous benefit to the country.

1. INTRODUCTION

Fiji lies wholly within the tropics in the southwest Pacific Ocean and
comprises over 800 islands and islets, including numerous atolls and
reefs. It covers an area of ocean of 650 000 km2, but of that only

18 280 km2 are land. Of this figure 10 390 km2 make up the main island of
Viti Levu, and 5540 km2 the second largest island of Vanua Levu.

The two main islands have pronounced wet and dry zones, with marked vege-
tational contrast; the northwest areas are dry grass country, whereas the
southeast is mostly forest covered. The annual rainfall in the dry zones
averages 170 cm, whereas in the wet zones the range is from 300 cm to more
than 650 c¢cm in the high country. The average temperature range is about

20 to 30 °C.

The last census in Fiji was carried out in 1976 when the population of the
country was found to be 588 068.

In Fiji water supply and most matters pertaining to surface water are the
responsibility of the Public Works Department. The Drainage and Irrigation
Division is part of the Department of Agriculture and the Hydrogeology
Unit is a section of the Department of Mineral Resources.
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2. HYDROGEOLOGICAL HISTORY

Systematic geological mapping at the scale of 1 : 50 000 was begun by the
Fiji Geological Survey in 1957. It was not until the late 1960s that
hydrogeological studies on several smaller islands began. Prior to this,
and in the absence of hydrogeologists, ad hoc requests for groundwater
information were handled by staff of the Geological Survey. Later the
Geological Survey merged with the Mines Department to form the Department
of Mineral Resources.

Apart from short-term consultants, the first established hydrogeologist
was S.A. Gi1ll whose work resulted in a number of unpublished internal
reports. Gi1l worked mainly on small islands and village groundwater
projects. "Survey of Groundwater Resources in Fiji" (Carr, 1974) was the
first major hydrogeological study. A1l hydrogeological data up to this
stage were kept as internal departmental reports.

During and following Carr's work, the need to collect hydrogeological data
was established though the practical application of the idea has been full
of frustrations and problems. Lack of finance, staff and the absence of
groundwater legislation have been the main reasons for an inefficient data
collection and storage system. Since 1974 several projects have been
carried out and though the volume of data collected has increased, the
distribution is st%ill very much confined to the project areas and large
information gaps still exist.

Hydrogeological expertise in Fiji is at present with the Department of
Mineral Resources in the form of Hydrogeological and Drilling Sections.
The Hydrogeology Section consists of two hydrogeologists, one an ex-
patriate officer and four technical officers/assistants. The work of
the Section is primarily funded by the Public Works Department for site
specific work. The small staff are under extreme pressure in trying to
accommodate the various ad hoc requests, this naturally leaves insuf-
ficient time to carry out research work or to effectively deal with the
new data.

3. HYDROGEOLOGICAL MAPPING
The collation and presentation of data, though essential, has been some-

what of a luxury in the 1ight of our staffing problems. Carr's 1974 report
included geological maps onto which spot data from boreholes were drafted.
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Earlier this year, 1983, the Regional Mineral Resources Development Centre
(RMRDC) was approached on the possibility of providing a short-term con-
sultant to prepare a preliminary hydrogeological map..

On the 11 September 1983, Dr. W.F. Grimmelmann arrived in Fiji and as his
visit was 1imited to three weeks it was mutually agreed that his task was
to prepare a tentative hydrogeological map of Viti Levu. His working sche-
dule was roughly the following:

First week: Study of reports, maps etc. mainly concerning the general
geological, climatic and hydrogeological situation.

Second week: Collection and evaluation of data and the choice of a
lTegend.

Third week: Draft of hydrogeological map.

The author drafted three sheets which would normally be printed as one
multicolour map.

a) Surface water features (Fig; 1): Main water divides (catchment
areas of the main rivers), gauges, dams.

b) Lithological map with cross sections (Fig. 2).

c) The hydrogeological map proper (Fig. 3), conceived as a
"yield-map".

As a first approach the consultant used the legend of the International
Hydrogeological Map of Europe, scale 1 : 1 500 000. The main charac-
teristics of this legend are summarised in Table 1. As most of the pro-
jects in Viti Levu have been based in the drier northwestern areas, this
has resulted in the uneven distribution of hydrogeological data. The con-
sultant's initial step, based on this scarce data, was to apply "light
blue" to areas covered with unconsolidated Quaternary rocks and "light
brown" for the remainder of the island.

The second step was to delineate the areas of "no groundwater resources
worth mentioning". These areas were shaded "dark brown" and were attri-
buted to the Colo Plutonics which appeared to have the lowest yields. The
resultant map was far from satisfactory as large parts of the island were
without subdivisions. In the European legend the dark blue and green sha-
des are defined as "extensive and highly productive aquifers". As these are
almost non-existent on the island, it was decided to use a legend which
would be more suitable for the Viti Levu situation (see Table 2). This was
the third step and on this basis the map was completed.
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Table 1: Siﬁb]ified European Legend

I. Porous (usually unconsolidated) rocks

1. Dark Blue: Extensive and highly productive aquifers.
2. Light Blue: Local or discontinuous productive aquifers,

resp. extensive, but only moderately productive
aquifers.

II. Jointed rocks, including karstified rocks.

3. Dark Green: Extensive and highly productive aquifers, often only
at great depth.

4. Light Green: Local or discontinuous productive aquifers,
resp. extensive but only moderately productive
aquifers. .

I1I. Only local occurrence of groundwater (in porous or fissured rocks)
or areas without groundwater resources worth mentioning.

5. Light Brown: Local occurrence of groundwater, especially in

zones of fractured and weathered solid rocks.
6. Dark Brown: No groundwater resources worth mentioning.

Table 2: Legend used for Viti Levu

I. Porous (commonly unconsolidated) rocks.

Colour Na. 1l: Extensive and highly productive aquifers (yields of
wells generally » 5 1/s).

Colour No. 2: Less extensive or less productive aquifers (yields of
wells generally ¢ 5 1/s).

11. Jointed rocks, including karstified rocks.
Colour No. 3: Aquifers of medium to high productivity (yields of
wells generally ¥ 2.5 1/s).
Colour No. 4: Local or discontinuous productive aquifers (yields of
wells generally € 2.5 1/s).

I1I. Porous and fissured rocks.
Colour No. 5: Local occurrence of groundwater, mainly in fractured

and weathered zones, generally low yields.
Colour No. 6: No groundwater resources worth mentioning.
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The consultant stated that the hydrogeological classification of the
geological units are only partly based on borehole data. In the central
mountainous part of Viti Levu, the rocks have been classified mainly
according to descriptions such as degree of jointing, porosity, weather-
ing, petrography, etc.

Base flow data, where available, also aided in the classification of some
units. The assumption was used that low base flow generally occurs where
poor aquifers occupy the greater part of an area.

4., VITI LEVU HYDROGEOLOGY

As previously stated, there are large information gaps in the understand-
ing of the hydrogeology of Viti Levu. Further problems can be directly
attributed to the complex tectonics and geology of the area.

The main identifiable aquifers are the unconsolidated deposits occurring
in sedimentary basins or as alluvial deposits along the major rivers. The
older submarine flows, pillow lavas and volcaniclastics are generally
found to be relatively impermeable.

Groundwater is found in small quantities in localised areas of subaerial
volcanics. The present state of knowledge indicates that groundwater is
not a large resource.

5. CONCLUSION

The way Fiji has embarked on hydrogeological mapping has a number of
advantages and disadvantages. Two immediately obvious disadvantages are:

-- The consultant is usually not familiar with local conditions {(hydro-
geology etc.) which would result in loss of time through the need for
additional studies.

-- During his stay, the consultant has to collect information from local
staff which further impedes their work.

The advantages on the other hand are:
-- The consultant's visit is for a limited time and in case of dif-

ficulties he will rather make mistakes than not complete the map.
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Local staff faced with the same problems would probably postpone the
project.

-- The consultant's reputation is in most cases not affected by minor
mistakes as he is regarded as an 'outsider', On the other hand there
is 1ittle incentive for the local staff to tackle such a project as
the "first" map is usually both incomplete and partly incorrect.

-- The urge to correct a thing is much more developed in human nature
than the impetus to create something new oneself. The existence of an
incomplete and incorrect tentative map should stimulate hydrogeologi-
cal research, provoke corrections and lead finally to an improved edi-
tion which will hopefully be worth printing.

The completed map will contain and present information which will be use-
ful in planning exercises. Nearly all developmental schemes or projects
need water resources. Often in Fiji, project design and construction are
based purely on the availability of surface water supply. Groundwater is
rarely considered as an option by the planners, often due to the absence
of information. The presence of hydrogeological maps would hopefully pre-
sent groundwater as a viable option to be considered in certain areas.
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POSITION PAPER, SOLOMON ISLANDS

Steve Booth

ABSTRACT

Water resource assessment in the Solomon Islands has been confined to
meeting the immediate needs of small scale demand. Progress in water
resources assessment and development has been limited by a shortage of
professional expertise, in 1983 this shortcoming was alleviated by the
secondment from New Zealand of a Water Resources Officer.

Approximately 66 % of the Solomon Islands have now been geologically sur-
veyed at the 1 : 50 000 scale and 1 : 50 000 scale topographic maps are
available for the whole country.

The Solomon Islands Geological Survey is interested in the methods other
ESCAP countries employ to acquire and present their hydrogeological infor-
mation and is particularly interested in assessing the usefulness of
hydrogeological maps in an island(s) context.

INTRODUCTION

The population of the Solomon Islands numbers about 214 000 and is mainly
rural. The 1976 cencus recorded that less than 10 % of the population
lived in the capital Honiara or one of the Provincial Centres. Until
recently the relatively low population density (7.5 people/km2 in 1980)
and the dispersed nature of the village settlements together with a
generally high but variable rainfall (with average of 3000 - 5000 mm) has
meant that serious water shortages have been infrequent.

Relatively small projects such as village-scale water supply schemes have
been implemented with only a modicum of water resource information.

However, projects which depend on the availability of large flows or which

place costly investments at risk of flood or drought require more water
resource information than is generally available.
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The rate of increase of‘popu1atibn (forecast as doubled by the year 2000)
combined with a general move from isolated settlements to larger villages
and the increasing démand from the Honiara urban development and by large
scale commercial agriculture has indicated a National need for water re-
source information for future planning.

There is a serious shortage of professional skills in the area of hydro-
geology and water resource assessment; in 1983 this shortcoming was alle-
viated by the secondment from New Zealand of a Water Resources Officer. It
is hoped that this meeting will provide some guidance on the acquisition,
presentation and usefulness of hydrogeological map information which will
aid the formulation of the Solomon Islands Geological Survey's future
policy on water resource assessment. :

GEOGRAPHICAL SETTING

The Solomon Islands l1ie some 2000 km north-east of Australia. They form a
double en echelon island chain whose axis trends at about 45" south of
east; extending across some 1200 km from Buka-Bougainville in the north-
west to beyond San Cristobal to the Santa Cruz Islands in the south-east,
between the latitudes of 6°35'S and 11°50'S, longitudes 155°30'E and
162°20'E.

Politically the Solomon Islands also include Ontong Java and Stewart
Islands to the north, and the uplifted atolls of Rennell and Bellona to
the south. The archipetago (with a total landmass of 27 750 km2) comprises
six major islands or is]and'groups (namely Choisel, Santa Isabel, Malaita,
New Georgia, Guadalcanal, and San Cristobal) and a multitude of small
islands, atolls, sandcays, and fringing reefs.

Solomon Islands gained independence in 1978 and is now a member of the
Commonwealth.

GEOLOGICAL SETTING

The Solomon Islands form part of a complex of Melanesian island arcs and
marginal basins. The absence of allochthonous continental material indica-
tes that the islands have evolved in an entirely oceanic environment and
for much of its' history has developed through a complex interaction be-
tween the Australian and Pacific plates. The Solomon Islands arc is char-
acterised by intense seismicity along the north-western and south-eastern
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parts of the arc which is an important consideration for any major water
management construction.

Coleman (1965) subdivided the Solomon Islands arc into three Geological
Provinces (Figure 2).

Within the Central Province (Choisel, south-western side of Santa Isabel,
Florida Islands, Guadalcanal, and San Cristobal), the islands are charac-
terised by intensely faulted cores of pre-Miocene basic lavas and asso-
ciated gabbros and dolerites in part metamorphosed to a low grade (green-
schist or amphibolite facies). Bodies of serpentinised ultra basic rocks
are widespread within the 'basement'. These are overlain by a varied sedi-
mentary succession ranging in thickness from 5 km in east-central Guadal-
canal to less than 700 m on San Cristobal. The sediments include biogenic
limestones, calcarenites, and arenaceous and volcaniclastic material
ranging in age from lower Miocene to Holocene. In general, the sedimentary
rocks display shallow dips, extensive block faulting and gentle 'drape’
folds, the latter usually reflecting underlying basement structures.

The Pacific Province includes the whole of Malaita, Ulawa and the north-
eastern flanks of Santa Isabel. This province also has a basement of
oceanic basalt, but it is not metamorphosed. The overlying sediments
include about 1200 m of chalky pelagic cafbonates which, in contrast to
the Central Province, range in .age from Cretaceous to Holocene.

The Volcanic Province which forms the south-western flank of the arc,
includes the islands of the New Georgia Group and extends northwards to
include certain volcanics on Choisel and eastwards to include the Russell
islands, north-west Guadalcanal and Savo. The Province, which is typified
by the New Georgia Group, forms a series of emergent volcanic istands and
lava piles of sub-alkaline basalts and lesser andesites surrounded by
fringing and off-shore reef which provides the framework for the accumula-
tion of sediments ranging form volcaniclastic to biogenic origin. In

total, there are nearly thirty well-preserved volcanic centres and two
active or quiescent volcanoes, notably the submarine volcano of Kavachi
south-west of New Georgia.

In addition to the three main Provinces, there is the Atoll Province
(Coulson, 1983) which includes Lord Howe and Sikaina Islands on the Ontong
Java Plateau to the north of the main island chain, whilst to the south
the uplifted atolls of Rennell and Bellona l1ie on a sinuous ridge that
Tinks New Caledonia with Papua New Guinea.
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THE GEOLOGICAL SURVEY: PRESENT STATE OF MAPPING

Topographic maps at the 1 : 50 000 scale are available for the whole

country whilst approximately 66 % of the Protectorate has now been geolo-
gically surveyed at the 1 : 50 000 scale with maps generally published at
1 : 100 000, 1 : 150 000, 1 : 200 000, and 1 : 250 000 scales (Figure 3).

m Published in Colour
NN Pwdtiahed in Black/White
[l]]]mm] Field work completed
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Fig. 3. Index of Geological Maps in Solomon Islands to 1982.

Prior to the establisment of the Geotogical Survey in 1950 by J.C. Grover,
the Solomon Islands were geologically speaking relatively unexplored. The
earliest scientific repdrt was made by Guppy (1887) entitled "The Solomon
Islands: their geology, general features and suitability for colonisation".

The survey initiated a programme of reconnaissance geological mapping at a
scale of 1 : 200 000 carried out as a collaborative effort between the
University of Sydney and the Geological Survey. In 1962, this early work
was compiled into the first geological map of the Solomon Islands.

In 1963, following the provision of accurate 1 : 50 000 scale topographic
maps, a regfonal 1 : 50 000 scale geological mapping programme was start-
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ed. Regional mapping continued during the period 1963 - 1975 although pro-
gress was fairly slow.

From 1976, the regional mapping programme was considerably accelerated by
the introduction of a British Technical Cooperation Project with Senior
staff supplied by the Institute of Geological Sciences, U.K.

HYDROGEOLOGY

Water resource assessment in the Solomon Islands has been confined to
meeting the immediate needs of small scale demand.

For some years, a Hydrology Section of the Geological Survey has monijtored
river levels and flows principally at sites where hydroelectric develop-
ment has been proposed -- this data will be augmented by information from
a proposed National network of river gauging stations.

Collection of hydrogeological data has been complicated by the fact that
well drilling equipment and staff have operated as part of another Minis-
try. Attempts by the Survey to maintain adequate borehole records and

to provide some expert supervision during drilling operations have been
hampered by poor coordination between the two Ministries.

From 1984 it is planned to transfer control of the drilling operations to
the Geological Survey which should result in substantial improvements in
the recording of hydrogeological data. In addition, the survey has recent-
1y acquired some resistivity equipment which will provide information
quickly and cheaply where the geological structures are simple and the
resistivity contrasts well marked. '

CONCLUSION

Many of the water resource development problems in the Solomon Islands are
common to all developing small countries.

Water supplies are presently mostly tapped from spring sources or impound-
ed surface water. In 1978, only 24 % of the rural population was served by
safe water supplies (Minister of Health and Medical Services, 1982). By
1981 this had been increased to approximately 45 % -- the Solomon Island
Rural Water Supply and Sanitation Project aims to provide all the popula-
tion with safe water by 1990.
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Many sites have been considered for hydroelectric development. In par-
ticular, the Lungga River, Guadalcanal, has been the subject of a detailed
study -- a three stage development with an initial output of 5 MW growing
to 20 MW by the year 2000 has been planned (Preece, Cardew and Rider,
1977).

Proposals to develop a major port and industry (including a fish cannery)
at Noro, New Georgia, has caused concern about the adequacy of water
supplies. A series of studies has indicated that locally derived ground-
water could only supply 40 % of the short term requirements (Buckley,
1981).

An adequate knowledge of the available water resources of a region is
recognised as a prerequisite to wise planning and successful management
of these resources as is the adequate coverage of the area by suitable
topographic and geological maps.

The Solomon Islands Geological Survey hopes that the experience gained by
other ESCAP countries in producing hydrogeological maps and the use to
which the information has been put will aid at the planning stage the Sur-
vey's approach to the assessment of National Water Resources.

REMARK: The views expressed in this paper are those of the author and do
not necessarily represent the official Solomon Island Government policy.

REFERENCES

Buckley, D.K. (1981): Noro Water Supply.-- Report on a second visit 27th
May - 6th June, 1981. Inst. Geol. Sci. Report No. WD/0S/81/21.

Coleman, P.J. (1965): Stratigraphical and structural notes on the British
Solomon Islands with reference to the first geological map.--
Brit. Solomon Isl. Geol. Rec., vol. 2 (1959-62), pp. 16-17.

Coulson, F.I. (1983 -- in press): Solomon Islands.-- A contribution to
Ocean Basins and Margins of the Pacific.

Guppy, H.B. (1887): The Solomon Islands: their geology, general features

and suitability for colonisation.-- London: Swann, Sonnenschien
and Co., 152 pp.

46



Hansell, J.R.F. & Wall, J.R.D. (1976): Land Resources of the Solomon
Istands.-- Vol. 1., Introduction and Recommendations, Land
Resources Division, Ministry of Overseas Development London,
vol. 1, 152 pp plus maps.

Ministry of Health and Medical Services (1982): Progress report on 198} »
activities in rural water supplies and sanitation.-- Environmen-
tal Health Division, Ministry of Health and Medical Services,
Honiara, 11 pp.

Preece, Cardew & Rider (1977): Report on feasibility study for Lungga
Hydropower Project, Solomon Islands.-- Unpublished report in
association with Cameron McNamara and Partners Ltd., 3 volumes.

Scott, D. (1983): Country position paper: Water resources development in

the Solomon Islands.-- Unpublished paper presented at UN/ESCAP
meeting 14-19th March, Fiji.

47



48



Hydrogeological Mapping in Asia and the Pacific Region
Proceedings of the ESCAP-RMRDC Workshop, Bandung, 1983

REPORT FOR THE KINGDOM OF TONGA

David R. Tappin

The Kingdom of Tonga is located about 1000 kilometers north of New Zealand
in the Southwest Pacific Ocean, with most of the islands lying between

the latitudes of 19° and 21° south. There are three inhabited groups of
istands; in the south, Tongatapu-Eua; centrally, the Ha'api-Nomuka group;
in the west, Vava'u. The population is 100 000 of which 60 000 are con-
centrated on the largest island in the Kingdom, Tongatapu. At the present
time, Tonga is experiencing rural depopulation, resulting in an increasing
concentration of the population in the capital Nuku'alofa on Tongatapu.
This, together with an increasing demand for water, from planned agri-
cultural schemes, is placing an increasing demand upon the water resources
of the Kingdom.

Geologically the istands have been fairly well studied, mostly over the
last two decades. Numerous researchers from all disciplines of the science
have passed through, with most results being published in scientific jour-
nals, although oil company interest has given the Kingdom its first rudi-
mentary geological maps.

The inhabited islands are for the most part uplifted Pleistocene coral
Timestone blocks on the edge of the Tonga Trench. They are, with the ex-
ception of Eua, flat-lying, elevations are low (on Tongatapu up to 65 m,
Ha'api-Nomuka up to 20 m and Vava'u up to 100 m). On Eua the geology is
more complex, the island being composed of a series of Pleistocene to 017-
gocene reef limestones on an Eocene volcanic basement. It is unique
amongst the group in that elevations on the east side of the isiand reach
300 m.

For the most part the vegetation consists of coconut plantations and
scrub, the only natural forest remaining on Eua and Vava'u.

On the flat lying limestone islands, there is no surface water. Water is
mostly from wells and carried by pipeline, this is supplemented by rain-
water roof catchment operated on an individual basis. Piped water is
metered and costed accordingly. The only hydrogeological study has been
carried out on Tongatapu (Hunt, 1978). This study, using data from 40
wells, identified a fresh water lens up to 20 m thick. A high chloride
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content of the water was ascribed to upward diffusion from the underlying
salt water layer. Out of an average rainfall of 1700 mm p.a., it is
estimated that 25 % percolates through to the fresh water aquifer.

On the other limestone islands, it is assumed that there exists a simple
fresh water lens, probably on Vava'u thicker than that on Tongatapu. The
lenses or the low lying islands of the Ha'api-Nomuka group are very thin
as has been proved where overpumping has resulted in salt water intrusion
and contamination of the wells.

Only on Eua is there surface water and this provides the source for con-
sumption. Supplies here are intermittent, at one time the recently con-
structed saw mi1l had to shut down during a water shortage.

Due to the present and planned situation within the Kingdom, the pressure
on the water resource will only increase. At the present time it is
planned to drill additional wells on Tongatapu. It is within this paradigm
that Tonga's requirement for further hydrogeological investigation is of
the utmost importance. At present a geological mapping programme is about
to be implemented, associated with this it is proposed to gather hydro-
geological information. At a future time it may well be necessary to re-
ceive advice from a hydrogeological expert on aspects of exploitation,
>p1anning and management of groundwater resources.
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HYDROGEOLOGTICAL DEVELOPMENT IN VANUATU

Richard J. Marks

ABSTRACT

Vanuatu gained its independence in 1980. At present, the country relies
heavily on aid. One of the greatest priorities in development is the
construction of rural water supplies. These village water-supply schemes
rely heavily on surface water sources. However, groundwater is becoming
increasingly important as new government establishments are built and
agriculture, industry and tourism expand. Most of the more advantageous
areas for development are situated on the coastal platform, which is often
formed of reef limestone. Such areas typically lack surface water, while
groundwater is often plentiful and easily accessible.

The islands have been mapped geologically, and this, together with other
related data, would form the basis for a hydrogeological mapping pro-
gramme. The work is necessary to aid the development and protection of

groundwater resources in this current phase of development. Unfortunately,
due to restricted funds this work is unlikely to commence unless it is

supported by financial aid.

1. GENERAL BACKGROUND

The Republic of Vanuatu is situated in the Southwest Pacific, 1700 km
northeast of Australia. Vanuatu forms a N-S chain of some eighty islands
extending over 800 km between latitudes 13° and 22° south of the equator
(Fig. 1). The islands were formerly known as the New Hebrides, a Con-
dominium jointly administered by France and the United Kingdom, and gained
their independence in July 1980. The country has a total land area of
14 763 km2, more than half of which is accounted for by the larger islands
of Espiritu Santo, Malekula, Erromango and Efate. The islands are general-
1y mountainous with a tropical-oceanic climate and marked seasons. A wet
summer lasts from November to April, and a drier winter under the in-
fluence of the southeast trade winds from May to 0ctpber. The mean annual
rainfall varies from 4100 mm on Vanua Lava in the north to 1600 mm on
Tanna in the south. The average temperature in Vila ranges from 26 °c
in the summer to 23 °C in the winter.
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The population of approximately 130 000 is predominantly Melanesian, about
17 000 of whom live in Port Vila on the island of Efate, the administra-
tive and industrial capital. The only other town is Luganville with a
population of 6000 on the island of Santo. However, of the total popula-
tion, 80 % live in rural communities scattered throughout the islands.
These people are basically self-sufficient, subsisting on a largely vege-
tarian diet with very low income. The total figures show a low population
density, but the overall growth-rate of 3.2 % is above the world average.
The economy is largely dependent on the export of copra, although fish,
meat and cocoa are of increasing importance. Tourism has been promoted in
the last few years and is responsible for the rapid development of Vila.
Nevertheless, the country is largely dependent on aid, although it looks
to development particularly in agriculture to achieve a more self-
sufficient economy.

Piped water supplies to houses have been constructed in Vila and Lugan-

ville and in the government stations of Lakatoro and Norsup on Malekula

and Isangel on Tanna. A1l of these supplies are based on groundwater ab-
straction. Water supplies to the villages are less sophisticated and are
largely based on roof catchment and gravity supplies. A large amount of

aid is being supplied to give all communities a water supply by 1990 in

line with the United Nations' Decade of Water Supply and Sanitation.

2. GEOLOGY

The Yanuatu archipelago is part of a narrow chain of island-arc volcani-
city associated with the Pacific and Australian plate margins, which extend
through the Solomon Islands to the north and Fiji to the east. The Vanuatu
sector is a partly emerged ridge, underlain by the easterly dipping Benioff
Zone and bordered by the New Hebrides Trench to the west. These volcanic
islands range in age from Upper Oligocene to Holocene and have been divid-
ed into four provinces based on age and composition (Carney and Macfar-
lane, 1982). From oldest to youngest these are: the western province

(Upper Oligocene to Middle Miocene), eastern province (Upper Miocene to
Lower Pliocene), marginal province (Pliocene to Lower Pleistocene) and the
central chain (Upper Pliocene to the present).

The western province is made up of Santo, Malekula and the Torres Islands.
They are formed of submarine lavas and derived volcaniclastics and capped
by reef limestone. The islands of Maewo and Pentecost form the eastern
province, which is composed of terrigenous sediments and volcaniclastics
overlain by submarine basic lavas. This sequence is also capped by exten-
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sive areas of reef limestone. The marginal provinée is represented by the
island of Futuna, which is made up of basic lavas overlain by reef Time-
stone. The present volcanic line, the central chain, is essentially a
continuation of marginal province volcanism into Recent times. The central
chain includes all the remaining islands from Matthew and Hunter in the
south to the Banks Islands in the north. These are largely formed of sub-
aerial volcanics, pyroclastics and lavas and include the currently active
volcanoes. In these islands the raised reef limestone is generally absent
apart from a narrow coastal formation found on some islands. Efate, how-
ever, is exceptional and has a 60 % cover of limestone.

3. HYDROGEOLOGY

The main aquifer in the archipelago comprises the raised reef limestone
and the alluvial sands and gravels. The volcanic rocks vary greatly de-
pending on composition, but at best form poor aquifers.

In general, most of the population lives in coastal areas, which are often
underlain by raised reef limestone. Such areas are relatively easy to de-
velop 'due to the characteristic raised reef terrace features. Due to the
highly porous, open structure of this formation, it generally lacks sur-
face water resources. However, while being a good aquifer the limestones
are easily polluted by effluent and salt water intrusion due to over-
pumping. Many villages have constructed dug wells at the back of the

beach because of the ease of construction, but these are typically rather
brackish due to mixing caused by tidal action. The limestone aquifer is
found in a number of hydrogeological environments. The most common is typi-
cally found adjacent to the shore where the limestone extends below sea
level. Due to the open nature of this formation the groundwater hydraulic
gradient is very low, and as a result the fresh water lense is relatively
thin. However, it is possible to produce large quantities of water from
this hydrogeological environment. Luganville has a well-designed water
supply drawing water from this aquifer., The east coast of Santo is formed
of well-developed limestone terraces which rise to elevations of 60 m -
100 m a.s.1. within a kilometre of the shore. Although the wells in this
area are deep, since the water table is usually only a few metres above
sea level even at a distance of several kilometres inland, many planta-
tions have been developed here. In the vicinity of Vila the limestone
seldom reaches 40 m in thickness. In many of the surrounding areas the
limestone-tuff interface occurs above sea level, giving rise to relatively
rapid drainage of the aquifer. As a result, many test boreholes are dry,
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due to the undulating nature of the limestone-tuff contact. It has also
caused difficulties during the current drought, with many wells running
dry.

Alluvial sands and gravels generally form more reliable aquifers, par-
ticularly where they receive recharge from areas of limestone. The allu-
vial deposits tend to act as a reservoir and thus represent a more con-
stant resource, at the same time as offering greater filtration proper-
ties. The Vila water supply is drawn from this hydrogeological environment
on the Mele Plain adjacent to the reef limestone contact and is now pro-
ducing about 6000 m3/d. The alluvial plains have mostly been extensively
developed for plantations due to their flat-lying topography, fertile
soils and availability of both surface and groundwater supplies.

We have limited experience with groundwater in the volcanic rocks. The
tuffs and pumice formations, while acting as an aquiclude for overlying
1imestones in the Vila areas, also act as a poor aquifer. Although the
supply is restricted, it can be maximised by use of a dug well with gal-
leries. The lavas are completely impermeable, although small supplies
can be collected from joints where no other supply is available.

4. PREPARATIONS FOR HYDROGEOLOGICAL MAPPING

A programme of Hydrogeological Mapping has yet to be established in
Vanuatu, though a wealth of data has been amassed that will greatly aid
this work. The islands have been covered by aerial photography in both
1962 and 1972, and a third coverage is due in 1984. With the aid of this
material the islands have been mapped at 1 : 50 000 with the latest revi-
sion in the late 1970s. A programme of geological mapping at 1 : 50 000 is
now complete, with all of the eleven 1 : 100 000 sheets published along
with accompanying regional reports. This detailed work would form a sound
base for hydrogeological mapping.

Soil maps of the islands are now also published at 1 : 100 000 with accom-
panying reports.

Drilling for groundwater on the main islands with percussion rigs has been
carried out in a simplistic manner since the mid 1970s. The earliest dril-
1ing dates back to 1962, when the Vila groundwater supply was extended
under contract. This, and later work on the Vila supply has included
assessment of the rec<ource by accurate pump tests with test bores and che-
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mical analysis (Wilton & Bell, 1968). A data bank of borehole logs is
available for most of the drillings, but, unfortunately, some wells have
- gone unrecorded.

A series of meteorological stations has been established throughout the
islands, particularly associated with airfields. These collect data on
rainfall, temperature and winds. Some stations have data back to 1948, but
most have more 1imited information, which is often incomplete. Since 1982,
the hydrology of five rivers, the Teouma and Colle on Efate, the Sarakata
and Jordan on Santo and the Brenwe on Malekula, have been studied with the
view to generating power. Data on river flow and rainfall has been col-
lTected for these drainage basins. Geothermal springs and geothermal areas
have been studied in detail on Efate, again with a view to power genera-
tion (Carney, 1982). During a recent visit, the Senior Hydrogeologist of
ESCAP studied the Vila water supply with a view to protecting the ground-
water resource and assessing its potential development (Grimmelmann,
1983). His report makes recommendations on the monitoring of the resource
at the same time as suggesting increased staffing and training in electri-
cal resistivity surveying.

A considerable amount of hydrogeological and related data exists in
Vanuatu. Nevertheless, at present there is neither the trained staff,
equipment nor funds to be able to commence a programme of hydrogeological
mapping. There is now a considerable backlog of groundwater projects at
government and agricultural establishments, schools and village communi-
ties to be carried out using government drilling equipment. The increased
development since Independence illustrates the need to commence a regional

study on which to base development plans. However, this is unlikely to go
ahead unless financial aid is made available.
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STATUS REPORT,
DEMOCRATIC REPUBLIC 0F AFGHANISTAN

Nassir A. Formoli

The Democratic Republic of Afghanistan is situated in Central Asia shar-
ing boundaries to the north with the U.S.S.R., to the northeast with

China and India, to the east and south with Pakistan, and to the west with¥
Iran. The country has a population of 15.5 million and a surface area of
647 000 km2. '

Four-fifths of the country is occupied by mountainous regions, and only
one-fifth by flat plains.

GENERAL HYDROGEOLOGICAL FEATURES

The Democratic Republic of Afghanistan is a mountainous country with alti-
tudes of up to 6500 m a.s.1., the lowest plains lying at around 500 m
a.s.l.

The very heterogenous hydrogeological conditions prevailing throughout
Afghanistan are governed by the exceptionally complex geomorphological,
geological and tectonic structure of the country. Géo1ogica11y, all for-
mations are represented from the Archaean to the Quaternary; also repre-
sented are all kinds of sedimentary, igneous and metamorphic rocks, all
tectonic structures from platforms to the most complex folding and dis-
location.

Add to this the diverse morphological and climatic conditions, then it is
certainly no simple task to find a common denominator for a uniform hydro-
geological classification of the territory of Afghanistan.

Groundwater can be found in various formations -- unconsolidated-porous
and consolidated-fissured. For practical purposes, however, such as
supplying water for the population, irrigation and for industry, only
fresh water which can be found--at exploitable depths (for Afghanistan at
around 200 m) is of interest. There are also mineral waters to be found
with varying degrees of mineralisation, ranging from a low total dissolved
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solids content of 100 ppm to an extremely high total dissolved solids con-
tent of 10 000 ppm.

HYDROGEOLOGICAL MAPPING

The Democratic Republic of Afghanistan is as yet at a preliminary stage in
hydrogeological mapping. But since Afghanistan is a partly arid and partly
semi-arid country and has only 2-4 months precipitation annually, follow-
ing the revolution in 1979 the Government has devoted much attention to
the problems of groundwater-resources development, hydrogeology and, espe-
cially, hydrogeological mapping.

A hydrogeological map of the whole country at a scale of 1 : 1 000 000

has been completed; in addition, some maps of special regions have been
produced at the scale of 1 : 500 000 but these maps are not in great
detail and serve as preliminary maps for the areas. In some of the provin-
cial centres, the hydrogeological maps have been completed at the scale of
1 : 25 000 with rather more detail.

For the compilation of these maps we make use of hydrological data and
maps, logs from dug pits, boreholes and deep exploration wells for in-
vestigating hydrogeoiogical parameters, analyses of water samples, geo-
physical investigations and data from inventories of the area.

The hydrogeological map of the Kabul area shows:

a. Hydrological netwofks (rivers, canals, swamps, dams, springs, etc.):;

b. depth of water table in different places;

c. site, number, depth and diameter of all deep wells and exploration
boreholes;

d. all hydrogeological parameters of water-bearing formations;

e. chemical composition of water;

f. direction of groundwater flow;

g. 4geological section to the depth of 200 m.

I hope that this review of the situation in the Democratic Republic of
Afghanistan will explain why our country still has far to progress in the
field of hydrogeological mapping and why we would welcome the support of
both ESCAP and UNESCO in tackling this problem and other problems arising
from the development of groundwater resources.
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WATER-BEARING ZONES IN THE MINING

AREA OF THE NORTHERN REGION 0F
BANGLADESH WITH REGARD TO UTILISATION
OF MINE WATER FOR IRRIGATTION AND

OTHER USES

Muhammad Siddique Ali

ABSTRACT

Two basic economic resources of a developing nation such as Bangladesh are
mining and agriculture. Rapid economic development can be achieved if min-
eral resources are explored and utilised properly and if arable lands are
put under widespread and intensive cultivation by providing irrigation
facilities in the dry seasons. In the mining sector, the per capita con-
sumption of minerals and mineral products in Bangladesh is one of the
Towest in the world. There are few opportunities of finding minerals on
the surface. Quite a few minerals of economic value have so far been found
in the country, some of which are covered by highly permeable sandstones,
sands and gravels. Thus, the high water content in the overburden makes
the sinking of mine shafts extremely difficult and expensive. As far as
agriculture is concerned, the economy of Bangladesh is mainly agro-based.
Agriculture contributes more than 55 % to her total GDP. The contribution
of the northern region in this sector to the total GDP is nearly 20 % in
terms of current prices. But due to the serious lack of surface water in
Tean seasons, a process of desertification has set in here. Fortunately,
the favourable geological and hydrogeological conditions promise unlimited
availability of fresh groundwater in this region. This groundwater, to-
gether with mine water as a by-product, can be used in a profitable and
planned way in agriculture and for domestic and industrial supply.

1. INTRODUCTION

The northern region of Bangladesh is an alluvial plain with slightly ele-
vated terraces. The region lies roughly between latitudes 24°45' and
26°40' north and longitudes 88°5' and 89°45' east. It slopes gently from
north (85 m a.s.1.) to south (20 m a.s.1.) and is bordered by the Jamuna,
the Teesta and the Ganges, one of the greatest river systems of the world.
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The region has a total area of 8.96 million acres of which 6.44 million
acres serve as arable land. This alluvial soil is very fertile. The north-
eastern and eastern parts, amounting to 20 % of the total area, are occa-
sionally flooded during the monsoon season (June - October). But during
the dry season (November - May), the reduction of rainfall in this region
is a matter of grave concern. According to experi opinion, a process of
desertification has set in owing to changes in the weather and ecological
conditions. This poses a threat to the forest resources and vegetation on
the surface of the land. The serious lack of surface water has affected
agriculture in the region, and this has, in turn, affected the country's
economy, which is overwhelmingly agricultural. We have to import 2 - 2.5
million tons of food grain from abroad every year. This has an unfavour-
able effect upon our balance of payments, which has increased by 17 %
from 1974 - 1975 to 1979 - 1980, and hinders the import of essential
equipment and machinery. The development of our agricultural potential
depends on the formulation of comprehensive plans for the management,
development and for the exploitation of groundwater resources.

Government departments and agencies and consulting companies have been
conducting water tests in this region for the past two decades. Consider-
able work has been carried out by them in the field of groundwater flow
and development.

The north of the country has mineral deposits overlain by a thick over-
burden. The discovery and assessment of rocks and minerals of economic

interest in this area are now in progress. Indication of metallic minerals
has caused optimism and opened up new horizons in the development of min-
eral resources in the country. In terms of energy, the Gondwana coal de-
posit of this region exceeds that of the country's known gas reserve. The
mining of the coal is technically feasible. Moreover, a foraminiferal
Timestone occurs at a relatively shallow depth; it is bedded horizontally,
largely unfaulted and is of mineable thickness. The mining, together with
a cement plant, can be expected to be a profitable enterprise. But water
stored in the youngest and the most recent sediments of fluvial origin and
Tertiary formations is the principal factor in the loss of stability of
the soft rocks and shales.

The objective of this paper is:
i) to discuss the preparation of a hydrogeological map of the northern

part of the country based on available field data and laboratory-test
results; '
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1) to suggest how to utilise the water froim deep mines for frrigation
and domestic purposes.

2. MINES AND MINERALS

The minerals so far found in the northern region of Bangladesh are deep
seated and covered by a thick overburden. The sedimentary layers overlying
the Archaean crystalline basement are 130 - 1200 m thick in the study area.
Limestone, bituminous coal, mineralised granodioritic rocks and kaolinite
have been located at economically exploitable depths.

The basement complex, consisting of calc-alkaline, igneous and slightly
metamorphosed rocks, constitutes the floor of the Bengal basin. The struc-
tural units of the basin in the region under study are controlled by the
Precambrian platform,

The platform consists of three parts, namely: (i) the Rangpur. saddle,

{41) the Ruhea flank and (iii) the Bogra slope. The Rangpur saddle {s
possibly a connection between the .Indian platform and the Shillong massif.
If is bounded by N-S trending faults. The depth of the basement measures
only 130 m at the Maddhapara Hardrock Mining Project at Dinajpur.

In the shelf area, continental Gondwana sediments were deposited on an
uneven surface and in a deep depression in a fluvio-lacustrine environ-
ment. Due to a major faulting zone extending south of the Jairpurhat Lime-
stone Mine in an E-W direction, the coal measures (Gondwana sediments)
terminate beyond the Jamalganj area.' : SR ‘

During the extensive Cretaceous and ‘Paleocene marine transgression -the
foraminiferal limestones, known as the Sylhet 1imestones, and associated
materials were deposited in shallow, clear water and in a marine environ-
ment. : i ' '

Later, during the orogenic activity of the Miocene-Piiocene, the study

area was exposed to erosion and subsidence. The youngest sediments are
fluviatile in _origin and were deposited after the orogeny.
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2.1 Mineral Industries in Operation
2.1.1 Jaipurhat Limestone Mining and Cement Works Projects

Limestone was found over an area of 390 km? at depths of 400 - 550 m with
an average thickness of 20 m. The reserve amounts to more than 12 billfon
tons. An area of 13.25 km2 with a reserve of 100 million tons of limestone
has been projected for development to produce 1.7 millfon tons of lime-
stone per year. A cement plant will produce 1 million tons of portland
cement per year.

2.1.2 Jamalganj Coal Mines Project

The coal deposit is 6 km from the Jaipurhat Limestone Mining site and
occupies a large area. The deposit consists of seven coal seams of thfck-
nesses varying from 0.69 mto 32.2 m and lfes at a depth of 823 - 1037 m
below the ground surface. The total reserve of bituminous coal in the
mining area of 11.5 km2 is over 1000 m{l11ion tons. Further technical. study
and the provision of funds are prerequisites for the start of work.

2.1.3 Maddhapara Hard Rock Mfning Project

Metals and constructfon stone are in short supply in the country. Calc-
alkaline {gneous and s11ghtly metamorphosed rocks 1fe at a depth of 130 m
from the surface at Maddhapara. The rocks (dforite-granodiorfte-monzonite)

are hydrothermally altered and porphyritic in nature, suggesting that
there may be a concentration of porphyry copper. Rock in various shapes

and sizes will also be supplied at a cheaper rate for the requirements of
flood control, town protection, construction of dams, bridges, embank-
ments, roads and motor ways, river channelling, railway ballast, etc. Once
started, the‘project will produce 1.7 million tons per year.

2.2 Mining Problems

Exploitation of the minerals mentioned in the foregoing paragraphs, neces-
sitate underground minfng because of their depth. Access to the deposits
is to be made by means of twin shafts. The high water content of the un-
consol1di§ed sediments renders them less stable and necessitates expensive
methods of shaft sinking by freezing the unconsolfdated sediments. Water
from the working faces requires to be removed by special methods.
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3. HYDROLOGY

A hydrological study of the northern region has been established. A con-
siderable amount of work has been done by the Bangladesh Mineral Explora-
tion and Development Corporation (BMEDC), the Bangladesh Water Development
Board (BWDB), the Bangladesh Agricultural Development Corporation (BADC),
the Geological Survey of Bangladesh (GSB), the 0ii and Gas Corporation
{Petro-Bangla), Public Health Engineering (PHE), consulting companies, the
World Bank, USGS, etc. Hundreds of logs of wells and exploratory boreholes
of the region have been analysed, all of which claim an abundance of fresh
groundwater in the region.

3.1 Surface Water

Withdrawal of the Ganges water from outside the territory of Bangladesh
has caused havoc in the study area. It has adversely affected the agri-
culture due to lack of surface water for irrigation and also disrupted the
ecological balance. However, rainfall has considerably hindered the pro-
cess of desertification, which is setting in. The precipitation of the
last three years is shown in the following table: ’

Table 1: Rainfall (in mm) in north Bangladesh, 1980 - 1982.

Recording station 1980 1981 1982

Iswardi 1372 1138 893
Rajshahi 1270 1016 584

Whereas in the month of July an average of 500 mm of rainfall was recorded
in the study area, this year (1983) measures only 30 mm in the same month.
The water level in the Ganges has fallen below the water table. This has
affected storage in river-banks as the groundwater drains into the rivers.
Consequently, shallow tube-wells in the south and southwest of the study
area have become dry, thus affecting agriculture.
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3.2 Groundwater Potential
3.2.1 Aquifer Characteristics

"In the mining area the strata overlying limestone, coal and hardrock are
l1oose or semi-compact sediments of Tertiary and Quaternavy fbrmhtions.
composed of loose sand, gravels, pebbles and sandstone with little or no
cementing medium. Most of them are porous, being permeable both vertically
and horizontally.

The major lithological units of the study area are the Receént piedmént
sands and gravels, often flanked by Pleistocene sediments, the transition
being lateral. The pfedmont unit consists of medium to coarse sand (90 %)
more rarely with fine sand and 10 % clay with occasional gravels. Gravel
increases in frequency and in grain-size from south to north. Silts seem
to be absent. Different grain sizes occur as follows: i i

(D50) 0.38 mm -- 10 %
* 0,53 mm -- 40 %
" 0.67 mm -- 50 %

The Pliocene sediment, known as Dupitila, is composed of coarse-grained,
friable sandstones, coarse sands and gravels. The thickness of the sedi-
ments varies from 45 m to 75 m at a depth of 130 m in the study area. They
are highly permeable.

The aquifer may be divided into three types, based on depth, grain size,
transmissivity and storage coefficient:

i) Finer, shallow aquifers: these consist predominantly of fine to very
fine sand with lenses of clay and silt. Most of the dug wells as well
as shallow wells tap water from such water-bearing zones.

i1) COarger aquifers: such aquifers exist in the piedmont deposit and

" Pliocene deposit (Dupitila) and consist of gravels, pebbles, cobbles,
loose sands and weakly cemented sandstones. Transmissivity as esti-
mated from the irrigation wells in the study area is shown in

Table II.



Table II: Transmissivities in coarser aquifers in Bangladesh.

Area Transmissivity (m2/s)
1. Piedmont area 2.4 x 10-2
2. Bogra-Rajshahi (mining area) 3.4 x 10-2
3. Gangetic flood plane ¥ 3.4 x 10-2
4. Northern Rangpur areas 1.6 x 10-2
5. Rangpur area 1.9 x 10-2
6. Bogra-East Sherpur areas 1.3 x 10-2

Most of the irrigation wells in the area tap water from these water-
bearing zones.

iii) Deep aquifers: some major and confined aquifers exist below 400 m to
a great depth in the Tertiary sediments. In the Jaipurhat timestone
mine three such aquifers exist between 501 and 532 m, 547 and 556 m,
and 559 and 563 m in close vicinity of the mining horizons. The per-
meability is 4.04 x 10-4.

Table III shows the hydrogeological conditions in the formations.
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Table II1: Generalised stratigraphic sequence and aquifer characteristics.

Formation Litho]ogicaf unit Depth Aquifer characteristics
of Water Porosity Permeability
aqui-  content {m/s)
fer
base(m)
Alluvium Sandy clay, sand, 50 15-35 % 40-50 % 10-8-10-2
(Holocene) silt and clay
Maddhapara Sticky clay 10-15 % 10-15%
Clay
(Pleistocene)
Dupitila Sandstone weakly 100 20-30 % 40-50 % Horizontal
(Pliocene) cemented and coarse- 10-2-10-1
grained, pebbly Vertical
sandstone and pebble 10-2.10-1
beds
Surma Sandy shale, clay- 500 20 % 30-40 % Hor. 10-1.10-2
(Lower Mio- stone, siltstone Ver. 10-9-10-4
cene to and mudstone
Upper
0ligocene)
Kopili Calcareous sand- 520 10-25 % 40-45 % 4,02 x 10-4
(Eocene) stone, loose sand
Sylhet Limestone and 560 10 % 15 % 3 x 10-10
(Eocene) sandstone
Tura Laminated mud- 800-1000 20-25 % 30-55 % 4.04 x 10-5
(Eocene) stone and sand-
stone
Raniganj
coal Coal seams, sand- 1000-1200 10 % 15-40 %2 6.65 x 10-5
measure stones
(Permian)

Precambrian

Granitic Gneiss

to -1200 m ; Jaipurhat -630 m
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3.2.2 Hydrochemical Conditions

The hydrochemical conditions typical for different depths of groundwater
are presented in Table 1IV.

Table IV: Hydrochemical characteristics.

Probable aquifer depth (m) : uyp to 100 501-531 546-556 558-563
Odour ¢ normal normal normal slight
sewage
smell
pH value : 7.4 7.3 7.4 9.2
Sp. gr. at 15.5 °C 1.0017 1.0017 1.0020
Freezing point (°C) : 0.135 0,139 0.165
Dissolved solids (mg/1) : T72-242 2220 2250 2550
Suspended solids (mg/1) : 330 390 620

Hardness (temporary)

(in terms of CaC03) ; 37 13§ 136 73
Excess alkalinity
(in terms of CaCO0j3) : 95 90 465
Calcium (mg/1) : 0,5-1.5 46 48 12
Magnesium (mg/l) : 0.5-1.5 8 8 6
Sodfum (mg/1) 1-2.5 500 550 800
Potassium (mg/1) : - - B 6 -4
Iron (mg/1) : 2,5 4 4 3
Manganese (mg/1) : 0.4 0.4 0.1
NO3 (mg/1) : 0.5 10 5
S04 (mg/1) : 10 10 10 10
€1 (mg/1) I 600 600 1000
F (mg/1) : 5 6 5
Degree of salinity : fresh slightly slightly slightly
water saline saline saline
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3.3 Hydrogeological Mapp1ng

On the basis of available data, the study area (Fig. 1) has been divided
into 9 groups.

The boundaries of the identified areas (Fig. 2) are 1iable to modification
following more detailed survey, but the general boundaries will remain
more or less the same. The criteria for identification of different groups
are: :

1) . Grain-size

i1}  Transmissfvity (details in Table 1I).
ii1) Specific yleld

iv) ' Depth of water table.

v) - Fluctuation of water table

vi) Thickness of aqufifer

vii) - Depth of aquifer

vii{i) Total dissolved solids content

ix)  Recharge conditions

Recharge = Precipitation-(evapotranspiration + soil moisture deficit +
runoff).

3.4 Irrigation Using Groundwater

Hydrogeological data suggest that 4.62 million acres of land can be .irri-

gated in a planned way by groundwater without any side- effects, as shown
in the following table:

Table V: Irrigation areas (in million acres)

District Irrigable land Irrigation coverage by .groundwater.
Rajshahi 1.70 0.80
Pabna 1.07 0.80
Bogra 0.87 0.86
Rangpur 1.60 1.20
Dinajpur 1.20 0.96
Total: 6.44 - 4,62



Mapped area
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Fig. 1. Map showing the location of the study area
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0 50km
A A Highly good prospective areas
8 Good prospective areas
C-¢C; Moderately good prospective areas
D-0D, Poor prospective areas
3 Areas unsuitable for groundwater
development
- Direction of groundwater flow

Fig. 2. Groundwater prospeéts
in the study area
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3.5 Groundwater Potential of the Mining Region

The mine openings are subject to water flow. Water has to be removed from
the working faces by means of special facilities. The estimated inflow to
shafts and working faces in each mine is as follows:

3.5.1 Jaipurhat Limestone Mine

There are few major aquifers in the close vicinity of the mining horizon.
The inflow of water into the mine has been ascertained by hydrogeological
tests. Under normal conditions, inflow to the shafts and into the workings
amounts to 710 1/s and 400 1/s, respectively. In the case of roof and
floor collapses this will increase to 1710 1/s. Four pumping units, each
with a capacity of 2750 kW, will be installed.

3.5.2 Jamalganj Coal Mine

Inflow into the faces under normal conditions measures 3.5 m3/min during
the first phase of development. The whole total amount of mine water will
be pumped from the pump rooms (sump capacity is 6000 m3) with four pumping
units, each with a 2750 kW capacity.

3.5.3 Maddhapara Hard Rock Project

The water-logged sedimentary formations overlying the crystalline basement
all over the mining region are unconsolidated beds of coarse sand and
gravel. Because of their considerable porosity, permeability 1is very high.
It is estimated that the dewatering units in the mines can replace 130 -
180 irrigation wells each of two cusec (ft3®/s) capacity.

4, CONCLUSION

The main conclusions are as follows:

i) There are no salinity hazards involved in irrigating with deep
groundwater in the study area.

if) There is no alkalinity hazard even in the heavy clays.
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i11) There may be minor corrosion difficultfe#.

fv) - Low pH values in the water from .the hot aquffers inside limestones
~indicate close contact with igneous and metamorphic rocks.

v) The TDS content of the overburden is favourable in using the water
for domestic and irrigation needs.

vi) The Mg levels of mine water make {its use as drinking water problema-
tic, but the water would pose no problems for irrigation.

vii) In the mining region, 0.6 - 0.8 million acres of:.land in the Dinaj-
. pur-Rangpur-Bogra area can be put under economically viable irriga-
tion. ’
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Hydrogeological Mapping in Asia and the Pacific Region
Proceedings of the ESCAP-RMRDC Workshop, Bandung, 1983

. HYDROGEOLOGICAL MAPPING IN BRUNETI

Abdul Ghanf

1) The Government Survey Department of Negara Brunei Darussalam fs the

2)

only mapping institution in the country which undertakes cartographic
processes in map production. The Mapping Sectfon of this department,
which is responsible for topographic map production, consists of:

i) Photogrammetric Unit with 3 stereo plotter§ and 6 operators;

i1) Cartographic Unit with 8 cartographic technicians and

ii1) Reprographic unit with 1 process camera, 2 photographic contact
frames, 1 aerial photo rectifier, 1 aerial photo printer and 4
technicians.

The Photogrammetric Unit supplies manuscripts at scales of 1 : 1000
and 1 : 10 000. These maps are used for the production of topographic
maps at scales of 1 : 100 000, 1 : 50 000, 1 : 10 000 and 1 : 1000.
The first two series of these are in colour while the other two are in
black and white. The colour map process is carried out up to the col-
our proof stage by the Cartographic Unit with the assistance of the
Reprographic Unit. The printing is undertaken by the Printing Depart-
ment.

As yet, the Department has not produced any hydrogeological maps, nor
did it have sufficient source material to do so. However, two geologi-
cal maps, produced by the Natfdnal Directorate of Mapping, Malaysia,
have been in use. They are:

i) Geological Map of Brunei and adjacent parts of Sarawak, Sheets 1
and 2.
ii) Geological Map of Brunei.

These are general geological maps and do not contain specific hydro-

geotogical information. Thus, it would seem that this Department does
not possess any experience in the compilation or production of hydro-
geological maps. It does not, however, mean .that the subject of geol-
ogy has not reached the attention of the government of Brunei. Exten-
sive geological investigations were carried out in 1957 - 1960 by the
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Geological Survey Department, British Territorieés th-Borneo, assisted
by the Bruna@i Shell Petroléum Company Limited. But thése investiga-
tions were largely aimed at Civil Engineering aspects and mineral re-
sources. At the same time, some work was done on grouhRdwater supplies,
details of which appear in a report titled "The Geology and Mineral
Resources of Brunei and Adjacent Parts of Sarawak".

The most populated areas in Brunei 1ie along the coast within a strip
of about 30 miles from the coast. Despite the high annual rainfall,
which varies from 100 to 150 in., water supply schemes are very expen-
sive, because the low-lying coastal areas permit brackish water to
extend as much as 20-30 mites up the main rivers, making tréatment
essential. In order to locate and operate such schemes efficiently and
economically, hydrogeological mapping 18 an urgent requirement which
the country will be facing soon. This-Department has recognised this
fact, and it 1s expected that the necessary arrangements for this will
be made in the near future. ‘



Hydfogeological Mapping in Asia and the Pacific Region
Proceedings of the ESCAP-RMRDC Workshop, Bandung, 1983
DEVELOPMENT AND ACHIEVEMENTS 0 F
HYDROGEOLOGICAL MAPPING IN CHINA

Chen Mengxiong and Jiao Shuqgin

- ABSTRACT

This paper presents a brief outline of regional hydrogeology in China. It
reviews the process of development in compiling hydrogeological maps with
various aims and scales (including map series or atlases) on :the basis of
the hydrogeological mapping which has been carried out all over the coun-
try in a planned manner following the founding of our People's Republic
and explains the important role of these maps in the course of construct-
ing the national economy. The principles and methods of compilation of
hydrogeological maps and the major experiences as well as present problems
"are discussed in this treatise.

1. INTRODUCTION

Since the establishment of new China, great attention has been paid by the
government to the investigation and development of groundwater resources.
In the 1950s, the Bureau of Hydrogeology and Engineering Geology was set
up in the Ministry of Geology. This Bureau is chiefly responsible for the
regiona1vhydrogeo1ogica1 mapping throughout the country. An institute was
founded at the same time. Hydrogeological teams were set up in the geolo-
gical bureaus of both provinces and autonomous regions. Since the 1950s,
regional hydrogeological mapping, mainly on the scale of 1 : 200 000, has
been caréied out according to plan under the direction of the Ministry of
Geology. So far, a great part of China has been covered by regional sur-
veys, with the exception of the Qing-Zang Plateau, some desert regions and
high mountainous regions.

In the last ten years, a great number of hydrogeological maps on separate
sheets at the scale of 1 : 200 000 and their accompanying explanatory
notes have been published. Hydrogeological maps or atlases have been com-
piled at various scales for provinces and basins, according to the needs
of the national economic construction. At the same time, the Atlas of
Hydrogeological Maps of the People's Republic of China was also published.
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A11 of these played an important role in promoting the development of the
national economic construction.

2. AN OQUTLINE OF REGIONAL HYDROGEOLOGY

China is a country with a vast territory of 9.6 million km2. The various
regions differ greatly in climate, geology and geomorphology. The whole
country not only embraces various climatic zones at different latitudes but
also features varied geomorpholgy, ranging from coastal plains to uplands
and the Qing-Zang Plateau, the roof of the world. Our country is, there-
fore, characterized by great complexity of regional hydrogeological
settings and by differing hydrogeological characteristics within the
various regions.

The Qinling Mountains are located in the centre of the country and ranges
in a latitudinal direction. It forms a natural boundary between North and
South China and produces the very different geographical conditions which
distinguish the two areas. At the same time, the longitudinally oriented,
‘zona1 distributions which natural conditions display in eastern China and
western China are clearly due to the influence of the Pacific Ocean
monsoon. '

Geographically, the country is divided into six hydrogeological regions.
In the north, from east to west they are: i) the Great East Plain, con-
taining mainly the Songliao Plain .and Huang-Huai-Hai Plain; ii) the Inner
Mongolia Plateau and Loess Plateau; iii) the western inland basin -- a
typical, extremely dry Gobi desert region, mainly consisting of the Hexi
Corridor, Zhungeer Basin, Talimu Basin and Chaidamu Basin. In the south,
from east to west the hydrogeological regions are: i) the southeastern and
southern central uplands; ii) the southwestern karst uplands; iii) the
Qing-Zang Plateau,

The chief hydrogeological characteristics of the area to the north of the
'Qinling«Mountains are as follows: i) the wide expanse of the great plain,
inc1uding‘the vast piedmont plain with very thick deposits of Quaternary
sand and gravel, forms a good and thick aquiferous bed; ii) precipitation
in the region of the Great East Plain amounts to almost 800 mm; thus, the
groundwatér there receives its main recharge by precipitation through ver-
tical percolation. To the west the climate changes to that of a typical
inland dry climatic zone, but the piedmont plain is recharged by mountain
stream infiltration, therefore it has plenty of groundwater; iii) the
Inner Mongolia Plateau and Loess Plateau form the intermediate zone be-
tween the semi-humid zone in the east and the dry desert zone in the west
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and suffer seriously from lack of groundwater due to‘restrictions imﬁosed
by geological conditions; only in some places in the faulted basins, for
example in the Guanzhong Plain and the Hetao Plain, is there abundant
groundwater; iv) the chemical property of the groundwater is more compli-
cated than that of the south.

The main characteristics of the area to the south of the Qinling Mountains
are as follows: i) bedrock is widely exposed and forms hilly uplands,
while the area covered by plains is smaller, so that fissure water domina-
tes in this region; ii1) the southwest is characterized by widely distri-
buted carbonate rocks, and karst water is the main form of groundwater
with well developed subterranean streams; iii) precipitation generally
measures between 1000 and 2000 mm, but some places, such as the Mesozoic
red bed basins and coastal plains, suffer serious lack of water; iv) the
hydrogeological character of the Qinzang Plateau is entirely governed by
its altitude, and its groundwater is mainly of the permafrost or glacial
genetic type. :

The regional hydrogeological surveys, which have been carried out during
the last thirty years throughout the country, have clarified the hydro-
geological conditions of the above areas, and many different hydrogeologi-
cal maps have been completed and published. The data and maps provide a
scientific basis for the rational development of groundwater resources in
our country.

3. DEVELOPMENT DURING THE PAST THIRTY YEARS

In the early fifties, the Bureau of Hydrogeology began to collect data and
compiled and published the first hydrogeological map of China at the scale
of 1 : 3 000 000 using the geological map of China as a base. In the late
fifties, we began hydrogeological mapping at the scale of 1 : 200 000
according to international standards. In order to coordinate working
methods, the first standard of regional hydrogeological mapping was
published in China. The standard defined various technical norms, mainiy
relating to observation points in the field, water points, control bore-
holes, pumping tests, as well as water quality analyses, etc. According to
the standard, two surveying groups are expected to complete the compilation
of, on average, one international map sheet each year. For ordinary areas
every sheet was supposed to have on average 1000 to 3000 m of boreholes.
Each surveying team was provided with various drilling rigs, pumping
equipment, geophysical apparatus and a laboratory for water quality'
analyses. In addition to hydrogeological maps, a Quaternary geological
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map, a geomorphological map, a map of water-table depth and a geohydroche-
mical map as well as reports were presented as a result of the work.

In North China, the surveying work was conducted first of all in the agri-
cultural areas, for example in the Hubei Plain, the Songliao Plain, the
Hetao Plain and the Hexi Plain. In the early sixties, North China suffered
a bad drought which lasted several years. In order to overcome the drought,
people in many provinces began to dig wells. To assist these efforts, the
provincial geological bureaus carried out a 1ot of hydrogeological pros-
pecting work and made maps at scales of 1 : 50 000 to 1 : 100 000 for
agricultural water supply, which provided a scientific basis for the
rational arrangement of wells and development of groundwater.

In order to meet the needs of developing agriculture, small-scale maps of
Targe areas were compiled in the early 60s on the basis of reconnaissance
surveys, for example the atlas of hydrogeological maps, 1 : 1 000 000 of
the Songliao Plain and Huang-Huai-Hai Plain, which includes ordinary
hydrogeological maps, maps of water table depth, hydrochemical maps of
groundwater, hydrogeological maps for agricultural water supply, maps of
-Quaternary geology and hydrogeological maps for the amelioration of soil
salinity. This is the first atlas of small-scale hydrogeological maps
pubiished in our country.

With the cooperation of other units, the Institute of Hydrogeology and
Engineering Geology compiled the hydrogeological maps of the arid areas in
Northwest China and Inner Mongolia and of the karst area in Southwest
China. In addition, the map of phreatic water and the map of artesian
water in China were compiled.

In the seventies, our national economy entered a new period of develop-
ment. In order to meet the needs of the new situtation, hydrogeolocial
mapping was stepped up in the whole country. Reconnaissance surveys were
carried out everywhere, especially in South China. At the same time, a new
standard was made on the basis of the experiences of the past 20 years.
The methods of compiling hydrogeological maps were improved considerably.
New stipulations were made and a new standardized legend was decided upon.
Taking into consideration the complexity of geological conditions in our
country, regulations for hydrogeological mapping in specific areas were
added to the new standard, including mainly the plains, the coastal, karst
and mountainous areas, the loess plateau, and the permafrost areas. This
greatly enhanced the quality of the maps.

Regional surveys were completed in most provinces and districts in the
seventies. Therefore, many provinces, for example Hebei, Inner Mongolia,
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Liaoning, Jilin, Jiangsu, Zhenjiang, Yunnan etc., began to compile provin-
cial hydrogeological maps on smaller scales and local maps with descrip-
tive reports for key districts, such as the hydrogeological maps of the
Hexi Corridor, southern periphery of Zhungar Basin, Guanzhong Plain, and
Sichuan Basin. These maps were much appreciated by the map users (pro-
duction units).

At the same time, the Institute of Hydrogeology and Engineering Geology,
with the help of the provinces, began systematic research work in some dry
regions, such as the Heilunggang area in Hebei Province. As a result of
this work an evaluation of the groundwater resources was made and various
‘maps, including a map of groundwater resources, were completed. As an aid
to the prevention and control of drought, waterlogging and salinization in
the Huang-Huai-Hai Plain, a map showing rechargeable resources in shallow
aquifers and a hydrogeological map showing areas suitable for artificial
groundwater recharge were compiled. The same work was done in the Fengqiou
district of Henan Province and in the basin of the Shiyanghe River in
Gansu Province.

In the late seventies, the Institute of Hydrogeology and Engineering
Geology, in cooperation with the provinces, systematically processed all
the data collected since the founding of the People's Republic of China
and published in 1979 "The Atlas of Hydrogeological Maps of the People’s
Republic of China". The atlas has 68 maps in total, including national,
regional and provincial maps. This atlas is a reflection of the main
results that we have gained in the research of regional hydrogeology over
the last 30 years, since the founding of the PRC. The atlas contains a
descriptive text, which introduces the regional hydrogeological conditions
and groundwater resources of various areas, the recent situtation regard-
ing groundwater development, the existing problems and future prospects.
In a word, the published atlias not only has a practical value, but is also
an important contribution to the theoretical study of laws governing the
formation and distribution of groundwater.

4, A DISCUSSION OF THE PRINCIPLES AND METHODS OF COMPILATION

Hydrogeological maps can, on the whole, be classified under two headings;
one being the general hydrogeological map, the other the special map. The
present article focuses discussion chiefly on the principles and methods
of compilation of the general hydrogeological map, i.e. the regional
hydrogeological map. The regional hydrogeological map reflects mainly the
regional features and the basic, characteristic distribution of ground-
water over large areas. VYarious hydrogeological elements, such as the
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water-bearing units, water quantity, water quality and its buried con-
dition, must all be shown on the map. Thus, this kind of map is also call-
ed the comprehensive hydrogeological map or national hydrogeological map
and can be used widely as a basic map for the national economic programme.
For the regional hydrogeological map of our country, the basic scale of

1 : 200 000 has been adopted; only in remote districts or regions where
difficult conditions prevail are scales of 1 : 500 000 to 1 : 1 000 000
used. In the 1950s, the hydrogeological map chiefly showed the distribu-
tion of water-bearing formations, which were distinguished according to
the stratigraphic position, so the map contained more geological factors
and fewer hydrogeological elements, and people who are not specialists in
this subject will have had some difficulties in understanding it.

. Conformity to the principle of simplicity, clarity and practicality, the
methods of compilation were improved in the 1960s. Emphasis was placed
upon the water storage capacity of water-bearing formations. In the 1970s,
on the basis of past experience, with reference to the standardized inter-
national legends published by Unesco and at the same time taking into con-
sideration the actual situtation in China, the methods of compilation were

_ further improved, and a new "Legend and Method of Compilation of the Com-
prehensive Hydrogeological Map" was published.

According to the new methods, groundwater may be divided into five basic
types according to the aquifer type, storage conditions and hydrodynamic
characteristics; these are: i) pore water in unconsolidated deposits;

ii) fissure-pore water in clastic rocks; iii) fissure-cavity water in car-
bonate formations; iv) fissure water in bedrock; and v) groundwater in
permafrost. Having adopted the above-mentioned methods, the geological
content was simplified, whereby the hydrogeological elements, such as the
aquiferous deposit, storage conditions of groundwater as well as the dif-
ferent exploitation conditions, could be shown better on the map.

The pore water in unconsolidated sediments mainly occurs in the Quaternary
aquifers, only very little in the Tertiary rocks. The pre-Cenozoic strata
are mostly hard rocks; which contain mainly fissure water. In the Mesozoic
red basins, especially the Cretaceous sandstones distributed widely over
the country, contain fissure-pore water of good quality under favourable
conditions. Thus, it is neccessary to distinguish such types of pore-
fissure water from ordinary fissure water. Carbonate rocks, mostly of
Palaeozoic age, are widely distributed in China; here, karstification is
well developed, often forming subterranean drainage systems in South China
with high discharge rates. As a consequence, karst waters must be grouped
separately. Permafrost regions are mainly distributed in the Qing-Zang
Plateau and the northern part of Heilongjiang Province or in high moun-
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tainous areas, where the aquifers usually occur within the frozen layer.
It is treated as ‘a special type of groundwater.

Depending on the actual conditions, each type can also be subdivided. For
example, groundwater in loess deposits has its own characteristics, and
should be treated as a subtype of the unconsolidated type; according to
texture and lithological character, karst groundwater is divided into
karst water in pure carbonate rocks and karst water in alternations of
carbonate and clastic rocks. The fissure water may be controlled by struc-
tural patterns, weathering, or basalt cavities. The permafrost water is
divided into two subtypes: permafrost water in unconsolidated rocks and in
bedrocks. ' '

" From the practical point of view, the map should be useful either in agri-
culture or in water conservancy and should be simple, clear and easy to
understand. For this reason, the water storage capacity of the water-
bearing rock is emphatically indicated in the maps. In designing the le-
gend, each groundwater type was assigned one or two basic colours, and
the different shades of the colours are used to distinguish the degree of
water storage capacity. Since the water storage capacity of the pore or
pore-fissure water is comparatively stable, the discharges of individual
wells are considered representative, enabling the water storage capacity
to be divided into 3 to 5 classes. For fissure and cavity waters, the water
storage capacity is expressed by the modulus of groundwater flow and the
discharge of springs. As regards determining the boundary line between
different water storage capacities, apart from considering the specific
yield of boreholes and the discharge of springs, the key solution is to
study the Quaternary geological structures in detail by means of explora-
tion and field investigation, with special regard to the distribution of
present and ancient buried alluvial-proluvial fans, buried channels and
ancient coastlines. For this reason we must pay attention to the sedimen-
tary environment. To decide upon zone boundaries reflecting type and de-
gree of water storage capacity in bedrock in mountainous regions, and to
determine whether fissure water or karst water is present, all the ele-
ments concerned should be studied, such as geomorphology, lithology,
geological structure, vegetation, precipitation, etc.

With regard to the hydrogeological map in plains where Quaternary aquifers
are distributed, the main difficulty is to distinguish between the water
storage capacity of phreatic and that of confined aquifers or multi-
aquifer formations. In this case, we attempt to apply the so-called
"dualistic method", which is to simplify the situtation by assigning the
aquifer system to one of two groups, such as shallow groundwater and deep
groundwater, or phreatic water and confined water, and then making use of
85



broad and close hatching to dist1n;uish them. Shallow or phreatic water is
shown by widely spaced hatching and deep or confined water by narrow close
hatching. The direction of the stripes (horizontal, slanted or vertical)
indicates the depth to the top of -confined aquifers.

In addition, this method can be used in similar cases, for instance when
fresh.water overlies saline water, or vice versa, when buried karst water
or pore-fissure water .appears under a Quaternary aquifer, or in the case
of supra-permafrost water and intra-permafrost water, etc.

Based on the total dissolved solids content in groundwater, water quality
is divided into fresh water (less than 1 g/1), slightly brackish water

(1 to 3 g/1), brackish water (3 to 10 g/1), and saline water (more than

10 g/1). Saline water aquifers are not suitable for ekploitation and are
shown by grey colour. Brackish and slightly brackish waters, however,; are
distinguished by different symbols. In most parts of our country, there
are too many Fe and F-ions in the groundwater, so water with a high Fe and
F content has to be distinguished as such. Other harmful jons or compounds
in artificially polluted water must be indicated, too.

A1l these stipulations are mainly applicable to maps at the scales of

1 : 200 000 to 1 : 500 000. They need to be simplified further for maps .at
smaller scales. Considering the complexity of regional hydrogeological
conditions in China, many special problems are certainly to be encountered
and should be solved rationally.

Since the methods described above were established in the 1970s, good
results have been achieved, but many problems still remain, calling for
further improvement and research, e. g. which method is the most suitable
for quantitative evaluation of aquifers: specific discharge of wells,
transmissivity or modulus of recharge? What is the best way to indicate a
multiaquifer formation, long-term fluctuations of a water table, spatial
changes in . hydrogeochemical composition and temperature? In order to .per-
fect the method of compilation, it is necessary not only to carry out more
practical work but also to gain useful experience both at home and abroad.

5. SIGNIFICANCE OF HYDROGEOLOGICAL MAPPING IN NATIONAL CONSTRUCTION
Because extensive hydrogeological mapping has already been carried out and
the groundwater distribution has basically been ascertained since the.
founding of the state, groundwater resources of our country can now be

exploited in a planned way; consequently, hydrogeological maps have played
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an important role in developing industry, agriculture, and urban construc-
tion. In particular, they were of great benefit in developing irrigation
agriculture, combatting drought, ensuring stable agricultural yfelds and
raising its output value.

The northern part of our country frequently used to suffer from drought
because of the scarcity of rainfall, and the agricultural yield was very
Tow. However, after hydrogeological mapping was carried out. in the fif-
ties, it was demonstrated that the main agricultural regions, such as the
North China Plain, Song-Liao Plain, Hetao Plain, Hexi Corridor, etc., are
rich in groundwater. Since the sixties, irrigation by means of wells has
been developed in a planned way as the main method of water conservancy in
those regions. According to statistics, the area irrigated by wells in 17
provinces in the north reached 170 million mu (11.3 million ha), and the
annual exploitation of groundwater amounted to about 40 000 million m3;
more precisely, the area irrigated by wells in the North China Plain
measured 110 million mu (7.3 million ha), which accounts for 61 % of the
total effective irrigated area. As a further example, more than 400 000
irrigation wells have been sunk in thé Hebei Plain during the last 20
years, its annual exploitation of groundwater lies at around 10 000
million m?, and its total area irrigated by wells is more than 30 million
mu ( 2 million ha), which constitutes more than one-third of its culti-
vated area. Because. of this, rich harvests were still gathered in the
plain despite the many bad droughts.

The Loess Plateau is one of the regions in China which badly lacks water.
It has been shown by hydrogeological mapping that loess layers in the Yuan
area are, in fact, good aquifers, and at present, groundwater in Yuan
areas is being extensively exploited. At the same time, an artesian basin
of more than 14 000 km2 located under the .loess cover and consisting
mainly of Cretaceous rocks has been discovered through hydrogeological
mapping and shows fairly good prospects. A1l these discoveries have con-
siderable significance .in solving the problems of water supply for the
local population and livestock as well as in solving a part of the problem
of water supply for irrigation.

In the fifties, as a result of thorough investigation in the Peninsula
Leizhou, which is one of the areas in the south short of water, the area
was found to have a well-structured artesian basin composed mainly of Ter-
tiary and Quaternary formations and abundant in groundwater resources.
Since the sixties, irrigation by groundwater has been developed with much
energy, so that now the total irrigated area reaches 400 000 mu (6667 ha).
The "Red Basin" in Province Sichuan is also one of the areas suffering
water shortage in the south. After many years of investigation and hydro-
87



geblogical mapping, groundwater from the "Red Bed" is being exploited in
more than 40 counties, and 680 000 mu (45 333 ha) of farmland are being
irrigated. Consequently, the water supply problem of more than 3 million
people who lived in the areas of water shortage has been solved; this

amounts to 42 % of the total population from areas of water shortage in
the province. ’

Karst waters, including many underground streams with large discharges,
are distributed widely in the southwest of the country; for example, 602
underground streams were found within an area of 80 000 km2 in the
northern part of the Province Guizhou with a total discharge of 192 m3/s
in dry season, and 353 underground streams are distributed over an area of
150 000 km2 in the middle of the Province Guangxi with a total discharge
of 158 m3/s in dry seasons. At present, some of the underground streams
are being exploited, but most of them have still been utilized, so there
are good prospects for developing groundwater in those regions.

Due to the development of industry and the growth of the urban population,
groundwater is year to year becoming increasingly important as an
~industrial and municipal water supply. According to statistics of 181
large and medium-sized cities throughout the state, 61 cities mainly rely
on groundwater for water supply, while 40 cities use groundwater and sur-
face water jointly. In North China, the total daily water consumption of
27 major cities is 7.82 million m3, of which groundwater accounts for 6.86
million m3, i.e. 87 % of the total. Annual exploitation of groundwater in
Beijing reaches 2500 million m3 (including water for irrigation), i.e. 60 %
of the total water supply of the city. The lower part of the Liao-he Plain
in Province Lioaning is a major industrial area in our country. Many
important industrial cities, such as Shenyang, Liaoyang, Anshan, etc., are
located in this area, and the exploitation of groundwater for industrial
purposes reaches 830 million m3/year. As for other cities, such as Xian,
Taiyuan, and Shijiazhuang, the groundwater extraction reaches 1 million
m3/day everywhere. In the south, many large and medium-sized cities have
turned to using groundwater because the surface water has already been
polluted; for example, the total annual groundwater exploitation in 10
cities of the Province Jiansu, including Nanjing, Changzhou and Xuzhou,
now amounts to 450 million m3,

Only a few examples are mentioned above to show the success in promotfing
the development of industry and agriculture which has been gained through
hydrogeological mapping.

Since the beginning of the eighties, indoor data processing and analysis
have been intensified in order to meet better the needs of national con-
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struction. In addition to the hydrogeological maps or atlases of hydro-
geological maps for provinces and autonomous regions in accordance with
their administrative divisions, some special maps for large, interprovin-
cial, natural units are being compiled for specific purposes. For example,
hydrogeological maps for agricultural development are being compiled to
meet the needs of the programme of agricultural regionalization which is
being carried out at present in China; a set of special maps, including a
map of groundwater resources evaluation, a map of groundwater salinity, a
map of soil amelioration, a map of artificial recharge, etc., are being
compiled for the North China Plain as an aid in the desalinization of
soils and in the control of drought and waterlogging. In the Shanxi Pla-
teau, in connection with the construction of an energy base, a set of spe-
cial hydrogeological maps showing water-supply conditions of the planned
power stations are being compiled. In the delta p1éin of the Yangtze
River, various special maps are being compiled in connection with problems
of municipal water supply, land subsidence, sea water intrusion, ground-
water pollution etc. On the Loess Plateau, a systematic study of the Cre-
taceous artesian basin and the compilation of a set of hydrogeological
maps of the basin are in progress. In the vast, remote northern area
around Heilongjiang, Inner Mongolia, Gansu, etc., special maps. are being
compiled to aid in the construction of windbreak forests. In regions along
the long coastline, specific hydrogeological maps for developing marine
resources are going to be prepared. In northern provinces, various special
maps concerning endemic diseases are in preparation on the basis of hydro-
geochemical data. In many important cities, sets of hydrogeological maps
devoted to environmental problems are being compiled in order to solve
various problems of environmental geology. It is obvious from all of the
above-mentioned examples that hydrogeological mapping in our country has
entered a new historical era.

6. CONCLUSIONS

1. The regional hydrogeological map, known as the national hydrogeological
map, is one of the basic data sources for planning the national economy,
for industrial and agricultural construction, and for scientific research.
It serves a multitude of purposes. Thus, conducting hydrogeological mapp-
ing throughout the country in a planned way has considerable significance
for the development of the national economy.

2. After hydrogeological mapping at basic scales is completed, various
maps at medium and small scales, such as hydrogeological maps of provin-
ces, autonomous regions, cities or basins, can be compiled on the basis of
the regional hydrogeological maps in accordance with given requirements. A
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more comprehehsive atlas of maps or map system can be prepared on the
basis of analysis and study. At the same time, specfal maps for certain
purposes can be compiled on the basis of additfonal investigations direct-
1y serving the national construction programme.

3. According to practical experience in our country, the scale of

1 : 200 000 ifs the most suitable fundamental scale for national hydro-
geological maps. But there are still many problems concerning the prin-
ciples and methods of map compilation which need to be studied further,
for example problems relating to the basic content of the map, the preci-
sion of mapping, the method of quantitative evaluation of aquifers, as
well as the problem of how to express three-dimensional characteristics of
aquifers, and how to express groundwater resource values and parameters,
etc. To sum up, the question is how to use a hydrogeological map to re-
flect a groundwater system in a particular region in the most comprehen-
sive way.

A11 of these problems need to be solved step by step in the future.

4., The natural conditions prevailing in countries in the region of Asia
and the Pacific, especially in Asia, have many common features, and the
existing hydrogeological problems are similar or the same. But, exchange
of scientific knowledge in the filed of hydrogeological mapping has been
very limited in the past; therefore, it is necessary to strengthen con-
tacts so that we can learn from each other and exchange experience and
information. We think it would be fruitful to take the necessary measures
to study some common problems together, to compile international hydro-
geological maps of a large area, and further, to compile the hydrogeologi-
cal map of Asia or the Asian-Pacific Region. We believe that this confer-
ence provides a good start for international cooperation in hydrogeolo-
gical mapping between countries in Asia and the Pacific region.



Hydrogeological Mapping in Asia and the Pacific Region
Proceedings of the ESCAP-RMRDC Workshop, Bandung, 1983

GROUNDWATER IN CHINA

Jiao Shuqin

1. PHYSIOGRAPHICAL FEATURES AND GEOLOGICAL SETTINGS AFFECTING THE DISTRI-
BUTION AND FORMATION OF GROUNDWATER

China lies in the eastern part of Asia, having a vast territory of about
9.6 million km2,

The general topography of China runs high in the west and low in the east.
From the Qinghai-Xizang (Tibet) Plateau in the west to the coastal areas
in the east the average altitude decreases from 4000 m (locally over

5000 m) to less than 50 m above sea level. Mountains, hills and plateaus
cover about two-thirds of the total territory, while basins and plains
make up only one-third. The mountain ranges trend mostly west-east or
northeast-southwest. Amongst these, the W-E ranges may be grouped from
north to south into three belts, i.e. the Yinshan-Tianshan, the Qinling-
Kunlun and the Nanling belts, which form the boundaries between physio-
graphic regions. The NE-SW ranges may be roughly divided into two, i.e.
the belt joining the Changbai Mountains, the Liaodong hilly regions and
the Wuyi Mountains, and the belt of fhe Greater Khingan-Taihang-Wushan-
Wuling-Xuefeng Mountains, with broad plains 1ying in between. The Tatter
belt is also the eastern edges of the Nei Monggol (Inner Mongolia), Loess
and Yunnan-Guizhou plateaus. Besides, the N-S Helan-Longmen-Daxue Moun-
tains constitute an important dividing line between the eastern and west-
ern parts of China. On account of the topography and sharp reliefs, perma-
frost occurs on plateaus in west China, and vertical zoning of climates
appears in places. The annual precipitation in some of the high mountain-
ous areas in the northwest increases abruptly with the rise of altitude,
which may reach a maximum of more than 1000 mm. It is an important source
of groundwater recharge not only in the mountainous areas but also in the
piedmont belts adjoining the interior basins.

Judging from the regional climate, the vast areas to the west and north of
the line of the Greater Khingan-Yinshan-Helan-Bayan Kara-Gangdisi Moun-
tains (except the Altai, Tianshan, and Qilian Mountain areas) belong to
the arid climatic zone, with mean annual precipitation less than 200 mm.
The areas eastwards and southwards from this line to the line of the
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southeastern Xizang Plateau -- eastern Qinghai -- the southernmost part of
Gansu -- southern slope of the Qinling Range -- north of the Huai River --
Shandong Peninsula (except the areas of the Changbai and Greater and Less-
er Khingan Mountains in northeast China) belong to the semi-arid and semi-
humid climatic zone, the mean annual precipitation ranging from 200 to

800 mm. The vast areas extending further southwards belong to the humid
climatic zone, the mean annual precipitation being generally greater than
800 mm, the maximum up to 2000 mm.

With regard to the surface water bodies, the external drainage systems
running over a total area about two-thirds of the whole territory of China
are mainly distributed in the eastern and southern parts of China, with
most rivers flowing eastwards into the Pacific Ocean. Whereas the internal
river systems drain the northern and western parts, forming lakes in their
lower reaches or depressions or disappearing in the deserts. Rivers and
lakes are densely distributed in the areas south of the line of the Qinling
Range and the Huai River. They carry a heavy quantity of water and serve
as important groundwater recharge sources or discharge outlets in the
areas. To the north of the Qinling Rang-Huai River divide, rivers and
lakes are sparsely scattered. As the small amount of precipitation is con-
centrated in summer, the seasonal variations of water volume and water
level in these rivers and lakes are considerably great. The mean annual
precipitation over the whole country is about 600 mm, or about

600 million m3.

On the basis of the regional geological and tectonic features and with the
Yingshan-Tianshan and Qinling-Kunlun latitudinal structural zones as the
boundaries, the whole country can be divided into three major regions, the
northern, central and southern regions. These three major regions have
respectively gone through different geologic histories; hence they have
different geologic features.

As a result of great subsidence and strong Variscan movement in the region
north of the Yinshan-Tianshan Mountains, a thick sequence of Paleozoic
marine formations was tightly folded and intensely metamorphosed; it is
covered by part of Mesozoic alternating marine and continental strata.

the Variscan granites and the late Paleozoic volcanic rocks are relatively
common, especially in the Greater and Lesser Khingans and Altai Mountains,
where granites cover one-fifth or a quarter of the region's total area. In
the eastern part of northeast China they occupy two-thirds or so.

In most parts of the region between the Yinshan-Tianshan Mountains and the
Qinling-Kunlun Mountains, the crustal movement was relatively moderate in
the Paleozoic period. This is mainly marked by: (1) the uplifts and sub-
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sidence en masse, (2) the relatively weak magmatic activity, (3) the
limited regional metamorphism, (4) the gently folded strata, and (5) the
fractures large in size but‘less in number. About two-thirds of this
region is occupied by a series of large- and medium-size Mesozoic and
Cenozoic structural basins, in which are distributed Mesozoic, Tertiary
and Quaternary sediments in substantial thickness mainly of continental
origin. In other parts of the region there are mainly tightly folded and
metamorphosed Archean rocks and less tightly folded, essentially unmeta-
morphosed or slightly metamorphosed rocks of Sinian period and partly of
Paleozoic or Mesozoic era.

To the south of the Qinling-Kunlun Mountains is a region which has the
longest duration of transgressions since the Sinian period, and marine
formations have been developed the best. It is also a region where the
orogenic movement has been strong and the compressive folding, faulting
and magmatic activity have been relatively intense since the Mesozoic.
The structural basins of the Mesozoic and Cenozoic eras are small in
extent and also few in number. Quaternary sediments are not developed in
large extent.

It is evident that the latitudinal Qinling-Kunlun structural zone plays a
dominant role in the regional occurrence and distribution of groundwater.

2. MAIN CHARACTERISTICS OF THE DISTRIBUTION OF GROUNDWATER IN CHINA

The E-W-trending Qinling-Kunlun structural zone separates the whole terri-
tory of China into the northern and southern parts either geologically or
physiographically bringing about remarkable differences in the distribution
of groundwater between the two parts. Therefore, in the sense of regional
hydrogeology, the Qinling Mountains may be regarded as decisive regional
divide of groundwater distribution. And further, owing to the differences
in geological structure, topography, climate and surface water in an east-
west direction, the distribution of groundwater, which is different be-
tween the southern and northern parts, also varies in an east-west direc-
tion. The main differences of the groundwater between the major southern
and northern regions are as follows:.

2.1 Distribution of Pore Water in Unconsolidated Sediments

Since the Mesozoic and Cenozoic, especially since the Yanshanian Orogeny,
a series of structural basins of various sizes have come into being in
China and the large- and medium-sized ones are distributed in the vast
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areas north of the Qinling-Kunlun Mountains. In the eastern part of China
are the Song-Liao Plain and the Huang-Huai-Hai Plain which is connected-
southwards with the Changjiang (Yangtze) Delta. In the northwest are the
major interior basins, at the edges of which extend the sloping piedmont
plains, while the centres of which are are occupied by deserts. In the
middle reaches of the Huanghe (Yellow) River, the-distinctive Loess pla-
teau lies between the eastern plains and the interior basins. A1l the
major interior basins are extensively covered by thick sediments, which
are very favourable to the concentration and migration of pore water. In
the eastern plains, the alluvio-diluvial deposits yield copious and rela-
tively stable quantities of pore water, which up to now has been relati-
vely highly exploited and utilized in China. South of the Qinling-Kunlun
Mountains, only thin layers of loose deposits can be found over very small
areas in the intramontane basins. In a word, pore water in unconsolidated
sediments occurs over large areas to the north rather than to the south of
the Qinling-Kunlun Mountains.

2.2 Distribution of Karst Fissure-Cavity Water in Carbonate Rocks

There are appreciable differences in the distribution of karst fissure-
cavity water between the areas north and south of the Qinling-Kunlun
Mountains. In the northern areas, the karst fissure-cavity water occurs
mainly in old carbonate rocks of Cambrian and Ordovician times of the
Early Paleozoic. Most of the rocks are solidified or dolomitized, but
karstified to a lower degree. Generally, karst features are not conspi-
cuous on the surface, and big springs or spring groups gush out only in
the places where buried karst is relatively developed. In the southern
areas, karst fissure-cavity water occurs abundantly in the Upper Paleozoic
and Lower Mesozoic carbonate rocks. These rocks are younger in age, pure
in carbonate composition and rather intensely karstified, resulting in a
series of underground rivers and huge solution caves, and also typical
karst landscapes as such in southwest China. So it is quite natural that
karst fissure-cavity water is dominant over larger areas to the south of
the mountains.

2.3 Variations in the Quality of Shallow Groundwater

The quality of shallow groundwater (unconfined or slightly confined ground-
water at shallow depths) to the north of the Qinling-Kunlun divide is en-
tirely different from that to the south. Groundwater at shallower depths
tends to have a higher mineralization towards the north. The amount of
total dissolved solids is often greater than 1g/1, and it may attain in

the northwestern region as high as some tens of grams per: 1iter under the
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condition of high evaporation, On the contrary, the total dissolved solids
in groundwater on the southern side of the dividing 1ine are mostly less
than 1g/1 owing to the strong leaching. In the eastern part adjoining the
coastal belt, which is influenced by the moisture-laden monsoons and amply
supplied by precipitation, groundwater is commonly fresh and centains about
19/1 of total dissolved solids or less, except the coastal areas where
groundwater is relatively highly mineralized. While in west China, the
quality of groundwaer varies exceedingly with regard to the chemical com-
position of groundwater, areal and vertical zonings can be c¢learly recog-
nized in the major interior basins and plains in the north, whereas in the
southern intramontane basins the zoning is very indistinct.

2,4 Fluctuations of Groundwater Level

From the south to the north of the Qinling Mountain-Huai River line, the
pattern of curve of groundwater level fluctuations changes gradually from
multiple peaks to double peaks or to a single peak. The peak time is also
postponed gradually fom south to north. Generally speaking, in the south-
ern areas, as: the rainy season is longer, the curve of groundwater level
fluctuation mainly assumes the form of multiple peaks; and -owing to the
influence of "plum rains" (intermittent drizzles in the rainy seasan),
the peak occurs relatively earlier. In the northern areas, as the rainy
season is shorter and the rains mostly concentrate in autumn, the curve of
groundwater level fluctuation generally assumes the form of double peaks
or a single peak, which occurs relatively late. In the high moutain areas
in northwest China, the vertical changes of climate give rise to varying
patterns of groundwater fluctuations from high mountains to plains.

2.5 Groundwater in Permafrost

In China, hesides the southern-edge permafrost of the Eurasian continent
in the northernmost part of China, there appears on the Qinling-Xizang
Plateau low-latitude and high-altitude permafrost groundwater due to the

increasing height of the western areas. This is rarely seen in the middle-
and low-latitude zones in the world.

3. REGIONAL DESCRIPTION OF THE MAIN TYPES OF GROUNDWATER IN CHINA

On the basis of the above-mentioned physiographic and geoloagic conditions
and the main characteristics of groundwater occurrence, a summary account
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of the regional distribution of groundwater in China may be given as
follows:

3.1 Groundwater in the Great Plains in the Eastern Part of China

The Song-Liao Plain (Songhua River-Liaohe River Plain) in northeast China,
and in the Huang-Huai-Hai Plain (the Yellow River-Huai River-Haihe River
Plain or the North China Plain), the Changjiang Delta (Yangtze Delta) and
the Jiang-Han Plain (Yangtze-Hanshui Plain) in east China are the major
plains, where unconsolidated Quaternary alluvio-diluvial, alluvio-
lTacustrine and marine deposits are accumulated in varying thicknesses.
Pore water occurs in these deposits, providing abundant water resources.
The aquifers are mainly sands and gravels, which are loose in structure
and uniform in water abundance, and often appear in multi-layered form.

THE HUANG-HUAI-HAI PLAIN is the largest plain in China, with a total area
of about 320 000 km2, occupying one-third of the total area of the plains
of the whole country. It is one of the principal agricultural regions in
China. The plain is bounded on the north by the Yanshan Mountains, on the
west by the Taihang and the Tongbai Mountains, on the south by the Daibie
Mountains and the Jiang-Huai Hills, and on the east by the Bohai and
Huanghai (Yellow) Seas. The plain is generally sloping eastwards: the
piedmont belts are nearly 200 m above sea level while the central part of
the plain is less than 100 m. It belongs to the temperate, semi-humid,
monsoon climatic zone. The mean annual precipitation of the whole area is
500 - 800.mm, increasing gradually from north to south. Since the Ceno-
zoic, the whole plain has intermittently been a large subsiding zone,
where Quaternary sediments are quite well-developed. The thickness of the
sediments is controlled by the relief of the basement, varying from place
to place between 200 - 600 m and reaching the maximum of more than 1000 m
in the depressions. Since the deposition environment south of the Huanghe
River is absolutely different from that north of the river, the hydrogeo-
Togical conditions are also quite different.

AREAS NORTH OF THE HUANGHE RIVER. There is a very marked variation in the
distribution of water-bearing formations from the piedmont beélts through
the middle part to the coastal areas. Especially at the southern foot of
the Yanshan Mountains and the eastern foot of the Tai Hang Mountains, the
alluvio-diluvial fans composed of Quaternary gravels are very well devel-
oped, and constitute significant water-bearers in the piedmont belts. The
aquifers in the alluvio-diluvial fans are loose in structure and relati-
vely thick in single layers, the total thickness being generally 40 m and
reaching over 60 m at most. The sediments become gradually fine-grained
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and thin from the axial part to the fringe of the fan. In the inter-fan
terrains, there often occur intercalations of clayey soil. Generally,
groundwater -in these areas is unconfined. The major alluvio-diluvial fans
include those of the Yongding, Hutuo and Zhanghe Rivers. These fans slope
gently away from the the foot of the mountains, with superimposed multiple
layers of deposits. Consequently, the lower parts of the fans often extend
so far that their front edges often go under the bottom of the alluvial
deposits of Recent rivers. The front edges of the later two fans described
above are deep-buried at about 120 - 200 m below the surface. Therefore,
in the piedmont belts the aquifers are 1ithologically coarse-grained and
highly pervious. The underground runoff circulates freely due to great
hydraulic gradients. In addition, the rivers originating in the mountain
areas often find their way through the fans, replenishing the aquifers
sufficiently. The specific yields of wells are commonly greater than

30 m3/h.m, with a maximum up to 200 m3/h.m. The water is commonly of good
quality, and very simple in chemical type either vertically or laterally
belonging to calcium (magnesium) bicarbonate type, with total dissolved
solids less than 0.5 g/1. It is an excellent source for water supply.

Starting from the front edges of the piedmont plains is the middle part of
the alluvial plain of the Huang-Huai-Hai. This alluvial plain is stretch-
ing wide and open, and the unconsolidated sediments therein are very thick
and fine-grained. The gently sloping aquifers are mostly composed of al-
ternating thin layers of medium-fine sands, silts and sandy clay. The
groundwater is mainly unconfined or slightly confined at the depths of

60 - 80 m below the surface, and entirely confined downwards at the pro-
ducing depths, locally artesian. The unconfined groundwater is generally
about 1 - 3 m deep, mostly occurring in the form of discontinuous bands.
The aquifers have a low permeability and a gentle hydraulic gradient. In-
filtrated meteoric water and surface water, as well as irrigation water,
are the main recharge sources of groundwater. The water is of poor quality,
commonly brackish or saline, containing more than 2 g/1 of total dissolved
solids. The base of the saline aquifer is marked by an uneven curved sur-
face, buried at depths of about 60 - 100 m. Small amounts of fresh water
occurring sporadically in banded forms can only serve as drinking water

for man and livestock. However, deep confined aquifers widespread in the
middle part are the main sources for local water supply. Near the piedmont
belts in the west, the aquifers are shallower,.and become deeper eastwards.
The tops of the aquifers are generally about 60 - 80 m deep, and the piezo-
metric heads are mostly below the depths of 3 - 5 m. The water is of good
quality, commonly containing less than 1 g/1 of total dissolved solids.

The chemical type of water changes from the mixed type of bicarbonate,
sulfate and chloride in the west to the chloride of sulfate-chloride type
in the east.
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AREAS SOUTH OF THE HUANGHE RIVER., The piedmont belts afe featured by
ridges and mounds, and the fans are not quite well-developed. Only on the
western side of the piedmont extends the alluvio-diluvial fan of the an-
cient Huanghe River in an easterly direction. In the flat plain'area are
mainly alluvial and alluvio~lacustrine deposits. The total thicknes of the
Quaternary sediments is thinner than that in the north. The aquifers are
composed mainly of layers of medium and fine sands. The water is good in
quality, with total dissolved solids less than 1g/1 in most parts of the
area; 1 - 2 g/1 in some parts; and locally greater than 2 g/1. In the
alluvial fan of the ancient Huanghe River and the deposition area of the
ancient Huaihe River, the aquifers are lithologically coarse-grained,
locally composed of medium-cparse sands_and gravels. The total thickness
of the agquifers is more than 40 m. They have larger storage capacity and
the wells yield generally greater than 10 m3/h.m, In most of the other
areas, the aquifers are composed of fine silts 5 - 10 m thick, with very
small storage capacity. Southwards, the aquifers become more. and more fine
in grain size, gradually thinner in thickness, and lower in storage ca-
pacity. The water is commonly good in quality, with less than 1 g/1 of
total dissolved solids. Saline water occurs occasionally in local places,
with greater than 2 g/1 of total dissolved solids.

In coastal areas along the Bohai and the Huanghai Seas are mainly distri-
buted alternating alluvial, alluvio-lacustrine and marine deposits. The
aquifers are composed of fine silts and sandy clays. The unconfined aqui-
fers mostly occur as silt lenses involved in marine silty clays. The depth
of water level is shallow, generally about 0.5 - 1.0 m below the surface.
The aquifers have .very small storage capacity; the specific yields of the
wells are commonly less than 1 m3/h.m. The water is mainly of chloride
type, with total dissolved solids commonly greater than 3 g/1, sometimes
exceeding 30 g/1. That is to say, water at shallow depths is entirely
saline -except some fresh water lenses. However, at greater depths in
coastal areas, confined fresh water with a content of total dissolved
solids less than 1 g/1 is commonly encountered, generally below the depth
in the range of 80 - 200 m, The aquifers are composed of medium and fine
sands of alluvial and alluvio-lacustrine origins, yielding large amounts
~of water. The only exception is the coastal area of the Huanghe river
delta, where saline water is tapped within the depth of 450 m. The total
dissolved solids contained in the water amount to two grams per litre. In
the coastal area of northern Zhejiang Province, saline water often occurs
in the piedmont at the mouth of a river. This is due to the fossil sea
water remaining extensively in marine-facies strata and the salinization
caused by sea water intrusions. The water is of sodium chloride type and
contains as much as over 12 g/1 of total dissolved solids.
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Considering the Huang-Huai-Hai Plain as a whole, the hydrogeological con-
ditions from the piedmont plain through the middle plain to the coastal
area are characterized by the genetic types of the aquifers from alluvio-
diluvial through alluvial to alternating marine and continental or to
marine facies; the grain size from coarse to fine; thé geoldgic structure
from simple to complex; the number of aquifers from single to multiple;
.the gradually thinning thickness; the weakening permeability and water
abundance; the chemical type of water from simple to complex; the increas-
ing mineralization of groundwater, etc.

THE SONG-LIAO PLAIN is one of the largest plains in China, about 1000 km
long and 400 km wide, with a total area of about 250 000 km2. The plain {is
bounded on the east by the Changbai and Qianshan Mountains, on the west by
the Greater Khingan Mountains and the West Liaoning upland, on the north
by the Lesser Khingan Mountains and on the south by the East Liaoning
Gulf., It is surrounded on three sides by mountains, with one side facing
the sea. The Kangping and Fadong Hills separate it into two parts, the
northern plain and the southern plain. The former is high on its outer
fringe, dipping low towards the centre and its altitude ranging between
120 - 500 m above sea level. The latter slopes down from the north like a
dustpan open southwards to the sea, with the whole plain being entirely
below 50 m in altitude. The landform is low and flat; the river beds are
wide and open. The mean annual precipitation is 300 - 700 mm. The thick-
ness of the Quaternary deposits is about 80 - 150 m in the northern part
and 40 - 300 m in the southern part.

The piedmont belts on the periphery of the Song-Liao Plain are mostly
alluvio-diluvial fans, which spread out in a northwesterly direction at
the eastern foot of the Greater Khingan Mountains. The unconfined aquifers
are generally of 20 - 60 m thick with their upper limits at the depth of
15 m below the surface. The specific yields of wells are 10 - 15 m3/h.m.
The water is of bicarbonate type, containing less than 0.3 g/1 of total
dissolved solids. Other piedmont belts are mostly mound-l1ike plains stud-
ded by monadnocks or covered by eolian sands, with a very poor storage of
groundwater. In the central part of the plain, owing to the thick con-
fining bed of muddy and sandy clays, the aquifer can be divided into two
parts; the upper part of unconfined water and the lower part of confined
water. The source of unconfined water recharge is mainly the percolating
meteoric water and surface water, and also subsurface runoff in mountain-
ous areas. Part of the unconfined water discharges into the rivers, and
part becomes consumptive waste through vertical evaporation. As the topo-
graphy is rather flat, the subsurface runoff becomes sluggish and the eva-
poration tends to be strong, the salts in unconfined water gradually con-
centrate, thus causing the total dissolved solids in groundwater in the
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middle part of the plain to increase markedly, which sometimes may attain
up to 30 - 50 g/1. In most parts of the plain, the specific storage capa-
city of unconfined aquifers is less than 1 m3/h.m. The flow direction of
the groundwater is essentially identical to that of the surface water.
Generally, the unconfined water is small in quantity and poor in quality.
The confined aquifers are composed mainly of sands and gravels, generally
about 10 - 30 m thick, at the depths of 20 - 80 m. The top parts of the
aquifers are sandy clays ranging between 15 - 60 m thick. The piezometric
heads are buried 2 - 5 m deep, in places up to 10 - 20 m. The water qual-
ity is good. The wells generally yield 10 - 30 m3/h.m. Groundwater in
Tertiary and Cretaceous clastic rocks underlying the unconsolidated sedi-
ments in the middle part of the plain is of good quality, containing less
than 1 g/1 of total dissolved solids. The specific yields of some wells
may attain 7 m3/h.m. However, in the coastal area in the extreme south of
the plain, as the topography is flat and low-lying and the subsurface run-
off is sluggish, the unconfined water deteriorates, with the content of
total dissb1ved solids as high as more than 30 ¢/1. The shallow ground-
water is completely saline except some fresh water lenses. Nevertheless,
good-quality confined water occurs abundantly at depth.

THE JIANG-HAN PLAIN lies in the middle reaches of the Changjiang River,
covering a total area of more than 60 000 km2, The plain is surrounded by
mountains, and its low central part lies broad and flat, its altitude
being less than 50 m above sea level. As rainfall is profuse over the
whole area, the drainage system there is well-developed and the rivers are
densely netted. The Quaternary loose sediments spread all over the plain,
generally about 170 m thick, and up to 200 m or more in the Tongting Lake
area where the depression is relatively deep. Sands and gravels alternate
with clays and sandy clays in the Quaternary system, and the multi-layered
sands and gravels are the main aquifers in the area. The storage capacity
of the aquifers depends upon the number and thickness of the jndividual
water-bearing layers, which are thick in the middle part of the plain and
become gradually thinner towards the edges. For example, the thickness of
the sand layer is over 100 m in the central part, but decreases to about
20 m on the edges, and even less in the outermost terraced area. The stor-
age capacity of the aquifer is larger in the central part, with yields of
individual wells about 10 - 30 m3/h.m, but only about 2 m3/h.m on the
edges. Groundwater in this area is mainly in a confined state. The water
heads are mostly near the surface, generally 0.4 - 3 m deep, locally
gushing high up above the surface. The groundwater commonly has a simple
chemical composition and low mineralization. It is of bicarbonate type,
containing less htan 1 g/1 of total dissolved solids, usually

0.1 - 0.6 g/1. Within the plain, the content of iron ions in groundwater
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is commonly higher, and gradually increases from north to south, the
highest average content attaining 10.8 mg/1.

THE CHANGJIANG DELTA PLAIN is bordered in the north by the northern Jiangsu
Plain and reaches the Hangzhou Gulf in the south. The plain is generally
not more than 10 m above-sea level, crisscrossed by rivers and densely
studded with lakes and ponds. The climate is mild, and rainfall is plen-
tiful. The unconsolidated Quaternary sediments are up to 200 - 300 m thick
and in a few places more than 300 m. This is the place where the confined
aquifers occur. Commonly 4 confined aquifers can be recognized, which may
be grouped into shallow and deep water-bearers. Between the two groups is
an extensive and relatively persistent confining bed of clay. The shallow
water-bearers are characterized by alternating marine and continental de-
posits and marine deposits; whereas the deeper ones by continental depos-
its. From the upper end of the delta to the southeastern edge, the aquifer
gradually changes from single layer to multiple layers, from greater to
smaller thickness, and from coarser to finer grain size. Both the deep and
shallow aquifer groups yield relatively large amounts of water, but differ
markedly in water quality. The water of the shallow aquifer group changes
southeasterly from fresh water with less than 1 g/1 of total dissoled '
solids to brackish water with greater than 3 g/1, and in places saline
water is found to have more than 10 g/1. Whereas the water of the deep
aquifer group is mostly fresh water containing less than 1 g/1 of total
dissolved solids, which is an important source for local municipal and
industrial water supplies. )

3.2 Groundwater in the Sloping Piedmont Plains of the Interior Basins in
the Northwestern Part of China

The Dzungar, Tarimu and Caidamu basins and the Hexi Corridor to the west
of the Helan Mountains and north of the Kunlun Mountains are large in-
terior basins 'in northwest China. These basins are separated by E-W trend-
ing high mountains, and are elongated in an E-W or NW-SE direction. The
terrains on the periphery of the basins are broad and wide, where lie
stretches of sloping piedmont plains with a considerable thickness of
loose sediments. The top parts of the plains are often represenfed by Govi
gravels, while the middle and front zones are filled with loose Quaternary
gravels and sandy clays. A1l these basins are fringed with high mountains.
The climate at the edges of the basins is arid, with mean annual precipi-
tation generally less than 200 mm and mean annual evaporation more than
1500 mm. The mountainous areas adjoining the peripheries of the basins
receive ample precipitation, and snows cover the place all year round.
Apart from replenishing the mountainous areas, the precipitation and
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melting ice and snow often afford abundant groundwater recharge to the
basins through underflows and percolations. The effectiveness and amount
of groundwater recharge depend upon whether there are structural belts in
the piedmont plains. For example, the Tertiary folded uplifts in the pied-
mont belts often constitute cut«off barriers for the Quaternary water-
bearing formations. Meanwhile, the piedmont plains of various basins have
a common character, that is, the loose sediments at the southern edges of
the basins are better developed than those at the northern edges, which
Teads to the complexity of the hydrogeological conditions: the occurrence
of groundwater varies greatly in the piedmont belts of different basins
and even in different places of the same pfedmont belt.

In the piedmont belt of the Altai Mountains, at the northern edges of the
Dzungar Basin, the diluvium is distributed thinly in the upper part of

the high platform due to denudation. It bears hardly any water under such
an unfavourable condition for groundwater recharge. Otcasionally small
quantities of water can be found in the alluvium of river valleys. The

- circumstances are the same in the piedmont belt of the Dzungarjie (Dzungar
Border) Mountains. -

‘In the northern piedmont belt of the Tianshan Mountains, at the southern
edge of the Dzungar Basin are the nearly E-W trending anticlinal uplifts
and synclinal depressions. The depressions are filled by pebbles within a
width of about 20 - 40 km. The grain size of the pebbles becomes gradually
finer towards the basin. The unconfined groundwater directly recefves the
vertical-percolation replenishment from the mountain rivers, and flows
subterranfously towards the basin in a relatively great gradient, and in
this way a 50-t0-200-m-thick unconfined groundwater zone composed of Qua-
ternary pebbles is formed in the piedmont belt. The storage capacity is
relatively large, with a well specific yield of about 30 m3/h.m. The water
is of good quality and contains less than 1 g/1 of total dissolved solids.

In the c¢ase of the piedmont belt of the Tarimu Basin, the alluvial sands
and gravels in river valleys attribute their abundance of unconfined
groundwater at the depth.of about 5 - 15 m to the existence of block moun-
tains and uplift structures of Tertiary clastic rocks in the pediment. The
water 1s of good quality, and the specific yields of wells are about

5 s-lOJmS{h}m. From the pledmont belt towards the basin, the aquifers gra-
dually become fine-grained, and the water becomes more mineralfzed. Al
though confined groundwater occurs locally, the mineralization gradually
increases with the distance away from the piedmont belt. Up to the north
of the Tarimu River, the water becomes highly mineralized brine, and the
storage capacity decreases abruptly.
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At the southern edge of the Tarimu Basin (the piedmont belt at the north-
ern foot of the Kunlun Mountains), there are very thick and loose diluvial
deposits. In the western piedmont plain, Tertiary uplifts appear. According
to the occurrence, runoff and discharge of the unconfined groundwater, two
independent units may be distinguished on both sides of the uplift belt.
On the southern side, the unconfined groundwter is buried about 30 m deep.
Blocked by the uplift belt, it overflows to form a spring group, with a
discharge up to 15 m3/h. On the northern side, gravel beds of fairly large
width are often formed, and the burial of unconfined groundwater grows
deeper. However, the water of bicarbonate type is good in quality and con-
tains less than 1 g/1 of total dissolved solids. The sloping piedmont
plain in the eastern area is directly connected with the mountainous area,
mainly dfluvial sediments about several hundreds of metres thick. The
‘water-bearing formations are composed of sands and gravels. The unconfined
groundwater is buried over 30 m deep, generally containing 1 - 2 g/1 of
total dissolved solids. The storage capacity is relatively small. The
Caidamu Basin 1ies between the Qilian Mountains and the eastern section of
the Kunlun Mountains. The deposits at the southern edges are developed
better than those at the northern edges. A belt of gravels deposited at
the southern edge near the mountains approximately 15 - 30 km wide (up to
the maximum of 60 km in the western part) and 1200 m thick. Fresh ground-
water occurs in a narrow long belt along the foot of the mountains. In
other places, however, only saline water and high-mineralized water can be
found. The piedmont belt at the southern foot of the Qilian Mountains is
separated by Tertiary hills, forming many small basins. Groundwater efther
confined or unconfined is high-mineralized in the whole basin except in
the piedmont belt at the southern foot.

The Hexi Corridor is an elongated intramontane plain having very thick
Quaternary sediments,Agenera11y up to nearly one thousand metres a the
thickest segment. Due to the strong structural movement the Corridor plain
was divided into two 1ines of small basins in a south-north direction. The
gravel plains in the small basins in the southern part are wider than

those in the northern part; and the sediments are also more coarse-grained.
The quality of groundwater is generally good, and the quantity is large.

With respect to the northwestern region as a whole, the exploitable ground-
water resources are mostly concentrated in the sloping piedmont in the in-
terior basins. Though the piedmont plains account for about 45 % of the
region's total area according to statistics, more than 65 % of the fresh
water in the northwest is distributed there.
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3.3 Groundwater of the Loess Plateau

China is a country with most developed loess in the world. Loess in China
is characterized by extensive distribution, large thickness and successive
deposition. The main region where loess is distributed lies in the middle
reaches of the Huanghe River, from the eastern section of the Qilian Moun-
tains in the west to the Taihang Mountains in the east from the Great Wall
in the north to the Qinling in the south, covering an area of abut 350 000
km2, The general topography is higher in the northwest and lower in the
southeast, with an altitude of 700 - 2400 m above sea level. The regional
climate is arid and rainfall is scarce. The time of precipitation is con-
centrated mainly in July, August and September. In the northern area, the
mean annual precipitation is 300 - 500 mm, and increases progressively
southwards to 700 mm.

The prominent features of the loess plateau in the middle reaches of the
Huanghe River are characterized by yuansl), l1angsZ), maos3), gullies and
valleys, which are arranged alternately and constitute special landforms.
In the eastern and southern parts, loess occurs morphologically as
taiyuans4). As the loess plateau is exposed to intense erosion of log
duration by running water, the valleys are deeply incised and the terrains
‘are broken, thus leading to the complexity of groundwater occurrence. In
loess deposits unconfined groundwater can be found continuously over ;ma]l
areas and discontinuously in local places.

The continuous unconfined groundwater mainly occurs in the yuan areas such
as the loess yuans at Xifeng, Luochuan and Jixian as well as the loess
taiyuans in the Fen-Wei, Taiyuan and Luoyang Basins. The yuan surface in
loess yuan areas is broad and flat, and there often exist depressions and
dish-shaped lands, which are favourable for the collection of meteoric
water and recharge of groundwater by infiltration, resulting in extensive
storage of unconfined groundwater. The aquifers in loess yuan areas are
mainly composed of porous loess and fossil soil, generally 60 - 90 m~
thick, up to 110 m in maximum. Each yuan is an individual hydrogeological
unit. The groundwater yield and level in yuans depend upon the size of the
yuan surface and the distance to gullies. The larger the yuan surface is,
the bigger the storage capacity will be; and the shorter the distance to

1) Yyan -- a high table-1ike plain with abruptly descending edges.

2) Liang -- an elongated loess mound.
3) Mao -- a round loess mound.
4) Taiyuan -- loess covering terraced landform.

(The term above is given by the local people).
104



the guliies, the deeper the water level. For example, the surface area of
the Luochuan yuan is one-third smaller than that of the Xifeng yuan, con-
sequently the daily discharge in the central part of the former is a half
lTower than that in the latter. The unconfined groundwater in loess depo-

sits discharges in the form of descending springs into the gullies at the
edges of the yuans. The water is chemically of bicarbonate type and con-

tains a low content of total dissolved solids, generally less than

1.0 g/1.

The unconfined groundwater occurring in the loess taiyuan in the Feng-Wei,
Taiyuan and Luoyang Basins is mainly supplied by meteoric water and local-
1y by surface water and groundwater in diluvium, since the taiyuans are
often adjoining to the piedmont diluvial aprons. In short, the quantity of
unconfined groundwater in loess deposits in taiyuan areas is closely re-
lated to the size of the taiyuan surface, the structure of the loess depo-
sits and the existence of the confining Tayer at the bottom. For example,
the 1oess in part of the taiyuan areas north of the Weihe River directly
lies on the limestone, but as there exists no confining layer, all the
groundwater percolates into the underlying bedrocks. When the loess
tafyuan has a wide surface with depressions on it, and the considerably
thick deposits have a good confining bed at the bottom, and at the same
time the annual precipitation is relatively ample, groundwater is gener-
ally copious and the yield per well may attain 200 - 800 m3/day. However,
in the case of the Taiyuan Basin it is quite the contrary. The loess
taiyuan is thin in deposition and narrow in surface area, deeply incised
by gullies. The annual precipitation is small, and the storage capacity of
groundwater is very limited.

Discontinuous unconfined groundwater occurs mostly in the loess deposits
of liang and mao areas as well as zhaang and zhangl) 1and. The zhaangs and
zhangs are often distributed in the surrounding areas of the Liupdn and
Baiyu Mountains. They are of very limited extent in the vast landform of
ridges and mounds, generally covering only a few km2. Besides, they are
separated by l1iangs and maos, forming isolated units with no hydraulic
interconnections to each other. The major aquifers, composed of loessal
soils and silts, are generally 10 - 40 m thick. The water level is relati-
vely deeply buried, and the well yield is generally very small. The water
is of good quality, containing less than 1 g/1 of total dissolved solids,
locally 1 - 3 g/1. It belongs to bicarbonate or sulfate type.

1) ihaang and zhang -- local terms for palm-shaped and branch-shaped loess
Tand 1ying betweenAliangs and maos.
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Groundwater in liang and mao areas is distributed over vast areas beyond
the 1oess yuans. As the terrafns are strongly dissected by well-developed
gullies and valleys, the area for groundwater replenishment by meteoric

water is very small, Furthermore, as 1fangs and mads have steeply inclin-
ing edges and rainstorms are frequent in these areas, a large quantity of
rainfall becomes surface runoff, resulting in very unfavourable condition

for groundwater recharge and storage. Only in the saddle parts between
1iangs and maos can small amounts of water be collected, with the well

specific yield only less than 0.04 m3/h.m. The chemical types of ground-
water are varied: in the area east of Zhewu Ridge it is of bicarbonate
type, containing 1 g/1-of total dissolved solids; while in the area to
the west the chemical composition of the water becomes gradually complex
in a S-N direction, changing from bicarbonate type to sulfate-chloride
type and the content of total dissolved solids increases gradually from
1 g/1 to 3 - 10 g/1.

3.4 Groundwater in Desert Areas

China has vast deserts, occupying almost one-ninth of the total area of
the whole country. More than 90 % of the deserts are concentrated in the
central parts of the interior basins in north and northwest China except a
small part that lies on the interior plateau. The relatively large deserts
include: the Taklamakan, Kurban-Tungut, Kumutako, Badan Jiryn, Tynferi,
Ulanbuh, Kupuchi and Maowusu deserts. They are covered by sand dunes
generally 10 - 25 m high, the highest may attain 100 - 300 m, and the low
ones are less than 5 m. The climate is extremely dry. The annual precipi-
tation over the majority of the areas is below 250 mm, reduced markedly
towards the northwest, and coming down to less than 100 mm in .the western-
most part. The evapotranspiration is intense, generally a few times higher
than the rainfall. The surficial cover is very pervious. Almost no rivers
are formed by local surface runoff within this area and only transit
rivers and rivers replenished by melting snow and ice from the adjoining
high mountains can be found. These are the main local water sources.
Obviously there is a keen shortage of surface water in most parts of the
deserts. And with regard to the groundwater often seen in deserts, two
types can be recognized: fresh water lenses in sand dunes and pore water
underlying the sand dunes.
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(1) Unconfined sand-dune groundwater

Sand dunes are mainly composed of fine sands and fine silts, ranging in
thickness from a few to some tens of meters, and having uniform grain
sizes. In the abopve-mentioned deserts (the Taklamakan Desert excluded),
fresh water lenses in sand dunes are very common, and unconfined water can
often be found in low-lying depressions between various types of sand
dunes. These depressions are of various sizes, ranging in area from a

few to several tens of m2. Their water-bearing conditions are related to
the basement. For example, if the basement is a confining bed, the eolian
sand dunes will form separate aquifers; and if the basement is highly per-
meable, the sand dunes and their underlying beds will form a unified aqui -
fer. The source of groundwater recharge is mainly meteoric water and con-
densation water. Apart from the consumption through evapotranspiration,
the groundwater discharge sometimes also replenishes the groundwater in
lake basins through subsurface runoff. The levels of unconfined sand-dune
groundwater generally are at the depths ranging from less than 1 m to

10 m, and become deeper with increasing height of sand dunes. For example,
in the Kupuchi Desert, sand-dune aquifers are composed of silts and fine
sands. The thickness of sand beds is 1 - 2 m at the edges of the sand
dunes, and increases up to 10 - 20 m in the centers. Unconfined ground-
water is generally found at depths of less than 1 m, the specific yields
of wells are less than 1 m3/h.m, and the water quality is good. In the de-
pressions between sand dunes, the water level may be as deep as 10 - 15 m,
but the amount of water is very small. In the Maowusu Desert, the sand-
dune aquifers are mainly composed of medium and fine sands. The water
level is generally 1 - 3 m in depth and has a very great seasonal fluc-
tuation. The aquifek is hydraulically in close connection with the under-
lying alluvial and lacustrine deposits, constituting occasionally a uni-
fied aquifer of good water quality, with a discharge generally less than
10 m3/h.m. The Taklamakan Desert which lies in the westernmost part is the
largest in China. The climate there is very dry, and the shifting sand
dunes are dominant. Except the belts along the banks of the rivers, the
terrain is entirely covered by sand dunes. The big-sized sand dunes have
very wide and open lands in between, generally 1 - 3 km in width and these
open lands are in turn often separated by transverse sand dunes or ridges
to form smaller closed depressions. Inside the depressions, the unconfined
groundwater level is usually high, and the water quality is comparatively
bad and changeable.
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(2) Pore Water Underlying the Sand Dunes

In deserts, as fossil alluvial plains and fossil fluviolacustrine_plains
are buried at the edges of the deserts, there is generally a considerable
thickness of early and middle Quaternary deposits underlying the sand
dunes, originated on the one hand from the piedmont alluvio-diluvium ex-
tending towards the basin and on the other hand from the valley deposits
plunging into the interior of the deserts and the alluviolacustrine depo-
sits underlying the sand dunes. In these alluvial deposits, confined fresh
water is often present. For example, at the northeastern edges of the
Maowusu Desert, the upper part of the poorly permeable Jurassic sandy
mudstones are covered by relatively thick lacustrine deposits, where
spring groups often occur. the discharges of the springs of good water
quality may sometimes reach as much as some tens of m3 per hour. In the
‘ Kurban-Tungut Desert in the central part of the Dzungar Basin, high-head
confined fresh groundwater is often tapped under the sand dunes. Besides,
similar confined fresh water is also present in the Ulanbun and Badan
Jiryn Deserts. ’

3.5 Groundwater in Karst Regions

Groundwater in karst regions refers to the groundwater occurring in.car-
bonate rocks. Carbonate rocks are very widespread in China, but due to the
difference in natural conditions, karst development varies markedly from
area to area, and karst features are also different. Generally in south
and southwest China, the karst landscape is marked by peak clusters, peak
forests and corroded depressions. In the middle and lower reaches of the
Changjiang River, hilly karst landscape is significant. And in the drain-
age areas of the Huanghe River, karst features are not prominent on the
surface, presenting only ordinary landform.

Groundwater in karst regions is mainly of karst fissure-cavity water type,
which is characterized by large quantity and relatively uneven distribution.
This unevenness is displayed not only by areal distribution, but also by
different depths, as well as by the sharp fluctuations of water level and
water quantity during different times. The water quality changes slightly
and the mineralization of water is relatively low. Chemically, karst water
is mostly of calcium bicarbonate type, generally containing less than

0.5 - 1.0 g/1 of total dissolved solids. Only in dolomite areas, coastal
zones and sulfide deposit districts are the chemical types of groundwater

a bit complex.
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Owing to 'the difference in the burial depth of carbonate rocks, there are
also appreciable differences in karst development, karst morphology and
the properties of karst water. Accordingly, fissure-cavity water in karst
regions can be classified into two types, the exposed and semi-exposed
types and the buried type.

The exposed and semi-exposed karst fissure-cavity waters occur in the car-
bonate formations directly exposed at the surface or having a thin cover.
In the exposed-type karst area, groundwater is mainly unconfined, and only
under certain structural conditions does the confined groundwter occur lo-
cally. The distribution of groundwater is very uneven either in space or

in time. On the basis of the karst development and the distribution of
karst water in various areas, the waters can be classified into the follow-
ing three types. ‘

(1) Karst Fissure-Cavity Water>in Peak-Cluster and Peak-Forest Area

Peak-clusters and peak-forests formed under tropical climatic conditions
are mainly distributed in the subtropic Pearl River drainage area, in-
cluding the south China region and Yunnan-Guizhou Plateau. There, the
climate is hot and rainfall is plentiful. The mean annual precipitation is
as much as 1500 - 2000 mm and the mean annual temperature is 20 - 22 “C.
This is the area where karst is best developed in China. Its main features
are as follows:

(a) Carbonate rocks are widespread, pure and very thick. For example, in
the Guangxi Zhuang Autonomous Region, from the Middle Devonian to the
Lower Triassic were deposited carbonate rocks with a total thickness of
more than 8000 m, the exposed area making'up 40 % of the total area.
According to the statistics, in the Guilin area, more than 80 % of solu-
tion caves are deVeloped in the Rongxian limestone of late Devonian age.
The famous large caves such as the Reed-Flute Cave and the Seven-Star Cave
are the case. As a saying goes, there is not a hill without a cave. In
Guizhou Province, from the Cambrian through the Devonian up to the Ter-
tiary were mainly deposited carbonate rocks with~-a total thickness of
nearly 10 000 m, the exposed area making up approximately 70 % of the
whole province. In eastern Yunnan Province carbonate rocks are very well
developed, the exposed area making up 60 % of the whole area.

(b) Underground river systems are extensively developed. According to the
preliminary statistics of the Guangxi Zhuang Autonomous Region, there are
totally more than 100 underground rivers with a discharge greater than

180 m3/h individually. The total low water flow is 360 000 m3/h or so. For
instance, the famous Disu underground river system in Duan County of
Guangxi, more than 50 km long, has a recharge area of more than 1000 km2.
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As the main source of recharge is meteoric water, the discharges and water
levels of the underground rivers are entirely governed by precipitation,
In the Disu area, the mean annual precipitation is 1700 mm, while that

in the rainy season (frem April to September) accounts for as much as

85 %. Generally the minimum discharge in the low-water season is

14 000 m3/h, while the maximum in the flood season is 1.4 million m3/h;
the latter is 100 times greater than the former. At various levels of the
Yunnan-Guizhou Plateau, there are also many underground rivers which have
substantial discharges and become the collecting points and discharge con-
duits of local groundwater flows. For example, the underground river sys-
tem in the southern part of Dushan County has a total length of about

40 km, its recharge area is nearly 350 km2 and its low-water discharge at
the outlet is 4320 m3/h,

What is worth mentioning is that when a rainstorm is over at a certain
place, the flooding flow cannot be drained in good time, and the corroded
depressions in the lower reaches are liable to be waterlogged; and further-
more as the surface drainage system is poorly developed and karst fissure-
cavity water is relatively deep buried, karst areas are always seriously
stricken by drought after rains.

Besides, on the Xisha Islands of the Nanhai (south China Sea) Islands of
China, where carbonate rocks are extensively developed, coral limestones
are up to more than 900 m thick, karst fissure~cavity water therein is
relatively plentiful, and the well specific yield is 24 m3/h.m, but the
water is of poor quality, mostly saline, with 30 g/1 of total dissolved
solids. :

(2) Karst Cavity-Fissure Water in Hilly Areas

Karst cavity-fissure water is mainly distributed in the middle and lTower
reaches of the Changjiang River, including eastern and southern. Sichuan,
Hubei, Hunan, northern Guizhou, Jiangxi, Zhejiang and southern Anhui. This
region belongs to intermediate-subtropical humid climatic zone, with mean
annual precipitation of 1000 - 2000 mm or so and mean annual temperature
between 12 - 15 “C. Carbonate rocks are widespread. The landscape is
mainly marked by karst hills and corroded depressions. Solution cavities
and underground rivers are relatively well-developed, and the storage
capacity of groundwater is very large. For example, the carbonate rocks in
eastern and southern Sichuan have a total thickness of 1000 m or so. As
the limestones along the axial zone of an anticline are usually corroded
to form a ridge-trough landform, monadnocks and corroded depressions are
often developed on them. Some of the caves in well-developed karst areas
may be as big as 30 m in diameter and at a depth of 180 m, Big caves with
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a diameter of 1.8 m may also be encountered. Underground rivers cover a
distance of a few thousand metres. In the Changxing Limestones in the
southern part, the discharge of the underground river reaches 4212 m3/h
and the spring flow may reach a maximum of 432 m3/h. But the groundwater
distribution is very uneven. Some of the Permian Chanxing Limestones are
often dry and contain no water. Other examples are the Lengshuigiao and
the Wangjiaping springs exposed in the Ordovician limestones in Hubei
Province. The former has a discharge of 900 m3/h, while the latter

180 m3/h. Besides, the discharge varies greatly with seasons. For example,
in the Xiling Gorge area of the Changjiang River the discharge of the
Baimadong Spring in the Nanjinguan Limestone is 228 m3/h in the flood
period and 0.072 m®/h in the dry season; and the discharge of the Carp
Pond in the Shilongdong Limestane reaches-a maximum of 1404 m3/h in the
flood period, while in the dry season it is only 10.8 m3/h -~ the dif-
ference between the two is about 130 times. In Hunan Province, carbonate
rocks have a total tickness of more than 1000 m, covering an area of about
60 000 km2 or more. The intermittent uplifting of the earth's crust re-
sults in the multi-layered nature of the karst development. Generally,
the solution caves are developed within a depth of 100 m below the sur-
face, and they are best developed at a depth of 50 m. According to the
incomplete statistics, there are altogether more than 130 large springs
and underground rivers having a discharge larger than 180 m3/h; generally
between 720 - 1080 m3/h.

(3) Karst fissure-cavity water in mountainous areas

Karst fissure-cavity water is mainly distributed in the Huanghe drainage
area, sporadically exposed in northeast and northwest China. The tem-
perature -in this area is low and the precipitaiton is insufficient. Karst
phenomena, in consequence, at the surface are inconspicuous, only repre-
sented by corroded gullies and troughs, with the outcropped karst springs
as the main feature. In north China, carbonate deposits are more than

1000 m thick. The forms of underground karst mainly include corroded pores
and small solution cavities generally 0.5 - 0.2 m in diameter., There occur
a large number of big karst springs. As the recharge area is of large ex--
tent, the discharge of the springs are correspondingly large and relati-
vely stable. For example, the Niangzheguan spring group in the middle sec-
tion of the Taihang Mountains cons#sts of 11 major springs with a total
discharge of 36 000 - 57 000 m3/h. The discharge of the Fengfeng spring
group is 21 000 - 32 000 m3/h with a maximum of 138 000 m3/h. Many big
karst springs can often be found at the edges of the mountainous area in
central Shandong. For example, near Jinan City there are more than 100
_springs, of which 72 are famous, the total discharge being 15 000 m3/h.
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Buried karst fissure-cavity water is groundwatér'occurring in the car-
bonate strata underlying the overburden. The available exploration data
indicate that karst fissure-cavity water buried within a depth of 400 m
below the surface is usually abundant in quantity and good in quality and
can serve as water sources for municipal, industrial and mining water
supply. For example, in the Guanghua Basin in Guangdong Province, a thick
carbonate stratum about 1300 m underlies the Quaternary sediments. The
number of solution cavities and pores in the stratum is reduced with in-
creasing depth. The solution caverns have a maximum height of more than
17 m, mostly filled with clayey and sandy materials. The water is mainly
confined fissure-cavity water, the quantity of which is related to the
filling materials. The wells yield 0.36 - 54 m3/h.m of fresh water which
belongs to bicarbonate type. In the northeastern part of the Jiang-Han
Plain, well specific yields of buried karst fissure water are

0.36 - 28.1 m3/h.m, and the discharge of the spring group is

60.5 - 263.5 m3/h. The water is of calcifum bicarbonate type. In the Zibo
Basin in the central part of the Shandong Peninsula, there are three
layers of buried carbonte rocks, and karst fissure water is relatively
copious in the first and third layers, with well specific yield up to

72 m3/h.m. In northern Guangdong, Jiangxi, Hunan, Hubei, Huaibei and the
piedmonts of the Taihang Mountains, there occurs buried type of karst
fissure water, of which the quantity is generally large.

3.6 Groundwater in Bedrock Mountainous Areas

China is a mountainous country. The exposed bedrock in mountainous areas
makes up about two-thirds of the total territory of China. The bedrock
mountainous area here denotes that constituted by various kinds of bed-
rocks, except carbonate rocks. The bedrock strata in mountainous aréas

of China .include those of different times. The outcrops of bedrock may -
range from the Archeozoic to the Cenozoic. Among them granitic rocks are
rather widespread, accounting for about one-third of the total exposed
area of the bedrocks over the whole country. They often form the trunks of
some mountain ranges.

The rock types in the areas include magmatic rocks, metamorphic rocks, and
clastic rocks. In terms of the type of water-bearing formation, the water
is mainly bedrock fissure water, and locally in clastic rocks is pore-
fissure water. According to the regional distribution of different rock
types, a'summary is given as follows.
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GROUNDWATER IN MOUNTAINOUS AREAS OF MAINLY MAGMATIC ROCKS

In the areas where magmatic rocks are distributed, the bedrock is compact,
mostly massive or massoid and relatively weak in the resistance to weather-
ing. In the surficial layer, fissures are quite well-developed, and the
thickness of the weathered mantle is generally 10 - 30 m and in places
greater than 30 m. Therefore, the strata at shallow depths often abound
with unconfined water in weathered fissures. But the layers at depth con-
tain 1ittle water or are impermeable. The groundwater of this type is
mainly distributed in northeast China and in the coastal areas of south-
east China.

In the areas of the Greater and Lesser Khingan Mountains in northeast
China are mainly distributed Variscan granites and volcanic rocks. In
these rocks, the degree of weathering is reduced gradually from east to
west, and the burial depth of fissures increases from the mountain summits
to the piedmont belt. The water quality is good, but the quantity of
spring is small.

In the coastal areas of southeast China, especially in eastern Fujian and
its coastal terrain, extensively distributed are the Jurassic volcanic
rocks and Yanshanlan granites. The rocks are compact and hard, and the
conditions for the occurrence of groundwater are relatively unfavourable.
Descending springs, mostly seasonal, usually appear along the weathered
crust in small flows, generally 0.03 - 0.9 m3/h, and the well specific
yields are 0.18 - 0.36 m3/h.m. In the areas of volcanic rocks in eastern
Zhejiang, the springs are relatively numerous, but their storage capacity
is small, the discharge being merely 0.1 - 3.6 m3/h. In the area of east-
ern Guangdong, as a result of frequent structural movements and multiple
intrusions of magma, fissures are well developed in rocks and the weather-
ed mantle is relatively thick. The discharge of spring is 1 - 3 m3/h, but
in places near the structural crushed zones the discharge may increase to
18 - 30 m3/h. The wells generally yield less than 1 m3/h.m.

Groundwater in magmatic-rock areas is generally of good quality. In most
of these areas, it is fresh water of bicarbonate type, and only in the
coastal terrain becomes highly mineralized due to sea water encroachment.

GROUNDWATER IN AREAS OF MAINLY METAMORPHIC ROCKS

Groundwater is mainly distributed in the metamorphic rock belts in the
Tianshan, middle Kunlun and Qilian Mountains in northwest China as well as
in the Qinling Mountafns and the coastal areas in southeast China. The
groundwater there is usually buried in structural fissures. The water-
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collecting capacity mainly depends on the characteristics of the struc-
ture, the combination of different formations and the filling extent of
cementing materials in crushed zones,

In the mountainous areas in northwest China, fold-faults and fissures are
very well developed and the replenishment of meteoric water and melting
snow is copious., Under such a favourable condition, springs are relatively
numerous, with a discharge usually of 5 - 30 m3/h. The general regularity
is that the discharge is larger in the west and gradually becomes smaller
towards the east. However, the groundwater quality is commonly good both
in the east and the west. In the areas in the Qinling Mountains where the
metamorphic rock belts occur, though fold-faults are very well developed,
the conditions for water storage and transmission in fissures and fault
zones are generally poor, as the formations are mostly argillaceous.
Springs can rarely be seen, if some, the discharge is only 0.04 - 0.6 m3/h,
though the water quality is good. In northern and western Fujian, the
rocks are so compact and impervious that they hardly contain any water,
and groundwater is exposed at the surface only in some places. The dis-
charge of the springs are 0.05 - 0.03 m3/h. In Jiangxi Province, meta-
morphic rocks are widespread, but the weathered mantle is thin and the
water storage capacity 1s very low. The specific yields of wells are

0.7 m3/h.m and the discharges of the springs are less than 3 m3/h.

Besides, in case marble beds are intercalated in metamorphic rocks,
fissures and karst are often relatively well developed, and interlayer
fissure water is often present. For example, in northeast and northwest
Hubei, the metamorphic rocks have very poor water-bearing conditians, but
the fault zones where gneisses are intercalated with marbles are relati-
vely abundant in water. In the Dabie Mountains, the metamorphic rocks are
poor water-bearers, the specific yield of wells being only

0.01 - 0,05 m*/h.m, but in the places where marbles occur, the water is
relatively abundant and locally artesian. The example is the spring at
Longquansi, Hefei, Anhei Province, which has a discharge up to 2.7 m3/h.
The water is all low-mineralized fresh water of bicarbonate type. ‘

GROUNDWATER IN MOUNTAINOUS AREAS OF MAINLY CLASTIC ROCKS

In China, clastic rocks are mainly distributed in the larger up]ifted
mountainous areas. As this kind of rock is generally compact, hard and
brittle, and highly resistant to weathering, fissures produced by weather-
ing are not quite well developed and the permeability is low. But under
the effects of structural disturbances, far-extending structural fissures
often appear, thus facilitating the concentration of groundwater and giv-
ing rise to water-abundant zones. Their storage capacity is directly

114



related to the characteristics of the structural zones and geomorphology.
Practice proves that if crushed and fissured zones are of large extent and
far stretching, with close-spaced fissures and low-lying geomorphological
position, the quantity of water will be relatively large. This type of
water is mainly distributed in some mountainous areas of northwest China,
the Nei Monggdgol Plateau, eastern Xizang (Tibet) and the mountainous area
of western Sichuan.

In the Altai Mountains and the Dzungar mountainous area in northwest China
are distributed clastic rocks of different geologic ages. Their storage
capacity is relatively large, the water is of good qua]ity with 1 g/1 of
total dissolved solids, and the discharges of the sprihgs'are

"5 - 30 m3/h. In the piedmont belt at the northern foot of the Tianshan
Mountains, the water in clastic rocks is mainly confined, and locally
artesian at depth. The specific yields of wells are greater than 10 m3/h,
and the mineralization of groundwater becomes higher with depth. In the
piedmont belts at the southern foot of the Tianshan Mountains and the
northern foot of the Kunlun Mountains occur mainly Mesozoic sandstones and
conglomerates, which have relatively small storage capacity and poor water
quality. The amount of the total dissolved solids is generally 1 g/1 or
so, but locally may be increased even up to more than 10 g/1. The chemical
type of the water changes gradually from bicarbonate type to bicarbonate-
sulfate type.

In the areas of the Qilian and Qinling Mountains, the clastic sediments
consist mainly of interbedded mudstones, shales, sandstones and sandy
conglomerates. The aquifers are mainly sandstones and sandy conglomerates,
with moderate storage capacity. Under the control of the structural and
geomorphological conditions, a number of intramontane artesian basins are
formed in the mountainous areas. Within the basins, the discharges of the
springs are generally 5 - 30 m3/h, The water is good in quality, mostly
containing less than 1 g/1 of total dissolved solids. In the western
Qinling and northern Qilian Mountains, sometimes the strata of clastic
rocks occur with the association of carbonate rocks. Their storage capa-
city is generally moderate, but in a few individual favourable structural
lToci, the discharges of the springs may reach as much as 2800 m3/h. The
Ordos and northern Shaanxi plateaus belong to Mesozoic and Cenozoic struc-
tural basins, where aquifers of Jurassic, Cretaceous and Tertiary sandsto-
nes and sandy conglomerates are extensively distributed. The aquifers are
of persistent distribution with relatively large quantities of good-
quality water and often serve as the main sources for local water supply.
In the western part of the northern Shaanxi plateau, the aquifers become
gradually thin, the water quality deteriorates, and the mineralization
becomes high.
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In the western and southern ﬁarts of China, eastern Xizang, the western
Sichuan mountainous area and the Sichuan basin, extensively distributed
are the low-grade metamorphosed Mesozoic and Cenozoic sandstones, sandy
conglomerates, mudstones and shales Qﬁth sandstones. In the areas where
alternating layers of sandstones and mudstones are exposed, groundwater is
collected in sandstone fissures and interlayer fissures. In the structural
basins in the mountainous areas, artesian aquifers are often formed in
clastic rocks overlain by a thin bed of unconsolidated sediments. The
water is generally not abundant in quantity, and belongs to low-mineralized
fresh water except in the salt-bearing strata. Artesian water is very com-
mon at shallow depths in the fold zones of Sichuan, where sandstones are
the main water-abundant section. The height of the artesian water head
generally does not exceed 20 m, but in some cases may reach a maximum of
100 m. The artesian flow is generally 11 m3/h or so. In western Guangxi,
northwestern Hunan and the mountainous areas in northern Guizhou where the
landform is high and steep, the drainage system is well developed, and the
rocks consist mainly of sandy shales, sandstones, conglomerates and mud-
stones of Paleozoic and partly Mesozoic ages. The development of fissures
"varies from place to place. The storage capacity is relatively small, and
only in local places are the discharges relatively large. In the folded
mountainous areas in eastern Guangdong, the down-faulted laterite basins
'occur as paternosters set in the hills. Interlayer fissure water occurs
quite copiously in the calcareous sandy conglomerates. In the central
mountainous area and the adjoining hilly areas in Taiwan, there are also
Mesozoic and Cenozoic clastic rocks with very low storage capacity.
However, the water is low-mineralized water of bicarbonate type.

GROUNDWATER IN AREAS OF BASALTS

In the areas where volcanic lavas are distributed, there mainly occurs
pore-fissure water in basalts with primary fissures and vesicles. In the
Cenozoic strata in China, from the late Tertiary to the early Quaternary
there are rather extensive eruptions of basaltic magmas, which mainly take
place in eastern Jilin, Nei Monggol, the Leizhou Peninsula, western Yunnan
and the Penghu (Pescadores) Islands. The process of the formation of
basalts is often associated with well developed columnar joints and vesi-
cular structures, which provide good spaces for groundwater gathering. The
gathering of primary pore-fissure water depends upon burial condition,
lithology and environments where the eruption of basaltic magmas occurs. In
eastern Jilin, basalts with moderate storage capacity are exposed in the
Tow-1ying river valleys, replenished by meteoric water and surface water.
At some places of the lava platforms in Nei Monggol, basalts directly
overlie the impervious Tertiary laterite beds or Quaternary clay beds. As
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fossil valleys and gullies or depressions favourable for groundwater col-
lection exist before the eruption of basaltic magmas, water-abundant zones
are often formed therein. Sometimes sandy mudstones with basalts carry
interlayer pore-fissure water; generally they have relatively large stor-
age capacity. In the Leizhou Peninsula occur Quaternary basalts, with a
confining bed at the basal part made up of weathered fossil laterite. And
an artesian groundwater basin is formed, with aquifers of loose sands
interposed with basalts. In the upper part occurs unconfined groundwater,
while in the lower part the confined or slightly confined. They have a
large storage capacity, and the water mostly belongs to low-mineralized
water of bicarbonate type. In the Penghu Islands east of Taiwan, the
superficial layer is composed of basalts, while at the bottom are alter-
nating beds of sandstones, shales or sands and clays, which can be re-
charged by meteoric water percolating through the weaterhed zone of ba-
salts capable of transmitting water but not storing water.

3.7 Groundwater in Permafrost Areas

China's permafrost is mainly distributed in the northern Greater Khingan,
Lesser Khingan, Altai, Tianshan and Qilian Mountains and Qinghai-Xizang
plateau, covering a total area of about 1.9 million km2, about one-fifth
of the whole territory of China. Its distribution accords laterally with
the latitudinal zoning, and vertically with the vertical zoning. Thus the
groundwater may be classified into the high-latitude mountain permafrost
groundwater and the middle and low-latitude plateau permafrost ground-
water.,

The high-latitude mountain permafroét groundwater is mainly distributed in
the northern Greater and Lesser Khingan Mountains and the Altai Mountains.
The permafrost there can be regarded as the southern-edge permafrost of
the Eurasian Continent. The climate is frigid, with mean annual temper-
peratures of 0 - 4 “C. The Greater and Lesser Khingan Mountains are about
1500 m above sea level, composed mainly of volcanic rocks. The Altai Moun-
tains are 1000 - 4000 m above sea level, mainly made up of volcanic rocks
and clastic rocks, The distribution of the permafrost from north to south
in the northern Greater and Lesser Khingan Mountains is characterized by:
(a) the transition from continuous to discontinuous permafrost; (b) the
decrease of thickness from 120 m to about 30 m; and (c) sporadic perma-
frost further southwards. Groundwater in permafrost areas differs in its
mode of occurrence. According to its burial conditions, it may be classi-
fied as suprapermafrost water which occurs at shallow depth. Its quality
is a little better than that of river water, but its quantity is not very
large. Intra-permafrost water exists within the thawed zones of permanent-
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1y frozen ground, where the thickness of aquifer is highly variable, but
in general it is rather thin. The quality of intra-permafrost water is
better than that of suprapermafrost water, but the quantity is rélatively
sinall. Subpermafrost water is usually confined groundwater of larger quan-
tity than infra-permafrost water, yielding nearly 13 m3/h.m, and of fairly
good quality serving as a relatively reliable water supply.

Middle- and low-latitude plateau permafrost groundwater is mainly distri-
buted in the Tianshan Mountains, the Qilian Mountains and the Qinghai-
X{izang Plateau. Because of the extremely high altitude and the decreasing
temperature with the rising relief the netessary conditions for the deve-
lopment of frozen ground are created. The mean annual temperature in this
belt ranges between 0 - 12 °C. At the height between 3000 - 5000 m above
sea level are the Tianshan and Qilfan Mountains, with their main peaks
over 5000 m in elevation. The mountains are of metamorphic rocks, clastic
rocks, carbonate rocks and fgneous rocks. The Qinghai-Xizang Plateau is
averagely over 4000 m above sea level, within 14 peaks reaching the height
of over 8000 m. It is the highest and largest plateau in the world, con-
stituted by clastic rocks, carbonate rocks, igneous rocks and metamorphic
rocks. On the northern Xizang Plateau loose deposits are extensively de-
veloped. The mountains are lofty with snow-clad peaks. As a result of
repeated structural movements, fold-faults and structural faults are
exceedingly well developed. Under these circumstances, the permanent snow
and the plentifu] precipitation provide good recharge conditions for
groundwater. As the altitude of the plateau permafrost region is often
higher than that of the lower freezing limit, the permafrost stretches con-
tinuously over vast areas, with only small, though numerous, patches of
thawed ground. The total thickness of the permafrost is generally within
the rdnge from tens of metres to more than one hundred metres, and varies
with relief. The permafrost is continuos in a verticdl direction, and the
thawed zone appears only in the structural fracture zones.

Suprapermafrost water in the plateau pérmafrost region is common, mostly
occurring in the low-lying or sloping zones. It is mainly recharged by
meteoric water or melting ice. Its quality 1s good, but the 1imited quan-
tity is not avaflable for water supply.

Subpermafrost water 1% mostly subject to hydrostatic pressure. The pressure
1s dependent onh the thicknéss of the frozen layer and controlled by the
geéological structures. Therefore, some down-faulted valleys and basins
often provide good spaces for the storage of subpermafrost water, which is
exemplified by the down-faulted valley lying to the north of the Tanguia
Mountains, where confined or artesian water is commonly present beneath

the frozen layer about 10 - 50 m thick. The well yields are 10.8 m3/h. The
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water is of calcium (magnesium) bicarbonate and sulfate type, containing
less than 0.5 g/1 of total dissolved solids. The subpermafrost water in
bedrock fractures also occurs in relatively large amounts on the Qinghai-
Xizang Plateau. For example, the unfrozen spring on the southern-facing
slope of the Kunlun Mountains has a discharge of 89.6 m3/h and a content
of 0.7 g/1 of total dissolved solids, belonging to chloride-magnesium
bicarbonate type.

4. CONCLUDING REMARKS

On account of the integrated effects of physiographical and geological
‘factors, the formation and regional distribution of China's groundwater
have different features in different regions. According to the distribu-
tion and occurrence of groundwater, in this paper China is divided into
seven groundwater regions and the groundwater is classified-into four
basic types (see the appended map). Groundwater is abundant in the great
plains in the east, but the change of water quality is rather complicated.
The Loess plateau and the bedrock mountainous areas are comparatively
short of water. However, in recent yeérs good results have been achieved
through exploration in the sections with copious deep groundwaters. In
karst areas, cavity-fissure water is abundant, but it is unevenly dis-
tributed. In local areas the land is arid, and there is a serious shor-
tage of water. In recent years large amounts of work have been done in
search of underground river systems, and very good results have been
obtained. It is also promising to conduct hydrogeo1ogica1 investigations
in deserts and permafrost areas.

Groundwater is one of the natural resources indispensable to the life of
human being and production. For more than thirty years, substantial hydro-
geological prospecting and study have been made; and as a result, the
basic law of the regional distribution of China's groundwater has been
preliminary elucidated. With further development of national economy,
groundwater in such a vast territory as China should be studied and uti-
1ized in a more penetrative way, hence making due contributions to
accomplishing the four modernizations.
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Hydrogeological Mapping in Asia and the Pacific Region
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THE ASSESSMENT OF HYDROGEOLOGICAL
FEATURES USING THE TECHNIOQUE 0F
TERRAIN CLASSIFICATION

K.A. Styles and A.D. Burnett

ABSTRACT

This paper discusses the system of regional and detailed terrain classifi-
cation used by the Geotechnical Control 0ffice of the Hong Kong Government
to assist the assessment of engineering feasibility for planning and land

management purposes. The features of the mapping system which have hydro-

geological applications are highlighted.

INTRODUCTION

In 1979, the Geotechnical Control Office (GCO) commenced a programme of
terrain classification mapping, known locally as the Geotechnical Area
Studies. The purpose of these studies is to provide engineering based
terrain information for planning and land use management. This is neces-
sary because of the high geotechnical constraints associated with the
steep hillslopes and geologically complex terrain within the Territory of
Hong Kong. The difficulty of undertaking development on this terrain is
exacerbated by high annual rainfall which averages about 2500 mm (98 in.)
most of which falls in a 6 month period from May to early November. Indi-
vidual storms often result in excess of 250 mm (10 in.) of rain in a

24 hour period.

At an early stage in the programme it was decided that a systematic ap-
proach to data collection should be adopted, and terrain classification
was selected as an ideal mechnanism to collect the physical land resource
information required. Brand et al. (1982) describe the basic mapping
programme. '

The GCO recognfsed that, in order to assist Government's decision making
process for land development information relevant to geotechnical engi-
neering was required on a regional as well as on a more site specific
basis. Terrain classification systems were therefore designed to provide
reconnaissance data for use at both 1 : 20 000 and 1 : 2500 scales.
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The terrain classification system used by the GCO is designed specifically
for engfineering purposes and, in pafticular, to highlight areas that con-
tain or are subject to geotechnical constraints for development. Hydro-
geological data is an important factor in engineering appraisal, partic-
ularly in geotechnics, and both regional and district terrain classifi-
cation schemes incorporate a substantial amount of information regarding
surface hydrology and possible groundwater flow. The purpose of the
terrain classification programme is not necessarily to solve the geotech-
nical problems as such but rather to highlight areas of concern for
further detailed assessment at project layout or design phase. The appli-
cation for hydrogeological purposes are pitched at a similar level.

In addition to the terrain classification programme, the GCO is involved
in a number of projects related to groundwater modelling,, predicition of
subsurface flows and infiltration rates fn volcanic, granitic and collu-
vial materials. Nash and Dale (in press) discuss the generalised flow
paths of groundwater in a highly developed colluvial hillslope in Hong
Kong. Leach and Herbert (1982) discuss the genesis of a groundwater model
on steep terrain and Malone and Shelton (1982) review the effect of
groundwater on landslides occurring in Hong Kong between 1978 and 1980.

In this paper, discussion is confined to the application of the terrain
mapping to four of the major fields of 1nterest outlined in the general

brief for this meeting, namely:

(1) preparation of hydrogeological maps from geological maps comple-
mented by 1ittle or no field data;

(i1) organization of mapping programmes relating to selection of
priority areas, scale, legends and time schedule;

(ii1) the relevance of hydrogeological maps for development; and

(iv) special problems associated with surface and subsurface flows in
volcanic, granitic, colluvfial, and man-made materials.

SYSTEMATIC TERRAIN CLASSIFICATION

Terrain classification is a technique which uses aerfal photograph inter-

pretation as a basis for systematic data collection. Aerial photographs
when viewed stereoscopically enable the -examination of the terrain as a
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three-dimensional image. The landform pattern can, however, be recorded in
a two-dimensional form as a series of terrain units on a map or plan. A
system of letter/number codes is used to describe the different features
or attributes of the terrain and the product is known as a Terrain Classi-
fication Map. Examples of typical maps are presented at Fig. 1 and Fig. 7.

The type of observations relating to the nature and distributfon of the
terrain are determined by the purpose and the scale of the praject.
Examples of the data which can be collected and stored in a terrain
classification map include: geology, slope gradient, aspect, relief,
terrain component, terrain morphology, erosion/instability, slope con-
dition, surface hydrology, rainfall, vegetation and land use, In most
instances, it is essential that a terrain classification scheme is de-
signed with specific project requirements in mind. Therefore, the size,
shape and detail of the map units are directly related to the aims of the
projects.

For geotechrical engineering purposes in Hong Kong, it was appropriate to
aim at two very distinct levels of mapping detail. A generalized small
scale (1 : 20 000) approach was adopted for regfonal assessment of rela-
tively large areas, whilst a more detailed approach (1 : 2500) was essen-
tial for more site specific appraisal. Obviously, a major consideration in
the design of terrain classification or any other mapping programme for
that matter must relate to "economy-of-scale". A large scale (1 : 2500)
survey requires more time and effort per hectare than a small scale (1 :
20 000) survey. In our experience, terrain classification mapping at a
scale of 1 : 20 000 can be completed at a rate of approximately 300 hec-
tares per day as opposed to 5 hectares per day at a scale of 1 : 2500. One
of the major pitfalls in this work is to attempt to record too much infor-
mation for the desired use. Over-classification results in a level of data
in the terrain classification legend which cannot be reflected in the
mapping, An extremely detailed classification legend (example at Fig. 2)
is useless at 1 : 20 000 because the map base is too small to record or
systematically map the variation of the attributes. There are many situ-
ations where time and effort are wasted because too much detail is sought
for the problem in hand.

If maximum cost-benefit is to be achieved the regional survey should
define the general location of problem areas before detajled terrain
classification at a larger scale is applied to highlight individual
features. The regional level can also. double as an inventory of land
resources which is not only suitable for problem related appraisal, as in
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the case of geotechnics, but also forms a mechanism for resource assess-
ment. This type of information can be readily linked through a computer
interface to form a data bank management system.

In order to demonstrate the application of terrain ctassification for
hydrogeological mapping purposes, the Regional (1 : 20 000) and District
(1 : 2500) mapping system in use in Hong Kong is summarised. Terrain
classification is only the first phase of data gathering in a chain of
progressively more intensive and more sige specific investigation carried
out within the GCO. It constitutes an organisational tool for effective
management of landform data, existing site investigation data and field-
work and can be applied to many tasks. Collection of data in a systematic
manner enables comparison across regions or from site to site and hence,
forms a basis for the formulation of models and further more detailed
work.

HYDROGEOLOGY AND REGIONAL TERRAIN CLASSIFICATION

The legend of the Terrain Classification Map designed for use at 1 :

20 000 (Fig. 1) consists of three basic attributes, namely: slope gra-
dient, terrain materials and erosfon/instability. These attributes are
divided into some 45 classes which describe the general character of the
land surface. Hydrological or hydrogeological features of the terrain are
reflected in almost every class contained in the classification system. An
insight into the general behaviour of surface runoff and groundwater pat-
terns can be gained from the interpretation of the terrain materials and
erosion attributes. A few of the major hydrogeological features which are
associated with terrain classes are presented:

(i) Hi]lcre&t-or ridge -- generally insitu materials associated with
interfluvial terrain; usually occur as zones of surface runoff and
dispersion; usually convex or planar in morphology; possible zone
of infiltration in decomposed granite or highly jointed volcanics;
groundwater behaviour subject to geological constraints.

(ii) Sideslope -- generally insitu material, hillslopes may be straight,
concave or convex in morphology which influences surface runoff and
infiltration; subsurface groundwater regime related to nature and
structure of geological materials; granitic‘materiaTs often subject
to high infiltration and tunnel erosion; seepage is common along
relict joints in granitic materials and along well developed joints
in the volcanics.
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(114)

(iv)

(v)

(vi)

(vii)

Footslope -- generally colluvial material (debris accumulation);
footslopes may be straight, concave or convex in morphology which
influences surface runoff and infiltration; stratification of depo-
sits is common and results in differential permeability of layers;
tunnels and voids are common in colluvial layers; perched water
tables are possible.

Drainage Plain -- colluvial deposits on footslope terrain which is
subject to overland flow and periodic inundation; these areas are
characterised by unusual groundwater regimes with severe problems
for engineering and construction; perched water tables possible;

" these areas are not only zones of concentration for surface flow

but subsurface flow as well, tunnels and voids up to 2 m in
diameter are common within these deposits.

Floodplain -- generally low lying alluvial plain which is subject
to overland flow and regular inundation; probable zones of per-
manently elevated or fluctuating groundwater table.

Coastal and Alluvial Plain -- generally low lying alluvial deposits
which are often associated with zones of high groundwater table;
possible tidal response and saline intrusion.

Cut Slope -- areas of insitu or colluvial materials where natural
groundwater regime may be disturbed by construction activity;
seepage zones and spring lines are common in volcanics and decom-
posed granite.

(viii) F111 Slope -- man-made areas where natural drainage, runoff and

(ix)

(x)

groundwater patterns may be disturbed by construction activity;
zones of perched water table are possible; fill may disrupt natural
drainage lines; poorly compacted or inadequately drained fill may
form water ponding areas and be subject to liquefaction.

Reclamation -- areas of possible high water table and differential
settlement; water table may respond to tidal action; surface
drainage and runoff is often poor.

Sheet/Ril1l Erosion -- may correspond to iones of high infiltration
depending on the nature of geological materials.
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(x1)

(xii)

Gully Erosion -- may define natural drainage lines, zones of high
infiltration or active groundwater regime depending on the nature
of geological materials; may indicate areas subject to tunnel ero-
sion.

Instability -- lTandslips or areas of slope failure are generally
associated with zones of active groundwater regimes and often coin-
cide with springs or seepage fronts.

At a scale-of 1 : 20 000 it is passible to extract maps of a hydrogeologi-
cal nature directly fraom the basic Terrain Classification Map and a
general knowledge of the regional geology. Maps could be prepared for
hydrogeologfcal resouyrce assessment or for more problem-oriented projects
of an engineering or agricultural nature, For example, maps could be
derived on the following themes:

-- potential areas of groundwater concen;fation and high transmissivity
associated with structural discontinuity;

-- potential areas of high infiltration;

-~ potential areas of sheet and gully erosion,

-- potential areas of high water table associated with alluvial deposits
and floodplain;

-- potential areas of natural tunnels and voids in colluvial materials;

-- potentfal areas of concentration of surface and subsurface water
flows; ‘

-- areas of drainage convergence or divergence; or

-- catchment form and drainage pattern.

In the Geotechnical Area Studies Programme, the derivative maps which con-
tain hydrogeological information at 1 : 20 000 scale are:

(1)
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Landform Map (Fig. 2). This map is extracted from the Terrain
Classification Map and highlights the location of: floodplain,
alluvial deposits, colluvial drainage plain, colluvial footslopes,
disturbed terrain, c¢liff, reclamation, waterbodies,'ponds, and 1it-
toral zone, In this map the slope gradient is shown together with
the description of the terrain unit.

The Landform Map is designed specifically for the geomorphological
assessment of engineering projects and could be used to review
hydrogeological variation of the terrain.



(1)

(i11)

(iv)

(v)

Erosion Map (Fig. 3). This map is extracted from the Terrain
Classification Map and highlights the location of important ero-
sional and landslip features. It summarises the general distribu-
tion of sheet, rill, gully erosion and the location of large land-
slips and zones of general instability. This map could be applied
to highlight erosional features which may be induced by hydrogeol-
ogical factors.

Geotechnical Land Use Map (Fig. 4). This map is extracted from the
Terrain Classification Map and presents in a non-technical manner
the general level of geotechnical constraint associated with the
terrain. Subclass IIS indicates the general level of geotechnical
Timitation associated with floodplain.

Physical Constraints Map (Fig. 5). This map is extracted from the
Terrain Classification Map and presents the major physical con-
straints for development of the terrain. The map highlights a
number of features which are important from a hydrogeological point
of view. These are: colluvial drainage plains, colluvial foot-
slopes, floodplain, disturbed terrain, zones of instability, water-
bodies and severe gully erosion. This map could be applied to engi-
neering assessment of general hydrogeological problems.

Engineering Geology Map (Fig. 6). This map is partially derived

from the Terrain Classification Map and partially from other geol-
ogical sources. It displays the broad pattern of geological mate-
rials, structural discontinuities and general site investigation
data. Structural discontinuities usually occur as zones of intense
weathering which may act as locii for concentration of groundwater
flow. They are shown on the map as photogeological lineaments. The
Engineering Geology Map also delineates the major catchment and
subcatchment boundaries and classifies them on the basis of
Strahler's (1952) stream hierarchy.

A relatively detailed evaluation of the general drainage basin morphometry
is completed for each study area. This information, combined with an
interpretation of the general hydrogeological behaviour of the lithologi-
cal units, provides a firm basis for evaluation of surface water and to
some extent groundwater behaviour. Table 1 illustrates the type of
drainage basin data derived in a regional survey and this data may be
assessed in conjunction with rainfall data for the design of drainage
measures during engineering appraisal.
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The regional approach fulfills a particular aim and that is to highlight
general target areas of potential or limitation. The next step in the
planning process is to concentrate attention on the target areas them-
selves.

HYDROGEOLOGY AND DETAILED TERRAIN CLASSIFICATION

The legend of the Terrain Classification Map designed for use at-1 : 2500
(Fig. 7) consists of six basic attributes: slope gradient, terrain com-
ponent, terrain morphology/materials, erosion/ instability, slope con-
dition, and surface hydrology. These are divided into approximately 74
classes which describe the general features of the land surface in con-
siderable detail. It is generally possible to delineate features such as
springs, seepage front, landslips, and erosion.

Terrain classification at this scale represents an almost ten-fold
increase in map scale over the regional level of study. Therefore, the
information collected must reflect this change in detail. In fact, the
average size of map unit at 1 : 2500 scale is approximately 30 m2 on the
ground as opposed to 5000 m2 at 1 : 20 000 scale. Similarly, study areas
are usually 100 to 150 hectares in size in comparison with the 10 000 hec-
tares involved in a regional study.

Each of the 21 classes of terrain component .are relevant to hydrological
or hydrogeological interpretation. The classes are: hillcrest, ridge,
sideslope, footslope, drainage plain, incised drainage channel, disturbed
terrain, disturbed terrain/ drainage plain, rock exposure, alluvial plain,
floodplain, coastal plain, stream course (perennial), stream course with
rock exposure in bed (perennial), stream course with rock exposure in bed
(ephemeral), man-made channels, water storage, swamp/marsh, reclamation,
beach and dune. The attributes which record surface morphology/material
distribution, erosion/instability and slope condition can also be applied
to the characterization of surface runoff and general groundwater pattern.

The sixth attribute deals specifically with the surface expression of
groundwater distribution. The classes relate to areas where unusual
groundwater activity is apparent and these are often characterized by
inlet zones, outlet zones or spring activity, water ponding areas and
broad zones of surface water movement.
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The

Terrain Classification Map (Fig. 7) and legend (Fig. 8) form the basis

of a number of derivative maps which are designed to hightight particular
features for engineering use. Examples of some of the hydrogeological maps
which could be derived from the terrain classification are:

potential areas of greundwater concentration and high transmissivity
associated with structural discontinuity;

potential areas of high 1nf11trdtion;

groundwater contour models based on terrain morphology;

potential areas of high water table associated with alluvial deposits
and zones of saline intrusion;

potential areas of natural tunnels in coliuvial material;

potential seepage areas associated with disturbed terrain;

areas of divergence and‘convergence of surface runoff;

runoff models associated with terrain angle and materials;

potential sites for piezometer installation;

summary of catchment characteristics and flow patterns;

potential areas of tunnel and gully erosion;

potential areas of instability associated with springs; and
potential areas of fillslope instability associated with disruption
of natural drainage.

In the Geotechhical Area Studies Programme, the derivative maps which con-
tain hydrogeological information at a scale of 1 : 2500 are:

(1)

(1)

Engineering Geology Map (Fig. 9). This map is partially derived
from the Terrain Classification Map and partially from other geolo-
gical sources. It displays the general pattern of geological
materials, structural dicontinuities, and assocfated information at
a scale of 1 : 2500. The object of the Engineering Geology Map is
to delineate the nature and extent of the geological constraints
related to the terrain. The information which has application for
hydrogeological investigations are: boundaries of major rock units
and superficial deposits, major structural discontinuities, major
topographic and geomorphological features, landslips and other
erosional features, seepage zones and drainage paths, piezometer
and borehole locations, and man-made slopes.

Surface Hydrology Map (Fig. 10). This map is partially derived from
the Terrain Classification Map. It presents the basic pattern of
surface hydrology at a scale of 1 : 2500. The map delineates catch-

129



(iii)

~ment boundaries, natural: drainage lines, man-made channels, prede-

velopment drainage, seepage zones, springs and other features asso-
ciated with the surface expression of the groundwater regime.

Engineering Data Sheet (Fig. 11). This map supplements the Engi-
neering Geology Map. It presents detailed factual information
relating to previous site investigation, cutslopes, fillslopes,
retaining walls and the location of observations made during field-

work.

The engineering Geology Map and the Surface Hydrology Map highlight engi-
neering constraints for development. These maps may be used to design
drainage measures and as a framework for review of existing groundwater
and catchment monitoring. schemes. They could also be applied to the design
of site investigation programmes for the location of piezometers and other
instruments for monitoring of groundwater and surface runoff.

CONCLUSIONS

(i)

(11)

(ii1)
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Systematic terrain classification is an extremely powerful recon-
naissance tool that can assist hydrogeological investigations. The
technique has application for national inventory, regional assess-
ment or can be oriented towards detailed investigation of a more
site specific nature. Maps of a hydrogeological nature can be
derfived from the terrain classification system at 1 : 20 000 or

1 : 2500 scale.

The preparation of hydrogeological maps and the design of moni-
toring programmes can be expedited by the use of terrain classifi-
cation maps in conjunction with existing geological data.

Detailed preliminary assessment of project requirements enables
economy in data collection. It is necessary to indicate the minimum
requirements for systematic coverage of a project area and to
reflect this level of interest in the terrain classification. In
general terms, a regional review should be completed prior to
detailed site specific work. From a hydrological point of view it .
is quite pointless to select a trial catchment for monitoring if
the catchment is not representative of other catchments in the area
of interest.



(iv) The general format provided by the terrain classification approach
at a regional level is relevant for the preparation of hydrogeolo-
gical maps for resource development on the one hand and more speci-
fic problem solving on the other. Areas of potential for ground-
water extraction could also be delineated using the terrain classi-
fication approach.

(v) General areas of problematical hydrogeology are delineated at the
regional level and subsequently, individual problems can be pin-
pointed by detailed terrain classification for site investigation
and monitoring.

(vi) Terrain classification provides a system for the preparation of
Tand inventory and is well suited for developing countries because
its application need not be restricted to a single purpose. The
regional system described in this paper could be as readily applied
to agricultural or urban capability classification, borrow resource
estimation or materials assessment as it is to hydrogeological ana-
lyses or geotechnical suitability.
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LEGEND FOR TERRAIN CLASSIFICATION MAP

SLOPE (dsgrees) CODE TJERRAIN COMPONENT CODE EROSIOM £ooe
0o~ 5 1 Crest or ridge A No appreciable erosion .
5 - 15 2 Sideslope straight ] Sheet erosion minor ]
15 - 30 3 concave [4 . moderate 2
30 - 40 4 convex ] severe 3
W - 60 b Footsliope straight E Rill erosion minor L]
> 60 6 concave F moderate 5
convex G severe 6
Orainage plain H Gully erosion minor 7
Flood plain 1 moderate 8
Coastal plain X severe 9
Littoral zone L Well-defined recent landslip 2
Rock outcrop M > 1ha in size
Cut straight N Development of ) recent "
concave [ general )
convex 4 instability ) relict r
Fill straight L3 Coasta! instability w
concave S
convex T
General disturbed terrain v
Reclamation 2
Alluvial plain X
(Matura) stream 1
1o (Man-made channel 2
Vaterbodies (\ rer storage dem 3
(Fish pond L}
SCALE
1: 20 000 TERRAIN CLASSIFICATION MAP AND LEGEND FIG. 1
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LEGEND FOR LANDFORN MAP

) 0 - 5° (gently sloping)
r s-as
3 15~ 30
« 30 - &°

(gentiy-moderately sloping)
(moderately sloping)

(steep)

] 40 - 60° (mountainous)

(pracipitous)

Crest or ridge
Sideslope - insite
Footslope - collqwiun
Orainage plain

- colluvium subject to overland flaw and regular
inundation. Unusual groundwater regime.

Alluvial plain
- includes raised terraces.

Flood plain

- portion of alluvial plain subject to overland flow
and reguler inundation. Unusual groundwater regime.

Disturbed terrain - cut

Disturbed terrain - fill

Cliff and rock outcrop

Reclamation

Materbodies

Ponds

Littoral zone

SCALE
1:20 000

LANDFORM MAP AND LEGEND
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channels, storage dams)
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SCALE
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FIG. 3
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SCALE

1:20 000

GEOTECHNICAL LAND USE MAP AND LEGEND

FIG. 4
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LEGEND FOR PHYSICAL CONSTRAINTS MAP

Colluvium

Yy 2ones of colluvium which are subject to overland flow and periodic inundation. Evidence of
BRENEES  unusual groundwater regime (delinested as drainage plain on Landform Map}

% Floodplain -~ subject to overland flow and regular inundation. Evidence of unusual groundwater
m regime (delineated as floodplain on Landform Map)

U7777) tones of general instability associated with predominantly colluvial terrain
Zones of general instability associated with predominantly insitu terrain

Slopes on insitu terrain which are generally steeper than 30 degrees {other than those
delineated as colluvial or unstable)

S oi:turted terrain - extensive cut and Fill batters which generally enceed 3O degrees
tnstability on disturbed terrain

Vater bodies (streams, man-made channels, starage dams)

Ponds

Moderate or severe gully erosion (may be superimposed upon other constraints)
Littora! zone (generally subject to tidal action)

SCALE
1: 20 000

PHYSICAL CONSTRAINTS MAP AND LEGEND FIG. 5
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Code

1.
2.

w

LEGEND FOR TERRAIN CLASSIFICATION MAP

Slope Gradient : Tecrain Component: Terrain Horphology

Code Description Code Description Code Description

A 0-5° 1. Rillcrest a  Straight - insity terrain

) 5 - 18° 2. Ridge b Concave - insitu terrain

¢ 15 - 302 3. Sideslope c  Convex - insity terrain

0 30 - 40° 4. Footslope 4 Straight - colluvial terrain (Relict d

€ 0 - 69° 5. Orainage plain e  Concave - colluvial terrain (Relict e]

3 > 60 6. incised drainage channel f Convex - colluvial terrain (Relict )
7. Disturbed terrain g Straight - - 2m thick colluvium
8. Disturbed terrain/drainage h Concave - - 2m thick colluvium
9. Rock exposure i Convex - < 2m thick colluvium
10. Alluvial plain .j Straight - corestones 0n insitu terrain
11. Floodplain k Concave - corestones on i tu terrain
12. Coastal plain ] Convex - corestones on insitu terrain
13. Stream course (perennial) m  Straight - alluvial terrain (relict m)
1h. Stream course with rock exposure in n  Concave - alluvial terrain {relict n)

bed (perennial) ©  Convex - alluvial terrain (relict of

15. Stream course with rock exposure in
bed (ephemeral}
16. Man-made channels (including Catchwaters.
17. Water storage
18, Swamp/marsh
19. Reclamation
20. Beach
21. Dune

Minor disturbance of terrain is indicated by undertining the terrain attribute code. This is used in three
situations :

) Squatter development on either natural terrain or terrain subject to major disturbance.
(71) Development of minor roads, cemeteries or small lots, where the constituent components of cut and fill
slopes and platforms are too small to be individually delineated.
(iii) Apparently natural terrain which mav have been subject (o a minor degree of disturbance during
landscaping.

Erosion Z'assification (Terrain Denudation)

Description zge Description
No appreciable erosion
Landstip
Well defined landslip 3 nzegral {Integral should only be used for rotational failures
with minima) displacement)
°  Scar
< Debris
General evidence of instability on d  Colluvial terrain (hummocky terrain, tension cracks or
compression ridges ctc.)
e insitu terrain {terracetting, tension cracks or compression

ridges without well defined failures.

Sheet erosion a Minor - (1-10 percent bare ground.
(assessed from ground cover) b Moderate-severe - (11-40 percent bare ground)
¢ Very severe = ( > 40 percent bare ground)
a  Minor - lincipient paratlel rivulets - spacing generally > 2m
apart)

b Hoderate-severe - (deeply incised parallel rivulets - generally
< 20cm in depth - spacing generally < 2m
apart}

¢ Very severe - (deeply incised parallel rivulets - generally

between 20-50cm in depth - spacing generally < 2m
apart)

Minor - a single gully generally < 0.5m in depth

Moderate-severe - a single incised gully which is generally 0.5

to Sm in depth or a multiple system of guliies,

c  Very severe - a single deeply incised gully which is generally

> 5m in depth and/or a multiple system of incised
gqul s .

Highly jointed boulders or rack exposure, including cut slopes. with adverse jointing.

Rill erosion

Gully erosion

o

Hydrology
Description Description Code
Cut Inlet zone a
Qutlet zone b
Water ponding area <
Surface groundwater movement d
Fill 2 Q-5
4 5-15
[3 15 - 30
8 ~ 30

SCALE
1:2 500

TERRAIN CLASSIFICATION MAP LEGEND FIG. 8
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-
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Slope failure

Zone of general evidence of instability
Boulders
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Major areas of exposed rock

Man-made slope
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Borehole location with simplified borehole log

Severe gully erosion
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Convex break in slope

)
)
Centreline of spur line ) unaffected by development
)
}
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Slightly
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SCALE
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ENGINEERING GEOLOGY MAP AND LEGEND FIG. 9
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LEGEND FOR SURFACE HYDROLOGY MAP

e S Existing A
) Catchment boundary
s um!lemw Predevelopment )

(number of dots refer to drainage order)

——b———  Existing )

) Orainage line (ephemeral stream)

o wefpen == Predevelopment )

———pm—  Existing

= —p—n —  Predeveiopment )
o Spring

Water ponding area

«——pp——  Man-made channels

)
) Drainage line (perennial stream)

SCALE
1:2 500

SURFACE HYDROLOGY MAP AND LEGEND

FIG. 10
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LEGEND FOR ENGINEERING DATA SHEET

90
L Borehole location and number
@ Location and number of field observation
C::} Area affected by disused tunnel systems.
n Tunnel portal
u;n—.lw-l Landslips and boulder falls registered by Geotechnical Control Branch (GCB), including approximate
1923 date of failure
i ._j tandslide Study Phase 1A, Vicinity of 27 Barker Road (Altadena).
H — Landslide Study Phase 11C, The Peak Area.
. . i Landslide Study Phase 1IC, Mid-Levels East Area.
'CHASE' study slope and number - Existing Slopes Division, GCO.
SI/M-SW-D/ICAd4
o — —
SCALE
ENGINEERING DATA SHEET AND LEGEND FIG. 11
1:2 500 “
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Hydrogeological Mapping in Asia and the Pacific Region

Proceedings of the ESCAP-RMRDC Workshop, Bandung, 1983

ESOURCES DEVELOPMENT AND
INDTIA

1. INTRODUCTION

" In recent years, growing recognition of the role of groundwater in pro-
viding an assured water supply for irrigation, domestic and industrial
requirements has led to its accelerated development in India during the
past two decades. At present, 43 % of irrigation water requirements are
met from groundwater. Dependence on this resource has recently increased
due to the introduction of high-yielding crop varieties and the adoption
of multi-cropping patterns, for both of which a timely and reliable irri-
gation water supply is a pre-requisife. Groundwater-resource utilization
in canal-command areas offers a means of stabilizing the water table as
well as of correcting the imbalance in the groundwater system which causes
water-logging problems.

2. THE HYDROGEOLOGICAL SETTING IN INDIA

The Central Ground Water Board has covered in its regional hydrogeological
surveys an area of 1.77 mill. km2, which is a 1ittle more than half of the
area of the country. To investigate the groundwater potential of certain
areas as well as to evaluate aquifer parameters, over 4500 exploratory
boreholes in the depth range of 200-700 m have so far been drilied,
employing a fleet of 59 drilling rigs. To reassess the groundwater con-
ditions periodically, the areas covered under the hydrogeological surveys
are subjected to reappraisal studies every third to fifth year. As a

result of these studies an area of over 0.5 mill. km2 has so far been found
worthy of groundwater development in the country.

3. WATER BALANCE STUDIES

3.1 Unconsolidated Formations

Studies in five basins covering an area of about 200 000 km2 were under-
taken by the Central Ground Water Board in the arid, semi-arid and sub-
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humid climatic zones of West and Northwest India. The studies revealed
that the recharge from rainfall in the semi-arid areas was about 5 % and
in the sub-humid regions 14-18 %. The contribution of return flow from
“applied irrigation, though somewhat complex to assess, was estimated to
vary form 20-35 %, and specific yield had an average value of 8 % in the
alluvial formations comprising fine to medium sands and clays. These
values were also found to apply to the aeolian deposits of the western
desert of India, where the total annual precipitation is limited to about
250 mm,

The percentage values of rainfall infiltration were, however, found to be
higher in the sub-humid areas bordering the foothills of the Himalayas,
where these vary from 18 to 35 %. The seepage from canals in these areas
was estimated ‘at 1.8 to 2.5 m3/s per km2 of irrigated area. The norms
calculated from the studies constitute an authentic base for the evalu-
ation of resources of basins with similar hydrogeological and hydrocli-
‘matic settings in other parts of the country. The consolidated formations
were found to be suitable for constructing shallow, medium and deep tube
wells with an average yield of 50-200 m3/h at economically feasible
drawdowns. On the basis of these studies, plans for further development
and management of the resources were drawn indicating the design criteria
and spacing and intensity of structures in the various areas.

3.2 Consolidated rocks

In the hard rock formation of the southern peninsula, the Central Ground
Water Board undertook five water balance studies and calculated the
various norms for the estimation of the potential. The results obtained
indicated that the contribution of rainfall to groundwater storage was

5 % in the discharge and 15 % in the recharge area. The seepage from sur-
face storage tanks was estimated at 9-10 % and return flow from irrigation
at 10-12 %. The average effective porosity for the hard rock formations
comprising granites and gneisses was computed at 3 %. The studies under-
taken by deep drilling down to a depth of 280 m proved the existence of
artesian conditions in the underlying limestone of the southern peninsula.
The discharge from the tube wells varied from 2 m3/h to 100 m3/h in cer-
tain favourable areas.
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3.3 Semi-consolidated formations

Studies of these formations comprising Tertiary sandstones show that the
effective porosity varies from 1-7 % depending upon the level of con-
solidation.

4. HYDROGRAPH NETWORK MONITORING PROGRAMME

With a view to assessing periodically the behaviour of the groundwater
system and changes in the chemical regime, the country has been covered by
a2 national groundwater network of about 5000 observation stations in the
various basins and sub-basins. Each station at present is responsible for
about 700 km2, which is considered to be rather disproportionate. Thus,
the number of these stations is proposed to be increased to about 10 000
by 1985 to make the observations more intensive. The observations from
these stations are at present recorded 5 times a year, and the chemical
quality tests are performed twice a year in the pre- and post-recharge
periods. A programme for monitoring the behaviour of the deeper aquifers
by installing small-diameter piezometers and equipping these with self-
recording facilities has already been launched. This permits ‘a precise
monitoring of the effects of possible periods of deficit rainfall and
enables suitable suggestions to be made regarding the installation of tube
wells for providing water supply during period of drought.'Based on the
observations recorded, annual and decade reports are being brought out for
planning and development by the user agencies and also for persuing scien-
tific research in the development and conservation of the resources.

5. TRAINING FACILITIES

To meet the need for trained man-power in the country, regular training
programmes on the techniques of hydrogeological surveys and on the
exploration and evaluation of groundwater potential and its development
and management are being organized. A 12-week course is conducted during
the winter season for the young in-service officers of federal and state
organizations. This course primarily takes the form of class-room lectures
on theoretical and applied aspects in the disciplines of hydrogeology,
drilling, geophysics, hydrology, hydrochemistry, and remote sensing tech-
niques for 6 weeks and intensive field training for a further period of 6
weeks. Under this programme over 500 in-service officers have so far been
trained.
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Special short-term programmes for the in-service officers of Asian, Afri-
can and other countries are also being organized. The Board has also de-
puted a number of officers to the African and Middle-Eastern countries

to render guidance in field operations and to conduct training of counter-
part personnel.

Training of middle- and top-level scientists is also being undertaken by
organizing seminars, symposia and workshops on various subjects. A seminar
on assessment, development and management of groundwater resources was
held very recently on April 29th and 30th, 1983.

6. EQUIPMENT

The country has launched an organized programme of research and develop-
ment of equipment to meet growing needs. Although it has at present the
necessary technical know-how for manufacturing all drilling equipment of
various types and capacities, emphasis is being laid on the manufacture of
rigs having a capacity to drill down to 500 m, to which depth most of the
production tube wells are generally drilled. The general depth of heavy-
duty tube wells in the alluvial areas is at present 200-300 m except in
certain areas where drilling to the depth of over 700 m has been carried
out. In addition, small-capacity “down the hole" hammer rigs (200 m) and
percussion and combination rigs (500 m) are being manufactured in the
country. The number of drilling rigs of various types available in the
country at present exceeds 1000,

As an aid to studies in borehole geophysics, a multi-channel electric
logger has also been developed, and production has already started. The
country is also producing medium-duty compressors, heavy-duty pumps as
well as very low-capacity ejector-type pumps for use in the small water-
supply tube wells for public health purposes. The India Mark II hand pump
has internationally been accepted as a pumping device for village water-
supply schemes.

In order to cope with problems posed by the general energy crisis the
world over, alternative means of energy are being developed and utilized.
Solar pumps, windmills and biogas plants are being produced to provide
energy for pumping devices of low-capacity tube wells. In addition,
defluoridization and desalinization equipment is also being produced for
use in areas where groundwater contains fluoride and chloride in quan-
tities beyond permissible 1imits.
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7. GROUNDWATER DEVELOPMENT -- STATUS, POLICY AND PROGRAMME

0f late, groundwater investigation and development have gained momentum
not only in our country but throughout the world in order to cope with the
increasing demand for a greater quantity and assured supplies of fresh
water caused by population expansion and industrial and agricultural
growth.

The Government of India attaches great importance to the joint use of
ground- and surface water resources in a coordinated, planned manner;
thus, while exploitation of groundwater can, to a certain extent, reduce
the level of the water table, it must also be recognized that surface-
water irrigation will add to the groundwater potential. In other words,
development of both ground- and surface waters is complementary, and there
is need for an integrated planning of the use of the two so that an opti-
mum balance between them can be struck.

An additional area of 13,76 mill. ha is proposed to be brought under irri-
gation in the period 1980-1985. Of this, 7 mill. ha will be irrigated by
groundwater. In addition, increased water supply will be needed for in-
dustrial growth and for meeting the requirements of several hundred urban
" centres and of the rural population of India. Groundwater could be a major
source of supply for industrial and public health purposes. Of the
country's 572 000 villages nearly half have still to be provided with pro-
tected water supplies. For the majority of-these villages, water will have
to be supplied from the groundwater resources. Under the International
Water Supply and Sanitation Decade Programme, safe drinking water will be
made available to all the villages in the country before 1990.

The full development of the resources may pose a number of management
problems. Studies on all possible aspects including artificial recharge,
optimum waier use, recycling of waste water and prevention of groundwater
pollution are already being undertaken to equip the scientists, engineers
and planners with a high level of knowledge and proficiency so that they
can manage the situations likely to arise in future.
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Hydrogeological Mapping in Asia and the Pacific Region
Proceedings of the ESCAP-RMRDC Workshop, Bandung, 1983

HYDROGEOLOGICAL PROBLEMS OF HARD ROCK
AREAS OF _S OUTHERN INDIA

K.C.B. Raju

Nearly two-thirds of the Indian subcontinent is composed of hard rocks.
Wide varfation in climatic conditions, physiographic features and in rock
types of southern India produces a complicated hydrogeological setting and
makes its assessment problematic.

The southern part of the peninsula of the Indian Subcontinent {is geo-
graphically divided into 4 distinct physiographic units, namely, the
¢oastal plains, the Eastern Ghats, the Western Ghats, and the Central
plateau. Between the Western Ghats and the Arabian Sea 1ies a narrow
coastal strip, while between the Eastern Ghats and the Bay of Bengal there
is a broader coastal belt. The area is drained by 4 major rivers: Goda-
vari, Krishna, Pennar and Cauveri. It receives rainfall both from south-
west and northeast monsoons. The presence of the Western Ghats directly in
the path of southwest monsoon currents has a significant effect on the
rainfall distribution over the area. The Western Ghats and the region to
the west are humid with very heavy rainfall, ranging from 1000-3000 mm
with highest annual rainfall of more than 8000 mm at Augumbe in Karnataka.
In contrast, the area to the east is comparatively dry and semi-arid with
rainfall of 450 to 1000 mm except in the eastern coastal regions, which
receive rainfall from the northeast monsoon and the depressions and cyclo-
nes during April-May and October-December. The rain-shadow effect of the
Western Ghats extends inland to a distance of more than 200 km. This belt
is more than 1000 km long and includes areas with an annual rainfall of
less than 600 mm. The annual potential evaporation exceeds 1800 mm in
Andhra Pradesh and Tamil Nadu and amounts to less than 1400 mm in the
coastal belt.

Geologically speaking, South India presents a broad spectrum of rock types
belonging to various formations ranging in age from Archaean to Recent.
However, it is predominantly underlain by the Archaean crystalline complex
with a wide range of rock types of different metamorphic grades. Granftes
and gneisses are the most common rock types encountered. Gneissic rocks
are banded and widespread, while granites stand out as prominent ridges
and are highly jointed. The gneisses are well foliated with the major
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foliation directions varying from NW-SE to NE-SW and E-W. These have been
traversed by basic and acid intrusives.

The charnockites are confined to the territory of the Eastern and Western
Ghats and adjacent areas. The khondalites are well foliated with a N-S or
NNE-SSW trend and steep dips and are intensely weathered.

The Dharwarian schists and the associated formation occur as patches and
bands within the gneissic complex in parts of Karnataka, Tamil Nadu,
Kerala, and Andhra Pradesh. They are high-grade metamorphic rocks with
foliation trends ranging from NNW-SSE to N-S with steep dips.

The crystalline limestones are associated with khondalites and sillimanite
gneisses in the Eastern and Western Ghats. These are fractured and have
well-developed solution channels.

The peninsular shield is the oldest stable block of the subcontinent which
has not been affected by orogenic processes since the close of the Pre-
cambrian era. However, it has suffered normal and block faulting with the
result that some portions have been uplifted. Rocks of the Archaean c¢rys-
talline complex, the Dharwar schists and the Precambrian sediments have
been tectonised and deformed in many ways and have, for example, been
deeply eroded over the great span of geological time.

STRUCTURES

A11 the major rock types encountered in the area show moderate to pro-
nounced, vertical to sub-vertical gneissic foliation. Charnockites are
more massive than gneisses. The granites show pronounced foliations at
their contact with the gneisses but become more massive away from the con-
tact zone. Joints parallel to the foliation are very common in almost all
rock types. However, fewer joints occur, on average, in charnockites than
in gneisses. Sheet joints are common in granites as well as in char--
nockites but they become widely spaced, tight and infrequent with depth.
Tension joints perpendicular to the fold axis have been observed in areas
where rocks have been folded.

Most of the lineaments and major fractures can be grouped into three
directions:

viz. 1. NE-SW or Eastern Ghat trend,
2. NW-SE or Dharwarian trend,
3. E-W.
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Some of the major river courses follow the major lineaments along parts of
their courses.

Investigations indicate that the lineaments in the area are connected with
the tectonics. As regards groundwater productivity, the NW-SE trending
Tineaments and fractures supply the highest yields, whereas moderate
yields are obtained from the E-W trending lineaments and the lowest from
the NE-SW lineaments. It was also concluded from the detailed studies that
the outputs are higher in areas of tension fractures.

Groundwater development in hard rocks was generally confined to the
weathered mantle. However, the increase in withdrawal has resulted in the
decline of the water table. This has necessitated exploring deeper fracture
aquifers by means of drilled wells. Groundwater extraction by means of

open dug wells has become costlier, whilst the drilling of deep boreholes
is gaining momentum due to the implementation of D.T.H. air rotary rigs.

The open wells, which were easy to construct and hitherto cheaper, have
become more costly due to the increase in excavation depth necessitated by
the decline of the water table. These structures occur in their millions.
The determination of the hydraulic parameters of fracture aquifers by
pumping tests in large-diameter open wells is still to be perfected. Simi-
Tarly, the analysis of pumping test data from boreholes is to be refined
in order to give reliable hydraulic parameters of the hard rock aquifers.

Special multi-disciplinary water-budget projects have been constituted on
a prototype basis in order to assess the total water resources of the
hard-rock basins. The results of the projects are intended to serve as
guidelines for future groundwater management on a planned and scientific
basis and in evolving standards, methodology and procedures which can be
applied over wider areas with a similar hydrogeological setting.

The hydrogeological map and other special maps prepared for the Noyil-
Amaravati-Ponnani river basin are described below.

HYDROGEOLOGICAL MAP OF THE NOYIL, PONNANI AND AMARAVATI RIVER BASINS,
TAMIL NADU AND KERALA, INDIA (C.G.W.B.)

This map at a scale of 1 : 253 440 covers an area of 8150 km2 and lies
mainly within the Archaean crystalline complex. The various rock types,
i.e. alluvium, basic and ultrabasic rocks, magnetite-quartzites, syenites,
granites, hybrid gneisses, hornblende-biotite gneisses, charnockites,
calc-granulites and associated crystalline limestones and garnet-
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sf1limanfite gnhneisses, are distinguished by 3eparate symbols in grey
instead of brown as recommended in the International Legend {(Section D),
since the "regions generally with very local groundwater" are also to be
represented in brown colour {Séction F 17 of the International Legend).

The various rock types have been représented separately by symbols instead
of grouping them as intrusive rocks or metamorphic rocks. It has been our
experience that certafn rock types have higher potential groundwater yields
the reason for which, however, is in certain cases disputed, hence the
need to classify them separately. The geological boundaries and structural
details are shown in black as recommended. Details with regard to ‘'Hydro-
graphy' and ‘'Groundwater Hydrology' are also presented as recommended in
the International Legend. With respect to' the ‘'character of the aquifer',
thé porous formations include alluvium/colluvium and weathered (hard rock)
zones. The colour codes recommended for porous formations, fissured for-
mations and regions generally without groundwater have been used. The
hydrogelogical map also includes lineaments and fractures as observed from
aerfal photographs. Wherever feasible the shear fractures and tensile
fractures have been fdentified and shown accordingly in the map in view of
their relevance for groundwater occurrence, movement and availability.

In addition to the hydrogeological map, three more special maps, namely
the hydrological and hydrometeorological map, groundwater recharge and
balance map, and hydrochemical map have been compiled to represent ground-
water and allied aspects in order to obtain an overall picture of the
groundwater regimen, the assessment of resources and development pros-
pects. The groundwater recharge and balance map shows average annual re-
charge contours, while the shades of green in it indicate the groundwater
balance available for future development as well as over-developed areas.
Brown shows the hilly areas. In this map the hydrography and groundwater
contours conform to the International Legend. In the hydrochemical map the
groundwafers are classified on the basis of the dominant anions. The col-
ours used (blue for bicarbonate water, green for chloride water, yellow
for sulphate water and violet for mixed water) broadly conform to the
International Legend. Water-quality hazard areas have been shown in
striped colours. More than one water-quality hazard can be found in cer-
tain areas, thus giving a criss-cross/interlocked appearance. This natur-
ally cannot figure in the legend of the map.

Hazards to water quality can, perhaps, be better represented on an overlay
or as a separate map to avoid such a complicated representation.
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SUGGESTIONS

As already explained above, with regard to hard-rock terrain, the ground-
water yield often depends on the rock type and, to a certain extent, on
the grade of metamorphism. Therefore, from the hydrogeological point of
view, it is important that the hydrogeological map distinguishes in some
detail between the different rock types and between different grades of
metamorphism. In the case of some rock types, it is even difficult to
determine the mode of origin, i.e. whether metamorphic or intrusive; for
example, the origin of charnockites and certain granites is disputed. The
potential groundwater yields of metamorphic rocks vary greatly, ranging
from gneisses, on the one hand, to schists on the other, the gneisses
generally being more prolific.

The hard rocks have invariably undergone tectonic deformation, resulting
in fractures, though the degree of fracturing varies from place to place.
Most hard rocks have an identifiable fracture pattern that can be related
to geological history. Observations of fracture patterns at a number of
places in a given rock unit can be synthesised by means of statistical
analysis. Of the many methods adopted in this connection, the strike-
frequency diagrams of joints/fractures in the case of rocks exclusively
with vertical or near-vertical fracture systems and stereographic projec-
tions in rocks with fractures varying in magnitude of dip hold consider-
able promise for groundwater studies as they give a three-dimensional
perspective of fracture systems, direction of maximum intersection and
degree of anisotropy. The photogeoliogical studies will enable us to pre-
pare strike-frequency diagrams and stereographic projections in the case
of macro-fractures. In view of their relevance in the hard rocks, it is
stressed that in future the hydrogeological maps should also include the
statistical analysis of joints and fractures, both micro and macro-
fractures.
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Hydrogeological Mapping in Asia and the Pacific Region
Proceedings of the ESCAP-RMRDC Workshop, Bandung, 1983

THE STATUS 0F HYDROGEOLOGICAL MAPPING
IN INDONESTIA I N 1983

R. Soekardi and Sutrisno, S.

1. INTRODUCTION = -

Activities in the field of hydrogeo1ogy‘in Indonesia started approximately
a century ago. Up to the end of the Second World War the activities were
mainly conducted in connection with domestic water supply and small scale
irrigation purposes. After this period, the same activities were still
continued. However, intensive hydrogeological investigation had just been
started since 1969, the first year of Indonesia's Five Year Development
Plan (Repelita I).

The following paper describes in brief the historical development of
hydrogeological investigation in Indonesia and reviews activities as well
as the state of art of hydrogeological maping carried out by the Direc-
torate of Environmental Geology.

2. HYDROGEOLOGICAL INVESTIGATION

Before the Second World War the aim of the hydrogeological investigation
was mainly to solve water supply problems, especially for drinking water
pruposes. The earliest investigation was carried out by van Dienst (1870)
in the Bogor-Jakarta area in connection with the first unsuccessful water
well drilling at Prince Frederik, Jakarta, in 1845, This activity was con-
ducted to investigate the presence of artesian water in the city of
Jakarta and based only on the inferred geological map. The "Dienst van het
Grondpeilwezen", the predecessor of the present Water Well Drilling Sec-
tion, was built then, due to the successful artesian drilling in the
Jakarta area in 1872.

Since then more investigations were conducted, especially in connection

with water well drilling for supplying water to the military camps at
various places such as at Cilacap, Semarang, and Gresik. Hydrogeological

157



investigations were.then conducted also to salve municipal, rural,
industrial, and irrigation water supply problems. In addition, hydrogeolo-
gical investigations were also carried out to see the possibilities of
collecting spring water such as those conducted at the vicinities of Rewut
Binangun spring (Malang), Cipaniis spring (€Cirebon), and Ronggojalu spring
(Probolinggo).

Activities at that time were organized by the "Bureau der Geologisch Tech-
nische Onderzoekingen", the predecessor of the present Engineering Geology
Division. Until the end of the Second World War, the investigations were
not carried out in detail. They were conducted only to obtain the general
hydrogeological conditions of the study areas.

Up to 1958, activities in hydrogeological investigation were performed by
the Engineering Geology Division and later by the Hydrogeological Section
of the former Geological Survey of Indonesia (GSI). During this period,
this Section, at the beginning in cooperation with the German Bundes-
anstalt fir Bodenforschung, has performed several hydrogeological surveys
in limestone terrains of Madura and Gunungkidul (1961) and Sumba (1964);
‘the results have been compiled in the form of reconnaissance hydrogeologi-
cal maps. Since then investigations were carried out throughout the Indo-
nesian islands, although they were frequently conducted locally.

Intensive activities in hydrogeological investigation have been carried
out by GSI since the first year of the First Five Year Development Plan.
The activities include systematic hydrogeological mapping and groundwater
resources evaluation. Since GSI was reorganized in 1978, the Directorate
of Environmental Geology (DEG), Directorate General of Mines, Department
of Mines and Energy, now pursues the hydrogeological investigation pro-
Ject.

Apart from the DEG, a number of institutions are also cancerned with
hydrogeological investigation, especially in the groundwater development
aspects., The Directorate General of Water Resources Development is con-
cerned primarily with all aspects of irrigation, whereas the Directorate
General of Housing, Building, Planning and Urban Development, Ministry of
Public Work is responsible for designing and supervising the canstruction
of }11 major urban and small city water supplies and sewerage projects.
Through the Directorate of Hygiene and Sanitation, the Directorate General
of Communicable Deseases Control is responsible for all aspects of en-
vironmental sanitation, including ruyral community water supply.
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3. HYDROGEOLOGICAL MAPPING
3.1 Historical Background

Before the first year of the First Five Year Development Plan (1969),
activities on hydrogeological mapping carried out by GSI were still
limited. In 1960, GSI published the "Tentative Groundwater Map of Java and
Madura", scale 1 : 1 000 000. Later on, in cooperation with the West Ger-
man Bundesanstalt fiir Bodenforschung, the Hydrogeological Méps of Madura
(1961) and Sumba (1968) weére published. Following Indonesia s First Five
Year Development Plan in 1969, GSI carried out more extensive hydrogeolog-
ical investigation, mainly hydrogeological mapping and groundwater resour-
ces evaluation. These activities resulted in a great number of internal
reports which either have been published in the GSI or DEG annual activity
report series or as separate booklets of the different sections of the
Hydrogeology Sub-Directorate. Most of the reports generally contain the
results and observations of one field season, mainly data on springs,
drilling, irrigation, etc,, as well as. an outline on the geological and
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Fig. 1. Status of hydrogeological mapping in Indonesia by the end of
November 1983.

hydrogeological setting of the surveyed area. Maps depicting 1ithological
rock units or information on groundwater (e.g. equipotential 1lines, isoli-
nes of ion content, groundwater potential) are also included.
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Table 1. Status of Hydrogeological mapping in Indonesia in 1983

Scale : 1 : 250,000

No. Sheet of map Year prepared Status

1 2 3 4
JAVA

1. Sheet Jakarta ( I ) 1972/1973 Edited

2. ="- Cirebon ( II ) 1972/1973 Edited

3. ="- Ujung Kulon ( III ) 1972/1973 Edited

4, ="- pPelabuhanratu ( IV ) 1972/1973 Edited

5. ="- Bandung (V) 1983 Published

6. ~-"- Pekalongan ( VI ) 1973/1974 Edited

7. ="~ Semarang ( VII ) 1973/1974 Edited

8. ="~ Surabaya ( VIII ) 1973/1974 Edited

9, =-"- Yogyakarta ( IX ) 1982 Published

10. -"- Kediri(X) 1973/1974 Edited

11, =-"- Jember ( XI ) 1981 Published

SUMATRA

12. Sheet Kutaraja 1975/1976 Fieldwork Completed
13. <"- Lhok Suemawe 1975/1976 Fieldwork Completed
4. -"- Calang 1977/1978 Fieldwork Completed
15. =-"- Meulaboh 1977/1978 Fieldwork Completed
16. -"- Langsa ' 1978/1979 Fieldwork Completed
17. ~"- Pakanbaru 1975/1976 Fieldwork Completed
18. ~"- Muarasiberuk ) 1975/1976 Fieldwork Completed
19. -"- Painan 1975/1976 Fieldwork Completed
20. ~-"~ Muaratebo 1977/1978 Fieldwork Completed
2. -"- Jambi 1977/1978 Fieldwork Completed
22, =-"- P. Bangka 1979/1980 Fieldwork Completed
23. -"- Palembang ) 1979/1980 Fieldwork Completed
24, ="- Banghulu : 1977/1978 Fieldwork Completed
25, ="- Parabumulih 1979/1980 Fieldwork Completed
26. -"- Bangko 1981/1982 Edited

27. "~ Solok 1982/1983 Fieldwork Completed

KALIMANTAN

28. Sheet Balikpapan 1980/1981 Fieldwork Completed
'29. -"- Longiram 1980/1981 Fieldwork Completed
30. -"- Samarinda ' -~ . 1980/1981 . '~ Fieldwork Completed
31. -"- Sangata & Sabang 1981/1982 Fieldwork Completed
32. -"- Sanggau 1982/1983 Fieldwork Completed
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Table 1 cont.

1 2 3 4
SULAWESTI

33, Sheet Manado 1975/1976 Fieldwork Completed

34, -"- Tilamute 1976/1977 Fieldwork Completed

35, -"- Palu 1980/1981 Edited

36. -'"- Pasangkuyu 1980/1981 Edited

37. ~"~ Malili 1980/1981 Edited

38. -"- Majene 1977/1978 Fieldwork Completed

39, =-"- Palopo 1977/1978 Fieldwork Completed

40, =-"- Pare-Pare 1979/1980 Edited i

41, -"- Watampone 1979/1980 Edited

42, -"- Raha 1977/1978 Fieldwork Completed

43. ="~ Ujungpandang 1980/1981 Edited

44, ="- Bulukumba 1980/1981 Edited

45, ="~ Poso & Ampana 1981/1982 Etited

46, ="- Gorontalo & Sidate 1982/1983 Fieldwork Completed
BALI & NUSA TENGGARA

47. Sheet B a 1l i 1970 Published

48, -"- P. Lombok 1972 Published

49, -"- Sumbawa 1974/19175 Edited

50, -"- Flores" 1983 Published

51, ="- Sumba 1965 Published

52, =-"- P. Timor Barat 1975/1976 Fieldwork Completed
IRIAN JAYA

53. Sheet Jayapura dsk. 1981/1982 Fieldwork Completed
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Although nearly 20 % of the country were already covered by hydrogeol-
'ogical mapping in 1978, the number of printed hydrogeological map sheets
was rather low. The hydrogeological map of Bali was published in 1970 and
the map of Lombok -- again in cooperation with the.West German Bundes-
anstalt fiir Bodenforschung -- in 1972. Table I and Fig. 1 show the status
of hydrogeological mapping by the end of November 1983. It can be seen
that some 25-30 % of the country has been. covered by systematid hydro-
geological mapping.

3.2 Aims and Purpose of Systematic Hydrogeological Mapping

Due to an increasing demand of water for many purposes {(drinking water,
irrigation and industry) the country needs more information on groundwater
resources as an alternative for water supply. Thus, hydrogeological maps
are required for regional development planning, since they provide basic
data on the occurrence of groundwater, aquifer productivity, grounduater
quality and other groundwater related 1nformation.

Hydrogélogical maps transfer hydrogeological knowledge to a broader
public, e.g. delivering fundamental, mainly groundwater related infor-
mation to all users who are interested in the hydrogeological setting of
an area. These may be “local government planners, public authorities, water
supply companies, or private users. The map, therefore, may serve as a
general hydrogeological basis for further investigation, planning, and
compilation of interpretive maps for special purposes.

The map sheets, scale 1 : 250 000, generally cover 1°30' longitude and

1° latitude, i.e. an area of more than 18 000 km2, The scale of 1

250 000 was determined to be the most appropriate for the map, because it
copes best with the following aims and boundary conditions:

-- clear and exact representation of the hydrogeological data for fairly
large areas,

-- ability to complete the maps by reasonable means and in relatively
short time,

-- availability of recent topographic and geological base maps.

The whole map series of the hydrogeological map of Indonesia will comprise
more than 150 sheets (see Fig. 1). Each sheet is to be accompanied by an
Explanatory Note, either printed on the map itself or in a separate leaf-
let. The maps are published in two languages