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Preface

Groundwater is a constituent element of the earth and maintains the water cycle on
land. Groundwater resources today are threatened by excessive use, quality contami-
nation, and environmental impacts resulting from industrial activities, agricultural
practice, below-ground development, and waste disposal. Many researchers and
engineers in the fields of hydrology and groundwater hydraulics have concentrated
their efforts on these issues over the last decade.

Recent progress in research and analysis has rapidly altered the traditional ap-
proach of groundwater management and modeling as well as the dynamic methodol-
ogy. Numerical simulation of groundwater and data processing using personal com-
puters are the most rapidly developing fields of study. Furthermore, recent advances
in subsurface hydrology require a broad knowledge of interaction between surface
and subsurface water.

Given this background, the International Symposium 2000 on Groundwater is
scheduled for May 8-10, 2000, at Sonic City, Omiya, in Saitama Prefecture under the
sponsorship of the International Association for Hydraulic Engineering and Research
(IAHR). The target of the international symposium, to create “new science and tech-
nology for a sustainable groundwater environment,” is of interest not only for IAHR
members but also for many researchers and practitioners in various fields of ground-
water. Fortunately, many leading scientists and engineers in those fields graciously
accepted our invitation and contributed excellent articles to this book, Groundwater
Updates. We are very indebted to their efforts and full cooperation with our wish to
publish the book in advance. We will be greatly pleased if new paradigms germinate
from the book during and after the symposium.

We would like to acknowledge support for the symposium from the Ministry of
Construction, the Environment Agency, and the National Land Agency of Japan, and
from the Saitama Prefectural Government, Japan. We also extend our thanks to mem-
bers of the Hydraulic Committee of the Japan Society of Civil Engineers (JSCE) for
their well-coordinated support, and to Springer-Verlag Tokyo for help in preparation
of this book.

Kuniaki Saro YosHIAKI Iwasa
January 2000 January 2000
Urawa, Saitama, Japan Kyoto, Japan
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progress for this symposium.
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Soil and Groundwater Contamination
and Remediation Technology in Europe

Prof. Dr. h. ¢c. Helmut Kobus, Ph. D.

Institut fiir Wasserbau, Universitit Stuttgart, Pfaffenwaldring 61, D-70550 Stuttgart, Germany

ABSTRACT: Groundwater is the major drinking water resource in Europe. However, serious

deterioration of soil and groundwater quality has been observed due to pollution from urbanization,

industry and intensive agriculture. The lecture will provide a survey of the observed impacts and of

the considerable efforts that have been made to develop strategies and tools

- for cost- and time effective local remediation technologies for contaminated sites (including
examples from the technical-scale research facility VEGAS),

- for prediction methods and urban development strategies including derelict land,

- for groundwater-compatible subsurface construction,

- for groundwater protection policies and preventive strategies,

- for reducing impacts of agriculture on groundwater quality.

An important consequence of these developments is the integration of subsurface issues, groundwater

awareness and sustainability considerations into engineering education and professional development.

KEY WORDS: Groundwater pollution, remediation strategies, in-situ technologies, brownfield
redevelopment, groundwater management.

INTRODUCTION: GROUNDWATER - THE ENDANGERED RESOURCE

Groundwater is a strategic resource due to its natural quality and availability, which is used in most
European countries as the major source for public drinking water supply. Percolation of water
through the subsurface has a good effect due to the combined action of filtration, sorption, chemical
reactions and micobiological processes. The percentage of groundwater used for drinking water
supply is 65% for France, 72% for Germany, 84% for Switzerland and over 90% for Austria.
However, soil and groundwater systems are highly vulnerable to pollution. The increasing density of
settlements, subsurface structures and traffic systems, the heritage of a century of industrialization,
the storage and transport of hazardous substances, as well as intensive agriculture have had drastic
impacts causing serious deterioration of groundwater quality. These impacts cause long-term effects,
are sometimes irreversible and in any case very difficult and expensive to recover. Hence
groundwater pollution is a major environmental problem [1].

A sustainable use of the groundwater resources implies a balanced water budget (no over-exploi-
tation), only moderate changes in the residence times within the system, and limitation of ground-
water pollution to the conditions of the natural self-purification capacity of the subsurface system.

Groundwater contaminations have developed into one of the key environmental issues in most
industrialized countries. Regional-scale contaminations from industrial sources include waste sites,
leakages, accidental spills, abandoned industrial sites, storage and transport of hazardous substances,
etc. Nuclear and/or chemical contaminations may result from nuclear and fossil power plants and
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gasification plants. Pipelines and traffic systems, roads and railroads serving the transport of
hazardous substances also possess a groundwater contamination potential. The same holds for septic
tanks. Agricultural contamination sources include animal farming as well as fertilizer applications
(nitrates) and the use of herbicides and pesticides. Finally, air pollution contributes by deposition, etc.
Virtually any kind of human activity or land use is connected with a potential danger of
contamination of the regional groundwater resources.

A major issue common to all European countries is the increasing level of nitrates and pesticides in
the groundwater and in surface waters, mainly due to intensive agriculture, with nitrate concentrations
approaching or exceeding the level of 50 mg/l which is the upper allowable limit for drinking water
according to EC-standards. This gives rise to a strong controversy between agricultural production
and water supply. It has been shown that the nitrate input to the groundwater can be reduced
substantially by appropriate agricultural technology, although with a certain loss in production
efficiency. This has led in some countries to a legislation requiring the user of water to pay for
making use of the natural public good, and to use the income from this regulation in order to
recompensate farmers for the economic production losses provided that they use environmentally
compatible farming techniques. This regulation reverses the polluter-pays-principle, but with a
noteably positive result for the groundwater quality [2].

The use of groundwater leads also to various conflicts with the competing demands of ecology, such
as the issue of groundwater withdrawal versus biotope preservation and the controversy of wetland
restoration, the effects of groundwater withdrawal on surface waters, issues of flood protection
schemes, flood plain ecology and groundwater withdrawal for water supply. Further conflicts are
connected with the controversy of land use restrictions in groundwater protection areas, issues of
competing uses of water resource systems, the socio-economic aspects of regional separation of
drinking water "production” (groundwater withdrawal) and water consumption (beneficiaries), inclu-
ding interbasin water transfer and the potential conflicts in the use of international river systems [2].

A sustainable water resources management has to account for all these needs and demands on the
groundwater resources, minimizing the local and regional impacts upon the groundwater, terrestrial
and aquatic ecosystems involved. At the same time, our most important natural water resource has
to be safeguarded against a broad range of competing and sometimes overwhelming interests on land
uses for settlement and industry [3].

URBAN AND INDUSTRIAL GROUNDWATER CONTAMINATION

Our groundwater resources in urban areas experience manifold hazards and contaminations due to
settlements incuding sewage systems, traffic, industry and trade, agriculture, air pollution, waste
deposits and old contaminated sites. This is a natural consequence of the fact that aquifers are open
systems with exchange of water, substances and energy across the system boundaries. The main
inputs of substances into the groundwater occur through the soil zone by infiltration. Because the
natural residence times in aquifers are very large, groundwater damages are always long term
damages, and this becomes explicitly visible from the problem of old contaminated industrial sites
and deposits.

Intensive measurements, observations and surveys have made clear the enormous potential danger
due to contaminated sites for soil and groundwater and hence for man, animals and plants. A
substantial part of these old contaminated sites has to be classified as in need of remediation.
However, groundwater and contaminated-sites-restoration measures can be extremely expensive in
terms of time and money needed [4]. For Germany alone, the total estimates of the costs for
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remediation measues to be expected range in the order of magnitude of 100 to 300 billion DM: this
makes obvious that due to financial constraints not every contaminated site can be remediated, and
hence priorities for remediation needs and goals have to be formulated. In this process, also the
limitation and constraints of the technical possibilities to achieve a remediation goal have to be
considered in a realistic manner together with the limits due to the available financial means.

The challenge of subsurface remediation is a case in point illustrating the necessity to consider water-
related issues in a broad and encompassing manner, where the various hydraulic engineering tasks in
water resources management have to be seen in their interactions with ecology, land use and society

[5].

Proactive pollution control and preventive schemes for avoiding contaminant inputs are priority
needs. The delineation of wellhead protection areas with priority for water supply and with
corresponding restrictions on land uses, restrictions on applications of water-hazardous substances,
regulations for handling and transport of water-relevant hazardous substances (industry, storage
tanks, roads, railroads, etc.) or even a ban and prohibition of the production and use of certain
persistent chemicals are elements of a proactive pollution control. Rainwater runoff from sealed
surfaces in urban areas such as roads or runways is affected by virtually unavoidable pollutants, such
as oil residues, fuel residues, de-icing agents, cleaning agents and tire wear residues, which have to
be collected and treated in a suitable way. Furthermore, provisions for immediate actions in cases of
accidental spills have to be made, such as e.g. soil removal and treatment in order to minimize the
contaminant input into the groundwater.

In all engineering construction activities, precaution must be taken to ensure that the groundwater
balance and quality are not impaired by the construction and operation of industry, airports, roads or
deposits. During major constructions, it is necessary to monitor the groundwater quantity and quality
regularly.

Of particular relevance are all subsurface construction activities which interfere directly with the local
groundwater system. Prominent examples are tunnel constructions and construction pits below the
groundwater table. In these cases, the interference with the groundwater system and the temporary as
well as lasting effects upon the groundwater system have to be considered carefully (barrier or
drainage function of constructions, contamination sources, regional effects on water levels and water
quality, etc.). Several examples to illustrate such effects will be presented, including the planning for
a subsurface railroad system both in a metropolitan area and in a nature preserve, describing the
various conflicts arising and the corresponding structural and hydraulic options for sustainable
solutions (Schnellbahntrasse Stuttgart - Miinchen and Stuttgart 21).

REMEDIATION CONCEPTS AND TECHNOLOGY DEVELOPMENT

A contaminant plume originating from an industrial pollution source can spread with time (often
many years) with the natural groundwater flow over large distances of many kilometers and thus
poses a long-term danger for water supply plants located in the same aquifer, even if their location is
quite distant from the contamination source. There are numerous examples in the literature [6] which
illustrate these long-term large-scale effects. Such regional effects have been investigated by the
Deutsche Forschungsgemeinschaft (DFG) in the 1980's in a special research program at the
universities of Stuttgart, Hohenheim and Karlsruhe [7].

These research efforts, among others, have made clear that an effective clean up cannot be limited to
the catchment and cleaning of the contaminant plume, but must be directed at the removal or immobi-
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lization of the contamination source. Only in this manner, the long-term and large-scale negative
effects upon the aquifer - and hence finally also endangering of the drinking water supply - can be
avoided or reduced. With this demand, research is faced with a very complex, interdisciplinary task.

Obviously, first priority should be given to preventive schemes rather than repair actions, and to
short-term actions on the spot in accidental spills. Restauration efforts essentially depend upon
remediation schemes at the pollution source (this is the focus of the VEGAS research) by elimination
or extraction of the contaminants or by immobilization. Frequently, this has to be complemented by
remediation of the contaminant plume.

In view of the big uncertainties and the inefficient performance of the standard source remediation
technologies, the big need has been recognized for the development and application of new and better
remediation technologies. In order to pursue this goal systematically, the facility VEGAS (acronym
for “Versuchseinrichtung zur Grundwasser- und Altlastensanierung”) has been conceived and
constructed.

VEGAS is a research facility for remediation experiments under controlled laboratory conditions but
at technical scale. The facility bridges the gap between conventional small-scale laboratory
experiments and field applications. The main features of the facility and typical ongoing research and
development activities are described in [8].

Generally, the methods of subsurface remediation at the contamination source can be classified into
methods without soil removal and methods with excavation. The latter group, which has already
reached a high degree of development, is limited in its range of applications (limited depth of exca-
vation, limited areal extent, not applicable under buildings, etc.). On the other hand, in-situ methods
and containment methods are of particular relevance, because they may offer, depending on the
circumstances, more cost effective and more flexible possibilities, covering not only the soil zone but
also the groundwater zone, which may be more compatible with the environment. The VEGAS
research program therefore is directed exclusively towards remediation technologies without soil
removal.

Several VEGAS research projects are devoted to the elimination or reduction of the risk-potential of
contaminations in the subsurface, particulary through in-situ procedures at the spill site, e.g. by
injections of solubilizing and mobilizing agents, such as surfactants or alcohol, in order to enhance
chemically the extraction of harmful contaminations. The main aim is the rapid remediation of hot
spots. Another VEGAS project on in-situ bioremediation investigates stimulation and regulation of
biodegradation, where the production of toxic metabolites must be controlled or avoided. Also, new
procedures and strategies for field exploration and appraisal are necessary to handle the multitude of
large and heterogeneous contaminated sites. In contrast to field investigations, VEGAS offers
controllable and reproducible conditions, and hence lends itself to control measurements as well as
for validation of numerical models. Further topics of VEGAS research include the artificial
modification of permeabilities as well as the creation of in-situ remediation containments or in-situ
reaction cells, such as reactive walls or absorption barriers in aquifers.

A highly successful new technology developed in VEGAS is the thermally enhanced soil vapour
extraction (TUBA). The widely used soil vapour extraction method for removal of volatile non-
aqueous phase liquids from the unsaturated zone usually needs extended remediation times. A
considerable reduction of remediation times and increase in recovery rates is achieved by thermal
enhancement using steam and hot air injections. The new technology has been applied in several case
studies with good success, as will be shown in the presentation [9].

The times and costs involved in remediation technologies play a central role in land use development
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in urban areas. The reuse of old industrial sites is of high interest in view of the pressing needs for
land development in densely populated countries. In Germany, the daily consumption of land for
settlement, traffic and industrial activitites amounts to 120 hectares, of which 50% will be sealed by
an impervious cover. Thus, the need to reduce land consumption by reusing abandoned industrial
sites in cities is evident, and an interdisciplinary research group “Figura” is developing procedures
and methods for “brownfield redevelopment” as an important contribution to reducing land
consumption taking into account both the technological aspects as well as socio-economic and land
use planning considerations [10].

With increasing concentration in urban centers and increasing value of land, the intensity and scale
of subsurface constructions affecting the groundwater system increases and often results in
considerable changes in the natural groundwater regime, drawdown and changes in the flow system
with all consequences for buildings, for flora and fauna in the region, for surface waters and for the
local water supply. Because of the intricate interactions, a comprehensive groundwater management
including a monitoring system, a simulation model and appropriate structural and hydraulic
compensation possibilities will be needed.

OUTLOOK: TOWARDS SUSTAINABLE GROUNDWATER RESOURCES
MANAGEMENT

Groundwater research can contribute to improve groundwater protection, to make remediation

techniques more effective, to improve groundwater management techniques and protection concepts,

and finally to lead to a sustainable development of groundwater uses [6]. Criteria for the planning of

groundwater remediation schemes and for assessing the need for and chances of remediation are:

O prognosis of the expected spreading and transport of the contaminants in the groundwater
system,

O effects upon environmental goods (drinking water / plants / surface water, etc.),

O  definition of remediation goals: environmental standards to be achieved,

O efficiency and limitations of remediation technology to be applied.

In the effort to contribute to the improvement of groundwater management and pollution control, the
general goals of the large-scale experiments in VEGAS have to be seen in the broader framework of
scientific-technological research and engineering application [8]. The general goal is to contribute to
a sustainable management of our natural resources groundwater and soil and to support the efforts of
environmental politics for an improved environmental protection and in particular for an improved
groundwater protection, both in a preventive and also in a restaurative manner. The large-scale
experiments are intended to provide technical and planning contributions aimed at remediation
technologies. Beyond the technical aspects, also the economical, the ecological and sociological
aspects of remediation efforts and their significance for human health (drinking water) and land use
planning have to be considered.

Research must also lead the way in the education of engineers who have to face the world’s water
problems of tomorrow. Here, the multifacetted groundwater research provides an important
contribution for education and training of scientific talents by the fact that the basic university
education in the various disciplines is complemented and enlarged by training the capabilities for
interdisciplinary cooperation - a property which is of central significance for creative research and for
innovative economical development. International graduate programs with mobility of students - such
as e.g. the program “Water Resources Engineering and Management” (WAREM) at the Universitét
Stuttgart, enhance technology transfer and preparation for the future global water problems.
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Groundwater protection carries high stakes and can be taken as the proof for our society on its efforts
for sustainable development. However, it is not an easy task to create awareness for the high priority
of groundwater protection as an ecological issue. because - unlike rivers or lakes - groundwater can
not be seen, heard or felt. It can only be observed through the narrow keyhole of boreholes and
geophaphical logs or through the quality of the water drawn from it.

Our efforts today are geared towards maintaining groundwater systems as the most valuable drinking
water resource and the undeniable supporter of terrestrial ecosystems. It may still be a long way
towards a global sustainable groundwater resources management, but the concepts are visible and the
needs for mankind undeniable. To pursue these goals in teaching, research and engineering practice
is therefore a major responsibility of our society for future generations.
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Current Trends in Groundwater Hydraulics
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ABSTRACT. Research and technical activities in the field of groundwater are characterized by
their multidisciplinary aspects. Current topics of interest concern the use of aquifers, specifically
their management, protection and remediation. These tasks involve an adequate assessment of
the risk and potential impact caused by human activities which can alter natural conditions. This
requires a good knowledge of the relevant processes involved. Moreover, conceptual and
mathematical models on various levels and scales need to be formulated in order to forecast or
assess physical, chemical and biological processes. These formulations require an adequate
consideration of the usually heterogeneous structure of aquifers, which often results in complex
flow and transport processes.

KEY WORDS: Groundwater resources, aquifers, flow, transport processes, modeling,
remediation, protection

INTRODUCTION

Engineering and research in groundwater is strongly related to the development, management,
protection and remediation of aquifers. Both quantitative and qualitative aspects in general
characterize the impact on groundwater resources. What are main problems of concern?

From a quantitative point of view, unfavorable alterations of the storage capacity of aquifers, of
the flow rates, of the natural recharge, and of the level of the water table or the piezometric
surface are relevant. Of primary concern is the overexploitation of natural groundwater
resources, mainly due to the long time scales of recovery involved. In such cases the
sustainability of the utilization of water resources is jeopardized. The water table or piezometric
surface has fallen dramatically particularly in arid regions. Moreover, over-pumping can cause
severe land subsidence.” In other regions, however, a rise of the water levels due to the
abandonment of wells and/or an increase of the infiltration can represent a threat to urban areas
and the environment. Finally, unfavorable alterations of the groundwater flow conditions caused
by technical interventions should be mentioned. Examples are alterations of flow by underground
constructions, or the clogging of the ground surface which may cause a reduction of the recharge
rates.

Qualitative aspects mainly concern the chemical and microbial composition of the groundwater

and its alteration. When groundwater is used for drinking water supplies, it must fulfill the

quality requirements for food. A deterioration of groundwater quality can, for example, be

caused by the following reasons:

e [Infiltration of surface water which is polluted by various constituents.

e Infiltration of sewage from sewers or other sanitary systems.

e Inappropriate use of fertilizers and pesticides in agriculture. An example is the widespread
groundwater pollution by nitrates.
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e Leachate from polluted sites. Examples are waste landfills with inappropriate liners.

e Inappropriate transportation, storage, and application of substances which potentially
endanger groundwater. Examples are spillage from traffic accidents or the leakage of storage
facilities of mineral oil or chlorinated hydrocarbons, or accidents occurring in storage sites of
radioactive waste.

¢ Deposition of air-borne pollutants on the ground surface and their subsequent infiltration.

e Salt water intrusion in coastal aquifers caused by an over-exploitation of groundwater.

e Thermal influences on groundwater and subsequent alteration of its physical, chemical and
biological properties.

¢ Mixing of groundwater of different origins which may alter the physical, chemical and
biological properties.

e Impact of technical constructions on groundwater quality.

In general, the main concerns are overexploitation and the long term release of pollutants.
Consequently, the groundwater systems often play a prominent role in environmental impact
studies. The protection of groundwater resources is a necessary measure to enable its sustainable
use. Therefore, the flow of groundwater and the migration and fate of dissolved substances, of
non-aqueous-phase liquids, and of colloidal particles in the subsurface are problems of primary
importance. It should be kept in mind that aspects of water quality and flow are strongly
interrelated, since the advective motion is the main process for the migration of dissolved
substances and of energy. Therefore an adequate understanding of the flow conditions is a
general prerequisite for other investigations.

CURRENT RESEARCH TOPICS

Based on recent conferences and publications on groundwater [1,2,3] a few selected current
topics are listed below. They provide some insight into the wide spectrum of recent engineering
and research activities in groundwater and represent at the same time an indication of current
trends in groundwater. Nevertheless, they should mainly be considered as examples.

Measurement techniques in groundwater

e In situ detection of dense non-aqueous phase liquids in aquifers using laser induced
fluorescence. How can this method be used to assess a contamination? [2].

e Measurement of groundwater velocity using CCD camera observations in boreholes [2].

e Estimates of soil moisture and temperature from remote sensing observations. Development
of a methodology [3].

Processes in aquifers

e Measurement of the seepage rates from rivers to aquifers and of the related water quality
changes by means of monitoring stations and tracers. Estimates of regional seepage rates
based on such local measurements. Modeling of surface water — groundwater interaction, and
incorporation of complex clogging mechanisms [1,2,3].

e Modeling of density driven flow in aquifers using numerical techniques. How accurate are
these methods? How can they be improved? [3].

e Fingering effects in saturated porous media containing trapped residual fluid, which are
caused by dissolution processes [2].

¢ Improved determination of the retention and relative permeability relations for immiscible
fluids in porous media based of pressure cell data [2].
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e Investigation of the mass transfer process between residual non-aqueous phase liquids and
the water phase. Validity of various concepts [3].

o Influence of a reduction in the interfacial tension on the migration of organic liquids in
groundwater. How does it affect remediation? [3].

o Investigation of the impact of the injection of treated wastewater in aquifers. What are the
relevant processes? [3].

e Modeling of coupled chemical and biological transformations. How good are these models
and how can they be calibrated? [3].

e Numerical modeling of the influence of phase change on moisture content and temperature
during a bioventing of the vadose zone of contaminated sites. Assessment of the influence on
the biological decay of contaminants [2].

e Heat transport in the unsaturated zone. Investigation of vapor transport in soils using radon-
222 measurements [1,3].

Numerical techniques for groundwater models

e Improvement of numerical schemes for groundwater models with respect to numerical
accuracy and computational efficiency [3].

e Use of neural networks and of genetic algorithms in optimization problems. Do they
represent valuable alternatives to more conventional techniques? [2,3].

Modeling the effect of spatial variability of parameters

e Solute transport in heterogeneous formations. What are the methods? [1,3].

e Use of hydrogeological and geophysical data to condition the stochastic generation of
permeability fields [3].

e Calculation of block effective macrodispersivities to represent the effect of sub grid scale
variability on the mixing of solutes in numerical models [3].
Inference of geostatistical hydrogeological parameters from tracer breakthrough curves [3].

e Modeling of solute transport with random contaminant sources [3].

e Evaluation of the uncertainty of the extent of well capture zones. Methods and techniques
[3].

e Modeling of multiphase flow in heterogeneous formations [3].

e Development of techniques to estimate the uncertainty of groundwater models [3].

Determination of input parameters for groundwater models
e Parameter estimation and model calibration in a stochastic framework [3].
e Combined use of different types of field data for improved coupled parameter estimation [3].

Management of groundwater resources
e Groundwater management under uncertainty. Development of methods and techniques [3].
e Management of groundwater resources. Objectives and techniques [3].

Groundwater remediation

e Stochastic evaluation of flow and transport for the design of groundwater remediation
schemes [2].

e Pilot tests for air sparging of contaminated sites coupled with vapor extraction in order to
examine the effectiveness of the method [2].

e Management of groundwater remediation and risks. Methods and techniques [3].
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Fractured rock and karst aquifers

¢ Numerical modeling of flow in fractured aquifers. Use of the heat balance in such models.
Investigation of fracture-matrix interactions on flow and transport. Concept and methods
[1,2,3].

e Use of the method of characteristics for transport in fracture networks. Evaluation of the
effectiveness and accuracy [1,3].
Estimation of mean water residence times for karstic springs by using stable isotopes [2].

e Deterministic and stochastic modeling of flow processes in karst aquifers. Use of wavelet
transforms. Applicability and parameter estimation [2,3].

¢ Use of geostatistical tools to map groundwater flow behavior in karstic systems.
Development of methods and techniques [2].

Underground constructions
e Experimental and numerical investigation of tunneling technique under compressed air [2].
¢ Investigation of flow in heterogeneous rock formations. Flow around storage caverns [1,3].

CONCLUSIONS

Many current topics of interest concern the development and the use of aquifers, specifically
their exploration, their management, protection and remediation. A series of more basic
investigations concern relevant physical, chemical and biological processes involved in these
activities. Numerous studies of complex coupled flow and transport processes are mentioned. An
increasing number of contributions concern engineering applications in groundwater. For the
above mentioned purposes conceptual, mathematical and numerical methods and models on
various levels and scales are further developed and improved in order to forecast or assess
physical, chemical and biological processes. It is not surprising that many studies incorporate an
adequate consideration of the usually heterogeneous structure of aquifers, which is of concern for
both flow and transport processes.

Current trends in groundwater research seem to proceed in similar directions. An immense task
still lies ahead to adequately assess and model the influence of spatial variability of the physical,
chemical/biological properties on the various processes under consideration. Furthermore,
improved methods for the estimation of parameters and boundary conditions are needed for
solving regional groundwater problems. This includes the investigation of surface water —
groundwater interaction as well as natural recharge in order to enable a sustainable management
of water resources.
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A New Control System of Groundwater Resource
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ABSTRACT. The suppression of land subsidence has enforced as to keep a constant challenge
in control and management of groundwater resource during the last few decades. The Northern
part of the Kanto basin has been one of the most seriously affected areas by land subsidence in
Japan. The continuously increasing trend of subsidence in this region has disclosed the
inadequacy of traditional monitoring and management procedures. This paper proposes a new
performance of recently introduced telemeter data and its application technique to realize real
time active measures against heavy land subsidence due to abnormal groundwater pumping
during drought season. A methodology to determine management criterion for localized sub-
basin through analyzing observed data over the past 7 years and a new management procedure
for sustainable utilization of groundwater resource are suggested.

KEY WORDS: groundwater resource, telemeter system, land subsidence, drought season

INTRODUCTION

Various problems related to groundwater resource use have arisen in many areas in Japan since
the late of 1930’s [1]. Land subsidence can be considered as one of the most important
groundwater problems that cause unacceptably serious damages, especially, to infrastructures and
environment. An accelerated trend of land subsidence in industrialization and urbanization
became the social topic in 1950-1965 after the World War II, obviously due to the increased
demand of groundwater with economic restoration. This trend later calmed down at some
designated areas by virtue of new rules of groundwater pumping restriction and development of
new surface water resources [2].

Recently, the increased frequency of weather fluctuation has resulted in serious period of
shortage in surface water resources. This has initiated an extra demand for groundwater and
brought about an unexpected impact on subsidence, accordingly. Traditionally, the accustomed
procedure for managing groundwater resource has been based on a set of groundwater and land
subsidence data produced by mechanical plotters and manual processing at an interval of few
months to feed the results back to the field of concern.

The incessantly increasing trend of land subsidence in Northern Kanto basin has consequently
pointed out several problems such a traditional procedure to control the subsidence phenomenon
appearing in a relatively short period during drought season. The Environmental Agency, Japan
has recently introduced new real time telemeter systems into five monitoring stations in Saitama
basin to collect groundwater level and land subsidence data. The objective of the paper is to
present a new concept and its operational procedure by telemeter systems, and to propose the
feasibility of this system to mitigate heavy land subsidence caused by abnormal pumpage during
drought season.
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OBSERVATION METHODS AND TELEMETER SYSTEM

At present, many traditional observation wells are being utilized to monitor groundwater level
and land subsidence in Saitama basin. Five observation wells are equipped with telemeter
systems to cover most rigorously affected areas in the basin. Fig. 1 gives the location map of
observation wells with and without telemeter system which also keep groundwater level and land
subsidence records using mechanical plotters. Fig. 2 shows a schematic diagram and system
hardware of an observation well equipped with a telemeter system.

A traditional observation well constitutes a mechanical float in the inner pipe of bored well, a
displacement meter mounted on the inner pipe separated from the movement of the bored well
and mechanical plotters. In the case of an observation well equipped with a telemeter system, the
groundwater level and land subsidence data sensed by the float and vertical displacement meter,
respectively, are first directed to an A/D converter and temporarily stored in a digital data logger
in each well. These data in binary format are periodically sent by a MODEM through

Fig. 2. Telemeter system : Schematic diagram of data collection
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telecommunication line to a personal computer in the Atmosphere and Water Quality Protection
Section, Saitama Prefectural Government. These data are necessarily modified by several
software prepared for data processing. The present behavior of groundwater level and land
subsidence in each locality is detected on line and then fed for the decision making on necessary
management, such as pumping volume reduction, redistribution of local pumping rates etc.
Official message for self-control of groundwater use will be distributed to all well operators and
other related organizations through Internet via a data server at the Prefectural Government (Fig.
3.). A facsimile system is also available.

Fig. 3 Concept of management procedure
PRACTICE AND PROCEDURE OF GROUNDWATER CONTROL

During the last few decades, the groundwater management practice in Japan, in general, and in
Kanto basin specifically, has been based on a long-term management policy in aiming at the
development of new surface water resource in place of reduction of excessive groundwater use.
The policy, however, has not always been adequate for settling land subsidence, because strong
and abrupt land subsidence during drought season occurred due to much groundwater use in a
short time. The groundwater control by telemeter system is available for minimizing severe land
subsidence in drought season. A new control system of groundwater resource in Saitama Basin,
Japan is worth special mention.

The project area has been divided into four control areas (sub-basins), each covering an
approximately equal land area of similar hydrologic characteristics. An observation well
equipped with telemeter system and centrally located in each control area is representatively
designated to identify present characteristics of groundwater level fluctuation and land
subsidence as shown in Fig. 4. Past records of groundwater level and land subsidence are
extensively analyzed to ascertain the correlation and interdependency between two phenomena

[3].

Control and management during drought season is achieved by a higher groundwater depth (h;)
than a critical one (h;) through imposing pumping restriction. An operational manual is drafted
to establish the following stages of water management in response to different groundwater
conditions in different control areas. The less restricted stage imposes a slight reduction of
pumping rate. More strong restriction will be applied to regions where groundwater level and
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Fig. 4. Demarcation of control area

land subsidence trends are unacceptable. Management criteria in terms of depth of groundwater
table for each control area have been determined by referring to data observed over the past 7
years.

The forecast of future trend of groundwater level is of the utmost concern to us when sending
warning message to all groundwater users. The distribution of warning message and related
information to all groundwater users will be carried out through Internet, e-mail, and facsimile
etc. Groundwater management practice through telemeter data requires a consistent cooperative
participation of groundwater users, and popularization of the system will be also needed.

CONCLUDING REMARKS

An approach based on telemetry to manage groundwater resource and to mitigate land
subsidence during drought season is discussed. The real time operation through telemeter system
in Saitama basin will attain a positive measure to optimize groundwater resource in future.
Management criteria in terms of depth to groundwater table have been determined for each
control area by referring to past data. The approach ensures a stable groundwater use not only for
short-term groundwater management but also for long term one to develop a sustainable
groundwater use policy.

The authors would like to express their sincere gratitude to Saitama Prefectural Government for
the support and generosity extended to materialize this study.
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ABSTRACT Groundwater protection becomes a matter of current interest mostly when a polluting
incident occurs. Recently, different approaches to define groundwater preventive measures have
been developed in the domain of hydrogeological investigations. They mainly serve to evidence
compliance with the legal regulations, while quality protection is undertaken only when a polluted
area or endangered groundwater bodies have to be treated (e.g. accidental contamination of: the
groundwater in the Pozega railway station area, of the Belgrade water source from the direction of
the Makis marshalling yard, of the "Mediana" water source from the direction of the "Electronic
industry” in the town of Nis, etc). This paper helps to identify possibilities for a quality
hydrogeological approach to design a modern groundwater protection system, which is particularly
important in the zones of transport infrastructure (railways, highways), dump areas, landfills with
adequate sanitary measures and disposal areas for industrial wastes, etc., and particularly in the
urban areas communicating with, or adjacent to existing, or potential, groundwater source zones.

KEY WORDS: groundwater protection, hydrogeology, sources, urban development

INTRODUCTION

Since 1984, when an incidental spillage of a great quantity of xylene happened in "Makis -
Belgrade" marshalling yard (Fig. 1), Geotechnics Division of Institute of Transportation, Belgrade,
has been continually performing certain research/study hydrogeological investigations,
synchronized with extensive remedial measures in order to define groundwater and surface water
pollution in the wide zone of the marshalling yard, transform pollutants and physically migrate
them. In the last Phase V investigations (1995/96) a pilot monitoring system was established to
periodically monitor the groundwater and surface water regime and quality, and after this, an active
groundwater quality monitoring system was proposed on the basis of a Work Resumption
Programme. According to these results since 1997, Jaroslav Cerni Institute for Development of
Water Resources, Belgrade, Yugoslavia has been speeding the possibility of developing a new
modern methodology of specific detailed hydrogeological investigations for establishing
groundwater monitoring stations around all ‘dirty’ structures in the urban zones of Belgrade,
especially Makis alluvial area between Belgrade-Obrenovac highway and the main zone of
Belgrade source on the right hand bank of Sava river. This paper presents an example from our
experience, a part of the results and scope of performed hydrogeological investigations needed to
place and test the first pilot monitoring stations for the groundwater quality regime in the
background of the part of Belgrade water resource.

THE CONCEPT AND SCOPE OF PERFORMED INVESTIGATIONS

Groundwater protection is generally presented by a set of prevention and treatment procedures and
measures, which should primarily prevent pollution from occurring, particularly in water source
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zones and on the ground containing considerable groundwater accumulation. Complex and
comprehensive methods for solving concrete problems directly depend on the geological structure,
i.e. the hydrogeological properties of rock; namely, it is necessary to investigate the terrain
thoroughly. This calls for development of appropriate and concrete methodology for
hydrogeological investigations in full accordance with the local conditions. The investigations
themselves were reliably and in a modern way designed to enable a determination of the main
hydrogeological parameters for the investigated area, definition of the nature and optimum number
and technical characteristics of the groundwater monitoring system and structures, finding the way
to achieve the rational operation by testing of the first pilot model of monitoring system and give a
quality forecast of the system operation in the future.

Fig. 1. Situation map with all hydrogeological structures in the wide investigated area
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The investigation programme comprised the following:

* A detailed reconnaissance of the site in a wider area of investigation, hydrogeological mapping
and registration of all the existing water structures, their stage, output and other characteristics;

* Boring of ten new piezometric holes (Fig.1.) down to the impervious strata (approximately 25 m
per one structure) in order to define all local hydrogeological characteristics of the ground and
the key hydrogeological parameters of the analyzed aquifer;

* Recording and land registering of all active and potential pollutants, which are in indirect or
direct connection with the water source zone, especially the present facilities in marshalling yard
and surrounds, frequency and quantity of toxic materials transport on the highway and the like,
and to understand the way in which the structures and people function and might, for some
reasons, cause any other groundwater quality degradation.

* Determination of detailed hydrogeological characteristics in the zone of extensive and immediate
protection:

- The aquifer type and its potential,

- The infiltration characteristics and geometry of the aquifer complex, and the capacity of
the present water intake structures and the water source in the zone of Makis,

- Conditions of groundwater recharge, migration and outflow,

- Detailed infiltration characteristics and position of the roof/surface complex, in the zone of
impact of the water source, particularly at the highway belt and at the contact of
marshalling yard and base alluvial complex,

- The groundwater table regime, and hydrodynamic relations between surface and ground
waters,

- In the field and laboratory, the transporting velocity of several expected pollutants through
the protective, roof humus-clay soil complex and aquifer complex, were analyzed and also
the sorption, dispersion and other parameters, and pollutant transformation,

- "Zero state" of hydrochemical groundwater parameters were analyzed to determine four
parameters, which should be continually monitored over one year period.

The results of the investigations, designed and performed as described above offered a basis for
scheduling the best possible conditions for placing the ‘pilot model’ of groundwater monitoring
station. In the first step, the results of previous field investigations and laboratory tests were
systematized. Then hydrogeological, hydrochemical, hydrodynamical and other basic data were
interpreted as well as the results of earlier hydrogeological investigations preceding the opening of
the Belgrade source in the zone of Makis. Finally, a complex analysis and synthesis of the collected
data was done and the best technical solutions for groundwater monitoring were defined.

BASE HYDROGEOLOGICAL CHARACTERISTICS OF THE TERRAIN

The alluvial region on the right hand bank of the Sava river, in the south part of Belgrade (Fig. 1),
covers an area of about 10 km”. With regard to geomorphology the said region is in the form of a
gentle plateau, average altitude 73 m above sea level. In some parts, the terrain is marshy or
contains traces of the old meliorate channels or meanders of the Zeleznicka river, which flows
through the central part of the terrain. From the Sava river basin to the east, the terrain gently rises
towards the marshalling yard 78 m above sea level and further eastwards passes into steep hilly
background of Zarkovo and Zeleznik with their highest crests rising to altitude 130-171 m above
sea level. A distinctive characteristic of the region is its moderate continental climate. Mean
precipitation according to the records of the hydrometeorologic station in Belgrade for the period
1965-1994 amounted to 781 mm. The hydrographic network consists of the Sava river stream and
several minor permanent surface streams of which the most significant ones are Zeleznicka and
Topciderska rivers. Alluvial sediments occur everywhere in the region varying in depth between 10
and 25 m. They are represented by sandy gravel and sands in which the main water-bearing
environment is formed, while the roof ground complex, conditionally of low permeability is made



22

of humified sands - clays and silts of different thickness. The confined aquifer is replenished with
atmospheric and surface water percolating through the diluvial and proluvial sediments on the
eastern flanks of Zarkovo and from the Sava river in the southern part of terrain.

The natural direction of groundwater flowout is towards the southwest sections of the Sava river,
with variation that depends on the exploitation in Ranney wells of Belgrade source. The confined
aquifer regime in the sand-gravel complex on one part and the small depth (less than 3 m) and
filtering properties of the roof protective complex on the other part may have a direct effect on the
quality of groundwater.

GROUNDWATER MONITORING STATIONS

Initial steps in the hydrogeological investigations of the Sava river alluvium, in the zone of
Belgrade-Obrenovac highway and Makis marshalling yard, were to compose a register of all the
existing water intake structures (wells, piezometers) and a register of active and potential
contaminants from the highway transport and within the railway facilities that may directly or
indirectly cause degradation of groundwater quality in the future, and to have the above actions
systematically monitored. Subsequent hydrogeological activities were focused on the identification
of general hydrogeological and hydrochemical parameters, geometry and percolating properties of
the roof complex and groundwater quality in the aquifer.

When all the piezometer boreholes from the earlier investigation phases (1982-1994) were
prospected and their functional properties were determined, work started to make ten new
piezometers and form a network of a total of 40 observation stations. Afterwards the hydrochemical
zero quality of groundwater was to be determined. Several physical chemical parameters were
selected and successively monitored over time. These were temperature, conductivity, pH, xylene
concentrations, Fe ions, Mn ions, phenol and ammonia. Some of these parameters were monitored
by digital measurements at each 0.50 m of the water column in the network of observation stations -
piezometers while the others were monitored by taking water samples and performing dedicated
chemical analysis. To monitor xylene concentrations, beside laboratory analysis a special probe was
constructed to measure variations in specific electrical resistivity of groundwater. There were ten
series of measurements in the course of one year.
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Results, selected for this presentation are from one serie of conductivity, resistivity and temperature
monitoring on a pilot monitoring station MP-1, shown in Fig. 2 & 3. By continual monitoring of
groundwater temperature regimes in plan and profile, it was stated that there were zones and
localities where surface water from the existing meliorate channel network directly infiltrated into
the underground. All the results obtained indicate that in the process of a pilot monitor station
installation it was justified to carry out detailed hydrogeological investigations that enabled rational
selection of appropriate modern measuring equipment and technology for continuous monitoring of
the selected parameters of groundwater quality. To this end, a specific stations were designed and

put into operation, enabling start-up of observations in 1998 (MP-2 and MP-3 shown on Fig. 1).
LEGEND:

2000 Groundwater conductivity isoline at the water table ( ¢ = 100 p S/cm)

Fig. 3. Map of groundwater conductivity isolines at the water table measured on Dec.17, 1996

GROUNDWATER MONITORING SYSTEM - BASIC FEATURES AND FUNCTIONS

The essence of a groundwater quality monitoring system in road belts is a modem, rational,
effective and permanent water quality control, a way to direct all activities in the domain of
preventive protection against degradation and pollution, to find, in incidental cases, effective and
adequate remedial measures, and to monitor and control the aftermath of incidents. With regard to
the zones of large important water supply or perspective systems and regional water sources, which
are tangent by highways, the Monitoring System would unite functions of a large number of
services and institutions that are responsible for the monitoring and guidance of the system, while
with regard to minor water sources or prospective regions, only the basic segment of a hydro-
ecological station and control module would suffice.

The basic parts of the Monitoring System are:

1)  Hydro-ecological gauging stations (MP-2 and MP-3, Fig. 1), hydrogeological investigation
team, authorized control chemical laboratory and a technical service for work coordination,

2)  Module to control and manage the Monitoring System,

3)  Authorities and a network of interrelated users and participants in the system operation.

A hydro-ecological monitoring station or a cluster of them depending on the area to be protected
must be located between the risk zone of contamination and the water structures in use (wells,
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galleries, intake structures, terrain to protect, etc). That is, in fact, a standard investigation
piezometer ¢ 146/110 mm borehole. The equipment and type of piezometer depend primarily on the
lithology and type of water intake structures in the zone of water sources. After placing the
piezometer construction, special waterproofing and heat insulating material are inserted in the
manhole at the top. A digital instrument or logger for measuring the temperature, pH values, O,
concentration, turbidity, conductivity, specific electrical resistivity, and a device for automatic
continual groundwater table gauging are inserted, and lowered to the piezometer level through
special measuring tips. The gauging device are fed with power via conductor or from a generator set
suitable for continuous operation of minimum six months. An A/D converter (analog-digital) for
signal conversion, and an independent modem device for direct, wireless connection to standard
phone or GSM link are integral parts of this device. Authorized chemical laboratory for monitoring
the hydro-ecological station in operation serves for permanent surveillance and identification of
irregularities, if any, then for groundwater sampling, detailed laboratory analysis and indications to
the control module of the type of measures to be undertaken with regard to quality. A PC server
with a wide network of computer terminals will be incorporated in the control module to serve for a
complete control of the Monitoring system. They will have a constant modem connection with a
network of interrelated users. For the operation of the system it will be necessary to prepare control-
information software containing an active analytical and graphic database on all the parameters of
the system functioning, and a processing control module for controlling, managing the system and
automatic signaling of even minor incidents or changes in the groundwater quality.

An additional part of the system will be a network of interrelated users, that will be able to have at
any moment precise information about the groundwater quality, about any adequate protection
measures undertaken, and in incidental cases about other effective measures undertaken to solve the
problem. This network will be available to all educational and scientific institutions, professional
and other teams, allowing them to further their developments in the environmental field, and use
their experience wherever needed. This system will also be open and available to the media, that
will accurately and timely inform the public. The system is getting preventive and educational
character, then.

CONCLUSIVE REMARKS

Specific hydrogeological investigations in the process of groundwater protection should be essential
for the establishment of an active groundwater quality monitoring system in the urban zones,
especially industrial areas, which will be a base for defining conditions for preventive groundwater
protection, prospective expansion of the existing water sources and opening of new ones. In the
present water supply systems this should become the framework, for global environmental
protection in the future. If opposite, with further traffic and local industrial development, and new
economic trends a situation may arise, that, after 2000, many important and potential groundwater
sources may not be adequately exploited in spite of their considerable capacity.
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Modeling Density-Driven Groundwater Flow in Vertical
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Abstract: Density gradients in fluid systems can induce complex flow patterns that are different
from the constant density situation. These effects are increasingly studied using numerical models.
In order not to be additionally affected by complex three dimensional phenomena, it is
recommended to focus on two-dimensional models in vertical cross-sections. In order to set up
successful field models codes need to be tested first on established benchmarks. Results for the
Elder test case are presented in detail. Other test-cases are mentioned.

Key Words: Density-driven flow, Buoyancy effects, Groundwater, Modeling, Saltwater,
Convection, Heat flux

INTRODUCTION

Usually, when groundwater flow is investigated, density effects can be ignored. The main reason is
that density gradients are very low. In constant density fluids flow is not influenced by density. But
density-driven flow patterns can emerge in natural systems under certainly not rare conditions. A
necessary condition is that there are gradients in salinity or temperature. In the following I list
some typical circumstances in which those gradients are present:

¢ in coastal regions, where continental fresh water comes into contact with saline sea-water

¢ in the vicinity of salt-lakes or other saline ground surface bodies, like salt-marches or salt-crusts
e inregions with sub-surface salt-formations, like salt-layers, salt-domes, embedded salt

e in regions with salinization at the ground surface, for example due to irrigation

e in regions with appearance of hot subsurface water, like in hot-spring reserves

¢ in the contact between (almost) constant temperature groundwater and seasonally heated/cooled
surface water

e when water of different temperature is discharged into the subsurface, like in cold/hot-water
storage

e when heat is extracted from the subsurface, as in heat-pumps

The list is probably not complete. Sometimes a combination of reasons is found that cause density
differences and may lead to density-driven flow patterns. Thermohaline phenomena emerge when
both salinity and temperature gradients are present in a system.

Looking back at groundwater modeling and code development in the last decade, it is obvious that
density-driven flow has attracted the attention of most advanced modelers. The irritating feature is
that expectations on a density-driven flow model are sometimes higher than expectations on usual
flow models.
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ANALYSIS

The situation in variable density flow patterns is characterized by an interaction between flow and
transport processes. In usual situations with constant density flow and transport can be treated
separately.

Flow in porous media can be described by a single differential equation:
a k
= V-(p;(Vp—Pg))

with porosity ¢, density p, dynamic viscosity g, permeability tensor k, pressure p and gravity
vector g. The equation can be derived from the principle of fluid mass conservation and from
Darcy’s Law. Salt transport can as well be described by a single differential equation:

%((ppc) =V. (p(—vc + (pDVc))

with salinity ¢, (Darcy-) velocity vector v and dispersion tensor D. The transport equation results
from the principle of salt mass conservation and from a generalized Fick’s Law. In the
generalization the diffusivity is replaced by the so-called dispersion tensor

)

with diffusivity D, longitudinal dispersivity oy, transversal dispersivity o, amount of velocity u
and velocity components u;, . In order to account for effects from temperature gradients the
energy equation has to be considered additionally:

Uit j

D=(D,])=[(D+a7-u)6,j +(a;-ar) u’

%((pc)‘ T)=V-(-pCvT +AVT)
with temperature T, specific heat capacity of porous medium (pC)’, specific heat capacity of water
pC and thermal conductivity A. The equation is derived from Fourier’s Law and the principle of
energy conservation. More details on the derivation of the equations, on simplifications and
alternative formulations can be found in Holzbecher (1998). One example: as alternative to the
pressure formulation given above the flow equation can be stated in terms of generalized hydraulic
head or in terms of streamfunction. The latter alternative is preferred when flow is described in
vertical cross-sections and variables are transformed into dimensionless form. For genuine saline
or thermal problems the set of differential equations then becomes:

V2 = +Re.- 28
dx
v 2% 39 3¥30 20
o9 9z 9dz dx o

with streamfunction ¥ and normalized salinity or temperature. As only input parameter the

% remains.

dimensionless Rayleigh number Ra =
Several boundary conditions are required on the boundaries. One of flow conditions has to be
stated at all locations along the boundary; one transport condition concerns salinity, another
temperature.

Depending on the application different types of boundary conditions have to be specified. Most
common are Dirichlet- (1™ type) and Neumann (2™ type) boundary conditions. Note that the type
of boundary condition is different for the different alternative formulations.
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Together with the equations of state in which density and viscosity are given as functions of

salinity, and boundary conditions the three differential equations form a nonlinear mathematical
problem.

MODELING

As solutions for the problems can hardly be given in an analytical form, these have to be tackled
on a computer with use of numerical methods.

Several codes are available which help users to set up their own models of density-driven flow.
The FAST-C(2D) code was developed by the author and is described in detail in [1]. The code is
based on the streamfunction formulation mentioned above. Some features of the FAST-C(2D)
code can be found in references from the author cited below. Modelers use the GeoShell graphical
user interfaces to provide input and control data for the simulation code [2,3].

A list of codes other than FAST-C(2D) that can be used to set up models for variable density flow
can be found in the internet at address: http://www.igb-berlin.de/www/abt1/book2/book2.htm

EXPERIMENTS

Several laboratory experiments have been set up in order to investigate density-driven flow. It is
only one aspect that real situations can be represented in an idealized form in experiments in a
handy scale and under controlled conditions. Another aspect is that numerical models can be
validated easier on experimental set-ups.

A classical experiment for density-driven flow is the Elder experiment, in which a Hele-Shaw cell
is partially heated from below [4]. Boundary conditions are discussed in [5].

Fig. 1 shows isotherms and streamfunction contours in a half system. Two eddies emerge from
the initial no-flow isothermal situation gradually gaining strength. In the original publication [4] in
the final state, representing 20 s after turning on the heater, graphical output shows only one eddy
in the half system. Results presented here were obtained with refined grid and improved numerical
methods. Figures show flow development in a vertical cross-section, partially heated from below.
Six different times are represented in the lines starting form the top. The right figure in each line
depicts isotherms. The left figure shows streamfunction contours. Unbroken lines represent
positive values and anti-clockwise rotation, solid lines represent negative values and clockwise
rotation. Bold zero valued contour is the borderline between the two eddies which emerge with
proceeding time.

Several numerical experiments for density-driven flow are reported in scientific publications.
Aside from the aim to gain insight into an application case, these experiments are test-cases for
developers of new codes for density-driven flow and transport. Some of these are:

Free steady convection in porous media [1, 7, 8, 9]

Oscillating convection in porous media (1, 10]

Horizontal heat and mass transfer [1]

Henry’s problem of saltwater intrusion [1, 11]

Saltwater upconing [1, 12, 13]

Salt-dome problem [, 14, 15, 16, 17]

Salt-lake problem [1, 18, 19, 20]

Geothermal flow [1, 21]

* & & & ¢ o o o
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Fig. 1: Model of the Elder heat experiment, set-up and calculated with FAST-C(2D) code
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APPLICATIONS

Models for density-driven flow in porous media have been used in application cases. One of the
main fields in which such models are applied, is seawater intrusion [22]. In the Henry problem a
salt-water wedge enters from the seaside at the bottom of an aquifer (see [1,11]). Driving force for
that phenomenon well known from coastal shorelines all over the world is increased density of
seawater in relation to fresh water.

With a simple set-up, similar to the one used in the Henry problem, Holzbecher and Kitaoka were
able to estimate land subsidence that occurred during an earthquake from increased penetration of
the salt-water wedge after the event [23]. As an early example for a field situation the model was
quite successful. For the simulation the FAST-C(2D) code was applied.

A more complex model, using FAST-C(2D) was constructed in order to model salt-water intrusion
from the Mediterranean into the Nile-delta aquifer [24, 25]. The center cross-section through the
middle of the delta from Cairo in the south to the Mediterranean in the north was modeled. It could
be shown that saltwater intrusion in it’s current state is not problematic, but could become a
problem when groundwater pumping rates in the delta will be increased in the future.

The current situation shows that modeling obviously becomes increasingly accepted even for
relatively complex phenomena as density-driven flow. Nevertheless the success of the models
depends very much on the accuracy and quality of the codes. The codes in turn have to be
benchmarked on well established test cases. It is a task of the scientific/technical community to
set-up and work-out convenient test-cases. In order to enhance the success of models it is a need
that scientists and funding agencies become more aware of this task.
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Macroscopic Monitoring of Deep Underground Fluid Flow
by Repeat Gravity Measurements
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ABSTRACT. Repeat gravity measurements have been conducted at four geothermal fields
(Takigami, Hatchobaru, Oguni and Yamagawa geothermal fields) and an erupting volcano (Kuju
volcano) in Kyushu, Japan for recent several years, in order to monitor the movement of tl'lle
deep underground geothermal fluid. Common features of gravity changes were detected at both
geothermal fields and an erupting volcano. In the production zones or near the active crater,
gravity decreased rapidly just after production of geothermal fluid or the phreatic eruption and
then rather rapidly increased. After that, fravity decreased gradually and finally became stable.
In the reinjection zones, gravity increased a little just after the reinjection of wasted geothermal
fluid and after that did not change so much. Such a pattern of gravity change shows that the
deep underground fluid flow may rebuild a new hydrological equilibrium state after the
commencement of production and reinjection of geothermal fluid or the phreatic eruption. The
repeat gravity measurement is concluded one of an effective method to monitor the deep
underground hydrological system macroscopically.

Key word. Gravity change, Repeat gravity measurements, Fluid flow monitoring, Multivariate
regression model

INTRODUCTION

The production and reinjection of geothermal fluid cause mass fluid movement. These mass
redistributions reveal measurable gravity changes at the surface of the earth. Repeat gravity
measurements have been carried out in some geothermal fields. Gravity gave its decrement
about 1000ugal after 30 years in the Wairakei geothermal field, New Zealand [1].

A strong qualitative correlation has been observed both in the pressure change and gravity
change at the Hatchobaru geothermal field, Oita, Japan [2], but quantitative corre%ation are poor.
The observed gravity change depends significantly on changes in shallow groundwater level
change [3]. It is necessary to eliminate SUC%I effects gefore a p%ying repeat gravity measurements
for the monitoring of the deep underground geothermal fluid movement.

The authors started the repeat gravity measurements at the Takigami geothermal field before the
geothermal exploitation. We estimated the gravity changes caused by the seasonal changes of
the shallow groundwater level using a multivariate regression model and eliminated this effect
in order to extract the gravity changes associated with the production and reinjection of deep
underground geotherma ﬂuidy

REPEAT GRAVITY MEASUREMENTS

We have been regularly making rcﬁeat gravity measurements at four geothermal fields and an
erupted volcano: Takigami, Hatchobaru, Oguni and Kuju volcano (central Kyushu) and
Yamagawa (southern Kyushu)(Fig. 1). We used Scintrex CG-3 and CG-3M gravimeters to
measure precise gravity change. At each geothermal field, repeat gravity measurements were
made at intervals of a few weeks to several months. The two-way measurement method was
used to evaluate the instrumental drift and precision; we estimated the errors of observation as
£ 10 pgal at each study field.
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Fig. 1. Study fields for repeat gravity measurements in Kyushu, Japan

GRAVITY CHANGES and DISCUSSIONS

Takigami Geothermal Field. Takigami geothermal field is located in the southwestern part of

Oita Prefecture, central Kyushu, Japan (Fig. 1). The Takigami geothermal power station

§25MW) was completed in November 1996. We started repeat gravity measurements in May
991, at 26 observation stations.

We determined the gravity changes caused by the seasonal changes of the shallow groundwater
level using a multivariate regression modely [4]. This enabled us to eliminate the effects of
shallow groundwater level changes and so extract the gravity changes associated with the
production and reinjection of geothermal fluid (Fig. 2).
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Fig. 2. Comparison between the observed and estimated gravity changes at the Takigami
geothermal field. (a): in the production zone, (b):in the reinjection zone.

The residual gravity (due to production and reinjection effects), taken as the difference between
the observed and the calculated gravity effect of groundwater level changes at each observation
station, can be subdivided into four types of response. The data suggest there were decreases of
residual gravity (up to 40 pgal) in the production zone and increases of residual gravity (up to
10 pgal) in the reinjection zone just after the production and reinjection started [4] (Fig. 3).
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Fig. 3. Contour map of the gravity changes, for which the effect of precipitation has been
eliminated, at the Takigami

Hatchobaru Geothermal Field. Hatchobaru geothermal field is located Skm northwest of Kuju
volcano, central Kyushu. At this site, Hatchobaru No. 1 unit (55MW) was completed in June
1977, and Hatchobaru No. 2 unit (SSMW) was completed June 1990. We started repeat gravity
measurements in May 1990 just before the commencement of operation of the No. 2 unit. There
are 44 observation stations for repeat gravity measurements.

Increases in gravity were observed in the reinjection zone and part of the production zone just
after the commencement of No. 2 unit. After that, a rapid decrease of gravity (up to 200 pgal)
was observed in production area (Fig. 4).

Fig. 4. Example of gravity change at the Hatchobaru geothermal field. (a): in the reinjection
zone, (b):in the production zone.
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Fig. 5. Contour map of the gravity changes at the Hatchobaru geothermal Field from June 1990
to November 1992.

£ vouwur Liap oOr gravity change (from June 1990 to November 1992)(Fig. 5) shows there is the
zone of gravity decrease around the production zone, especially towards to southern part of
production zone.

Leveling surveys showed that vertical ground movements ranged from —15mm to +35mm from
August 1990 to March 1996. Assuming a free-air gradient of -308.6ugal/m, this ground
movement caused about —10 to +5ugal o gravitf' change [2]. Therefore, the effect of vertical
ground movement on observed gravity is negligible.

The pattern of gravity change in the production zone is very similar to that of reservoir pressure,
and there is good correlation (>0.8) between gravity change and reservoir pressure [2]. This
result shows that the decrease of gravity in the production zone reflects the net mass loss in the
I€SETVOir.

Application of Gauss’s Potential Theorem [5] to gravity changes gives quantitative estimate of
the mass changes. Based on the produced and reinjected mass and the values of the net mass
change, we calculate there has been a natural mass recharge of 16.3Mt (Fig. 6).
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Fig. 6. Mass balance in the production and reinjection zones at the Hatchobaru geothermal field.

Oguni geothermal field. Oguni geothermal field is located in the northeast part of Kumamoto
Prefecture. We started repeat gravity measurements in September 1993, at 28 observation
stations. In this field, we try to grasp the background gravity changes before development to
estimate the background gravity change by applying a statistical technique.

Gravity changes (ug to 170pgal) were observed from September 1993 to August 1997.
Examination of the data shows there is a good correlation of gravity with precipitation, with a
phase lag of about 6 months exists. As a result, these gravity changes are attributed to changes
of shallow ground water level.

Yamagawa geothermal field. Yamagawa geothermal field is located southern Kyushu. The
Yamagawa power station (30MW) was completed in March 1995.We started repeat gravity
measurements in June 1996, at 22 observation stations, and we have repeated gravity
measurements at an interval of about three months.

These gravity changes can be subdivided into two types of response. On one hand, the gravity
changes seasonally, and there is good correlation between the gravity changes and shallow
ground water level changes. This type is located in the southern part of the field. This type is
attributed to changes of tﬁe shallow ground water level change.

On the other hand, the stations that are located in the northern part of the field, show increases
of gravity from June 1996 to August 1997 and decreases from August 1997 to December 1997.
There is poor correlation between gravity changes and ground water level changes.

Kuju volcano. Kuju volcano, central Kyushu, began to erupt on 11 October 1995. And the
second eruptions occurred in December 1995. After that, no eruptions occurred, but crater
activities still continue. Precisely repeated gravity survey began from 14 October 1995, every
two weeks to clarify gravity changes caused by eruption.

Gravity decreases up to 90 pgal, were detected in the gravity stations around the new craters in
the period from 19 October 1995 to 13 January 1996 (Fig. 72). After that, the rate of gravity
decrease became smaller. This rapid gravity decreases may be attributed to changes of the
shallow ground water level by the vaporization of ground water heated by the magmatic fluid.
Recent gravity changes about three years after tﬁe eruption may be attributed to seasonal
variation of ground water level.
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Fig. 7. Example of gravity change at the Hatchobaru geothermal field. (a): distant from the new
craters, (b):near the new craters.

Estimation of underground mass balance that is mainly water, based on Gauss’s theorem shows
that the ground water rechar%le from the region around new craters is increasing after the
eruption and about three months after, the underground water flow is gradually reaching to the
equilibrium state.

CONCLUSIONS

We have conducted repeat %ravity measurements at four geothermal fields and an erupting
volcano. Especially, in the Takigami geothermal field, we estimated the background gravity
change that is caused by seasonal changes of shallow ground water level by using the
multivariate regression model relating gravity to precipitation. As a result, we were able to
estimate the back ground gravity change with an accuracy of *20ugal. We can use the
correlation to eliminate the effect of the background gravity change. Residual gravity increases
of up to 10 pgal were detected in the reinjection zone, and residuaFgravity decreases of up to 40
ugal were detected in the production zone. These residual gravity changes are consistent with
the changes in mass balance in the geothermal reservoir. Thus, the effects of field operations can
be isolated, even for fields with relating low production rates like Takigami. These estimation
and the results of repeat gravity measurements show that repeat gravity measurements is an
effective method to monitor the underground hydrological systems.
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ABSTRACT

The regions of this research, in Tokushima Prefecture, have been blessed with abundant
groundwater since ancient times. Therefore, until quite recently the amount of groundwater
available for use was substantial. Now, however, groundwater levels are declining and water
quality is worsening in several zones.

Therefore, it was recognized that a comprehensive investigation of groundwater activity was a
most urgent subject. And secondly, the future predictions of negative effects of water use must
be accelerated.

It was collected as much as possible through field investigation, data of precipitation, discharge
of river flows, water levels at observation wells and pumping volumes.

Several hydraulic analyses were carried out based on the survey data in order to clarify the
characteristics of groundwater hydraulics in this area.

KEY WORDS: field investigation, fluctuation of water level
saline concentration, correlation analysis

INTRODUCTION

From the National Land Agency, the amount of water use in 1994 in Japan, was estimated at
about 90.8 billion m’, and judging from the origins of the water resources, river water accounted
for about 77. 8 billion m® (85.7% of the national total), whilst groundwater accounted for about
13.0 billion m* (14.3%). In addition, other groundwater was 3pumped for fishery purposes and for
buildings cooling. The volumes used were 1.8 billion m” and 0.98 billion m”, respectively.
Therefore, the total volume of groundwater use amounts to about 15.77 billion m’, with the
following breakdown; municipal use 25.7%, industrial use 32.1% agricultural use 24.6%, fishery
use 11.4% and building cooling use 6.2%.

In the alluvial plain of the eastern part of Tokushima Prefecture, the region studied in this
investigation, there was always sufficient groundwater and riverbed water and so rates of
pumping have been quite large since early times. But, recently, the decline in groundwater level
and the worsening of water quality are appearing in some regions of this prefecture. It seems that
the above-mentioned phenomena are caused by a change in groundwater runoff in facts such as
the change in hydrological and meteorological conditions, the transition of water usage, and the
progress of river improvements. Therefore, it has been recognized as an urgent subject to
estimate an accurate existence of groundwater, to forecast a highly precise future impact, and to
propose prevention or reduction means against groundwater obstacles.

GENERAL CONDITIONS OF THE REGION INVESTIGATED

Geographical and Geological Condition of Tokushima Plain

In this region, both the Yoshino River and the Naka River flow eastward into and the Seto-
Inland Sea. The Tokushima Alluvial Plain was formed by the accumulation of earth and sand
transported by river runoff.

These river systems are especially important from the viewpoint of national land conservation
and the national economy, so each has been designated as a Class A river by the Ministry of
Construction.

The drainage area of the Yoshino River is about 3750km?; its main length is 194km and its total
length is about 1600km. It ranks in 18-th order of drainage scale in Japan. On the other hand, the
Naka River falls within the middle scale range with a drainage area of 874km”, a main length of
125km and total length of about 360km.

The sub-surface geological strata are as follows: overlying basement rock which consists mainly
of Izumi-sand stone and Sanpagawa-crystal schist, there is alluvial gravel, termed the D-layer.
Above the D-layer, exists the so-called C-layer gravel which was formed about 18,000 years ago,
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and then above the C-layer, lies the B-layer consisting of silt and clay, which was formed about
6,000 years ago. The top stratum is the so-called A-layer formed by river sediments of mainly
sand and sandy-gravel. In the characteristics of hydrogeology of this region, the A-layer is an
unconfined aquifer, its-thickness is about 10~20m, the B-layer is an aquitard its thickness
increases toward the coast, and its maximum thickness is about 30m near the coast. These
aquitards are, however, exhausted both at about 22km upstream of the Yoshino River and about
8km upstream of the Naka River. Both the C-layer and D-layer are good aquifers. The thickness
of the C-layer is about 30~ 50m, and that of the D-layer is generally larger than the C-layer.

The groundwater existing in both the C-layer and D-layer is confined to the downstream regions
where the aquitard B-layer is located. The values of permeablllty coefficients obtalned by past
pumpmg tests, vary w1dely and are as follows. A- layer 9.8X10™*~2.64 X 10°cm/sec, B- -layer:
37X 10%~5.0X 10 Scm/sec, and C- -layer: 1.0X 102~4.75 X 10°cm/sec.

Precipitation and Discharge Conditions

Topographically, the steep Shikoku Mountains run east to west in the central part of Shikoku
Island. The climate is mild, and the yearly mean temperature is 15 to 17 °C. However, Shikoku
is frequently visited by baiu fronts and typhoons and is one of the most pluvial districts in Japan.
Annual precipitation reaches 2500 to 3500mm in the southern zone of the Shikoku Mountains
and 1200 to 1500mm in the northern zone. Because the drainage area of the Naka River lies in
the southern part of the Shikoku Mountains, the amount of precipitation exceeds 3000mm in the
upstream zone, and reaches 2000 to 2500mm in the downstream zone.

The discharge duration conditions of both rivers are shown in Table 1.

Table 1 Discharge duration conditions

Normal discharge Low discharge Drought discharge Annual mean Annual total
(185-day discharge)  (275-day discharge) (355-day discharge) discharge runoff
Yoshino River 3 3
. 65.53 44.19 29.55 123.01 (m°/s) AnX10°m’)  (1976~1995)
(Chuo-Bashi)
Naka River 3 5
28.55 14.48 7.49 66.63 (m’/s) 204X10°(m’) (1956 ~1991)
(Furusho)

The flood runoff of these rivers is generally sharp with high peak discharge within a short
duration. Though the annual precipitation is relatively large due to occasional torrents during the
typhoon season, the discharge of rivers is normally small in other seasons. Namely, drought
discharges of the Naka and Yoshino rivers are 7.49m’ /sec and 29.55m’ /sec respectively. And
the low discharges (275-day discharge) are 14.48m’/sec and 44.19m%/sec, respectively. As
shown in this table, the discharge conditions of the Yoshino River are relatively 3 or 4 times
more stable in comparison with those of the Naka River. The facts in the above-mentioned are
shown as the difference in coefficient values of each rivers regime, namely 900 and 256,
respectively.

GROUNDWATER INVESTIGATION AND CONSIDERATION

Investigated regions

The extensive area chosen as the object of the first study is shown in Fig. 1. It is a lowland about
40km* stretching from the Yoshino River Bridge (4.6km upstream from the river-mouth) to the
Nada Bridge (10.4km upstream) along the course of the Yoshino River. The 32 new observation
wells were chosen as an arrangement throughout this area in 1983. At seven observation wells,
A~G in Fig. 3, a daily monitoring of the groundwater level has been conducted by the Ministry
of Construction. [1]

The second extensive area covering the whole downstream basin of the Naka River is shown in
Fig. 2. It is also a lowland about 50km” stretching from the river-mouth to the Mochii Bridge
(11.2km upstream). This objective area was divided into three zones. Namely, the first is a
triangle zone lying between the Naka River and the Kuwano River, in which a great volume of
pumping is carried on, the second is the left bank side of the Naka River and the third is in the
southern part of the Kuwano River. As shown in Fig. 2, about 40 observation wells were chosen
to make an arrangement crosswise in this area. Furthermore, data of ten observation wells A~K,
in Fig. 2 were investigated by the public agencies of this district from 1981 to 1998 [2].



Fig. 2 Investigated region of the Naka River basin and
observation wells

Fluctuation in groundwater level

(1) Characteristics in the Yoshino River basin
Using data obtained for the Il-year period from 1974 to 1984, long term variation
characteristics of the unconfined groundwater in the A-layer of this basin were determined.
In Fig. 3, fluctuations in the monthly maximum groundwater level are shown by solid lines
and those of the monthly minimum by dotted lines together with monthly rainfall recorded
at the Tokushima Meteorological Observatory. Long term variations tendencies are shown
graphically in Fig. 4.
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Fluctuation characteristics based on these diagrams are as follows:

i)

ii)

iii)

The mean value for the total annual rainfall during 11 years, from 1974 to 1984,
1620mm, is somewhat small in comparison to, the average for the 30 years from 1941
to 1970 (1800mm). Therefore, the long term trend seems to be gradually decreasing.
Fluctuations in the groundwater level in the left side zone of the Yoshino River, show
that an increase in the water level takes place in summer and a decrease in winter, the
fluctuations agreeing with the varied pattern of rainfall. Because the most prominent
fluctuations are shown for wells B and C in Fig. 4 and the minimum groundwater level
for each well increases during the irrigation season, it seems that the groundwater
supply is in excess of its consumption, namely the amount used in groundwater
pumping in this area.

As shown by the fluctuations for wells E, F and G, there is a marked difference in
comparison with fluctuations at wells in the left-side zone. Because the minimum water
level during the irrigation season shows only a slight rise, the groundwater supply is
estimated as being less than the amount of water consumed. At well G in particular,
from 1977 to 1984, the highest water level appears in winter and the lowest in summer,
as evidence that the groundwater supply is not sufficient to meet the demands of
pumping in summer. These phenomena are called over-pumping of groundwater.
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(2) Characteristics in the Naka River basin
Using data obtained for the 15-year period from 1981 to 1995, the long term and middle
term variation characteristics of the groundwater are discussed. In Fig. 5, fluctuations of the
monthly mean groundwater level of each observation well (A-layer) and the monthly mean
river water level are shown curves with symbol numbers together with monthly rainfall.

And those in the monthly mean value of

each confined well (C-layer) are

discussed similarly.

Fluctuation characteristics based on

these diagrams are as follows;

i) The mean value for the total annual
rainfall during 15 years, from 1981
to 1995, is 1971mm. The value of a
drought year of this period, 1984, is °
1327mm and that of the wettest year,
1990, is 3003mm. Therefore, it is
evident that the range of
fluctuations in rainfall is fairly
large.

ii) The fluctuation pattern in the
groundwater level at shallow wells
(A, B) in the right side zone agrees
approximately with the varied
pattern of rainfall. But, judging
from the coefficient of simple
correlation between groundwater
and rainfall, it is not so large such
as 0.68 for well A, and 0.40 for well
B. On the other hand, the coefficients of
correlation for river water, are 0.80 for
A, and 0.53 for B, respectively, which
seem better responses than the former.

iii) As for the fluctuation in the groundwater level at well C in the left side zone, the
coefficient values for rainfall or river water are 0.72 or 0.75, respectively. And the
coefficient values for shallow wells A, B are 0.91 and 0.61. Good responses are
indicated between mutual groundwater wells in this area.

iv) There is a clear tendency of a draw-down in groundwater level (water head) during the
long-term in the right side zone of the Naka River. On the other hand, in the left side
zone, there is rather a clear tendency for the groundwater level (head) to increase.

| s

= river water|
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water level (T.P’ m)
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b) confined groundwater

Fig. 5 Monthly fluctuation patterns for
observation data

Salinity behavior in aquifers of the second objective region [3]

In the estuary basin of the Naka River, since about 1961 the intrusion of seawater into the
confined aquifers is gradually actualized along the coast, and then in the early 1970’s, the
distributing zone of the self-spouting wells has been intruded by excess saline concentration of
seawater for the permissible criteria of drinking water (200mg/ £ ). These causes are estimated
whereby the amount of pumping increased more than in proportion to the spread of aquaculture
such as eel or ayu, and that the total amount of intake for industrial water or city water increased
much more than in proportion to the urbanization of this area.
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The change of Cl-concentration in the confined aquifer, for example, is shown in Fig. 6.
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Fig. 6 Yearly changes of saline concentration in each well

There were at least six saline-intruded wells, namely, No. 7, No. 8, No. 9, No. 11, No. 12 and
No. 20. It was found that the intrusion of salinity had made scarce progress since 1990. The
concentration values at No. 12 and No. 7 wells, however, are increasing sharply and reach a high
value of 6000 ~8000mg/ £ .

POSTSCRIPT

In this study, monthly observations were made of groundwater level and vertical distribution of
saline concentration, and several hydraulic analyses based on the survey data obtained were
made.

The main discussions are as follows;

1) Using the observation data for the groundwater level at each of the 7 wells during the 11-
year period from 1974 to 1984, the long term variation characteristics of the unconfined
groundwater level in the estuary basin of the Yoshino River were determined by auto-
correlation coefficients, cross correlation coefficients and power spectrum.

2) Using the data obtained for the groundwater level at each of the 11 wells during the 15 years
from 1981 to 1995, the long term and middle term variation characteristics of the
groundwater in the estuary basin of the Naka River were estimated.

3) Using the Cl-concentration values for the confined observation wells, the activity of the
saline intrusion into the confined aquifers in the estuary basin of the Naka River were made
clear.
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ABSTRACT. Sustainable groundwater management guidelines must highlight various factors
which can, in parallel, lead to unsustainability. These include environment and land-use. Both
can lower groundwater quality and availability, and ambient environmental quality.
Environmental factors which characterize the sensitivity of the media to percolation and
recharge from the ground surface into the aquifer are natural factors which are difficult to alter.
In contrast, such land-use factors as excessive demand for agricultural irrigation, population
pressure, resource demands, market structures, and other anthropogenic activities can more
casily be handled and remedied. The objective of this paper is to highlight land-use factors
leading to unsustainability, taking into consideration environmental factors which enhance these
adverse effects and impede sustainable groundwater management. Two areas of Israel’s Coastal
aquifer have been considered in this paper, each representing different hydro-ecological and
demographic situations. Environmental sensitivity of the two areas is considered, and land-use
concentrations are recommended, to respond to the desired groundwater resource needs of these
areas. Such an approach is can tie land-use planning guidelines to sustainable groundwater
management.

KEYWORDS: land-use alteration, environmental factors, sustainable groundwater
management, planning, anthropogenic pollution,

INTRODUCTION

Coastal regions are generally characterized by high levels of population and intensive land-use
and urbanization [1]. Urbanization of coastal phreatic aquifers is most often accompanied by a
rise in anthropogenic pollution percolating to the water tables [2, 3, 4, 5,], along with a rise in
salinity from sea water intrusion owing to a drop of inland hydraulic head following excessive
pumpage [6]. In the United States, in Boston, Staton Island, and Philadelphia [1]; Chicago [7];
and Baltimore [8,9] land-use levels have been harmonized with natural terrain restrictions and
attempts have been made to assess the relative degree of intolerance of the terrain with regard to
given land-use alterations by relocating port and industrial centers and replaced these with
parkland and open-space, accessible to the public.

In Israel, innovative suggestions have been advanced regarding development of the
Mediterranean coast near Tel Aviv and Haifa. These involve patterns similar to those embarked
upon in Chicago and Baltimore, with public parkiand and marinas along the seafront, and even
the building of islands off the coast for further residential and commercial development [10].
Long-term land-use planning and integrated ecological perspectives are thus increasingly
becoming the norm for land-use alteration. Regrettably, urbanization in stressed coastal aquifers
has amplified unsustainability factors [11, 12], and resulted in a malaise, limiting the human
spirit, sharply reducing quality of life, degrading the quality and lowering the quantity of
resources available to users, and impeding sustainable groundwater development [13]. It is
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therefore urgent to determine and control these unsustainability factors in order to mitigate their
adverse effects upon sustainable groundwater management [14, 15].

ENVIRONMENTAL AND LAND-USE UNSUSTAINABILITY FACTORS

Floods, high winds, etc, along with low natural vegetative groundcover, can lead to rampant
erosion, which can cut into steep slopes denuded of vegetation, sedimentation may clog streams.
High levels of natural recharge are desirable in a clean environment. In an unclean environment,
recharge can lead pollute groundwater resources. Above highly permeable soils, inappropriate
placement of industrial or commercial sites, or high-intensity residential areas can significantly
degrade groundwater quality. Intensive irrigation with minimally treated effluents, excessive
administration of fertilizers or pesticides can have a serious impact upon groundwater in below
permeable soil. Excessive pumpage can clearly have a severely detrimental effect upon
available resource reservoirs, lowering water tables and altering groundwater flow-directions. In
coastal aquifers, this enables intrusion of saline sea water into fresh inland reservoirs, making
salinisation almost irreversible.

Unsustainability factors can also be social, economic, and ecological. Socio-economic norms
affect population growth. The degree to which a society’s population succeed in getting used to
“dirty their own nest” and wasting without thinking of tomorrow is a social illness. These
tendencies can be mitigated and impeded by appropriate education, and by altering market
structures. For instance, potential pollutants can be recycled as raw materials for on-going
manufacture. The planning process should control these unsustainable factors as regard their
environmental context and society’s needs .

In this paper, certain guidelines are proposed to control these unsustainability factors and
mitigate their adverse proclivities for groundwater. The ultimate objective is to arrive at optimal
and sustainable development

METHODOLOGY

This paper focuses upon guidelines for sustainable groundwater management, involving the
combination of two factors: environmental potential for water recharge (PWR) and land-usage
potential of groundwater pollution potential (GPP). Together, these factors can characterize an
area of study and yield to guidelines for sustainable groundwater resource management. Key
unsustainability factors which could impede sustainable development can be pinpointed.
Numerical evaluation of PWR and GPP values can be obtained by averaging weights of specific
environmental sensitivity and land-use categories intensities.

Table 1 presents environmental factors along with land-use categories and concentrations,
enabling characterization of a study area. Four environmental categories are considered:
hydrology, physiography, soils, and ambient vegetation. To assess sensitivity, each factor is
subdivided by ranking criteria. For each environmental factor, five land-use types are considered:
conservation, recreation, agriculture, residences, commerce and industry. Certain land-use
categories have varying intensities. Agriculture use can involve field crops which tolerate and
therefore receive high levels of pesticide and fertilizer applications, or orchards which are so
sensitive to salinity that they restrict use of pesticides and fertilizers to minimal application
levels. Each category can vary from low to high intensity usage.
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Combining environmental and land-use categories and concentrations, this table delineates
“scenarios”. A set of scenarios can characterize a specific arca. For each, appropriate
groundwater water management is required. To numerically assess these conditions, PWR and
GPP must be numerically evaluated and weighted. Table 1 presents four levels of sensitivity with
regard to environmental factors as well as land-use impact. Highly sensitive environmental
factors and significant land-use impact upon groundwater quality are represented by “H” = 4;
moderately high by h = 3; moderately low by 1 = 2; and low by L = 1. Combined weightings
characterize an area.

Table 1. Combined Influence of Potential of Water Recharge for Environmental Factors (PWR)
and Groundwater Pollution Potential from Various Land-usages (GPP)

PWR and GPP are the perpendicular axes in Table 2. Average PWR and GPP values from Table
1 yield coordinates delineating the position of the study area as regards these factors. This table
delineates four “extreme situations”, a, b, ¢, and d. Each requires particular groundwater
management measures.

For a = HL, the area has the highest PWR and lowest GPP. Groundwater recharge from the
surface with fresh water would have highest priority.

For b = HH, the area has the highest PWR and highest GPP. Highest priority for pollution
prevention must be given to this situation.

For ¢ = LL, the area has lowest PWR and lowest GPP. Groundwater recharge into wells with
fresh water would have highest priority.

For d = LH, the area has the lowest PWR and highest GPP. In situ remediation of groundwater
would have highest priority.



46

In a given study area, situations would likely fall between these extremities, such that differing
appropriate operational measures would apply.

Table 2. Characterization of Study Areas as regards Environmental Factors
and Land-usage Concentrations

4,
H a=HL HI Hh b=HH
*-E
3
h hL hl hh hH
*=R
PWR 2
1 IL ] Ih 1H
1
L c=LL Ll Lh d=LH
0 1 2 3 4
L 1 h H
GPP

where a = highest PWR and lowest PGP, b = highest PWR and GPP, ¢ = lowest PWR and
GPP, d=lowest PWR and highest GPP

Key: Weighting Values: H=4,h=3,1=2,L=1; Area Symbols: R = Ra’anana, E = Erez Shiqma

APPLICATION TO THE ISRAEL COASTAL AQUIFER

Israel's coastal plain extends from Mt. Carmel in the north to the Gaza Strip in the south, from
the seashore on the west to the limestone aquifer on the east . The aquifer is composed of layers
of dune sand, sandstone, calcareous sandstone, silt, loams and clay lenses [16].

Two study areas were selected for this paper. The first is the urban Ra’anana vicinity (R),
northeast of Tel Aviv. The second is Erez-Shigma (E), a low-density dune area characterized by
low anthropogenic activity, extending between Ashgelon and the Gaza Strip, south of Tel Aviv.
Specifications characterizing these areas are presented on the shaded cells by the symbols E and
R. Each shaded cell corresponds to a numerical level, enabling evaluation of average PWR and
GPP values for the study areas. Thus, the arithmetic mean for rechargability (shaded column)
for the more developed Ra’anana area is 2.2, whilst that for the Erez-Shigma area is 3.5. The
arithmetic mean for potential impact of land-usage (shaded row) for the Ra’anana area is 3.0,
whilst that for the Erez-Shigma area is 1.3. The combined PWR/GPP for the Ra’anana area
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places it within the hH cell of Table 2, whilst the combined PWR/GPP for the Erez-Shiqma area
places it within the Hl cell of the table. These values closely relate to the eco-hydrological
situation of the study areas [17]. Potential pollution site density (Pollsite) of the Ra’anana area
clearly exceeds that of Erez-Shigma [12].

DISCUSSION AND CONCLUSIONS

Table 2 indicates that the Ra’anana area differs substantially from the Erez-Shigma area as
regards land-use planning and recharge of the aquifer. In the Erez-Shigma area, pollution
remains at a relatively low level, such that land-use siting guidelines must be enforced to
maintain groundwater availability and quality. This is a coastal area, where the waterfront could
be properly developed for low-intensity recreation {7, 8, 9] while maintaining the open, sandy
ground for maximal natural surface recharge from seasonal rainfall and artificial recharge with
fresh water, as from a planned desalinization plant. Groundwater management should involve
appropriate measures to combat sea water intrusion. By way of contrast, Table 2 shows the
Ra’anana area to be more polluted, so that land-use guidelines must aim at mitigating potential
pollution. Recharge is still possible in this area, but only by means of injecting treated water
into wells. Table 1 shows that the Ra’anana area, in contrasted to Erez-Shigma, is characterized
by deeper water tables, lower levels of recharge potential, hydraulic conductivity, and
permeability, low slope and low amounts of vegetative cover on the land. Environmental factors
themselves clearly mitigate potential pollution of groundwater in the area. Nonetheless,
improved long-term land-use planning in the area should be tied to these natural characteristics.

The environmentally stressed Ra’anana area should incorporate renovation of urbanized land
and stringent ecological guidelines. These should maximize tree cover and ground vegetation,
public access to natural amenities within urban environs, and effectively zone industrial,
residential, agricultural, and natural areas so as to promote optimal efficiency and life quality for
each land-use involved.

In more pristine areas, as in the Erez-Shiqma area, new land-use alteration can still be conducted
in accordance with constructive environmental guidelines to produce results which will maintain
its well area’s ecological character while providing for the economic and residential needs of the
population.. Remediation methods should include recharging water and use of the area for
groundwater recharge and as a multi-annual groundwater reservoir.

The approach taken in building “new towns™ should enable decision-makers to proceed in a
comprehensive and ecologically sound manner. Where land has aiready been significantly
altered, comprehensive renovation can relieve the stress and raise the quality of life of the
region. Utilizing these guidelines for delineating the ideal land-use for any area requires
employing land types for the purpose for which they are most suited.

Such unsustainability factors as a significant decline of groundwater quality and quantity can
result from inappropriate patterns of land-use. A rational approach to land-use planning should
take into account the complex ecological, hydrological, social, educational, and economic
parameters which characterize every region, and should result in a healthy and appropriate “fit”
to present and future society, and to groundwater sustainability.
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ABSTRACT Water resources exploitation and sustaining development of arid and semi-arid
area are among the most important global environment problems. One third of the total earth
surface is arid or semi-arid, and in China, this area amounts to 47.5%. Water system in arid
area has the following characters: total water resources shortage, poor recharges, distribution
unbalance, evaporation playing a key role in water cycle, river and connected aquifers forming
a uniform system, shallow groundwater having certain present recharge but deep groundwater
usually having no recharge with the evidence of very low tritium detected. A series of
environment deterioration problems, such as desertification, salinization of soil and
groundwater, have risen during water resources exploitation because the ecosystem is rather
weak. To realize the reasonable utilization of water resources in the arid area, we need to
manage water resources in a scope of catchment, to control the oasis scale according to the
water capacity of systems, to keep reasonable ecosystem water level, and to construct water
saving society.

KEY WORDS: Arid area, River-aquifer system, Oasis scale control, Ecosystem water table,
Water saving society

INTRODUCTION

The UNEP report in 1996 pointed out that the main crisis that human being will face in 21st
century is water shortage rather than energy crisis. The water resources sustainable
development will be the key obstacle to the development of society, especially for the arid and
semiarid area. The water resources shortage, limited environment capacity and weak
ecosystem are the main problems of arid area.

Arid and semiarid area occupies one third of the total earth surface, having the area of about
4.88 X 10’km”. And besides, there is an area of 9.1 X10%km’ “human times” desert formed
because of over exploitation. Water resources is the main constraint factors to the development
of these regions. Statistics from UNEP shows that the distribution of arid area is rather
unbalance [1] (Tab.1), more than 1/3 of Asia is arid and semiarid.

In China, arid and semiarid areas distribute in the Northwest. Using arid index and water
balance factor comprehensive method, The area of arid index greater than 3 occupy 47.5% of
the total area of China and the arid area with precipitation less than 200mm is 26 % of the total
area [2].
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THE DISTRIBUTION AND CHARACTERS OF WATER RESOURCES
SYSTEM IN ARID AREA

The scarce of precipitation, shortage and distributing unbalance of all kinds of water resources
are the main characters of arid area of China. There is an area of 1.6X 10°%m’ area with no
runoff at all and five inland catchment formed in Northwest of China. In this area, the annual
water resources of 3.61X10°m’km?’ is only 12.25% of the country’s mean value. In some
region, the figure is even smaller. For example, the west part of Inner Mongolia and Hexi
Corridor, the value is only 5.2~5.6%.

Another character of arid area is the intensive evaporation. The water surface evaporation is
usually at the order of 1500~3000mm/a. But the land evaporation is often limited by a low
water content of the surface soil. So the actual evaporation is not so high. However, the
evaporation coefficient (land evaporation/precipitation) goes rather high, reaching 0.79 in
Northwest and 0.77 in North of China respectively. The intensive evaporation has great
influence to the local water cycle, since it is difficult to produce effective recharge.

The precipitation and snow melt in the middle and high mountainous area is the main water
resource for the arid area. The surface water and groundwater in riverbed from mountainous
river usually occupy about 80% of the total water resources in arid plain or basin. Other
resources like lateral recharge of groundwater, precipitation in plain area and flood occupy a
little ratio in the total water resources of a basin plain. It was found that in the Northwest of
China, the lateral recharge is only 5% of the groundwater and less than 3% of the total
resources[3,4] (Tab.2).

Table .1 Arid land area (10°km?)

Continent Extremely Arid Semi arid Total Percent of
arid(p<50mm)  (P=50-150mm)  (P=150-250mm) continent (%)

Australia - 39 2.5 6.4 83

Africa 4.50 7.3 6.0 17.9 59

Asia 1.00 7.9 7.5 16.5 38

North and Middle America 0.03 1.3 2.6 4.0 10
South America 0.20 1.2 1.6 3.0 8
Europe - 0.2 0.8 1.0 1

Total 5.73 21.8 21.0 48.13 36.3

Table.2 Groundwater recharge resources in inland plain area in northwest China (10°m’/a)

System or region Hexi Corridor | Zhungeer | Talimu Chaidamu | Total
and Alashan Basin Basin Basin
Runoff of Mountain river 66.3 332.5 381.5 67.9 838.2
The River water infiltration 24.1 514 69.7 21.5 166.7
ground Channel & land infiltration | 24.3 55.1 157.5 27 239.6
water Lateral recharge from | 3.5 9.5 5.6 6.2 24.5
recharge | mountain area
precipitation 8.5 23.6 1.9 2.7 38.7
Total 60.4 139.3 236.7 33.1 469.5
Total water resources of the system | 78.3 3553 391.0 76.8 901.4
Mountain river water change to ground | 73.0 32.0 59.6 35.6 48.5
water (%)
The Mountain river water/ Total 84.7 93.6 97.6 88.4 93.0
aquifer-river system water (%)
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THE RIVER-AQUIFER SYSTEM IN ARID AREA

The exchange between groundwater and surface water is very common. However, in arid area,
this exchange is quite intensive and frequent. No matter under the artificial or natural
conditions the fluctuation and balance of river and groundwater will intensively influenced
each other and formed a uniform system.

Under the natural conditions, the runoff formed by rain, snow/ice melting in the mountain area
intensively recharge to groundwater at the quite thick pluvial and alluvial fan. In the Northwest
China, 20% river water seepage to groundwater flows directly through riverbed and 28%
through the channel system. Totally 48.5% of river water changes to groundwater within this
area (see Tab.2). The groundwater in coarse gravel aquifer of the alluvial fan moves quickly
because of the high conductivity and discharges out in the frontier of the alluvial fan forming
the down stream Spring-recharge rivers. Usually, the plain river disappears because of seepage
and evaporation in the running procedure and finishes the 3rd change to the groundwater.
Some large river may pour into terminal lake in basin and the groundwater also discharges into
the terminal lake.

It is clear that rivers and groundwater in an arid area form a uniform system. From the alluvial
fan to the center of the basin, the water change from surface water to groundwater and then
change back 3-4 times in the natural conditions. The subsystems keep tight relation and it is
impossible to evaluate the groundwater or surface water individually. So, the water utilization,
no mater groundwater or surface water will unavoidably cause regional hydrological effect that
involves the whole catchment (system), and the transforming condition between groundwater
and surface water may change in large scope.

THE WATER RECYCLE OF DEEPER CONFINED AQUIFER

Some researchers hope to explore the deep confined aquifers to alleviate the water shortage in
arid areas. Even some experts in the operation of 9th 5 year-plan of China consider the deep
fresh water as a hopeful source for the arid land. However, a regional investigation proved that
the deep groundwater circulate rather slowly.

According to the investigation of environmental isotope of water in all subsystems in
Northwest China, the phreatic and confined groundwater are all originated from precipitation,
the stable isotope 8 D%~ & 0%, spots are all on the Crig Line. However, the shallow
water (mainly the unconfined) subject to evaporation. The deeper (confined) groundwater with
scarcer D and 'O proved the influence of continent effect, long cycling journey and limited
recharge.

The groundwater in Northwest China is usually affected by nuclear test since 50’s and
precipitation usually contain high tritium. Shallow groundwater (0-20m) has tritium of 7-254
TU for its fast circulating. Middle deep aquifer(20~80m) have low tritium of 7~2TU and the
deep groundwater (>80m, usually confined) affected little by the nuclear test with the tritium
less than 2TU. According to the site sampling [5] on the vadose zone in Northwest of China,
the precipitation in 1963 infiltrated only 6ém and nuclear tritium containing rain in 1953
penetrated only 10m. So we can conclude that the deeper confined aquifer is not affected by
nuclear test and the low tritium illustrates that the deep water formed in 40 years ago.

The different parts of a river-aquifer system also present the different cycling condition with
the tritium content in groundwater as evidence. In the north alluvial plain to basin plain of
Tianshan Mountain, the upstream phreatic water circulate fast and the tritium is 22~254TU.
and in the middle stream, the tritium is 5-46TU in the shallow confined aquifer. In the deeper
confined aquifer in the down stream the tritium is less than 2TU[6,7].
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From the above discussion it can be concluded that the deeper aquifer have very limited
recharge and the idea of seeking deep fresh water to alleviate the water shortage in Northwest
of China is very dangerous.

THE UTILIZATION OF WATER RESOURCES IN ARID AREA

In the arid aquifer-river system, from the foot of mountain to the terminal lake, surface water
and groundwater change each other 3~4 times naturally. This easily transforming condition
makes the reuse of water resources possible. In some systems, the reusing rate is 40%~50%
(see Tab.3). For example, the water was reused at least 3 times in the Shiyanhe aquifer-river
system. This means that the usable water resources is greater than the total resources of the
system.

Table.3 The rate of water reuse in Northwest China  (10°m’/a)

System or region Hexi Corridor ~ North foot Talimu Chaidamu Total
& Alashan of Tianshan Basin Basin inland

area

Total water resources 783 97.3 391.0 76.8 901.4
Water entering cannel system 62.1 60.2 266.4 9.4 466.1
Reinfiltation 34.0 28.0 157.5 2.7 239.6

The most great reuse rate (%) 0.43 0.29 0.40 0.04 0.26

THE ENVIRONMENTAL PROBLEMS CAUSED BY WATER
RESOURCES UTILIZATION

The shortage of water resources in the arid area causes over exploitation in Northwest of China,
the over exploitation results in a series of environmental problems.

Desertification of land

The utilization of groundwater reduces the groundwater recharge and draws the groundwater
level down regionally. The vadose zone thickening and water content in soil lessening cause
the land extremely arid and the desert ecosystem deterioration. And as a result, the desert
enlarges and intrudes to agricultural land and pasture.

The Heihe River can be a typical example of water resources over exploitation. The reservoirs
and well irrigation upperstream reduce water resources entering Ejina oasis greatly (Tab.4) and
the forest withered and river-along oasis narrow the range. Sacsaoul forest reduced from 1.13
X 10%ha in 1950°s to 2.0 X 10°ha in 1980’s in Ejina Qasis. The sandstorm disaster happens
frequently may mainly be attributed to the desertification of land.

Table.4 The runoff at Zhengyixia station of Heihe River and the amount of entering Ejina Oasis
Time 1940-  1950- 1960- 1970-  1980- 1990 1991 1992
1949 1959 1969 1979 1989
Runoff at Zhengyixia Station  13.3 12.25 10.65 10.55 1044 852 698 5.0
Runoff entering Ejina Oasis - 9.925 3.84 4.03 - 3.10  2.54 1.82




Soil salinization

The artificial factors play important role in soil salinization and the direct cause is
unreasonable water use.

The waste land rapidly become saline because of no irrigation water to wash the accumulating
salt in soil and no cultivating measures to cut the evaporation capillary. The strong evaporation
accumulates lots of salt in soil after cultivated land be wasted. For instance, the CI" and Na’
content in 1m soil of waste land in Mingin Basin are respectively 16 and 9.55 times higher
than those in cultivated land.

Unreasonable irrigation (excessive irrigation or impeded drainage) makes the groundwater
level raised and salt accumulated in soil. This kind of problems exist in large-scale irrigation
area. Hetao, Yinchun and Talimu in Northwest of China.

The downstream area often suffers from the lack of runoff so wells are used for irrigation.
however, the salty groundwater makes the soil saline immediately.

Groundwater salinization

The arid climate has the condition of making the groundwater salinization, but the water use
(irrigation) and reuse (use, reinfitration, and use in the downstream again), cause more
evaporation and increase the salt content in water. The groundwater TDS in 2/3 area of Yaoba
Oasis in Inner Mongolia has rise from less than | g/l to 3-4 g/l during the running of well
irrigation oasis in latest 20 years.

THE REASONABLE WATER USE IN ARID AREA

The control of oasis scale

The amount of water resources determines the scale of oasis. That is, the scale of oasis should
be reasonably controlled. Over enlargement of Mingin oasis make the land desertfication and
the Badanjilin desert and Tenggli Desert have connected together in some places.

Keep reasonable ecosystem-water table

The plants in arid area usually live in a condition of definite groundwater table. We can call the
definite water table as ecosystem water table. To control the well depression we can avoid the
withering of plant and protect the ecosystem.

Livestock feeding in fold and village gathering

The over herding causes the deterioration of pasture and the water resources reduce. So the
village gathering and a suitable scale land cultivating may provide forage for livestock fold
feeding. And the adjacent pasture may regain its sustainment. Luanjing Tan irrigation region
with an area of 1.3X10%a started in 1994 in Inner Mongolia can attract 1/3 of the local
herdsman in Alashan district to live in the irrigation area and some of them may be engaged in
land cultivation and fold-livestock feeding. As a result, the adjacent desert pasture are hoped to
recovered in the future.
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Set up water saving society

The Oasis center town in arid area should be water saving society and the agriculture should
use water saving irrigation technology. The soil ameliorating and water keeping technologies is
the life of arid agriculture.

CONCLUSION

The population increase and economic development show an increase tendency of water
demand. However, the water environment and ecosystem deteriorate in recent years because of
water resources excessive exploitation. Counter-measures like water saving, oasis scale control,
keeping reasonable ecosystem water table and fold-livestock feeding will improve the pasture
and arid ecosystem.
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ABSTRACT. Bangladesh is a nation of over 125 million population with a geographical
area of 1,48,393 km? and located on the Ganges, Brahmaputra, and Meghna Delta. The major

part of the country is now severely affected by mass poisoning from arsenic in groundwater. The
latest statistics on the arsenic contamination in groundwater indicates that 59 out of 64 districts,

about 80% of the total area of Bangladesh and about 40 million people are at risk. Presently

about 116 million people depend on water from tube-wells for drinking, cooking, washing and
bathing and about 60 million people are drinking and using arsenic contaminated groundwater.
Arsenic level now ranges from O ppm to 0.98 ppm and the maximum permissible level of arsenic
in Bangladesh drinking water is 0.05 ppm. Average values of different tubewells data on thana
census blocks have been used in this study. A spatial and temporal distribution of Groundwater
Arsenic Contamination Intensity (GACI) has been developed using Geographical Information
System (GIS) in order to assist decision making process in some critical areas, particularly to
protect human health. The digitized thana boundary maps with longitude-latitude coordinates
storing information in the form of metadata has also been developed to visualize GACI
information in thana census blocks of Bangladesh. The MapBasic Professional 4.5 has used for
developing user-interface design and Maplnfo Professional 4.5 for the visualization of spatial
information. The user-interface GIS approach can help policy makers deciding proper
groundwater utilization and taking necessary steps to supplying safe drinking water to the

domestic and industrial areas.

KEY WORDS: groundwater, arsenic contamination, monitoring, Bangladesh and GIS.

INTRODUCTION

Natural resources are not only the basis for economic activities and human welfare, but also
make up essential components of our natural environment. They are subject to ever increasing
demands and exploitation by growing populations and per-capita requirements. Government
regulations and international agreements, market mechanisms, cultural traditions and individual
preferences affect and control these resources, but rarely do these mechanisms suffice to ensure a
sustainable management of resources, and in particular, the commons 01 Groundwater provides
safe drinking water to over 86 percent of the rural population in Bangladesh . This extensive
coverage is indicative of the country’s successful attempt to provide safe drinking water to its
general people. This respectable public health effort was overshadowed when in 1993 an
alarming discovery confirmed of arsenic contamination in groundwater. The arsenic
contamination discovery was first made in the northeastern part of the country. Groundwater
contamination of arsenic has already affected 59 out of 64 districts of Bangladesh. It is estimated
that around 1.12 million tubewells are contaminated by arsenic of the whole country B!,

Now a days, advanced technology has become emerging management tool to various
environmental agencies to provide spatial and temporal updated information in their
environmental problems. The powerful GIS software tools in problem oriented systems provides
direct and easy access to large volumes of data. It supports their interactive analysis and helps to
display and interpret results in a format directly understandable and useful for decision-making
processes. An organized collection of computer hardware, software, geographic data, and
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personnel designed to efficiently capture, store, update, manipulate, analyze, and display all
forms of geographically referenced information. GIS provides a valuable tool for information
analysis, automated mapping and data integration. Mark et al. ¥ gives a useful definition that
encompasses its functionality. It is defined as a computerized system for the storage, retrieval,
manipulation, analysis and display of geographically referenced data, where include physical,
biological, cultural, demographic or economic information and provide valuable tools in the
natural resources, social, medical and engineering sciences, as well as in business and planning.

Information technology in particular, GIS provide powerful tool for effective decision support in

natural resources management. A GIS can automate existing as well as provide enhanced

capability to analyze geographic information for decision-making purposes. This study has been
conducted on the arsenic databases of all thanas in Bangladesh. These basic databases are

utilized for visualizing geographically located arsenic contamination level by User-interface GIS
Tool. It will help to provide temporal and spatial GACI information to policy personnel about

current situation and take necessary steps for supplying safe drinking water to the domestic and

industrial areas and to mitigate the groundwater arsenic contamination.

DATA REQUIREMENTS AND SOURCES

Various information are stored in the GIS in the form of geographic data sets or layers. The

digitized thana census blocks map provided the geographical framework. In studies using GIS
the first requirement is the availability of a map which is the backbone of the system. Maplnfo
Professional 4.5 used for digitizing the study area. The accuracy of manual digitizing merely
depends on how accurate the hardcopy map is duplicated on a computer by hand. Geographically

referenced arsenic data were collected on a number of tubewells in the different locations for the
individual thana census block and after then average values were taken in this study. Data on
some thanas was not available. To perform the monitoring of GACI, geographically referenced
data were typically obtained from the Dainichi Consultant, Incorporated, in Japan working with
the Arsenic Mitigation Project in Bangladesh. The lack of information is the major bottleneck for
the study.

DATA STRUCTURES

The database is a core of GIS. The Maplnfo Professional software used to generate inputs of

Groundwater Arsenic Contamination Intensity in the Thana census block (3rd largest area). GIS
software provides flexibility in developing and tailoring output formats to meet individual
requirements. Its database allows storage, retrieval, and analysis of data in formats that are
interchangeable between different computer based application packages and helps to develop the
user-interfaces. Database is facilitated by structured format defining fields (Columns) and
records (Rows) data repository. The completeness and accuracy of database give the quality of
analysis and final products of the system. This database helps to portray geographical locations
and monitor changes of the GACI in both spatial and temporal dimensions. Secondary data may
be generated from that in the database. MapBasic provides powerful Database-access tools. The
structure of the database is customized to the needs of the user. Linking database with the User-

interface helps to understand about the overall pictures of country's GACI for the policy makers.

DESIGN AND OPERATIONS OF USER-INTERFACE GIS TOOL
Description of Main Menu

The MapBasic programming language has used to develop user-interface tool for monitoring
Groundwater Arsenic Contamination Intensity. The main menu of Arsenic Monitoring appears
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directly in thc Menu bar of Maplnfo. It compriscs eight menu items and its sub menu items
named by district, as detailed in Figures 2 and 3. This tool is devoted to the monitoring of the
present situation of GACI for the thana census blocks of whole of the country, individual
divisions and districts, respectively. The dialog window is activated in the Maplnfo window
when user clicks on Sub-menu item Arsenic Intensity shows in the Figure 4. It proposes the
display of maps, browscs and charts to visualize the GACI level when user clicks on a particular
CheckBox dialog and/or any number of dialogs. These CheckBox dialogs are directly linked
with programming modules and instantly display output within the Mapinfo window when
dialog window is terminated. OKButton and CancelButton dialogs control the dialog window.
By clicking on the Menu item Exit, then instant message appears to inform the user that the
application is terminated. It gives dialog message during operation period and user will be able
to know how to get information for specific query from dialog window.

Run MapBasic Program
”|  “Arsenic Monitoring”

v

Select Menu
“Arsenic Monitoring”

Choose + Choose
Again Select Again
Sub menu l

s Click on Sut Menu [tem <N
& IfNo >4/‘ Arsenic Intensity /"< It No >
v

Visualization
of Dialog

v

Choose Query
From CheckBox

Fig. 1. Flowchart Showing Operational Systems to Arsenic Monitoring Program

>‘

N

Display
Outputs

Fig. 2. Main Menu and Menu Items of Customized Window for Arsenic Monitoring.
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Fig. 3. Showing Customized Window for Monitoring of Individual District

Fig. 4. Showing Dialog Window and Queries by CheckBox Dialogs for Arsenic Monitoring.

RESULTS AND DISCUSSIONS

At present several groups of the government (British and Swiss) with financial and technical
assistance from international donor agencies (World Bank), NGOs and Universities are working
on the arsenic problems and exchange of information among themselves. Groundwater
concentration below 0.01 mg/l is considered safe according to World Health Organization
(WHO) Drinking Water Guidelines. However, in Bangladesh, the maximum permissible limit of
arsenic in drinking water is 0.05 mg/l. In many different ways (i.e. map, graphs and tabular
form), the user-interface GIS could provide rapid information on the present status of arsenic
contaminated groundwater of the thana census blocks. Figures 5 and 6 explain the present
arsenic concentration by graph and color-coded map of the whole country. The first two light
colors show arsenic concentration under permissible limit for drinking and rests are above the
limit in the Figure 5. Arsenic concentration of 163 thanas has exceeded the permissible level
0.05-ppm out of 460 shows in Figure 5. The arsenic concentration of some thanas is several
times higher than of permissible limit of 0.05, shows in Figures 7 and 8. The user can get also
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affected thana name by using label button or by keeping the cursor on the particular thana.
Figure 9 shows spatial distribution of arsenic concentration > 0.05 ppm with labeling of thanas in
Khulna division. Table 1 also presents average and maximum arsenic concentrations of affected
thanas in Khulna.
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Thana C'ensus Blocks

Fig. 10. Comparison of Average and Maximum Values of Arsenic Concentration on
Thana Census Blocks along with WHO and Bangladesh Standard of the Khulna Division.

Average and maximum arsenic concentration of all thana census blocks have also presented
along with the values of WHO and Bangladesh standard in Figure 10. The two straight lines

represent arsenic safe level by WHO and Bangladesh Standard 0.01 and 0.05, respectively. Dot

line shows maximum values of all thana census blocks in Khulna division and other straight line
for the average values. Dialog window would be able to give information by clicking the

CheckBox dialogs for different queries for all divisions and districts accordingly.

CONCLUSION

The discovery of arsenic in groundwater in several areas of Bangladesh has aroused widespread
concerns. We need to conduct the assessment rapidly, compiling existing information and
integrating these data with GIS. The user-interface GIS can be used successfully for monitoring
groundwater arsenic contamination intensity on the basis of thana census data. The information
can be explored to enable monitoring arsenic contamination evolve towards decision making
using GIS user-interface tool. This program can be used for monitoring of GACI in different
scales after updating of database in the future. This study would be helpful for building up
monitoring technique for different depths with geographically referenced tubewell locations for
individual thana census block. This comprehensive study will give detail picture of GACI
throughout the country and can be helpful to coordinating among the different working groups

on arsenic mitigation projects in Bangladesh.
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ABSTRACT: This paper presents the results of development and application to a multi-
variate statistical technique for the detection of populations groupings in data arrays. The
classification procedure referred to as the G-method is based on a new Z* criterion. This
method allows an automatic classification in terms of homogeneous taxonomic units, with-
out any a priori knowledge of the taxonomic structure of the natural observations; it pro-
vides information on the different levels of classification present in the data set under
study, on the level of information residing in each variable, on the level of similarity
among homogeneous classes. G-method used to investigate taxonomic structure of multi-
variate observations on hydrogeological, engineering geological, ecological and other
types of data. The results obtained analyzing chemical composition of groundwater on ter-
ritory of Novocherkassk are described in paper.

KEY WORDS: multivariate classification, groundwater chemistry, regime, urban envi-
ronment, monitoring, waterlogging

INTRODUCTION

Anthropogenic activities are causing widespread deterioration of the geological environ-
ment. The waterlogging, land subsidence, pollution of geological environment are the most
important processes of environment quality degradation for Steppe Zone of Russia.
Monitoring is a major mean for the investigation and the quality assessment of urban geo-
logical environment; such monitoring was made in Novocherkassk town.

Multivariate classification methods are important for the investigation and prediction of
natural-object transformation. The problem of the classification of observations is a general
problem, common to the fields of geological sciences, as well hydrogeology, engineering
geology and the environment. The problem consists of the definition of the taxonomic
structure of the statistical universe under study. In general we deal with multivariate obser-
vations: thus, the above mentioned problem, from the statistic-mathematical point of view,
consists of the identification of homogeneous taxonomic units in the multivariate space of
the observations. Several multivariate methods exist and are widely used in geology; they
are based on different statistical and heuristic principles, and each of them presents advan-
tages and disadvantages. We would like to describe here the G-method, particularly suit-
able when geological observations are concerned, and to give examples of the environ-
mental applications.

It should be stressed that the G-method can be used without a priori knowledge of the
taxonomic structure of the observations; thus, an automatic classification in terms of ho-
mogeneous taxonomic units can be performed. The main characteristics of this method can
be summarized as follows:

o the independence of variables and observations is not needed,

e any relationship between the number of variables (M) and number of observations (N)
can be present in the considered universe;
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o the presence of various levels of classification can be recognized, such as classes and
subclasses;

o the classification is performed using the average, the dispersion and the correlation of the
set of variables;

o the level of information residing in each variable is evaluated;

o the level of similarity and/or differences among homogeneous classes is measured,

o the classification of new observations, not previously considered in the classification is
possible.

THE Z° CRITERION AND G-METHOD

The classification procedure is based on the Z° criterion having quasi-#’ distribution [2]:
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where x,, is the value of variable i (i=1,2,...,M) for observation j (j=1,2,...,N); y; and o; are
mean and the standard deviation of variable i in a homogeneous taxon of observations; and

rsi and rpy, are coefficients of correlation between variables s and k and observations p and
h.

The null hypothesis is that one or several observations belong to a given homogeneous
taxon. The hypothesis is rejected if Z° > ¥, where y’, is the critical value of ; at the
confidence level g and f degrees of freedom:

J=NxKx3K, )

For the sake of sxmpllclty it is possible to transform the original Z° , following a 47 distri-
bution, into a normal distribution havin the first moment equal to those of the # distribu-
tion. The normal distribution is expressed as

= 2 f - 1 (6)
In most cases for independent observations, criterion (1) takes the following form:
AIN AIN
zZ = Z Z; =K Z zZ; (7
Zr k ¥
f= N x M x K (3)

The classification procedure, referred to here as the G-method, is as follows:

@) select a coordinate system in which multivariate space is transformed to the Z° dis-
tribution;

) find the centre of the first homogeneous taxon;
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3) convert the coordinate system and identify all observations that belong to the first
homogeneous taxon;

(4)  repeat steps (1) through (3) for all observations that were not included in previous
homogenous taxon,

5) estimate the similarities and/or differences among the taxons for each variable and
collectively for all variables;

(6)  estimate the information content of the variables that were included in the taxo-
nomic structure;

(7)  repeat steps from (3) to (6) for the various levels of the individual taxon that were
reliably isolated.

Among possible different methods to determine the baricenter of a homogeneous taxon,

the Central Method of Closed Points has been found to be the most effective. For this

method, the centre was represented by observations that were closest to it in the multivari-

ate space and a minimum value of

Z;hr = z l(Zip - th)z + (Zip - Zir)z + (Zih - Zir )ZJ (9)

where Z;,, Zjj, and Z;, were normalized variable i for observations p, h and r, respectively.

All observations that belong to given homogeneous taxon were identified from the G ra-

dius (6).The classification was obtained for various level of detail and degrees of taxon

homogeneity by changing the critical value of the homogeneous taxon G radius. Taxon

homogeneity and detail of the classification increase as the G radius decreases, and differ-

ences among taxons became less pronounced and detectable. Similarities and/or differ-

ences among homogeneous taxon was also evaluated dispersion for each individual vari-

able and all variables collectively. The G-method was coded in FORTRAN [1, 2, 3].

G-METHOD APPLICATION

The G-method was used to construct the taxonomic structure of hydrogeological, engi-
neering geological, geoecological, cosmochemical, and other types of data. Some results
obtained by the application of the method in research field from urban environment will be
given here.

Geoecological monitoring was made on the territory of Novocherkassk city. The monitor-
ing has the network of observation wells and subsystem of information. Soils, rocks and
waters are major observation objects of geoecological monitoring. Repeating control carry
out for the investigation of alteration of structure, properties and chemical composition of
the objects; it allows to fix environment damage, to analyze factors and processes of the
formation of ecological situation, to make the ecological forecast and the decisions for re-
habilitation of the environment.

The monitoring data show that the waterlogging, land subsidence and pollution of soils,
rocks and waters are the leading processes of environment transformations. The rise of
groundwater reaches 15 m during 40 years, the waterlogging of territory is 70-80%,; the
contamination of geological environment exceeds the critical level.

The G-method was used to map and investigate the natural and urban effects on ground-
water chemistry, regime, circulation and so on. Some of the most interesting results ob-
tained by the application of the method to groundwater chemistry are given here.

The average major ion and total dissolved solids (TDS) concentrations in groundwater are
listed in Table 1. Waters were dominated by high concentrations of SO4 and Na. The group
of “TDS — SO4 — Na — Mg” has the high coefficients of correlation.

The classification G-method was applied to investigate the chemical composition of water
samples collected on territory of Novocherkassk town. The groundwater chemistry is a
complex and dynamic system that is spatially and temporally very heterogeneous. An
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analysis of the water classification results (Table 2) and the corresponding hydrogeo
chemical

Table 1. Average major ion and TDS (salinity) concentrations, in mg-dm™ and %-mol, of
groundwaters.

Number
Date | of obser- | TDS HCO; S04 Cl Ca Mg Na
vation
4400 | 500| 2200| 410 290 190 69
1994 21 13 69 18 29 25 46
3550 |  470| 1680| 360] 250 140 660
1995 22 14 67 19 24 2 54
3450 |  490| 1640| 330] 270 150|580
1996 21 16 66 18 26 24 50
3400| 480| 1480 400| 270 130 600
1997 25 10 61 23 27 21 52

map (Figure 1) indicated that hydromorphology, relief, intensity of water circulation and
anthropogenic activities are the primary factors controlling the groundwater chemical
composition. The classification shown that three main hydrogeochemical zones could be
isolated (A, B, C). The average major ion concentration in groundwaters of each zone and
differences among homogeneous zones are listed in Table 2. Minimum of differences
among zones are differences among C, and C;, A and B zones. Of the chemical constitu-
ents in groundwater, variations in Cl, SO4, Na concentration and total dissolved solids
(TDS) are the most informative (the most discriminant variables).

Table 2. Average chemical composition (mg-dm™ and %-mol) of groundwaters in homo-
geneous hydrogeochemical zones (samples collected in 1995).

Zone TDS HCO; S04 Cl Ca Mg Na

A 7000 540 3100 1100 480 280 1360
8 62 30 23 21 56

B 3800 450 2100 260 340 170 630
12 75 13 29 24 47

C 2100 590 900 78 105 56 490
30 64 6 17 15 68

G 1300 340 520 140 150 65 130
28 52 25 37 26 37

Waters of A zone have more high water salinity (TDS - 7 g-dm™). Water freshering takes
place from A zone to C zone; the water salinity decreases as the water level increases. In
the initial period, water were dominated by high concentrations of SO4, Cl and Na, when
the groundwater table rose, concentrations decreased by a factor of 5 — 10 and the water
was dominated by SO4, HCO;, Na and Ca (Table 2). The main reason of water freshering
is the flow of water from urban communications. The similar changes of composition of
groundwater are found out at classification of results of approbation in 1996 and 1997 (ta-
bles 3 and 4). Thus, the important regulation of groundwater composition transformations
on the background random heterogeneous area was detected the G-method classification.
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Table 3. Average chemical composition (mg dm-3 and %-mol) of groundwater on homo-
geneous hydrogeochemical zones (samples collected in 1996).

Zone TDS HCO; SO4 Cl Ca Mg Na
A 5400 630 2400 690 390 200 1000
13 63 24 24 21 55
B 3300 380 1700 190 400 200 240
13 75 12 43 35 22
C 2400 580 970 270 130 88 530
26 54 20 18 20 62
C, 1100 380 430 69 120 55 170
34 50 16 32 27 41

Table 4. Average chemical composition (mg dm-3 and %-mo!) of groundwater on homo-
geneous hydrogeochemical zones (samples collected in 1997).

Zone TDS HCO; S0, Cl Ca Mg Na
A 5900 540 2600 540 380 180 1000
11 69 20 24 19 57
B 3200 500 1300 330 270 120 480
18 61 21 31 23 46
C 1200 430 340 110 150 52 130
41 41 18 42 25 33
C, 570 250 150 61 84 30 53
46 35 19 46 28 26
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ABSTRACT. In order to fulfil the requirements for agricultural, domestic and industrial
purposes, the dependency on groundwater in North India is rapidly increasing. Agriculture
being the main source of livelihood of the rural population, heavy dependence on
groundwater is evident from the fact that 95 % of the total irrigated area receives groundwater
irrigation. A few prominent questions which the planners and decision makers are confronted
with relate to the quantity and quality of groundwater. Other factors include location of
recharge in intake areas, temporal and spatial variability of recharge, inter-linkage between
groundwater and surface water, existing hydraulic gradients and water table situation,
groundwater flow between different formations, etc. Groundwater has experienced major
problems resulting from indiscriminate exploitation as well as combination of imprudent
irrigation, different pollution sources such as urban runoff, nitrogenous fertilisers used in
agriculture, seepage from contaminated industrial sites and industrial discharges.
Enhancement in water availability and safe water supply should always be guided by the
effective public policies, plans and local technologies, in addition to political, socio-
economic and other factors.

KEY WORDS: groundwater monitoring, quality assessment, groundwater depletion, impact
study, socio-economic dimensions

INTRODUCTION

About 75 - 80 % of human requirements are fulfilled by groundwater. In recent studies it was
observed that there is an accumulation of inorganic fertilizers, as a result the groundwater has
shown increasing nitrates. Subsequently, water supply in India is being threatened due to the
degradation in quality of water. An uncontrolled disposal of urban waste into water bodies,
open dumps and poorly designed landfills causes ground water contamination. The issues of
groundwater pollution have become one of the most important toxicological and
geoenvironmental issues in India. In January 1994, the Central Pollution Control Board
(CPCB), Delhi, had undertaken the first major groundwater quality monitoring exercise. The
report published in December 1995 identified 22 places in 16 states of India as ‘critical’ sites
of groundwater pollution, CPCB found industrial effluents to be the primary reason for
groundwater pollution [1,2,3]. Many critical regions have to depend on ground water
resources for various needs due to scarcity of surface water. In Industrial and urban fringe
zones of Delhi, the subsoil water in the area has already been polluted due to industrial
effluents. Industries are releasing high concentration of toxic substances. The wells in many
residential areas are contaminated with nitrate, and detergents. The high content of fluoride in
groundwater resources posses negative effects and is subject to severe health hazard in
surrounding region [4].

GROUNDWATER PROBLEMS IN GREEN REVOLUTION STATES
The green revolution in Punjab and Haryana states brought prosperity to the region, but the

problem of soil and water degradation came into existence. Recently it acquired a greater
importance because these states make a significant contribution to national food security.
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Gross irrigated area in these states has more than doubled during 1965-95. Consequently, the
major crops-rice, wheat and cotton-are totally irrigated in the region. The number of
tubewells has increased tremendously during the last three decades in the region. This has
resulted in over-exploitation of groundwater in many blocks leading to decline in
groundwater table up to 2 m in last 20 years depending on the region (Table 1). This decline
forces farmers to lower the pumps further deeper in the wells, increasing the costs of pumping
and energy use and thus decreasing profitability and efficiency of agriculture. Government
policy of highly subsidised power supply to rural areas further aggravates the problem. The
deep groundwater aquifers in most parts of Haryana are marginal and highly saline. Pumping
water from greater depths could, therefore, result in the use of irrigation with saline water.
Precaution in the use of groundwater is thus essential for a long-term sustainable agriculture

5].

Table 1. Groundwater development in Punjab and Haryana

States Name Total Utilisation Net Balance Present of
Of the replenishable | G.W. Draft G.W Potential | G. W.
District G.W. Resources for | MCM/Yr | available for Development
resources Irrig. Explotation (%)
MCM/Yr MCM/Yr MCM/Yr
Amirtsar 1918.8 1630.9 1647.3 -16.3 101.0
Firozpur 3588.3 3050.0 1509.8 1540.2 49.5
Gurudaspur | 1620.8 1377.7 832.5 545.2 60.6
Punjab | Jalandhar 827.2 703.1 1491.7 -788.6 2123
Kapurthala | 392.7 333.8 668.4 -334.6 200.3
Ludhiana 1686.5 1263.5 1953.6 -690.1 154.6
Patiala 1365.9 1161.0 2376.7 -1215.6 204.7
Sangrur 1511.9 1285.1 2190.0 -904.9 170.4
Ambala 1057.5 898.8 585.2 313.7 65.1
Haryana | Karnal 1281.9 1089.6 1411.6 -322.0 129.9
Kurukshtra | 774.1 658.0 12533 -595.3 190.5

Source: Various Reports

GROUNDWATER QUALITY IN NORTH INDIA: CHALLENGES AND RESPONSES

Disposal of untreated mercury-contaminated effluent from caustic manufacturers has heavily
contaminated groundwater.  Reckless dumping of effluent and hazardous waste is as
common here as in other industrial areas. Industries and factories used to release untreated
effluents directly into the ground, contaminating underground aquifers. In one of the sample
mercury had more than 268 times than it is considered safe. Groundwater in the industrial
areas of North India is unfit even for agriculture. A tubewell sunk to a depth of about 200
feet (61 metres) by Suruchi Dyeing Udyog, a factory south of the G.T. Road in Ghaziabad,
Uttar Pradesh, was yielding yellow-coloured water. The Central Ground Water Authority
(CGWA) found para-nitrophenol, an organic compound, in the water in a concentration of
0.54 milligrammes per litre (mg/1). The permissible limit of the compound is 0.001 mg/1.
Obviously, some factory in that area was pumping untreated effluent into the groundwater.
Considering the 80 per cent of the country’s drinking water needs are met by groundwater,
the Facility for Ecological and Analytical Testing (FEAT) of the Indian Institute of
Technology (IIT), Kanpur conducted survey of the groundwater. There were traces of heavy
metals like iron and zinc in all the sample, cadmium in five samples and lead in three. But all
the samples had one striking similarity: the levels of mercury were very high. High levels of
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mercury in drinking water can severely impair the nervous system, causing neuropathy.
Moreover, it has severe health hazards [6].

The concentration of mercury in the sample taken from a tubewell near an industrial area in
Panipat was 0.2683 mg/1, contained more than 268 times the permissible limit of 0.001
milligrammes per litre (mg/1) set by the World Health Organisation for drinking water. The
chemical oxygen demand (COD, which is the amount of oxygen required by chemicals in the
water to oxidise and stabilise themeslves) of the water was 360 mg/l. The maximum
permissible COD level even for industrial effluents is 250 mg/1. The groundwater is as bad
or worse than untreated industrial effluents. The presence of chemicals was found to be more
than what is permitted for industrial effluents. According to the findings, effluent with COD
levels as high as 2,400 mg/1 were pumped into the aquifer. In order to provide assured water
supply, the municipal corporation is exploiting groundwater resources through 80 extraction
points. Besides most residents and industrial units also extract groundwater. The responsible
units are 1,311 thriving industries which are engaged in producing cycles and textiles, among
other things, and include foundries. According to a Central Ground Water Board (CGWB)
report, the units are discharging about 50,000 cum of industrial effluents - mostly of toxic
contents - each day into the Budha Nala, a stream that recharges the groundwater of the city.
CGWB’s report on Ludhiana’s groundwater status affirms that many industrial units are
deliberately pumping effluents into the aquifers. The groundwater board found that levels of
heavy metals such as cadmium, cyanide, lead and chromium were all above permissible
limits in the shallow aquifers, while traces of arsenic were within the permissible limit.
Small quantities of these heavy metals were also traced in the deeper aquifers. In the absence
of suitable modes of disposal, indiscriminate discharge of effluents has caused serious
pollution of groundwater. The indiscriminate discharge of mercury along with industrial
pollutants may result into significant build-up of the metal in the aquatic environment.

IMPACTS OF URBANISATION ON GROUNDWATER QUALITY: CASE OF
DELHI

The industrial growth in Delhi got intensified only after India’s Independence. From a small
number of about 8,000 industrial establishments in 1950-51 the number increased to 90,000
in 1995. Government policies helped this rapid establishment of industries by providing
facilities and incentives. This resulted in a mixed and even conflicting land use and causing
deterioration in the quality of land and water. The prime cause of critical insanitary conditions
is due to the lack of facilities to collect wastewater and to dispose off after treatment. Data on
wastewater generation and collection is less when compared to information on water supply.
Owing to this, it is difficult to assess the total pollution potential. The municipalities dispose
off their treated or partly treated or untreated wastewater into natural drains joining rivers or
used on land for irrigation or fodder cultivation or into the groundwater. A higher value of
residual sodium carbonate (RSC) in irrigation water causes increase of sodium adsorption and
thus the value greater than 5 meq/l shows detrimental effect on crop growth because of
sodium hazard. In case of anions, the concentration of chloride and sulphate to some extent
are increased. The levels of nitrate in all the groundwater samples are within the permissible
limit set for drinking water purposes. The RSC values in some places such as Mundka,
Bawana and Qutabgarh are more than 5 meq/l. This indicates that those areas are affected by
sodium hazard [7]. Like Alipur block, the predominant caution in Kanjhawala is sodium
where a considerable number of stations contain chloride ion as dominant anion. The areas
below the Rohtak road have high conductivity values. The ground water from Kanjhawala
block and upper Rohtak road may be considered as the enclosure of sodium hazard and high
salinity.
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The trace elements surveyed in all those stations are lead, zinc, copper, nickel and cadmium.
Other metals except lead in few well waters, were within the permissible level of drinking
water: Data revealed that out of 30 locations in Alipur and Kanjhawala block (fifteen each),
3 locations in Alipur and 2 locations in Kanjhawala block were contaminated with calcium
(Table 2). None of the well water monitored in Alipur block indicated concentration of
calcium exceeding drinking water standard ranges between 11 and 25 ug/l. The calcium
concentration of the well, which exceeded drinking water standard, is 17 and 11 ug/l,
respectively. Other metals except lead in few well waters, were within the permissible level
of drinking water. Out of 42 wells in both the blocks, the survey revealed that the level of
lead in 6 wells, 3 in each blocks, exceeded the drinking water standard. The lead
contamination in the well water of Chandpur were recorded as 110 and 204 ug/l respectively
in both the layers. The values of nitrate never exceeded the permissible limit (50 mg/1 as No3).
On the basis of detailed analysis of groundwater quality, Central Ground Water Authority
(1998), New Delhi recently informed public that groundwater from shallow water bearing
zones up to 30 meters of National Capital Territory of Delhi has high concentration of
Fluoride and Nitrate and is not fit for drinking purposes. It is advised that groundwater of the
areas given in Table 3 should not be used for drinking purposes without proper treatment [8].

Table 2. Groundwater condition in rural Delhi

Parameters | Maximum Frequency distribution of actual observed values
Permissible No. of samples Concentration
Limits for Out of 42 samples (ug/1)
drinking Alipur Kanjhawala Alipur Kanjhawala
Water (ug/1) Block Block Block Block
Cadmium 10 21 17 0-5 0-6
4 - 11-25
Lead 100 18 18 0-58 0-96
3 3 142-428 102-204
Chromium 50 20 21 0-34 0-27
1 50 -
Zinc 15,000 21 21 0-34 0-78
Copper 1,500 21 21 0-38 0-31

Source: Central Board for the Prevention and Control of Water Pollution (1985)

PEOPLE’S PERCEPTION AND POLICY ISSUES

Residents of the surrounding areas were unaware of the danger in groundwater, though they
could see that something was wrong. The pollution control boards are either unwilling to
deal with the offenders or are simply ineffective at implementing the anti-pollution laws. On
December 10, 1996, the Supreme Court directed the Union ministry of environment and
forests (MEF) to empower the Central Ground Water Board (CGWB) under the Environment
Protection Act, 1986, against overexploitation of groundwater. This led to the creation of
Central Ground Water Authority (CGWA). Pollution control authorities are not capable of
dealing with the groundwater crisis. It is very important to involve the local people and civil
society in checking further pollution of our groundwater as they are the most important
stakeholders of the country’s natural resources and are the worst affected by pollution.
Utilization of groundwater resources should be so regulated as not to exceed the recharging
possibility. Groundwater recharge projects should be initiated for augmenting the available
supply. A phased programme should be implemented for improvement in water quality.
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Urban development and related activities should be planned with due regard to the constraints
imposed by the configuration of water availability. There is a need for water zoning in
metropolitan region and the economic activities should be regulated in accordance with such
zoning.

CONCLUDING REMARKS

In order to address issue of long-term policy on water-use, the following strategies are
important; 1.) Technologies or strategies are needed or are available for bringing water-table
to 1970 levels; 2.) Water supply in the areas having a falling water-table trend needs to be
replenished through artificial groundwater recharge. The surplus water during rainy season
as surface run-off or escape from canals needs to be made use of for this purpose; 3.) On-
farm irrigation water management should be given top priority to have maximum productivity
per unit of water and to avoid the development of water-logging and soil salinity. This will
require scientific utilization of surface water in conjunction with groundwater. Between April
and June, the recommended cropping pattern should include only such crops which are less
water-consuming, particularly in those agro-climatic irrigation zones where there is already a
negative water balance. Groundwater resources may be planned to meet the mega city needs
for the next fifty years. Aquifers may be recharged by harnessing rain water. There is
promising scope of remote sensing technique in pollution detection through a close and
continuous monitoring.
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Table 1. High concentration of flouride and nitrate in Delhi

Areas Fluoride Nitrate Areas Fluoride Nitrate
(mg/1) (mg/1) (mg/1) (mg/1)
BLOCK-KANJHAWALA (Maximum Permissible Limit of Fluoride: 1.5 mg/l; Nitrate: 100 mg/l)
Bawana 3.18 - Shahbad Dairy 3.03 -
Gherva 2.21 - Tikri Kalan 5.47 -
Garhi Ringhala 2.59 - Kanjhawala 10.00 140
Sultapur Dabas 2.6 - Korala 1.53 -
Mohammad Pur Mairi 1.92 161 Agar Nagar 2.43 -
Mundka 2.29 119 Kirari 4.21 184
Sultanpuri 4.9 208 Mangol Pur Khurd 6.1 114
Mangol Pur Kalan 4.06 652 Rajiv Nagar 4,78 -
Rithala 5.1 - Punjab Khor 3.48 -
Qutabgarh 5.26 - Katewra 4.07 -
Mungeshpur 6.43 - Auchandi Border 3.73 -
Nijampur - 106 Mangolpuri - 180
Bhagey Vihar - 115 Jat Khor - 390
Kirshna Vihar - 141
BLOCK - NAJAFGARH
Palam Gaon 3.3 105 Pappan Kalan 3.65 -
Bamnauli 3.65 - Chawala 1.8 130
Kangan Hari 1.9 300 Daulatpur 2.05 -
Shikarpur 2.55 - Goela Khurd 7.25 -
Kharkhari Nahar 1.6 203 Nangloi 3.8 -
Ugersain Park 2.4 - Kakrola 3.05 379
Mitraon 5.47 - Pindawala Kalan 2.21 361
Dhansa 3.84 377 Ujwa 2.14 508
Jharoda Kalan 7.3 208 Dichaun 3.69 178
Neejwal 5.08 117 Jafarpur 6.9 -
Qazipur 11.0 389 Kair - 264
Isapur - 106
BLOCK - ALIPUR
Shahbad 2.14 - Puthkhurd 3.48 266
Pehladpur 5.42 - Palla - 277
Bokali - 113 Tikri Khurd 3.2 -
Mamurpur - 236
BLOCK - CITY
Munirka D.D.A. Flats 2.2 - Sant Nagar 4.4 -
India Gate Nursary 2.54 121 Delhi zoo 2.97 1589
Nizamuddin 4.83 - Jamia Millia 2.46 194
Ashram Chock 2.3 - UPSC 1.75 -
Vikas Puri 1.85 - Rajouri Garden 4.25 -
Meera Bagh 2.05 - Vasant Enclave 2.43 133
Hastal 1.85 171 ParsiDharamShala 2.03 100
Majnu Ka Tilla 2.28 - Timarpur 2.73 -
Shalimar Village 3.69 - Naharpur 7.46 108
Rohini Sec-2 2.4 - Maharani Bagh Bazar 3.99 -
Zakhira 2.63 - Rana Pratap Nagar 2.28 -
Inderpuri 1.67 - Lakshmi Bai Nagar 3.65 -
Pragti Vihar 6.43 - Jeevan Nagar 3.23 232
Panchkuian Road 2.38 - Kishan Ganj - 190
Kotla Mubrakpur - 328 Sanjay Camp - 240
Sudershan Puri - 202 Shanti Van - 144
Okhla Ind. Phase I - 110 Sarita Vihar - 149
New Friends Colony - 102 Naraina - 600
Begampur - 240 Moti Bagh Part I 2.11 -
BLOCK - SHAHDARA
Ghazipur - 139 East Vinode Vihar - 180
Durga Puri Chowk - 141
BLOCK - MEHRAULI
Dera Gaon - 690 Rajokari Road - 262
Gadaipur - 743 Jaunapur - 124

Source: Central Ground Water Authority (1998), New Delhi
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ABSTRACT. Qanat is one of the most interesting human's inundation for getting at, one of the
most important needs of human being , water .

Qanat is a technique which brings up the water on the ground and make it available to be used. It
consists underground channel where groundwater infiltrates in to them and finally in this outlet
(Mazhar of Qanat), comes up on the surface of land. Qanat inundation is resulted of modification
in the techniques, which were used by ancient miners in order to discharge accumulated water in
the mines.

Climatic, hydrogeologic and topographic conditions of area should be considered before
establishment . In order to establish a Qanat, selecting a suitable area is the main step. First step is
finding a reach aquifer, then after, they dig the main well (madar chah). Digging under ground
channel is the next step.

Key Words: Qanat, Groundwater, Iran, Well, Ecologically Balance

INTRODUCTION

Iran is located between 25 to 40 North latitude and from 44 to 64 East longitude .1t lies at the east
of Arabian peninsula and comprises the western and larger part of the Iranian plateau ,extending
from the Persian gulf to the Caspian sea .The majority of the country is semi-arid except on the
northern Alborz mountain range , where the rainfall varies from 1000 mm to 2000 mm (40 in-
80in)annually; On the plateau ,the average annual rainfall of over 200 mm (8 in)in the north ,
decreases to less than 100 mm (4 in)in the south and south east .

AZARBALAN

\
5000000

Fig. 1. Mean annual amount of precipitation of Iran
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In Iran ,the climate and rainfall conditions make irrigation essential for raising crops in the most
parts of the country .Under these circumstances , the hill foot fans offer plentiful supplies of
ground water of suitable quality to be used by men,crops, and animals .

The main aquifer in the Iranian plateau consist of alluvium of the Pleistocene age which may
locally reach a thickness of 400 meters (440 yd) .The alluvial fans offer the opportunity to convert
seasonal runoffs into a form of semiperennial source at water .

The graduation from coarse to fine materials from the apex of the fan to the periphery is common
to all tectonically undisturbed alluvial fans, and encourages the seasonal rainfall and flood to sink
into the upper area .Recharge of the ground water is therefore high at the fan heads which are
composed of most permeable materials .

Fig. 2. Place of main Qanats in Iran

Qanat is a subterranean aqueduct -or subsurface canal - engineered to collect ground water and
direct it through a gently sloping underground conduit to surface canal which provide water to
agriculture fields .

/\.I N iLength of Qanet )

Distance between mother well and outlet

leistocene *

Fig 3 : Longitudinal Profile of Qanat



75

The system is unique and one of the most common means of underground exploitation in Iran
and other arid countries .These system is variously known as Qanat, ghanat , kanat , kariz ,
fogaras , khetart etc. .

Qanat is not an irrigation method , but produced water can be used for irrigation crops .

Qanat system includes four main parts:

1- Upper most shaft or mother well (madar chah)

2- Vertical shafts for aeration or access (mileh)

3- Tunnels as a path for water transportation or diverting water toward the out let (koreh)
4- Outlet and open part on conveyance canal (mazhar & haranj ).

In a quick glance each Qanat divides in two parts :
1- Wet part or the drainage wells and tunnel (tar kar)
2- Dry part or conveyance tunnel (khoshke kar)

Fig.4: Side and Above Landscape of Qanat

Water seeps through the walls of mother well, which is dug into an aquifer up slope from the
fields being irrigated ( this is true for the other wells in the chain that penetrate into the water
table-tarkar),and then is carried by natural gravity flow through the tunnel to a point hundreds
of meters to tens of kilometers away.
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When a single tunnel fails to yield an adequate flow of water , branch infiltration galleries that
feed into the main tunnel may be added upslope , or the mother well maybe extended deeper
into the water-bearing strata.

HISTORY OF QANAT

Qanat craters are seldom out of the sight of people who travel across or fly over the persian
plain .

About 3000 years ago , the persians learned how to dig underground aqueducts that would
bring ground water to arid plains surface .But the precise dating of Qanat is virtually
impossible unless their construction was accompanied by documentation or occasionally, by
inscription .

The most ancient evidence which regarding to Qanat is in the description of the eight war of
Sargon II (705-722 BC) against Urato empire in 714 BC. Sargon regions were from Oromiea
lake in Western Azarbaijan Province in northwest of Iran and continued in the Zagross
mountain range (Northwest of Iran ). The description of this war was in cuneiform writing in a
great inscription which is kept in Louver museum . Qanat extended from Urato's empire
toward east, south and to all of Iran's plateau .[4]

Without Qanat some great cities as Ray (near Tehran) , Neishabor , Yazd and ... couldn't exist
or survive .If Qanat were not created many of cities around desert of Iran Arabia and Africa
,probably wouldn’t exist anymore.

In early first millennium (BC) Qanat was created and after this extended in the world ,with a
high speed .Then during centuries from the origin and because historical events , extended to
the east and west of the world .

Iranian transferred this system to Egypt in about S00BC ,and about 750AC it was transferred
to Spain by Muslims .[1]

Now Qanat can be found in about 34 countries in the world :

In Asia: Syria, Pakistan , Turkey ,China ,Iraq ,India , Palestine , man ,etc. .
In Africa : Egypt, Algeria, Tunisia, Libya, Sahara, etc. .

In Europe : Spain , cyprus, etc. .

In America : Peru, Chile , Mexico , etc. .

Karaji , a famous persian scholar of 11th century AD , compiled a comprehensive treatise on "
Exploration for hidden water "in which he elaborated on different aspects of ground-water
flow and the means of its exploitation .In this book many chapters are devoted to Qanat ,
presenting different cases and pertinent practical solutions .The most important discovery of
Karaji , was that he attributed the flow of water to gravity and sloping water table .

SUITABLE NATURAL CONDITION FOR QANAT

Climatic , topographic and hydrogeologic conditions which are needed for a Qanat are :
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Climatic :  most of Qanats constructed in regions which have temporary surface water
resources (either because of shortage of water or unsuitable distribution of water in yearly
cycle ), then Qanat almost belongs to low water climates .

Hydrogeologic Condition : Because of shortage water , it must be compensated by ground
water and these aquifers are useable where they feed continuously and in adequate quantity,
then exist of a chain of high mountains is essential which could change cloud's to rain .

Topographic Condition  : Qanat is normally limited to sloping lands , almost whatever
slope of land is less ,length of Qanat will be more .

METHOD OF CONSTRUCTION

Qanats are normally limited to gently sloping lands, usually alluvial fans or gravel outwash
at foot of mountain. It is obvious that any seepage from the alluvial fans or the presence of
springs suggest the possible presence of ground water is ascertained. It can be utilized, by
digging either a vertical shaft or a horizontal tunnel, where the slope of tunnel ensures a steady
flow due to the gravity .

To dig an underground tunnel with a length of even 1 km is not an easy task, particularly
when everything is done through manual labor. The evacuation of excavated materials, the
alignment of tunnels, and fresh air required by Moghannies (diggers) are among the serious
handicaps .To overcome such difficulties, the ancient Iranians sunk a line of shafts, spaced 30
m- 100 m apart (33 yd- 110 yd ).These shafts facilitated the digging of the tunnel and the
evacuation of the excavated materials , as well as supplying fresh air for the labors .

To dig a Qanat , the Moghannies first locate some points on the upper slope of an alluvial
fan where they sink one or two shafts to assess the depth of the water -bearing strata and their
approximate discharges .This is usually done by the leather buckets which are dipped
periodically into the shafts to measure their rate of water accumulation .If the initial
observation wells prove satisfactory in locating water at the elevation high enough to provide
the necessary head required to reach the area of utilization ; then a survey of the proposed
alignment of the ganat is made. After the outlet point is determined ,the digging of the shafts
and the dry tunnel commence from this point.

The Qanat usually start from the lower slope in the form of a shallow ditch , which
eventually develops into a tunnel as the depth increases upslope .From each of the shafts the
tunnel is extended in both directions . When the dry tunnel intersects the water table , it
continues through the aquifer acting as a drain . The slope of the tunnels is usually very gentle,
ranging from less than 1m to several per kilometer, depending on the physical properties of
the soil .

The tunnel is usually enough for the worker to crawl through, and the cross section of the
tunnel is generally elliptical, with a height of at least 1.2m(47in.) and width of 0.8 m (32 in.).
The shafts are usually 30m -100m(33yd-110yd)apart .The initial diameter of the shafts varies
from 0.75m-1.0m(30in-40in).the spacing of the shafts is a function of the type of terrain and
the depth of the tunnel, but is always greater for the drainage tunnel than for conveyance
tunnel .
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Qanat varies in length from several hundred meters to tens kilometers. The most common
length is approx. Skm -9km (3miles-5miles). The depth of mother well may range from few
meters to 400m(440yd) with the most common depth being 30m-50m(33yd-55yd).A Qanat is
in Gonabad (northeast of Iran )with depth of mother well about 370m. The discharge of Qanat
varies from a few liters over 400L/S (107gal/sec).

The total discharge of Qanats is estimated at about 500m*/S (0.4 acre-fi/sec) .[2]

The number of Qanat in Iran, often estimated but not substantiated , is reported to amount to
50,000 ; it is said by ministry of agriculture that these Qanats provide from one-third of all
irrigation water in country .

CONCLUSION

Qanat is one of the most ecologically balanced water recovery methods available for arid
regions . There is a natural law which has allowed Qanat to flow continuously for many
centuries that shouldn't be ignored by modern water engineers and farmers: the natural supply
of water in a Qanat can never exceed ground-water recharge. Mechanically-pumped wells
allowe this natural law to be exceeded for the time to be-pumping more water out of aquifers
than to be recharged. However, without coordinated state-level monitoring and management of
water resources, to include spatial and temporal limits on ground-water withdrawal ,aquifers
will not be capable of sustaining ambitious irrigation schemes, and modern pumping devices
could follow the fate of Qanats.

Qanat system is a way for water recovery in arid regions, which provide the best ecological
balance .

Qanat digging cost lot of money and is very time consuming ,However they are being distroyed
and left useless, which is a significant harm to the national resources.

So, maintanance and rehabitation of present Qanat could be a considerable step toward
sustainable development of ground water resources especially in arid and semi-arid regions.
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ABSTRACT: Nearly 80% of land subsidence due to groundwater pumping in Japan takes place in
the Northern Kanto region. It is important to estimate potential damage caused by land subsidence
and to visualize this on a map over a wide area such as the Northern Kanto Plain, Japan. This paper
describes the present situation and future prediction of land subsidence in this area and the
evaluation of damage potential caused by land subsidence using a Geographical Information
System (GIS). A simplified method for predicting future trends using observed settlements has
been proposed and the applicability of the model has been verified by comparing the predicted and
measured results at 1,282 points over the area. Using GIS, the present and future land subsidence
has been visualized on a map. In addition, the occurrence of damage caused by land subsidence for
each site can be assessed by means of a map based on a database consisting of a combination of
predicted land subsidence and existing regional information.

KEY WORDS : land subsidence, groundwater pumping, visualization, geographical information
system (GIS), Northern Kanto Plain.

INTRODUCTION

Nearly 80% of land subsidence due to
groundwater pumping in Japan takes place
in the Northern Kanto Plain whose
bordered area covers the five prefectures
as shown in Fig. 1, Saitama, Gunma,
Tochigi, Ibaraki and Chiba. According to
recent subsidence records, the average
amount of subsidence in this area due to
groundwater pumniing for agricultural,
industrial, and drinking purposes has been
approximately Scm every year although
the situation is different depending on the
prefecture. The amount of land subsidence
and its variation with time are normally
evaluated by adopting one-dimensional
consolidation theory which is modified to
take into account the variation in live
loads due to seasonal changes in
groundwater level. To achieve this and in
particular, to prevent disasters to the
infrastructure and to regulate groundwater
pumping, we need a great deal of information on geotechnical properties from field and laboratory
investigations over the whole area under consideration. However, this is not practical from the
viewpoint of expense and time. To overcome this difficulty, a simplified method is proposed which
is capable of forecasting the future time-settlement relations based upon the information presently
available, regarding settlements due to groundwater pumping. This method can be used even where
the soil profiles are unknown although the soil parameters are necessary for conventional
settlement calculations.

Fig.1 Objective area for land subsidence

A SIMPLIFIED PROCEDURE

Strictly speaking, the solution of one-dimensional consolidation theory cannot be directly applied
to land subsidence due to groundwater pumping. However, as a first approximation, 1t is here
assumed that using the solution of Terzaghi’s theory for one-dimensional consolidation of clayey
soils, settlements due to groundwater pumping can be simply expressed as (see Appendix):
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S =8,,[1 - exp(-Cgt)] (1
where S, is the residual settlement expected from the present time until the termination of
subsidence under the ~assumption that the groundwater variation is kept the same as observed at the
present time, and Cy, is a parameter corresponding to settlement strain rate. These are given by:

S0 =S,=(8/ %) exp(-T,,/4) (2a)

po

Cp =T, /t, = 4o /H} (2b)
where S,; is total residual settlement TVO, T,; are time factors at the starting time to measure
settlement and the arbitrary time durmg sub51dence is an arbitrary time during subsidence, c, is
coefficient of consolidation, and H, is the maximum length of drainage path for the clay layer.

If instead of such soil parameters as ¢,, H and T, two parameters, S, and Cy, denoted by Egs. (2a)
and (2b) can be determined by using a statistical analysis of prev10usly observed settlement records,
the amount of settlement and settlement versus elapsed time relations can be obtained using the
“non-linear least squares method”.

APPLICATION OF THE METHOD PROPOSED

Applicability of the method proposed above is illustrated by comparing the calculated settlements
with those observed. The two parameters S, and Cy were determined by a statistical analysis of
land subsidence settlement-time records from 1970 until 1990 at 1 ,282 locations in the Northern
Kanto plain in Japan covering the five prefectures: Tochigi, Gunma Saitama, Chiba and Ibaraki.
Typical variations of settlements and groundwater level with time for several locations are shown
in Fig. 2. It was found that the variation of groundwater level and amount of settlements with
elapsed time depends on each location. One of the characteristic features in Fig. 2 is that observed
fluctuations in settlements followed seasonal changes in groundwater level except for one case in
Washinomiya, Saitama Prefecture where the settlements were small in comparison to the change in
modifying one-dimensional consolidation theory conventionally used for settlements under
sustained or static loads.

The above-mentioned procedure was applied to the previously observed settlements versus time
records accumulated in the Northern Kanto district for approximately the last twenty years. The
typical examples of observed and calculated settlement versus time relations for records from 1970
to 1995 are shown in Fig. 3. The relations of total observed and predicted settlements are given in
Fig, 4 corresponding to the same period as used in Fig. 3. The comparisons in Fig. 3 and Fig. 4 are
in fairly good agreement with each other.

. /ﬁ * M (@ Tatebayashi
100 ®Tokorozawa 2 ‘ A
* ®Koshigaya
E 200l ¢ ®Nggi |
E Spo (mm) | C_(1/year) P
Q D] 1445.9 0.0138 .
§ 300 | [ @] 27887.0] 0.000793 @ Sowa
= @] 1824.1 | 0.00274
» @] 672.63 | 0.107 @ Washimiya
®| 177.27 0. 101
400 H®T110.37]_0.0922 & 1
Curves : Fitting results by Eq.(1) *
Plots : Measured results .
500 el i i I I L h
71978 1980 1982 1984 1986 1988 1990 1992 1994

Year

Fig.3 Comparison for observed and calculated settlement versus time relations
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Fig.4 Comparison between predicted and measured settlements

FUTURE SETTLEMENT PREDICTION AND ITS REPRESENTATION USING GIS

Following the above-mentioned procedure for predicting land subsidence settlements using the
previously observed field records at total of 1,282 locations, the future prediction of settlements
was conducted for the next 5 years from 1998 to 2002, The results are represented and illustrated in
Fig.5 as a hazard map of land subsidence in the Northern Kanto plain using a Geographical
Information System (GIS). It is predicted that severe settlements will probably accumulate in some
areas if the groundwater is pumped with continuous variations in groundwater level, although there
is a tendency for gradually decreasing settlements in most areas in the Northern Kanto plain.
Considering that there is possibility of big earthquakes occurring in this area, it is also suggested
that through further investigation the potential for disastrous land subsidence from anticipated
earthquakes could be demonstrated using a hazard map developed using GIS.

Fig.5 Map of land subsidence in the Northern Kanto Plain using GIS (1998-2002)
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ESTIMATION OF DAMAGE POTENTIAL CAUSED BY LAND SUBSIDENCE

Damage caused by land subsidence is different for each site in the objective area because the
characteristics of the sites are different. For example, water supply for irrigation deteriorates in
agricultural areas. Bearing capacity of structures on piled foundations declines and underground
lifelines are broken in industrial and business areas. Therefore, it is necessary to consider the
characteristics of the sites for estimating the possible damage caused by land subsidence.

Damage potential D, at a site expresses the summation of the products of the degree of damage D,
and the weighting w, as is given by:

D,=Zw,D, 3
For simplicity, D, is assumed to be given by the following equations:

D,=d,/d,.. (4a)
where d, and d,,,, are:

d=AS (4b)

d,..=max {d, } (4c)

In Eq. (4b) A, is the damage area and S is the future settlement in a site, and d,,, is the maximum
value of d, in the objective area.

Using the above, we have tried to draw a damage potential map. The built up areas and rice fields
obtained from a database of existing regional information were used as the damage area A, and the
predicted settlements, from Fig.5, were used as the future settlement S. The weighting w, was
assumed to be 1.0. The results are presented in Fig.6. The occurrence of damage caused by land
subsidence for each site can be specified by means of this map rather than a mere future settlement
map.

Fig.6 Damage potential map by land subsidence in the Northern Kanto Plain

CONCLUSIONS

The results in this study are summarized as follows : o
1) It is recognized that the land subsidence in the Northern Kanto Plain is caused by seasonal
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changes in the groundwater level due to the groundwater pumping.

2) A simplified method for predicting future trends using observed settlements has been proposed
and the applicability of the model has been verified by comparing the predicted and measured
results at 1,282 points over the area. Using GIS, future land subsidence has been visualized on a
hazard map.

3) In addition, the occurrence of damage caused by land subsidence for each site can be assessed
by means of a hazard map based on a database consisting of a combination of predicted land
subsidence and existing regional information.
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Appendix : Derivation of Eq. (1)

If land subsidence would approximately be governed by the one dimensional consolidation theory,
the general solution for the both drainage ends is given by:

U=1——Zizexp(—afry) (A1)
T

When we consider the interval in two time factors of T,, and T, as shown in Fig. Al(a), the
difference, 8U, in degree of consolidation yields:

oU, =U, -U, =i{izexp(—a T,,)- exp(—a T - (A2)
n=0

n n

In the above equation, by replacing T,, — T,, as 8T, and then neglecting the difference in inherent
values after the second order of the solution of the consolidation theory, Eq. (A.2) leads to:

8 T oT,
8U, =~ exp(- =)l ~exp(~)} - (A3)
By referring to Fig. A1(b), Eq. (A3) can be rewritten as:
Ni=8,,{l-exp(-C,d¢t)} -(A.4)
o Ty T, Time factor T > 0 3t Elapsed time St'

Consolidation degree U Accumulated settlements 3S

Fig.Al(a) Fig.A1(b)
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Abstract.  The Jinhe water source field is one of two water source fields of Zaozhuang
City, Shandong Province. It plays an important role in the social and economic development of
Zaozhuang City. Since the late 1980’s, groundwater has been heavily pumped from the Jinhe
water source field with the result that a large groundwater level depression cone has formed
and groundwater levels have declined continuously. In order to control the spread of these
environmental problems, artificial recharge of groundwater was carried out in 1993 within this
water source field.

A previously established mathematical model was run for three different recharge strategies.
The results show that the artificial recharge of groundwater can substantially control the
development of the groundwater level depression cone. It can also increase the assured supply
of irrigation water for cultivated lands along the recharge ditches and has obvious social and
economic benefits.

Key words. artificial recharge, sustainable groundwater development, water source field,
Zaozhuang City

INTRODUCTION OF STUDY AREA

Jinhe water source field is located to the west of Zaozhuang City and is one of two water
source fields of Zaozhuang City, Shandong Province. The long-term average precipitation of
the study area is 772.5mm (from 1963 to 1997). The maximum was 1340.4mm in 1971 and the
minimum was only 492.6mm in 1966 (Figure 1). The precipitation from June to September
accounts for 70% of the total annual precipitation. This characteristic of the precipitation
distribution is not beneficial for recharge of groundwater. Dashahe river flows through the east
side of the study area. The area of this river basin is 26Okm2, its length is about 8km in the
study area, and its average flow rate is 5962 X 10*m’/a. The seasonal variation of river flow rate
is great. In dry seasons (or years), the flow rate is very small and river may even become dry.
But, in rainy seasons (or years), the flow rate is very big. The maximum flow rate was 2.12 X
10%m>/a while the minimum was only 0.03 X 108m*/a.

There are two different kinds of aquifers in this area. One is a loose porous aquifer; the other is
a karst aquifer. The average thickness of the porous aquifer is greater than 9m. It consists of
medium, coarse sands and gravel. The karst aquifer is covered by the porous aquifer. The depth
of karst development is from 35 to 212m. The hydraulic connection between these two aquifers
is close. Their recharge and discharge conditions are the same.
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Fig. 1. Variation of precipitation in the study area

In this water source field, there are 320 wells for irrigation and 20 wells for industrial users. In
recent times, groundwater pumping has increased greatly. It was only 768 X 10*m® and 871 X
10*m’ in 1985 and 1990 respectively, but by 1997, it has risen to 3092 X 10*m® (Figure 2).

Fig. 2. Variation of groundwater pumpage in the study area

Groundwater overdraft caused a groundwater level depression cone to form over a large area
and the regional groundwater level continuously declined. The area of the groundwater level
depression cone is about 15km? and the maximum depth of the groundwater level is about 32m.
In order to control the spread of these environmental problems, artificial recharge of
groundwater was carried out in 1993 within this water source field.

ARTIFICIAL RECHARGE OF GROUNDWATER

In order to retain the Dashahe river water, a rubber dam was built in the lower reaches of the
river in 1991. The length and width of the dam are 88m and 9m respectively. Artificial recharge
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ditches were excavated within the water source field in 1992. The length of the main ditches is
1110m, and the lengths of the south and north branch ditches are 2250m and 5100m
respectively. The main ditches and branch ditches are connected to the Dashahe river. The
design flow rates of the main and the branch ditches are 1.8 m*/s and 0.5m*/s respectively. In
order to monitor changes of groundwater quantity and quality after carrying out artificial
recharge, a monitoring network was established.

For the purpose of evaluating the influence of artificial recharge on groundwater quantity, a
groundwater balance equation was established and the hydrogeological parameters (i.e. specific
yield and coefficient of precipitation infiltration) in the equation were optimized using a
genetic algorithm. Based on the observation data, the optimal values of these two parameters
are obtained. The specific yield and coefficient of precipitation infiltration are 0.028 and 0.30
respectively. The components of the water balance were calculated for 1997 and the values are
shown in Table 1.

Table 1. The values of items in water balance equation in 1997. unit; 10*m’
Items of water balance Values Total

° precipitation infiltration 411.66

g’ infiltration from river 234.0

§ infiltration from irrigation 39.4 2844.93
e~ artificial recharge 302.0

lateral recharge 1857.87

F industrial pumpage 2424

2 o | agricultural pumpage 615 3092.4
8 2 [ domestic pumpage 534
Recharge — Discharge = -247.47

According to Table 1, the variation of groundwater storage was —247.47X 10*m’ in 1997,
which means that groundwater declined 3.79m. The observed average value of groundwater
level variation was —3.55m. These two values are close, which indicates that the water balance
equation established is correct and the parameters in the equation were correctly determined.
Artificial recharge accounts for 10.62% of the total recharge of groundwater.

From the analysis of variation of precipitation (Figure 1), after 1990, the minimum
precipitation was 587.7mm in 1997. But the groundwater pumping was at a maximum and was
3092 X 10*m® in 1997 (Figure 2). So, the variation of groundwater level was analyzed by
choosing the groundwater balance equation in 1997 under three different conditions.

Plan 1. Groundwater pumping is assumed to increase from 3092 X 10*m> (1997) to 3749.4 X
10°m*/a, the gross increase of 657.4X 10*m’/a being supplied for Shandong Huazhong Paper
Manufacturer. In this case, the total discharge is 3749.4 X 10*m’/a, the total recharge remains at
the same value, i.e. 2844.93X10°m%a, so the total deficit equals —904.47 X 10°m®, which
implies that groundwater level will decline by 13.83m.

Plan 2. Groundwater pumping is assumed to be the same as Plan 1. Artificial recharge is
assumed to increase from 302X 10*m’ (1997) to 800X 10*m’ /a, this value being the long-term
maximum allowable rate of withdrawal from Dashahe river. So the total recharge minus total
discharge equals —406.47 X 10*m?®, which implies that groundwater will decline 6.21m.
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Plan 3. Groundwater pumping is taken to be the same as at present and this was 3092 X
10*m® in 1997. Artificial recharge is assumed to increase from 302X 10*m® (1997) to 800X
10*m?>/a the same as Plan 2. In this case the total recharge minus total discharge equal 250.53 X
10*m®, which implies that groundwater level will rise 3.83m.

Comparing the results of Plan 1 and Plan 2, with increased pumping, if artificial recharge is
increased, the decrease of groundwater level will be 6.21m, instead of 13.83m that will occur if
there is no increase in artificial recharge. Following Plan 3, on the other hand, the groundwater
level will rise 3.83m from the situation of 1997. So, increasing the artificial recharge is very
important to control declining groundwater levels.

The close relationship between river water quality and groundwater quality also indicates that
the groundwater is recharged by river water. The groundwater quality is better than that of the
river water and they have the same variation tendency (Figure 3). The correlation coefficient
between hardness of No. 5 monitoring well, Y (mg/l) and hardness of river water, X, is 0.91
and their linear regressive model is as follows:

Y =0.9099X - 81.8216

1000
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g 400 Groundwater
T <
200 |
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Fig. 3. Variation of hardness of No. 5 well and river water

Groundwater quality in the recharge area is also obviously affected by surface water quality.

CONCLUSIONS AND SUGGESTIONS

The study area is an important water source field where groundwater is being overdrawn. A
groundwater level depression cone has formed covering a large area and groundwater level has
declined continuously. The results obtained from the artificial recharge experiment indicate that
artificial recharge has increased groundwater allowable withdrawal. This has provided
significant social and economic benefits and the direct economic benefit is about US$ 1.25M.

In order to protect groundwater quality, wastewater discharged by industries should be treated
before discharging to the river. Groundwater quality monitoring should also be emphasized in
the future. Finally, sustainable groundwater development must be implemented in the study
area.
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Abstract. Long-term tritium concentration records for 1969 to 1997 were used to estimate
the recharge of a confined aquifer in Metropolitan Tokyo. The fluctuation patterns of tritium
concentration are classified into the following four types: (1) Gently-sloping peak type (GP
type), (2) Sharp peak type (SP type), (3) Decreasing type, (4) Irregularly changing type.
The GP type and SP type are considered to correspond to the diffusion flow model and the
piston flow model, respectively. The GP type has a broad peak of tritium concentration. The
SP type has a sharp peak of tritium concentration. These peaks may correspond to the
maximum tritium concentration of bomb tritium in 1963. The depth of penetration of bomb
tritium into a confined aquifer was used to calculate the rate of recharge to the confined
aquifer. The rate of recharge to a confined aquifer was found to range from 493 to 1,752
mm/yr assuming that the only downward groundwater flow through the flow path in an
aquiclude was a result of the potential difference caused by pumping. However, the time
variations of tritium concentration at the Higashi-yama and Higashi-kurume observation sites
indicates that some silt beds function as an aquiclude that restricts groundwater flow. Lateral
groundwater flow as well as the downward groundwater flow is dominate in the confined
aquifer in Tokyo. Therefore it should be concluded that the calculated rate of recharge
assuming the only downward groundwater flow is not the real rate of recharge.

Key words. tritium concentration, bomb tritium, confined groundwater, recharge

INTRODUCTION

Recently, isotope-hydrology using environmental tritium as a natural tracer in an unsaturated
zone and in an unconfined aquifer with a simple geological structure, such as a dune, has
revealed the recharge mechanism[1]. However, there is little research on the recharge
mechanism in a confined aquifer using tritium. The real state of the recharge mechanism in
confined aquifers is poorly understood. Because there are many geological data and
monitoring data concerning the groundwater level in Metropolitan Tokyo, confined
groundwater in Tokyo is suitable for research on the recharge mechanism from the
perspective of human activity. In this report, the recharge mechanism of confined groundwater
1s discussed based on long-term tritium concentration data.

HYDROGEOLOGY IN TOKYO METROPOLIS
1. Hydrogeology

The topography of Metropolitan Tokyo (hereafter, Tokyo) consists of 3 areas: from west to
east with decreasing altitude - hilly area, Musashino upland, and Shitamachi lowland (Fig.
1). Thick Quaternary strata underlie the hill, upland and lowland areas. The Stratigraphy in
Fig.2 shows that the Kazusa Group is overlain by the Tokyo Group. Terrace deposits and
Kanto loam are distributed over the Tokyo Group in the uplands. The Terrace deposits and
Kanto loam are buried in the eastern part of the lowland area. Soft silt beds, such as the
Nanagochi formation and Yuraku-cho formation, are distributed over these beds in the
lowland zone [2]. The Kazusa Group is subdivided into 4 formations. The Tokyo Group is
also subdivided into 4 formations. The strike of the Kazusa and Tokyo formations is mainly
northwest - southeast. They dip 1 to 2 degrees in the northeast [3].
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Fig. 1 Topography of Tokyo Metropolis
Table 1 Sampling well

District No. | Name of sampling site District No.| Name of sampling site
Lowland Upland
Koto 1 [Minamisuna-machi 1, 2 | Higashi-kurume 25 ngashl kurume 1, 2, 3
R 2 [Kameido 1, Ch f 26 |Chofu 1 4
Sumida 3 AgatsumaA B 27 K;yose 1
4 ﬁ/ 1,2 nggshl yamato 28 gshl yamato 1,23
Edogawa 5 ! Shin- edogawa 1,23 Tacl 29 |Tachikawa
6 é) Koganei 30 |Koganej 1, 2, 3
7 |Edogawa-Toubu 1, 2, 3 31 {Kogane]-minami 1, 2
8 |[Kojima 1, 2, 3, 4 . 32 Musashlmurayama 1, 2,
X 9 | Shinozaki 1. 2, 3 Musashi-murayama |33 3Fuc 2,3
Adachi 0 | Shin-adachi’ Fucyu 34 ashlmura ama 1, 2,
1 Ioki Higashi-murayama 35 fach 1ou1
2 Shmmel-mmaml 1,2,3 Hachiouj1 36 |Mizuho 1,
3 |Kodai 1, 2, 3 MlZUhO own 37 |Tama
4 Tonenf 2,3 Tama C 1% 38 |Inashir
Katsu?lhlka 5 % ﬁ Ibashlr 1 39 |Machi g)
Itabas] 6 Toda ashi 1, 2,3 Machl 40 Mac a-mmaml 1, 2
7 ashi Mitaka 1% 41
8 Kaml akatsuka 1, 2, 3 Akishima City 42 Aklshlma 1, 2
Nerima 9 |Nenma
Shinjyuku 20 | Shinjyuku
Su TIriami 5% gu maml
efagaya 2 efagaya
Meg%ry) 23 Meg%ry)
Chiyoda 24 |Chiyoda 1, 2

The confined aquifers are sand and gravel beds of the Kazusa and Tokyo Groups. The
Kitatama formation consists mainly of a hard silt bed. The upper surface depth of the
Kitatama formation is regarded as an upper limit depth for the basement of the confined
aquifer. The upper surface depth is near the ground surface in the south-western part of Tokyo
[2]. It gradually increases in depth towards the north and the east. It is below about 500 m
from the ground surface in the northern part of Adachi Ward and the eastern part of Edogawa
Ward! The hydraulic conductlvny of these aquifers ranges from 10 to 10 m/sec in the sand
bed and 10" m/sec in gravel beds. The effective porosity of the entire confined aquifer,
including its silt beds, sand beds, and gravel beds, ranges from 0.1 to 0.3. The average value
is 0.15 Féﬂ In the lowland area of Tokyo, serious subsidence occurred between 1955 and the
late 1960s. Moreover, even in the Tama District, which corresponds to the Musashino upland,
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serious subsidence occurred in the late 1960s. The government gradually introduced various
restrictions on pumping, beginning in 1961. As a result, the groundwater level has tended to
rise in recent decades. For example, the groundwater level (GWL) increased by 57 m
between 1971 (GWL- 45 m) and 1994(GWL. 12 m). The amount of subsidence has
simultaneously decreased throughout Tokyo [5].

Upland Area Lowland Area Tm‘(:::;ess State of groundwater
. . nfined t
Alluvial Humic Soil Yurakucho Formation 50 l[in::nd . m%:m‘:fser
Deposits Nanagochi Confined groundwater
Formation 60 in sand- gravel layers
S ) Buried
g Kanto Loam Formation ([oam 12
- Formatior} Upland : unconfined
St . &
%- Terrace ’?‘uned Lowland : confined
errace 10 groundwater
& Gravel Gravel
] TIT] [T 1 H
% S | |[Setagaya Tokyo Harumi 2060
g E. Formatio: Formation d
% | o Takasago 190 .
B | & ” | | | ] l ] I Formation Confined groundwater in
~ — |{sand - gravel layers
Edogawa Formation 110
S . .
3 l Toneri Formation I 200
E
g !Higashikurume Formation(H]H I 1 HF 300 [Confined groundwater

Fossil saline or cloured
540+ groundwater in sand layer

Kitatama Formation

Fig.2 Stratigraphy of Tokyo [2]
METHODOLOGY

The tritium concentration at the well points shown in Fig. 1 and Table 1 has been measured
once a year during the period from 1969 to 1997. The sampling wells are mainly subsidence
and groundwater level observation wells used to set up screens at specific depths in the
aquifer. Water supply :

pumping wells, and those used 10000
to supply public baths, were Precipitatidn Precipitati
also used. All these wells are T T inTokyo | T YT iT{Té%Hng”

equipped with screens. The
sampling was carried out from
December to November every
year. Study of the data began
in 1969 with the analysis of

\\Wme of 1000TY in 1963
Annual average tritium \
\@ncemran‘on fin precipitaito

Tritium concentration (TU)

21 samples from low land. 100

Afterwards, the number of . . i
analyses points was gradually R aTE 'i ng';.-:: .
increased. Since 1981, more i Ml[ ll” +H'
than 100 points have been 10 - i ;i“ i -\i/' Eardull
used. A total of 2,608 samples . ! fgl'gi“‘ Tl'll ' i
have been analysed. The e ' |.| i
tritium concentration was 1ot m\l Hi i” l'I: ' I
estimated  using Kimura's T T a— i | : o
method [ 6] . Tritium is ’ " 0
reported in tritium units Year

(TU). A precision of % 5%
to 10% of estimated value was
obtained by routine analysis.

Fig. 3 Temporal variation of tritium concentration
in confined groundwater in Tokyo
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INVESTIGATION RESULTS

The results of the analysis are shown in Fig. 3. The broken line in Fig. 3 shows the annual
average tritium concentration in precipitaiton ; data from Tokyo between 1961 and 1983 by
the IAEA, data from Tsukuba between 1984 and 1997 by authors. The tritium in precipitation
trends are now fairly well known; the natural tritium concentration in the precipitation was
presumed to be about 10 TU. After nuclear testing in 1952, the tritium concentration abruptly
increased. The maximum value of tritium concentration in precipitation was observed in 1963
(hereafter refer to bomb tritium) . Afterwards, the tritium concentration continually decreased.
It has now almost returned to its natural level. Two straight lines show the reduction lines of
the precipitation of 10 TU in 1952 and 1,000 TU in 1963 calculated using the half life for the
radioactive decay of the tritium: 12.35 years.

Points of tritium concentration values in confined groundwater in Fig. 3 are distributed from
70 TU to 1 TU of the detection limit. The names of the wells with a tritium concentration of
50 TU or more and the year it was recorded, are: 50 TU at New Edogawa in 1969, 56 TU at
Higashi-murayama in 1975, 60 TU at Koiwa in 1976, 53 TU at Hagino-yu public bath in
1989, and 68 TU at Machida in 1990. There are no observation wells where a high
concentration of 100 TU or more was recorded. If a mixing of precipitation (new water) with
groundwater (old water) did not occur, the points should be distributed near the reduction
line of 1,000 TU in 1963. Therefore, the conclusion that can be drawn from the above
observations are that the mixing of new water with old water occurred during the period from
the infiltration of the precipitation to the sampling.

CONSIDERATION

1. Classification of fluctuation pattern of tritium concentration

Three different models can be used for the circulation and mixing of precipitation with
groundwater of different ages in an aquifer: the diffusion flow model, the piston flow model,
and the well-mixed model %1]. Because the well-mixed model is a model that is applied to an
unconfined aquifer with high groundwater velocity and abundant recharge [1], the only
models which should be considered for a confined aquifer are the diffusion flow model (DF
model) and the piston flow model (PF model). These models should preserve the peak of
bomb tritium.

The tritium concentration fluctuation patterns in the confined groundwater of Tokyo can be
classified into the following four types (Fig. 4): (1) gently-sloping peak (GP type), (2)

sharp peak (SP type ), (3) decreasing type, and (4) irregularly changing type. The GP type
and SP type are considered to correspond to the DF model and the PF model, respectively.
The decreasing type
appears to correspond to
stagnant groundwater
because the tritium con-
centration values are

500(* T T e s T T T e

Sharp Peak(SP) typ Gently-sloping
Toneri 2 Peak(GP) type

distributed around the 100 o Machida 1
line of the radioactive A

decay. The irregularly Todabahi 3

changing types consist 0

of an irregular fluctu-
ation of tritium concent-
ration and an unknown

T

Decreasing type P
a

Trituim concentration (TU)

type whose pattern can- A4,
not be classified be- [ At AT

_ s AL I v
cause the observation 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000
period is too short. Year
The groundwater resi- Fig.4 Fluctuation patterns of the tritium concentration in

dence time can be the confined groundwater of Tokyo
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accurately estimated from the time of the peak corresponded to the bomb tritium in 1963.
This idea may be applied to determine the residence time of the GP and SP types. However,
even taking account of the radioactive decay and diffusion, the SP type concentration peak is
too low. The concentration of bomb tritium of this type is about 15 TU, as represented by the
concentration at Toneri 2 well. The concentration after the peak amounts to several TU. Such
a phenomenon cannot be explained without assuming the occurrence of mixing with an old
groundwater mass having an extremely low tritium concentration, such as groundwater
squeezed from a silt bed. Therefore, the sharp peak type is not a piston flow model that
follows the the rigorous scientific definition.

2. Estimation of rate of recharge to the confined aquifer

The tritium concentration profile in an upland dunes having a simple hydrological structure
usually preserves trace of the bomb tritium in unconfined aquifer because the only downward
groundwater flow occurs. The rate of groundwater recharge in an unconfined aquifer is
estimated by the following equation [7].

R = (PD)/T »
Where:R=Rate of recharge, P=Effective porosity, D=Depth of bomb tritium, T=Residence
time.

The rate of recharge to the confined aquifer in Tokyo was estimated using equation (1)
assuming that the only downward groundwater flow through the flow path in the aquiclude
occurred as a result of the potential difference caused by pumping. For the effective porosity
(P), the average value of the entire stratum of 0.15 was adopted. The residence time (T) was
estimated from the difference between the year the bomb tritium arrived and year when the
highest tritium concentration was observed in precipitation. The central depth of the screen
was adopted as (D). The calculated rates of recharge ranged from 488 to 1,752 mm/yr. These
values are almost the same as rates of recharge obtained in the unsaturated zone in the
uplands of Tokyo[1]. The rate of recharge in the lowland tends to be higher than that of the
upland. This is thought to be a result of the fact that the potential difference caused by
pumping in the lowland is higher than in the uplands.

It is necessary to verify the validity of the assumptions made in order to estimate the rate of
recharge. Fig. 5 shows the time dependence of tritium concentration at the Higashi-yamato
and Higashi-kurume observation sites in Musashino upland, where four wells with different
depths were installed. Each aquifer and central depth of screen is also shown in Fig. 5.
Geological structure indicates that the recharge area of the confined groundwater is on the
western side of the Higashi-yamato site. The depth and aquifer of wells where the bomb
tritium was detected are different at these sites: the 10 m (Musashino terrace deposit), 79 m
(Toneri formation) and 159.5 m (Upper Higashi-kurume formation) at Higashi-yamato site.
4.5 m well (Musashino terrace deposit) at Higashi-kurume site. The bomb tritium reached
simultaneously the 10 m well and 79 m well at the Higashi-yamato site. The bomb tritium
reached 159.5 m well in several years later than 79 m well. The bomb tritium did not reach
the 87.5 m well and deeper wells at the Higashu-kurume site. These observation facts may
indicate that some silt beds have a function as an aquiclude that restricts groundwater flow
and lateral groundwater flow as well as the downward groundwater flow is dominate in the
confined aquifer. Therefore it should be concluded that the calculated rate of recharge
assuming the only downward groundwater flow is not the real rate of recharge.

CONCLUSION

Long-term tritium concentration records from 1969 to 1997 were used to estimate recharge to
confined aquifers in Metropolitan Tokyo. The depth of penetration of bomb tritium into
ground was used to calculate the rate of recharge to a confined aquifer. The calculated rate of
recharge to confined aquifers in Tokyo was found to range from 493 to 1752 mm/y assuming
the only downward groundwater flow. However, the time variations of tritium concentration at
the Higashi-yama and Higashi-kurume observation sites indicates that some silt beds function
as an aquiclude that restricts groundwater flow and lateral groundwater flow as well as the
downward groundwater flow is dominate in the confined aquifer in Tokyo. Therefore it
should be concluded that the calculated rate ot recharge assuming the only downward
groundwater flow is not the real rate of recharge.
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Abstract. The aim of this study is to apply a parsimonious hydrologic model to the Itxina karstic
aquifer, capable of predicting changes in discharge resulting from variable inputs (recharge). The
Itxina aquifer is divided in four cells corresponding to distinct recharge areas. Each cell was
treated as a tank to characterize the conditions within cell. In the model when the reservoir
boundaries coincide with the position of the siphons, the signal simulated is sensitive to input
pulses of the recharge. The good agreement between predicted and measured discharges
demonstrates the ability of the model to simulate the flow in the Itxina aquifer. These results
demonstrated that the hydraulic conductivity increases downstream within the aquifer. The
hydraulic conductivities obtained by numerical calibration varied between 4.2 x 107 m/s upstream
of the Itxina aquifer, 6.0 x 102 m/s in the central region, and 9.5 x 10" m/s in the lower region of
the aquifer. These values seem reasonable because the underground features in the principal caves
show that the density of caves increases downstream in the Itxina aquifer.

Key words.Karst, Modeling, Reservoir, Spring, Itxina Aquifer, Basque Country.

INTRODUCTION

A growing concern with groundwater contamination by agricultural chemicals and potential spills
of hazardous materials, calls for some method of prediction and possible tools for remediation.
This is especially applicable in the case of a karstic aquifer, which is known to be highly vulnerable
to contamination. However, the lack of spatial knowledge in the karst parameters, and the relative
unpredictability and the extreme heterogeneity in aquifer properties, has often discouraged
researchers from attempting to model such aquifers.

In most cases, hydrologic interpretations are based on the analysis of recession hydrographs by
using the different hydrograph separation methods [1], statistical analysis of the whole spring
hydrograph [2,3], or analysis of transfer functions between input (infiltration) and output (spring
hydrograph) obtained by black-box models [4] used time moment analysis to relate a time series of
inputs (recharge) to a series of outputs (spring flow). Simple regression models also have been used
to predict water levels in karst aquifers [S]. The limitation of these global models is because they
lack predictive power.

Direct verification of interpretations based on global methods is obviously very difficult because of

the scarcity of empirical observations in real karstic aquifers. In the other hand, conventional
groundwater models are overly difficult for this task given the uncertainties in parameterization and
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the difficulties associated with estimating changes in recharge characteristics. In addition, most of
the studies are ideal simulations, which frequently do not represent the natural system accurately.
Consequently, the main goal of this paper is to apply a parsimonious hydrologic model for the
Itxina karstic aquifer, capable of predicting changes in discharge resulting from changes in the
inputs (recharge). This modelling effort is to demonstrate the applicability and practical use of the
modelling concepts for the simulation of groundwater flow, while retaining the simplicity resulting
from using lumped regional scale parameters.

DESCRIPTION OF THE STUDIED AREA

The aquifer of Itxina, located in the Basque province of Vizcaya, is represented by a flat area of
triangular geometry and rough relief, known as mountains of Itxina, whose highest points are the
peaks of Aitzkorrigane (1090 m.a.s.l.), Lekanda (1308 m.a.s.l) and Ipergorta (1225 m.a.s.l).
Sideways it shows a divergent hydrographical network, structured in two watersheds. That way,
while to the north, the superficial flows are piped by the Nervion and Ibaizabal rivers, to the south
the draining is done towards the Zadorra river, through the Bayas river. In the same way we could
emphasise the existence of the depression known as Campas of Arraba, which is characterized for
having an own internal draining net which comes to an end at the feet of the mountains of Itxina

(Fig. 1).

The aquifer of Itxina is represented by a 6,15 km® outcrop of reef limestone which can go over 300
meters of width. It shows a free aquifer kind typology, with a pending structure, and gets
characterized for showing high permeability levels for karstification and fracturation, what makes
the infiltration to be fast. With a rain of about 1300 mm with an almost full infiltration of it, its
underground resources can be estimated as about 7.7x10° m’/year, which discharge is done in a
minority way by the springs. In general, such sources show low volume and a great irregularity
which workings would be associated to the draining of low structures and near depressions.

Fig. 1. Geological description of the study area and simplified plans of the morphology of the
karst aquifer.
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The most important spring of the aquifer is the source of Aldabide, located in the north end of the
massive and in the lower height of it (725 m.a.s.1.). Through this point the main discharge of the
massive of Itxina (85% of the resources) is done, with an average annual volume next to 250 I/s. It
is a spring characterized by important volume oscillations, with response times of few hours, which
show the low regulation capacity of the aquifer, shown in other studies [6, 7, 8]. In the same way,
can be said that the water in the aquifer is taken through wide conduits according to a general
circulation scheme, in north-north-west direction, from its south-eastern extremity, in the sinks
existing in the Campas of Arraba, to the source of Aldabide, main collector of the aquifer.

Model formulation

In order to understand the movement of storm pulses in the basic model, the aquifer prototype is
translated into four zones of different type and complexity. Upstream of the Itxina aquifer (Campas
de Arraba), this watercourse drains entirely in the swallow hole (Arraba). Cave investigations and
underground flow show that preferential flow directions between the Campas de Arraba and the
Aldabide spring are related to the high permeability zones and the existence of rapid flow channels
running in direction of the two siphons (Figure 2). The first siphon is located at ITX-80 (820
m.a.s.l.), and the second is located at Otxabide (797 m.a.s.l.). Therefore, the geometrical model of
the structure of the karst can be used to show that the Aldabide spring is supplied by four reservoirs.
The first in the shallow hole at Arraba, the second in the siphon ITX-80, the third in the siphon
Otxabide, and the last in the Aldabide spring. The waters of these four reservoirs mingle
downstream to form the waters at the Aldabide spring. These reservoirs are fairly evenly spaced
which suggested the use of a four-cell model to predict the behavior of the aquifer.

Fig. 2. Conceptual model of the karstic network of the Itxina aquifer.

Each cell is treated as a tank, which is, assigned an effective area (equivalent to the product of
specific yield and surface area). At the present time, piezometric data and hydraulic conductivity
measurements are not available owing to the topographical difficulties and the cost of drilling wells
in mountainous areas with difficult access. The only hydrological information available for a long
enough period of time is the daily spring discharges. Data for the period that ranges between
January 1982 and June 1984, as well as the daily rainfall data from the precipitation station at
Gorbea (Zastegui Valley) for the same period, have been used. A schematic diagram of the model
is shown in Figure 3.
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The model describes flow between the cells using Darcy’s Law. The hydraulic conductivity was
assigned to the boundaries between cells which was the method employed by [9], and the saturated
thickness of the upstream cell was used to calculate the transmissivity. All external model
boundaries were treated as no-flow boundaries, so there are only three boundaries where flow
occurs. Flow rate across each internal boundary was calculated as:

0 = wa( A ] (1)

where Qg is the groundwater flow rate across the boundary, w is the width of the boundary, 4# is
the head difference across the boundary, b is the saturated thickness of the upstream cell, and / is
the distance between the key wells in each cell.

Figure 3. Schematic diagram of the aquifer model.

MODEL CALIBRATION AND RESULTS

To determinate aquifer properties during the study period, data from five events were used for
model calibration. These events occurred between January 1982 to June 1984. Rainfall data, which
was also available at this time, was also collected. The average discharge for the five events was
0.336 m’ s, with a maximum recorded discharge of 4.7 m’ s”! and a minimum of 0.009 m> 5™

For most groundwater modeling efforts, a model with a fixed structure is selected and parameters
are chosen through the calibration process to achieve the best fit with measured field data. In this
case, a number of different model structures were evaluated and within each case, parameters were
selected to achieve optimum calibration. In this case, analyses were carried out for three situations
to determine which model more accurately fitted the data. For this purpose, different simulations
were made using three options that can modify a storm pulse moving through the model. The first
situation (run 1) is a model with two reservoirs representing flow moving from a karst system. The
second (run 2) is a system with four reservoirs that allow for overflow in the system. Finally, the
third (run 3) is a system in which four reservoirs plus the vertical variation in aquifer properties in
the last reservoir. These simulations were used to understand the variations due to input, and
variations in the number of reservoirs.
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Figure 4 shows three runs of the calibration process for October 1 to November 20, 1982. The first
simulation involves two reservoirs, the second simulation four, and the last simulation uses four
reservoirs plus the vertical variation of the aquifer properties of the last reservoir. For the first
simulation, the response is erratic and overestimates the peak for the final pulse in the series. In
addition, it was found that a lag period exists between the peak observed time and the peak
simulated time. This is likely due to the lack of regulation with two reservoirs. For the second
simulation, the regulation and the lag are improved. However, the sensitivity of the model with
variations of input intensity was found to be not considerable. It is interesting to note the difference
between run one and the run three, where the last fit introduce the vertical variation of the aquifer
properties. The ability of the last scheme to perform is strongly supported by the hypothesis that
the siphons were the controlling mechanism in the system during storm events. These results are
the similar to findings by [10], who used a system theorize of three reservoirs to obtain the same
suggestions. In [10] case, the series system acts as a feedback mechanism in the conduit system.
In his configuration, the smallest section controls the response with a single configuration of four
reservoirs with aquifer characteristics changing in the last reservoir. The signal simulated is also
sensitive to input pulses of the rainfall.
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Fig. 4. Observed and model-simulated daily discharge at Aldabide spring between October |
and November 20, 1982.

The hydraulic conductivities varied between 4.2x 10 m/s upstream of the Itxina aquifer, 6.0 x 10~
m/s in the central region, and 9.5 x 10™" m/s in the lower region of the aquifer. These findings have
been used as representative values of the hydraulic conductivity, which demonstrates its usefulness
in problems concerning groundwater resource evaluation. The hydraulic conductivities obtained
are a result of the varying contributions of fractures (conduits) and regional matrix (fissure) in the
system.

CONCLUSIONS

The presented results demonstrate that even a karst aquifer can be successfully modelled with a
parsimonious model, which has the ability to accurately predict water movement in this complex
karst aquifer. The study developed a lumped parameter model for the Itxina aquifer. When faced
with the task of modeling extremely complex flow system, the natural tendency is to develop a
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more complex model. However, this research shows that a very simple model can provide useful
information about the behavior of such a system. The results provide a quantitative tool to assess
spring hydrograph, and illustrate mechanisms that can generate observed responses, which have
previously been qualitatively interpreted.

The aquifer was divided into four cells, each of which is treated as a tank. This model differs from
previous models in that it allows properties within the cell to vary with water elevation. A
comparison of model predictions with historical data for five events for the period January 1982 to
June 1984 demonstrate its accuracy. The results obtained by calibration of the model indicate that
hydraulic conductivity increases downstream within the aquifer. This seems reasonable because the
density of caves at the Itxina aquifer increases downstream of the cave system. This simple
representation of the hydrologic system produced accurate results with fewer data requirements and
calibration parameters than traditional groundwater models. Because of the horizontal stratification
of the formation, vertical changes in aquifer properties have a greater influence on aquifer behavior
than does horizontal variation. As water levels rise, caves, conduits, and other stratigraphic
features, which submerged strongly, affect flow and storage in the aquifer. In fact, when the
reservoir boundary coincide with the position of the siphons, the signal simulated is sensitive to
input pulses of the rainfall.
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ABSTRACT. Results of investigation on the effects of water/oil ratio (WOR) in groundwater
on phase behavior of the system containing brine, an anionic surfactant, alcohols and different oils
were presented. The results showed that the effect of WOR and salinity on the phase behavior of this
system is analogous. Increasing the WOR also changes the system from Winsor I — Winsor III to
Winsor II. The higher the WOR, the lower the salinity required to produce the middle-phase
microemulsion, but the narrower the salinity range for the three-phase region. The WOR term was
correlated with the function of optimal salinity (S*) through the coefficient of WOR (k,). This
correlation can be used to select the surfactant/alcohol formulation potentially effective for aquifer
remediation.

KEY WORDS: surfactant, middle-phase, optimal salinity, water-oil ratio, oil fraction.

INTRODUCTION

The efficiency of pump and treat methods for remediation of soil contaminated with non-aqueous
phase liquids (NAPLs) is often limited due to their low aqueous solubility and relatively large
interfacial tensions (IFTs) with water [1,2]. To overcome these limitations, different innovative
technologies such as surfactant flushing [3,4], cosolvent (alcohol) flushing [5,6,7] or combination
of both [8,9,10] have been developed. In most cases, the systems using the mixture of surfactant
and alcohol have shown high efficiency than that with the use of surfactant or alcohol, separately.
The latter technique is based on the ultralow IFTs and high solubilizing properties of middle-phase
microemulsion coexisting with both oil- and water-excess phases.

The formation of the middle-phase microemulsion depends on many factors, such as surfactant
structure, alcohol type and concentration, oil type, salinity and temperature. In free alcohol system,
the effect of water oil ratio (WOR) on the phase behavior can be neglected, changing the WOR does
not change the system type. But this is not the case when the alcohol presents in the system,
because heavy alcohols (medium and longer chain length) dissolve mainly in the oil phase,
changing the WOR tends to change the co-surfactant (alcohol) concentration in both oil- and water-
rich phases, which in turn can change the type of system [11]. However, in all studies relating to
phase behavior of the brine/surfactant/alcohol/oil system, the effect of WOR was not considered.
Salager et al [11] had developed an empirical correlation capable for predicting the phase behavior
of multicomponent systems containing anionic surfactants, brine, alkanes and various alcohols, but
this correlation is valid only for WOR equal 4. Kahlweit [12] fixed WOR at 1 when discussing on
how to prepare the microemulsion at prescribed temperature, oil and brine.

Because the residual oil content existing inside the porous media is a function of the pore structure,
nature of contaminants and temperature, the surfactant/alcohol formulation optimized at particular
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WOR may not be applicable for all cases. The objectives of this paper are therefore: (1) to study the
effect of WOR on the phase behavior of brine/surfactant/alcohol/oil system; (2) to correlate the
WOR term with other variables of optimum formulation. This study is a supplementing part to the
work of Salager et al [11] where the effect of WOR on system phase behavior is considered.

BACKGROUND

A systematic approach for designing surfactant systems to produce ultralow IFTs is the observed
relationship between IFT and the formation of the middle-phase microemulsion (or Winsor III)
(Fig. 1). A microemulsion is thermodynamically stable emulsion [13]. If surfactant is hydrophilic
(more soluble in water than in oil), and is in the form of oil-swollen micelles in the aqueous phase,
one find oil in water (O/W) microemulsion (or Winsor I); if it is lipophilic (more soluble in oil than
in water), and is found in the form of water-swollen reverse micelles in the oil phase, one find water
in oil (W/O) microemulsion (or Winsor II). In Winsor III system, the surfactant has nearly equal
affinity for both oil and water phases [12,14]

The water-oil IFT (y,,) is much reduced when the middle phase is formed, and is minimized at the
center of three-phase region where approximately equal volumes of oil and water are dissolved in
the middle phase [14,15]. This minimum water-oil IFT is also characterized by the point, at which
the IFTs between the middle-phase and excess oil (y,,) and water phases (7,,) are equal. In the
three-phase region, all the IFTs are much lower than those achieved in Winsor I and Winsor II. For
this reason, the middle-phase microemulsions have been promoted for both enhanced oil recovery
and aquifer remediation.

Because, the lower the water-oil IFT, the less energy would be required to push the residual oil from
the pores, and consequently the higher the efficiency of the surfactant formulation, for the constant
conditions of surfactant/alcohol concentrations, oil type, WOR and temperature, the system is
optimum, when water-oil IFT reaches to its minimum value (¥,,,). The salinity associated with that
formulation is called as optimal salinity (S*) [11,14]. As the variables of the formulation are
changed, the system will move to another optimum state with its new optimum parameters (S*, 7,,,,).
Thus, both y,,, and $* are function of surfactant, alcohol, oil, WOR and temperature.

By considering the effects of these variables independently, Salager et al [11] had found that at
WOR = 4, the $* can be expressed by the following empirical correlation

LnS* = K(ACN) + f(A) - o + a, (T - 25) 1)

where K is constant depending on the surfactant type; f(4) is a function of heavy alcohol and its
concentration in aqueous solution; o is a parameter characteristic of surfactant; ACN is alkane
carbon number, e.g. the number of carbons in the hydrocarbon chain; a, is the temperature
coefficient; T is the current temperature. At 25°C, the graphical representation of the equation (1) is
shown in Fig. 2.

For crude oil and mixture of pure hydrocarbons, an equivalent alkane carbon number (EACN) can
be assigned as in equation (2) [15].

(EACN), = SX(EACN), @)

Where (EACN),, and (EACN), are the equivalent alkane carbon numbers for the oil mixture and
component i, respectively; X, is the mole fraction of the component i in the mixed oil phase; that is,
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3X; = 1. Thus, (EACN),, can be substitute into equation (1), resulting in

LnS,* = K(EACN),, + f(A) - o + a; (T - 25) 3)
. LnS*
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oo Tao Y “ fi4) (< 0)
~ Middle oil
5 phase™ /
@ RN
5
Z Water K With alcohol
g oil
g T W/0 1
e P LnS* 4 K(ACN) + f(A) - o
- ow e Water
ymO
S*
2 ACN
Salinity for Ionics or Temperature for nonionics ACN
Fig. 1. Relationship of phase behavior and Fig. 2. Relationship between variables of
interfacial tension optimum surfactant/alcohol mixture

The significance of equations (1) and (3) is that these correlations link the variables that produce an
optimal formulation. However, the term WOR is not included in these correlations. The experiments
described below were designed to study the effect of WOR on the phase behavior and to correlate it
with the function of $*.

EXPERIMENTAL SECTION

Chemicals

Sodium Dodecyl BenzeneSulfonate (SDBS) in purity of 95% is selected as surfactant. 2-butanol
and n-pentanol in purity > 99% were used as co-surfactants for producing middle-phase
microemulsions. Three saturated hydrocarbons (alkanes): n-decane, n-dodecane and n-tetradecane
in purity > 99% and diesel oil were used as testing contaminants. The contaminants were dyed with
Oil-Red-0, so that appearance of the different phases could be observed quantitatively. All these
chemicals were purchased from Tokyo Kasei Kogyo Company and used without further purification.
Sodium chloride in purity of 99% was used as electrolyte and water was distilled for preparation of
aqueous solution.

Methodology

In order to investigate the relationship between S* and WOR, salinity scan were conducted for a
range of WOR. Batch experiments were conducted in 100ml-bottles capped to prevent volatilization
losses. For each WOR, the experiments were carried out with different n-pentanol concentrations
and oil types, while maintaining a constant concentration of SDBS (10g/l). The classical Winsor
type I-III-1I transitions were obtained by salinity scan. All bottles were shaken multiple times, and
were equilibrated for at least one week in a temperature controlled room. The occurrence and
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disappearance of middle phase were verified by visual observation and the S* were determined as
the midpoint of three-phase region.

The model parameters were determined by the same method of Salager et al [11] with taking a
secondary standard for f(4) (= -0.16) for 30g/1 of 2-butanol. This experiment was carried at WOR of
4 and SDBS concentration of 10g/l. For determination of temperature coefficient a;, the
experiments were repeated at different temperatures.

RESULTS AND DISCUSSION
Effect of WOR on the $*

Fig. 3 shows the phase diagram S*-WOR for n-decane. It is found that the effects of salinity and
WOR on phase behavior of brine/surfactant/n-pentanol/n-decane are the same. With increasing
WOR, the system phase behavior changes from Winsor I — Winsor III to Winsor II.

When the hydrophilic character of surfactant is heavily balanced, surfactant dissolves in the water
phase forming O/W microemulsion (Winsor I). Increasing the WOR tends to increase the n-pentanol
concentration in the oil phase which makes the nature of water and oil phases become less
dissimilar. This is because n-pentanol dissolved in the oil, performs as co-o0il to decrease the
lipophilic character of the oil. Thus, with increasing WOR, the surfactant has the tendency to move
to the oil phase. At some oil fraction, when balance of hydrophilic-lipophilic characters of
surfactant molecules takes place, surfactant molecules move to the water-oil interface forming the
middle-phase microemulsion (Winsor III). At sufficiently high WOR, the system is overoptimum,
and the surfactant dissolves in the oil phase forming a reverse micelles (Winsor II or W/O
microemulsion).

Correlation of S* and WOR.
The plots of LnS* versus ACN with 30g/l of 2-butanol (at 15°C and 25°C) and without alcohol (at

25°C) are shown in Fig. 4. The parameters of the model are found as o = -3.525, K = 0.130.04,
a;=0.0073 when S* is expressed in gram per liter.

25 5.2

0
Bound.ary offhree phase Winsor IT so | At 250C, free alcohol
20 Y region (Winsor III) : At25°C, C o =30g/1 -0.16
=15 b‘ Lines of optimal salinity . 48 r
2 . ‘ <46 |
“ 10 F % 7 %“ '-:1
&’ C ale :20g/l 44 +
L - 0
5 Winsor T C a1 =30g/1 42 + At 15 C, C 4. =30g/1
0 1 1 1 1 1 1 4 0 1 i 1
0 2 4 6 8 10 12 14 6 8 10 12 14
WOR ACN
Fig. 3. The phase diagram S*-WOR for n-decane Fig. 4. LnS* vs ACN for determination of model

at different concentrations of n-pentanol parameters
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Since the plots of LnS* versus WOR are nonlinear, an alternative is made to correlate the $* with
WOR through the oil fraction (S,) which is defined as ratio of oil volume to the total volume of the
system.

S, = 1/(1+WOR) 4
The optimal salinity, S, * at any oil fraction, S, = x can be correlated with $* at S, = 0.2 (or WOR =
4) as

*
LnS; = LnSy, + ALnS* = LnS,, + ﬂ’%(x -0.2)
X = U

®)

By setting k, = AlnS*/(x-2) called as coefficient of WOR, the equations (1) and (3) will be
LnS* = K(ACN) + flA) - o+ ar(T-25) + k,(x - 0.2) (6)
LnS,* = K(EACN),, + flA) - 0+ a; (T - 25) + k,(x - 0.2) @)

Fig. 5 shows §* for different concentrations of n-pentanol as function of S,. Interestingly, all curve
are straight, but not parallel lines. The positions of the straight lines shift downward and right on the
graph with increased alcohol concentrations.

The slope of the straight lines is the coefficient of WOR (k,). The plots of k, and f(4) versus
concentrations of n-pentanol are shown in Fig. 6. The results show that k, is a function of
n-pentanol concentration only, it is independent with salinity, and oil type. In free alcohol system,
changing the WOR does not change the system behavior, so &, is equal zero. With presence of n-
pentanol, k, measures the angle of the straight lines from the position for alcohol-free system. The
Fig. 6 also indicates that the effect of n-pentanol concentrations on the values of k, and f(4) are
inverse. With increasing the n-pentanol concentration, &, is increased, but f(4) is decreased.

40 4
* C, =10

35T cm—lsgﬁ/ < 2t .

30 L = g = 108 / * n-decane
L s Cpe= 7-0&/1/ 0 B ) ) = n-dodecane
225 x Cype = 30811 . h-tetradecane
3 x Cye= 4080 369 12 I8 diesel oil

20 | < 27 *

=
15 4 F
140 1 1 1 A 1
0 01 02 03 04 05 06 6
So
Fig. 5. LnS* vs WOR for n-decane with different Fig. 6 . f(4) and &, for different concentrations

concentrations of n-pentanol of n-pentanol
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CONCLUSION

In this research, results of batch experiments have been presented which were conducted to
investigate the effect of WOR on the phase behavior of systems containing brine, an anionic
surfactant, alcohols and different oils. The results demonstrated that the effect of WOR on the phase
behavior of the system is analogous with that of salinity and alcohol. Increasing the WOR also
causes the system change from Winsor I — Winsor III to Winsor II. The higher the WOR, the lower
the salinity required to produce the middle-phase microemulsion, but the narrower the salinity range
of the three-phase region. Based on this, the WOR term was correlated with the function of optimal
salinity ($*) through the coefficient of water oil ratio (k,). This correlation can be used to select the
surfactant/alcohol formulation potentially effective for aquifer remediation.

When applying the microemulsion for remediation of the soil, in general, the temperature, geologic
conditions of the site with known composition of the oil and that of the brine are prescribed. Wanted
is to find an efficient mixture of surfactant and co-surfactant, which can produce middle-phase
microemulsion. The correlations allow one to estimate the values of the adjustable variables (for
example, n-pentanol concentration) needed to obtain an optimum formulation. If more than one
variable will be adjusted, the best optimum formulation can be selected according to the
supplementary criterion, such as reduced adsorption, minimum interfacial tension, or any other
practical economic criterion.
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Minh, for their assistance with these experiments.

REFERENCES

1. Mackay DM, and Cherry JA (1989) J Environmental Science and Technology 23(6): 630-636

2. Grimberg SJ, Miller CT, and Aitken MD (1996) J Environmental Science and Technology 30:
2967-2974

3. Pennel KD, Jin M, Abriola LM, and Pope GA (1994) J Contaminant Hydrology 16: 35-53

4. Desphpande S, Shiau BJ, Wade D, Sabatini DA, and Harwell JH (1999) J Water Research 33(2):
351-360

5. Brandes D and Farley KJ (1993) J. Water Environmental Research 65(7): 869-878

6. Imhoff PT, Gleyzer SN, McBride JF, Vancho LA, Okuda I, and Miller CT (1995)
J Environmental Science and Technology 29(8): 1966-1976

7. Lunn SRD and Kueper BH (1997) J Water Resource Research 33(10): 2207-2219

8. Desnoyers JE, Quirion F, Hetu D, and Perron G. (1983) J Canadian Chemical Engineering 61:
672-679

9. Bettahar M, Schafer G., and Baviere M (1999) J Environmental Science and Technology 33(8):

1269-1273
.Jawitz J W, Annable MD, Rao PSC, and Rhue RD (1998) J Environmental Science and
Technology 32(4): 523-530

S
o

11. Salager JL, Morgan JC, Schechter RS, Wade WH, and Vasquez E (1979) J Society of Petroleum
Engineers 19: 107-115

12. Kahlweit M (1995) J Physical Chemistry 99: 1281-1284

13. Rosen MJ, (1988) Surfactant and interfacial phenomena — second edition. Wiley Edition , pp
207-239

14. West CC, Harwell JH (1992) J Environmental Science and Technology 26(12): 2324-2330

15. Shiau BJ, Sabatini DA, Harwell JH, and Vu DQ J Environmental Science and Technology 30:

97-103



Installation of a Permeable Groundwater Treatment Wall and
Its Remedial Effects
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Abstract. In order to prevent groundwater contamination of chlorinated organic compounds from
flowing outside of the facility property, a permeable treatment wall using zero-valent iron was
installed downgradient of the contaminant source. The permeable groundwater treatment wall
consisted of block-style reactive zones, installed in a zigzag-shifting disposition. Each reactive zone
segment was approximately 0.6 m thick, 3.0 to 6.0 m long, and 7.0 m deep. The reactive zones are
intended to clean up the contaminated groundwater passing through the shallow boulder gravel
aquifer. Remedial effectiveness has been confirmed through monitoring. The concentrations of
tetrachloroethylene (PCE), trichloroethylene (TCE) and cis-1,2-dichloroethylene (cis-1,2-DCE) in
the treated water were confirmed to be below the levels set by the Japanese Environmental Quality
Standards for Groundwater (EQSG).

Key words. groundwater contamination, zero-valent iron, permeable treatment wall

INTRODUCTION

Basically, corrective action for soil and groundwater contaminated by TCE and other volatile
chlorinated organic compounds emphasizes treatment of the contaminant source zone. But where
contaminant sources are beneath buildings and removal is difficult, it is often more practical to
prevent the contamination from flowing off-site than to remove the contaminant source. Recently, a
new method to keep contaminated groundwater from flowing off-site, using permeable groundwater
treatment walls and “funnel and gate” systems has come into favor and examples of installation of
these systems have increased in Europe and America [1].

“Permeable groundwater treatment walls” are a technology used to clean up contaminated
groundwater by a reactive zone, installed in the pathway of the contaminants. The hydraulic
conductivity of the reactive zone is larger than that of the adjoining aquifer.

This method has the advantage of being able to remediate contaminated soils in-situ, with little or no
maintenance. In the case of remediation of chlorinated volatile organic compounds, it is possible to
convert the contaminants to harmless species using elementary (zero-valent) iron powder, as has
been reported by Senzaki [2]. This method is now widely used at many sites in Europe and America
[1]. Prior to the implementation of a permeable reactive wall at the site described in this report, only
one pilot study using the same methodology has been carried out in Japan [3].

The authors installed a permeable reactive treatment wall to prevent the off-site migration of volatile
chlorinated compounds in the groundwater, and are monitoring the effectiveness of this
countermeasure. In this paper the permeable reactive treatment wall will be introduced and its
effectiveness estimated, based on the results of the monitoring data.
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REACTIONS IN A PERMEABLE TREATMENT WALL

It was reported that under the presence of elementary
iron, chlorinated volatile organic compounds undergo
rapid dechlorination reactions [2]. When elementary
iron gets in contact with water, anodic and cathodic
polarization occurs at the iron metal surface, causing
dechlorination reactions by reduction- and oxidation-
(Redox) processes, as shown in Fig. 1.

Dechlorination reactions of volatile chlorinated

organic compounds by elementary iron powder have

been studied by many scientists [4~9], who generally

conclude that the dechlorination is caused by Redox-

reactions, but there are many obscure points about the

reaction mechanisms and the intermediate products. In

particular the relation of contact time with the iron

powder and the resulting intermediate products and, ~Fig. 1. Reduction and oxidation model of
for instance, the degradation mechanisms of ethylene ~ chlorinated organic compounds.

to ethane are unknown.

SITE DESCRIPTION AND INSTALLATION OF A PERMEABLE
TREATMENT WALL

Site Description

The site where the Permeable

Treatment Wall was installed is

located on the lower rim of an

alluvial fan, a shallow aquifer,

consisting of large boulders,

mixed with sand and gravels.

The hydrogeologic structures

and the process of

contamination are outlined

schematically in Fig. 2. The

main aquifer consists of an 4.5

to 6 m layer of boulders, gravels

and sand, with boulder

diameters ranging from 30 to 50

cm. The lower boundary of the  Fig, 2. Schematic profile of hydrogeologic structures and the process
main aquifer is a clay layer  of contamination.

located approximately 7 m be-

low ground surface. The aquifer is partly covered by clayey soil lenses to a depth of 1 ~ 2.5 m below
surface. Artificial fill covers these natural layers.

At more than two points on the site, a release of PCE to the aquifer has occurred beneath the factory
facilities. The contamination plumes in the groundwater have joined and migrated to the site
boundary. This information has been obtained by the following investigations: document & data
study, soil gas analysis, drilling, and groundwater contamination analysis. The groundwater table
contour map and PCE concentration contour map are shown in Fig. 3. The hydraulic permeability of
the main aquifer (boulder, mixed with gravels and sand) is about 0.9 x 10° to 4.5 x 10” m/s, evaluated
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by slug tests in monitoring wells BP1 ~ BP5, which were screened at depths from 3.5 to 7 m.
Additionally, boreholes GW1 ~ GW14 were drilled for groundwater investigation to multiple depths,
using a Geoprobe direct push system. In these boreholes, monitoring wells were installed with a

screened depth of 4.5 to 5 m.

Fig. 3. Groundwater level and PCE distribution in groundwater before installation of the

permeable treatment wall.

Selection of the Remediation Method

A factory building with a main production
line is located above the groundwater
contamination plume. It was difficult to
drill inside the buildings and install
extraction wells for countermeasures. The
migration of the groundwater
contamination in the direction of an
existing well presented an environmental
risk. For this reason a method that could
remediate all groundwater and release the
treated water under natural conditions was
preferred. The permeable treatment wall,
installed down-gradient of the
contamination plume, was judged to be
most effective for this purpose. From the

Fig. 4. Profile sketch of the permeable treatment wall

results of the groundwater quality investigation prior to the installation of the permanent treatment
wall, the groundwater exhibits the following properties: Dissolved oxygen (DO) was 1.2 to 1.75 mg/1
and the pH was about 7.4 to 7.5 on average. The maximum PCE concentration 1.938 mg/1 was found

in borehole GW4.

Installation of the Permeable Treatment Wall

Fig. 4 shows a profile sketch of the permeable treatment wall. Fig. 5 shows the corresponding
location map and the groundwater table contour map 147 days after installation. The permeable
treatment wall has a thickness of more the 0.6 m, with segment lengths varying from 3 ~ 6 m and a
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height of abou.t 7 m. Tl.lc individual_segmepts wy  Groundvater Level (TP m) after 147 Days
are arranged in two lines and their interim ™
spaces are shifted in a zigzag pattern. Thus the
contaminated groundw.ater will pass throughat L
least one segment. This pattern allowed us to
prove the effectiveness of the permeable
treatment wall before the installation was
completed for the total area.

401

The reactive material was made of small
broken stones mixed with 20 percent by weight
elementary iron powder. Each segment hole
was excavated by a backhoe to a depth of 7 m,
the upper boundary of the impermeable clay
layer, and refilled with the reactive material up
to 0.1 m below ground surface, with a
thickness of at least 0.6 m. The chemical
composition of the iron powder was 92.05%
elementary iron, 2.5% nickel, 5.45% copper,
with a specific surface area of 0.052 m%g.
Using a thickness of more than 0.6 m is 9]
expected to result in a residence time of at least
2 days with a groundwater flow velocity of 4 o 15 20 % 30 3%
1x10° m/s and a groundwater gradient of

1/40. These values are calculated on the

assumption of a maximum groundwater Fig. 5. Plan view of permeable treatment wall

velocity P 10 times the Darcy-velocity of segments and the groundwater table contour map (147
2.5x10° m/s. The annular space around the  gays after installation)

reactive segments was refilled with (iron-free)

small broken stones in the area of the aquifer and with excavated materials in the area of the surface
clay layer and the artificial fill. A 0.1 m thick sand layer covered the top of the permeable reactive
wall.

40 (m)

Generally, it is difficult to install a permeable reactive wall in a sandy gravel layer containing such
large boulders [3] as those found at this site. However, the feasibility of the applied installation
method was confirmed. Fife pairs of monitoring wells were installed with one well up-gradient
(MW1U ~ MWS5U) and one well down-gradient (MW1D ~ MWS5D) of the permeable reactive wall
to confirm it’s remedial effectiveness. The screen of monitoring well MW 1D was set at a depth of 3.3
~ 5.25 m, whilst the other wells were screened between 4.0 ~ 4.5 m below surface.

As estimated from the monitored groundwater levels in each well, the groundwater velocity was
about 1.38 x 107 to 6.44 x 107 m/s. All contaminated groundwater passes through the permeable
treatment wall as shown in Fig. §.

MONITORING THE REMEDIAL EFFECTIVENESS

In Fig. 6, the temporal development of the concentration of cis-1,2-DCE, TCE and PCE in the
groundwater of wells GW14, MW1D, MW4U and MW4D is plotted. GW14 is located 30 m up-
gradient of the permeable treatment wall. Time 0 was the day when installation of the treatment wall
was started. The contaminant concentrations in the up-gradient wells, GW14 and MW4U, changed
due to groundwater recharge by rainfall. Nevertheless the down-gradient concentrations of PCE and
cis-1,2-DCE in MW1D decreased constantly. The initial concentration of PCE in MW 1D before the
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installation was 0.072 mg/1 but it fell below EQSG of 0.01 mg/l after 70 days. After 147 days it was
only 0.002 mg/l, 2.8% of the initial concentration. In the period of from 133 days to 323 days, the
contaminants concentrations of the groundwater in well MW4D were below EQSG (PCE : 0.01 mg/l,
TCE : 0.03 mg/l, cis-1,2-DCE : 0.04 mg/l), and remediation efficiency was at least 99% for PCE,

96% for TCE and 90% for cis-1,2-DCE.

Fig. 6. Change of cis-1,2-DCE, TCE and PCE concentrations in groundwater after installation of the

permeable treatment wall.

Fig. 7 compares the up- and down-
gradient contaminant concentrations,
after an operation time of 147 days.
As estimated from the monitored
groundwater levels in each well, the
groundwater velocity was about
1.38x 107 to 6.44 x 107 m/s. All
contaminated groundwater passes
through the permeable treatment wall
as shown in Fig. 5. As shown in
Fig. 7, the permeable treatment wall
works properly to remediate PCE,
TCE and cis-1,2-DCE. Regarding
PCE and TCE, both contamination
levels are below EQSG in all down-
gradient monitoring wells (MW1D ~
MWS5D), thus the remediation goal
was achieved. The cis-1,2-DCE

Fig. 7. Comparison of groundwater concentration between up- and
downgradient side of the permeable treatment wall (147 days after
installation)
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concentration shows degradation, compared to the up-gradient concentration. But, in MW2D, the
concentration level of cis-1,2-DCE still remains above EQSG (0.04 mg/1), because cis-1,2-DCE is a
secondary byproduct of the slow TCE, PCE degradation process. Two samples were also taken from
monitoring wells MW 1D and MW3D, and analyzed for vinyl chloride (VC) but levels were found to
be below the detection limit.

Durability of the treatment wall was predicted by the reaction model of Shimomura et al. [10]. The
parameters were estimated by column experiment using on-site groundwater. It was predicted that
the durability of the treatment wall is large enough to prevent the out-flow of contaminated
groundwater with concentration levels exceeding the EQSG for approximately 17000 days (about 47
years), even in case, that the groundwater velocity is ten times higher than the measured average
groundwater velocity on the site [11].

CONCLUSIONS

Successful remediation of contaminated groundwater spreading from the source zone beneath a
facility was achieved by installation of a permeable treatment wall containing zero-valent iron. The
remedial effectiveness was confirmed by monitoring results from up- and down-gradient wells.
Down-gradient concentrations were below the EQSG levels. The reliability of such systems was
calculated [11] with a remediation effectiveness prediction model, developed by Shimomura et al.
[10]. When demolition or reconstruction activities will take place on the site, additional
countermeasures, such as excavation of the hot spot area, could be performed with minimal costs.
Meanwhile the permeable treatment wall gives the company the advantage of solving the problem
completely without interrupting their on-site business activities.
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Groundwater Quality Evaluation with Special Reference to
Fluorosis and Nitrate Pollution - A Case Study
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ABSTRACT. Despite a seeming abundance, India’s groundwater resources are not
inexhaustible. Morcover the sustainable development of our groundwater resources is
increasingly threatened by Municipal, Industrial and Agricultural sources. As the public becomes
increasingly concerned about water quality and quantity, a greater demand is placed on scientists
to provide scientific information on which decistons regarding the health and management of
water resources are based.

This research paper describes the preliminary results of a study attempting to evaluate the long
term water quality situation and health hazards in the eastern part of the Dharmapuri
district, Tamil Nadu, India. The study also aimed at increasing understanding of the distribution
of fluoride in the surface and groundwater, its source, its effects on human beings and animals,
and proposing preventive and curative measures if possible. This study also indicated the
occurrence of a high quantity of nitrate in the ground water samples. For this reason, the paper
mainly deals with the Fluorosis problem and nitrate pollution in the study area. Fluoride
concentration exceeding the desirable limit (0.6 to 1.2 mg/ltr) in sixteen samples is a major
health hazard has lead to primary dental florosis amongst the villagers. All the samples showed
more than 0.6 mg/ltr and six samples exceeded the highest permissible level of 1.2 mg/ltr. The
nitrate concentration in seven groundwater samples exceeded the WHO maximum permissible
limit of 45 Mg/litre. This was the first time such a high nitrate concentration in groundwater
was observed in the region and it requires immediate action to provide safe drinking water for
the rural community.

KEYWORDS :Groundwater, fluorosis, nitrate pollution, water treatment.

INTRODUCTION

The rural community mainly depends upon groundwater for drinking and other domestic uses.
Ground water has the properties of dissolving, and carrying in solution, a variety of chemical and
other materials. 1t is well established that deficiencies or toxicity of elements may cause health
hazards both in animals and in human beings. For example, Fluorosis and incidence of goiter are
among the many diseases which can be studied through preparation of multi-elemental atlases by
geochemical mapping, and this will be of great help in defining problems and demarcating
potential areas of risk groups. The presence of high nitrate concentration normally indicates
pollution of ground water at some stage of its history. Since the presence of excess nitrate ions is
deleterious to health, their occurrence in high concentrations in natural water is a matter of great
concern to environmental scientists.

GEOGRAPHICAL SITUATION

The area falls between latitude 12° 11’ 30" to 12° 19' North and longitude 78° 3' to 78° 17' 30"
East, in the Eastern part of Dharmapuri District, Tamil Nadu. The area is a plain covering about
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308 sq.kms. In the central part of the area there is a small river flowing that forms the main
drainage network. Agriculture is the principle activity in the district. The major soil types are
mainly mixed loam red ferruginous and black soil. The area enjoys a tropical climate, being hot
and dry for the greater part of the year. The temperature ranges from 20° to 40°C. The average
rainfall (1970 - 1998) of this area is 825 mm per annum and the area receives rainfall through
both south-west and north-east monsoons. The intensity of precipitation is erratic and its areal
distribution varies from place to place and from year to year. The principat crops of this area are
Paddy, Maize, Sorghum, Bajra, Ragi, Puises and Groundnut.

GEOLOGICAL SITUATION

The study area forms a part of Archaean sheild of peninsular India. The area is underlain mostly
by crystalline rocks of Archaean age and recent alluvium, which is restricted to the course of
larger streams. The general foliation of the rocks runs NNE-SSW with dips to ESE. The
occurrence and behaviour of ground water are controlled by the hard crystalline rock formations
such as granites, gneisses and charnokites. Important source of ground water in the area is the
return seepage from irrigation, along with downward percolation of influent stream runoff. The
rainwater harvesting ponds/tanks form the permanent source of surface water which help in
recharging of groundwater in the areaf1].

METHODOLOGY

Sixteen water samples were collected in well cleaned and pretreated double -stoppered polythene
bottles of two liter capacity from the existing tubewells and from an open well in ditferent
villages. The water samples were analysed to test the quality of the water with special reference
to Fluoride and Nitrate problems. The water quality details are given in Table-1 and the
chemical parameters are compared with drinking water standards of the World Health
Organisation (WHO) and of the Indian Standard Institute (ISI), both of which indicate
maximum permissible limits.

QUALITY OF GROUNDWATER

The quality of groundwater in few villages of Dharmapuri District was studied with a view
to evaluating the suitablilty of this groundwater for domestic and irrigation purposes.
The anatytical data revealed that the groundwater in the surveyed villages is alkaline with
pH values ranging from 7.1 to 7.7. The electrical conductivity of water in this zone ranges from
624 to 2538 micro mhos/cm at 25° C and falls beneath the “good” to “maximum permissible”
limits according to the WHO standards. The total hardness of the water ranges from 218 to 838
mg/litre and in some samples, it exceeds maximum permissible limits of the WHO standards.
The water is moderately hard and in some places it is highly brackish. The chloride
concentrations range between 30 to 552 mg/litre. The other constituents, such as Ca and Mg,
are within the maximum permissible limits of WHO standards, except at one place called,
Kodiyur where Ca is excessive. Moderately high concentrations of fluoride in groundwater
were observed in most of the locations. Sulphate is within the permissible limits, except at one
location. High nitrate content was observed in most of the samples, may be due to the usage
of large quantities of fertilisers for agricultural purposes. In general, groundwater in the study
area is good and is suitable for irrigation purposes. The poor quality of groundwater, resulting
from the occurrence of fluoride, is a local feature due to constant interaction with source
rocks rich in fluoride bearing minerals and the occurrence of high nitrate levels may be due to
the application of large amounts nitrogenous fertilizers. This pollution of groundwater with
high Nitrate needs immediate attention and proper treatment so as to provide good quality safe
water.



119

76°$'8 | 009 00ST Sy Sl 00 0001 |- - - 001 007 SpIepuels [S]

splepuels

T6-69 | 00§ 00S1 4 8L1-80 | 00 009 - - - 0s1 007 OHM
€L 33 9¢€] 1L°€6 ¥8°0 821 [ 000r | 0v6T 011 008 159 0877 mApoy | 91
S'L 0S€ §Ts§ YL 1Y 750 € re 076 | 0'pEC 01 08¢ L'79 8°9¢ urereqeIdy | ¢
9L 0¥z (41 0867 9I'l 9'LE 09¢€1 | 0°06€ 007 0LEL [ §0S 87l amueseN | vl
9L 00T 66€ 30 960 0'Tr 00 | 08€C 09 0'0v SvE €t TENoYue|IPS | €1
SL [434 168 0£'1¢C 390 096 0917 | 0°00€ 09 066 £pL '8¢ renoyueppe N | 71
[ 79¢ 66L $8°0 9¢'1 7Lzl 0791 |[over 061 066 89/ v'81 wepeN | 11
7L 4% €56 1L°€6 0L 0 7€C 00S | 08I¢ 09 059 $'91 9¢L medwenN | 01
9L 1433 6L11 0Ll 3C'1 00br 091 | 00LT 011 0991 | ZIIl |9¢E ENONIIEN | 6
€L 38¥ £svl 07201 [v01 088 00Ly | 00PE 01§ 0€9z | &SI 9691 urerndeuysuy | g
SL 067 43S SP 0T 9€'[ T 00y [08LE 0 019 779 9°¢l wedueurepy] | £
[ 6V YP01 08°LZ1 | 080 v'vs 091€ | 0'88¢ oSy 0vZl | §L1 0891 yegennn [ 9
Ll 097 9§ 08'67 7670 00z 0001 | O'pEs 0§ 0LL 762 09 egeon | ¢
v 97L 79¢1 08011 |zl 3'TS 0'88€ | 0'pLY 09 0SSt [09¢l [ +'99 peseeN | f
7L 9L9 vZ91 0£9€1l | 0T 00Z1 | 0ZES | 09Z¢ 00rT | 0881 |Ti¥ 8761 renoyuR[RS [ €
L'L 81¢ 056 s Ll 7S¢ 0ZS [ 0VviL 086 081 |¢g 7S¢ mpng [ 7
[ 729 6¥ST 08°LZ1 | ¥8°0 00z1 |[008r |08LE 0701 |0Siz [TI8 sl mpW [ 1
/8w nygur | nyfw nAw | nfw | afw | njfw | njfw | opfw | apdw | nfw ON
Hd HL SAlL £ON d ¥0S D| €ODOH ! BN SN ®) | uonesoradureS | |S

spJaepuels

ISI ® OHA\ UMM uostiedwo)) pue sisAjguy A)jend) 19)8Mpuno.ts) ayj jo synsdy °[- dqeL



120

Occurrence of Fluoride: Fluoride is so highly reactive that it is never encountered in its
elemental gaseous state, except in some industrial processes{2]. It occurs in the earth's crust,
notably as fluorspar, cryolite and fluorapatite. These fluoride minerals are nearly insoluble in
water. Fluoride is encountered in water when conditions favour its dissolution from fluoride
bearing minerals. Occurrences of excess fluoride bearing waters were reported by many research
workers in Andhra Pradesh, Bihar, Gujarat, Haryana, Karnataka, Madhya Pradesh, Maharashtra,
Orissa, Punjab, Rajasthan, Tamil Nadu and Uttar Pradesh. There are an estimated 8700 villages
in India which have problems of excessive fluoride in water, atfecting 2.5 million people.
Fluorine in the exogenic cycle of this fluorosis belt is almost entirely derived from granitic and
pegmatitic rocks. There is no evidence of any addition of fluoride into the environment by
artificial means either by industry or by any other sources. The principal fluorine bearing
minerals such as fluorite and fluorapatite, are responsible for a high concentration of fluoride
under normal pressure and temperature conditions, whereas refractory minerals like hornblende,
Mica and Epidote will not release fluoride under normal temperatures. The factors that govern
the distribution of fluoride in natural waters are dependent on amount of fluorine in the source
rocks and soils, and the duration of contact of water with the rocks and soils. Systematic data on
variations in fluoride content of groundwater with different seasons are not available for this
area. Finally, it may be noted that the high incidence of fluorosis is because of a variety of
factors such as geological, geochemical, climatological, social and economic conditions. The
natural ocurrence of high fluorine content in groundwater is an environmental hazard.

Significanee of fluoride: Fluoride plays a significant role in affecting human health, to varying
degrees depending upon its concentration in groundwater. It is well established that element
deficiencies or toxicity may cause health hazards both in animals and human beings. Fluoride
acts as a two-edged sword: High doses (i e., above 1.2 mg/litre) of it lead to tooth and bone
fluorosis and low doses (i.e., below 0.6 mg/litre can cause dental caries. Researche carried out on
the effect of fluoride concentration in potable water around 1mg/litre reduced dental caries by
reducing the solubility of tooth enamel to acid and also acting as an inhibitor of the bacterial
enzymes responsible for the production of the acid which attacks the enamel. However, a higher
concentration, viz. 1.5 mg/litre or above, results in staining of the tooth enamel while at still
higher levels, viz. 5 to 10 mg/litre of fluoride, pathological changes such as stiffness of the back
and difficulty in performing natural movements occur with sustained use.

The desirable limit for fluoride in drinking water is 0.6 to 1.2 mg/litre (IS1,1983)(3]. If the limit
is below 0.6 mg/litre, the water source should not be rejected but suitable public health measures
should be undertaken. The maximum limit may be extended to 1.5 mg/liter if no alternative
source is available. The highest desirable levels according to the Indian Council of Medical
Research are 1.0 and 1.5 mg/litre respectively. According to the WHO guidelines for drinking
water quality( 1982){4] and the Water Technology Mission of the Government of India, the
permissible limit for fluoride in drinking water is 1.0 mg/litre. It can be extended to 1.5 mg/litre
if there is no alternative source in the village. The water needs treatment if the level is above this
limit. The analytical results of the present investigation reveal that the fluoride concentration in
the shallow aquifers in some of the areas is well within the permissible limits (0.6 to 1.2
mg/litre, ISI 1983). In some villages, however it has exceeded WHO and ISI drinking water
standards and treatment is required urgently.

Nitrate Pollution and its impact on human beings:The hydrogeochemical investigations on
groundwater samples of the study area revealed the presence of high nitrate content. In recent
years there has been an increased use of agricultural chemicals, notably pesticides and fertilisers.
Farmers apply fertilizers extensively on crop lands. Their extensive use, however creates some
problems.  Nitrates are especially susceptible to leaching with each rainfall and they
subsequently enter the groundwater. Where they are extensively used, they appear in well water
{Sample No.16). Nitrates are of special concern but they generally find their way into waterways
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from feedlots, not from excessive or improperly timed fertilizer use. Nitrates in drinking water
can cause Methemoglobinemia in babies (Blue Babies) because, in an infants stomach, the
nitrate NO3- is converted into Nitrite (NO2-), which acts on the blood hemogiobin to form
methemoglobin{5]. Hence the study of nitrate in potable water assumes a great importance. The
present study indicates that nitrate concentrations of groundwater are over 100 mg/litre in several
places in the study area and concentrations as high as 136.30 mg/litre have been observed, whilst
a maximum permissible limit of 45 mg/litre is suggested by WHO. The behaviour of nitrate ions
is similar to that of chloride ions. Nitrate salts usually have a high solubility and are not
absorbed by the clays present in the soils of the area.

Nitrate content in groundwater serves as a basis for detecting pollution. Most of the samples of
groundwater drawn from the boredwells showed an occurrence of Nitrate ranging from 1.70 to
136.30 mg/litre. These wells are located near to the cultivable lands where large quantities of
inorganic fertilizers and pesticides are used. These chemicals pollute the well-water through
percolation. This high level of Nitrate should be considered a serious problem for further future
development of drinking water. The occurrence of high nitrate content may be the result of
continuous application of inorganic fertilizers in these regions.

CONCLUSIONS AND RECOMMENDATIONS

The present water quality situation in easternpart of the Dharmapuri District is under great threat.
The high fluoride content in the groundwater of this area has affected villagers in the form of
primary level of tluorosis resulted in stained and darkened tooth enamel. Though there no proper
health survey has been conducted with respect to the nitrate pollution probiem, death of fishe in
one open well (Sample No -16) was observed. Regular monitoring of water quality is
recommended to improve understanding of nitrate pollution in the groundwater in these villages
and in the surrounding region. The high fluoride content in the drinking water should, also be
given attention and defluoridated water should be provided for drinking purposes in the rural
areas. In addition to these actions a proper survey is recommended to study the negative impact
of Nitrate pollution on public health in the areas affected.
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A designing method for in-situ bioremediation of groundwater

with evaluation of transport characteristics in aquifers
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ABSTRACT. Solute transport analysis is performed to design an effective in-situ bioremediation
system for contaminated groundwater with chlorinated hydrocarbon such as trichloroethylene etc. The
principal consideration involved in the design of in-situ bioremediation is two-fold: one is to understand
the chemical and biological conditions in an aquifer, which allow the most efficient performance of
bioremediation; the other is how to make such a condition by an artificial groundwater systems. The
contaminated groundwater to be cleaned up should be mixed efficiently with the stimulated
microorganisms. It should be designed only through the solute transport analysis based on a properly
characterizing of transport parameters specific to a site. This study reviews methods of mixing a few
kinds of solutes to enhance the microbial degradation activity in an m-situ aquifer, which is to be
effective for trichloroethylene in groundwater. It then proposes a method of evaluating the key elements
in dealing with mixture in an aquifer bioremediation, which is transport characteristics such as
dispersion, retardation effect etc. Solute transport analyses are carried out, assuming various solutes
injected into the aquifer through a well during the treatment process. In so doing, this study presents
the basic design principles of in-situ bioremediation.

Key words. Groundwater contamination , Solute transport analysis , Bioremediation ,
Trichloroethylene , In-situ tracer test

INTRODUCTION
There are many ways to remediate groundwater. Directly extracting methods such as soil vapor
extraction and pump and treat method etc., have been quite often used where the contamination level is
very high which is always observed around leaking points. Such physical methods are efficient for
lowering the concentration of contaminants to a certain level. However, it is difficult to make them work
efficiently in low level of contamination. It is due to the heterogenity in aquifers, sorption of
contaminants to soil particles, retention of contaminants due to physical interactive characteristics
between contaminants and soil particles (governed by surface tension, wet angle.) and other factors.
In-situ bioremediation is a method detoxifying contaminants by artificially activating microbial
degradation of organic contaminants. Once a biodegradable condition is satisfied, degradation of
contaminants proceeds more and more efficiently with lowering of concentration or molecular weight of
organic contaminants. Hence, bioremediation is inherently an effective method under condition that the
concentration of organic contaminants is relatively low.
For a specific design of the in-situ bioremediation system, the following items are important as design
condlitions:
(1) The necessary conditions to activate microbial degradation in an aquifer. That is, necessary
concentration of substrate and of nutrients to activate microorganisms, and also the duration
time of activity
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(i) Physical conditions such as permeability and solute transport characteristics, which are
essential to predict injected solutes movement and the degree of mixture among them in
aquifers, quantitatively.

Of the two, microbial activation characteristics mentioned in the item () will be clarified through
biological treatability tests using in-situ soil. For the item (i) an evaluation on the solute transport
characteristics in the aquifer would be necessary in order to assess controllability of the injected solute
concentration and a mixture condition of injected plural solutes.

This paper classifies typical methods for in-situ bioremediation, and discusses methods for evaluation of
solute transport characteristics in an aquifer, which is a practical key factor for designing remediation
system. Furthermore, solute transport analysis based on the evaluated characteristics is performed, and
then methods for designing remediation systems are generally described.

IMPORTANCE OF EVALUATION ON SOLUTE TRANSPORT

There are basically two methods of in-situ bioremediation. The biostimulation process in which
indigenous microorganisms are multiplied rapidly by supplying substrates, such as methane and
oxygen in the case of TCE co-oxidation essential for the multiplication and nutrients such as phosphates
that activates microorganism’s growth. The other method is the bioaugmentation process in which
microorganisms are directly injected into the aquifer for microbial degradation of contaminants.

Of the two, the stimulation process requires a system design for controlling mixture condition and
concentration of several solutes in an aquifer. Using the system designed as such, it would also be
possible to activate introduced microorganisms in the augmentation process. If a design method for the
stimulation process is established, it can also be applied to the augmentation process; for this reason,
this study mainly deals with the stimulation process.

Figure 1 shows a design process for an in-situ bioremediation system with using an artificial
groundwater flow, as proposed by the author. This paper presents the investigation results by following
this flow diagram.

EVALUATION OF SOLUTE TRANSPORT CHARACTERISTICS IN AN AQUIFER

In-situ tracer tests by the continuous injection method. (Tost methods) The tracer tests were performed
to evaluate solute dispersion characteristics generally in an artificial groundwater flow. The test was
made to run through an unconfined aquifer consisting of homogeneous diluvial fine sand (permeability
coefficient is about 2.1¥10® cm/s). An apparatus capable of continuous tracer injection at a constant. flow
rate into the injection well was used for this test. Figure 2 shows an outline of the tests and ground
conditions. The tests were performed in the following processes:

(Evaluation of hydraulic Characteristics)  (Evaluation of Biological Characteristics)

Evaluation of hydraulic Invariable Microbial Degradation Study
(Pumping Test, ‘P;ermeabilitv Test) (Biotreatability Test)
Evaluation of Transport
(In-situ Tracer Test, Column Test)
[
v
Solute Transport Analysis for

Designing In-situ Bioremediation|
Fig.1 A Designing Process of In-situ Bioremediation
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(i) an artificial groundwater flow was generated by pumping from the pumping well at
arate of 6.7 Vmin.(which is 80 % of the maximum pumping capacity for the well )
(1) after the groundwater level stabilized, 800ppm NaCl solution (EC=1.2 mS/cm) was
injected continuously into the injection well, at a rate of 1 limin.
(ii)Changes in electrical conductivity with time at the two observation wells located downstream.

(Test results) Figure 3 shows the test results. Break-through curves that indicate tracer arrivals are
clearly observed in each observation well. Also shown are the values of dispersivity compatible with the
break-through curves, obtained through two-dimensional advective-dispersive analyses. The analyses
were performed after calculating actual flow rate and effective porosity, assuming as an arrival time the
instance when relative concentration (the ratio assuming the concentration at a time of injection as 1.0)
became 0.5 in each observation well. The values obtained for the effective porosity based on the break-
through curve for each well are fairly consistent. On the other hand, the values of dispersivity tend to be
greater as the distance from the injection well increases.

L 3.2m 10.8m| 2.0m;
L T ™1 "l

ing t © o Oinject’on <
pumping rate - 1 Q
6.7%10°'m? /min observation ™ rate _ 10 ™
observation( g 150mm) 1-0%10. kS
N well2 me/min 5o g}
_ (¢ 150m o
‘("'g‘]’égsm‘s‘-ﬂ ™ injection g 0.6k
e VNT. (¢ 108;“) 2 well 1 (measured)
> L Sy < S well 1 (analysis(a,=0.05m))
el = 0.4r g J | well 1 (analysis(a =0.01m))
=] NP ,"_’ well 1 (analysis(a,=0.1m))
5 PR - L] 112 ( d)
it k=1.?n>>;]dn 5 0.2 vell 2 (analyersa,=0.1m))
Tld., =0.019 lljwat tracer & £ vell 2 (analysis(a,=0.05m ))
‘ "o gc /T |flow < 0.0 elsca® L L ]
7| sencer 0 5000 10000 15000
Time(min)
Fig.2  Outline of a In-situ Tracer Test by Fig3 Breakthrough Curve of Tracer Test
Continuous Injection (at Observation Well1,2)

Evaluation of dispersivity. Figure 4 shows the results of laboratory column tests performed in the past
by the author[1], which is rearranged to indicate relationship between the ratio of dispersion coefficient,
D, to kinematic viscosity coeficient » and the Reynolds number Re. Also shown in the figure are
empirical formulae obtained using glass beads. It has, generally, positive correlation with each other.
The solute dispersion is caused by actual flow rate distribution in the pores among soil particles.
Dispersion coefficient, obtained in the present tests was higher than those obtained using the empirical
formulae. The author believes this is because actual diluvial sand layers have particle distribution
similar to those shown in Figure 3, and their dispersivity is higher than that in a porous media
consisting of glass beads. Figure 5 shows relationship between the observation scales L (the distance
that the tracer travels) and each of the dispersivity values obtained from the laboratory column tests and
in-situ tracer tests for this study, and those of an aquifer with identical particle sizes and density. Also
plotted in the figure are the values of dispersivity obtained from other laboratory column tests and in-
situ tracer tests performed in the past [2]. The graphs indicate that, dispersivity is strongly affected by
the observation scales 1, when the observation scales 1 is greater than 1 m. Also shown are reorganized
equations according to Nueman or Arya|3]. The relationship between the dispersivity obtained from the
laboratory column tests and in-situtracer tests corresponds relatively well to equation by Nueman in
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this observaton scale. If the in-situ bioremediation process is designed in larger scale, because of the
larger permeability of the site, the scale of measurement also should be wider. The scale dependent
dispersivity is obtained statistically by Nueman. The results indicate that the dispersivity may be
selected based on this equation for practical point of view.

Al NI
B E g1l @ =0.177L°0. 728(Arya) 1
10%F o " B 10, - - \-- 1
[ oy @,=0.0175L"1.46(Neuman) _'-
PR [ -1 -
. o .- 2 a 10 3
D 10°F . ' 1 2 2
= - - [=TT % Column Test(d,,=0.019cm)
a d,=0.019cm — In-situ Test(d,,=0.019cm)
J <+> g,.:g-gggcm < 49 In-situ Test(d,,=0.018cn)
10 5=0.080cm = (from this result)
-+ Column Test(d,=0.03
D,/ v=1.4TRe"1.14(Jinno et al.) 2 1 coTumn T::tzd“zo oai:;
. — il -
10+ D, v=0 GGRe 1. Z(Harleman et al.) 2 10°h. " X " o |
4 o? S 0.01 0.1 1 10 100

Observation Scales L (m)
Fig.5 Relationship between Dispersivities
and Observation Scales

Reyno1ds number R e
Fig4 Estimated Coefficient of Dispersion in
Relation to Reynolds Number (1)

ANALYSES FOR DESIGNING IN-SITU BIOREMEDIATION SYSTEMS

Conditions for the investigation. The effect of biostimulation method is strongly affected by the mixture
situation among substrates and nutrients, which should be injected for activating indigenous indigenous
microorganisms, and by the frequency of contacts between the activated microorganisms and the
contaminants. From a viewpoint of the system design, it is important that injected solutes should be
efficiently mixed in an aquifer, not in a well. Because well clogging should occur due to simultaneous
injection with mixed solutes into a well. Thus, the following two schemes, in which solutes are injected
spatially apart or with a lapse in time, were devised as two basic methods for efficient mixing: scheme A
in which several wells are used for injection; and scheme B in which pulse injection is performed
intermittently. In other words, it is fundamental, for designing an efficient remediation system, to clarify
the mixing characteristics of injected solutes in aquifers as for the schemes A and B.

For this purpose, a general discussion is presented on mixing characteristics and effects through solute
transport analyses, assuming the application of the two methods in various aquifers. Figure 6 and Table

Table 1 Designing Conditions

Scheme A Casel | Case2 | Case3 Scheme B Cased | Caseb
Injection Method multi-wells, continuous Injection Method | alternate pulsing
injection injection
Permeability (cm/s) 10° | 10* 10! Permeability (cm/s) 10°
Dispersivity (m) 0.01 0.5 5 Dispersivity (m) 0.01
Pumping Rate (/min) 18 200 2000 Pulsing Time(min) 500 5000
Injection Rate (/min) 3 30 300 | Injection Rate (Umin) 3 3
Gémrfomﬁer F)-!bv?
getion Well2 Y dngection
frombater Flov 0 elioon B \T /
e Thrzceoon Wel
9, = Owlf;:WAH \ /
mpoeg WE"\ - /*i
O: g: v;g}<3 //l\x\:n:e\;zl(}:r
ght: Scheme B)

Fig.6 Designing Conditions (left: Scheme A | vi
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1 shows the conditions of analyses. The values for pumping rate, injection rate, and distance among
wells are selected appropriately in accordance with the specific permeability for each aquifer (H=10m).
The time required for solute transport from the injection well to the pumping well was set between 10 to
14 days, which are feasible duration for practical management under given conditions. In other words,
the area to be investigated expands with larger permeability. The values for dispersivity were
determined based on Figure 4, and according to the extent of the area to be investigated. The values one
tenth of longitudinal dipersivity were used as horizontal dispersivity. For solute transport analyses,
upwind finite element method was utilized, which was developed by authors.

The results of investigation. Figure 7 show the example of solute transport analysis. From the results of
biological treatability tests using aquifer's sand[4], microbial degrading activity will reach to the
sufficient level under the condition that oxygen and methane are mixed at concentrations greater than
10% of saturation. This condition is applied to the designing condition of the in-situ bioremediation. The
figures indicate areas where solutes injected from the injection wells dispersed at concentrations greater
than 10 % of each saturated solution. The regions where these solutes mixed, or the areas with highly
activated microorganisms, are also shown. The results of analyses, along with microbiological point of
view, are summarized in Table 2.

Table 2 Comparison of Designing Conditions A & B

Scheme A
Merits Solutes are constantly supplied for exposure to microorganisms, and multiplication
of the organisms and degradation may be easily controlled by adjusting injection
rates and amount. Injection equipment can be easily operated and managed.
Demerits | Transversal dispersion makes mixing difficult, and the ratio of injected substrates
effectively used to activate microorganisms is low.The method is very inefficient in
grounds with permeability coefficient of 102 cm/s or less.

Scheme B

Merits Mixing is accomplished through longitudinal dispersion, and if microorganisms are
maintained active as bacterial cells, they can easily contact and mix with the
contaminants in groundwater. Injected substrates are effectively used, and mixing
efficiency increases as injection intervals are made shorter.
Demerits | In cases with short injection intervals, permeability might be lowered due to clogging.
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ASUMMARY OF IN-SITU BIOREMEDIATION SYSTEM DESIGN

Basic conditions for designing systems: [t. is important, to clarify mixture conditions of injected solutes in
an aquifer, as well as characteristics of activated microorganisms and duration of biodegrading activities
in order to design an efficient in-situ bioremediation system to cope with groundwater contaminated
with petroleum hydrocarbons or chlorinated organic compounds.

Importance of solute transport analyses and the investigation results: It is necessary to evaluate
transport characteristics, quantitatively, in aquifers in order to clarify mixture conditions of injected
solutes. The results of this study suggested that not only the particle size but also the particle
distribution affect dispersivity. Dispersivity is also positively correlated with distance of tracer travels
even within a relatively homogeneous aquifer. For a practical purpose, it is possible to adopt the values
of dispersivity, which are decided from the relationship in Fig.5 and Fig.6

Results of injected solute transport analyses: Solute transport analyses are performed, which is based on
the evaluation of transport characteristics, which is mentioned above. Results indicated that in a ground
with permeability coefficient of about 10° cm/s, longitudinal dispersion should be used to mix the solutes
efficiently: that is, a pulsing injection system would be necessary to make an effective bioremediation
system. On the contrary, It is possible to use transversal dispersion when the permeability coefficient of
an aquifer is about 10" cm/s. That is, simultaneous injection of each solute from different wells are
possible to use in a system, which may avoid complicated controlling of pulsing injection.
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ABSTRACT: This paper highlights on the increasing fears that chemicals in agriculture have
found their way into drinking water causing health complications. In fact, many chemicals have
not had these effects but waiting to do so by moving into groundwater, sinking slowly and finally
going into taps. Nitrate fertilizer is largely blamed for these fears. Use of fertilizer obviously
would increase manifold to meet the food needs arising out of population explosion and it would
further aggravate the situation. Therefore, the use of chemicals in agriculture presents a global
alarm particularly for Pakistan where environmental degradation is rampant and unfortunately least
attended. It necessitates development of Best Management Practices (BMP’s) to reduce
groundwater contamination resulting from application of agricultural chemicals especially the
fertilizer. The study conducted at the University of Agriculture for reducing fertilizer pollution
of groundwater is presented in this article.

Key words. Water pollution, Fertilizer, Nitrates, Irrigation, Contamination.

INTRODUCTION

Among all the agricultural concerns, agro-chemicals have given rise to grave environmental
contamination. An unthoughtful use of chemicals may render agricultural land, water and air
inefficient for supporting life. It is unfortunate that most of the public environmental protection
programs are urban-oriented, whereas the pollution and its direct effects in the local sectors are
ignored. As much as 50 to 70% of the water resources are polluted due to contamination from
agricultural activities (Lal and Stewart, 1994). This paper presents an attempt to discuss
agriculture oriented environmental problems and highlights the experiments conducted to realize
the Best Management Practices BMP’s) to mitigate groundwater contamination.

Agro-chemicals: The agro-chemicals can be grouped into two broad categories i.e. biocides and
fertilizers. Biocides are man made products such as insecticides, herbicides, fungicides,
rodenticide, etc. They are poisonous substances deliberately disseminated to exploit their toxic
properties. They cause pollution when they reach wrong targets. After a continuous use, these
toxic chemicals are found in waters, air, soil and in the bodies of fish, birds, worms, eggs, in
many human beings, mother’s milk and possibly tissues of the unborn child. Some pesticides
destroy enzymes, and block energy generating oxidation processes and initiate malignancy in the
cells.
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Dichloro-diphenyl-trichloroethylene (DDT) is, perhaps,s the most notorious chemical. It was used
to kill both medical and agricultural pests saving millions of human lives as well as many from
starvation. However, its indiscriminate over-use has caused worldwide environmental
contamination and death of non-target organisms. Almost every body in the world has a
measurable amount of DDT and its breakdown products. Toxic effects of DDT have migrated
from areas of application to remote places. Even Alaskan Eskimos have traces of DDT in their
body fat. DDT is strongly adsorbed to soil particles that make their way into rivers through soil
erosion. Lakes, bays and reservoirs all tend to become traps for DDT because of large volume
of sediments continually deposited in them. DDT attacks nervous and reproductive systems of
human body. DDT can harm phytoplankton by inhibiting its photosynthesis and upset the O,
balance of atmosphere (Anonymous, 1989). However, use of DDT has been banned and risk of
its hazard is reducing. The level of global contamination resulting from the use of biocides needs
no further emphasis. Some of the remedial measures to eliminate/reduce the hazards are as under:

- A better control over the disposal and dispersal of the chemical

- Use of carefully designed and calibrated spraying and dusting machines with
possibly electrostatic spraying to magnetize spray drops and reduce drift losses.

- Field applications supervised by trained/qualified personnel.

- Use of protective devices e.g. mask, gloves, long boots, etc.

- Avoid long exposures of field workers to active material

- Scientific research to dig up new substances that may replace poisonous synthetic
biocides.

Fertilizers Pollution: Use of fertilizers in agriculture is recognized as a potential source of water
pollution. High Nitrate-nitrogen (NO;-N) concentrations found in surface and groundwater is
currently receiving considerable attention. A certain portion of

(NO;-N) pollution comes from the use of agricultural fertilizers which can enter directly from the
fields into the streams or underground sources. Report on water quality deterioration in Lake Biwa
(Japan) showed that the drainage from agricultural land contributed to 47% and 23 % of the total
nitrogen and phosphorus respectively (Misawa and Kondoh, 1992). Groundwater pollution is of
increasing concern in Pakistan as about 60 to 70% of the drinking water comes from wells (Sial
et al. 1993). Pollution of drinking water supplies is being reported frequently.

At the University of Agriculture, Faisalabad, a study was conducted by taking 150 samples of
drinking water from different parts of Faisalabad city. The results indicated higher nitrate contents
in water of localities fed from industrial effluent, whereas areas with better drainage contained
lower nitrate contents. Similar were the results from WASA tube-wells in the urban area (Yaqoob,
1990). No study, however, was available for the agricultural fields under the conditions of this
region for understanding the leaching behavior of nitrates. Thus studies were planned to
investigate the effect of varying amounts of tillage, nature of implements, doses of fertilizers,
depth of irrigation and time of sampling after the fertilizers, depth of irrigation, and time of
sampling after the fertilizer application. The nitrogenous fertilizers were applied under varying
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soil and crop conditions at different places. For various treatments, the water samples were
collected using porous cups and soil/water samples were analyzed for (NO;-N) contents.

RESULTS AND DISCUSSION

In one of the experiments, five tillage treatments namely tine cultivator, sweep cultivator, disk
harrow, M.B. plow and chisel plow were selected for comparing their effects on nitrate leaching.
Fifteen plots, each measuring 57 x 10 m? in size, were used for making three replications of each
treatment. All the plots were prepared once with their designated implements. At the time of
wheat planting, 125 kg/ha of Diammonium Phosphate (DAP) was applied after seed-bed
preparation with two sweep cultivations to all the plots. First, water sampling was carried out two
weeks after DAP application at 0-30, 30-60, 60-90, 90-120 and 120-150 cm depths. Secondly
water samples were taken one month after the application of urea (125 kg/ha) and a surface
irrigation of 10 cm. The samples were analyzed for (NO;-N) contents using Disulphonic acid
method. The data on (NO,;-N) contents were analyzed statistically.

Nitrate-nitrogen contents present at different soil depths, two weeks after application of
Diammonium phosphate (DAP), are given in Table 1. The data show higher contents of (NO;-N)
in the top soil layers. This was obvious as neither irrigation was applied nor any precipitation
occurred during this time interval to transport the fertilizer downward. Mean (NO;-N) contents
in various soil layers after the application of urea with first irrigation are given in Table 2.

Analysis of variance of the data after irrigation indicated that the effect of depth of soil on (NOs-
N) contents tested statistically significant. A comparison of the values of (NO;-N) contents before
and after irrigation suggests that maximum concentration of (NO,-N) was present in upper 0-60
cm layer. A noticeable leaching appears to have occurred upto 90 cm. Traces of nitrates were,
however, found upto 150 cm soil depth just with a conventional dose of fertilizer and a single 10
cm irrigation. The exponential nature of data with increasing depth of soil further revealed that
(NO,-N) would even leach beyond 150 cm. This downward movement of nitrates would perhaps
continue in the irrigations to follow. In case, this trend persists in our agricultural fields year after
year, then the day is not too far when groundwater reservoir would be badly polluted.

The effect of tillage implements tested statistically non-significant. This was expected as there was
little evidence for the nitrate concentration in each treatment to differ. The main focus was to
study nitrate leaching behavior for view point of implement-depth interaction. A significant
implement-depth interaction suggested that various tillage practices managed nitrates differently
at each soil depth. However, sweep and tine cultivators showed better results compared with other
implements. Sweep tilled plots were better than tine cultivation in retaining NO;-N in the top (0-
60 cm) soil layer. It is apparent that sweep cultivation can be considered as an appropriate tillage
practice among the treatment included in this experiment. In short, the following conclusions were
drawn from this study.



132

Table 1. Nitrate-nitrogen (ppm) for various tillage treatments (before irrigation)
Tillage treatment Depth (cm)
0-30 30-60 60-90 90-120 120-150
a.Narrow time 10.6 3.54 2.13 1.13 0.53
cultivator
b.Sweep cultivator 8.13 4.67 1.80 0.73 0.73
c.disk harrow 7.66 2.26 2.00 0.67 0.46
d.Moldboard (M.B) 6.86 2.60 1.20 0.40 0.00
plough
e.Chisel plough 7.80 5.73 0.54 0.34 0.20
Table 2. Nitrate-nitrogen (ppm) for various tillage treatments (after irrigation)
Tillage treatment Depth (cm)
0-30 30-60 60-90 90-120 120-150
a.Narrow time cultivator 8.33 5.40 2.53 1.46 0.67
b.Sweep cultivator 9.73 7.60 2.40 1.60 0.00
c.disk harrow 5.06 4.46 3.00 1.34 0.60
d.Moldboard (M.B) plough 4.86 2.86 1.54 1.06 0.34
e.Chisel plough 6.13 4.40 2.00 0.53 0.43
1. A normal 10 cm irrigation played a significant role in the downward movement of nitrates
2. Sweep cultivators and narrow tine were considered relatively appropriate for retaining

nitrates in the 0-60 cm soil layer compared with other implements.

3. A noticeable leaching of nitrates was observed upto 90 cm after irrigation, whereas traces
of nitrates upto 150 cm soil depth were observed. The nitrate contents exponentially
decreased with the depth of soil. An extrapolation of this trend suggests nitrates would
certainly move too far from soil depths considered here.

Another experiment was conducted on an area of 0.87 ha divided into three blocks and 24 plots.
Begin text of second succeeding pages here. Do not leave additional margins inside the frame.
At the University of Agriculture Faisalabad. Two tillage techniques (Sweep cultivator, Chisel)
Plow), two levels of surface irrigation (5 cm deep six irrigation and 10 cm deep four irrigation
and two doses of fertilizer (split dose and normal dose) were compared to study their effects on
NO;-N leaching. Soil water samples were collected to determine the NO;-N from the porous cups
installed at 30, 60 and 120 cm depths at both head and tail ends of all the plot. Nitrate-nitrogen
concentration of soil water samples were then detected adopting Hydrazine Reduction Method.
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Field studies indicated that tillage treatment had significant effect on NO;-N leaching. At 30 cm
depth mean NO;-N concentration in sweep cultivated plots were higher than those of the chisel
plowed plots. However, higher NO;-N concentration detected at 60 and 120 cm depths in chisel
plowed plots illustrated migration of nitrates to lower depths. This is due to low density of deep
soil layer and more pore space available for water and solute movement. Whereas, sweep
cultivator generated low soil densities only near the surface and high soil densities underneath.
Hence, sweep cultivator offered a better tillage option to reduce NO;-N leaching away from the
root zone.

Heavy irrigations produced loss of water through deep percolation and enhanced nitrate leaching.
Whereas, light but frequent irrigations confined the nitrates in only upper soil layers. Similar to
the pattern observed in sweep cultivation, light irrigations showed more nitrates at 30 cm depth,
while at 60 and 120 cm depths higher NO;-N concentration was observed for heavily irrigated
plots. Light irrigations settled about 9.2% less NO;-N concentration upto 120 cm depth. Results
revealed that light but frequent irrigations held more nutrients within the root zone of the soils and
thus proved to be a preferable alternative.

Comparatively more nitrate concentration were detected in upper soil layers even after the last
irrigation in the split fertilized plots. About 19.4% less nitrate leaching was observed for split
application compared with normal or conventional application. Split application checked fertilizer
leaching by providing less amount of fertilizer exposed to the leaching agents. Hence, split
fertilization proved useful by keeping most of the nitrates in the root zone for a longer period of
time. In surface irrigation, the advancing sheet of water transported nitrates towards tail end of
the plots. Tail ends showed 4.9% more nitrates than the head ends of the plots. This effect might
be due to high solubility of nitrates in water. Therefore, medium length of plots with low grade
are advisable to reduce transport of nutrients to tail ends. Results provided the following

conclusions:-

1. Sweep cultivation proved a better tillage option to minimize NO,-N leaching from the root
zone.
Light but frequent irrigations checked nitrate movement to the deeper soil strata.

3. Split application of fertilizer reduced NO;-N leaching and nitrate redistribution to deep-

seated soil mantle.

The results of the present studies evidenced leaching of nitrogenous fertilizer in the form of NO,-
N upto 150 cm soil depth. Of about 30% of 41 million acres surveyed had water table within 150
cm from ground surface in Pakistan (Anonymous, 1989); apparently a sizeable part of our
subsurface water reservoir is under direct threat of fertilizer pollution. Presently, Pakistan on the
average uses 56 kg ha'! of fertilizer as against 779 kg ha-1 in Holland (Sial et al. 1992). Thus the
situation may further worsen as the use of fertilizer increases manifold in the years to come.
Measures need to be taken to reduce the irreversible pollution of subsurface water. Unfortunately
most of our anti-pollution programs are either urban or industry oriented and agricultural sector
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is absolutely neglected. Drainage, tillage, irrigation, crop rotation and fertilizer practices need to
be managed in order to reduce threat of fertilizer on subsurface water pollution. In particular, the
present investigation suggests that improved practices of soil, water and fertilizer management
may effectively reduce NO,-N leaching and safeguard our soil and water environment.

GENERAL RECOMMENDATIONS

If the present trend in modernization of agriculture continues, pollution issues will become
increasingly complicated in the future. What general model be adopted to minimize the pollution
is rather more important than identification of problems. The following submissions provide a
guideline to plan environmental strategies:

1. Important enough is to realize the fact that environmental protection is more of necessity
than luxury. Good environment is key to sustainable development.

2. Auvailability of trained specialists is necessary for the successful execution and assessment
of environmental projects. Thus, initiation of formal educational programs will be needed.
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In-situ Electrokinetic Remediation of Soil and Water in Aquifer
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Abstract. The electrokinetic method for the remediation of contaminated aquifers is realized by ap-
plying a fixed low voltage direct current between an anode and a cathode placed into the contaminated
zone. The purge water is injected into the anode well and drawn out from the cathode well with the
pollutants. Therefore the application of this method to in-situ remediation of aquifers is relatively sim-
ple. This method can be applied effectively to remove heavy metals. These cannot be decomposed
by other methods such as bioremediation, although this method can be used also for decontamination
of organic chemicals in aquifers. However, the variations of the operational variables of this method
have not been made clear, because this method is relatively new and is an inovative technique. In or-
der to investigate the operational variables of electrokinetic remediation, a mathematical model has
been constructed based on the physico-chemical transport process of heavy metals in the pore water
of a contaminated aquifer. The transport of heavy metals is driven not only by the hydraulic flow due
to the purge water, but also by electromigration caused by the electric potential gradient. The electric
potential between the anode and the cathode is the important operational variable for electrokinetic
remediation. From the numerical simulations using this model it is confirmed that remediation starts
from the upstream anode and the heavy metal is gradually transported downstream towards the cath-
ode and is drawn out through the purge water.

Key words. Electric potential gradient, Electromigration, Ionized heavy metal, Porous medium, Soil
and groundwater purification

INTRODUCTION

The need for water resources is increasing more and more not only in developed countries but also
in developing countries. Groundwater is utilized as one of the important water resources supplement-
ing surface water. However, in many aquifers groundwater has been seriously contaminated by the
migration of various hazardous organic and inorganic chemicals from the disposal of municipal and
industrial wastes. The increase in water demand makes it urgent to clean up contaminated groundwa-
ter and soil immediately.

Many new techniques have been presented for the remediation of groundwater and soil. Among them,
one of the most cost-eftective in-situ technologies is electrokinetic remediation. However, understand-
ing of electrokinetic remediation is not only experimentally but also theoretically quite insufficient.
This is because the technique is relatively new and innovative, although the electrokinetic method has
been utilized previously in civil engineering for dewatering soil. This paper aims to develop a math-
ematical model based on physico-chemical mass transport theory and to simulate the nonsteady char-
acteristics of the electrokinetic remediation. Only a few studies ([1], [2], [3], [6], [7], [8], [9] and [10])
can be utilized for comparison with the mathematical model.
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The electrokinetic method consists of installing electrodes (anode and cathode) into the aquifer zone
requiring treatment, which is saturated with groundwater or purge water, and applying a fixed low volt-
age direct current between the electrodes, as shown in Figure 1. Heavy metals are typically ionized
into cations in groundwater (e.g., Cu**, Pb?*, and so on). Purge water is injected into the anode well
and contaminant-concentrated water is drawn out from the cathode well. The injection of purge water
causes a hydraulic flow from the anode to the cathode. The electrokinetic driving force, which acts on
the ionized heavy metal (cation), is superposed on the hydraulic flow so that the heavy metal is accel-
erated and migrates to the cathode well where it can be swept out of the contaminated aquifer.
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Fig. 1. Schematic Representation of Electrokinetic Remediation. Chemicals, i.e., cations (heavy
metals) and anions are transported by the hydraulic flow due to the injection of purge water in
conjunction with electromigration due to the applied electric potential.

MATHEMATICAL MODEL OF ELECTROKINETIC REMEDIATION

Governing Equation. The model developed here is composed of a kind of advective diffusion equa-
tion and its boundary conditions. In pore water, cations migrate to the cathode and anions migrate to
the anode. Under steady uniform flow, the equation of conservation of mass, which considers the ad-
vection, dispersion, and sorption for chemical species k in saturated homogeneous isotropic media,
can be described as follows [8]:

9 9 ) 0
= (nRdCy) + ER {(us — ulg)Ci} = Dp—=—~ + u¥ine (1

ot 0z?
where C = concentration of species k (mol/L); ug = pore flow velocity (cm/s); n = porosity of soil (—);
Rdy = retardation factor (—); Ri." = molar rate due to liquid-phase chemical reactions (mol/L/s); and
Dy and v, = effective diffusion coefficient and effective electromigration velocity, respectively, as:
, 1 . n

Dk = ﬁDk Uezk = ﬁuezk ( 2) ( 3)
where 7 = tortuosity obtained experimentally (—); D, = diffusion coefficient of species k in pore water
(cm?/s); and ue,, = electromigration velocity (cm/s).

Retardation factor. The chemical reaction is composed of a homogeneous liquid-phase reaction,
which generates the molar rate R;® in pore water, and a heterogeneous adsorption-desorption reac-
tion between pore water and soil, which generates the molar rate R;’. The retardation factor Rdy is
introduced to consider R, (Inoue and Kaufman [4]). The retardation factor is defined by:

(1-n)p 08y,

Rd, =1+ ——Kdy ; Kdy, = — 5
K + - k Sl Ton (4).(5)
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where p = density of soil solids (g/cm®); Kdy = distribution coefficient of species k (L/g); and sy =
absorbed concentration of species k per unit mass of soil solid (mol/g). The adsorption isotherms be-
tween sy and CY are generally expressed by a linear function.

Electromigration velocity. The electromigration velocity ue, plays an important role in the reme-
diation and is given by:

_F,p0 0 KT

Uegk = RTZkaazy 9z - F f(t7z) (6)7(7)
) Y (2D %) +10% 5] —us ¥ (% Ch) , It
o ZODE z@ﬁp&i) =B w0 =B =T (8,09

where F = Faraday’s constant (C/mol); R = universal gas constant (J/K/mol); T = water temperature
(* K); 2 = charge number of species k (—); ¢ = electric potential (V); and 1§ = effective current density
(A/cm?). The factor 10* multiplying 4% is introduced since Cj is specified in mol/L as usual practise.
Since ig(t)  I(t)/A, 15(¢) is given by Eq(9), where I(¢) = electric current from power unit (A) and
A = cross sectional area of soil column (cm?).

Electric potential. Integrating Eq(7), ¢ (¢, ) along the experimental column is estimated by:

b(t2) = 6(t,0) - X Ozf(t,z) dz (10)

Then the potential difference £ (Volts) applied betweeen the anode (z = 0) and the cathode (z = L),
which is taken to be an operational variable, is obtained by:

Initial condition. The initial condition for the governing equation, Eq(1), specifies the concentrations
of chemical species in the pore water at ¢ = 0 and is simply given by:

Ce = C at t 0 (12)

Boundary conditions. Attheanode, H,0O gives electrons to the electrode, as described by Eq(13). At
the cathode, 11,0 takes electrons from the electrode and releases hydrogen gas and OH~, as described
by Eq(14).

2H,0 — 4™ — Oy(g) + 4H' ; 2H,0 - 2e” — Ha(g) | 20H™ (13), (14)

The production rate of H* at the anode and of OH ™ at the cathode can be expressed in terms of their
fluxes as follows:

. 3 Y .
Joon = 1()*70HF (15), (16)

G
ZHF '
where ¢, = effective electric current density. ./, and ./}, are superposed on .J}; (for H') and J&,,
(for OH™), respectively. Then, the boundary conditions in terms of fluxes of chemical species can be
statedas () &/n;zn = | l;and zoy — —1):

DY) usCIN 4 105 for HY
- = uly)Cho= g Tk Fn at z =0 17
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Dimensionless governing equation. Eq(1) can be solved numerically using the initial condition,
Eq(12), and the boundary conditions, Eqs(17) and (18). For the convenience of numerical calcula-
tion, the following dimensionless variables and constants are introduced:

PS Ck ~ Dot z n F
Sl O = oz == - 19), (2
C'k C() ) an0L2 3 z L ) q RT¢ ( 9))( O))(Ql))(QQ)
~, D N L A* L,
Dy = D—g ; Us = EO*US ; Uegke = D_Ouezk (23), (24), (25)
N L? . — Rdk - L
Ry = Ry Rde - —; = 10° — i 26), (27), (2
k Dy o (H k ) k Rd, ¢ nED,C, ¢ ( ))7( 7)7( 8)

9

where L = distance between anode and cathode (cm); and subscript ”0” denotes the standard quantity
for normalization. The dimensionless form of the governing equation becomes:

a(ﬁaké ) 9 ~ ~ A 82 A Hac

T o { @ - 00 G = 5 (i) + R (29)
Chemical reactions. The contaminat treated here is copper sulfate (heavy metal). In this case the
chemical reactions in the pore water can be expressed as follows:

CuSO, = Cu®t +802" (K;); HySO4=H* +HSO; (K,) (30),(31)
HSO; = H* + 802~ (Ky); H,O=Ht+O0H" (Kw) (32),(33)
where K,, K,, K4, and Ky are dissociation constants. The concentrations are defined as follows:

(C1, Gy, Cy, Gy, Cs, Cp) = (ICuSO4], [Cu®*], [SOFT], [HSOZ ], [H*], [OH™]) (34)

NUMERICAL SIMULATION

The simulations were carried out under the following conditions: column length (/) = 40 cm; cross-
sectional area of column (A) = 100 ¢cm?; porosity (n)= 0.4; tortuosity (7) = 1.5; flow rate (Q) = 0.01
cc/s; applied voltage (£) = 5 V; inflow acidity (pH) = 7; and initial acidity of pore water (pH) = 6.
Figure 2 reveals that the distributions of Cu?* concentration ((72) in the column are almost linear.
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Fig. 2. Distribution of Cu?* concentration between anode and cathode.
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Time variation of the anode (upstream) and of the cathode (downstream, i.e., effluent) concentration
of Cu®* are shown in Figure 3. From these figures it can be seen that copper is removed from the an-
ode (upstream end) and it is transported and accumulated near the cathode. In addition, with time, the
anode concentration decreases whilst the cathode concentration increases. These distributions accord
qualitatively with the experimental results for heavy metals obtained by Nekrasova and Korolev [5]
using a one-dimensional column. Distribution of pH between the anode and the cathode is shown in
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Fig. 3. Time variation of Cu?* concentration at anode and cathode.

Figure 4. Since hydrogen ion, H*, is produced at the anode and hydroxyl ion, OH ™, at the cathode, it is
supposed that, with the passage of time, pH at the anode should decrease and pH at the cathode should
increase, i.e., pH distribution curves are expected to have an ascending gradient and exhibit an acid
front (sharp increase of pH in the distribution). Figure 5 demonstrates the time variation of electrical
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Fig. 4. Distribution of pH between anode and cathode.

potential (voltage) distribution in the column. The initial distribution is linear. However, the distribu-
tion curve expands upward in the upstream region (less steep than initial distribution), and contracts
to the initial line (steeper than initial distriution) in the downstream region. The steepest portion cor-
responds to the pH jump in Figure 4. This means that, with the passage of time, the electric resistance
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is concentrated near the pH jump portion and then, in the upstream region of the column before the
pH jump, the resistance becomes smaller than the initial resistance. The decrease in resistance may be
due to increase in the ion density of pore water.
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Fig. 5. Distribution of electric potential £ between anode and cathode.

CONCLUSIONS

From the numerical simulation of decontaminating heavy metal (copper sulfate) from soil, using a
1-D mathematical model, it may be concluded that:

(1) Electrokinetic remediation is theoretically proved to be effective for removal of heavy metals in
aquifers;

(2) The pH distribution in the column is well simulated numerically by the mathematical model; and
(3) The electric resistance of the column becomes smaller than the initial resistance in the upstream
region (before the pH jump) and becomes larger in the downstream region .
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Use of Global Optimisation Technique in Groundwater
Pumping Strategy for Plume Removal
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ABSTRACT: The remediation of groundwater contamination by pumping and injection is
generally a long-term strategy and requires a huge amount of money. Aquifer cleanup time is a
highly non-linear function of pumping rates and well locations, and there exist multiple local
minima. The objective of a cleanup strategy often involves minimising or constraining the
cleanup time or cleanup cost. Linear programming and non-linear optimisation techniques used in
practice cannot guarantee a global solution. In this study, a Global Optimisation (GO) technique
is used to minimise both cleanup time and cleanup cost, taking pumping rates and/or well
locations as decision variables. Two contaminated aquifers are considered — one real and one
hypothetical. The models, MODFLOW and MODPATH, developed by the United States
Geological Survey (USGS) are used for groundwater flow and particle tracking, and the code,
GLOBE, developed by THE, Delft is used as a GO tool. The<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>