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PREFACE

The surface layers of soil and the unsaturated and saturated zones of an aquifer
have a considerable capacity for improving the quality of infiltrating water. As
a consequence groundwater has long been used by water engineers as a good
quality inexpensive source of supply and has accordingly been extensively
developed. In recent years, however, an increasing number of cases of
deterioration in quality have been reported. There are many reasons for this
decline but common causes are badly located domestic and industrial waste
disposal sites, certain modern agricultural practices, and over-pumping of
resources. As groundwater in general moves very slowly, extensive pollution
of an aquifer may develop and go unnoticed for many years. Once polluted it

is always difficult and costly to rehabilitate a groundwater source. A growing
awareness of these problems has led in recent years to an increasing number

of field investigations and research studies into the natural and man-made
changes that can occur in the quality of groundwater. Attention has particularly
focused on man's activities that have caused or are likely to cause pollution and
on ways in which these can be controlled so as to protect underground resources.
In the United Kingdom the scientific investigations have been accompanied by
appropriate and timely legislation in the form of the Deposit of Poisonous Wastes
Act 1972 and the Control of Pollution Act 1974. These, together with previously
existing legislation, should allow the authorities to protect adequately our valuable
groundwater reserves, Within the European Economic Community a commission
is drawing up proposals for a directive on the protection of underground water

against pollution caused by the discharge of dangerous substances.

It was against this background that the Water Research Centre arranged the
Groundwater Quality - Measurement, Prediction and Protection Conference at
Reading in September 1976. Although the majority of participants were from the
United Kingdom we were fortunate in having many overseas delegates and in all
20 countries were represented, The conference attracted groundwater scientists
and engineers as expected, but it was encouraging that several engineers with

waste disposal responsibilities, and agricultural scientists were also present.



The 44 papers and six discussions presented in this volume have been grouped
into six sections. The first section contains papers that identify the principal
groundwater quality probléms facing the engineer or scientist. In the second
section the physical, chemical and biological processes that govern the changes
in groundwater quality are described. The type, method, frequency and cost

of data that should be collected is discussed in the third section which leads into
a description of field case studies in the fourth section. Models are being
increasingly used to quantify changes in groundwater quality or to increase the
understanding of a given system, The models used range from the relatively
simple to the very complex. Although in many cases inadequate data would at
present preclude the use of other than a simple model, it was considered
necessary to bring these new techniques to the attention of the Conference, The
fifth section therefore contained papers describing a range of groundwater quality
models, modelling techniques and case histories. The measures that may be
adopted to protect and rehabilitate aquifers are discussed in the sixth section.
All the scientific and engineering depth of knowledge and experience gdes for
little if the administrators and legislative procedures are inadequate; these

aspects are therefore also considered in this section,

Much remains to be done, but I believe that the assembly of papers and
discussions presented in these Proceedings represents a step forward in
understanding and controlling the factors which govern the quality of ground-

water,

W. B. Wilkinson
Technical Editor.
Medmenham, September 1977
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PAPER 1

UTILIZATION OF GROUND WATER IN BRITAIN
G. P. Jones

1. INTRODUCTION

The subject matter of this paper provides little scope for originality in what is
largely a documentary exercise, yet some such coverage is necessary to set
the context for those topics to be covered in the Symposium. it seems all too
obvious to make the point that the geological character of a country or area
largely determines the type and pattern of its water-supply sources. Neverthe-
less, an understanding of the past, present and futufe utilization of ground
water resources in Britain requires some appreciation of the distribution and

nature of the relevant geological factors.

2. GEOLOGY

Britain is a small country of diverse geology, with representatives of all periods
of geological time from before the Cambrian up to the Pleistocene. Within this
incredibly long duration of more than 500 million years, deposition of sediment
took place in a wide variety of fresh water and marine environments ranging
from hot tropical swamps, deserts with salt pans, through marine seas to those
associated with glacial conditions. Most of the resultant deposits were subse-
quently modified by a variety of geological processes. Moreover, the position
of the country relative to geological events during this length of geological time
has ensured that the strata have been variously affected by different degrees of

folding and fracturing arising out of major and minor episodes of disturbance.

It means that in Britain we have a plethora of sedimentary rocks of different
nature along with an interesting variety of rocks of igneous or metamorphic
origin. One cannot do justice in a single map of the country as a whole to the
complexity of geological units categorized either on the basis of lithological
nature or geological time. Since the erstwhile Geological Survey was created
for the explicit purpose of preparing a complete coverage of the country, we
are fortunate in having relatively detailed maps on the scale of 1:10 000,

1:25 000 or 1:63 600 for most areas that are of economic significance. The
fact that such a task is not yet complete indicates the enormity of the exercise

which is the direct consequence of the non-uniform character of the ground

conditions.



3. HYDROGEOLOGY

The acquisition of basic geological information and its translation into hydro-
geologic form is an essential prerequisite to the proper utilization of ground
water resources. Fundamental to this aim is the concept of relative permea-
bility within any aquifer system with emphasis on those hydraulic properties
and characteristics which significantly govern the quantity and quality of
ground water. In strata where the flow pattern is dominantly interstitial,
ground water velocities may range from 2 m/day to 2 m/year or less. Whereas
in fractured strata, particularly where preferential solution has occurred, the
dominantly fissure flow regime may allow flow rates to exceed 2000 m/day.
Generally in Britain, the uppermost 100 metres of the saturated aquifer is the
most productive, with increasing risks of lower permeability and poorer

quality as one goes deeper.

It is the particular character of the ground conditions that determines which of

the manyfold functions of an aquifer system may be operating. One would there-
fore expect the relative importance of intake area, conduit, reservoir and treat-
ment plant to change from aquifer to aquifer, or even from one part of an aquifer
to another part. Some or all of these functions are fulfilled in the many geological
units in Britain that may be regarded as aquifers. These are arranged in

Table 1 in order of relative importance, along with some indication of their
characteristics. It is of interest, and pertinent to the subject matter of this
Symposium to note that one of the three major British aquifers, the Coal

Measures, is not commonly used for potable supply purposes.

Taken together, it is estimated that these aquifers underlie more than

2 X 105 km2 (7.5 X 104 mlz) of the country, with the important qualification
that a significantly large part is overlain by materials (consolidated or uncon-
solidated) that behave as aquicludes in restricting replenishment or water

movement. Furthermore, a large proportion of the aquifers beneath cover are

occupied by saline water,

The diversity of geological units and their structural complexities provide us,

in Britain,with a legacy of hydrogeological conditions that, modern scientific



methods not withstanding, makes accurate prediction of responses exceedingly
difficult. As if the situation was not difficult enough, our long coastline
intersects many of the aquifers and further complicates their use by introducing

the risk of sea-water intrusion.

The individual components of the circulation of water above, on and ben.‘eath

the land surface have long been studied, though their essential interrelationship
is a matter of relatively recent acceptance. Once development of a ground water
supply is initiated in any area, the hydrological cycle is necessarily modified,
and if such development is to continue then further artificial modification is
inevitable. Enough information has been gathered on a national and international
basis to allow some anticipation of the consequences of such changes which are

as much concerned with quality as with quantity.

4. GROUND WATER SUPPLIES

Although the preceding comments have applied to Britain as a whole, the sub-
stance of the present section is restricted to England and Wales by virtue of

the lack of readily available data from Scotland and Northern Ireland in a form
suitable for comparative purposes. Given the nature of the geology, topography
and climate over most of Scotland and Northern Ireland, one might expect a
pattern of ground water development and utilization more in accord with that

in Wales where less than ten per cent of the total supply is derived from ground

water.

4.1. ABSTRACTION

The overall amount of ground water abstracted in Britain relative to the total
water requirements is very much smaller than that of many countries in
Europe. For example, total licensed ground water abstraction in England and
Wales in 1967 and again in 1969 made up only 11 per cent of all licensed abstrac-
tions, though Ineson (1970) an;i Downing (1971) suggest that if one excludes the
large quantities of water taken by the Central Electricity Generating Board for

cooling purposes, then ground water licenses account for about 25 per cent of

the total.



Reliance on values of licensed abstraction may be misleading to the extent that
although they represent the maximum allowable abstraction, it is nonetheless

a common occurrence for the quantities actually abstracted to be less than half
the licensed amounts. Accordingly, a breakdown has been undertaken of the
most recently available data, namely 1974, under the categories of both licensed
quantities and actual abstraction, as well as including and excluding the CEGB
demands. The results are presented in Table 2 which shows only slight increases
in the percentage of total licensed ground water abstraction, with the anticipated
higher percentage for actual ground water abstraction. If the criteria of the
mean total percentage be adopted as an arbitrary boundary then the regional
water authority areas can be classified into two divisions with respect to ground
water abstraction, and there will be no surprise regarding the composition of
the divisions. The table emphasizes just how much regional variation there is
from the national mean, and confirms what would have been expected given the

geological constraints mentioned previously.

One should not read too much into the results, which suffer from the usual
inadequacies of simple percentage expressions. However, Figure 1 goes part
of the way to presenting a more balanced version by considering actual quantities
of ground water abstraction on a regional basis including and excluding CEGB
requirements. In no way does it confirm the order of ranking based on per-
centage of abstraction, though Thames, Severn-Trent, Southern and Anglia
remain in the group of larger ground water abstractors, with North-West
displacing Wessex. No account has been taken of numbers of abstractors,
size of authority region or degree of re-use, any of which could modify the
results. Even so, it may be salutory for ground water hydrologists to note
that the overall water requirements of the country as a whole and most of the
regional authorities are largely met from surface water sources and will
remain so for as far as one can see ahead into the future. More importantly,
however, given the increasing modification of the hydrological cycle, the
division into separate categories of surface-water and ground water abstrac-
tions will have increasingly less hydrological significance. Annual returns of
ground water abstraction in England and Wales since implementation of the

Water Act of 1945 are given in Table 3.



Up to 1963 there was a steady increase in abstraction at a rate of about

2 per cent per annum, though the reliability of the data may be judged from
its rounding off to the nearest one million cubic metres. With the repeal

in 1963 of Section 6 of the Water ‘Act, 1945, the returns for 1964 were made
on a purely voluntary basis and turned out to be far from complete with a
resultant gap in the long term record. From 1965 onwards, returns of
licensed ground water abstraction show an annual total that has remained
more or less at or about 4000 million cubic metres. Actual abstraction
over the same period is inevitably less, but that too has remained relatively

steady just below 2500 million cubic metres in 1974.
5. USE

The regional use to which ground water was put in 1974 is summarized in
Table 4 under the major categories of utilization. Public water supplies
dominate in all regions except Wales where industry takes first place, while
the South West is notable for agriculture and industrial use making up a more,

significant proportion of the total ground water abstraction than elsewhere.

The categories have changed over the previous twenty-five years so that a
strict historical comparison is not possible though a breakdown

by percentages has been attempted on a national basis in Table 5 for three
individual years, namely 1948, 1967 and 1974. The use of ground water for
public water supplies (including more than 10 per cent provision to other
categories) has always dominated. This is possibly better illustrated in
Figure 2 where,over the past twenty-four years, Public Suppiy abstraction
may be seen to have increased markedly while Industry and Agriculture appear

to have remained relatively unchanged in their requirements.

6. ADVANTAGES AND DISADVANTAGES

Having demonstrated the increased demand for and utilization of ground water,
it might be opportune to consider the particular criteria that make it such an

acceptable alternative to surface-water sources even in a country where



so-called 'droughts' are the exception rather than the rule. Those of us who
advocate greater utilization of ground water resources in Britain would do

well to understand their limitations. Considered under the major headings of
availability, quality and economics, there are both advantages and disadvantages
to the use of ground water. The success or failure of any long-term development

project depends on one outweighing the other, and particularly important is the

Item Advantages Disadvantages
availability vast resource areally variable
large yields limitations of aquifer
'safe yield' decline in yields

limitations of replenishment

quality constant areally variable
potable liable to pollution

biologically pure

economics low costs many sources needed

recognition that any form of development upsets the dynamic equilibrium of
the continuum. It follows that it is essential to know the prevailing hydrogeol-
ogical conditions well enough to be able to predict the areal and temporal
changes in quantity and quality likely to be brought about by any particular

pattern of development.

7. UTILIZATION

7.1 PAST

The traditional development of ground water resources in Britain was centred
in those areas having most favourable hydrogeological conditions, with
competition by public water undertakings, industry and agriculture for the
best sites with regard to quality, yield and centres of demand. Inevitably,
there was an emphasis on potable waters with a concentration of source
resulting in excessive declines of water levels. Ground water was considered

as an individual component of the hydrological cycle with little or no regard



for the consequences of its large scale abstraction on the related components,
and even less for its disposal after use. Such practice exacerbated the natural
constraints, so that falling water levels and a perceptible worsening of water

quality became diagnostic features of unco-ordinated development.

7.2. PRESENT

Legislation introduceci by the Water Resources Act, 1963,and revised and
updated by the Water Act, 1973 allowed the creation of central and regional
institutions operating within a co-ordinated framework to attempt management
of the whole hydrological cycle. In particular these two acts were responsible
for the formation and dissolution, respectively, of the Water Resources Board,
which wielded much influence and contributed significantly to the growing
importance of ground water. This was the decade of regulating reservoirs,
conjunctive use, as well as consideration of artificial recharge and the use

of ground water storage for deliberate but limited overdevelopment. Never-
theless, it appeared that only because of opposition to and repeated rejection
of surface reservoir sites did ground water come to general favour with
engineers. Be that as it may, during this period investigations into the
potential of regional ground water development either for river regulation or
direct abstraction increased from the Lambourn pilot scheme of the then

Thames Conservancy to the list given in Table 6.

With the rapid increase in knowledge of regional variations in hydrogeological
conditions within our aquifer systems, it became clear that large scale
contamination of Chalk and Bunter aquifers by saline waters had already
occurred along coasts and estuaries, as well as from migrating water in
inland areas. Growing evidence of numerous small-scale local pollution due

to industrial, agricultural and domestic sources of effluent and waste of many
kinds demonstrated the risk to which ground water is susceptible in the absence

of stringent control.

7.3 FUTURE
The potable fresh ground waters in British aquifers have finite limits and,

therefore, an ultimate maximum yield to whatever regional combination of



integrated use is utilized. One may anticipate further in the future a three-

fold development of increased use of subsurface storage by:

1)

2)

conventional ground water reservoirs containing potable waters
with the formulation of operating rules to minimiZe problems of

quality control;

non-conventional ground water reservoirs with brackish and less saline
water used directly for irrigation or cooling, or blended with potable

water to produce an acceptable mixture;

non-conventional ground water reservoirs with saline and highly
mineralized waters for the temporary storage of large masses of
less dense fresh water or alternatively for the disposal of toxic waste

slurries,

8. CONCLUSIONS

Hydrogeological conditions in Britain are complex as a result of many
factors including geological units of varying thickness, lithology, degree
of fracturing, boundary conditions, partial cover of clay glacial drift,
contained waters of different quality, and the relatively small size of

both the aquifer systems and the country as a whole.

Ground waters include fresh, brackish, saline and contaminated waters;
the non-potable waters are as much part of the water cycle as potable

waters, and just as much in need of management.

Given the non-uniform distribution of demand and the pattern of past
and present development, it seems clear that aquifer systems are under

increasing stress.

Ground water is an integral but interrelated part of the hydrological
cycle so that any form of development will affect related components

to some degree.



5) Sophisticated management needs scientific techniques in order to identify
and predict the consequences of continuing modification of the hydrological
cycle, but the variable ground conditions will limit the precision of such

predictions.

6) With the scale of development envisaged in Britain, ground water pollution
is inevitable. Large-scale contamination has already occurred, but small-
scale pollution from industrial, agriculture and domestic sources is likely

to pose the most difficult problems in the future.

REFERENCES
DOWNING, R.A. 1971. Ground water management in England
and Wales. Quart. J. Eng. Geol., 4(4),
328-334.
INESON, J. 1970. Development of ground water resources
in England and Wales. J. Instn. Wat. Engrs.,
24, 155-177.

10



|22

TABLE 1 British aquifers and some of their characteristics.,

Gross Dominant Max. Typical
Rank Aqui fers Age Lithology flow pattern thickness yield
* ik (metres) (1/sec)
Chalk Cret. Ist, soft \ /F 500 150
1 %
2, Coal Measures Carb. sstT,mst F 2000 -
3]
= Bunker Tri. sst. | /F 600 100
Lr. Greensand Cret. sst. soft | 250 50
o Magnesian Lst. Perm. Ist, hard F 250 50
E Iinf. Oolite Jur. Ist,cl,sst. F 200 50
vl
Q Ke uper Tri. sst. | /F 300 100
g Superf. Deposits Rec. s+gr. 1 10 -
= Carb. Lst. Carb. Ist,hard F 1000 150
Millstone Grit. Carb. sst.+sh F 900 5
Ur. Greensand Cret. sst. J 50 25
Wealden Cret. sands | 250 10
Gt. Oolite Jur., Ist4cl. F 50 50
| 99
e Lr.Lond.Tert. Tert. s+silts ] 50 25
= Crag Plio-pl. sands | 50 10
Lias Jur. sst. 1 /F 50 25
Devonian, ORS, ‘Culm Measures and Lr. Palaozoic strata also provide small yields from boreholes and springs.
* st limestone; sst. sandstone; mst muds tone; cl clay; sh shale; s sands; gr. gravels.

*% | jnterstitial flow; F fissure/fracture flow



TABLE 2 : Regional annual abstraction of ground water expressed as a

percentage of all water Gurface and ground-water) abstraction

for 1974.

Regional Water Licensed abstraction Actual abstraction

Authori ty *Z NNy %% Ly
Southern 70 43 73 52
Anglian b7 37 54 L3
Thames Lé 39 L7 42
Wessex 38 38 4 4
Severn-Trent 27 B 37 18
South West 21 12 19 14
North West 14 10 18 15
Yorkshire 13 6 16 6
Northumbrian 7 7 12 12
Welsh 6 2 8 b
Total: % 26 14 31 19
Total: x10% m’ 4080 4095 2686 | 2689

percentage of total abstraction excluding CEGB

atste
EIr1Y

percentage of total abstraction including CEGB.

TABLE 3 : Annual returns of ground-water abstraction in England and Wales,

1948-7k.,
Ground-Water Abstraction (XIO6 m3/ann)
Year Actual* Actual= Year Licenged**  Actual*¥
ending 31 Octobkr ending 31 Octobqr ending
1948 1687 1956 2066 Sep.1964 - -
1949 1726 1957 2094 Sep.'65 ko2 -
1950 1836 1958 224 Sep.'66 4092 -
1951 1851 1959 2314 Sep.'67 kyi12 -
1952 1885 1960 2358 Sep.'68 4076 -
1953 1924 1961 2456 Sep.'69 - 4438 2391
1954 1967 1962 2416 Dec.'70 3984 2407
1955 2040 1963 2478 Dec.'7l 3986 ZZSL
% Dec.'72 3990 243
returns made under Water Act 1945 (after WRB) Dec.'73 4014 _
** returns made under Water Resources Act 1963 Dec.' 74 4095 2689

12



TABLE L4: Regional ground-water use, 1974 (xlO6 cubic metres).
Regional Water Public Water Industry Agriculture

A i e

uthority Supplies CEGB Other Irrig. | Other

Thames 546 1 81 2 ]
Severn-Trent 463 1 90 ] 4
Southern 309 - 73 ] 2
Anglian 265 - 72 5 5
North-West 224 - 104 - 1
Wessex 117 ] 8 - 3
Yorkshire 79 - 33 - -
Welsh 37 - 66 - 3
Northumbrian 35 ~ 12 - -
South-West 22 - 8 - 6
TOTAL 2097 3 547 10 25
TOTAL (%) 78 <1 20 <1 ]

TABLE § Percentage ground-water use in England and Wales.

Category 1948 1967* 1974 Category

Stat.Wat.

Undertak. 70 | 61 60 78 Public Water

& Misc. Supplies

Industry 291 26 20 <21 Industry

Agriculture 1 1 <2 <2 Agricul ture

Mine Drainage -1 12 18 - -

TOTAL 100} 100 100 100 TOTAL

* From lneson (1970).
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TABLE 6

Regional ground water investigations. (After H.J.Richards).

Regional Water Aquifer Type of Yield
Authority use % (103 m3/d)
Northumbrian Magnesian Limestone R 50
Fell Sandstone R 100
Yorkshire Triassic R 270
Jurassic R 50
Chalk R 140
Severn- Trent Triassic (Salop) R 225
Triassic (Notts) c 50
Chalk (Lincs.) C 50
Chalk (Gt. Ouse) R 450
Anglian Chalk (Suffolk) R 150
Chalk (Essex) D 35
Crag D 50
Lincs. Limestone C 90
Lr. Greensand D 50
Thames Chalk (Thames) R 4gg
Chalk (Lee) R 10
Jurassic R 50
Southern Chalk (Kent) C 100
Chalk (Sussex) D 150
Chalk (Hants) R 270
Lr. Greensand C 160
Wessex Chalk C 100
Jurassic C 25
Triassic R 100
South West Triassic (Devon) R 50
Permian (Devon) R 150
Welsh Triassic (Clwyd) R 30
Triassic (Ches.) D 30
North West Triassic (Fylde) c 150
Triassic (Mawdesley) D 25
Triassic (Cumbs) o 35
Permo-Triassic R 230

* R River regulation; D Direct supply; ¢C

14

Combined use.
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PAPER 2

GROUNDWATER POLLUTION PROBLEMS IN THE UNITED STATES
Jack W. Keeley

1. INTRODUCTION

It is apparent that groundwater pollution problems in the United States are
similar to those in the United Kingdom, and that the dependence of both countries

on this source of water provides the impetus for its protection.

Of the total fresh water used in the United States in 1970, about 21 per cent
was taken from groundwater. This includes supplying 20 of the largest 100
cities and 95 per cent of rural America. One-half of the total population relies

on groundwater for their domestic water supply.

We are aware of the protracted effect of contamination on groundwater as
compared with its surface counterpart, and that restoration of underground
water quality is difficult at best and always expensive. Indeed, in almost all
cases the cost of restoring the integrity of groundwater quality exceeds its
intrinsic value., It follows that our scientific, legal, social and economic goals
must be based on the protection of groundwater quality rather than its

restoration.

This concept necessarily requires that the possible sources of contamination

be prioritized according to their severity and that scientific and legal means for
control be made available. Finally, a groundwater resource must be
optimized, according to existing economic and social constraints, by controlling

the amount of water withdrawn and the quantity and quality of waste returned.

2. SOURCES OF GROUNDWATER POLLUTION

Five reports have been completed in which groundwater availability, use and
background quality are described for various geographical areas of the United
States (1) (2) (3) (4) (5). In addition, the significant pollution problems are
discussed and placed in priority for each area and suggestions are offered as
to how these problems might be addressed. The five geographical areas
studied are shown on Figure 1 and the prioritized pollution problems for each

are presented in Table 1.
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10,

South-West
Natural leaching

Irrigation return
flow

Sea water
encroachment

Solid wastes

Disposal of oil
field brines

Animal wastes

Accidental spills -
hazardous materials

Water from fault
zones & volcanic

origin

Table 1.

South Central

Natural pollution

Oil field brines

Well construction
Overpumping
Irrigation return flow
Land application of
wastes

Solid wastes

Evapotranspiration
from native vegetation

Evapotranspiration Animal wastes

from native
vegetation

Injection wells for

waste disposal

Waste lagoons

Priority sources of groundwater pollution

North-East

Septic tanks & cesspools

Buried pipelines and
storage tanks

Highway de-icing

salts

Landfills

Surface impoundments
Spills’and surface
discharges

Mining activity

Petroleum exploration
and development

Salt water intrusion

River infiltration

North-West
Septic systems

Sewage treatment
plant discharge
Irrigation return flow
Dry land farming
Abandoned oil wells
and test wells

Brine injection

Disposal wells

Surface impoundments

Mine drainage and
mine tailings

Urban and industrial
landfills

South-East
Septic systems

Urban and industrial
landfills

Surface impoundments
Drainage wells and
abandoned water wells
Fertilizers and
pesticides

Leaks and spills

Brine injection wells

Feedlots

Irrigation return flow

Abandoned oil and gas
wells



Three additional studies are planned which will cover the Mid Western States,
the North Central States, Hawaii, and Alaska. The South Western report
was completed in 1974, followed by the South Central in 1973. Reports
covering the North Eastern and North Western States were completed in 1974

and that for the South East was completed this year,

Some problems indigenous to one area may not exist in others, but several
sources of groundwater contamination are dominant at a high or moderate
degree of severity in each area investigated. Among these, septic tanks and
cesspools, petroleum exploration and development, landfills, irrigation return
flows, and surface waste impoundments appear to be the most troublesome
problems. A more complete summary of these studies is presented by Miller

and Scalf (6).

The application of municipal and industrial sludges to the land has not been

a major problem in the past, but is expected to be so in the future due primarily
to Federal legislation seeking to eliminate stream discharges by 1985,
Similarly, coal mining activities are increasing in the United States, due to the
energy shortage, and are expected to present greater groundwater pollution

problems in the future.

The four pollutants most commonly reported in these five regional
investigations are chlorides, nitrates, heavy metals, and hydrocarbons. This
brings into focus our need to more actively include organic and biological

parameters in future studies.

Blair gave an excellent description of the possible sources of groundwater
contamination during the 1972 Reading Conference., It will suffice here to
limit discussions to those problems indigenous to the United States, or to

those requiring amplification due to their importance,

2.1. INDIVIDUAL SEWAGE DISPOSAL SYSTEMS

Over 17 million families in the United States are served by septic tanks or
other means of subsurface seepage (7). This accounts for something over

30 per cent of the population, as compared to 6 per cent for the populations
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of England and Wales.

Assuming that 190 litres per capita are discharged to these systems daily,
it can be estimated that nearly 13 billion litres of waste are introduced
directly into the subsurface environment each day. Even this does not

account for other large contributions by commercial and industrial sources.

Traditionally, septic tank studies have been concerned primarily with
chlorides, nitrates, and members of the coliform group as indicators of
pollution. Considering the magnitude of this problem and the diversity of
chemicals being introduced into the home each year, we will have to use more

sophisticated indicator parameters in future studies.

2.2, PETROLEUM

The exploration and development of oil has played a long and important role
in the United States. The industry has changed tremendously since its early
days, when little attention was paid to the efficiency of recovery or to the

consequences of environmental degradation.

The major water pollution problem stems from the brines recovered with
crude oil at an average ratio of about ten to one, depending on the age of the
well, In the early days these brines were discharged to streams or pits

or anywhere else, and allowed to run where they might, Today most brines
are reinjected for disposal or to repressure an oil horizon in.seconda.ry

recovery projects,

The number of active and abandoned oil and gas wells, salt water disposal wells
and holes drilled for exploration run into the hundreds of thousands. These
holes can allow salt water and fresh groundwater to interchange when the casing
is missing or has corroded. Many of these old and often forgotten holes
continuously discharge brines to the surface. Although the use of unlined
brine disposal pits has essentially been stopped, they will continue to leach

salts for many years to come,

We do not have adequate means, and in many instances knowledge, to locate
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and adequately plug the thousands of wells which were abandoned in the years
before regulations came into being. The problem is so extensive and
complex, and our knowledge to cope with it is so meagre, that this will

continue to be a major source of contamination.

2,3, WATER WELL CONSTRUCTION

A major problem found in almost all parts of the country is concerned with
the integrity of water wells. Many were constructed without proper
consideration of sanitary conditions, while others failed in this respect after

many years of service.

Wells in which the casing has failed or was inadequate when constructed,
allow for the interchange of waters between fresh and salty aquifers or the
contamination of groundwater from surface sources. These problems have
been noted particularly along the coasts where salt water intrusion has
occurred, and in areas where salt water underlying fresh water was given an

avenue for interchange.

There is an obvious need to develop technology to locate and plug those wells
which were abandoned before records were kept., There is also a need to
develop an economical way to restore the integrity of those wells still in
service, particularly in cases where the owners cannot afford to construct

a new facility.

2.4. HIGHWAY DE-ICING SALTS

The use of salts to control highway ice is confined to the Northern States and
is apparently of more concern in the North East than the North West. As an
example, Massachusetts used more than 14 000 kilograms per single-lane
kilometre during a winter season (6) while the North Western States used a

tenth of this value,

Highway salts enter groundwater either by infiltration of the salt-laden runoff
or from precipitation on salt piles at central storage areas. Equipment

modification and driver education have been successful in reducing the amount
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of salt distributed during a single winter storm, and efforts are being made

to cover or otherwise improve salt storage facilities.

2.5, GENERAL

There are a number of other problems which cannot yet be fully evaluated in
terms of their pollution potential due to a lack of detailed information and,
indeed, the ability to make the evaluations necessary. Among these are
included the disposal of solid municipal and industrial waste, applying wastes

to the land for treatment, and high density animal feeding operations.

The basic problem in dealing with these sources of contamination, and some of
those already mentioned, is the technical ability to sample and analyse for
those parameters not ardinarily considered in groundwater investigations.
There are thousands of organic chemicals associated with municipal and
industrial wastes both in the liquid and solid phase. Characterizing the total
aerobic and anaerobic microbiological population is beyond the economic and
manpower capabilities of most regulatory bodies. Searching for antibiotics
and hormones in the soils beneath animal feedlots presents difficult sampling
and analytical problems. When we realize that the subsurface transport
processes of these parameters and their degradation products must be understood
befofe adequate waste management schemes can be undertaken, our problems

are exponentially complicated.

It is important to note that the problems, as prioritized in the five area reports,
have not been selected on the basis of hard statistical information. Such
information simply does not exist, Problems associated with the exploration
and development of 0il and gas have been well documented primarily because

of their existence over long periods of time and the relative ease of making
chloride determinations. Industrial lagoons and landfills, on the other hand,
have enjoyed relative anonymity due to their inaccessibility and the

complexity of the waste involved. Many other potential sources of groundwater
contamination were found to be sparsely covered in the literature or the files

of regulatory agencies, For these reasons, priorities were mainly

established on the basis of the experience of those authorities who have worked
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in the areas studied.

3. FEDERAL LEGISLATION

Until very recent years, the nation's groundwater resources have not been
appreciated in terms of Federal legislation aimed at their protection. This

is due in large measure to misconceptions by those untrained in the subject,
The general public still believes that groundwater runs in underground streams
and is located by the behaviour of a forked stick, As late as the turn of the
century, the courts held that the causes which govern and direct the movement
of underground water were secret, mysterious, and occult. In spite of the
remarkably accurate observations of da Vinci in the 415th century and John Ray
and Descartes in the 17th century, these misconceptions still exist to a great

extent today.

The River and Harbor Act of 1899 was aimed at preventing waste discharges
which resulted in obstructions to navigation. It is still in effect and serves
as the basis for permits for waste discharges administered by the Corps of
Engineers and EPA, This legislation was used recently against a landfill

operator because of leachate being discharged to navigable waters,

The Water Pollution Control Act of 1948 was amended over the years and
evolved into Public Law 92-500 in 1972, The Law addresses the nation's
groundwater in several sections either directly or by implication. One
section of the Law, in which groundwater is specifically mentioned, deals
with the preparation of comprehensive programmes for preventing, reducing,
or eliminating pollution of navigable waters and groundwater and improving
the sanitary condition of surface and underground waters., Groundwater is
also mentioned in the section entitled 'Research, Investigations, Training and
Information' which provides, among other things, the legislation under which
the Environmental Protection Agency carries out its work in groundwater
research. Also included in this section are technical assistance to other
organizations, water quality surveillance and waste treatment studies.
Another section, in which groundwater is not specifically mentioned, provides

a potentially-effective tool for quality protection in calling for State or
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area-wide planning in pollution control, giving consideration to non-point
gsources of pollution., Groundwater is also mentioned in another section
calling for information on the presence of pollution and processes,

procedures and methods by which it can be controlled.

The National Environmental Policy Act implemented in 4970 did not create a
regulatory vehicle, but did require that Federal agencies consider the
environmental consequences of their actions. Under the Act, Environmental
Impact Statements must be prepared for projects which might have a

significant adverse effect on surface or groundwater quality or quantity.

The Safe Drinking Water Act became law on 16 December 1974, It provides

for safe drinking water for all Americans served by public water systems,

and in doing so adds a large dimension to the protection of groundwater.

In addition to establishing minimum drinking water standards, regardless of

the source, it addresses the protection of underground water quality and
provides for research, technical assistance, and personnel training, One
section of the law allows EPA to determine that an aquifer is a2 sole or

principal source of drinking water, If such a determination is made, no
project requiring Federal assistance may be entered into which may contaminate
the aquifer through a recharge zone and result in a significant hazard to public

health.

The Water Pollution Control Act is aimed primarily at pollution control of
navigable waters, with its eventual goal beiﬁg the elimination of waste discharges
to these waters. Ironically, this philosophy may result in increased stresses

of groundwater resources because those wastes previously discharged to

streams will go instead to the land or be injected underground.

The Safe Drinking Water Act is weak in some respects because of certain

problems in definition and interpretation.
A major problem with legislation at all levels of government is the ability of
enforcement., The people and monetary resources required to carry out the

laws are generally inadequate.
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4. TECHNICAL PROBLEMS

Once groundwater problems have been identified, it becomes necessary to
select those parameters best suited to describe the effects of those problems

and to develop methods for sampling and analysing for those parameters.

This sounds naive, but one need only consider the problems involved in
collecting a subsurface sample for anaerobic bacteria analysis,or in measuring
the oxidation-reduction potential at a considerable depth in order to realize

the complexities which might be encountered. These are very important
considerations because we must understand the subsurface environment as a

receptor of pollution.

We have only to read our technical journals to find that many people still
measure BOD in groundwater. BOD measures the depletion rate of oxygen

in a small bottle, It is a test in which the rate of reaction and ultimate oxygen
demand are dependent upon contact between the oxidizable matter contained in
water and microbiological systems, If a sample is taken from an aquifer,
which has a tremendous surface-to-volume ratio, and placed in a BOD bottle,

the intent of the test is nullified.

Escherichia coli is successfully used in surface water investigations to indicate

the presence of pathogenic organisms. In size, E. coli is in the order of one
or two microns, as compared to a polio virus which is about 0. 04 microns.

In the subsurface matrix filterability would negate any correlation between

ﬂthe movement and fate of these two parameters. Considerable work needs to
be done to define reliable biological indicators for the presence of pathogenic
micro-organisms in groundwaters and to develop effective biochemical tests,
such as ATP (adenosine triphosphate) or specific enzyme analyses, for total
biological activity and hence the potential for biodegradative attenuation of

pollutants in subsurface regions,
There are hundreds of thousands of possible organic contaminants. Obviously,

we cannot consider each in a manner necessary to describe its fate and manner

of transport in the subsurface environment. Organic analyses are difficult
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and expensive. Instead, indicators must be discovered which will to some
degree account for the behaviour of large classes of organic compounds.
We are ultimately concerned with the chromatographic movement of potential

organic contaminants and their products of degradation.

The use of stable isotope ratios shows promise for being a valuable tool in
determining the source of contamination in groundwater and shows promise in
telling us something about the chemical and biological alterations that take
place during the movement of contaminants through the ecosystem.
Investigations in West Texas (8) using the N1 5/N14 ratio indicated that
extremely high nitrate concentrations in groundwater were of natural origin
rather than from septic systems, fertilizers or animal pens. The work also
showed that denitrification was taking place in water wells and that the isotope
ratio concept might provide information on the biokinetics involved.
Considerable work is yet to be done, not only with nitrogen but with the

isotopes of sulphur and oxygen, among others.

We all know that modelling pollution transport phenomena in the subsurface

is in its infancy, particularly with respect to the unsaturated zone and
especially in terms of organic and biological contaminants. Before these
models can be adequately developed, we must define those coefficients which
describe the movement and fate of these parameters and their degradation
products, where required. Models of this nature are prerequisite tools for
enlightened water resources management. We are all aware that groundwater
is only one part of the hydrologic system, and tools of this nature would enable
us to include groundwater and surface water in a complete basin management
programme which addresses waste disposal, irrigation, surface and

groundwater withdrawal, and the other facets of land use.

5. ECONOMICS

Establishing the economic consequences of groundwater pollution proves to

be one of the most perplexing problems with which we are forced to deal.

The benefit of restoring polluted surface waters can be roughly established
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by equating it to the cost of treating the source of pollution or obtaining an
alternate source of water, giving due credit to aesthetics and recreation.
The decision to restore surface water is always made realizing that the
quality will soon be restored after the sources of pollution are removed.
Obviously, the benefit exceeds the cost because polluted streams have been

restored all over the world,

This philosophy does not hold with groundwater because it will remain
polluted decades or even centuries after the source of pollution is removed.
There are no benefits to be derived from aesthetics or recreation except in
the rarest of circumstances. On occasion, the threat of litigation of
damages provides that necessary incentive to at least attempt the restoration

of a polluted groundwater resource,

In one of our Southern States, an alluvial aquifer was polluted by oil field
brines which had seeped from an 'evaporation pit'. High capacity wells tapped
this aquifer to irrigate extensive rice fields, Due to the low tolerance of rice
to salt, the problem was soon discovered, but not until a considerable portion
of the aquifer was contaminated. After intensive investigations, it was
concluded that under natural gradients it would take approximately 250 years
for the aquifer to cleanse itself and attempts to artificially restore the

aquifer could not be justified.

If the leachate from a landfill threatens a city's well field, the alternatives
include collecting the leachate for treatment or obtaining another source of
water. Considering the protracted period over which the leachate would

require treatment, the most viable alternative would almost always be the

latter.

There is little doubt that our goal should be to protect rather than restore the
quality of groundwater. It is necessary, however, that some means be
developed by which the intrinsic value of groundwater can be determined so
that this goal can be placed in its proper perspective, This value must
include the consequences of allowing this valuable resource to be unavailable

to us for several generations.
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Controlling groundwater pollution necessarily requires rules and regulations
and the resources for their enforcement. Some States have excellent
personnel and programmes directed towards protecting groundwater while
others are sadly deficient. The cost to regulatory agencies at all levels of
government will be reflected by the personnel, equipment and programme
requirements for satisfactory levels of performance. These costs will
increase additionally as the level of sophistication increases to meet the

complex problems of the future.

Adequate regulations will also impose a financial burden on the public community
in terms of increased costs for waste treatment facilities and, in some cases,
improved well construction. Industry will also be expected to treat properly
those wastes which are now reaching groundwater or develop an alternate

means of disposal., Both municipal and industrial concerns will probably

require additional monitoring facilities.

6. CONCLUSIONS

Our unquestionable goal must be the protection rather than the restoration of
groundwater quality. Although this goal will impose an economic impact on
both the public and private sector, it will be meagre compared to the
alternative of quality restoration. Allowing this resource to be destroyed and

unavailable for future generations is conceptually unacceptable.

Legislation aimed at protecting groundwater has improved dramatically in
recent years, but additional rules and regulations will be needed as technology
is improved. The various levels of government must gain an appreciation

for groundwater so that adequate resources can be dedicated to its protection.
Technology applicable to surface water investigations is often unsuitable in
dealing with underground problems. Indicator parameters are required
particularly for organic and biological contaminants, along with appropriate

sampling and analytical methods,

The problems which threaten groundwater quality can only be prioritized
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empirically due to the crippling lack of information on the number of various
sources of contamination, the contaminants with which we should be concerned,
and the manner by which these move, adsorb, and are degraded in the

subsurface environment.

Models which describe the movement and fate of pollutants in the unsaturated
and saturated zones are required to establish pollution source control
criteria, This will allow groundwater to assume its proper place in the
hydrologic system so that proper and complete water resources management

can provide for water supply and waste disposal needs for generations to come.

Although groundwater pollution problems may vary in importance in and
among countries, our problems and our goals are very much the same. The:
exchange of ideas is essential and conferences such as this can assist each of

us in protecting the world's most abundant supply of fresh water.

29



REFERENCES

FUHRIMAN, BARTON AND
ASSOCIATES

SCALF, M.R., KEELEY, J, W,
and LAFEVERS, C.J.

MILLER, D, W., DELUCA, F.A,
and TESSIER, T.L.

VAN DER LEEDEN, FRITS,
CERILLO, L.A, and
MILLER, D. W.

US ENVIRONMENTAL
PROTECTION AGENCY

MILLER, D. W, and
SCALF, M.R.

LAAK, REIN, HEALY, K.A,
and HARDISTY, D.M.

Groundwater pollution in Arizona,
California, Nevada and Utah.

Washington, D,C., US Environmental
Protection Agency, Water Pollution
Control Research Series, 16060ERU412/714.
December 1971, 249 pp.

Groundwater pollution in the South
Central States,

Washington, D,C., US Environmental
Protection Agency, Environmental
Protection Technology Series,
EPA-R2-73-268. Junel973, 181 pp.

Groundwater contamination in the
Northeast States.

Washington, D.C., US Environmental
Protection Agency, Environmental
Protection Technology Series,
EPA-660/2-74-056. June 1974, 325 pp.

Groundwater pollution problems in the
Northwestern United States.

Washington, D.C,, US Environmental
Protection Agency, Ecological Research
Series, EPA-660/3-75-018, May 1975,
361 pp.

Groundwater pollution problems in the
Southeastern United States.
Washington, D,C, At press,

New priorities for groundwater quality
protection.

In: Proceedings of the Second National
Groundwater Quality Symposium, Denver,
Colorado, September 25-27, 1974.
Washington, D, C,, US Environmental
Protection Agency, Technology Transfer,
7-19.

Rational basis for septic tank system
design,

In: Proceedings of the Second National
Groundwater Quality Symposium, Denver,
Colorado, September 25-27, 1974.
Washington, D, C., US Environmental
Protection Agency, Technology Transfer,
20-24,

30



8.

JONES, DAVID C,

31

An investigation of the nitrate problem
in Runrels Countv, Texas.
Washington, D,C,, US Environmental
Protection Agency, Environmental
Protection Technology Series,
EPA-R2-73-267. June 1973, 214 pp.



2¢

= A
)
&
S
SOUTHWEST R

o‘

a""s

SOUTH CENTRAL 60\3“

Figure |. LOCATIONS OF COMPLETED GROUND-WATER
INVESTIGATIONS IN THE UNITED STATES



PAPER 3

UTILIZATION OF GROUNDWATER
Prof. Ir. L. Huisman

1. THE HYDROLOGIC CYCLE

Water is indispensable for the existence of plants and animals, including man.
In this respect it is very fortunate that so much water is available on earth.
The total amounts to 1370 M km3, corresponding to a layer with a thickness
of 2700 m when spread out over the whole earth surface (510 M kmz).
According to Table 1, however, 99. 4% of this water cannot be used for the
purposes mentioned above, either because its salt content is too high or

because it occurs in the solid state.

Table 1. Water on earth

15 3

Type Volume (10" "m") Percentage
Seas and oceans 1330 97.25
Glaciers and polar ice 29 2.12
Underground water 8.4 0. 61
Lakes and rivers 0.2 0.01
Atmosphere 0.013 0. 00
Biosphere 0. 0006 0.00

Total 1368 100

For the sustenance of life on earth, only groundwater and the surface water
in lakes and rivers is available. Their total volume amounts to 8. 6 M km3,
which, spread out over the whole land surface of the earth (136 M kmz),
corresponds to a layer with a depth of only 63 m. Moreover, when it is
considered that half of this amount occurs at a depth of more than 800 m
below ground surface, where its salt content is often too high and in nearly

all cases recovery is too expensive, the available fresh water on earth becomes

a precious commodity indeed.

Fresh water, however, is not a mineral such as coal and o0il, where on one

hand consumption means destruction and on the other hand new supplies
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are not formed in our times. On the contrary, when using water, its
quality may deteriorate (toilet flushing for example) or it may be converted
into another state (transpiration losses in agriculture), but it always
remains as water. The most important difference, however, is that
fresh water is constantly being reformed. This is due to the fact that

all the water on earth, whether as water vapour in the atmosphere, as
surface water in streams, lakes, seas and oceans, or as groundwater in the
interstices of the subsoil, is not at rest but is in a continuous circulatory
movement, There is a never-ending transformation from one state to
another, known as the hydrologic cycle (Figure 1). Water from the
atmosphere falls to the ground as rain, hail, sleet or snow and gathers
above ground as well as at depth. Not all this downward moving
atmospheric water adds to surface or groundwater supplies since there is
a continual return to the atmosphere. Part of this water does not even
reach ground surface at all but is intercepted by the vegetation and
evaporates from there. The water on the ground, in pools and marshes,
is exposed to evaporation, as well as the water which flows in rivers and
lakes. Water in the pores of the subsoil is also subjected to these losses
while another part is consumed by vegetation. That water which remains
either flows over or directly beneath the ground surface to open water-
courses, or moves further downward through the aerated upper strata
until it reaches the groundwater table and recharges the groundwater
supply. This groundwater is not stagnant, but flows through the soil in
the direction of the downward slope of the groundwater table. Sooner or
later it appears again at the surface, visible in the form of springs and
invisible as groundwater flow to rivers and lakes. The smaller streams
combine to form larger rivers which carry the water to the sea. Here,

evaporation returns it to the atsmosphere and the cycle begins once more.

The volume of the hydrologic cycle, that is the amount of water flowing
yearly from land to sea and vice versa, may be calculated by drawing up a
water balance for the combined land and sea areas of the world. As an
average over a long period, the resulting flows are represented in

Figure 2. Over the land surface of the earth, the residual rainfall has a
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capacity of 30 000 km3/year, which for a total fresh water volume of

8.6 M km3 corresponds with an average retention time of nearly

300 years. Taking into account that only part of this flow follows the

underground route, the average retention time of groundwater is much

higher and will easily surpass a span of five centuries.
According to Figure 1, groundwater originates from two sources:
(a) a downward percolation of residual rainfall over large
areas;
(b) a local infiltration of surface water when the groundwater
table is situated at a greater depth;

to which nowadays may be added:

(c) a man-made increase in groundwater supply by induced

and artificial recharge.

These ways of groundwater recharge have a tremendous influence on

groundwater quality, as will be elucidated in the next section.

2. GROUNDWATER COMPOSITION

For the greater part, groundwater originates from rainfall, but this
rainwater is not a clean water. Already the transformation of water
vapour to raindrops occurs around dust particles as condensation nuclei,
while during the fall through the air atmospheric gases are taken into
solution and other substances are washed down either in a dissolved or a
suspended state. Near the coast, the salt content will be greatly
enlarged. Over continental areas and in particular over deserts,
terrestrial compounds will predominate, while near industrialized
regions a further increase in suspended particles, such as soot and

fly-ash, and in dissolved gases, such as CO2 and SO_, may be expected.

2
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The saturation concentration of gases in contact with atmospheric air

varies strongly with temperature as shown in Table 2.

Table 2. Dissolved gases in equilibrium with atmospheric air

Temp. in °C 0 10 20 30

N, in mg/1 22.8 17.9 14,7 12.6
o, 14.6 11.3 9.1 7.5
co, . 1.0 0.7 0.5 0.4

The concentrations of nitrogen and carbon dioxide in rainwater conform with
these values, but the oxygen concentration is 5 to 10% smaller. The ion
content of rainwater varies from one place to the other (Table 3) and is

generally larger as the amount of rainfall is smaller.

Table 3. Dissolved ionic concentrations in rainwater expressed in mg/1
Industrialized
Coastal areas Continental areas regions
+
Na ' 15 4 6- 15
K 2 0
ca’t 2 4
+
Mg ¥ 2 1
+
NH4 2 0
Cl 25 6 20- 50
SO, 15 10 30-500
HCO3 1 0
NO3 2 1

The pH normally lies between 5. 6 and 6.4 but may drop to values as low as

3 when the industrial production of COZ and SO2 is high, and may rise above
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9 in calcareous areas. The content of micropollutants in rainwater is
certainly not negligible., Average values inpg/l are: total organic
carbon 2000; iron and manganese 250; zinc 80; lead 30; copper 20;

heavy metals 10; pesticides 0.1.

When rainwater meets the ground surface, a tremendous increase in its
pollution load will occur, withinorganic and organic soil particles, debris
from vegetable and animal life, remains of natural and artificial
fertilizers, pesticides and micro-organisms; these are carried along by
the water in suspension or in solution. During the flow through the
upper aerated soil layers, a great improvement in water quality will take
place. Suspended particles are almost completely removed by filtration,
organic substances are degraded and mineral components are taken up by
the plant roots. Despite contact with the atmosphere, the oxygen content
of the soil water falls and the carbon dioxide content increases by a factor

between 10 and 100,

After passing the top of the capillary fringe, the downward percolating soil
water becomes groundwater and has lost all possibilities of gas exchange
with the atmosphere. In the upper 0.5 to 2 m, a further improvement in
water quality will take place. Filtration will remove all remaining
suspended and colloidal dissolved particles, while bio-oxidation converts
organic matter, including ammonia, into simple mineral substances and
precipitates various iron and manganese compounds, for example:

- +
—»3
CH02N+70 HZO+5C02+NO3+H

57 2
NH' + 20 — H. 0 + NO_ + 21"

4 2 2 3
are’™ + O 4 (2n + 4H.O — 2Fe.O..nH.OV + su’
2 2 203 2,

ovn’ T+ 0, + 2H,0 —>2Mn02* + 41"

while the hydrogen ions react with bicarbonate when present
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H + HCO3—> HZO + CO2
Conforming to these reactions, the oxygen content of the water will drop
and the carbon dioxide content will rise according to the equilibrium

reaction.

CO, + H,0ZHCO, + H
After the entry phase described above, the water will flow more or less
horizontally through the aquifer over extended distances involving long
periods of time. Intimate contact between the groundwater and the
aquifer material will now occur, increasing as the grain size becomes
smaller and the retention times are larger. By this contact, many
substances are dissolved, in particular those which abound in the
) MgCO3, CaSO,, NaCl and KCl. Some go

3 4’
into solution directly, others need hydrolysis

lithosphere such as CaCO

CaCo, + ut —catt HCO,

or the chemical attack by carbon dioxide

CaCO, + CO, + H,0 —=Ca'' +2HCO,
increasing both the hardness and the alkalinity. Further changes in water
quality depend, for a large part, on the presence or absence of oxygen. In
aquifers of clean sand and gravel, the water will remain aerobic and the
quality changes are only minor and always favourable. By adsorption and
oxidation, the organic matter content will show an additional reduction,
lowering the chemical oxygen demand as well as the taste and odour of the
water. By the absence of suitable organic food, intestinal bacteria and
viruses will die away. By adsorption and ion exchange, especially when
clay colloids are present as a thin coating around the sand grains, heavy
metals, pesticides and radio-nucleides are retained. In many cases

this groundwater may be distributed as drinking water without any treatment.
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Larger and often very unpleasant changes in water quality will occur when
the subsoil contains greater amounts of degradable organic matter thereby
lowering the dissolved oxygen content of the water. When this content has
dropped to 0.5 mg/1, nitrates present in the water will start to act as

oxygen donors. With organic carbon as a reducing agent

- + -
2C + NO3 + 3H20 —-’NH4 + ZHCO3

and under anaerobic conditions

- — -
5C + 4NO3 + ZHZO 2N2 + CO2 + 4:HCO3

Judged by itself, the reduction in nitrate content is an advantage, but the

production of ammonia is decidedly unpleasant. The carbon dioxide

formed, now or previously, will attack iron and manganese compounds

present in the aquifer, for example

++ -
FeCO3 + CO2 + HZO — Fe + ZHCO3
But tke absence of oxygen prevents redeposition as ferric oxide-hydrates.
Ferrous and manganous ions consequently stay in solution and the
groundwater recovered will need treatment to make it suitable for public
and many industrial supplies. The increase in bicarbonate content may

move the equilibrium reaction

++ - -
Ca + 2HCO — CaCO, + CO, + H,O
3 3 2 2
to the right, precipitating calcium carbonate and removing phosphates
and fluorides in calcium complexes such as apatite. This reduces the
hardness, but it may also lead to a blocking of the formation, in
particular around well screens. Under strict anaerobic conditions,

sulphates may also be reduced

2C + SO4 + ZHZO —->HZS + ZHCO3
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The hydrogen sulphide formed imparts a very unpleasant odour to the
water. When iron is present, ferrous sulphide may result
++

Fe + HZS — FeS + 2H+

giving the aquifer grains a black colour. Theoretically at least, carbonates
may also act as a source of oxygen, producing methanes, but this will only
occur when retention times in the subsoil are extremely long. After all
the available oxygen has been used, organic matter may still be degraded

anaerobically, but this is a very slow process.

As described in Section 1, groundwater will also be formed by natural or
artificial infiltration of surface waters from rivers and lakes, with the
most important difference being that the salt content is commonly a factor
of 10 higher than that of rainwater (200 to 700 mg/1) raising the mineral
content of the groundwater recovered. In cases where the content of
biodegradable matter is high and the oxygen content correspondingly low,
anaerobic conditions will certainly arise during the underground travel.
Additional and often troublesome compounds such as iron and manganese
will now be picked up from the aquifer while nitrates may be reduced to
ammonia, necessitating treatment of the groundwater recovered before it

can be used for public and industrial supplies.

Summing up, it may be said that in physical and bacteriological respects,
groundwater has an excellent quality. Due to the long retention time in the
subsoil, the temperature will be constant and pathogenic bacteria and
viruses will be absent, making the water safe hygienically. The chemical
composition will also show little variation and when the water remains
aerobic, its quality will generally be high. In cases where the underground
formations contain adequate amounts of calcium and magnesium compounds,
the water will be non-agressive and can be used without any treatment. The
hardness may be a disadvantage, but it prevents the occurrence of
unpleasant substances such as heavy metals, fluorides, phosphates, etc.

Without the presence of calcium and magnesium salts, the water needs

40



stabilization by removal of excess carbon dioxide, mechanically by
aeration and chemically by the addition of lime or sodium hydroxide.
Anaerobic groundwater generally has too high a content of iron and
manganese and although harmless to human health, the bitter taste

and the brown/black stains that would result in laundry require their
removal, Treatment by aeration and filtration is certainly a complication,
but compared with surface water purification it is simple and inexpensive
and may be done without expert supervision; the latter consideration

being very important for small supplies.

3. GROUNDWATER RECOVERY

From times immemorial, groundwater has been used for domestic and
small scale agricultural supplies in those places where surface water from
rivers or lakes was unavailable. Before the middle of the 19th century,
the advantage of groundwater in terms of hygienic safety was unknown and it
was not until the cholera epidemic of 1892 in Hamburg, Germany, before
this benefit was fully recognized. With 20 000 people affected, of which
8000 died, the public water supply industry was forced to redefine its terms
of reference. From this moment began two schools of thought, where on
one hand the maritime nations acknowledged the need for purification of
surface water under all circumstances, while the continental countries on
the other, rejected surface water completely. Only groundwater was
thought fit as a source for public supply and, until a few years ago, the
German law required that 'with respect to its origin, drinking water must
be appetizing'. The authorities concerned interpreted this demand by
rejecting all plans for river or lake based public water supplies, allowing
provision for groundwater only. Taking into account the enormous
advances in technical possibilities and in particular in reliability of

surface water treatment processes during the last decades, this position

is no longer tenable and today even Germany uses river and lake supplies.

At the present time, groundwater is still used on a large scale and for a

variety of reasons, the most important being:
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() for individual supplies where treatment is impossible;

(b) for small towns and small scale rural supplies, where
the possibilities of local abstraction do away with the
need for transportation over great distances. Where
treatment is required, it is simple and cheap, while the
constant physical and chemical composition and the
absence of bacteriological pollution do away with the need
of continual expert supervision;

(c) {for industrial supplies where private, on the spot,
abstraction of groundwater is cheaper than taking water
from a public supply grid;

(d) for cooling purposes where the constant temperature of

groundwater is very attractive.

For large cities, groundwater abstraction has little appeal. Taking into
account the low yield of an aquifer, enormous areas must be set aside for
this purpose, while extensive recovery works are necessary thereby
increasing the cost of groundwater abstraction. However, a tendency to
change from surface to groundwater supplies may be noted. Apart from
the well known advantages of constant quality and natural reliability, two

other reasons have lately come to the fore:

(2) each year laboratories all over the world synthesize about
20 000 new chemicals, of which about 400 are ultimately
produced on a commercial scale. Sooner or later these
chemicals and their degradation products will reach the
river and contaminate the drinking water. The long term
effect of these chemicals on human health is largely
unknown, giving a preference for groundwater which, by
virtue of its age, cannot contain them;

(b) rivers often act as busy shipping lanes and run through
highly industrialized areas. Under such circumstances a

catastrophic pollution of the river is not impbssible,
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making the drinking water derived from it unfit for
human consumption and for many industrial applications.
Storage reservoirs with a volume of at least two months'
consumption are now required, but these increase cost;

this also makes groundwater abstraction more attractive.

Today, public water supplies in continental Europe are still largely based
on groundwater abstraction, the percentage varying from 99% in countries
like Denmark and Austria to 65% in the Netherlands. For the future, a
further growth in drinking water consumption may be expected; this is

due to an increase in the population causing an increase in the domestic

per capita consumption and also, perhaps, by increasing industrial demands.
As stated before, the possibilities of groundwater recovery are, however,
rather restricted. To elucidate this point Figure 3 shows a groundwater
catchment area situated between two rivers and without surface run-off,

The illustration to the left assumes that the area involved is the property

of the water supply company and that there are no restrictions whatsoever
on the lowering of the groundwater table. The maximum yield now equals
the amount of residual rainfall. With a value of 220 mm/year (world
average), this means an allowable abstraction of 220 000 m3/year kmz,
adequate for 1500 people with a per capita consumption of 400 1/day. In
most cases, however, other interests have to be taken into account, for
instance agriculture and preservation of nature, severely limiting the
permissible recovery of groundwater. Assuming a high figure of 30% of
the recharge by rainfall (Figure 3 to the right), one square kilometre of
catchment area can only supply water to 450 people, meaning that 20% of the
total land surface area in a country such as France and 90% in a country such as
the Netherlands, must be available for groundwater abstraction. This is
simply impossible, and in future surface water supplies must be used on an
ever increasing scale. Some advantages of groundwater, such as hygienic
reliability, constant quality and the possibility of storage, are still
obtainable by the process known as artificial recharge and indeed this
treatment method has made considerable advances over the whole of

Europe.
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4, GROUNDWATER POLLUTION

Groundwater pollution may be classified in many ways, but in the first
instance a distinction should be made between pollution caused by the

abstraction itself and pollution caused by the action of other parties.

Pollution due to abstraction itself is mostly caused by over-extraction.
Figure 4 shows a few examples which are self-explanatory. The brackish
water upconing of Figure 5 on the other hand can never be pre'vented, while
the lateral diffusion of Figure 6 is difficult to predict. A pollution which
still haunts continental water engineers occurred in Breslau, Germany, in
1906. Here groundwater was abstracted from fluviatile deposits, containing
among other things insoluble ferrous sulphide and equally insoluble
manganous oxides. Abstraction had lowered the groundwater table and when
at the end of a long dry spell a further lowering of the groundwater table
occurred, atmospheric oxygen reached the deposits mentioned above.
Ferrous sulphide was oxidized to soluble ferrous sulphate and sulphuric

acid

2]5‘eS2 + ZHZO + 702 —>2FeSO4 + ZHZSO4
The sulphuric acid transformed manganous oxides to soluble manganous

sulphate

MnO + I—IZSO4 —>MnSO4 + HZO
while the presence of large amounts of ferrous sulphide and organic matter
limited further oxidation and hydrolysis to insoluble ferric oxide and

manganese oxide hydrates according to the (simplified) reactions

+(n +2)H,0 ~ Fe,0,.nH o‘ + 2H_SO

2 1

4 2

MnSO, + 30, + (n + 2)H,0  —MnO,.nH,0 ' + 2H,S0

4 2 2 4

H50, + 2HCO, —> 2H,0 + 2CO, + SO,
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In the subsequent wet period, the dissolved ferrous and manganous sulphates

were flushed out, raising the iron content to 400 mg/l and the manganese

content to 200 mg/1 in the aquifer.

Pollution caused by the action of third parties may be classified according to

the extent of time and place. With both parameters being either small or

large, four cases may be distinguished:

(a)

(b)

(d)

a diffuse pollution of long duration, with the most important
pollutants being the fertilizers and pesticides used in agriculture;
an incidental diffuse pollution, for example radioactive fall-
out caused by accidents in a nuclear energy plant;

a continuous point pollution with many possibilities such as
leaching water from municipal and industrial solid waste
dumps, leaking domestic oil tanks next to industrial waste
disposal with injection wells,and domestic waste disposal with
cesspools;

an incidental point pollution, for example, caused by salt used
for de-icing of roads, by oil and other chemicals from a burst

pipeline, by traffic accidents, etc.

The importance of the pollution not only depends on its magnitude, but in

particular on its subsequent fate during underground travel. In this

respect another classification may be more important:

(2)

(b)

(c)

by pathogenic organisms. Although this pollution occurs in
massive amounts, by manure for example, it is completely
removed by self-purification accompanying underground travel;
by mineral substances. Very objectionable as they mostly
stay in solution and are carried along by the flowing
groundwater;

by soluble organic compounds. Very unpleasant, in particular
because of secondary effects. After sufficient dilution has

taken place, however, they are mostly degraded and converted

into mineral substances;
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(d) by insoluble organic compounds such as oil, which are retained
by capillary forces in the immediate vicinity of the point of
inﬁltration and are slowly degraded by oxidation;

(e) by taste and odour producing substances, mostly originating
from the degradation products mentioned under (c) and (d);

(f) by poisons. Inorganics such as heavy metals, organics
such as pesticides and radio-active materials. Potentially
they are extremely dangerous, but in practice the chromatographic
effects of adsorption and the spreading due to dispersion causes
such a dilution that only in the immediate vicinity of the place of

administration can toxic levels be reached.

With regard to the enormous diversity in groundwater pollution, it is
impossible to consider all aspects. According to the outline given above,
pollution by minerals, rather than the innocuous or poisonous substances,

is most important and some of its causes are considered below,

For agriculture, fertilizers are indispensable. "In the past farm yard
manure was mostly used for this purpose, but the amounts available were
rather limited. By the development of artificial fertilizers, much higher
applications became possible and today economy has become the deciding
factor. With the rising food prices and the growing cost of labour the
amounts of fertilizers used has steadily increased. Nowadays nitrogen
applications of a few hundred kg N/ha a year and phosphorus applications
of a few tens of kg P/ha a year are quite normal. These substances are
partly used for piant growth and partly flushed down to the groundwater
table, polluting the groundwater supply. When in the root zone or below,
near anaerobic conditions prevail, nitrates are reduced to ammonia
(Section 2) which, by its positive charge, is firmly bound to the negatively
charged soil particles. In cases where the aquifer contains large amounts
of organic matter, fully anaerobic conditions will develop, further reducing
the nitrates to N2 and other gaseous compounds such as NZO and NO. For
grassland on clayey soils the nitrate content of the groundwater will be

small, corresponding to less than 5% of the amount applied, while for
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arable land on sandy soils this percentage may be as high as 50%.
Assuming, for the latter case, a nitrogen application of 200 kg N/ha a year and
a residual rainfall of 300 mm/year, the nitrogen content of the groundwater

will rise to

3
c = @M—é = 33 mg N/1 = 148 mg NO3/1

(0.3)1 0%

This is well above the allowable limit for drinking water (50 to 100 mg NO3/1)

and will lead to serious eutrophication problems after reaching surface water.

With phosphorus, the situation is quite different. The amount applied as P
is a factor of 5 to 10 times smaller and, yet even more important, the
geochemical mobility of the various compounds is extremely reduced by ion-
exchange with clay-minerals and binding to metal ions, forming insoluble
deposits. As a result, a noticeable movement of phosphorus down into the
soil seldom surpasses a depth of 0.5 m, limiting total phosphate contents

in groundwater to values of 0.1 to 0.5 mg/l only. These values are of no
consequence for drinking water, but they again promote the eutrophication
of surface water. Biocides in groundwater are again of little importance;
some are slightly soluble in water, others are degraded rapidly; all are

adsorbed by clay and organic matter particles present in the sub-soil.

Although occurring only locally, the leaching of so-called sanitary landfills
may seriously pollute groundwater supplies over large areas. For
municipal wastes, the approximate mineral composition of the leachate
(residual rainfall about 500 mm/year) is given in Table 4, while the pH

varies from 7.2 to 8, 2.
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Table 4. Dissolved salts in the leachate from municipal
refuse dumps expressed in mg/1

4+ -

Na® 1500 c1 1500
k' 500 50, 100
ca'tt 500 HCO, 4000
Mgt Tt 100 NO; 2

+ -

NH, 200 PO, 1
Fe'l 20

Mn++ 1

By the presence of large amounts of organic matter (BOD;0

further acidification and reduction will occur and additional minerals will be

100-200 mg/1)

dissolved from the aquifer. Apart from the magnitude of the salt content,
the composition differs little from those found in natural waters, meaning
that by dilution major difficulties can be avoided. The water described in
Table 4 has a total salt content of 8500 mg/l. Reducing this to 500 mg/1 by
mixing with water having a salt content of 200 mg/1, requires a mixing ratio

n determined by

8500 + n.200 = (n + 1)500 or n = 27

this is certainly not an impossible proposition.

In practice, industrial waste deposits constitute the most serious meance to
groundwater quality. In principle any toxic substance may be present:
heavy metals such as arsenic, chromium and mercury; organics such as
cyanide and pesticides; radioactive compounds. Most of these substances
are very stable and when they are soluble and have an adequate geochemical
mobility, groundwater sources over large areas may be affected. When
after the Second World War the chemical industry grew rapidly, many cases

of groundwater pollution occurred in western Europe, making various private
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supplies and even some public supplie?s unusable. An even greater danger
to groundwater quality originates from liquid waste disposal using (shallow)
wells, injecting the fluid into water bearing formations which are not
completely sealed from overlying aquifers and again many examples of

irreparable damage could be quoted.

By itself, waste heat can hardly be called a contaminant. It raises,
however, the temperature of the groundwater, accelerating the solution of
soil materials, increasing their solubility and in this way augmenting the

mineral content of the groundwater concerned.

5. PROTECTION OF GROUNDWATER QUALITY

Pollution of water may be defined as a modification of its physical,
chemical or micro-biological properties, making it less {fit for any
subsequent use. Underground, pollution travels very slowly from the
point of application to the point where the groundwater is recovered or
discharged. Once pollution has reached the aquifers it will remain there
for extremely long periods. In contrast with rivers, such a pollution
cannot ke flushed away, therefore protection of groundwater quality can

only be obtained by preventitive measures.

In our modern society, many causes of groundwater pollution can be

distinguished:

(a) by the normal activities of man. For example, cess-pools and
leaking sewers, sewage treatment plants and solid waste deposits,
hospitals and graveyards. To these are added detergents, leaking
0il from domestic fuel tanks and waste oil from cars;

(b) by agriculture using natural and artificial fertilizers, oil and
pesticides and in particular leading to the production of
enormous amounts of manure and offal for which no beneficial

use can be found;

49



(c) by industry, manufacturing and storing a wide variety of
compounds, some of which‘ may cause problems (for example
ammonia and phenols), some contain heavy metals, unnatural
organics, poisons or may even be radioactive. A secondary
source is air pollution, which eventually is washed out by the
rain and flushed down to the groundwater body. In some
areas the mining industry contributes heavily, for example,
opencast mining of coal bringing ferrous sulphide into
contact with atmospheric oxygen, lowering the pH considgrably
and drilling for oil with the accompanying dangers of
groundwater pollution by drilling mud, salt water and oil
itself;

(d) by traffic, with a continuous pollution by lead from petrol,
oil from leaking cars and salt from de-icing of roads
(500 M mg each winter in the Netherlands) and an incidental
pollution by road and railway accidents, plane crashes, etc.
The pollution caused by leaking or bursting pipelines is,
on average, negligible, but locally it may be of great

importance.

According to the last paragraph of Section 3, a major portion of the land
surface in western Europe serves as a catchment area for groundwater
supplies. To ban from such large areas all the causes of pollution, as
mentioned earlier in this Section, is simply impossible. A more
sophisticated approach is necessary, allowing less polluti'on as the
distance to the aquifer decreases and vice versa. In many European
countries this has led to the setting up of protection zones, commonly

arranged as described below:

I. the well field itself in which no activity by third parties is
allowe'd. Depending on local geo-hydrologic conditions it
reaches out to a distance of 20 to 50 m from the source
area and should be fenced in order to prevent tresspassing;

II.  the inner protection zone in which no possibility of pollution

whatsoever can be accepted. To protect the recovered ground-
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water against bacteriological contamination originating from
outside this zone, its width should be at least 50 to 100 m and

as large as is necessary to obtain a travel time of 2 to 3 months,
again depending on local geo-hydrologic conditions;

III. the outer protection zone in which all physical and chemical
pollutions should be prevented which are not removed by self-
purification during underground travel towards the aquifer. If
possible this zone should comprise the full catchment area.
When this cannot be obtained, Zone III should be subdivided as
follows:

IIIA. the inner band of the outer protection zone with a retention time
of four years in which all non-degradable pollution should be
avoided;

IIIB. the middle band of the outer protection zone with a retention time
of six years, in which only those non-degradable pollutions can
be accepted of which the influence on groundwater quality can
be treated;

IIIC. the outer band of the outer protection zone with a retention time

0f 10 to 20 years, the same requirements of Zone IIIB.

The philosophy behind the subdivision of Zone III (Figure 7) is that non-
degradable pollutions originating from outside Zone IIIA need four years
(plus two to three months) to reach the collectors, which is sufficient time
to design and install additional treatment facilities. @When Zone IIIC is
not present, irreparable damage needs 10 years to manifest itself, in
which period a new catchment area can be found and taken into use. @ When
Zone IIIC is present, the existing catchment area may continue to operate
for another 20 to 30 years, allowing normal depreciation so that additional
expenses are avoided. It should be noted in the meanwhile that Figure 7
supposes the groundwater before abstraction to be at rest. Usually this is
not the case, considerably changing the configuration of the various

protection zones. An example of this is shown in Figure 8.

The greatest difficulty with protection of groundwater against pollution is

that remedial measures can only be taken against known sources. Unknown
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sources, including accidents, remain an ever present threat to groundwater

quality, or in other words:

'the real danger of groundwater pollution is not pollution itself

but the ignorance of pollution problems'.

6. RESEARCH NEEDS

In our complicated society with its ever increasing number of man-made
chemicals, we simply do not know the dangers of groundwater pollution.
Are those chemicals toxic in the long term? What about the raw
materials of which they are made and their degradation products after use?
Many instances are known about chemicals in normal use for long periods
which, subsequently, are suspected to be carcinogenic, teratogenetic or
mutagenic, as for example sweeteners and colouring agents in some recent
cases. Remedial measures are certainly possible, but they are only
taken after recognition of the problem. When mercury was discovered as
being the causative agent for the Minamata illness in Japan, the mercury
consumption of the salt industry in the Netherlands was reduced to 10% of
its original value. The European Economic Community are attempting to

establish grey and black lists for dangerous chemicals but good results
can only be obtained after industry has revealed its respective trade

secrets.

During underground flow, many changes in water quality occur, some
favourable, others disadvantageous (Section 2). With our present
knowledge of geochemistry, however, reliable predictions can only be
made for the most simple cases under near ideal circumstances. In
particular this came to the fore when artificial recharge was introduced

to supplement groundwater sources. For better forecasts, much research

is still needed.
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In problems of groundwater protection, as with those of artificial re-
charge, the retention time plays an important role, not only the average
value but also its variability. Up till now, the main interest of hydro-
logists centres around the lowering of the groundwater table accompanying
abstraction. For this problem, the overall value of the coefficient of
transmissibility as determined by pumping tests for example, is adequate.

According to Figure 9, however,

kaH = kiH'l + kZHZ + k3H3 + k4H4

The average retention time is easy to determine

LHL
T = withq =k H S,
9, (o) a

p as specific yield and S as slope of the piezometric surface. This
gives a retention time for the various layers
ka
T, =— T
k,

1 a

1

which may show an enormous variation. For the simplified case of

Figure 10 and q, + 9, constant

n =1 2 5 10
TZ
-T—~ =1 0.55 0.28 0.19
a
9
;1—:? = 0.1 0.18 0.36 0. 53
2

Crude methods to determine the variation of the coefficient of permeability

from one layer to another are available, but better ones are needed.
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Figure 7. Subdivision of protection zones (no preceding
groundwater flow)

limit of catchment area

Figure 8. Protection zones with preceding one-dimensional
groundwater flow
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Figure 9. Artesian aquifer composed of various layers with different
values for the thickness and the coefficient of transmissibility

Figure 10. Artesian aquifer composed of two layers
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DISCUSSION - SESSION 1

Mr R.A. DOWNING, in opening the discussion, said that the three papers
presented in Session 1 had adequately set the scene for the following sessions.
It was clear that although there were differences in the approach to ground-
water development in Britain, Europe and the USA, the increasing importance

of maintaining groundwater quality was common to all.

The last 10 or 12 years have seen a change in attitude to groundv:/ater develop-
ment in England. The realization that aquifers not only provide water supply,
but also maintain adequate river flows for, amongst other purposes, diluting
effluents, has led to schemes for regulating rivers by using groundwater
storage. Consequently, the cost of producing groundwater has increased - a
price that has to be paid for preserving the environment. Similarly, the need
to maintain the groundwater environment - that is its quality - involves a cost
and again this price is necessary and will have to be paid. Preserving ground-

water quality is now one of the major tasks of hydrogeologists.

Mr Jones had commented in Paper 1 that aquifer systems in Britain are under
increasing stress. The comment could be misinterpreted and it should be
emphasized that fresh water in the main aquifers far exceeds the storage
necessary to balance uneven distributions of rainfall. Rainfall and pumping
capacity are the factors limiting the development of groundwater rather than
storage limitations and pollution constraints., This is being emphasized during

the current drought.

Looked at generally, groundwater pollution in England is due to:

1) Use of nitrogeneous fertilizers. This is a diffuse source and a serious
problem., Nitrate levels in groundwater in aquifers at outcrop in the
drier eastern parts of England could ultimately exceed the recommended

WHO limits.
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2) Local problems due to landfills
sewage effluents
industrial wastes including oil seepages

agricultural wastes

3) Saline water intrusion - even this is a local problem that has arisen
because of the absence of effective management control in the past.

It can be corrected at a price.

The legal basis for the control of groundwater pollution in Britain is set out

in the Control of Pollution Act of 1974. The problems arise as Mr Keeley
pointed out, in effectively implementing the law and the cost of monitoring the
systems. Enforcement of the law in so far as it relates to groundwater pollution
has always been a problem and will remain so because groundwater pollution is
a slow, insidious process, and when it is discovered the finger may be pointed
too late. In such situations problems have to be anticipated and avoiding action
taken as far as this is possible. Pollution should be controlled by siting
potential sources of pollution in appropriate areas after considering the geology
and groundwater flow paths. For example, sites should be near outlets to
aquifer systems or in aquifers of limited extent no longer in use, or likely to
be used in the future for water supply. Advantage should be taken of the
purification processes that occur in aquifers. Accidental pollution on aquifer
outcrops can be a serious problem. The immediate action necessary to limit
the effect of such incidents has been considered in the UK by the Oil and Water
Industries Working Group and the wider issues, with regard to groundwater
pollution generally, are now being considered with a view to establishing guide-
lines for preventative action, Protection zones around wells, such as those
described in Professor Huisman's paper, exist in England but the width of the
zones are invariably greater reflecting the importance of fissure flow in the

principal aquifers,

Mr Downing said he did not need to remind the Conference that groundwater is
a valuable resource., It is cheap to develop but in developed countries the true
value of groundwater as a good quality water resource should probably be

emphasized by charging an appropriate price for its use. If Professor Huisman's
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worry materializes about the petrochemical industry's influence on water
quality and health, then groundwater will be even more valuable. In this
context he thought that Mr Keeley had made a most important point in stressing
that priority must be given to the protection of groundwater quality because the
cost of restoring the quality once it has been polluted was in many cases

prohibitive - even if possible.

Professor J. BEAR said that rather than discuss the advantages and dis-
advantages of groundwater, we shduld draw conclusions on the known merits
of groundwater with respect to quality, quantity, storage etc. and make
decisions on its correct use, We should encourage the use of groundwater. In
the ideal situation this should be the conjunctive use of both groundwater and

surface water.

He was rather surprised to learn from Mr Jones's paper that groundwater
utilization in Britain is so small relative to what he believes to be its merits.
In Israel, the reverse situation operates; about 80% of all abstracted water
is groundwater with 20% surface water. Artificial recharge techniques are

also extensively used.

The complex hydrogeological conditions in Britain have been emphasized by
Mr Jones. Although on a large, country-wide scale the groundwater system
may appear complex, this is not the case as in practice we are usually dealing
with individual basins within this complex arrangement. When we look at
individual aquifers on a regional scale, the complex picture is simplified. On
a local scale a three-dimensional approach may be necessary to represent the
complexities, but on a regional basis aquifers may be regarded as thin layers

of large areal extent and the groundwater flow is two-dimensional.

Quantity and quality control are both part of management. Sometimes ground-
water quality is intentionally reduced, for example by artificial recharge.
Such changes can be made by proper management once the hydrogeological and

chemical processes within the aquifer are understood.
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In Professor Huisman's paper, idealized converging of radial flow to the
pumping area with or without lateral flow is shown in the figures., The real
situation in many cases is that wells are spread over a large area and a
general flow-net approach should be used to predict changes in concentration
that will take place. Flow nets, however, may be difficult to use because

transient state conditions may prevail.

Mr G. P. JONES, in reply, said that problems become more, not less, complex
as smaller basins are considered. The hydrogeological complexity that exists
on a local scale, for example fissuring in aquifers, cannot be demonstrated on
a regional scale. He felt the Israeli concept that groundwater should be
'pushed' regardless of the consequences should not be accepted. Until the
hydrogeological characteristics of UK aquifers are fully understoad the

development of groundwater should not proceed.

The complex nature and variability in the subsurface conditions cannot be over-
emphasized if we are to prevent too ready an acceptance of the uniformity of
the continuum within which the water cycle operates. Although data may be
obtained from pumping tests which indicates that an aquifer is behaving as an
isotropic medium, it is known from geological experience that the aquifer is
not isotropic. Even more of a problem will arise wheq groundwater quality

is looked at,since there are more variables to deal with.

Mr Jones went on to say that the work reported in every paper in the Conference
was going to be affected by these complexities and none more so than the work
on predictive models. He was not too happy about predictive models for
quantitative work, particularly in view of the complexities that he had described.
Ideal aquifers can be modelled, and indeed the resultant decision models are
valuable, but the prototype used cannot be an exact copy of the ground, and
conditions dealing with quality are even more difficult. Most pollution problems
in Britain now and in the future, are and will be local rather than regional in
scale, and modelling of such situations with prediction in mind will be fraught

with difficulty.
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Ir R.J. WILDSCHUT said that in Holland the geohydrological situation is much
simpler than that described by Mr Jones and reliable two- or three-dimensional

models can be used in such situations.

Dr M.J. O'SHEA said he was very reassured by the emphasis Mr Keeley
placed on the fact that the protection of groundwater quality is fundamental.
Some people in the UK, although not many hydrogeologists, take the view that
certain major and minor aquifers can be written off. Pollution by landfill
sites or liquid waste disposal sites can be allowed to occur, mainly because

these aquifers are not at present being used as sources of potable groundwater.

Mr D.D. YOUNG said that Mr Jones had made the comment that the importance
of groundwater quality lay in relation to its use. While he felt this was a fair
generalization for many groundwaters, he was sure that it was not of universal
application to shallow ones, where he thought an important interest v‘ery often
lay in the protection of surface streams which were groundwater supported and
may, in fact, simply be considered as an exposure of the water table. In this
situation it may very often be environmental rather than use-aspects which are

of concern.

Referring to the paper by Mr Keeley, Mr Young said he thdught the comment
on the validity, or rather lack of validity, of E. Coli was particularly well
made, but he wondered how important it was in the situation where a supply

was chemically disinfected before passing into use.

Referring to Professor Huisman's paper, he wondered in how many cases it is
possible to draw the kind of circles and elipses that are shown in Figures 7 and
8. He believed that in many cases, perhaps in the majority of cases, it may be
difficult to estimate the right order of magnitude for travel time from a given
point in the aquifer to the well. He wondered how practical this approach was,
particularly for the outer zones. He said that the reference in the paper to the
United Kingdom attitude to grey and black lists was not, strictly speaking,
correct. The objection raised by the UK was not to the existence and use of
these lists, but simply the wish to make sure that they were established on a

sound scientific basis.
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In reply Mr J.W. KEELEY said that one of the uses of coliforms is as a tool

to trace the movement of other biological pollutants, but it simply does not

work for that purpose in groundwater. He agreed that if the water is chlorinated
or otherwise treated it is not a problem, but in the United States there are a
great many rural areas which take water from the ground and give it no treat-

ment at all.

Ir R.J. WILDSCHUT, replying to Mr Young, said that in order to estimate
travel times the transmissivity coefficient of the most permeable layer within
an aquifer should be used, rather than the total transmissivity of the aquifer.

However, at present it is difficult to obtain a reliable measurement of this,

Dr L.F. KONIKOW asked Mr Wildschut whether the concept of Protection Zones
described in Professor Huisman's paper was just a proposal, or whether these
had been implemented. He thought that defining protection zones on travel time
would be very difficult to do, both on a legal and on a practical basis. He asked
whether travel time was defined in terms of the mean velocity of the water or in
terms of the arrival of the first detectable quantities of the contaminant, which
would be sooner than indicated by the mean travel time., There would be
different arrival times for different contaminants, depending on adsorption,
ion-exchange and other chemical reactions. It would, therefore, be necessary
to calculate different times of arrival for different chemical species from a
particular source to a particular sink. Additionally, groundwater flow is
frequently a transient phenomenon in that the velocity field itself is not constant
over time and the velocities would be a function of hydraulic gradients, which
would vary with pumping rates, regional recharge and so on. He thought that
basically the idea was a good one, but was not sure how it could be implemented.
There would also be problems in applying protection zones to deeper aquifers.
What would be the effect of contamination at the surface on deeper aquifers ?
Perhaps the concept of protection zones should be applied strictly to shallow

aquifers, or else other modifications would be required.
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Ir R.J. WILDSCHUT said he agreed with Dr Konikow's view. At present the
concept of Protection Zones was just a proposal in Holland. The maximum
velocity should be used to predict the first arrival of a contaminant, but its
use depends on-the kind of pollution. For safety the maximum velocity should
be used. He thought that chemical reactions should be taken into account but
only after initial legislation on protection zones has been introduced. In the
case of deeper aquifers with, for example, an upper clay layer, the travel

times should be based on the least permeable zone of the clay layer.
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PAPER 4

FLOW MECHANISMS GOVERNING THE MOVEMENT OF A POLLUTANT IN
A GROUNDWATER SYSTEM
N. R. Brereton and W. B. Wilkinson

1. INTRODUCTION

In order to maintain a satisfactory water quality in his abstraction wells and
groundwater spring flows, the Water Engineer will ask the following questions

f contamination.

in relation to known sources o
o~

Wwill thé contamination enter the Qell or spring?
If so, in what concentration?
Will these be at an acceptable level for delivery to supply?
How long will the contamination take to reach the well or spring?
How long will the contamination persist?
- What preventive measures may be taken?

If the contamination by-passes a particular well or spring system
what area of the aquifer will it pollute and will this prevent the future

development of new groundwater sources?

Should the contamination of a well or spring supply unexpectedly occur, the
Engineer will ask the same questions and these will be posed in relation to a
range of potential sources of pollution within the groundwater catchment in an

attempt to identify the particular source or sources that are causing the problem.

Information on some or possibly all of the following is necessary in order to

answer these questions:

(a) geology and hydrogeological boundaries of the aquifer and adjacent

strata,

(b) hydraulic and physical properties of the aquifer which govern the

movement of the pollutant,
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(c) groundwater levels and flow patterns,
(d) rate of infiltration to the aquifer,
(e) meterological conditions over the groundwater catchment,

(f) nature of the pollutant at its source and the chemical and biological

changes which will occur as it moves through the aquifer,

(g) surface water hydrology and the degree of hydraulic interconnection

between the surface and the groundwater systems,
(h) past, present and future groundwater abstraction regimes and

(i) the range of analytical and modelling techniques that are available,
their advantages and limitations, and the most appropriate to use

in a given situation.

Having collected the data and undertaken an analysis a decision may be made

on its results that could involve considerable expenditure. It must therefore

be recognised that the processes governing the flow of a contaminant in a
groundwater system are extremely complex and that simplifying assumptions

are necessary in each area of (a) to (h) above before the final analysis (i) can

be made. The present paper is concerned particularly with the flow mechanisms
that govern the movement of a pollutant in a groundwater system ((a) to (d) above)
and with the difficulty of collecting the basic data to describe these mechanisms

and their representation in quantitative analysis and in models of the system.

2. PHYSICAL PROCESSES AND MODELLING PROCEDURES

This section describes the principle physical processes governing the transport
of contaminants into and through an aquifer. It also outlines the procedures
generally followed in order to predict the changes in concentration of a pollutant
in an aquifer under a given groundwater flow regime. The steps in this pro-
cedure are summarised in Figure 1. Each step is numbered and these numbers
are used in the following text when describing an analysis or activity which is

shown in the figure.
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2.1. SOURCE OF POLLUTION

The source of pollution may be located on the land surface and hence be
external @ to the aquifer system,or it may be located either partly or wholly
within the aquifer system. External sources cover leachate from landfill sites,
agricultural wastes, spills etc. Internal @ sources include salt water intrusion
from the sea or from other mineralized water within the aquifer and direct
injection of contaminants below the water table e.g. from deep waste disposal
wells. An important difference between external and internal contaminants is
that the former may be in solid form and requires to be leached, in addition

to which, it will have to pass through the soil layer and the unsaturated zone

of the aquifer. Internal contaminants will, however, generally be in liquid
form and in hydraulic continuity with the main aquifer. Although it is conven-
ient for the present purpose to consider this simple division of pollution sources
into externai and internal, there are clearly situations intermediate between
the two, for example, naturally occurring minerals in the unsaturated zone of
the aquifer may be leached by water infiltrating from the surface or by a fluct-
uating water table due to an imposed groundwater abstractional or recharge

regime.

The concentration of a contaminant leaching from a surface pollution source
and entering the soil or unsaturated zone of the aquifer depends upon the
quantity of surface pollutant, chemical changes that may occur within the
material with time, whether the material is in solid, liquid or sludge form,

its solubility and the availability of infiltrating water @ . This concentration @
is often difficult to predict as, for example, in the case of the quality of a
leachate resulting from a landfill or the rate of release of nitrate from agri-

cultural land.

2.2. ZONE OF AERATION

As water moves through the soil zone and the unsaturated aquifer @, biological
and chemical processes may cause major modifications to the nature and
concéntration of the contaminants. Harmful chemicals and organisms may be
held or degraded‘ in the zone of aeration and thus be removed from the infil-

trating water. These are the very processes that lead to groundwater in
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general being of such high quality. An understanding of the chemical and

biological changes that can occur both within the pollutant source and in the

zone of aeration are essential to the solution of many groundwater contamination
problems. A great deal of research is currently directed towards this area
(Department of the Environment, 1975). It is, however, beyond the scope of
this paper to deal further with these aspects and the subsequent descriptions

of the flow processes assume that, contaminants behave in a conservative
manner in all parts of the aquifer system @& , i.e. they are chemically

and biologically inert.

Flow through the zone of aeration is essentially vertically downwards with

only very limited lateral spreading. If the contaminant is fully miscible with

the infiltrating water it is transported downwards by the water but the rate of
movement of the solute and the water do not necessarily correspond (Bresler, 1973,
Wilson and Gelhar, 1974). The solute may travel at a slower rate than the

transported water.

In some aquifers it may take several years for a contaminant to progress from
the surface through the zone of aeration to the water table. In others the move-
ment may be extremely rapid. In a given situation it is difficult to predict the
rate of travel of a pollutant down through the zone of aeration and normally
conservative values are adopted. These problems will be discussed in more

detail in the following section.

2.3. SATURATED ZONE

On reaching the water table @ the pollutant is carried along by the predom-
inantly horizontal groundwater flow. Vertical flow components may,
however, be present in some parts of an aquifer e.g. near to wells and other

boundaries.

The pollution problem may generally be placed in one of three categories

according to whether the pollutant is:
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(a) completely miscible with the groundwater and has a concentration
such that the density and viscosity of the groundwater remain
essentially unchanged - usually referred to as the tracer case @

(Fried and Combarnous, 1971),

(b) miscible but with the density and viscosity sufficiently dependent

upon the concentration to influence the groundwater flow patterns ,

(c) an immiscible fluid @, such as an oil with a lower density than

groundwater which may float on top of the groundwater.

In the tracer case ((a) above) the direction and rate of flow at any point in the
aquifer is dependent on the distribution of hydraulic conductivity within the
aquifer , the storage capacity, the natural or artificial groundwater recharge
pattern @&, the groundwater discharges @&, and the geological boundaries
to the aquifer systems . Numerous regional groundwater flow models, based '
on the continuity equation and Darcy's law (usually referred to as flow models),
have been analysed over the last decade in order to guide groundwater

resource development and management (Kitching et al, 1975). ‘The majority
have been two dimensional plan models. They have generally been based on

the assumptions that, as regional groundwater flow gradients are small,
vertical groundwater flow components may be neglected and that the hydraulic
conductivity variations over a vertical plane of the aquifer may be averaged

and this multiplied by the saturated thickness of the aquifer gives a transmiss-

ivity, T, that may be applied over that particular area of the model,

The actual velocity distribution is generally not of importance in resources
development studies if water quality presents no problems. It may, however,
be determined from such models by dividing the apparent velocity (Darcy
velocity) by the aquifer porosity. Having obtained the actual velocity distrib-
ution it may now be possible to determine from the model the rate of advance
of a pollution front with a sharp interface (Sauty, 1972). However, if the
liquids are miscible, dispersion blurs the sharp interface (Figure 3e). The
term dispersion is used to describe a range of physical phenomena that leads

to this blurring and the development of a transition zone.
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Dispersion results from (a) mechanical mixing due to flow velocity differences
at both the microscopic and macroscopic level in initially adjacent water
streams and (b) molecular diffusion due to chemical concentration gradients.,
The dispersive properties of an aquifer, expressed as the coefficient of
dispersion, D, (which is a combined term including both mechanical dispersion
and molecular diffusion) depends on its porosity pore size distribution,
tortuosity, degree of stratification and on the flow direction. Many laboratory
measurements of D have been made, generally on homogeneous media

(Bear, 1972), and five flow regimes have been recognized. At low velocities
molecular diffusion predominates but as the velocity is increased mechanical
dispersion becomes more important until it is dominant. The final stage is
reached when at very high velocities turbulent flow develops and Darcy's law
no longer holds. The fourth regime of mechanical dispersion appears to apply
to many groundwater flow systems and in this case an approximately linear
relationship between the dispersion coefficient D and the flow velocity u exist

such that,

where a is a constant of dispersivity with dimensions of length and represents
the effect of the structure of the pores on mechanical dispersion. Laboratory
and field studies have shown that dispersion occurs not only in the longitudinal
direction of flow but also in a direction transverse to it. The dispersion
coefficients, D. = a_uand D, = @__ uare found to have differing values,

L L T T

Laboratory tests on homogeneous sands give D_ from 5 to 20 times larger

L

than DT. However some field contamination studies have given DL and DT

in close agreement (Robertson and Barraclough, 1973).

Molecular diffusion may be important in predicting the behaviour of poliutants
in the groundwater system particularly in the unsaturated zone. This is

discussed further in sections 3 and 5.
1f the pollutant is miscible with water its concentration in the aquifer is governed

by the FLOW EQUATION as described above and the CONVECTIVE DISPERSION
EQUATION. For the tracer case @ these two partial differential equations
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may be solved separately. The former giving the velocity distribution in the
aquifer system. The velocities are then used in the latter equation to determine
the distribution and concentration of the contaminant. The dispersivity values
must be determined from field tracer tests or from the analysis of data collected

from an existing pollution situation.

The suggestion has been made that in certain pollution problems of the tracer
type, it may be possible to neglect the width of the transition zone because its
relative width decreases with the square root of the distance travelled from the
pollution source. In this case convective effects are more important than
dispersive. The position of the pollution front can then be determined using
only the convection equation and treating the problem as one of an immiscible

contaminant (Sauty, 1972). Analysis is then greatly simplified.

When the flow pattern is dependent on the concentration of the pollutant, it is
necessary to solve the flow and the convective dispersion equations
simultaneously Saline intrusion phenomena fall into this category. Such
solutions are complex, time consuming and frequently costly. If, however, it
can be assumed that the transition zone is narrow the problem degrades to type

(c) above and can be treated as one of two immiscible fluids with differing

densities @

A model, as represented by the partial differential equations and the associated
boundary conditions, is set up so as to reproduce all of the essential character-
istics of the pollution situation under consideration. As we have seen above, it
may be possible to simplify the model by discounting factors which are considered
to be relatively unimportant and by doing this to reduce the cost of obtaining a
solution and of data collection. In practice, however, it is often necessary in
groundwater quality models to neglect certain, possibly important factors,
because (a) complex physio-chemical relationships between components cannot simply
be described, (b) a method of solution to a particular model is not available, (c)
costs of obtaining a solution are prohibitive, (d) the quality of the field data is
such that a sophisticated model is not warranted, and (e) the cost of obtaining the

necessary field data is prohibitive.
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Analytical solutions @ (Anon, 1969) may be obtained but only for relatively simple
boundary conditions. Model solutions to a number of idealized pollution situations
for a range of aquifer and fluid properties have been made (Pickens and
Lennox, 197¢; Oakes, 1976) and these are complementary to the analytical
solutions., Both may be most valuable in obtaining a 'first feel' for the problem

or for use in the situation where data and/or computer finance is somewhat

limited. For more complex situations, purpose made physical, analogue, or
numerical models have all been used . With the recent development in
computer techniques and numerical methods the numerical models are able to

represent complex physical situations and are now generally favoured.

A less rigorous approach may be to base decisions on a knowledge of the nature
of the pollutant and a qualitative assessment of the hydrogeology @
(e.g. Gray et al, 1974). A more quantitative scheme based on a weighted points

system has been proposed by Le Grand (1965).

Whichever method of assessment or analysis is used the sensitivity of the
solutions to the chosen aquifer and fluid properties must be checked

(Gates and Kisiel, 1974; Gillham and Farvolden, 1974; Pickens and Lennox,
1976). Such analyseshighlight those parameters that are particularly important
to the solution and may thus indicate those areas in which additional data is

required,

2.4, THE CHOICE OF APPROACH

Following, or in anticipation of, a groundwater pollution problem the Engineer
or Hydrogeologist may look to groundwater quality models to help in deciding
on the course of action he should follow (20). He will ask 'do I need a model,
of what type, how long will it take to obtain uceful results, what is the cost of
collecting additional data and making the model, and what degree of reliability

can be placed on the results?'
Clearly in the case of a regional groundwater pollution where a large number

of wells are involved,the cost of groundwater quality modelling is small in

relation to the cost of any protective measures or rehabilitation. In this case
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advanced modelling techniques, together with extensive data collection, is
generally fully justified. At the other end of the scale, the pollution of a single,
low yielding well may not warrant a modelling study and unless the pollution is
symptomatic of a much larger problem,or there is a particular research
interest a qualitative hydrogeological appraisal will suffice. Between these
two extremes is an area of uncertainty and it is important that the hydro-
geologist and the modeller should be able to explain the advantages and limit-
ations of the range of analysis that are available to represent the flow of a
pollutant within an aquifer system. In particular a detailed understanding of
the flow mechanisms in the aquifer and the limitations of representing these
quantitatively in a particular analytical or modelling process;is essential if
the appropriate method of analysis is to be chosen and the reliability of the

results understood and used in a sensible way .

3. FLOWIN THE UNSATURATED ZONE

The rate of downward movement of infiltrating water is controlled by the
hydraulic conductivity of the zone of aeration and the hydraulic gradient dis-
tribution between the ground surface and the water table, both of which are
dependent upon the distribution of moisture content within the profile. The
pores and fissures of the soil and rock are occupied by moisture and by gases.
At low moisture contents, possibly resulting from periods of low infiltration,
high surface tension forces develop which may prevent any downward flow.

As infiltration rates increase,so does moisture content leading to reduced
surface tension forces and to increased flow rates. The surface tension forces
that control the rate of flow of water are also dependent on pore and/or fissure
size. The smaller the pore size,the greater the surface tension and the higher
the moisture content required for downward flow. The flow process in the
zone of aeration is complex and to predict the time of travel of the infiltrating
water and an associated pollutant from ground level to the water table is by no

means simple.

The water table may show a rise in level in response to surface infiltration

but it does not follow that this represents that particular infiltration reaching
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the water table. It may simply be due to a pressure wave generated at the
surface which moves through the unsaturated zone causing groundwater levels
to rise. Correlations between the surface input and rise in water table may

be invaluable in calibrating groundwater flow models but may not help at all

in determining the location of the original input and its associated contaminants,

which may still be held within the unsaturated zone.

The movement of the solute is even further complicated by dispersion which
leads to a spreading of the solute front due to local velocity variations and
molecular diffusion effects. The relative rates of movement of the contaminant
in the water will also be modified by the presence of 'dead end pores' (Coats and
Smith, 1964). These are pores or fissures which are not part of the main flow
paths, but which are hydraulically connected to them. Contaminants may diffuse
into these static water areas and be left behind the infiltrating water. The
process is similar in some respects to a chromatographic column where the
solute and solvent move at differing rates. This process may be important in
controlling the movement of pollutants in the unsaturated zones of the Chalk

and Permo-Triassic sandstone aquifers in the United Kingdom.,

The unsaturated Chalk contains irregular vertical and horizontal jointing
patterns giving a block size with maximum dimensions ranging from 1 to 2 cm
to more than a meter. The matrix of the Chalk has a very low permeability
(about 5 X 1073 m/d) but a high porosity of about 0.3 to 0.4. The fissure
porosity may be as low as 0.01. It has been proposed on the basis of tritium
profiles that infiltrating water moves principally through the Chalk matrix and

that the rate is controlled by the low permeability of the blocks.

It would appear much more likely, however, that the observed jointing and
fissuring has a major influence on the infiltration rate. Foster, 1975a, and
Young et al, 1976 suggested that solutes carried by water infiltrating through
joints and fissures are able to diffuse into the static interstitial water within
the blocks. Providing that the downward flow rate is sufficiently slow allowing
sufficient time for equilibrium to be established, the solute will divide between

the static water and the fissure water in the ratio of their respective volumes.
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Furthermore, the relative velocity of the infiltrating water and the contaminant
pulse is given by the ratio of the total porosity to the fissure porosity. If this
mechanism operates in the Chalk the infiltrating water will move downwards at
a rate some 20 times faster than the contaminant. The contaminant pulses from
the surface will maintain their shape but some vertical dispersion will occur.
The shape of the pulse will also be modified if the rate of infiltration is suffici-
ently rapid or the mobility of the contaminant is low so that full equilibrium

between the static and fissure water is not established.

In a sense it is unimportant to know the rate at which the water infiltrates, as
it is the rate of movement of the contaminant front that matters. Drilling and
profiling of the unsaturated zone of an aquifer in order to identify the position
of a pulsed contaminant input from the surface would seem to be a more direct
and reliable approach to the problem of determining the movement of a pollutant
through the zone of aeration than theuse of complex physical models. Recent
profiling investigations have examined a range of contaminants including
chloride and nitrate (Stiff and Young, 1976). Thermonuclear tritium in rain-
fall has also been used as a tracer (Smith et al, 1970; Sukhija and Shah, 1976),
and while tritium determinations are expensive there is the advantage that the
surface input to the aquifer is usually well known. Two typical tritium profiles
through the unsaturated Chalk and Bunter Sandstone are given in Figure 2 and
by comparing the peaks in these with the peak input of tritium in rainfall in
1963 it can be concluded that the downward rate of migration of tritium at these
sites is 0.8 m/yr and 1.8 m/yr respectively. It appears that these rates also

apply to other mobile contaminants (Young et al, 1976).

4., UNCONSOLIDATED AQUIFERS

The results of carefully controlled pumping tests in homogeneous sand or
gravel aquifers may generally be used to determine the hydraulic conductivity,
transmissivity and storage coefficients of the aquifer. Problems may occas-
ionally arise in the interpretation of these data in highly permeable aquifers
due to the development of high velocities leading to non laminar flow and Darcy

law deviations (Huyakorn, 1973). If the aquifer is unconfined during the test
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it may be possible to equate its effective porosity with the storage coefficient
but if it remains confined its porosity may have to be determined in the
laboratory by direct measurements on recompacted aquifer samples or
indirectly from a knowledge of its grading characteristic. Dispersivity
values of the aquifer may be measured in the field by the use of tracer tests.
It may be noted that the dispersivity values determined from breakthrough
curves of conservative solutes flowing through homogeneous porous media are
usually of the order of 0.1 to 1 centimetres. In contrast,the values of dispers-
ivity determined from field measurements may exceed laboratory values by
several orders of magnitude. The number of reliable field measurements of
dispersivity are very small and a great deal more work is required in this

area,

For a particular groundwater contamination problem and given the hydraulic,
storage and dispersivity properties of a homogeneous aquifer, it is possible to
choose the method of analysis or model most appropriate to the scale and
boundary conditions of the problem that will lead to a reliable prediction of
the actual velocity distribution and of the concentration of contaminants within

the aquifer and the arrival times of pollutants in wells and springs.

Unconsolidated aquifers are however, rarely homogeneous and isotropic. The
sedimentary processes cause layering at a microscopic and macroscopic scale,
cross bedding and grading and possibly a multiplicity of interconnected sedi-
mentary facies within each layer and between layers. The presence of plate-
like clay particles and layers of silt or clay and horizontal stratification in

general gives rise to a higher lateral than vertical permeability.

Simplification is necessary if such complex natural systems are to be analysed.
If we assume that their heterogeneity is principally due to horizontal stratifi-
cation then the movement of a pollutant in a two layer system may be examined
(Figure 3a). The two layers, with differing permeabilities are confined between
upper and lower permeable boundaries and are subject to a steady horizontal
flow. A tracer of constant concentration is introduced at the left hand vertical

boundary. The tracer would travel more quickly in the permeable layer and
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in the absence of dispersion effects a concentration arrival time graph at the
right hand vertical boundary of the type shown in Figure 3b would be obtained.
Extending this to the case of a multi-layered aquifer where there is a wide
distribution of permeability values (Figure 3¢) a time concentration curve of
the type shown in Figure 3d would result. This type of anisotropy is believed
to be the major cause for the development of transition zones in the field and
accounts for the measured field dispersivity values being much greater than
those measures in the laboratory: Mercado (1967) analysed this system and
concluded that the width of the transition zone is directly proportional to the
distance travelled by the contaminant (see also Oakes, 1976). Mercado neg-

lected hydrodynamic dispersion occurring within the individual layers,

Lateral dispersion within a layer will, however, blur the sharp interface and
transverse dispersion will cause the transfer of the tracer between layers
(Figure 3e) to give an arrival time graph of the type shown in Figure 3f

(Curve 1). This case was analysed theoretically by Fried and Combarnous, 1971,
who concluded that the dispersion behaviours of such a layered system approached
an equivalent homogeneous system (Curve 2 Figure 3f) which can be represented
by an equivalent dispersion term. In this case the width of the transition zone

is proportional to the square root of the distance travelled by the contaminant,

In view of these different approaches it is clearly important in attempting to
predict the movement of pollutants, particularly those of a hazardous nature,
where minor concentrations may be critical, to have a detailed knowledge of
the stratigraphy of the aquifer as it relates to the scale of the problem. If the
layering is lenticular in nature the hydraulic and dispersivity values for the
aquifer to be applied at a local scale may be different from those to be used
in a regional study. Figure 4 shows diagrammatically a sand aquifer with
lenticular layers of gravel. Wells are located at W1 to W3. A typical problem
may be to determine the rate of movement of a pollutant from a river towards
the wells, Pumping tests at W1 and W3 probably give differing values of
transmissivity due to the heterogeneous nature of the aquifer but the storage
coefficients would probably be of the same order. The pumping test trans-

missivity values may be applied to local problems, e.g. determining the
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velocities between the river and W1 or W2, Due to the lenticular nature of the
aquifer however, they would not represent the regional transmissivities which
probably would have smaller values, The groundwater pattern together with

a knowledge of the aquifer boundaries and inputs may enable regional trans-
missivity patterns to be established (Emsellem and de Marsily, 1971;
Nutbrown, 1975).

A similar problem, in relation to the scale, exists in determining the dispers-
ivity values. Tracer tests between Wells W1 and W2 may, due to the stratifi-
cation, yield a high dispersivity value which is time dependent (Mercado, 1967;
Oakes and Edworthy, 1976). Tests between wells at a wider spacing may be
precluded due to the scale of the problem and the time involved in obtaining
results. The lenticular and somewhat random nature of the layering would,
however, suggest that on a regional scale the spreading of the pollution front
could be described by the dispersion equation as though the system were a
hornogeneous isotropic aquifer. It would be inappropriate to use the dispersivity
values from the local tracer tests in the analysis of the regional problems. Regional
dispersivity values may be determined by analysis of pollution plumes within the
particular aquifer if such situations exist. It may be, however, that the problem
is on such a scale that it can be simplified to one of the movement of a simple
front, as described in section 2. This assumption clearly cannot be made

unless the hydrogeology and flow mechanisms within the aquifer are cleariy
understood. It is evident that many more field measurements need to be made

before more detailed guidance can be given.

5. FISSURED AQUIFERS

Groundwater flow in igneous and metamorphic aquifers is predominantly through
fissures and fractures., This is also frequently the case with consolidated sedi-
mentary rock aquifers (Lovelock, 1972; Reeves et al, 1975). The scale of
fissuring may range from fine cracks to ducts transporting large quantities of
water. The Chalk, a fine grained, soft limestone crossed by multiple horizontal
and vertical joints and fissures is a good example of such an aquifer. The joints

and fissures have been opened up by solution near to and below the water table
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and preferential flow paths have developed. The rock matrix is composed of
fossil debris such that the pore diameters are generally less than 1 pm.
Laboratory permeability measurements on core samples give values of the

3 m/d, while field permeability values determined from

order of 5 X 10~
pumping tests may be four or five orders of magnitude greater. Atkinson and
Smith (1974) have shown by the use of tracers that, at one location, springs
emanating from the Chalk are directly linked to swallow holes some 5.8 km
away. Groundwater flow velocities of 2.2km/day were measured. At such
velocities Darcy's law is invalid, The porosity of the Chalk varies between
about 0.3 and 0.4 but pumping tests give an effective porosity (storage coeff-
icient) of only 0.01 to 0.02. This represents the storage capacity of the fissures
since water does not drain from the relatively impermeable rock matrix.

However, the porosity of the Chalk blocks may be important in controlling the

movement of pollutants, as described later.

The bulk hydraulic properties of fissured aquifers are usually determined from
standard pumping tests and generally these implicitly assume isotropic homo-
geneous.behaviour. But pumping test analysis and theoretical consideration of
groundwater flow specifically to take account of fissuring are now being made
(Wilson and Witherspoon, 1974; Barenblatt et al, 1960; Gringarten and
Witherspoon, 1972). Properly conducted pumping tests including a number of
observation wells are relatively expensive and in a given area are usually
rather limited in number. Data from abstraction wells with a single observation
well, or frequently no observation well at all, is much more common. The
value of the latter on their own are somewhat limited but combined with geo-
physical borehole logging may lead to an understanding of the aquifer flow
mechanisms., A number of pumping tests conducted at different locations

within a fissured aquifer will undoubtedly give a wide range of bulk aquifer
properties but regional patterns of high and low transmissivity, possibly related
to geological structure or topography, have been observed (Ineson, 1957;

Water Resources Board, 1972).

Clearly the difficulties described in the previous section of choosing the

appropriate parameters in relation to the scale of the problem also apply in
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fissured aquifer systems. Figure 5a shows diagrammatically the location in
plan of the principal fissures in an aquifer. Supply wells are located at A and B
and a source of pollution, for example a landfill site, at X. The parameters
determined from local pumping tests may be applicable to determining the
pollution threat to well A and those from regional flow analysis in the case of B.
A proper appreciation of the hydrogeology in relation to the scale of the problem

is thus essential.

Davis (1969) has reported a decrease in permeability and porosity with depth

in igneous and metamorphic aquifers and this is also observed in indurated
sedimentary rocks such as the Chalk. Monkhouse and Fleet (1975) have shown,
on the basis of geophysical borehole logging that the movement of saline water
in a Chalk coastal aquifer is controlled by fissuring and that while the total
thickness of the aquifer is 250 m there is little or no effective groundwater flow
below about 100 m. Evidence for this decrease of the hydraulic properties of
the Chalk with depth has also been proposed on the basis of pumping test
results (Water Resources Board, 1972; Foster, 1975b).

Flow velocities must be known accurately before one can hope to model ground-
water quality. At a local level in a fissured aquifer this presents a problem in
deciding which of a range of transmissivities should be used. Tracer tests
between wells may help in deciding this but in their absence a high transmiss-
ivity should be adopted which would lead to a conservative solution. At a regional
scale, many groundwater models of fissured aquifers have been built and
calibrated against historic groundwater level fluctuations. If the calibration is
good the regional values of transmissivity and storage coefficients should give

reliable values of flow velocity across the region.

Further difficulties are introduced if fissuring causes an anisotropic permeability
of the type shown in Figure 5b. Such anisotropy is common in carbonate rocks
but it is difficult to quantify either by pumping tests or flow models. The latter
are calibrated against groundwater level contours and isotropic flow, i.e. flow
lines crossing the contours at right angles, is usually assumed. The import-

ance of anisotropy may be illustrated by the simple example shown in Figure 6.
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A group of wells are shown located between a recharge and a discharge boundary
and a landfill site is located up gradient of the wells. The isotropic and aniso-
tropic cases are considered. For the former case the flow net shows that the
leachate from the landfill is carried to the wells (Figure 6a). However, if the
aquifer is anisotropic the stream lines are modified and the leachate is swept
past the wells (Figure 6b). It may be noted that in this second case the ground-
water levels and stream lines do not intersect at right angles. High anisotropy
ratios of this type may be present in many fissured aquifers where the fissures

have been developed by solution. Quantitative data is, however, rather lacking.

It is likely from the random nature of fissuring that the spread of a pollutant
may be described by the dispersion equation and on this basis Bredehoeft and
Pinder (1973) were able to model a fractured system. In view of the hetero-
genity of fissured aquifers there are clearly problems not only in conducting
tests to measure dispersivity values but also in determining the ratio of

“L/ °T. The dispersivity ratio may have a marked effect on the shape and

spread of a pollution plume (Pickens and Lennox, 1976; Oakes, 1976).

An important aspect of flow through a fine grained aquifer such as the Chalk is
the diffusion of pollutants between the relatively static pore water contained
within the Chalk blocks and the network of fractures between the blocks. The
pollution concentration gradient would encourage diffusion into the interstitial
pores thereby creating a relatively immobile reserve of contaminant which
could diffuse back into the fissure flow system should the concentration gradient
be svubsequently reversed. Evidence for this effect has been demonstrated
during the analysis of Chalk core interstitial water samples taken during saline
intrusion and mine drainage aquifer contamination studies (Headworth and

Wilkinson, 1976).

The flow in many sandstone aquifers is both intergranular and through fissures.
This is certainly the case for most of the Permo-Triassic sandstones in the
United Kingdom (Lovelock, 1972; Reeves et al, 1975). Fissuring in this
formation may be at shallow angles related to bedding plane features or it may

be high angled and of tectonic origin. The strong bedding also leads to larger
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horizontal than vertical permeabilities. Except possibly in the case of strong

tectonic faulting, it is unlikely that fissure systems in sandstone will be as

extensive as those that develop in carbonate aquifers. Their behaviour with

respect to the spread of contaminants probably resembles those of the uncon-

solidated layered sands.

6. CONCLUDING REMARKS

A detailed understanding of the flow mechanisms in an aquifer is essential
if the relevant data is to be collected and the most appropriate method of
analysis adopted in order to answer the questions posed in the introduction

in relation to groundwater quality predictions.

Most aquifers are heterogeneous in nature from a microscopic to a
regional level due to layering and/or fissuring. The aquifer properties
such as transmissivity and dispersivity to be used in prediction analysis
may thus be dependent on the scale of the problem. Properties determined
at a local level from, for example, pumping or tracer tests, may not be
applicable on a larger, possibly regional, scale. There is a need to
analyse small and large groundwater pollution incidents and to make many
more field dispersion measurements so as to attempt to relate these
parameters to the scale of the problem. Some authors have suggested
that a statistical approach may be adopted (Bibby and Sunada, 1971;
Freeze, 1975).

Anisotropic effects are difficult to quantify and are frequently neglected
but may have a profound effect on the concentration of a pollutant in the
aquifer and on the shape of the pollution plume.

The diffusion of pollutants from fissures into the relatively immobile
interstitial water of fine grained rocks may retard the rate of movement

of the pollutant both in the zone of aeration and the saturated aquifer.

Flow in the zone of acration is complex and the rate of movement of a
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pollutant is best estimated by a direct approach using tritium or other
tracers. The relative rates of movement of mobile ions requires further

investigation.

A wide range of groundwater modelling techniques have now been
developed to the point where they have outstripped the quality of the
data. Models and the associated data requirements are costly and
purpose built models are only justified in practice where a major source
is at risk. In other situations analytical or idealised solutions used in

combination with hydrogeological judgement may be all that is warranted.

An appreciation of flow mechanisms will give an indication of the likely
range of values of the parameters to be used in an analysis. The
sensitivity of solutions should be checked against this range and the
results presented in a form that will be easily understood by those
responsible for taking action. An attempt should be made to state the

degree of reliability of each solution.
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Figure 5. Fissured aquifer (a) isotropic (b) anisotropic.
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PAPER 5

CURRENT DEVELOPMENTS IN ASSESSING THE ROLE OF SUBSURFACE
BIOLOGICAL ACTIVITY IN GROUNDWATER POLLUTION
James F. McNabb

1. INTRODUCTION

Groundwater in the United States and many other countries is being increasingly
threatened by a vast array of pollutants from such diverse sources as sanitary
landfills, soil treatment systems, septic tanks, and subsurface disposal wells.
Although groundwaters are less easily polluted than surface waters, there is a
growing realization that pollutants persist for much longer periods in ground-
waters than surface waters. It is, therefore, necessary that any potentially
harmful activity be thoroughly evaluated for its impact on groundwater quality

so as to protect our groundwater resource before irreparable harm occurs.

Basically, pollutants enter groundwater by either of two principal pathways: .
percolation through the unsaturated portion of the earth's crust above a water
table, or by direct entry into groundwater without passage through the upper
soil layers. In either case, pollutants are subject to possible physical
filtration, sorption, abiotic chemical alteration, or alteration resulting from
the metabolic activities of micro-organisms. Of these possibilities, alter-
ation by biological activity has received the least attention, although biological

processes are often the most significant occurring within an ecological system (1).

This subordination of the role of micro-organisms in determining the fate of
pollutants in groundwater is due to several reasons. One factor is a belief by
many that life does not exist in subsurface regions below the upper soil zones
due to the physical remoteness and supposed unfavourable environmental
conditions of such regions. This assumption is partly due to early investigations
by soil microbiologists on the spatial distribution of microbes within the soil
profile. By the methods they used, early microbiologists found such a rapid
decrease in microbial numbers with depth, that many apparently concluded the
regions below the first soil layers were sterile for all practical purposes (2)
(3) (4). Itis not unusual today to read in a current microbiology text that the
biosphere, that portion of the earth containing living organisms, extends only

a few metres into the surface of the earth (5).
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However, the most decisive reasons for ignoring subsurface ecosystems are

the immense technical problems and great expense involved in subsurface
investigations. Not only do such studies involve the same problems which
confront surface ecologisté, but they are further complicated by the inaccess-
ibility of the subsurface. In the past, microbial ecologists have had insufficient
justification and, therefore, financial support to devote much effort or expense
to the study of regions below the upper soil layers. The only exceptions have
been petroleum microbiologists, who have had a continued interest in the micro-
biology of subsurface regions since the 1920s. Unfortunately, most of their
efforts have dealt primarily with oil or gas bearing regions and not those

portions of the earth's crust containing potentially useful groundwater (6) (7)

(8).

Today, because of a growing concern for the safety of our groundwater re-
source, investigations are being instigated to determine the extent and nature
of microbial activity in subsurface regions before and after the introduction
'of pollutants. This paper comprises a brief discussion of known information
concerning subsurface biological activity as it relates to groundwater pollution,
current research being conducted or supported by the Ground Water Research
Branch of the United States Environmental Protection Agency to expand that
information base, and the need for additional research studies. Because
information concerning biological activity in the upper soil layers is widely
available (4) (9) (10) (11) (42), this paper will devote primary attention to those

regions of the earth's crust lying below the soil zone.

2., THE SUBSURFACE AS AN ECOLOGICAL SYSTEM

An ecological system or ecosystem is any given unit of the biosphere that
contains both living (biotic) and non-living (abiotic) components which interact
upon each other. The non-living components normally constitute the habitat
in which the living components carry on their activities, although living ele-
ments may be part of the habitat in certain cases. Ideally, an ecosystem
should have some sort of boundary to delineate it from other systems and be
fairly uniform and homogeneous so that a small sample of the system is

representative of the whole.
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Microbial habitats vary widely in size. If the composition and the environ-
mental conditions of a given unit are relatively uniform over a large area,

as in the ocean, then the habitat may be large and contain other habitats within
it. In many cases, however, microbial ecosystems are very small, lack
definite boundaries, and have little uniformity. This is especially true with

soil ecosystems.

The upper continental crust of the earth is composed of crystalline basement
rock interspersed with and overlain by unconsolidated rock materials such as
sand, clay, silt and gravel, and consolidated rocks such as shale, sandstone,
limestone, dolomite, gypsum, and lava in deposits of varying sizes, shapes,
and depths. These rock materials, together with organic deposits and the
liquids and gases filling the voids or interstices within them, comprise the
habitats in which subsurface micro-organisms exist and function, Of course,
it is actually within the aqueous phase filling the interstitial spaces and forming
films around rock particles that active metabolizing microbes must live. This

is because required nutrients must evidently be in solution to be utilized.

The crust of the earth is not homogeneous in nature, but varies widely from
point to point in composition and environmental conditions and, hence contains
a multitude of small, discrete microhabitats in which a great many intricate
and differing ecological interactions may occur. In reality then, subsurface
regions of the earth's crust are highly compartmentalized, collectively con-
sisting of a vast number of microhabitats which may be no larger than a soil
particle and the water film surrounding it (12). Each microhabitat may be
an independent entity, linked only to other microhabitats by shared water
bridges. The environmental conditions such as pH or oxidation-reduction
potential in one microhabitat may be entirely different from the adjacent micro-
habitat. Due to differing conditions, neighbouring microhabitats may have
different microbial populations which act upon pollutants in different ways.
Therefore, the total effect of microbial activity upon a groundwater pollutant
in the earth's crust is a culmination of the interactions between that pollutant

and possibly many differing microbial populations.
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In a recent review, several conclusions are made concerning subsurface
biological activity in relation to groundwater pollution (13). First and fore-
most is the conclusion that previous investigations, by petroleurm microbiolo-
gists and others, clearly show beyond a reasonable doubt that many subsurface
regions lying below the soil zone are not hostile to microbial life and, in fact,
contain a varied and apparently metabolically active microflora. In most sub-
surface regions, particularly those of sedimentary origin, environmental
conditions such as temperature, hydrostatic pressure, pH, or spatial limitations
do not appear so severe as to prohibit some type of microbial activity until
depths are attained where temperatures exceed microbial tolerance levels.

These depths are apparently in excess of 2000 metres in most regions.

The environmental factors which previous investigations indicate may be the
most important in determining the extent and nature of microbial activity in
subsurface habitats, include the oxidation-reduction conditions prevailing within
a habitat, the availability of nutrients, and the nature or structural composition
of the rock materials which constitute the solid phase of the habitat (13). How-
ever, it must be realized that the importance of these and other factors cannot
easily be evaluated separately. Most chemical, physical, and biological eco-
logical factors are interrelated and their expression is the sum of numerous
interactions between each other so that an alteration in one factor affects the

other factors and, eventually, the entire condition of the environment (12) (14).

A microbial habitat must provide to resident micro-organisms in a soluble,
utilizable form, all the nutrients which they require for synthesis of cell
materials and for generation of energy to carry on their biosynthetic processes.
For generation of cell constituents a suitable carbon source, either carbon
dioxide or organic carbon compounds, must be available along with smaller
quantities of nitrogen, .phosphorus, and sulphur, and low levels of various other
elements. Potential sources of carbon for microbial utilization are relatively
plentiful in many subsurface environments, since the upper continental crust

of the earth is variously estimated to contain in the neighbourhood of 1019 to
1020 kg of carbon (15) (16). Most of this carbon is present as inorganic com-

pounds, principally carbonates, but an appreciable portion occurs as organic

matter, much of which was incorporated into sedimentary deposits at the time
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of their formation and has not been completely mineralized over geological
ages. Large quantities of organic compounds are found concentrated in
petroleum deposits, but vastly greater amounts are dispersed throughout

sedimentary rocks in a finely disseminated state (17) (18).

A review of available data indicates that essentially all subsurface waters
probably contain significant quantities of dissolved organic matter (13), result-
ing both from leaching of organics from sedimentary rocks and transport of
fresh organic matter from the surface. Humic substances, naphthenic acids,
fatty acids, and phenols are known to comprise part of the dissolved organic
matter in groundwaters near petroleum deposits, but the specific composition
of the naturally occurring organic matter of groundwaters generally remains

largely unknown.

The growth of heterotrophic bacteria may often proceed when very low levels
of organic matter are available (12). It would appear likely, therefore, that
the organic substances present in most subsurface environments of sedimentary
origin are sufficient in quantity to support microbial activity, both as sources
of carbon for synthesis of protoplasm and as electron donors for generation of
energy. However, microbial activity in the subsurface may be limited by the
type, rather than the quantity, of subsurface organic matter. For example,
much of this material may consist of substances resembling soil humus com-
ponents which yield to microbial degradative processes only very slowly, even
under the most favourable conditions. Also, some compounds may not be
utilized by microbes in the absence of oxygen per se, and some may even be

microbial inhibitors (19).

Carbon dioxide is potentially available as a carbon source for chemolithotrophic
(autotrophic) micro-organisms in many subsurface regions. Inorganic electron
donors which might be oxidized by such microbes for generation of energy are
also encountered with some frequency in subsurface environments, For example,
molecular hydrogen is often present in subsurface gases (20), and elemental

sulphur and hydrogen sulphide are not uncommeon in the earth's crust.
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Nitrogen, phosphorus, and sulphur are probably present in essentially all
sedimentary formationsas constituents of organic and/or mineral matter,
albeit the concentration of one or more of these elements, most likely nitrogen
and phosphorus, may be extremely low in specific locations. However, the
levels of these elements required to maintain a minimum level of microbial
activity in such environments would appear very low. It seems unlikely that
nitrogen, phosphorus, and sulphur concentrations would often be so low in
subsurface environments as to completely preclude all microbial activity,
although the prdability appears high that limited availability of one or more of
these elements in a readily utilized form will restrict the level of microbial

activity which can possibly occur in many subsurface regions.

Inhibition of microbial activity in subsurface environments solely because of
unavailability of mineral elements would also be unlikely, since all subsurface
waters are mineralized to some extent due to leaching of the rocks with which
they come in contact,and the concentrations of inorganic ions required for
microbial growth are usually extremely low. In this connection, Kartsev
states that mineral compounds necessary for growth of hydrocarbon-utilizing
microbes have been found in a wide variety of subsurface formations, although
clay interbeds deficient in the minerals required for development of these

bacteria have been observed in rare cases (21).

Generation of energy by non-photosynthetic micro-organisms is supplied by
oxidation-reduction reactions in which electrons are transferred from an
electron donor to an electron acceptor. Required electron donor materials
may be either oxidizable organic compounds or, for some organisms, oxidizable
inorganic substances such as molecular hydrogen, reduced sulphur compounds,
ammonia, nitrite, or ferrous iron. Required electron acceptor sources may
be molecular oxygen, the electron acceptor required by obligate aerobes, or
may be some other substance such as nitrate, sulphate, carbon dioxide, or
reducible organic compounds. Some microbes are facultative in nature -
usually preferring oxygen as an electron acceptor when it is available and using
other compounds when oxygen is absent. Metabolic activity in soils apparently
changes from aerobic to anaerobic when the concentration of oxygen declines

below 3 X 10” % M (22).
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Determinations of both molecular oxygen concentrations and oxidation-
reduction potentials in subsurface environments are subject to formidable
methodological problems because of the difficult accessibility of these regions.
Consequently, definitive data concerning subsurface oxidation-reduction
conditions are scarce. However, those data which have been reported, coupled
with general observations concerning the probable availability and consumption
(reduction) of molecular oxygen and other reducible substances in subsurface
regions, provide a limited insight regarding probable oxidation-reduction

conditions in subsurface zones,

In the zone of aeration gas in the rock interstices is, for the most part,
potentially subject to constant interchange with atmospheric gases. It has been
widely assumed, therefore, that high oxygen tensions generally prevail within
the zone cf aeration. However, the situation is probably not so simple as this

assumption implies.

Regions of oxygen deficiency are known to occur with some frequency even in
supposedly well-aerated surface soils, although oxygen replenishment by gas
interchange should be most effective near the surface. These oxygen-deficient
regions probably occur because oxygen is not replenished by gas interchange

as quickly as oxygen is utilized by soil micro-organisms.

The rate of gas exchange between the overlying atmosphere, the soil atmosphere,
and the liquid phase of the soil environment is governed by a variety of environ-
mental factors, including temperature, pH, atmospheric pressure, concentration
gradients, and adsorption coefficients. Because most factors are limiting in
nature, the rate of oxygen exchange between the soil and the overlying atmos-
phere is relatively slow. After entering the soil atmosphere oxygen to be
utilized is probably in a dissolved state, since it must pass through the water
film that surrounds any actively-metabolizing micro-organism. Therefore,
since oxygen is relatively insoluble in water, it seems probable that micro-
habitats in which there is a high level of microbial activity would rapidly become

anaerobic.
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Microbial activity and, hence, oxygen consumption is almost certainly
significantly less in the intermediate and capillary subzones of the zone of
aeration than in the soil subzone in most situations. However, the rate of
gas interchange with the atmosphere is also likely to be low in these deeper
regions of the zone of aeration. It is, therefore, logical to suspect that
regions of oxygen deficiency may be at least as likely to occur in the deeper

subzones of the zone of aeration as in the more shallow soil water subzone.

Since the deeper regions of the zone of saturation are far removed from the
zone of aeration and the rates of groundwater movement within these regions,
and the rates at which they are recharged with waters containing oxygen and
other reducible substances normally range from very low to essentially zero,
it appears unlikely that appreciable oxygen and other easily reduced substances
could be present in them. This supposition is supported by data obtained in
the USSR during studies related to the genesis of, and exploration for, petrol-

eum (23) (24).

On the other hand, considerable variations in rates of reductive processes
and replenishment of oxidized substances appear possible in the upper regions
of the zone of saturation. It seems likely that oxidation-reduction conditions
in these regions may vary over a significant range of possibilities, although

somewhat reducing conditions would appear to be generally favoured,

Limited observations of redox potentials in subsurface samples indicate that

the total exclusion of microbial activity in subsurface environments by unfavour-
able oxidation-reduction conditions seems unlikely, although the possibility exists
that some deep regions of the zone of saturation might become so reduced as to
preclude microbial growth (25) (26). Also, since different species of micro-
organisms are usually able to grow well only within a relatively narrow range

of redox values, the oxidation-reduction conditions that prevail within a partic-
ular subsurface region will limit the species of microbes which may successfully
inhabit that region, and will often control the metabolic pathways and products

of these microbes. For example, sulphate-reducing bacteria require an environ-
mental E. of -200 mv or less for initiation of growth, and reduction of nitrate

h
by facultative microbes in soil has been found not to proceed unless the redox
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potential is less than +338 mv at pH 5.1 (27) (28).

Although molecular oxygen is, with some exceptions, undoubtedly absent from
the deeper regions of the zone of saturation and is likely available in variable
and often limited quantities in upper regions, other substances which serve as
terminal electron acceptors for anaerobic organisms, or which may be utilized
as alternate electron acceptors by facultative organisms, are widely distributed
in subsurface regions. Sulphate, the required terminal electron acceptor of
the obligately anaerobic sulphate-reducing bacteria, is probably present to some
extent in most subsurface waters, often in relatively high quantity. Carbon
dioxide, as previously noted, is present in many subsurface environments and
may be utilized as terminal electron acceptor by .several. species of methane
bacteria. Nitrate, the alternate electron acceptor for many facultative microbes,
occurs often in subsurface waters, particularly at relatively shallow depths.
Simple organic compounds, which may serve a number of microbes as electron
acceptors via fermentative metabolic pathways, are also likely present in many
subsurface environments, although such substances probably become progress-

ively more scarce with increasing depth (29).

In total, the availability of electron acceptors is probably suifficient in many
subsurface regions to support at least a minimum level of microbial activity.
However, the rates at which electron acceptors can be replenished in various
subsurface environments appear likely to limit the levels of microbial prolif-
eration which may be sustained therein. Insufficient availability of suitable
electron acceptors to sustain significant microbial activity may well be a
principal factor in the survival for geological ages of organic matter, particu-

larly petroleumn deposits, in the earth's crust.

The physiological characteristics of the organisms reported isolated from sub-
surface samples tend to support available evidence concerning possible sub-

surface environmental conditions (13). The sulphate reducer, Desulfovibrio

desulfuricans, appears to be uniquely adapted to thrive in subsurface environ-

ments, and seems to be almost ubiquitous in such regions (27) (30). Other

microbes found in subsurface samples, such as Pseudomonas, Mycobacterium,

and Actinomyces species, are easily isolated from surface soil and appear to
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be physiologically suited to many subsurface habitats.

The observations presented in the above section concern mostly subsurface
environmental factors in natural environments unaffected by human activities.
Unquestionably, such activities could profoundly alter the environmental
conditions in many subsurface regions. For example, low levels of readily
utilizable carbon sources, electron acceptors, and possibly phosphorus and
nitrogen, appear most likely to limit microbial activity in many subsurface
environments. Disposal or groundwater recharge activities which result in
the entry of liquid or solid wastes containing microbial nutrients into regions
below the soil zone, would be likely to considerably alter this situation in the

surrounding subsurface environment.

Microbial populations, and hence microbe-pollutant interactions, in subsurface
regions receiving pollutants are likely to be profoundly affected by the nature
and quantity of pollutants introduced and their effect on the native subsurface
environment. For example, microbial species which are very minor members
of the native ecological community may become dominant in the environment
created by entry of pollutants. Also, microbes contained in the waste intro-
duced into a subsurface region may proliferate there and become the dominant

species in the ecosystem.

Surface microbe-pollutant interactions are likely to be mainly beneficial,
producing such desirable results as elimination of organic pollutants from
subsurface waters by mineralization or removal of nitrate by denitrification.
Such interactions could be detrimental, resulting in production of undesirable
metabolic products which enter and pollute groundwater or reduce aquifer

permeability through clogging of interstitial spaces.

3. CURRENT DEVELOPMENTS

Previous investigations of subsurface microbial activity have been concerned
. brimarily with delineation of the types and numbers of native microbes in
essentially undisturbed subsurface environments, mostly in formations deep

within the zone of saturation. These investigations provide a limited
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indication of possible microbe-pollutant interactions which might be expected
to occur in some subsurface environments. However, they provide practically

no information concerning:

(i) the extent and nature of native microbial activity
in the zone of aeration below the soil zone and in
the upper regions of the zone of saturation; and
(ii) microbial activity in subsurface environments altered

by the introduction of pollutants.

In order to provide such information, the development of new technology is
required. Initially, sampling methods must be developed by which subsurface
environments may be examined. Secondly, better analytical methodology
must be developed so that in situ characteristics of subsurface ecosystems

may be determined.

The problems involved in sampling subsurface environments and the resultant
expense, have always been the main deterrent to subsurface investigations.
Obviously, terrestrial environments far below the earth's surface cannot be
directly examined. Instead, biological activity in subsurface environments
must be characterized by examining natural spring waters, or by drilling
wells and examining the resultant cores and well waters. Spring waters give
an indication of the chemical nature of the producing aquifer, but are not
necessarily biologically or chemically representative of deep stratal waters
(6) (31). In essence, they provide information concerning the biological
situation in the vicinity of the outcrop where the spring occurs, but are un-
likely to accurately reflect microbial activity deeper within the aquifer form-

ation.

Well waters are considered to provide more representative information con-
cerning subsurface ecosystems than spring waters, but they are likely to re-
flect contamination resulting from drilling operations. They may not be quan-
titatively indicative of the microbial population in an aquifer, since the move-
ment of water from the surrounding aquifer rocks into a well during pumping

is likely to be much more rapid than the movement of microbes. Samples

obtained aseptically from undisturbed cores undoubtedly provide the most
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representative information concerning subsurface microbial activity, but the
acquisition of such samples is fraught with difficulties. Also, since sub-
surface strata are not homogeneous, cores or water samples from a single

site or depth may not be representative of the entire formation.

However, the difficulties in attempting to obtain representative, uncontami-
nated, and undisturbed cores are not insurmountable if reasonable precautions
are taken. Coring equipment is currently available which can be used in many
investigations, especially when coring in formations which do not require the
use of drilling fluids or muds. Drilling fluids are a definite source of bacter-

ial and chemical contamination in coring operations (6) (32).

Three types of coring devices - a Denison core barrel, a piston sampler,

and a dry-tube sampler - have been tried in subsurface studies being con-
ducted by the Ground Water Research Branch of the US Environmental Pro-
tection Agency. The dry-tube coring device has proved to be the most
effective of the three in these studies which involve .cgring in alluvial form-
ations with a shallow water table. The core barrel used is a simple steel tube
approximately 46 cm in length and having an inside diamter of 7.3 cm. The

- tube is fitted with a 'shoe' and pushed into the formation by a rotary drilling
rig., After raising the coring device, the core barrel is immediately placed
into a clamp and a hydraulic jack is used to extrude the core. As the core

is extruded, the first 6 to 10 cm are aseptically removed and the centre of the
core is subsampled with a sterile, stainless steel core barrel approximately
1.5 cm in diameter. The subsample is aseptically handled and immediately
placed in appropriate sterile containers. The remainder of the core material
is utilized for chemical and physical analyses. By subsampling the interior
of the original core, contamination from the core barrel and problems with

smearing can be prevented.
After coring, it has been found that boreholes which have been cored without

the use of drilling fluids can be cased and completed to serve as water sampling

wells.
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Even if sampling obstacles can be overcome, the problems involved in
estimating the numbers of organisms in a sample, identifying them, and
determining the extent of activity they are capable of performing in the

in situ environment, are immense. Basically, there are two approaches
taken by microbial ecologists in characterizing microbial ecosystems. The
first approach is qualitative in nature, and involves attempting to determine
what types of organisms are present and what their physiological capabilities

are in the laboratory.

It can be useful to have some knowledge of the types of organisms present in
an environment. Such knowledge can be used to identify the functional types
present and to monitor fluctuations in environmental conditions. The main
obstacle to such studies is the impossibility of devising an isolation technique
by whi ch all the organisms present in a sample can be isolated, nor is it
possible by such methods to determine how active the isolated organisms are
in the native habitat. Therefore, the organisms reported isolated from sub-
surface environments in previous investigations were not necessarily the only
or the dominant organisms present. In fact, the cultural methods used were
almost always selective for either sulphate reducers, hydrocarbon-utilizers,

or aerobic heterotrophs (13).

One isolation technique being developed by the Ground Water Research Branch
to examine subsurface cores is an adaptation of techniques used by medical

and veterinary microbiologists to grow obligate anaerobes. Since a great
majority of subsurface habitats are anaerobic, and probably have been for
centuries, it seems logical to assume that any organisms inhabiting those
regions are anaerobic in nature. It has been found in medical laboratories
that by taking samples from anaerobic regions and processing them without
exposure to oxidizing conditions, it is possible to isolate organisms which were
previously unknown (33). Our limited studies with core samples using strict
anaerobic techniques indicate that subsurface populations are comprised of

large and diverse anaerobic microflora.
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The second approach to microbial ecology is the measurement of the total
biological activity in the in situ environment without determining the specific
types of micro-organisms present. This may be considered the 'quantitative'
approach to microbial ecology. The technical problems involved in such
determinations have been discussed in detail by a number of microbial ecologists,
who all emphasize that at present it is impossible to accurately enumerate the
microbial population of any ecosystem, soil or otherwise, and measure the
extent of that population's activity directly within the natural habitat, although
intensive efforts to develop methodology to do so are being made by the world's

microbial ecologists (10) (12) (16) (34) (35) (36) (37).

The Ground Water Research Branch of the US EPA is currently evaluating a
number of proposed methods of measuring the level of biological activity in
soils and subsurface formations for their potential usefulness. These methods
include analyses for specific compounds such as adenosine triphosphate (ATP),
organic phosphate esters, nucleic acids, and proteins and also include assays
for activity of specific types of enzymes such as phosphatases, nucleases,
transaminases, dehydrogenases, and hydrolases,

Since it is normally found only inside living cells and is an es sential component
in metabolic processes, ATP is one of the most promising indexes of total
biomass within an ecosystem. However, the sensitivities of presently-
available analytical procedures for ATP in soils are inadequate for meaning-
ful analysis of samples from regions of relatively low activity, apparently
because of poor recoveries achieved in extraction of ATP from soil matrices
and the presence in the soil extracts of high levels of substances which inter-
fere with the Luciferan-Luciferase method for ATP measurement. Efforts
are currently being directed toward alleviation of these problems in order to

achieve the sensitivity potentially inherent in the ATP method.

Another potential method of studying subsurface ecosystems is the construction
of physical model systems by placing subsurface materials, uncontaminated by
sampling, into sterile columns or containers and simulating subsurface con-
ditions of temperature, gaseous composition, etc. By using such systems,

it is possible to follow the fate of various compounds and wastes placed in them.
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Such an approach was used by the Ground Water Research Branch of the US
EPA to investigate the fate and effect of nitrilotriacetic acid (NTA) in anaerobic
groundwater environments (38), Simulated aquifers were built using four-
litre aspirator bottles containing three litres of natural sand obtained from a
shallow aquifer underlying a river floodplain. Aquifers were charged with
14C-NTA (uniformly labelled) and maintained under a nitrogen atmosphere.
These studies indicated that NTA entering an essentially anaerobic ground-

water environment would undergo anaerobic degradation to yield primarily

methane and carbon dioxide.

The Ground Water Research Branch of the United States Environmental
Protection Agency is currently responsible within the US EPA for developing
sampling and analytical methodology for groundwater pollution studies. The
sampling and analytical techniques discussed in this section are being developed
and tested in conjunction with various studies involving such groundwater
pollution sources as septic tanks and soil treatment systems. Obviously,
many of the problems associated with studying micro-organisms in their
environments are largely technical and as our technology improves, our

knowledge will expand.

4. CONCLUSIONS

Available information clearly shows that microbial activity is both possible
and probable in most subsurface regions below the soil zone. The significance
of such activity to groundwater pollution resides in the interactions of pollu-
tants and micro-organisms in subsurface regions, and the ultimate effect of

such interactions on the quality and availability of groundwater.

However, current knowledge concerning microbial populations and microbe-
pollutant interactions in subsurface regions receiving pollutants is extremely
limited and further investigations are needed. Such investigations are depend-

ent on the continued development of sampling and analytical methodology.
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The ultimate objective of such investigations will be the development of
information which can be used to predict the fate and effect of pollutants in
groundwater, define the capacity of subsurface regions as pollutant receptors,

and eventually result in the ability to plan and control any activities affecting
groundwater.
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PAPER 6

GROUNDWATER GEOCHEMISTRY - CONTROLS AND PROCESSES
W. M. Edmunds

1. INTRODUCTION

An effective study of processes in groundwaters requires an interdisciplinary
approach by chemists and geologists, occasionally with a little help from the
biologist. The chemists' traditional approach is to simplify the natural
system, to isolate particular reactions within it and to examine these from an
experimental and/or theoretical standpoint, The geologist usually recognizes
the complexity of the system, identifies solute distributions within it and,
from certain trends, tries to identify natural processes both in space and in
time. Fortunately the interface between the disciplines has been bridged over
the past 20 years or so by geochemists who have applied chemical techniques,
notably chemical thermodynamics, to natural geological processes such that a
foundation has been laid on which complex processes in subsurface waters in

particular can be studied (Garrels and Christ 1965, Kitano 1975).

In addition to geochemistry, it is important that groundwater quality is also
considered in relation to the hydrogeology, so that the dynamics of groundwater
movement and storage can be set in context. In the present paper the

main processes controlling the development of groundwater mineralization will
be outlined and illustrated by field situations, from UK and elsewhere, which

can usually be interpreted by geochemical methods.

In applying chemical principles to natural reactions, we are immediately
faced with multicomponent rather than simple reactant solutions, and impure,
disordered, reactant solid phases or reaction products (minerals), Natural
reactions take place over the complete range of ionic strength from distilled
water to natural brine, and if all types of subsurface waters are considered,
over a wide range of physical conditions - from temperate zone dilute,
shallow groundwaters to hot formation brines., Nearly all water in the
earth's crust is mobile - on a time scale ranging from km/day in karstic
formation to less than mm/1 06 year in interstitial waters of deep basins - in

response to hydraulic, thermal or chemical gradients.

It should be evident, therefore, that the chemistry of any natural water can

be interpreted most satisfactorily in terms of the geochemistry of the host
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rock and its mineral assemblage, and that the processes involved can best

be described in terms of interaction between water and rock, It is also
important to recognize the significance of the biological and organic component
of groundwaters. Traces of organic carbon are found in most groundwaters
(Leenheer et al. 1974); bacteria are common, not only in shallow groundwaters
but may be present and active in deep groundwaters of sedimentary basins
(Kuznetzov et al. 1963) where they catalyse some of the most important
geochemical reactions, Decomposition of organic matter in rocks is

generally exothermic and provides major energy reservoirs for driving other

geochemical reactions.

The main processes influencing groundwater composition can be subdivided
into physical, geochemical and biochemical. Physical processes are
briefly considered here, with most attention being paid to geochernical
processes. The relative importance of biochemical processes is indicated
in the concluding section, but is not considered in detail: the reader is

referred to Kuznetzov et al. (1963) and Golwer et al. (1976).

2. PHYSICAL PROCESSES

Physical processes, especially mixing, dispersion and filtration,

may be important on their own’or coupled with geochemical or biochemical
processes in modifying the chemical composition of groundwater. In
assessing the significance of physical and some geochemical processes, it
is important firstly to consider the relative importance of solute transport
mechanisms, and secondly the particle size of the components of the

groundwater in relation to the primary and secondary porosity of the aquifers.

It is now widely accepted that fissure flow is quantitatively more important
than intergranular flow in the majority of aquifers. Fissure storage,
however, is commonly a small fraction of the total storage in sedimentary
aquifers and the rates of solute transport in the intergranular pore space will
be much slower than in fissures. Thus a compositional disequilibrium may
exist between water in rapid transit via fissures, and that moving at much

lower intergranular velocities and/or by diffusion, as represented
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schematically in Figure 1. This situation probably occurs quite widely

in groundwater systems and is of fundamental importance to the interpretation
of groundwater quality. Until equilibrium within the system is established,
continuous modification to the groundwater chemistry would be predicted and
the rates of intergranular flow and diffusional transport, together with the
relative geometry of the system, will be limiting on many geochemical

processes by regulating the availability of reactants,

The heterogeneity may be detectable as a difference in elemental composition
between fissure water and intergranular water as described, for example,
from the Chalk of Berkshire (Edmunds et al. 4973) and which probably
accounts for similar compositional anomalies in the groundwaters from other
terrains such as the glacial tills of parts of Canada (Grisak et al. 1976).

On the other hand, dissimilarities in elemental composition

may not exist and the differences could be only in the age of

water in the two components. This may be detectable, for example, as a
difference in the levels of tritium between fissure drainage and intergranular

storage, as in the Chalk (Smith 1969, Foster 1974).

The intergranular reservoir can therefore have a long-term effect on the
groundwater quality. The composition of water abstracted from a newly
developed aquifer will undergo a gradual change from the steady state

formation water composition to a new composition, representing dynamic

equilibrium between induced recharge and the intergranular storage.

The physical size of the solutes and suspended matter relative to the rock
framework can have an important bearing on several processes - notably
filtration but also coprecipitation, adsorption/desorption and related surface
reactions. The principal size fractions of mobile particles relative to the
pore diameters of principal aquifers is represented in Figure 2, where the
common sampling reference limit of 0,45 p used to separate suspended and
dissolved fractions is also shown. It is apparent that much clay grade
material including amorphous ferric and other hydroxides will be effectively
removed on intergranular movement, although there is still scope for

transportation via major fissures. It is also noted that bacteria would be
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excluded from the interstitial pore space of the fine grained carbonate

matrix of aquifers such as the Chalk and Jurassic Limestones.

3. GEOCHEMICAL PROCESSES

Significant advances in recent years in the theoretical treatment of natural
waters (Garrels and Christ 1965, Stumm and Morgan 1970) together with
rapid improvement in the precision and speed of analytical techniques, have
provided a basis for the study of geochemical processes. It is important
that investigation of processes be undertaken with initial emphasis on field
relationships; experimental and/or theoretical studies can only be meaningful

if they relate to real situations in natural systems.

Geochemical processes in groundwaters can be subdivided into eight themes,

discussed below.

3.1. GEOCHEMICAL ABUNDANCE

Hydrogeochemical concentrations of the elements may not always be directly
related to their abundance in the lithosphere due to the influence of solubility
controls, Thus aluminium, being one of the most abundant elements in the
earth's crust, can only be considered a trace constituent of most natural
waters in view of the low solubility of parent minerals, On the other hand
cesium and rubidium may occur in significant concentrations in some
groundwaters, despite their low crustal abundance, due to their occurrence
in highly soluble minerals. For the majority of elements, however, it is
initially desirable to take account of their relative geochemical abundance,
since this will exert a fuandamental control on availability, Although mean
geochemical abundances for a given rock type (Wedepohl 1969) can provide 2
broad guide, for detailed interpretation of the hydrogeochemistry it is desirable

to know the compositional variability of the aquifer rock and minerals,

The solute levels of most major elements are frequently controlled by
equilibrium reactions involving parent minerals. On the other hand levels of
minor and trace elements, which may occur as impurities in these rock-

forming minerals, may be limited by the solubility of less common minerals.
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The increase in strontium in the Lincolnshire Limestone groundwater
(Edmunds 4973) provides a good example of this process. Calcium levels

are buffered near outcrop by carbonate equilibria but strontium (Figure 5),
well below solubility limits imposed by strontianite, continues to increase
regularly down-gradient from 0.3 to 1.8 mg/} until checked by other competing

processes.

3.2. SOLUTION - PRECIPITATION REACTIONS

Water-rock interactions are dominated by solution and precipitation processes.
All minerals are soluble to a greater or lesser extent and the solubility will
vary depending on the subsurface physical and chemical conditions. Unlike
most inorganic compounds, however, the solubilities of several significant
minerals (e. g. calcite, gypsum) are inversely proportional to temperature;

pressure effects relative to those of temperature are relatively insignificant.

For many minerals of geological importance, thermochemical data is not yet
sufficiently reliable to permit accurate equilibrium calculations., Data for
pure imorganic counterparts, although extensive, has often been proved
inadequate when reassessed for geochemical calculations; for the application
to natural systems it is important that the consistency between data sets is

first established.

Our understanding of carbonate hydrogeochemistry has evolved progressively
as a result of a number of studies of limestone terrains, using an equilibrium
approach (Back 1963, Holland 1964, Langmuir 1971). It is interesting to note,
for example, that the dissociation constant for calcite has recently been
substantially revised by experimental work (Jacobson and Langmuir 1974),
following a careful field investigation of groundwaters in Pennsylvania
(Langmuir 1971) and for carbonate minerals there now exists a reasonably
consistent set of thermochemical data. It can be concluded that most carbonate
groundwaters, with the significant exception of the English Chalk, are
controlled effectively by mineral equilibria involving pure or substituted

calcites or dolomites,

Supersaturation and undersaturation are nevertheless recorded from various
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carbonate areas. It is likely that departure from chemical equilibrium is
most frequently related to kinetic factors, bﬁt may also be due to the
microcrystalline nature of the controlling mineral. Very high levels of
carbonate saturation in interstitial waters in the English Chalk (Bath and
Edmunds in preparation) are considered to be due t> the fine grain size
(~0.5 ) of the rock matrix and the resultant higher free energy of the solid
phase. Solution of gypsum ‘py groundwater at a more rapid rate than the
carbonate will nucleate/precipitate, has also been propos.ed (Mercado and .
Billings 1975) to explain supersaturation. Sluggish nucleation rates may
also explain some of the observed cases of supersaturation, the nucleation
rate of calcite varying for a number of reasons including the ratio of

2 2+
Ca * to other ions such as Mg  (Médller and Rajagopalan 1975), Clearly
each case of supersaturation has a uniqué explanation which must be

explained in terms of the local geochemical conditions in the aquifer.

Rates of attainment of carbonate equilibrium have been studied in several
localities, Although saturation may be reached relatively quickly in days
rather than years in percolating groundwaters (Holland et al. 1964),
several carbonate aquifers contain tracts of groundwater typically under-
saturated with respect to carbonate minerals., Spring discharge in karstic
areas such as the Lower Palaeozoic Limestones of the Appalachians
(Langmuir 1971), and the Carboniferous Limestone of Derbyshire (Edmunds
1971) frequently exhibit carbonate under saturation, and a distinction may be
made between diffuse flow where saturation generally obtains, and conduit
flow springs where undersaturation is commonly observed (Shuster and
White 1972)., Extensive hydrogeological and geochemical studies of the
artesian Floridan aquifer (Back 1963, Back and Hanshaw 1971) have
‘demonstrated the extent of undersaturation with respect to calcite and
dolomite. | Thé three-dimensional extent of dolomite undersaturation is
considerably greater than that for calcite. In conjunction with radiocarbon
determinations, it has been demonstrated that equilibrium with calcite is
reached in 4000 yezars and with dolomite in 15 000 years, and that further
migration of the waters down-dip produces a degree of supersaturation

(Back and Hanshaw op. cit. ).
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In the Lincolshire Limestone of Eastern England there is excellent
correlation between observed values and predicted calcite equilibria

(Figure 3a). In the upgradient section of the confined aquifer (see map
Figure 4) calcite saturation indices (SI values) demonstrate equilibrium

well within limits of error, both experimental and those resulting from
thermodynamic data; all groundwaters, however, still remain undersaturated
with respect to dolomite. Further down gradient the calcite saturation
control is diminished as other processes, including ion exchange, become

more important,

In the Triassic Sandstones of the West Midlands, the degree of carbonate
saturation can be broadly interpreted in relation to vertical changes in
sandstone lithology (Figure 3b). Most groundwaters from the Keuper
Sandstone and Lower Mottled Sandstone, both of which have relatively
abundant carbonate cement, show calcite supersaturation and a few are
saturated with respect to dolomite. In contrast waters from the underlying
Bunter sandstone, which is typically low in carbonate, are characteristically
undersaturated with respect to both calcite and dolomite (Edmunds and

Morgan-Jones 1976).

3.3. IONIC STRENGTH AND COMPLEX FORMATION

The total mineralization of a groundwater, represented by the ionic strength,
has a direct effect on equilibrium concentrations of ionic species. The
activity coefficients, which relate the thermodynamic activities to the
observed concentrations, decrease as the ionic strength increases (Figure 6).
Thus the ion activity product at equilibrium requires greater ionic
concentrations, Furthermore the formation of ion pairs and complexes also
reduces the activity of specific ion species and, therefore, tends to raise the
equilibrium concentrations of solubility-controlled ions. From Figure 6 it
can be seen that activity coefficients of multivalent ions are most susceptible
to ionic strength changes and a similar dependence on charge exists far

complex ion stability,

To illustrate the extent of ion pairing in natural waters, the degree of
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complexation in sea water (Garrels and Thompson 1962) is compared in
Table 1 with that in various UK groundwaters, calculated using a Fortran

computer program (Bath 1975). It is seen that free Ca, Mg, SO4 and

carbonate concentrations are reduced to a variable extent even in
relatively dilute groundwaters, but that monovalent ions are generally
unassociated to levels as high as sea water. The most important ion pairs

in natural waters are Ca CO30 and Ca SO40 which are generally present in

+
significant amounts and Mg'SO4 . MgHCO3 and CaHCO3+ in trace or

negligible quantities (Jacobson and Langmuir 1974) and the combined effect

of these is illustrated in Table 1.

Table 1. Percentage free ions in selected UK groundwaters relative
to sea water (Garrels and Thompson 1962). Ionic
concentrations in mg/1.

Lincolnshire Lincolnshire
* Bunter Sandstone . .
Sea water Coble Salo Limestone Limestone
VP Y P Billingborough Crowland
Ionic % Free Ion|Ionic % Free lon| Ionic % Free Ion|Ionic % Free Ion
Ca 401 91 71 96, 4 134 90, 7 10 89.7
Mg 1312 87 19 94,7 6.3 90,4 16, 4 91, 2
Na 11030 99 115 100 14 100 1150 100
K 391 99 5.6 10¢C 2.4 100 7.4 100
Cl 19852 100 200 100 22 100 1480 100
HCO, | 146 69 232 98.2 | 279 98. 6 719 96. 7
SO4 2688 54 46 89.0 124, 7 79.3 87 92. 8
CO3 16,2 9 0.57 51.9 0.42 39,2 10 91. 8
pH , 8.15 7.45 7.12 8. 36
Ionic |
strength 0.7 0,013 0. 011 0. 055
Total
minerali-|
zation 35836 689 582 3477

In dilute groundwater at pH 7 and 25°C the equilibrium calcium value will be
around 80 mg/1 in the absence of sulphate. However, the addition of 500 mg/l

sulphate ion to this solution will permit the equilibrium calcium concentration
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roughly to double due to the formation of the Ca.SO40 ion pair (Langmuir 1972).

The stability of many minor and trace elements in solution is increased
considerably by the formation of complex ions, particularly at higher ionic
strengths, and aquéous concentrations may often be considerably higher than
predicted from solubility products of pure compounds. This i.s notable in
the case of the transition metal sulphides, for example where the farmation
of bisulphide and chloride complex ions may account for the high geochemical

mobility of elements such as lead (Nriagu and Anderson 1971).

The geochemical behaviour of uranium provides a good illustration of the
control over solubility by complex ion formation (Garrels and Christ 1965).
In the absence of carbonate, the solubility of uranium as the uranyl species

2+
(UO2 ) is probably controlled by the hydroxide UO (OH)ZHZO and mobility of

2
uranium would be insignificant above pH 6. In the presence of carbonate
species, and therefore in most groundwaters, uranium forms two soluble
2- 4-
lex i _ " .
complex ions [UOZ(CO3)2(HZO)] and [UOZ(CO3)3] , which effectively
remove the stability control of the hydroxide and ensure uranium mobility

in neutral and slightly alkaline oxidizing conditions,

3.4. ACID-BASE REACTIONS

Most natural waters are effectively buffered in the pH range 6.0 to 8. 5 by

the carbon dioxide - carbonate system. Outside this range the pH of waters
will be controlled most commonly by oxidation-reduction reactions.
Biochemical oxidation will lead to a decrease in pH whilst denitrification

and sulphate reduction, for example, will contribute to a raising of pH levels -
this is illustrated in the deeper groundwaters of the Lincolnshire

Limestone (Figure 4).

The solubilities of almost all minerals, and hence aqueous ionic
concentrations, are dependent on pH as well as the various other factors
discussed here, This is because intermediate complexes involving H+ or
OH are a common feature of solution equilibria, This is illustrated for .

. 2+
the case of iron in Figure 7. On the Eh -pH diagram the Fe ' - Fe(OH)3
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stability field has been contoured over the range 10-3 to 10-7M (56 to

0. 006 mg/1) and the effect of pH is to consistently increase the equilibrium
Fe2 concentration by three orders of magnitude over one pH unit. It
should be clear therefore that very small pH changes can drastically affect
the predicted (and actual) aqueous levels of ions in solution so that the

accurate, in situmeasurement of pH in natural systems is of basic importance.

3.5, OXIDATION - REDUCTION REACTIONS

Oxidation - reduction reactions involve only those elements or species which
can take part in electron transfer and in natural waters, therefore, have the
greatest relevance to the hydrogeochemistry or iron and related transition
metals and to subsurface biochemical reactions involving the C, N, O and

S cycles. Redox reactions involving iron and soine transition metals.are
relatively rapid and reversible, and individual reactions can be described
theoretically using equilibrium methods (Hem and Cropper 1959, Garrels and
Christ 1965); those reactions involving biochemical steps are characteristically
slow (Stumm and Morgan, 1970). In natural waters it is usual for several
redox reactions td contribute to the oxidation condition, and the contribution

of individual redox couples may be difficult to identify. Nevertneless a
consideration of the redox equilibria is probably the best way in which to
assess the likely participants, to follow the direction in which natural reactions
may proceed and to test whether the observed field conditions are controil=d

by single or multiple redox reactions.

The equilibrium constants (K) for several redox reactions which may be
important in groundwater systems are reproduced in order of decreasing
oxidizing intensity at pH = 7 as indicated by pe ° (W) values in Table 2, It

can be seen for example that NO_ is a more powerful oxidizing agent than

3

SO4 and, in general terms, those reactions higher up the list should have the
greatest impact in a competitive situation with several redox reactions

involved in reduction processes.,

. In view of the complexity and/or impossibility of direct measurement of the

amounts of individual oxidized or reduced species in a natural water, itis
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Table 2. Equilibrium constants (K) for some possible redox reactions
in groundwaters (based on Stumm and Morgan 1970 ). The
relative electron activity values (pe °(W)) permit grading of
the reactions in order of their oxidizing intensity at pH = 7.

n
peO.ElogK, peo(W)=p50+ H logK
> w
where npy is the number of moles of protons exchanged per
mole of electrons and Ky is the equilibrium constant for
the dissociation of water (10-14),
REACTION
OXIDIZED = REDUCED log K
i Oz(g) + H+(W) te =% H,O0 + 20,75
1/5NO,” +6/5 HI (W) +e =1/10 N,(g) +3/5 H,0 +21.05
-in" +
3 MnOz(s) +HCO, (10 3) +3/2H (W) +e=3 MnCO3(s) +3/8 H,0 -
3 NO3-+H+(W)+e:-§-NOZ_+%H20 +14.15
1/8NO,” +5/4 H (W) + e =1/8 NH4+ +3/8 H,O +14.90
1/6 NO, +4/3 H'(W) + e =1/6 NH,* +1/3 H,0 +15.14
1 + _ 1
2OZ+H +e-ZHZO2 +11. 54
JCH,OH +H (W) +e =} CH,(g) + % H,0 + 9.88
} CH,0 + H (W) +e=1 CH,(g) + % H,0 + 6,94

FeOOH(s) + Hco3' (1 0‘3) +2 H+(W) +e= FeCO3(s) +2 H,0 -

Fe (OH)3(s) i3 te=Fel 43 H,O +18.8

} CH,O + H (W) +e =1 CH,OH + 3.99
1/8 5042' +5/4 H+(W) +e=1/8 st(g) + 3 H,O + 5.75
1/8 so4z'+9/8 H+(W)+e:1/8 HS™ +%H20 + 4.13
3S(s) + H'(W) + e = 3 H_S(g) + 2,89
1/8 CO,(g) + H+(W) +e=1/8 CH,(g) + + H,0 + 2.87
1/6 N, (g) +4/3 HY (W) +e=1/3 NH4+ + 4,68
H+(W) te-= éHZ(g) 0. 00
L HCOO™ +3/2HT (W) +e =1 CH,O + } H,0 + 2.82
3 COo(g) + H (W) +e =1 CH,O +} H,0 L 4.z20
}Co(e) +3 H*(W) + e = $ HCOO~ - 4.83
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convenient to use Eh (the oxidation - reduction potential) as a working
parameter in field investigations. The Eh can be used qualitatively for
example to map the zones of oxidation and reduction in natural waters and,
under favourable circumstances, semi-quantitatively to interpret the redox
reactions involved (Barnes and Back 1964). Eh measurement will be most
effective in moderately reducing environments and should indicate those
reactions which are reversible on the platinum electrode surface. The
measurement itself may be unreliable in some reducing groundwaters where
sulphide may react irreversibly with the platinum itself, poisoning the
electrode. In oxidizing environments the electrode may function as a PtO
electrode and rather than respond to Eh, may act more like a pH electrode
(Whitfield 1969, 1974). Various other problems associated with in situ Eh
measurerﬁeht are described by Barnes (1963) and Whitfield (41969). For
groundwater systems, the only meaningful results for in situ conditions will
be obtained from artesian overflow or from turbine pumped depth samples for

which anaerobic measurement conditions can be maintained.

In moderately oxidizing groundwaters the redox potential is controlled
primarily by the dissolved oxygen content of the water, probably by way of
the oxygen-peroxide couple (Sato 1960). Disappearance of oxygen and onset
of reducihg conditions indicated by low Eh values will depend particularly on
aquifer lithology and bacterial activity. In the Triassic Sandstones of the
West Midlands (Edmunds and Morgan-Jones 1976) oxidizing conditions extend
generally for 80 to 100 m below surface and reflect the virfual absence of
reducihg lithologies. The levels of dissolved iron are maintained below

0. 5 mg/1 under oxidizing conditions by the stability of amorphous ferric
hydroxides. Within the zone of oxidation, fluctuations in the levels of
dissolved iron may be controlled by slow ageing and recrystallization of

the Fe(OH)3 to goethite (Langmuir 1969, Langmuir and Whittemore 1971).

In the Lincolnshire Limestone of Eastern England, the change in oxidation-
reduction potentials can be followed as the water moves down-dip in the
confined aquifer (Edmunds 1973). There is a gradual decline in the amount
of dissolved oxygen (FigurAe 4) over a distance of 10 km,. to the level of

analytical detection (0.2 mg/1). Throughout this zone the Eh is effectively
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buffered (poised) but undergoes a sudden drop of some 300 mv over a short
distance, indicating an apparent sharp geochemical boundary between
oxidizing and reducing zones in the aquifer. There is an intermediate zone
for some three km down gradient of this boundary where reducing conditions
occur, but through which there is little or no detectable sulphide or
appreciable lowering of dissolved sulphate concentrations, From mineral
equilibrium calculations (Pearson F.J. written communication) it is likely
that in this intermediate zone the dissolved Fe3+/Fe2+ levels are still
controlled by the peroxide - dissolved oxygen couple; the in situ Eh values
are comparable with those calculated using the oxygen detection limit values.
It is therefore possible that the measured Eh boundary does not locate the

true limit to oxygen-controlled reactions in the aquifer,

In the down gradient reducing section of the aquifer, the Eh becomes
progressively more nesgative; the decrease in sulphate and the appearance

of reduced sulphur species and fine grained black precipitate at the well head,

plus an increase in HCO3 » suggests that the reactions:

2- + -
H = @ 0 a 0o & 0 o0
SO4 + ZCHZO + HS + ZCOZ(g) + ZHZO 1
- +
Fez++HS = FeS + H
(pyrite, mackinawite) cecssees 2

must be taking place. Mineral saturation calculations, however, again suggest
that reduced sulphur levels are far too high for sulphate-sulphide equilibrium,
It is possible therefore that additional redox reactions are involved, or that
there are kinetic factors which allow a build up of an excess of dissolved

sulphide,

The redox processes in the groundwater can be closely correlated with the
limestone diagenesis, At outcrop the limestone is typically uniform light
brown with occasional grey lenses, but from core samples taken down gradient
a sequance of alterations confirm the evolution of the light brown oxidized
limestone from a reduced grey limestone by interaction with groundwater

(Figure 4d). The development of oxidation zones parallel to fissures
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demonstrates that the interaction is physically controlled by zones of rapid
groundwater flow in conjunction with diffusion with the adjacent wall-rock,

The finely disseminated iron sulphide in the grey limestone is unstable under
the high Eh of the recharging groundwater and oxidizes to ferric.hydroxide.

In the reducing zone of the aquifer, the finely disseminated pyrite is mobilized
initially as Fe2+ according to reaction 3 but is reprecipitated as FeS (pyrite

or mackinawite, Berner, 1963) dependent on production of further reduced
sulphur: |

2+

2- .
FeS +8H20=ZSO4 + Fe +16H++14e - |

2
The observed concentrations of iron in the groundwater fit rea sbnably well
with the theoretical concentrations and with the boundaries of the predicted
stability fields (Figure 7) suggesting that the levels of iron in solution behave
overall as expected from equilibrium considerations. The higher dissolved
iron concentrations (Fe2+ >0, S.mg/l) are found in those groundwaters lowest

in pH and Eh.

3.6, ION EXCHANGE AND SURFACE REACTIONS

Many rock-forming minerals are capable of exchanging cations or in some
cases anions at their surfaces. From the work by soil scientists in
particular, it is well documented that many clay minerals can have large
cation exchange capacities (Table 3) but it is less well known that certain

other minerals can also have significant exchange capacities.
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Table 3, Cation exchange capacities of various minerals and
colloids. Data from Carroll (4959) and Rosler and
Lange (1972).

Mineral Cation exchange capacity (meq/4100 gm) at pH7
Kaolinite 3 - 15
Montmorillonite 50 - 150
Nontronite 75 - 80
Illite 10 - 70
Vermiculite 100 - 150
Chlorite 10 - 40
Glauconite 11 - 20
Humic Acids 100 - 500
Organic matter up to 300

For a mineral to have ion exchange properties, it is necessary for there to be a
charge imbalance in the crystal structure or at its surface. Thus other silicates with
repetitive negatively charged frameworks may have certain deficiencies due to

their cation substitution. Minerals, such as carbonates, forming in natural
environments are initially impure and have poorly ordered crystal structures,

which may give rise to charge imbalances. Colloidal minerals, such as iron

hydroxides, may also show similar properties.,

In most natural waters an affinity series is observed where an ion with a
larger hydrated radius will tend to become displaced from the mineral lattice/

surface by an ion with smaller hydrated radius:

+ + 4+ +
Cs D>Rb >K »Na S1at

2+ 2+ 2+ 2+
Ba >Sr >Ca > Mg

Ion exchange processes involving Group I and Group II elements can again be
illustrated using the Lincolnshire Limestone. Locally the limestone may
by in hydraulic continuity with basal argillaceous facies of the overlying Upper

Estuarine Series (Anon 1969) but otherwise the clay mineral content of the
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limestone is low and ion exchange sites are likely to include the fine grain

size interstitial organic matter and iron minerals of the aquifer,

The principal cation exchange reaction (Ca2+ ;.‘.:2Na+) can be followed as the
groundwater moves down gradient (Figure 5). The exchange only becomes
significant to the east of the Eh boundary, which suggests that the organic
matter and ferrous iron are more effective ion exchange media than is the
ferric hydroxide of the oxidized limestone further up gradient. The
equivalence point in the exchange reaction occurs at the approximate point
where mixing with formation water (using Cl as index) is detectable., With
the removal of Ca.2+ from the system, the calcite solubility control is no
longer effective, being replaced by NaHCO3, and the oxidation of further

organic matter to produce CO_ is shown by the increase in HCO3— (Figure 4).

2
Potassium, which one might predict to participate in the ion exchange,
decreases only slightly 1n concentration and then increases with the admixing

of saline water., Lithium remains inert throughout the process except for an
increase as mixing with saline water occurs. Rubidium and cesium,

although present in trace quantities, show a slight but significant increase

down gradient. Although ion exchange theory might predict their removal,

the control on behaviour would appear to be the low geochemical abundance;
whilst swamped by Na.+ in the base exchange reactions therefore, their increase

can be best explained in terms of the increased time of water-rock contact.

Strontium and, to a less marked extent, magnesium are apparently controlled
by solution phenomena for some 20 km east of outcrop, but their sharp decrease
after this point is attributed to exchange reactions, The field relationships
would indicate that ion exchange only takes over as the main cmtrol on both

2 2 +
* or Ca +/Sr2 decreases below a critical level;

2+
elements once the Ca /Mg
. 2+ . . 2+ P
in the case of Mg  this would be near 4:1 and with Sr  below 20:1 which is
consistent with the affinity series. For all these elements therefore the
absolute concentrations must be taken into account when considering their

participation in ion exchange processes,
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3.7. MEMBRANE FILTRATION

A large amount of experimental and field evidence (White 1965, Kharaka and
Berry 1973) indicates that clays and similar geological materials can act

as semipermeable membranes which will restrict or retard the flow of
charged solutes., When the fluid is subjected to flow in response to hydraulic,
chemical, thermal or electrical gradient, the effluent solution will be lower
in concentration in comparison to the residual, hyperfiltrate. The type of
geological material involved will be important in controlling the amount or
type of individual solute that will be retarded or transmitted. From
experimental data using bentonite and shale (Kharaka and Berry op. cit. ) the

relative retardation sequence was found to be:

+ + 4+
Li'« Na¥< NH, ¢ K <Rb < cCs’

Mg2+< Ca2+< Sr2+> Ba2+

and in general the monovalent ions were retarded more than the divalent.
Although there is an increasing amount of field evidence which suggests that
membrane filtration is a significant process in soine deep sedimentary formations
and in modifying the composition of saline waters (Kharaka and Berry 1974),

other studies (Collins 1974, Edmunds 1975) would indicate that alternative

processes might be more important.

Although favourable geological situations, for example shales with permeable
sandstones above and below, occur frequently in producing aquifers, it is
unlikely that large enough head differences ( >1000 psi) exist within those
aquifers that are important from a water resources viewpoint, to permit any

significant membrane effect.

4, CONCLUDING DISCUSSION

Although individual processes have been considered in turn, it is important
to realise that each process is dependent to a greater or lesser extent on some
other process, and that the change in concentration in one ion is likely to

. . 2+ .
influence the concentration of others, Thus the removal of Ca from solution
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in the Lincolnshire Limestone by ion exchange reduces the CaF_ solubility

2
control on F~ concentration, and fluoride levels are allowed to rise in the
down gradient aquifer. Similarly, the oxidation of organic matter is probably
a partial control on the increase of some minor elements such as iodide and

fluoride (Edmunds 1973).

It should be apparent from the preceding discussion that elemental concentrations
in the majority of groundwateré are not true equilibrium concentrations
~considered in terms of one reaction or process. The extent of the departure
from a simple equilibrium model however, may provide an important indication

of the validity of a particular control or whether multiple processes may be
operating. The examples quoted for carbonate supersaturation or
undersaturation provide a good illustration and can be extended in relation to

other minerals,

With the current spate of activity in the area of groundwater pollution, it may
be overlooked that natural processes will control the major and trace element
concentrations in the large majority of waters., This geochemical background
will differ from one lithology to another and will be affected by subsurface
processes as described earlier, but over wide areas characteristic values
can frequently be identified, Typical concentrations are illustrated for Sr2+
and Zn2+ for the Triassic Sandstones of the West Midlands, the Carboniferous
Limestone of Derbyshire and the Lincolnshire Limestone (Figure 8).
Cumulative frequency curves for Sr2+ show a normal distribution but .
background levels (as defined by the median vaiue) are higher in the two
carbonate aquifers, Zinc, on the other hand, tends towards lower values in
the carbonate aquifers. For both elements, extreme values,an order of
magnitude above or below the median,are found which, in some cases, can be

explained by contamination but generally are the result of natural processes.

A tentative allocation of processes controlling the occurrences of major and
some trace elements in groundwaters is given in Table 4, These results

are based where possible on field data from UK studies, some of which are
mentioned above, but otherwise are supported by theoretical considerations

and data from Langmuir (1972). This classification probably holds for a
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wide range of aquifer rock types, the principal variation being that of
intensity. For example, the carbonate cement of arenaceous lithologies
is likely to have an important influence on the types of process taking place,
but elements such as Sr2+, under parallel conditions, are likely to attain
higher aqueous levels in carbonate as compared with sandstone aquifers

(Figure 8).

The understanding of natural processes has an obvious relevance to several
aspects of groundwater management. The recognition of natural baseline
values and their controls mentioned above, is essential in pollution control
studies whilst the explanation of local and regional variation in elemental
abundance is important in relation to potability. It is possible to utilize
geochemical zonation of an aquifer in order to exploit the various types of
quality, It is possible, as in the Lincolnshire Limestone, to take advantage
of natural ion exchange reactions in one sector of an aquifer to provide soft
groundwater for spe cialized use. Similarly the naturally occuring reducing
zones of an aquifer provide a source of virtually nitrate-free groundwater, and
this feature could be more widely utilized in several UK aquifers where high

nitrate in near outcrop waters presents supply problems,
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Processes controlling the occurrences of

Table 4.

(Minor

some constituents of groundwater.
controls are indicated by brackets. )
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PAPER 7

REVIEW OF EQUATIONS GOVERNING THE MOVEMENT AND ACCUMULATION.
OF A POLLUTANT IN AN AQUIFER
Prof. Jacob Bear

1. ABSTRACT

The paper briefly reviews some principles related to hydrodynamic dispersion
in porous media, .the objective being to present the basic ideas and nomenclature

related to the movement of pollutants in aquifers. .

The main mechanisms affecting the transport of a solute (= pollutant) in a
porous medium, namely, convection, mechanical dispersion, molecularx
diffusion, solid-solute interactions and various chemical reactions and decay
phenomena, which may be regarded as source-sink phenomena for the solute,

are described.

Following some comments on the passage from the microscopic to the macro-
scopic scales of describing phenomena in porous media and the definition of an
average of a property over a representative elementary vblume, the microscopic
balance equation for a solute in multiphase flow through porous media is
presented and averaged to yield the generalized equation of hydrodynamic
dispersion. This balance equation includes the effects of convection,
dispersion, molecular diffusion, transfer across the boundary of the considered
phase and source-sink phenomena representing chemical reactions and decay

of the considered solute. The movement and accumulation of pollutants is
governed by this equation. The general equation is reduced to simpler forms
for some particular cases of practical interest. . Of special interest is the -

case of unsaturated flow in the presence of adsorption.
The generalized boundary conditions for the balance equation are discussed.

With this information, the mathematical statement of the problem of pollution

transport and accumulation is presented.
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The various dispersion and diffusion coefficients appearing in the balance
equations are discussed. The relationship of the coefficient of hydrodynamic
dispersion to certain porous medium geometrical properties, to the solvent's

velocity and to molecular diffusion, is presented in detail.
Finally, some comments are made on methods for solving the balance (or
hydrodynamic dispersion) equation in order to derive the distribution of

pollution concentration in aquifers.

2. INTRODUCTION

We are dealing with mass transport in porous media, where the considered
'mass' is that of some solute moving with the solvent in the interstices of a

porous medium.

Hydrodynamic dispersion in a porous medium is a term often used to describe

the actual difference between the spreading of a solute in flow through a
porous medium and that which would have occurred had all the fluid

(= solvent) particles been moving at the average velocity.

As the solute is transported, its mass concentration C=C(x,y.z,t) -
measured, for example, as mass of solute per unit mass of solution - varies
from point to point and with time in the flow domain. In order to handle
pollution, we should be able to determine the solute's concentration C in a
given domain under specified boundary conditions imposed on the domain's
boundaries. A description of this kind can be obtained by solving the partial
differential equations which govern the solvent and solute mass balances,

subject to the appropriate boundary and initial conditions.

The objective of the following paragraphs is to present these equations and to
comment on the various parameters appearing in them. It is by no means a
literature survey. The material presented is well documented in the literature

and, therefore, only a very small number of references is cited.
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Mass transport phenomena occur in many problems of groundwater flow.

Several examples may be cited: -

(2)

(b)

(c)

(£)

(g)

The continuous variation of the concentration of total dissolved
solids, or of some specific constituent, as flow takes place in

the aquifer,.

Groundwater pollution from some localized source, such as a

faulty sewage installation, or waste dump.

Groundwater pollution from a distributed source, such as
fertilizers and pesticides applied to the area overlying the

aquifer.
Sea water intrusion into a coastal aquifer.

Encroachment of saline, or brackish water, into an aquifer

as a result of changes in the hydrologic regime.

Seepage of polluted surface flow through pervious river beds

or lakes,

The movement of pollutants from the ground surface to the
underlying water table, under unsaturated flow conditions

(e.g., landfills),

Hydrodynamic dispersion is a macroscopic phenomenon, i.e., at the porous

medium continuum scale of reference. However, in order to understand it,

and describe it at the macroscopic scale, one has first to understand what

happens at the microscopic scale, i.e., at points in the fluid present inside a

pore.

At each point within the solute occupying the pore space, or part of it,

the solvent is transported with the solute at the latter's local velocity . This

velocity varies in magnitude and direction from point to point inside a pore.
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In saturated flow, we assume zero velocity at the solid wall and a maximum

velocity at some interior point of the pore.

The presence of an intricate network of passages causes streamlines to
fluctuate with respect to the mean direction of flow. When combined with the
variation in solvent velocity, this produces spreading, or dispersion, of any
group of initially close solute particles. This part of the total dispersion,
caused only by velocity variations and the presence of the complex network of

pores, is often called mechanical dispersion. It is primarily due to the

geometry of the pore space. We have spreading in the direction of the flow,
resulting from the difference between the average velocity in that direction and
components of the local velocities in the same direction, but we also have
spreading perpendicular to the direction of flow. The former is called

longitudinal dispersion while the latter is called lateral (or transverse)

dispersion. Obviously no mechanical dispersion takes place when the fluid
is at rest or in the absence of the channel system which produces velocity

variations.

We should keep in mind that since concentration varies from point to point,
molecular diffusion is always present, adding its influence to the spreading

produced by mechanical dispersion.

At each (microscopic) point inside a pore, we have a local solute concentration
and, as the solute's concentration varies from point to point, a local solute

concentration gradient. According to Fick's law of diffusion, a concentration
gradient produces a flux of the solute by molecular diffusion. One should note

that molecular diffusion may also take place if the solute as a whole is at rest.

Finally, chemical reactions and decay (e.g., radioactive) phenomena in the
solute, as well as various interactions between the solute and the solid surface
of the porous matrix, may take place, affecting the solute's concentrations at
points within the pore space. Surface phenomena may take the form of
adsorption of solute particles on the solid surface, deposition, solution, ion

exchange, etc.

151



In general, variations in solute concentration produce changes in the solvent's
density and viscosity. These, in turn affect the flow regime (i.e., velocity
distribution) that depends on these properties. At relatively low concentrations
- often referred to as the 'ideal tracer approximation' - the variations in

solvent properties are very small and may be neglected.

3. THE BALANCE EQUATION

Thus, at the microscopic level (i. e., in the solute continuum) solute is
transported by two mechanisms: convection and molecular diffusion. At the
same time chemical reactions and fluid-solid interactions may take place in
the fluid continuum which completely, or partially, fill the pore space.
However, in order to enable the solution of problems of practical interest,
such that results in the real world can be measured and compared with such
solutions, a passage to the description of the transport problem at the

macroscopic level is needed.

At the macroscopic level of description, at every (mathematical) point of the
domain occupied by the porous medium, we define a small volume around it,
with the considered point as its centroid, and average the considered property
(e..g., pressure, velocity, solute concentration) over this small volume. The
resulting average value is assigned as the macroscopic value at the considered
point. In this way, we disregard the question within which phase (fluid, solid,
or any phase, in the case of a multi-phase flow) this (mathematical) point
happens to fall. We refer to the small volume over which the averaging is

performed as the Representative Elementary Volume (REV) of the considered

porous medium. The size of the REV should be such that at that volume U 0)

any incremental change of the latter does not affect the resulting average.

Accordingly, let us consider a tensorial field G(x,t) , e.g., solute
concentration or velocity, in a porous medium composed of several phases
(denotedAby @ =1,2,3,... ). For example, in unsaturated flow we have a solid

phase, a fluid phase and a gaseous phase. The average value § (xo,t) of G at
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time t, within the domain (go)C(U ) centred at X, is defined by:

0 0

G (xo,t) =

QC'
o —

[ G (i(o; X, t) du (x) ...l 1
(U ) i

a0
Thus, the domain of averaging is the volume go occupied by the a-phase

within U0 .

The quantity:

) -
G (x5 X t) =6 (x-3x, t) -G (x,,t) L. 2
is the deviation of G at a point X inside Ho’ coentzjed at ?50 , from its
0 0 0
average over () ). It follows that | = 0and b
Yo G (6) = G

The space X is the microscopic space, while the space X5 is the macroscopic

one.

Defining the volumetric fraction g of the phase ~ at a point Xo at time t by:

g (i(o,t) = U, ()fo,t)/Uo;(g)g =N = porosity, = e 3

we obtain from Equation 1;

QR
[Sept}

o

= _l M
(xo.t) U J UG (>~(0, X, t) dg ...... 4
(0]

where § 9 is the macroscopic value of G in the o-phase at point Xo at time t.

For example, for ¢ = V, 8 v = q(xo,t) is the specific discharge of the a-~

a a
phase (or the macroscopic velocity of the a-phase).

With this background, we now turn to develop the macroscopic balance

equation for a solute in multi-phase flow through porous media (Bachmat and

Bear, 1972).
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Let e denote the specific value (i. e., per unit mass) of an extensive property
E in the a-phase, and let ¢ denote the mean density (= mass per unit volume)

of the a-phase:

¢ = de/dm ;¢ g=dt/qy L.l 5
The microscopic differential balance of E within the a-phase is given by

(Truesdell and Toupin, 1960):

3(Pe)/at = -div{PeV + J(e)] + er{e) Ll 6
5 -

where J(g) = gg[V(E).-V] is the difference between the total flux of E and its
- - a

part convected by the o-phase, V is the velocity of the a-phase and F(S) is

a

the rate of production of E per unit mass of «.

In order to arrive at a macroscopic balance of £, we have to average
Equation 6, using the definition of average as given by Equation1, In
addition, we need the following averaging rules (e.g., Bachmat, 1972, and

Slattery, 1967).

(a) Average of a Product:

L 00 0 0 0 00 00
G]G2 = G.IG2 + G]Gz 3 (G]G ) = G]G2 + G]G2 + G]G2 - G.IG2 ...... 7
(b) Average of a time derivative:
3G, _ 1 3 , &= roadi
o) = 5 [5¢(88) - Gug') s 6 =6 =g—r G(x,t) ds ..., 8
a a Oo (Uog )

where up denotes the speed of displacement, along the outward normal, of a
point on the interface between the phase o and the other phases within U0 and
‘

g’ is the specific surface (i.e., per unit volume of Uj ) of the total area of

the interface surface between the phase o in (UO) and the other phases,
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possibly comprising a part of the surface area bounding ( Uo)’ When the con-

figuration of the o -phase is nondeformable, u, = 0

(c) Average of spatial derivative:

=] 3 = (1)
3G/ax.) = — '
( é X1) o 3x (8181 ) + Gn; g]] ...... 9

where x. is the co-ordinate X; in the macroscopic space, and n; is the i-th
component of a unit vector pointing outward normal to the interface of the
a-phase in Uo' In Equation 9, the subscript 1 indicates that we take only
the multiple connected part of the a-domain. Henceforth, only such domains

will be considered and this subscript will be omitted.

With these rules, we now average Equation 6, obtaining the general

macroscopic balance equation of an extensive property of a phase in a porous

medium (Bachmat and Bear, 1972),

5 00 ~ TN
S — N —
ot (8g§) = ~divlgea * glgg)V + 23] - (e + gely -gp)lg + GaT(g)----10

n
It is of interest to note, by comparing the microscopic balance (Equation 6)
with the macroscopic one (Equation 10), that the latter contains two additional

terms introduced as a result of the averaging process:

9(88)\/ which is the macroscopic dispersive flux of £ in excess of average

convection by the a-phase, and

N/\_'/

[Jn(g) + gg(gn-gn)] o' which describes the transfer of E across the

interface between the «-plane and all other phases.

Let us now apply Equation 10 to some special cases:
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(a) Volume balance for the volume of a phase. In this case, E = Il =

Q,

volume of o—phase; e = 1/p = specific volume of a-phase; J(1/p) =y - y = g
a @& g ’
Equation 10 reduces to:
I)g N
. - - '+ ivyv) 11
5tV () g Qv Y)

where q = gy is the specific discharge of the a-phase.
a Q

In incompressible flow div V = 0. If there exists no transfer of volume

o
across the surface bounding, the o-phase (1 e., the bounding surface is a
material surface of a), the middle term on the R.H.S. of Equation 11 also

vanishes and Equation 11 reduces to:

a8/st = -divae ... 12
« 3
This equation is usually used to describe unsaturated flow of water in porous
media. In saturated flow through a non-deformable porous medium, 8§ = n
Q
and ag/at = 3n/ot = 0.

1

D

(
J(

. a

Mass balance of a phase. In this case, E = m; e = ’!;T((l) = 0 and

) = g[V(g))' V] is the diffusive flux of the mass of the a-phase which can be
~ a

g

expressed by Fick's law of diffusion. Equation 10 becomes:

a(gé) o —_— —~ o~
X = d’lV[gg + gg\g + Q:J(cl)] - [Jn(]) + O(aﬁgn)]g ...... 13

For saturated flow of a single phase, g = n, ésﬁ , neglecting the effect of

grad.a and assuming 59»5’7 Equation 13 is usually reduced, to:

a(np)/at = divpeq .. 14

(c) Mass balance for a solute Y in the a-phase. In this case, the solution is

the a -phase, By gr{(l/dg, e =g,/g and Equation 10 reduces to:
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3(9- ) D e p—? -_

. - o [T [ T
_5%_1 - dw[ng + 88‘1 + 89‘8/8” - [Jn(gy/g) + 8$o{n gn)]g 8o (gY/g)
a

®66 O ® ®

which is the generalized equation of hydrodynamic dispersion for a solute in
the multiphase system. In this equation, we identify the convective flux of the
a.phase@ , the dispersive flux of Y, @ which is an extra flux resulting
from the variations in velocity at the microscopic level, the diffusive flux of
Y, @ transfer across phase boundaries, e.g., due to adsorption, desorption,
precipitation, ion exchange, etc., @ and production (or decay) of the
considered solute @ .

Let us rewrite Equation 14 in a more common nomenclature

(1) Denote g /o = C andassume that o = const.

Y o

[e]

(2) Assume that the dispersive flux of 7Y, 8Yy , can be expressed by a
a

Fickian type relationship:

55—
o V=1-0Dagrado ,
ava 2 grad o
where - D , a second rank tensor, is the coefficient of mechanical dispersion.

(3) The diffusive flux can also be expressed by Fick's law of diffusion:

*

Jo 7o) = _=D,d grad 8y

_ay' o

*
where gd , a second rank tensor, is the coefficient of molecular diffusion in

a porous medium.

(4) We shall assume ggr(p /o) = @ pI . Often the production function is such
o ax
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that © =CT(C). For example, if the production is due to radioactive decay
of ¥ only, T{C) = -AC, where X is the decay constant of the solute (i.e., the

. reciprocal of the solute's mean half life).

(5) Equation 15 can also be written for the solid phase. Denoting the transfer

across the interface term by g and assuming V = 0 , no diffusion in the solid
S

phase, and ggF(gY/gi = gég , we obtain:

2(gg, ) .
5t = - g + ggg ...... 16

Thus, denoting term (Equation 4) in Equation 14 by g , we have g = -g. In
this way g denotes the transfer (= mass of Y per unit volume of system per
unit time) due to the interaction of the a-phase and the surface of the solid

matrix (e.g., adsorption).

Often g is related to the concentrations of both the a-phase and the solid phase,

f= flp /osp /g)=f(C,F). Many expressions exist for f(C,F) , called
S ay ay

isotherms or adsorption equations. For example:

f(C,F) = -k{(C-mF) m, k = constants  ...... 17
is often used.
If F also undergoes radioactive decay, EY = -aF.

Obviously, in the above case, the transfer from the a-phz{se to the solid phase

takes place only across part of g' (the one opposite the solid).

Introducing all these assumptions into Equation 15, we obtain:

2(850)
t

3 - - * - bl
: = - d1v[gCg - 82 grad (8C) + 8 Qﬁ grad (8C)]

5(8_gF) N B
. ErTEwy e 19
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is the volumetric fraction of the solid. In addition, we

where ~g =]-n

also have:
3(ggF)
—22 - - ceeesa20
For the special case: o = const, é = const, @ = const,2Y= -xC, EY = - AF, and
f(C,F) expressed by Equation 17, we obtain:
a(8cC) . - -
- - aF = _d - 1 C - )F - g)\c ...... 21
o %t + g gﬁ dw[gCg ggg grad C] gg g8
and:
22

oF . k'(C-mF)-aF ; k' = k/gé ......

coefficient of hydrodynamic dispersion.

where D' =Q+Q§ =

Thus, the pair of Equations 19 and 20, or for the special case considered here,

Equations 21 and 22 describe the transport of a solute in the presence of some

interactions of the solute with the solid surface.

In addition to Equations 19 and 20, we need an expression for q:
&

iR (C) -

K(g) L
= - +
q " (grad p + golz),  ...... 23
¢
and the relationships k = k(@) = relative permeability, é-—-é(g): pressure in
- a
viscosity of the o- phase, in case é and g

the o-phase, é=é(C) and
are affected by C.

For an incompressible fluid, div Vv = @ and in the absence of volume
a

transfer across the a-phase boundary (i.e., the bounding surface of o is a
, we obtain from Equation 11:

V-u =20
an an

material surface),
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(38/3t) = - div
o

RO
o
NS

Thus, the distributions C(x,t), F(x,t), q(x,t), and g(x,t) can be derived

~ ~ o3 ~ ~
by solving Equations 24, 22, 23 and 24 simultaneously. If the fluid and
possibly the solid matrix are compressible, Equation 24 is replaced by another
one obtained from Equation 10 by letting e = 1 (i.e., “E=m ).
In the absence of adsorption, k=0 , and Equations 21 and 22 become

independent. Equation 21 reduces to

(80)
T div(Cq - gp'grad C) - 8AC  ...... 25
Q o= a

In the absence of radioactive decay, A=0.
By combining Equations 25 and 24, we obtain:

= div(gg‘ grad C) - q grad C - gxc ...... 26
&

RO
QJIQJ
ctO

Again, in all these cases, we also need an equation from which the distribution
of q can be derived.

a
In saturated groundwater flow through aquifers, we sometimes assume that
porosity (n) is a constant so that 8 is replaced by n. In regional studies we

also often assume that the flow is essentially horizontal and that.C = C{X,¥,t).

A phenomenon often encountered in hydrodynamic dispersion is the presence of

dead-end pores. These are pores, or more generally, stagnant (or practically

so) static fluid bodies, e. g., in unsaturated flow into and out of which the
solute is moving by molecular diffusion only. Thus, this behaviour of this
portion of the pore space is equivalent to that of sources or sinks for the solute.
This phenomenon may be represented by a model similar to that used above for
describing adsorption. With 3 and Oy denoting the fractional volume of the

fluid filled dead-end pores and the mass of Y per unit volume of fluid in these
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pores, respectively, we have
A 27

where -id represents the net flow of Yy by molecular diffusion from the moving

fluid having the fractional volume @ =0-0 into the (practically) stagnant

d
water in the dead-end pores (per unit time and unit volume of system). An

. = anD* _ = o4l
expression for id could take the form \f(.d egod(cd C), where C and Cd %d 0
represent the concentrations of v in the moving and stagnant fluids, respect-
ively, and B is some coefficient representing the geometry of the region
through which the transfer takes 'place. Equation 19, in the absence of sources

and sinks, will then become:

3(gnell/ot = - dfv<§mgcg - gpR grad (g0) - £ 5 ... 28

4. BOUNDARY CONDITIONS

The solution of Equations 26, 21 or 19, the last two simultaneously with an
appropriate equation for F, requires the specification of conditions which C

has to satisfy on the boundary of the given flow domain.

Bachmat and Bear (1972) developed the general boundary conditions for the
above (mass balance) equations. Essentially, we require that the total flux
of E across the (macroscopic) boundary be continuous. Obviously, this is true

if the boundary itself does not behave as a sink or a source-surface for E.

For the mass of a solute Y in the a-phase, the boundary condition becomes:

[oX¢)

[gY(gn-gun) v 8 Y 8 e 7oy, 0 ... 29

where n ig a unit vector in the direction of the outward normal and Gn is the

~
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macroscopic velocity of displacement of the boundary and the symbol [A]] 2.
denotes the jump in A across the boundary, from side 1 to side 2. The L. H.S.
of Equatién 29 will be different from zero if somehow Y accumulates on the
surface of the (macroscopic) boundary. What Equation 29 states is that the
total transfer of Y by convection, dispersion, and diffusion is unchanged as the
boundary is crossed. For the set of assumptions leading to Equation 26,

Equation 29 may be written as:

u ' .Z_)_g : . [
LCgngun) = 8 Dik gy, M = O D EDDE 30

For a stationary boundary, unEO.
Consider the following cases of particular interest, where, for the sake of

simplicity, the flow is assumed one-dimensional and ﬁn50~

(a) Both 1 and 2 domains are porous media of different character. The

boundary condition (Equation 30) becomes:

{Cg - gD (aC/ax)}] = {Cg - 8D (3C/ax) }2 ......
(b) Region 2 is an a-phase liquid continuum which is assumed to be continuously
mixed so that its concentration is maintained at a constant CZ' On the boundary,

we have also to maintain N 9 9- The boundary condition (Equation 31)

reduces to
{3(C-C2) - 8D'5C/ax}y= 0

We could assume C2 # const. and molecular diffusion to take place in

region 2.

(c) Assuming that in case (b) above, we have, after a sufficiently long time,
C=C2, i.e., the same concentration on both sides of the boundary, Equation 32
reduces to

162



{aC/ax}]= 0

This boundary condition is also applicable to the case where the external domain

2 is a vacuum or a gas continuum.

It is important to note that if both regions are porous media of different
properties, we may have [9]] 2 # O. This is, for example, the case of

unsaturated flow in a layered domain.

5. THE COEFFICIENT OF DISPERSION

The coefficient of mechanical dispersion 0 (dim. L2/T ) appearing in
Equation 19 was introduced by the assumption that the dispersive flux is linearly

related to the concentration gradient:

o0

Cv = —Qgradc 000.1034
a

Various models have been employed in order to reach an expression relating the
flux resulting from mechanical dispersion to averaged variables (e.g., velocity
or concentration) and measurable (or at least determinable) macroscopic
parameters of the porous matrix. These are well reviewed in the literature
and need not be described here (see, for example, reviews by Fried and
Combarnous, 1971; Bear, 1972). Two approaches have commonly been
employed. In the first one, the porous medium is replaced by a greatly
simplified fictitious model in which the mixing, or spreading, of the solute can
be analysed by exact mathematical methods. A single capillary tube, a bundle
of capillaries, or other ordered assemblies of tubes or mixing cells, have been
employed by various investigators. However, as the model becomes simpler,
fewer factors effecting dispersion, and especially transverse dispersion, can be

taken into account.
The second approach is to construct a statistical (conceptual) model of the

microscopic motion of the marked solute (or tracer) particles and to average

these motions in order to obtain a macroscopic description of the dispersive flux.
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In either approach, one must start from the spreading that takes place in an
elementary tube or step (see, for example, de Josselin de Jong, 1958,

Saffman, 1959 and 1960, and Wilson and Gelhar, 1974).

Sometimes the two approaches are combined by taking a regular geometry of the
channels, but introducing some statistics, for example, to the distribution of

channel diameters.

Bear and Bachmat (1967), who employed a model composed of a network of
interconnected capillary tubes, derived Equation 34 with the following
expression for the relationship between D , porous matrix geometry, flow

velocity and molecular diffusion:

V.V
_ k'm
]J a.ijkm V f (Pe,d) ...... 35
where V = |V|,Pe = Peclet number = L\7/Dd, L being some characteristic
length of the pores, Dd = coefficient of molecular diffusion of the solute in the

considered liquid phase, § = ratio of length characterizing the individual channel
of a porous medium to its hydraulic radius, and f(Pe,§) is a function which
introduces the effect of transfer by molecular diffusion between adjacent
streamlines at the microscopic level. This effect is coupled with mechanical
dispersion. It is distinct from the flux due to molecular diffusion in the porous
medium expressed by ;] = Q_ﬁ grad éy.

The coefficient a a fourth rank tensor (dim L ), called the dispersivity

ijkm?
of the porous medium, is a property related to the geometrical configuration of

the considered phase. It is, therefore, a function of the saturation. Bear and

Bachmat (1967) in dealing with saturated flow through porous media, suggested

0% o k * *
= [(BT. Y(BT. )/ (BT, BT )YIL  «.ee.. 36
2ijkm = BTy J(BT5¢) /(BT BT I L
where BT%‘\_j is an oriented conductance (dim L2 ) of a flow channel in the

considered porous medium model and T¥ (a second rank tensor) has

J
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the meaning of tortuosity (Bear, 1972, p. 614). For an isotropic porous

medium '-l'km = T*dkn, 1/3 ¢T*¢2/3. They also showed that the permeability of

the saturated medium is expressed by:

kij =n BT;.'J.zn BT;.‘J.; n = porosity

In a similar way, D’a = l*Dd ...... 38
where I* is the tortuosity of the porous medium.

Thus, while the permeability is proportional to the square of a length
characterizing the cross-section (area and shape) of the openings of a porous
medium, the dispersivity is proportional to the relative variance of this length

and to a characteristic length of the channels.

In dealing with unsaturated flow, let us assume a simple model such that at any
saturation, part of the pore space is completely saturated, while the remaining
part is completely empty. As the water content is reduced, the larger pores
empty first. The size of the largest pore diameter through which flow takes
place can be found from the retention curve. With the capillary pressure (pc)
related to the water content 8 by pC(S) = 20%/r, where o*is the surface tension
and r is the radius of the considered pore, it is possible to calculate for every
8 , the largest radius through which flow still takes place. We can, therefore,
use the pore-size distribution curve to calculate the average radius of the
saturated portion of the void-space for every, 8. This should be used as a

characteristic length in calculating the Peclet number.

Similarly, as the tortuosity and conductance may highly be affected by .8, the

dispersivity is also a function of 6.

In Equation 35, we recognize the influence of the geometry of the void space
through aijkm , the velocity and the Peclet number, which may be regarded as
expressing the ratio between transport by convection and transport by molecular

diffusions. For saturated flow, Bear and Bachmat (1967) suggested
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2

f(Pe,s) = Pe/(2+Pe+ds®) ... 39
For an isotropic porous medium, the medium's dispersivity aijkm is related
to two constant  a; = longitudinal dispersivity of the medium and gy =

transversal dispersivity of the medium. With these parameters, the

components of the medium's dispersivity may be expressed by

a =a66+—a£—a—1—1—(66 8. 8.0)  eeeeen 40
ijkm = %11°43%m 2 ik%im ¥ %im®jk
where | G.ik is the Kronecker delta.
By combining Equation 40 with Equation 35, assuming f(Pe,s) = 1, we
obtain
i T '8y * (apmagp) VL0 o

If we choose a cartesian co-ordinate system at a point, such that one of its
axes, say Xq» coincides with the direction of the average uniform velocity V,

then Equation 41 reduces to:

1V Dpp = apyV, gy = 2V, Dis=uforizy ... 42

The axes of the co-ordinate system in which Dij is expressed by Equation 42

are called the principal axes of the dispersion. D D and D are the

11° —22° 33
principal values of the coefficient of mechanical dispersion. In this case, DH

is called the coefficient of longitudinal dispersion while 022 and‘D33 are called

coefficients of transversal dispersion,

Many experiments and some analytical studies seem to indicate that the
coefficient of dispersion is not linearly related to the velocity, as seems to be
indicated by Equatioh 35, unless f is regarded as introducing the non-linear

effect of the velocity expressed here as a Peclet number.
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Often, expressions of the form

m

VP2 43

= m -
D - avae] D - aII e~ seesen

11 22

where m, and m, are constants, are found in the literature. Obviously, for

2
unsaturated flow aI, aII . m] and m2 will be functions of the water content.

Practically no work has been carried out on the dispersivity of anistropic

media,

We have thus shown that presently we are in a position to state, at least in
principle, any aquifer pollution problem mathematically in terms of an appropriate
partial differential equation - the equation of hydrodynamic dispersion - and an
appropriate set of boundary and initial conditions. In the case of an ideal

tracer (é = const, g = const),the solution for the velocity or head distribution

can be derived independently and then introduced as a known input into the
dispersion equation. Otherwise, the two fields - V and C - have to be solved

for simultaneously. ¢

One should note that the passage from the basic Equation 10 to the more
particular equations, involves assumption with respect to the various fluxes
To
(e. g., the dispersive flux V), interphase transfer terms (e.g.,
~~ P -~
(3 (C) + ¢ (V - u )]o') and source terms. This kind of information has
n aan an a
to come from research into the physics of the phenomena involved. The same
is true with respect.to the various transport coefficients, e. g., the coefficient

of dispersion, and their relationships to matrix properties, to the velocity, to

molecular diffusion and to other parameters.

Except for relatively simple cases (one-dimensional, or certain uniform flows
in two dimensions) an analytic solution is not possible. This is certainly true
for cases of practical interest, where the flow domain is inhomogenous, the

flow is non-uniform and the geometry of domain boundaries and of sink and

source areas (of pollution and of waters) may be rather complicated. In such
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cases, the forecast of pollution spreading and accumulation is obtained by a
numerical solution of the dispersion equation, or the appropriate set of equations.
To date, very accurate and efficient numerical solutions are available, using
finite difference or finite element techniques (see, for example, a large number
of articles in a recent International Conference on Finite Elements in Water

Resources, Princeton University, July 1976).

Obviously, in order to solve the fo.1'ecésting problem, information is required
with respect to the various transport coefficients appearing in the balance
equations. These have to be derived by solving what is usually referred to as
the 'inverse problem', To solve the problem, we use data with respect to
solute concentration, water levels, pumping rates, etc., obtained by
observations in the field of interest in the past. These data are inserted into
the balance equations which thus turn into equations for the unknown parameters.
Although, in principle, this sounds straight-forward, the actual implementation
is most difficult and requires special techniques. Nevertheless, to date, a
number of methods have been presented in the literature, often on the basis of
some numerical representation of the partial differential balance equation, for

deriving the transport coefficients from field data.
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SUPPORT PAPER A

SEQUENCES IN REDOX AND BASICITY VARIATIONS IN SULPHIDE-
ENRICHED AQUIFERS
E.S. Hall.

1. INTRODUCTION

The depositional environment of most subaqueous sediments is chemically
reducing in comparison with the atmospheric condition, which is oxidizing.
This. division has been generated at the Earth's surface by sunlight, through
the process of photosynthesis by which plants and all derivative organisms
gain their existence. Reducing substances occur in ancient sediments depend-
ing upon the biological activity during their deposition and the extent to which
further organic contamination or re-oxidation has subsequently occurred.
Exploitation of groundwater causes changes which promote the recombination
of the reduced and oxidized conditions by:
(i) increasing the depth of the zone of aeration by lowering of the
water table and
(ii) enhancing recharge of aquifers using fully oxygenated water
either naturally or more especially by artificial recharge

techniques.

Compositional changes occurring in organic sediments during their formation

and subsequent re-oxidation follow the general sequence:

(a) fresh biological matter

(b) partially decayed or transformed organic matter (peat, lignite,
fossil fuels)

(c) sulphides, selenides, arsenides, etc, and associated heavy
metals, notably iron and manganese

(d) divalent metal ions (carbonates and exchangeable silicates)

(e) insoluble higher oxides.

The composition of groundwater is governed in general terms by the extent

to which the aquifer has already undergone oxidation during geological time and
the re-oxidation which continues with exploitation of groundwater. The
consideration is relevant to highly permeable formations and particularly to

sands, which offer a large and generally uniform capacity for the accumulation
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of biological matter by filtration and accommodation of microbial activity
during their deposition. These usually contain significant amounts of iron and
manganese in various stages of oxidation. For example, the Tertiary sands of
the London Basin which immediately overlie the Chalk contain abundant iron
and manganese, largely occurring as the sulphides, and are part of an aquifer
system in which the process of re-oxidation has only partially occurred because

of the effective confinement afforded by the overlying London Clay (1).

Oxidation-reduction processes involved in the formation and destruction of
organic and sulphur compounds are accompanied by acid/base changes involving
transformations of carbon dioxide and sulphuric acid. In these, the original
meaning of 'oxygen' as an 'acid-producer' is evident with the formation of carbon
dioxide and sulphuric acid by oxidation. Changes which occur in reducing
sediments, either during original diagenesis or from subsequent re-oxidation,
in general have come about through the movement of groundwater bringing in
reactants or biological nutrients and transporting away products of reaction,
Depending therefore upon the nature of groundwater and its direction and rate

of flow, a sequence of oxidation-reduction conditions in an aquifer and
associated acid-base properties may be postulated in terms of the possible
existence of certain compounds based upon their known thermodynamic

properties,

The purpose of this paper is to consider what these sequences might be in
order to provide a base for comparison with actual variations in aquifer and
groundwater composition that occur with time and location. In this way,
sensible predictions might be possible about groundwater quality change

resulting from the exploitation of an aquifer.

2. FORMATION AND TRANSFORMATION OF SULPHIDE/CARBONATES

The formation and distribution of sulphur, iron, manganese and other heavy
metals in aquifers concerns the comparative solubilities of sulphides,
carbonates and hydrated oxides, as well as ion-exchange affinities of metal

ions for clays and other minerals. Chemical equilibria affecting these species
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are known to be the basis for compositional changes occurring during the
diagenesis of sediments (2) and attention need be given here to only a few

of the processes involved.

2.1, FORMATION OF IRON SULPHIDE

The bacterial reduction of sulphate to sulphide may be associated with
variable basicity changes according to the availability of iron which pre-
cipitates the sulphide as FeS or iron pyrite, FeSZ:
iron absent:

2- -
SOy4 + 2C + ZHZO — HZS + Z.HCO3 ......... 1

iron present:

SO4 + 2C + Fe -~ F'eS + 4002 ......... 2

2- 2 ’ -
450, +77C + 2Fe ¥ + ZHZO —2FeS +4HCO3 +3COZ'° 3

2
For all cases it is assumed that the carbon enérgy source is organic
matter deposited with the sediment and that sulphate enters the system
subsec'quently. The organic matter would have included dispersed micro-
bial matter as well as lignite residues giving pyrite of recognizable shape.
The basicity represented by the bicarbonate in reaction 1 equilibrates
between the various carbonic species resulting partly in the formation of
calcite from calcium associated with sulphate contained in migrating water.
Iron pyrite has much lower solubility of iron than FeS but it is the more
slowly formed. Iron sulphide precipitates first in the form of FeS, without

base production but transformation to FeS_ ensues by partial oxidation and

2
with base production:
2+ -

2 FeS + HZO + [O] —_— FeS2 + Fe + 20H ..., 4

In an alkaline water, Reaction 4 would result in the precipitation of FeCO3,
but this would not normally be detected as contributing to basicity by acid/

I . . . 2+
alkali titration because of oxidation and hydrolysis of Fe :

2Fe CO3 + 3HZO + [O] —_— ZFe(OH)3 + ZCO2 ...... o
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For the same reason, Fe2+ in the absence of an equivalent amount of base
would contribute negatively to basicity. Therefore the formation of a sulphide
deposit in an alkaline water is always associated with carbonate precipitation
although the basicity of the latter will vary with the proportions of iron and

calcium depending upon their availability during diagenesis.

It is possible in principle for the generation of HZS in Reaction 1 to be of such
an intensity as to precipitate iron, manganese and other metals as the sulphides
at such low concentrations as to preclude their precipitation as the carbonates.
Figure 1 shows the calculated solubility of FeS for three concentrations of

HZS in comparison with the solubility of ferrous and manganous carbonates.
The accompaniment of iron sulphide by ferrous and manganous carbonates
requires that the generation of the reduced state is not unconstrained. An
assumption that leads to calculated conditions similar to those found in practice

is that the iron contributing to the formation of sulphide comes from haematite

in the rock, The extent to which Fe2+ is precipitated as FeS by the reaction:

+
Fe?t 4 H,S << FeS +2H 6
is then constrained by the consumption of HZS also for haematite reduction,
o mostiant = sFe’t +50,°7 + 8H,0 2
4 Fe2 3 t+ H, -« 4 2 ceneea

Free energy values given by Latimer (3) lead to the following corresponding

equilibrium relations:

[Fe 2*][5042_] - ceveens 9
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from which it follows that the co-existence of FeS and haematite (assuming

- -3 2+
[5042 :I =10 ) governs the Fe  concentration according to the relationship,

[Fe2+] =107'16 [H+} 16/9 R 10

Comparison of this relationship with that for the solubility of ferrous carbonate
(Figure 2) shows that the latter could also co-exist at pH 7.2, and when the
corresponding HZS concentration would be about 1 mg/1. Higher pH values

would favour the precipitation of iron only as FeS in the presence of calcite.

It is of interest to compare in Table 1 the conditions governing the solubility
of iron and manganese with the solubilities of otﬁer metals in the form of

their sulphides and carbonates. For the calculation of solubility the respective
values for pH and bicarbonate concentration have been chosen as 7,2 and

-3
4 X110  for consistency with the presence also of calcite.

Table 1. Solubilities of sulphides in equilibrium with haematite and carbonates
in equilibrium with calcite

Ion , Solubility (log molar)

24 sulphide carbonate
FeZ+ -5.09 -5.09
an+ -1.02 -5.27
Cd -15.32 -5.72
Co?t 9. 45 6. 56
Cné*t -24.28 -4, 04
Hg?t -41. 29 ]
Nict -8.84 -1.21
pb2t -16.3 -7.38
zn?t ~10. 93 -4.23

The solubility of manganese as the sulphide is too great to account for its
presence as a discrete compound and therefore the lower limit of abundance

of manganese in iron appears to be an impurity level in iron sulphide. It may
be significant to the occurrence of metals in mixed sulphide/carbonate systems
that iron and manganese are the only elements having similar or smaller
solubility in the carbonate form. ‘The ability of ferrous and manganese
carbonates to precipitate at concentrations liberated from sulphides during

oxidation-reduction transformation may be the reason why only these heavy

metals are retained. in significant amounts in sulphide/carbonate sediments.
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2,2, WEATHERING OF SULPHIDE/CARBONATES
Oxidation of sulphides ocaurs naturally through the agency of bacteria of the

genus Thiobacillus of which several species exist according to the pH under

which they function (4). The products of oxidation are first hydrated ferric
oxide and sulphuric acid, followed by the dissolving of the former when the
oxygen supply fails., In addition to oxygen (in dissolved gaseous form or as
nitrate), the organisms require also the usual suite of essential elements for
the life -process. Since these will most commonly be available at the ground
surface, the progress of colonization of an aquifer most probably occurs by
gradual penetration from the surface. Taking the unweathered situation to be

a uniform mixture of Fe,Mn sulphides and carbonates with calcite, a sequence
of progressive weathering may be postulated on the basis of increasing oxidation
and diminishing basicity being effected by a flow of water containing available
oxygen., Solution of carbonates by liberated sulphuric acid occurs in the order
calcium, iron and manganese, Fe2+ and Mn2+ liberated at one point are
reprecipitated when carried into contact with further deposits of calcite, with
calcium sulphate being carried away with moving water as the product of the
first stage of weathering. By this process, iron and particularly manganese
may be concentrated as secondary deposits of carbonates. Where calcite
disappears before sulphide, the next products of weathering are Fe2+ and Mn2+
which may be retained by ion-exchange capacity of silicate minerals or evolved
from the system. Where still further sulphide remains to be oxidized, the final
stage of weathering is the displacement of Fe'?'+ and Mn2+ from silicates by H+.
Where calcite remains after the oxidation of sulphide a residuum of iron and
manganese carbonates would remain to be slowly dissolved by naturally
occurring carbon dioxide although this may not be of likely occurrence, These
sequences are represented in Figure 3 as the development of a spectrum of

+
chemical states ranging from H ions remaining from oxidation through to

unoxidized sulphide/carbonate with migrated calcium sulphate.

3. INTERPRETATION OF AQUIFER CONDITIONS

Whether the complete sequence of conditions represented in Figure 3 would be
observable in a single aquifer would depend on the one hand upon its degree

of confinement which preserves sulphide/carbonate, and on the other by the
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ingress of oxygenated water or air to produce oxidized zones. Two aquifers
which the WRC has studied in relation to aquifer composition and water quality
are the Folkestone Beds at Hardham, partly confined by the Gault Clay, and the
Tertiary sands of the London Basin confined by London Clay (1). Core samples 4
of Folkestone Beds have not been examined extensively, but the groundwater
from parts of the aquifer has a record of unusually high iron and manganese
content (5). Iron pyrite occurs at about 0.02 % in the south-west neck of

the aquifer, while the water in the centre is soft, acidic with only traces of
iron and manganese held in ion-exchange capacity with the sand. The sequence
is consistent with a history of groundwater flow from the outcrop areas towards
the main body of the Folkestone Beds in the south-west, with the weathering
process now having nearly reached completion. However, this is not the

prevailing regime now that water is abstracted from the aquifer for public supply.

In contrast, Table 2 gives a summary of some analyses of Tertiary sands in

the Lee Valley of the London Basin. The analyses performed were:

(i) iron, manganese and sulphate determinations upon bromine/
hydrochloric acid extracts

(ii) Dbasicity reactive to 0.1N hydrochloric acid.

Also, semi-quantitative information was obtained using a thermobalance about
the presence of gypsum and calcite in samples from their respective decom-

positions:

(a) at 1300, the dehydration of CaSO4. ZH'ZO (1limit of detection, 0.4%)
(b) at about 800°, CaCO, —=CaO + CO, (limit of detection, 27)

‘It is beyond the scope of the present paper to relate these results in detail to
the particular geological system, but attention may be drawn to certain
relationships in the data that bear upon the question of weathering that has
occurred in the aquifer. Further details of the investigation are given in
references(6)and(7). Figure 4 shows a direct correlation between the manganese

content and the conterit of iron calculated to be in excess of that in combination

with the sulphur content assumed to occur as FeSZ. This quantity was taken
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as a measure of iron in a higher state of oxidation than the sulphide, such
as in FeCO3 or Fe203, but a low or negative value would be caused by the
appreciable presence of calcium sulphate. Figure 5 shows that high manganese
content was nearly always associated with high basicity, but that no quantitative

correlation existed between them.

Table 2. Summary of compositions of Tertiary Sands for three groups of
iron and manganese levels, giving means and standard deviations

Composition % Fe % Mn % S Basicity Occurrence Qccurrence
groups (% CaCO3) of calcite  of gypsum
Fe € 0.38% 0.20 0. 00061 0.19 1 sample 20 samples

(66 samples) *0.09 *0, 00037 *0.10

Fe >0.38% 0. 61 0. 00105 0. 62 -0.38

Mn <0.002%  *0.42 +0. 00040  *+0, 42 +0. 52 1 sample 13 samples
(21 samples)

Fe > 0. 38% 0. 83 0. 0081 0. 66 3.3 7 camole b sarmoles
Mn > 0. 002%  *0.40  *0. 0089 +0.38 +4.1 ples p

(16 samples)

In comparison with the theoretical sequences represented in Figure 3, only
one out of 103 samples examined contained appreciable calcite without there
having occurred much oxidi zed iron and concentrating of manganese, All of
the other samples containing appreciable calcite appeared to have undergone
secondary precipitation of ferrous and manganese carbonates with enhancement
of iron: Fe ratios (group 3). These were nevertheless in a minority and
occurred commonly near to interfaces in geological sequences where the
persistence of basicity may have been influenced by reduced permeability.
The majority of samples contained little or no basicity, with some iron in
excess of FeS2 (group 1). Complete weathering of the sulphide appears not
to have occurred anywhere except in the upper samples from a borehole near
to a supply borehole where the groundwater level has been drawn down since

early this century.

To the south of this location samples from a series of boreholes along the line

of the river Lee contained appreciable amounts of gypsum, Most of these
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showed negative basicity, indicating the presence of ferrous sulphate, and
low Mn:Fe ratios indicating the absence of secondary carbonate precipitation
(group 2). One or two samples containing gypsum also contained calcite with
somewhat elevated Mn:Fe ratios and generally very high iron concentrations
(0.4 - 2.2%) indicating the absence of weathering. The presence of gypsum,
with or without calcite, may have represented the downstream end of the
weathering sequence, governed in former times by an artesian head existing
in the river valley and now capable of yielding very large amounts of sulphate
and iron which have accumuated in the Tertiary Sands and possibly also the

overlying clays.

Sequences related to the vertical weathering of sulphide/carbonates are not
generally to be expected nor are they generally observed in the Lee Valley
cores because of the lower vertical permeability of bedded formations
containing intervals of clay., However, the occurrence of a vertical sequence
of redox and basicity conditions may be good evidence for groundwater move-
ment occurring vertically on a local scale and the examination of data in this
light is worthwhile for what information they might provide about recharge
routes, More generally, the assignment of aquifer composition to stages of
weathering of sulphide/carbonates on a regional basis would be an indicator
of the cumulative pattern of groundwater flow and facilitate predictions of

future groundwater quality.
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DISCUSSION - SESSION 2

Mr E.S. HALL, referring to Mr McNabb's paper, said that in his own
experience there was considerable reluctance to recognize the existence

of biological processes in the aquifer. Biological processes are forgotten
when descending into the 'purity' of the rock, and only thought to be important
in the soil layers. The importance of biological processes was realized
during former WRA experiments on the passage of river water through sand
filters associated with artificial recharge. Progressively contaminated sand
was eventually clogged, causing changes in the microbial regime associated
mainly with a change in the redox potential. Notable symptoms of such a
change were the onset of denitrification and the generation of ammonia. Other

possible biological processes are the precipitation of iron and other metal sulphides,

It was necessary to analyse the solid phase of the aquifer for biological
activity and related components in order to predict what may happen when
groundwater migrates downwards through the unsaturated zone. The reason,
he thought for earlier non-recognition of biological activity was that abstracted
groundwater was usually biologically uncontaminated, even in grossly polluted
situations. This was probably due to the presence of a nutritional advantage
for bacteria, which caused the bacteria to remain stationary by attachment to
rock grains in a flow of moving water carrying food and oxygen or other
nutrients. Biological activity generally occurred following a change of
circumstances that renewed nutrient and food sources or produced favourable
conditions for secondary colonization. Three examples of a change in
circurnstan‘ces in the aquifer and a corresponding change in the biological
regime were:
(a) Where organic pollution enters the ground.

This was exemplified by the natural seasonal variations in organic matter

introduced to soil by plant growth and decay. Similar considerations apply

when unnatural organic pollution provides a carbon source and variable

conditions of biological activity at greater depths than the soil.
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(b) Nitrogen fertilization of systems previously nitrogen deficient.
Nitrogen-deficient biological systems typically contain extra-cellular
carbohydrates as a product of metabolism that cannot be used for cell
growth. The WRC has found such carbohydrates in samples of chalk in
quantities ranging from 60 mg to 1 g for 1 kg of dry chalk, and preliminary
results suggested that the quantity varies inversely with nitrate |
fertilization of the site. Concentration was highly variable depending
upon sample size, 10-g quantities apparently being necessary for
representative sampling. The variability was thought to mark the
micro-fissuring in the Chalk, by which path these substances originally
gained access from the soil. It was possible that nitrate fertilization
of the ground results in a slow but progressive spread of bioiogical
activity through the fissure system (this being the only habitable

environmeht) with deposited carbohydrates providing the food source.

(c¢) The provision of nutrients for microbial growth.
The calcium carbonate of Chalk is a hostile environment for microbial
growth because of the chemical limitations to concentrations of phosphorus,
iron and other trace metals. However, recent biological activity is
indicated by the presence of the unstable nitrite at occasional horizons to
considerable depth in unsaturated zones of aquifers studied in the course
of the recent nitrate investigations by the Centre. This indicates that
microbial nutrients are made available in the aquifer, possibly during

conditions of appreciable fissure flow.

Mr Hall concluded that his researches included a more positive identification of
biological activity, not by enzyme analysis as described in Mr McNabb's paper,
but by analysis of the organic C, H, N content of aquifers and whether this was
degradable by microbial contamination. Such analysis required a concentration
of the organic component of the rock matrix, which for Chalk simply involved

the dissolving of the CaCO, in hydrochloric acid and leaving biological matter

3
in the residue.
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Mr J.F. McNABB said that he did not disagree with the statement by Mr Hall.

Mr R.E. JACKSON said he had detected a difference between the redox
potential data of Mr McNabb and that of Dr Edmunds concerning sulphate and
nitrate reduction. Mr McNabb's paper gave values of -200 mV for sulphate
reduction and +338 mV at a pH 5.4 for nitrate reduction. The data of

Dr Edmunds are higher than this,

Mr Jackson said he had data similar to that of Dr Edmunds and he was thus
suspicious of Mr McNabb's results which could be misleading. He agreed with
Mr Hall that such redox reactions were extremely complex and said that a
host of other factors were involved such as the presence of dissolved organic

carbon, and various trace inorganics such as enzymes.

Mr J.F., McNABB, in reply to Mr Jackson, said that the figures given in his
paper were based on laboratory studies by various microbiologists. He
commented that one possible explanation is that within the subsurface
environment there is microbial activity in numerous separate 'micro-habitats’
such as the thin film of water surrounding each grain. Within these micro-
habitats conditions may vary widely. He was uncertain as to how the redox
potentials or the sulphate and nitrate reduction reactions, that are occurring

in these micro-habitats,could be measured.

Dr W.M. EDMUNDS commented that a discussion of the measurement of
natural redox potentials could well fill a whole day. However, the Eh values
that he had obtained in the reducing section of the Lincolnshire Limestone
aquifer, quoted in his paper, range from +100 to -400 mV. Sulphate reduction
is first observed at the positive end of this scale (see Figure 4). There are
few, if any, comparable aquifer systems where bulk Eh values exceed -100 mV .
Whilst Eh cannot be related directly to any one redox reaction (of which there
are several in this aquifer), there is a clear inference that the controlling
Eh for sulphate reduction under field conditions must be higher than the value

quoted by Mr McNabb.
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It would appear from the work of Baas Becking and Wood (1), however, that

Desulfovibrio can commence the reduction of sulphate at pH 7.5 to 8.0 at an

Eh of about +100 mV.

Mr J.F. McNABB agreed with Dr Edmunds and Mr Hall as to the complexity
of the situation. Any suitable microbial habitat must have adequate nutrient.
The nutrient may be the limiting factor and will depend upon the availability

of a suitable electron-acceptor such as oxygen, sulphate or nitrate. If

nitrate was added to such a system, then quite probably there would be
microbial ac'tivity. Laboratory experiments have been conducted in the

United States in an attempt to use microbial activity to remove petroleum from
an aquifer. It was found that nitrogen, phosphates and oxygen were the
limiting nutrients. In such a complex situation as described by Dr Edmunds

and also by Mr Hall, the measurement of nutrients is a very difficult task.

Mr L.J. ANDERSEN said that he disagreed with the flow mechanism,
described in the paper by Brereton and Wilkinson, whereby the solutes in

the water infiltrating through joints and fissures were able to diffuse into
the more static interstitial water in the pores, thus leading to different
downward flow rates for the water and the solutg,s. Fissure flow, in a rock
formation containing interstitial voids in blocks between the fissures, exists
only under heavy infiltration conditions. The water in the fissure has a much
lower tension than that in the much smaller interstitial pores surrounding the
fissures. The higher tension in the pores will move the fissure water into
the pores and, consequently, move the recharge around the fissure, if the
hydraulic conductivity of the pore space is sufficient to transmit the recharge.
He was of the opinion that a contradistinction exists between the unsaturated

and saturated flow. Under saturated conditions the main flow will be in the

fissures. This may be illustrated by high flow velocities measured with
tracers (tritium) in fissured and carstificated limestone. Under unsaturated
conditions the main part of the flow in double porous rocks takes place in

the interstitial voids, namely where they are saturated or contain water above
the field capacity. The tritium profiles in Figure 2 show peaks at 9 metres
below the surface for Chalk and 22 metres below for Bunter Sandstone. The

difference in the depths of the peaks may be due to the difference in soil
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moisture content of the two geologic formations. He therefore did not agree
with Drs Brereton and Wilkinson in their statement that the infiltration rate

is unimportant. The downward movement of the recharging water (together
with its contaminants) is primarily governed by the infiltration rate and the soil
moisture content of the formation, e.g. increasing flow velocity by higher
infiltration rates or lower soil moisture contents, and vice versa. By using a
simple displacement model a recharge amount of 300 mm per year and a soil
moisture content of 30 to 35% of the Chalk should result in a downward rate of

migration of 0. 85 to 1 metre per year.

Mr R.A. DOWNING submitted the following written discussion on the paper by
Brereton and Wilkinson.

An important aspect in any consideration of groundwater pollution is the role of
storage in the micro-fissures and other small voids in a fissured aquifer with a
high matrix porosity, such as the Chalk. It has been appreciated for many years
that aquifer storage contributing to well yields is not just derived from the main
fissures. That this is the case is confirmed by the fact that water pumped from
the Chalk in highly developed areas, such as the Lee Valley in east London, has
a mean age of several thousand years. This has a bearing on pollution problems
as a much larger volume of storage is available in the saturated zone for diluting
a pollutant, and the residence time is considerable allowing an opportunity for
improvement in quality with time. It also casts some doubt on the feasibility of
rehabilitating a polluted aquifer with such a 'double porosity' in a reasonable
time period and at an acceptable cost. A further implication is that the length
of time required for the recovery of a saline interface, after protracted land-

ward movement due to the development of storage in a drought, may be considerable.

Drs BRERETON and WILKINSON, in their reply to Mr Andersen, said it was not
their intention to suggest that the downward movement of water and solutes in the
unsaturated zone of a fissured aquifer with 'double porosity' is entirely by fissure
flow, or by 'piston displacement'. The two important factors which will control
the balance between these are: the degree of saturation in the pores and fissures,

and the ratio of pore to fissure volumes. In the case of the Chalk however, some
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o1 -3
recent measurements of matrix permeability (3) gave average values of 10 ~ m/d,
- -5 .
and lower values in the range 10 4 to 10 " m/d are common. It is these lower
values that control intergranular flow, and these cannot be reconciled with the

apparent flow rate drived from the tritium results of approximately 3 ><10~3m/d.

The pores in the Chalk matrix are so small that all the water they contain must
be held by capillary forces, and cannot drain under gravity. This static water
will be in contact with the mobile water in the fissures. Measurements have
recently been made at the Water Research Centre of the possible rate of diffusion
of ions between these two phases, and these, together with a description of the

proposed flow mechanism have been given by Oakes (2).

With respect to Mr Downing's comments, the authors agreed that the diffusion of
pollutants between the moving water in the fissures and the static water in the
matrix occurs in the saturated zone of the Chalk, and possibly other 'double

porosity' aquifers. The authors had referred to this process in their paper.

Mr J.S. SHINNER said that Drs Brereton and Wilkinson had listed seven questions
in their paper that a water engineer might well ask if faced with potential pollution
of a source. The questions were admirably set out and he suggested that the
water engineer should be entitled tc an answer before any work was carried out
which might affect the sources. Unfortunately, he said, the authors then went

on to describe all the difficulties and pitfalls that lie in the way of collecting the
data, doing the analyses and producing what might be called satisfactory answers
to the questions. He was surprised,therefore, that while the authors recognized
that the results of any decision could result in considerable expense, and also
that the system is complex, they should suggest that simplifying assumptions

are necessary before the final analysis can be made.. He took issue with this,

and suggested that this was the stage at which a lot of money should be spent, if
necessary, and a lot of effort put into the work to ensure that a really soundly
based scheme was evolved before any action was taken which could effect

the source. He went on to say that it should be borne in mind that polluting
activities, particularly landfills, can have irreversible and very long term

effects on sources. Effort and money at the investment stage are, therefore,

well spent.
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In reply to Mr Shinner, Drs BRERETON and WILKINSON agreed that effort
and money are well spent at the conceptual stages of a resource development if
long term problems are to be avoided. However, to assess all the complex
processes which could affect the flow of a contaminant, the detailed hydro-
geological investigation of every potential source would considerably increase
the development time and total cost of the source. The cost and effort involved
in data collection, in terms of strategic importance or cost of replacement,
must be related to the value of the source that is at risk. A compromise may
therefore be necessary between the collection of data and analysis that the
hydrogeologist would ideally like to undertake, and that which is economically
justifiable. Simplifying assumptions, based on the hydrogeologist’s or water

. 4 .
engineers past experience, may have to be made.

Commenting on Mr Shinner's remarks, Professor J. BEAR said that in order
to understand a pollution problem one could proceed intuitively and sink bore-
holes, collect data, and on this basis produce contours of salinity or whatever,
and make a qualitative assessment of the situation. However, he favoured the
approach of examining the available data and then constructing a conceptual
model of the behaviour, or exitation-response mechanism, of the system under
consideration. This model could then be used to solve the problem on hand, or
predict the future response to man's activities (say, in the form of pollution
concentration levels) of the aquifer system. New observations should then be
made to verify the model and determine its parameters. This is a more
quantitative approach in which the model acts as a guide to further field work.
Field observations should not be made just on a regular network basis, because
flow patterns and directions are important and groundwater quality observation
points should be selected with this in mind. The model can be improved as

more data are collected.

In general, he believed the use of models to be the only approach which would
give some hope for the handling of the very complicated phenomena which take
place in a very heterogeneous media with complex boundaries. A suitable

model should be constructed and calibrated for each problem.
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Mr D.L., BROWN addressed his remarks to Professor Bear and Dr Wilkinson.
He said that over the past'two years he had been working on the artificial
recharge of fresh water into saline aquifers, and also investigating potential

sub-surface waste disposal sites.

In looking for potential sub-surface waste disposal sites that were structurally

or technically fissured, Mr Brown was strongly opposed to the use of carbonate
aquifers. He also made reference to a site in Norfolk, Virginia, where the
injection of fresh waters into saline aquifers at 300 m depth was being investigated.
A current-meter had been installed in the well during recharge to determine which
points of the aquifer were accepting water. It appeared that for about 30 m of
aquifer, 80% of the water was entering at only a third of that length. Mr Brown,
felt, therefore,that flow meter monitoring should be installed in any toxic waste
disposal wel-l.. He believed in mega-geology and mega-hydrology. The investiga-
tion in Norfolk, Virginia, had indicated the considerable mixing that occurs on
abstraction. The overall quality of the abstracted water was 200 mg/1 TDS,
although samples taken at the entry points in the well from the aquifer (as detected
by the current meter) varied from 50 to 1200 mg/1 TDS. His point was that the
mixed water abstracted at a concentration of 200 mg/l1 TDS may be harmless yet

a zone of water of higher, possibly toxic, concentration (1200 mg/1 TDS) had

moved through the aquifer.
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PAPER 8

GROUNDWATER QUALITY NETWORKS
H. J. Richards

1. INTRODUCTION

There is considerable natural storage of water u.ndergrounci’ and we try to make the
best use of this valuable resource. In order to achieve full use of aquifers
economically, there needs to be an understanding of the physicél principles
governing their natural replenishment, the flow of groundwater and its natural
discharge through springs and seepages into rivers and sea. There must also be
an understanding of the variations in quality of groundwater and of the factors
;:ontrolling these changes., Our aim is to provide an ample supply of water of
suitable quality to meet the growing demands of the public, industry and
agriculture. In England and Wales more than 35 per cent of water used for public
supplies is derived from groundwater sources, and in many other countries the

percentage is greater,

Wherever groundwater is an important resource, high priority should be given to
the design, evaluation and operation of networks for measuring the relevant part
of the hydrological cycle, and thus network design and implementation is an

essential part of hydrology.

Fluctuations in groundwater levels reflect changes in storage within aquifers;

both long-term changes due to seasonal and other causes, and short-term changes
resulting from intermittent abstraction and so on. In general, groundwater levels
respond slowly to external changes and so continuous records are not usually
necessary, systematic individual measurements being adequate for most networks,
If fluctuations are ré.pid, a continuous record of wé,ter level is necessary to help
determine the causes of such changes, In the same way changes in groundwater
quality, wherever they occur, are usually slow and can be monitored by systematic
collection of samples of water from representative wells for subsequent analysis
in the laboratory. Rapid worsening in groundwater quality would be due to
localized pollution or to the arrival of poor quality groundwater whose movement
had been unsuspected or unforseen and therefore not monitored, In view of our
understanding of the principles of groundwater movement there should be little

likelihood of unexpected regional changes in groundwater quality.
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Increasing use of groundwater in recent years has led to greater concern with
the response of aquifers to large scale abstraction and with the long-term
prediction of resources and quality. This concern is also related to changes

in groundwater quality which may result from urban, industrial or agricultural
conditions, Groundwater quality networks exist at present only as a result of ad
b_oj_c_ growth related to particular local problems such as the inflow of saline
water, or even to the interests of an individual scientist or engineer. Although
'network'! may be a misnomer, when systematic collection of groundwater quality
information is just beginning, it is essential to build upon the sparse framework,
Newer techniques of data collection and analysis will help in setting up an agreed
network of sites for the continued measurement of a number of groundwater
variables. Such a network will normally be designed to measure changes in
groundwater levels reflecting changes in storage, and changes in the concentrations
of defined constituents as well as changes in physical properties such as

temperature.

2, THE NEED FOR NETWORKS

The efficient management of water resources requires the collection of enough
information to be able to assess resources, plan methods of development and
operation, continue to monitor the effec ts of water use, and ensure that surface
and ground storage potential are fully utilized without creating long-term
environmental problems., Information about groundwater storage and quality

is thus essential for planning and for monitoring effects of development,

There have been many instances of groundwater development resulting in the
inflow of saline or mineralized waters into fresh water aquifers, Contamination
by mine drainage waters, polluted rivers, certain kinds of agricultural

practises or effluent and waste disposal, has sometimes led to deterioration

in groundwater quality. Such contamination can be very expensive to remove
and can persist for periods of many decades, Pollution of groundwater has
usually been the result of ignorance of the principles governing groundwater
occurrence, or of accidental contamination, or of the lack of control or
planning. Any regional or national groundwater network ought to include,
therefore, provision for measurement of the quality of groundwater to help in

the evaluation of the natural situation and in monitoring movement of possible
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contaminants either within the aquifer or from the land surface.

Consideration of networks could be restricted to systematic regional collection
of data, leaving special problems to be dealt with as research studies.
However, one outcome of such research should be recommendations for a
network particularly designed to monitor the effects of development or remedial
measures on groundwater quality. There is some danger that data collection
can almost become an end in itself, but if thought is given to the purpose for
which the information is to be used then a routine evaluation of the programme
can take account not only of new technology but also of any changes in the

requirements for the particular hydrological information.
Groundwater networks are needed to provide information during:

(i) reconnaissance surveys of any relatively undeveloped
aquifer - to make a preliminary appraisal of resources;

(ii)  the detailed aquifer tests of each stage of development -
which will help in future planning of development;

(iii) periods when development and its effects may need to be
monitored - these effects would include the movement of
an interface between fresh and salt water or the operation

. of artifical recharge schemes;

(iv) research into particular problems.

Most of the available information on groundwater quality has been obtained from
analysis of samples of water pumped from public supply wells, Samples are
usually obtained also from newly drilled wells after short periods of pumping.

A more systematic collection of samples is now required, especially if the
information is to provide some of the data used in the preparation of mathematical
models of groundwater flow systems or combined surface and groundwater
systems, Such data of the required frequency and accuracy has rarely been

available, except from research sites.

Groundwater management is complex but specialists can help to deal with the

effects of accidental contamination, and better still to help control the potential
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dangers from sites for effluent and refuse disposal, storage of petroleum and
chemical products. Much effective control is already exercised but new sites

need to be examined with care.
Local or accidental contamination cannot be catered for within a regional
network, and any potential local problem must be dealt with as an addition

to the basic network,

3. INFORMATION REQUIRED

Sophisticated methods of data analysis are continually being developed and the
historical data from many areas is not of high quality. Any network should,
therefore, include provision for inspection of stations, for preliminary
checking of data and comparison with other relevant factors. In the case of
groundwater quality this resolves itself into checks regarding the source of a
water sample, its transport and methods of analysis, and a comparison of any
changes in constituents with/changes in abstraction patterns or possible sources
of contamination. It may also involve careful supervision of

specially drilled wells, or the rehabilitation of existing wells, to ensure the
collection of representative samples. At some sites more than one aquifer

might be sampled.

To ensure acceptable groundwater quality data, care must be taken to obtain
representative samples for analysis. If the geology and hydrogeology of an
area has been studied then it will be relatively straightforward to decide
whether aquifers are separated or are in hydraulic continuity. Any particular
local peculiarities will also be known and the need for additional wells, or
analysis for specific constituents, understood. If samples are acceptable then
quality control of the data rests with the chemists who will carry out the
analyses., If the data can be processed soon after sample collection and
analysis then carried out, any anomalies can be determined and, if necessary,

additional samples obtained,

Most of the information in the UK relates to the major aquifers, the Chalk and
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the Permo-Triassic sandstones, and chemical data have been obtained from
partial mineral analyses comprising determinations of the main constituents,
or of properties due to these,, Some mofe complete analyses include
estimates of the principal ions found in natural waters, and these have helped
to provide some knowledge of regional variations in the chemical nature of

groundwaters.

Probably 75 per cent of wells drilled in this country are between 25 m and
70 m deep and so the problems of obtaining any necessary samples from
defined depths are not great. In order to carry out a partial mineral
analysis, some 500 cc of groundwater are required, but a full mineral

analysis requires 2 litres and a biological analysis up to 1 litre,

Partial analyses are usually carried out for total dissolved solids and the

major constituents:

Cations Anions
Calcium | Sulphate
Magnesium Chloride
Sodium Nitrate
Potassium Carbonate
Bicarbonate

Minor constituents are included as necessary to help study existing or
potential problems, usually as part of research into the hydrogeology of a

defined aquifer. These fuller analyses might include:

pH Aluminium
Iron Fluoride
Manganese A Trace elements
Nitrogen Silica
Phosphate

In some groundwater studies it may be necessary to determine the presence

of iron, nitrate or sulphate bacteria, but little is known, at present, about

196



their distribution or importance in groundwaters.

The historical groundwater quality data are very variable in reliability
because of variations in methods of analysis and great care has to be
exercised in their use to interpret regional quality variations throughout an
aquifer. A modern network would aim to ensure that uniform or compatible

methods were used for measuring and analysing water samples,

4, PROBLEMS

A particular difficulty is to obtain sufficient funds for an adequate data
collection network, There are direct costs: drilling of suitable observation
wells (or suitably modifying selected existing wells); staff; vehicles and data
processing. Indirect costs result from switching pumps on, or indeed shutting
them off, in order to obtain samples under suitable conditions, The aim
should be, therefore, to reduce data collection to the minimum commensurate

with obtaining the essential information.

The chemistry of groundwater as well as the hydraulics of groundwater flow
is controlled by the geology of the aquifers and formations in continuity with
them, Processes of infiltration, inter flow, absorption, adsorption,
oxidation, leaching and ion-exchange are involved, and these can be
determined only from research studies and not from regional observation
networks, Such networks can help to confirm or modify research findings.
General regional trends in chemical quality of groundwater can be assessed
but locally modifications occur and these are related, under natural
conditions, to geological factors. Local variations may be brought about by
differences in the chemical composition of the aquifer itself, or by variations
in its physical properties which determine the rate and direction of ground-
water flow and, hence, the time the water is in contact with the aquifer,
Within a single bore, groundwater entering at different levels may differ in
chemical composition. Superimposed, also on such a natural situation, are
some fairly widespread changes in nitrate content of groundwaters as a result

of agricultural use of fertilizers. The introduction of such factors may
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warrant the need to monitor quality in order to predict likely changes in

stream flow quality.

Groundwater in England and Wales is derived for the most part from sedimentary
rocks and a frequent feature is a gradual change from a calcium bicarbonate

type groundwater, found beneath the outcrop, to a soft, alkaline, sodiufn
bicarbonate type down dip beneath cover of argillaceous strata where
groundwater flows are more restricted, These changes are associated with
changes in total ionic concentration and alkalinity, and decreases in hardness
down dip. Such factors will have a strong influence on the choice of sites in

a network but depend, of course, on the results of hydrogeological studies

already completed.

It is only after study of a region that the need for any continuous or

frequent monitoring of water quality will be evident, and will usually be
restricted to the zones of movement of fresh and saline waters. Forecasts
can then be made of quality changes in individual wells, The representativity
of groundwater samples is often difficult to determine and pumped samples
from the zones of mixed waters can be misleading. Data collection should
provide for systematic measurement of vertical proﬁle.’s of electrical
resistivity in selected wells to monitor the movement of interfaces between

fresh and saline waters,

A large number of groundwater level measurements provide information for
mathematical models of aquifer systems, but too many quality samples would
place a heavy load on a laboratory, and intensive surveys should be

restricted to once, or at most twice, a year,

Sofnetimes there are difficulties in arranging for observation wells because

of the differences between a surface water catchment and the boundaries of a
groundwater unit., They do not necessarily coincide and a well to monitor
groundwater level and quality could lie inside a neighbouring administrative
boundary, Co-operation between authorities can ensure the minimum number

of wells to provide information for both,

198



5. OBSERVATION SITES

Wells, springs and seepages can be sampled to provide analyses of groundwater,
but wells are by far the most convenient to use, Infiltration gauges, or
lysimeters, can be used to measure quantity and quality of recharge to aquifers,
but research is still needed to develop suitable installations. As far as
possible existing wells should be used in a network provided the wells receive
representative groundwater inflow from the contributary aquifer and are of

easy access, Quite frequently money needs to be spent to make existing wells
suitable, but this is very much cheaper than drilling new wells, Gaps in the
existing distribution should be filled by specially constructed observation wells
(Briggs & Fielder 1966, Taylor 1969). The construction of observation wells
is one of the main items of expenditure in a groundwater study, prior to the
construction of abstraction wells, Observation wells need to be cased through
unconsolidated deposits and secure at the top to prevent direct ingress of any

pollutant,

If there are several aquifers or sub-aquifers at different depths beneath a
site then it may be wise to seal off an observation well into each, On balance
it is probably better to have a separate well for each level, but the methods of
construction must be left to the responsible agency in consultation with the

specialist contractors.

Full use should be made of pumping wells to provide groundwater quality
information. Those used for public or major industrial supplies ar€ analysed
regularly and these analyses could form part of the data collection network,
provided the network agency has agreed with the well owners on methods of
sample collection and analysis. It is probably wise for the agency responsible
for the network, or a particular investigation, to be responsible for the
maintenance of the observation well network, so as to ensure uniformity of
standards. This may not always be possible or necessary if responsible

well owners are prepared to provide the occasional help needed to obtain
samples and forward results to the network agency. In the UK the water

authorities are the responsible authority and maintain their own observation

well networks,
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When wells are abandoned for any reason the agency should ensure that they
are not going to cause any danger of contamination of the aquifer from the
surface, or between aquifers. Funds should be available to have such wells
filled or sealed if necessary., The reasons for abandonment of wells are

usually:

(1) poor well yield or quality;

(2) depletion of groundwater storage because of excessive
abstraction;

(3) the provision of a new, deeper well as replacement;

(4) well no longer needed for research or abstraction.
6. SAMPLING

If samples are required from an abstraction well, it is then straightforward
to obtain a sample of pumped water, which will be representative of all
groundwater flowing into the well. 'Flow' samples can also be obtained from
springs., Wells which are not pumped have to be sampled by lowering a
sampler into the well and filling it at the required depth. Care must be taken
to ensure that the sample is properly representative of groundwater at the
required depth, and a number of suitable depth samplers have been developed.
The borehole needs to be plumb and straight to allow passage of sampling

tools as well as other logging tools.,

When water samples have been collected some analyses can be carried out on
site, but these usually have a low accuracy and can only be used as a guide,

as errors could mark the natural fluctuations in the quantities of some unstable
constituents. Normally the sample bottle is washed out two or three times
before filling and sealing to prevent the escape of dissolved gases. Analysis
should be carried out in a laboratory as soon as possible, and before any
danger of the precipitation of such constituents as calcium, magnesium and

iron.

In special investigations it may be necessary to obtain samples of rock for
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analysis of pore waters, but such sampling and analysis cannot be considered
part of a routine water quality data collection programme., In the same way
any use of remote sensing techniques is not yet a routine part of 2 network,
although in some areas such methods may become feasible for collection of
information from recording instruments at the more inaccessible sites, This
is hardly likely for measurement of groundwater quality, however, for

aquifers usually need to be exploited near the centres to be supplied.

The electrical conductivity of groundwater increases with increase in salinity
and therefore changes in the concentration of dissolved minerals can be
determined by the measurement of electrical resistivity of water. This is
usually achieved by the use of a simple, portable resistance bridge
measuring the resistance of a water sample in situ. Electrical resistivity
loggers can be used to obtain a vertical profile, or log, of a column of water

in a borehole, Temperature can usually be measured at the same time,

7. NETWORK DENSITY

It is not wise to lay down specific rules for the density of groundwater

quality networks., Presumably one should aim to collect enough information
to ensure that no significant regional changes are taking place, or if they are,
then to be able to determine the trends of changes with time. Groundwater
level measurements would be made in wells into each defined groundwater
unit, if a representative well can be found, Correlation techniques allow the
choice of one or two wells as representative, Similarly, these or other wells
can be used to monitor quality within each groundwater unit, adding wells down

dip in each of the hydrochemical zones of the aquifer if necessary.

The major aquifer in England is the Chalk and the density of water level
observation wells averages one for 50 krn2 for manually measured wells and
one for 200 to 250 km2 for continuously recorded levels, The density may be
much greater where specific investigations are under way. Such densities
ought not to be aimed at for groundwater quality, except for special studies.

Usually samples from one pumped well in every 4100 km2 would be adequate,
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but such a proposal is only a general guide. The aim should be one sample

well in each groundwater unit. Judgement, therefore, has to be exercised
because initially attempts are being made to collect information for purposes
which may not become apparent for some time, Initially the aim should be

for a network of minimum density to provide the required information. Most
networks will help to elucidate the hydrology of a catchment or groundwater

unit and so the individual stations must relate to hydrological and hydrogeological

factors and the occurrence of saline or mineralized groundwaters.

An optimum network density can be developed from basic networks, or more
readily from those used for research purposes; it should allow the inter-
polation between stations of values which would be of acceptable accuracy.
For economic reasons the density should be kept to a minimum, and the wells
sometimes drilled for research purposes cannot all be kept within operational

networks,

Base or primary stations should be kept permanently, but secondary stations,
to fill gaps, would usually be operated for a few years to obtain good correlation
with base stations, and then perhaps another site chosen. A third category
would augment these for particular investigations; usually to determine a

specific set of data for research purposes,

Therefore, from a minimum network,time and experience will allow the

definition of an optimum network. Existing stations should always be used if
a systematic network is being developed so that correlation with a new station
can be established before abandoning the old. Like all hydrological records,

those of groundwater quality ought to be started in advance of need.

Once a technician is in the field there is little to be gained by deleting a few
sites from a network and so, in general, it is better to carry out as complete
a collection of samples as possible once or twice a year rather than a few very
frequently, The regular analyses completed by statutory undertakings will
provide a more complete time series for selected sites. The biggest saving

comes from cutting down on the number of visits to an area for data collection
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and the aim should be to collect at as few times as possible. Research will
obviously be needed, ideally in each area, to determine the optimal network

of wells to give the essential data with the minimum number of visits, i.e, to
allow good operational control of resources at minimum cost. For most
regional networks groundwater quality data needs to be collected every three or

six months.

Analysis of the water quality data will aim in part to produce contours on maps
showing the variations in any one constituent, Those responsible for networks
need to check such contour maps produced from a full swing against those
produced from few data. Statistical methods can then determine if fewer

data would give accuracy within required limits at any point in the area,

Again, this recommendation about optimum networks should result from any

research study of an area,

Planning water resource development would be almost impossible without

measured data in the relevant area. By the use of physical or mathematical
models a basic network can be extended into other areas to guide preliminary
data collection, but network planning is a continuing process which must take

account of changing demands for information.

The aim of the water quality network, therefore, should be to have at least one
well in each groundwater unit, supplemented as necessary to monitor changes

in regional quality or particular problems such as inflow of saline or mineralized
groundwater. Particular problems of pollution and research may have to be

monitored by additional wells,

8. DATA STORAGE AND RETRIEVAL

Water quality data form a time-series in the same way as groundwater levels
and so can be correlated in time and space, and quality at certain points can be
estimated by regression analysis from observations made at other points in
time and space. Changes in groundwater quality are very slow and hence
correlation between wells over short distances is usually high. Correlation

between successively more widely spaced wells can be examined to ensure that
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the least number of wells are chosen as data collection sites to enable the
whole volume of aquifer to be monitored with respect to possible changes in
quality., Presumably most of us would err on the side of over-design, i.e.

would include a few additional wells if funds were available for these.

Statistical analysis allows the determination of trends and monthly or annual
deviations from these trends; and from the trends, predictions can be made
regarding the water quality in any new well under natural conditions. With the
help of modelling techniques, changes in groundwater pressure heads can be
determined and, therefore, likely groundwater flows and any consequent quality

changes.,

These data analyses can be most readily carried out if the information is in a
compatible form from each responsible authority. Groundwater units often
straddle the boundaries between catchment or other administrative boundaries
and, therefore, uniformity of data storage and presentation is essential. The
information collected should be stored suitably, be easy to recover in tabular
or graphic form, and related to administrative or hydrological boundaries,

aquifer, types of use, agencies concerned, and so on.
Information relative to a well site and groundwater quality should include:

Site (National Grid reference and well number)
Aquifer

Hydrometric area

Water authority

Well details (depth, method of construction)
Type of sample (pumped, depth sample)

Date

Where analysed (laboratory)

Analysis (anions, cations, physical properties).

The Water Data Unit have brought together the water authorities to achieve a

WATER ARCHIVE, They aim to provide listings of original data, statistical
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analyses and summaries of data, and graphical plots of data. The national
archive will presumably be with the WDU or some other central agency, but
individual water authorities will wish to store their own data. Wherever data

is stored it should be made available to those carrying out surveys and research.

9. SUMMARY

A groundwater data network, including systematic measurement of quality,

is essential for planning, development and operation of water resource systems,
and this must be integrated with other hydrometric networks. A basic quality
monitoring network should be created in any area where groundwater is likely

to be developed. The responsible agency can enlarge the network by filling

in gaps as and when necessary, this being decided in consultation with any other
agencies responsible for groundwater, or combined use, development. In
addition, specially designed networks may be necessary to monitor the possible
inflow of poorer quality water into fresh water aquifers, or to monitor particular
pollution problems, or of course for research purposes. Specialized studies

should help to define parts of an optimum quality network,

In some instances only changes in groundwater quality can be monitored but
scientific information from data networks, and interpretation, will lead to better
management of the groundwater resource and, where necessary, to improved
legislation. Long-term data collection will also allow a more critical analysis
of groundwater data, helping with detailed studies of processes of groundwater
pollution to enable better prediction, and indeed forecasting, of groundwater

movement and changes in quality.
Well designed networks should also provide good quality data for use in

mathematical models of groundwater and combined surface water and groundwater

systems; these models becoming an essential tool of planning and management.
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PAPER 9

TECHNIQUES FOR INVESTIGATING GROUNDWATER POLLUTION AT
LANDFILL SITES
C. Barber, J. A. Naylor and P. J. Maris

1. INTRODUCTION

Because of its low cost and simplicity, landfill is a common method of
disposal of a variety of wastes (1), but the effects of such disposals (particularly

on groundwater) are not fully understood.

It was to improve the state of knowledge of the behaviour of industrial wastes
in landfills that the Department of the Environment set up a programme of
research, which included the investigation of a number of landfill sites in

the UK which had been used for the disposal of a variety of wastes. The

site investigation work has been undertaken partly by the Water Research
Centre, and partly by a team composed of staff from AERE Harwell and the
Institute of Geological Sciences. One of the objectives of the research was 'to
provide as much information as possible about the influence of the major
variables that determine the behaviour and fate of hazardous materials

under landfill conditions(2).

This paper describes the techniques and methods of analysis used by the
Water Research Centre in the site investigations. It is hoped that the
techniques developed during this research will be applied not only to investi-
gation of existing and potential sites, but also to other groundwater pollution

problems.

2. TYPICAL SITE INVESTIGATION

Site investigations are usually carried out in four phases, comprising
(i) an initial desk study of the landfill site and the region in which
the landfill is situated,
(ii) an exploratory drilling and sampling programme,
(iii) a detailed drilling and sampling programme,
and (iv) monitoring of groundwater quality observation boreholes drilled

during the detailed drilling programme.
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The desk study, involving the collection and appraisal of all available
information on the hydrogeological location and tipping history of the land-
fill, is considered to be an important part of any site investigation. Basic
information, such as subsurface geology, thickness of any unsaturated
zone and the regional groundwater flow pattern, is obtained from geological
and topographical maps and from records of existing wells and boreholes.
Details of the nature of the tipped wastes and of the operation of the landfill
are obtained from a variety of sources, including the site operators, local

authorities and aerial photographic records.

The information collected in the desk study, however, is of a general rather
than a specific nature and an exploratory site investigation is usually
required to confirm the data collected in this study and to providebthe
information necessary for the planning of a detailed drilling and sampling

programme.

The exploratory work, an example of which is described graphically in
Figure 1, (a) and (b), usually involves the drilling of shallow boreholes in

a grid pattern within the site (Figure 1 (a)) to determine the shape and size
of the landfill, and to recover samples of fill for analysis so that hazardous
substances in the wastes can be identified and located. A limited number
of boreholes are also drilled outside the landfill to below the water table, to
determine the local groundwater gradient. The local flow direction can
differ markedly from that inferred from the regional groundwater flow

pattern.

The main programme of site work involves deeper drilling and more detailed
sampling than in the exploratory work, the locations of the boreholes being
dependent on the results of the exploratory work (compare Figure 1 (b) and
Figure 1 (c)). At sites overlying an unconfined aquifer where unsaturated
strata are present, boreholes are drilled through areas of interest within
the landfill into the unsaturated zone, to within 5-10 m of the water-table

(as in Figure 2 (a)).
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Where a landfill is situated on an impermeable base, such as clay, boreholes
within the landfill are terminated at the impermeable layer. Only when
groundwater in the bedrock aquifer is in direct contact with wastes in a

landfill are boreholes drilled through the wastes into saturated strata. This
precaution is taken to avoid or minimize direct pollution by leachate of the
bedrock aquifer caused by drilling operations although it is preferable, where
possible, to drill boreholes within a landfill into the saturated zone to provide a

complete depth profile of pollution beneath a site.

In addition to the boreholes drilled within the landfill, a pattern of boreholes
is drilled on the perimeter of, and at various distances from, the landfill

to depths necessary to define any plume of contamination (Figure 1 (c)).

The emphasis during the main site investigation is placed both on the
collection and chemical analysis of water samples, and also on the systematic
collection and chemical and physical analyses of solid samples from known

depths within the landfill and adjacent strata.

The chemical analysis permits the determination of the overall, three-
dimensional distribution of any landfill-derived contaminants at the time of
drilling. The range of chemical determinations is comprehensive (see
Figure 3); it includes COD and substances commonly present in refuse
leachate (e.g. total and dissolved organic carbon, chloride, sulphate, sodium,
and potassium) as well as specific hazardous substances known to be present
in the wastes. This wide range of chemical analysis is carried out to
determine, as far as possible, the full extent of any aquifer contamination,
because multiple waste-migration patterns in groundwater can result from
variations in leachate composition within a landfill, and from variations in
the rates and directions of movement of contaminants within an aquifer (3).
It is also important that physical analysis of rock core and geophysical
logging of boreholes are carried out to determine the major hydrogeological

controls over movement of any contamination.
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The information collected in the main site investigation allows the estimation
of the extent of contamination at the time of drilling, but gives little indication
of variations in groundwater quality with time. Following completion of site
work, therefore, a water-quality monitoring programme commences in which
water samples are regularly taken for analysis from boreholes outside the
site to measure variations in water quality with time. Groundwater levels
are also recorded on sampling, to relate any water-quality variations to

aquifer conditions.

3. DETAILS OF METHODS OF INVESTIGATION

3.1, DRILLING METHODS AND BOREHOLE CONSTRUCTION
The choice of drilling technique for each phase of the site investigation is
controlled largely by the nature of the material to be drilled and by the

requirements of the sampling programme.

In the exploratory drilling, the necessary information concerning the presence
and locations of hazardous substances and the hydrogeological situation at the
site can be obtained by relatively rapid drilling techniques, such as continuous

flight augering.

More precise drilling is required during the main investigation; here the
recovery of 'undisturbed' core samples forms an essential part of the drilling
programme, and both air-flush rotary coring and drive coring methods have
been used by WRC in different geological conditions to satisfy sampling
requirements. Throughout the site investigations no drilling fluids are useci,
except where strictly necessary, to avoid contamination of interstitial water

in the core or formation water in the borehole.

Boreholes which are drilled to below the base of a landfill are taken initially to
the base of the fill material, where permanent casing is inserted and grouted
in, and a 2-m thick cement grout plug formed in the base of the boreholes to

prevent the transfer of leachate from landfill to unsaturated zone.
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The boreholes are then deepened by drilling through the grout plug into the
unsaturated zone, if present, to collect samples. On completion, the boreholes
are backfilled and sealed with impermeable material to minimize access of

leachate from the landfill into the groundwater.

Boreholes drilled outside the landfill are, whenever possible, left as permanent
observation boreholes for monitoring and sampling groundwater (Figure 2 (b)).
Initially, these boreholes were left 'open' and samples of groundwater were
recovered from different depths in standing water present in the borehole,
although this has proved to be unsatisfactory at some sites because of large-
scale mixing of standing water from different levels within the boreholes. In
addition, some changes in chemical composition of the water might be brought
about by contact with the atmosphere in the boreholes, although no evidence

of this has yet been found in the WRC studies. Alternative methods of ground-
water sample recovery are now being used and evaluated in the research
programme, including sampling from piezometer tubes set at pre-determined
depths (Figure 2 (c)) and from pressure samplers made to a WRC design which
are sealed in boreholes (Figure 2 (d)). No results from these sampling

programmes are yet available.

3.2. HYDROGEOLOGICAL ANALYSIS

The hydrogeological environment in the vicinity of the landfill is important in
controlling the rate and direction of movement of contaminants from the land-
fill. Consequently, hydrogeological assessment of landfill sites, involving the
visual examination and laboratory physical analysis rock cores carried out in
conjunction with geophysical logging of boreholes, is considered to be a

necessary part of any site investigation.

Recéovered rock cores are inspected to distinguish changes in lithology and to
identify zones of potentially high permeability within the rock - for example
where there are localized fractures and fissures or where coarse-grained
horizons occur in mainly fine-grained rock. Determinations of porosity,

centrifuged specific yield, and intrinsic permeability in both horizontal and
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vertical directions are made on selected cores using standard laboratory

core analysis methods. The laboratory determinations of hydraulic properties
of the aquifer are used to estimate theoretical travel times of contaminants in
the saturated zone, which can then be compared with observed travel times

obtained in the main site work,

Geophysical borehole logging is carried out to confirm the geological succession
observed in the recovered core, and to provide information both on the ground-
water flow system and also on the possible presence of contaminants at different
levels in the boreholes. Changes in lithology and the presence of permeable
horizons and fracture zones can be identified from lithological logs (gamma,
caliper and formation resistivity logs). Preferential movement along permeable
horizons or fractures and movement within borehole standing water can be
indicated using fluid logs such as temperature and differential temperature logs,
fluid conductivity and heat-pulse flowmeter logs. The combined use of standard
lithological and fluid logs allows the determination of major hydrogeological

influences on the movement of contaminants in the vicinity of the landfill.

3.3. SAMPLING AND CHEMICAL ANALYSIS

The objects of sampling and chemical analysis both in the exploratory and in
the detailed main drilling programmes are different: the former is for the
identification of hazardous substances present in samples of fill, the latter for
the determination of the overall distribution of contaminants and of identified

hazardous substances in solid and liquid samples in and around the landfill.

The methods of sample recovery used in exploratory and main drilling
programmes also differ. In the exploratory work, sample recovery is some-
what imprecise and only bulk samples of fill are taken from boreholes. The
requirement in the main drilling programme is the recovery of undisturbed
samples of fill or rock from specific depths; samples of core are therefore
taken systematically, usually at metre intervals. This frequency of sampling,
which is limited by the analytical load which can be handled, has been adequate

in our investigations of groundwater in uniform massive sandstone and chalk,
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and in alternating clay/peat sequences.

Samples collected during the main site investigation are analysed as soon as
possible after recovery. Where storage of samples is unavoidable, solid
samples are kept at -180C, and liquid samples and solid samples from which
interstitial water is to be extracted are maintained at 4°C. Storage of solid
samples at 18°C for several months produced no significant change in the
concentrations of oil, 'phenol' or halogenated solvent in test samples. Inter-
stitial water, however, showed some changes in composition with storage of
test samples of chalk core at both 4°C and at room temperature. Changes
which were noted were loss of low levels of TOC, and increase in the concen-
tration of sulphate, each of which was most marked in samples stored at room

temperature.

Contamination of solid samples and of interstitial water during drilling is
almost inevitable under most field conditions. In our investigations, tracer
tests with lithium nitrate solution have indicated some intrusion of water
present in boreholes during drilling into the outer 1-2 cm of rotary drilled
core, and some oil contamination of the outer part of core from drilling equip-
ment has also been noted. The outer 2-3 cm of the 11-cm diameter cores is
therefore discarded and analyses are carried out on the remaining inner body

of the core.

The analyses carried out as part of the main site investigations are more
detailed than those in the exploratory work, examples of the range of determin-
ations being shown in Figure 3. Solid samples of fill and rock core are

analysed for a variety of substances, depending on the nature of the wastes in
the landfill, to determine the distribution of each analysed substance within

the fill and in the adjacent strata. However, little indication of the concentration
of these substances in the groundwater is given in this way, and therefore water
samples are taken from known depths in each borehole, usually by centrifugal
extraction (4) from systematically-sampled core, but also from borehole
standing water, to determine the extent of groundwater contamination in the

vicinity of a site.
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The centrifugal extraction technique has proved particularly useful in the
investigation of groundwater contamination in porous, consolidated rock such

as chalk and sandstone, but is less than ideal with unconsolidated material

such as coarse sand, and inappropriate with coarser gravels. The number of
chemical determinations carried out on the samples of interstitial water is also
restricted, by the generally small sample size, to parameters of major
importance, e.g. hazardous substances such as heavy metals, and to parameters
which are indicative of groundwater contamination. In the latter case we have
found that TOC, ammoniacal nitrogen and chloride have been useful indicators

of contamination from landfills containing large quantities of domestic refuse,

although the composition of leachate from landfills can vary considerably.

The larger volumes of samples of borehole standing water recovered by a
Casella sampler during drilling of the boreholes, although giving less precise
information on water-quality variations with depth, allow a wider range of
determinations to be carried out (Figure 3). Similarly, sampling and analysis
of standing water from 'open' boreholes, as part of the groundwater monitoring
programme, allow the determination of a relatively wide range of parameters.
In addition, in-situ determinations of the dissolved-oxygen saturation and
temperature are made during the monitoring programme, being useful indicators

of landfill-derived organic contamination of groundwater.

4. RESULTS OF SITE INVESTIGATIONS

It is intended that the results of our investigations at nine landfill sites in the
UK will be published on completion of the research programme in 1977,
although a preliminary progress report has been published recently (2) and

some conclusions from the work are being presented at this conference (5).

The type of information obtained in our site investigations, however, can be
seen in the example shown in Figure 4, which details the results of an investi-
gation of a waste-disposal site in a disused quarry in a dolerite dyke, intruded
into Triassic sandstones. The main component of the leachate from this site

is hexavalent chromium. The distribution of chromium in groundwater is
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clearly shown by its distribution in interstitial water in a vertical section
along the plume of contamination in the sandstone. In addition, analysis of
interstitial water for other constituents present in leachate allowed us to
determine whether the decrease in concentration of contaminants in ground-
water with increasing distance from the disposal site was due to preferential
removal of contaminants or was simply caused by dilution. Hydrogeological
analysis of the site suggested that flow in fissures associated with the
emplacement of the dyke was responsible for large-scale vertical movement of
chromium in groundwater. Intergranular flow was predominant in sandstone
unaffected by intrusion of the dyke, and the greatest movement of chromium

occurred along more permeable sandstone between 30-40 m below OD.

It is suggested that this sort of detailed information on aquifer properties and on
the distribution of contaminants in groundwater, is necessary to elucidate the
hydrogeological and geochemical processes which affect the movement of
leachate, and modify the composition of contaminated groundwater within the
aquifer. We consider that such information cannot be obtained only by deter-
mination of the gross permeabilities of drilled strata or by the analysis of
water entering a borehole during or after drilling. It is also clear from other
site investigations that analysis of liquid samples alone is insufficient to
determine the environmental effects of a particular waste disposal. This is
obviously true with oil wastes which can be mobile in unsaturated strata, but
which are immiscible with water, and rarely recovered in samples of water.
The distribution of these substances can only be adequately determined by

analyses of solid samples of strata.

Finally, it should be noted that in our investigations it has been possible to
determine the fate in a landfill and its surrounding strata of only those
substances identified in the desk study and exploratory investigations. Identi-
fication of more than a limited number of hazardous substances in leachate or
wastes is extremely complex and time-consuming, particularly for organic
hazardous substances, and requires expensive analytical resources which are

often not available to organizations involved in landfill research.
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PAPER 10

APPLICATION OF BOREHOLE GEOPHYSICS TO SELECTION OF POTENTIAL
SITES FOR DEEP-WELL DISPOSAL OF LIQUID WASTES
Donald 1.. Brown

ABSTRACT

An important application of borehole geophysics in waste disposal studies is

to determine the chemical quality of formation waters and to monitor changes
in quality within a dynamic hydrologic system. An equally valuable application
is the use of borehole geophysics as a tool in the process of identifying potential

deep -well disposal sites.

Interpretive data obtained from geophysical logs of test holes provide inform-
ation about the number and distribution of potential reservoirs and reservoir
seals, porosity development, and the quality of formation waters. These data,
synthesized into a regional or areally-extensive framework, are useful in
outlining areas with both positive and negative potential for storing liquid
wastes, The information, in quantitative form, is valuable for the evaluation

and selection of optimal sites for subsurface storage of liquid wastes,

1. INTRODUCTION

Geophysical logs should be used by the hydrologist as both a predictive and
quantitative tool, not just a means of correlating formations and selecting
screen intervals, If the full value of calibrated geophysical logs is to be
realized by the water industry, re-evaluation of our geologic techniques
should be initiated. Many of the techniques used by the petroleum industry
are directly applicable to solving problems faced by the hydrologist.

Borehole geophysics is predominantly used in the field of waste disposal as

a detection device to record movement and passage routes of contaminants,
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This is an important function of geophysical logs, but it is an application of
the tool in a passive role. Why not use geophysical logs as the petroleum

industry does; to explore, predict, and initiate directions of investigation ?

The purpose of this paper is twofold: to briefly review some of the geo-
physical fools presently being used to monitor waste disposal sites, and to
describe some of the techniques that can be used to select potential deep-

well injection sites on a regional basis.

Selecting potential disposal or waste storage sites in a region that has little
subsurface control has long been a major problem to hydrologists., The
environmental impact of long term storage of industrial and radioactive
wastes are now being investigated by observing storage sites that were
selected in the 1950's and early 1960's, Geophysical logs are one of the
means used to monitor the possible movement of effluent from these older
waste storage sites as well as to detect possible leakage of contaminants
from newer sites. The application of porosity, gamma spectrometry,
temperature and conducti‘vity logs, current-meter surveys, and the acoustic
borehole televiewer to the problems of waste storage monitoring is presented
in the sections that follow. Further, a method for selecting potential waste
disposal sites that is designed to quickly eliminate areas not meeting require-
ments and to define areas that will require further detailed investigation is
presented. The technique would provide management with the information
necessary to evaluate and select the best of all potential subsurface storage
sites, Being able to reject large areas by this technique would enable the
drilling budgelt to be concentrated on areas that would give the greatest return

of information per dollar invested,

2. BOREHOLE GEOPHYSICAL LOGS FOR WASTE DISPOSAL MONITORING

The use of borehole geophysics as a down-hole monitoring system to detect
the presence and movement vectors of contaminants is one of the more

important uses of geophysical logs outside the petroleum industry, Keys and
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Brown (1973) presented a review of the state of the art that indicated two
categories of geophysical logs are useful in monitoring waste disposal sites;
the first indicates movement or potential movement of fluid and the second

identifies a specific component within a dynamic system,

In the first category, porosity and fracture logs indicate zones of potential
fluid movement, while current-meter or spinner surveys establish direction
and velocity of fluid movement within boreholes, Commercially available logs
for determining effective porosity in various rock types include gamma -gamma
density, neutron, and acoustic velocity logs. These logs indicate zones for
potential fluid storage in lithologies where intergranular or intercrystalline
porosity development is prevalent, In competent rocks such as tightly
cemented sandstone, consolidated granite wash, and carbonates, the pre-
dominant porosity and permeability may be a result of fractures or solution
openings, The location and orientation of fractures is important not only
from the standpoint of reservoir potential, but also for determining the

effectiveness of reservoir seals.

There are several commercial logs available that are designed to detect
fractures, but probably the best borehole geophysical tool presently available
is the acoustic borehole televiewer. The televiewer works on a principle
similar to radar except it operates at a much lower frequency. A transducer,
located in the tool, acts as both a transmitter and receiver of sound pulses,
The distance the sound pulse travels as well as the character of the borehole
wall affect the amplitude of the reflected sound. By rotating the transducer
as the televiewer is pulled up the hole, a 360 degree scan of the borehole is
achieved. The scans are triggered and thus oriented by a magnetometer in
the probe. The display from the televiewer is presented on an oscilloscope
that is monitored by a camera. The pictures show the well bore as though it
were split open along the north axis and laid out flat, This allows a fracture

to be measured for width, strike and dip.
The US Geological Survey is presently using a borehole televiewer in research

projects ranging from study of induced fractures caused by hydraulic fracturing

(Wolff and others, 1975; Bredehoeft and others, 1976) to monitoring radio-
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active waste disposal sites. Wolff (1975) pointed out that in the Piceance Oil
Shale Basin of northwest Colorado, 'vertical fractures may be hydraulically
induced at well-face injection pressure of about two thirds of the total over-
burden load. Further, the fractures will continue to propagate vertically as
long as injection pressure exceeds the combined value of least principal
horizontal stress and tensile strength ....' That statement emphasizes the
importance of the televiewer as a monitoring tool to detect potential contamin-
ation pathways resulting from fractures induced during injection of waste

fluids.

Some of the older radioactive waste storage sites in the United . States were
chosen, in part, because of a thick shale seal that was present at the disposal
site. Prior to the development of the acoustic borehole televiewer, fracturing
of a shale reservoir seal either by drilling or by injecting fluids could not be
easily detected. W.S. Keys (oral commun,, 1976), using gamma spectro-
metry logs, recently found radioactivity in strata below the disposal horizon
at one of the older storage sites for radioactive waste in Tennessee., The
borehole televiewer was used to confirm the presence of fractures in the

shale, These fractures were probably the conduit for movement of radioactive

effluent,

The borehole current-meter is an excellent tool for determining movement of
fluid within a well. Current-meter traverses indicate where fluid is entering
an aquifer, in the case of an injection well, or which zones are contributing

fluid, in the case of a pumped or flowing well, One of the more obvious uses
of this tool is to determine if injection zones within an aquifer clog or develop

during injection.

Combining logs showing movement of fluid, with logs indicating qualitative
changes, provide information on rate of movement and dispersion of injection
fronts. Combinations of current-meter traverses and fluid conductivity logs
were used to determine the movement of a freshwater injection front in a

brackish water reservoir in a recent study at Norfolk, Va. (Brown and Silvey,

1973).
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When the fluid movement within a well bore is too slow to register accurately
on a current-meter, a temperature log is useful to indicate internal flow
patterns. An intermittently pumped well in Virginia, that was screened in
several intervals over a distance of about 1000 feet (300 m), suddenly began
producing a high-chloride water (R. L. Wait, oral commun,, 1976). The
well was not pumped for several months, after which temperature and fluid
conductivity logs were run in the non-pumping well. The logs showed that
because of head differences in the aquifer, warm, salty water was moving

up the well bore and was entering the upper formations.

In the second category of logs used in monitoring waste disposal sites, there
are a large variety of geophysical logs, ranging from simple temperature
logs to sophisticated gamma spectrometry logs, that will indicate changes

in water quality at a monitoring station,

W.S. Keys (oral commun,, 1976), using gamma spectrometry logs, had
excellent results in detecting the spread of contamination near a radioactive
waste storage site at Maxey Flats, Ky. Gamma spectrometry is a means

of identifying both natural and artificial radioisotopes on the basis of charac-
teristic radiation energy levels. As isotopes decay, they emit alpha or beta
particles with a consequent loss of 'mass. Gamma radiation is also emitted
by some radioisotopes. By monitoring gamma photons detected per time unit
versus gamma energy, characteristic energy peaks are recorded that can be
used to identify specific radioisotopes. At the Maxey Flats storage site,
gamma spectrometry logs run in cased observation holes around the periphery
of the storage area, detected the presence of cobalt 60, cesium 134, and
cesium 137 isotopes (H.,H. Zehner, oral commun,, 1976). These particular
isotopes, which do not occur in nature, were present in the stored radio-
active waste and, therefore, provided documentation of movement of the
contaminants away from the waste storage site, They had not been detected
in water samples from the well, but were detected and identified behind the
casing above the water table. One of the more important features of this log
is that it can be operated in either a cased or open hole, This has special
significance, in that cased wells could be used as monitor wells if the need

arose,
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3. AREAL EVALUATION TECHNIQUES FOR SELECTING POTENTIAL
DISPOSAL SITES

The use of geophysical logs as monitoring tools is an established aspect of
downhole geophysics. The use of geophysical logs to define the reservoir
and to predict areas of potential re servoirs may prove to be an equally

important application of downhole geophysics.

Brown and Reid (1976) devised a very effective regional method of quickly
evaluating areas for suitability of deep-well waste storage. The method
requires simple manipulation of geophysical logs and is especially adaptable

to large areas with widely spaced data points.

The first step in an areal evaluation is to define the minimum criteria that
an area must possess in order to be considered as a potential disposal site,
Secondly, a series of maps is constructed from log interpretations that will
progressively outline areas that have the geologic environment with the

predefined criteria,

The following is a general set of criteria that were picked to illustrate the
me‘thodology of the technique, Individual characteristics can be adjusted to

meet local needs in relation to the kind of waste to be injected.
(i) A formation water that has a total dissolved solids concentration
high enough that the water will not be required for any further

use,

(ii) A reservoir that has some minimum depth below the base of any

fresh water present in the area.

(iii) A reservoir with sufficient porosity and permeability to permit

the emplacement and storage of the waste fluid with reasonable
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injection pressures, Further, the reservoir should be a sand,
rather than carbonate lithology to minimize loss of inject'ion

fluids through fractures and solution channels,

(iv) A reservoir with sufficient thickness of relatively impervious
shale both above and below the reservoir so that the injected

fluid will remain within the reservoir.

To begin this type of regional evaluation, it is necessary to correlate the
geophysical logs into chronostratigraphic units so that a structural and

stratigraphic evaluation of each unit can be made. In addition, a regional

water quality map must be constructed for each unit. Combining structure
and salinity maps will quickly delineate areas that will not require further

investigation,

4. WATER QUALITY CALCULATIONS

A regional salinity map (Figure 1) is very important in an evaluation of this
type. (The area and values depicted on Figures 1 - 6 in this paper are
hypothetical and are used only as a means of illustrating the methodology. )
Water quality data are invariably limited to areas of freshwater production

or to scattered drill-stem tests in areas of poor water quality. Therefore,
geophysical logs may have to be used to calculate water quality. Calculation
of water quality using geophysical logs is not difficult; however, when working
with fresh and brackish waters certain precautions are necessary that require

some detailed explanation.

Techniques for calculation of water quality are available from many sources
(Schlumberger, 1958; Alger, 1966; Brown, 1971) and it is not the purpose

of this paper to discuss the theoretical aspects of resistivity and Spontaneous-
Potential logs. What should be noted by the hydrologist is that geophysical
logs and their subsequent interpretation were designed for salt-water-hydro-
carbon environments. Therefore, techniques used by the petroleum geologist
must be modified by the hydrologist when dealing with a fresh to brackish

interstitial water,

227



There are two basic log interpretation techniques that may be used to calculate
the approximate dissolved solid and sodium chloride content of interstitial
fluids. They are: (a) the 'Resistivity Method' in which the mathematical
relationship between the resistance of current introduced into the borehole

and the porosity, interstitial water, and natural rock resistivity is resolved,
and (b) the 'SP Method' in which a mathematical relationship between electrical
potential and the chemical activity of the intérstitial water and drilling mud is

resolved,

5. RESISTIVITY METHOD

The basic formulas used in this method are (Schlumberger, 1958, p.11):

F = 3.62 terereeesensese 1
.1
P 5
R
R = o 4
W F

where F = formation resistivity factor R = resistivity of rock 100 per cent

saturated with water of resistivity R s R, =re sistivity of interstitial water

in a porous rock, and ¢+= porosity.

Given the proper suite of geophysical logs, the Resistivity Method is probably
more useful than the SP Method as it is less affected by lithologic variations
such as shaliness and can also be used in massive carbonate sequences. In
order to use the Resistivity Method with confidence, however, an accurate
porosity value must be available and the formation should have minimum

invasion of drilling fluids so that an accurate value for R  can be determined.

o
As the interstitial waters become less saline, the effect of the bicarbonate
radical on the apparent resistivity of the interstitial fluid is increased to the
point that an error of nearly 200 per cent can be introduced in a sodium
bicarbonate formation water with a salinity of only 2000 mg/l sodium chloride
(Brown, 1971, Table 3). The per cent error will increase as the water becomes
fresher and less concentrated because the bicarbonate radical, which is the
dominant anion in many fresh waters, contributes only about 27 per cent as

much conductivity as an equal weight of chloride ion (Alger, 1966, p. 5).
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This means that a sodium bicarbonate solution will calculate to be apparently
saltier using methods based on sodium chloride resistivities. The apparent
resistivity derived from Equation 2 must be corrected at formation temperature

by a factor of 1.75. The following example from a test hole drilled at Norfolk,

Va. will illustrate the point,

The porosity for an unconsolidated sand, as determined from a gamma-
gamma density log, is 38 per cent, Then, using the standard Schlumberger
charts, the F value is read as 5,0 (1972, p.14). The apparent resistivity,
Ro , read from the deep curve of a dual induction laterolog is 8. 0. By

substituting into Equation 2

_ [¢]
Rw T F
__8
Rw = ——'—5
R = 1.6 ohm-metres (3300 mg/1 NaCl) at formation temperature.

The actual resistivity, R , of a water sample collected from the sand is
2,75 ohm-metres at formation temperature. The effect of the bicarbonate
is to imply that the water is apparently more saline than it actually is. By
applying the correction factor of 1,75 for the bicarbonate anion the R,
calculates to be 1.6 X 1,75 = 2, 8 ohm-metres (1800 mg/l NaCl) at formation

temperature,

The correction becomes more critical as the water becomes fresher because
of the logarithmic relationship between resistivity and NaCl concentration.
Potential freshwater aquifers could be overlooked in a well because of
apparent high salinities when in fact it is a sodium bicarbonate dominated

freshwater,

6. SP METHOD

In many instances, limited geophysical log suites are run in wells so that the

logs necessary for calculations using the Resistivity Method are not available.

229



An alternative technique of calculating water quality from geophysical logs is

the SP or Spontaneous-Potential Method,

The technique of calculating water quality from SP curves has been previously
described (Schlumberger, 1958; Alger, 1966; Brown, 1971), It is important
to realize that the accuracy of the technique is grossly affected if the magnitude

of the deflections of the SP curve are not accurate. The magnitude of the
SP is suppressed by both shaliness and hydrocarbons in a sand and exagger-
ated by divalent cations in the interstitial fluids. In the first instance a
formation water would appear fresher than it actually is and in the second

instance it would appear much saltier.

If the hydrologist is using geophysical logs to calculate freshwater-brackish
water interfaces, the divalent cation effect can introduce large errors as the
water becomes fresher, For instance, in a test well at Norfolk, Va., the

SP opposite a sand at 850 feet (259 m) gave a reading of -40 millivolts.

Based on a water sample recovered from the unit, it should have given a
reading of -23 millivolts. The reason for the exaggerated SP can be explained

by the following formulas (Alger, 1966):

ssp=-Klog(—:—)%% .. 3

a a a
SSP:—Klog (Na+ {Ca+ Mg) L s e v e e ¢ o0 0 4

(aNa)mf

Where SSP = static spontaneous-potential

K = a constant related to absolute temperature

a(w) = electrochemical activity of interstitial water

a(mf) = electrochemical activity of mud filtrate

%Na = electrochemical activity of sodium
Ca = electrochemical activity of calcium

aMg = electrochemical activity of magnesium
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When the square root radical contains significant calcium and magnesium
ions, the effect is great because the square root of a fraction is a larger
fraction., The K value is also affected when the water has a relatively large

divalent cation content.

When the Rw. has been calculated as if it were a sodium chloride solution,
the final R, must be corrected by a factor of 1. 75 in order to compensate

for the divalent cation effect.

As in the case for the Resistivity Method, the effect of the correction for
divalent cations is much more pronounced as the water becomes fresher.
For instance, correcting an apparent Rw! of 20 ohm-metres at 75°C by 1.75
will reclassify a water from brackish to fresh, whereas a correction of 1,75
applied to an apparent R, of 2 ohm-metres at 75°C would not change the

basic brackish water classification.

Any additional anions that are encountered in abnormal concentrations in
dilute water, will also require a correction factor to be applied to the
apparent resistivity. For instance, if sulphate (SO4) is present as a major
constituent in a sodium bicarbonate water, a correction of 1.5 must be made
in addition to the correction of 1. 75 for bicarbonate., To illustrate, a well
drilled in Savannah, Ga. had a water sample collected from a clean sand
interval at a depth of about 3000 feet (900 m). Geophysical logs indicate
that the porosity is 38 per cent which gives an F value of 5 (Schlumberger,
1972, p.14). The apparent resistivity from the geophysical log is about

14 ohm-metres. Substituting in Fquation 2

RO
YT F
R = —% = 2.8 ohm-metres at 46, 6°C (116, 5°F)

This has a calculated chloride value (Schlumberger, 1972, p.9) of about
715 mg/l. Chemical analysis of the water sample (H. Gill, written commun.,

1976) showed that the major cations and anions consisted of:
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Ca = 6.5 mg/1 HCO3 = 994 mg/1
Na = 560 mg/1 Cl-  =230mg/l
so, =120 mg/1

By applying the HCO, correction of 1, 75 the 'Rw calculates:

3

Rw =2.8%X1,75=4,9 ohm-metres at 46, 6°C.

which has a calculated chloride content of about 400 mg/l. Even with the
bicarbonate correction, an error of about 60 per cent exists, However, if
a sulphate correction factor is applied, in addition to the bicarbonate correction,

the Rw calculates:
Rw =4,9%X1.5= 7.4 ohm-metres at 46, 6°C.

This has a calculated chloride value of about 265 mg/l compared to the actual
value of 230 mg/1.

An error of about 15 per cent still exists, but cons'idering the accuracy of the
instruments, the subjective nature of values from logs, and the rounding off
of numbers, this amount of error may be expected. The effect of a 10 to

15 per cent error is more significant as the dissolved solid content of the
formation water becomes less; therefore, in fresh or brackish water, care
must be taken when determining values from logs and charts, The standard
charts for converting water resistivity to water quality express the results
in terms of milligrams per litre sodium chloride (Alger, 1966; Schlumberger,
1972). As the water becomes fresher than 1000 mg/1 dissolved solids, it
would probably be more accurate to determine the dissolved solid content
and then by using local empirical data for individual formations in an area,

convert the dissolved solids content to milligrams per litre sodium chloride.

7. STRUCTURAL-STRATIGRAPHIC EVALUATION OF POTENTIAL
DISPOSAL SITES

Once the average water quality for each chronostratigraphic unit has been

calculated from the geophysical logs, a regional water quality map can be
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constructed (Figure 2). The basic salinity map can indicate freshwater -
saltwater interfaces, direction of intrusion, direction of recharge, and may

even reflect structural trends if saltwater is leaking upward along fault planes.

These two basic maps, salinity and structure (Figures 1 and 3), used in
conjunction with the predetermined requirements for waste storage can
quickly eliminate large areas from further consideration as a potential deep-
well waste storage site. If the minimum formation water quality that will be
considered for a disposal-host is chosen as 3000 mg/1 sodium chloride and
the minimum depth of burial is chosen as 3000 feet (914 m) below sea level
[1000 feet (304 m) below the deepest freshwater occurrence in the unit] then
areas requiring further investigation can be defined by overlaying the two

maps and outlining the areas that meet the basic requirements (Figure 4).

Once the high salinity and depth-of-burial requirements are met, it is
necessary to determine if the other predefined requirements are present;

that is, a sand reservoir and sufficient reservoir seal.

Again, the basic data can be derived by simple manipulation of the geophysical
logs. At each well site, using electric, gamma, and sample logs the thick-
ness and number of occurrences of sand, shale, and carbonate units within

a chronostratigraphic unit should be recorded, along with depth and the

various percentage values listed in Table 1,

By constructing 'sand lines' and 'shale lines' on the SP curve of the electric
log, the thickness and number of occurrences of sand, shale, and carbonate

beds within each unit may be determined.

Once the sand and shale lines are established, the presence or absence of a
reservoir that meets requirements 3 and 4 [that is, 20 feet (6 m) thick, with
20 feet (6 m) of seal above and below] is easily established. The spatial
distribution of areas containing reservoirs can be determined by placing the
data in map form (Figures 5 and 6) which will further eliminate areas from

consideration in a drilling programme,
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It becomes apparent that the direction of this technique is to spiral inward
towards a specific area, by eliminating areas that cannot meet predetermined
geologic standards. The methodology is one of simple rejection. Brown and
Reid (1976) did not stop there however; they further refined the method and

by using the data in Table 1, devised a technique for prediction,

They constructed a series of six maps for each geologic unit under consider-
ation for waste storage. The map series consist of:

(1) Average depth of the top of the unit's potential waste-reservoir

sand.
(ii) Unit thickness and sand thickness map.
(iii) Thickness of potential waste-reservoir sand.

(iv) Average thickness, per foot of potential waste-reservoir sand,

for the shale seals that immediately overlie the reservoir sand.

(v) Average thickness, per foot of reservoir sand, for the shale seals

that immediately underlie the reservoir sand.

(vi) Depth/potential reservoir factor (average depth of potential
reservoir sand occurrence/total thickness of unit's potential

reservoir sand).

Brown and Reid's maps 1 through 3 can be used to predict certain geologic
factors. They indicate the regional trend for depth of burial, sandy facies

in a unit, and areas where increased thickness of individual sand units can

be expected.

Maps 4 through 6 are designed to determine the extent and effectiveness of
seals in areas that have established reservoir sands and to try to project
that trend regionally, Map 6 also indicates the relationship between thickness

of overburden per foot of potential reservoir sand.

234



Record Number:

Well Number: Well Name:
State: County: Latitude: Longitude:
Depth of Well Depth of Well (SLD) Elevation of. Measuring Point = Elevation of
(ft) (m) (ft) i (m) Ground Level
(ft) ] (m) (ft) l (m)
Basic Data - Potential Reservoir Sand Unit A Unit B Unit C Unit D

Determination

(ft) l (m) [(ft) l (m) | (ft) l @] ¢y | @

Depth to top of Unit (SLD)

Thickness of Unit

Unit's total sand thickness (ft/% & m/%)

Unit's total shale thickness (ft/% & m/%)

Unit's sand-shale ratio

Number of potential reservoir sands in Unit

Total thickness of Unit's potential
reservoir sands

Average thickness of Unit's potential
reservoir sands

Maximum thickness of a potential
reservoir sand layer in Unit

Ratio - Unit's potential reservoir sand
thickness:Unit's total thickness

Ratio - Unit's potential reservoir sand
thickness:Unit's total sand thickness

Thickness - Immediately underlying shale
seal - potential reservoir samd -
immediately overlying shale seal

Ratio -~ Thickness of immediately
underlying shale seal:thickness of
potential reservoir sand:thickness
of immediately overlylng shale seal

Depth to top of uppermost potential
reservoir sand (SLD)

Depth to top of lowermost potential
reservoir sand (SLD)

Average depth to top of Unit's
‘potential reservoir sands (SLD)

Percent of potential reservoir sand
in upper third of Unit

Percent of potential reservoir sand
in middle third of Unit

Percent of potential reservoir sand
in lower third of Unit

D/PR factor (average depth of potential
reservoir sand occurrence/total
thickness of Unit's potential
reservoir sand)

Geophysical logs:

Table 1. Data sheet for geologic parameters to be calculated from geophysical logs.
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To supplement the maps, Brown and Reid also used a series of 5 graphs

depicting the following geologic parameters within each unit:

(i) ratio of potential waste-reservoir sand thickness to total thickness.
(ii) ratio of sand thickness to shale thickness.
(iii) number of potential waste-reservoir sands,
(iv) maximum thickness of potential waste-reservoir sands.

(v) occurrence of potential waste-reservoir sands in upper third,

middle third, and lower third of unit,
These graphs are designed to give quantified information in determining
which unit;, if several are under consideration for waste storage, has the

more positive aspects and which unit could be most economically developed.

8. POROSITY AND PERMEABILITY

The areal distribution pattern of effective porosity and permeability of a
potential reservoir can be mapped by either direct or indirect methods. If
porosity logs are available at the control wells,’ a direct method would be
to construct a map showing the average per cent porosity for each chrono-
stratigraphic unit, By combining these maps with the maps showing sand

thickness, it should be possible to establish porosity trends,

If direct porosity information is not available, there are several indirect
methods that can be used to determine relative porosity., If the resistivity
of the formation water (Rw) has been calculated, and the resistivity of the
formation (Ro) can be determined from the electric log, the formation factor
(F) can be found by substituting into equation 2, Once a value for 'f' is
determined, a value for porosity can be read from standard log analysis

charts if local information shows a direct. ¢-F relationship.
In areas of unconsolidated sediments such as the Atlantic Coastal Plain of

the United States, it may be possible to determine an empirical relationship

between thickness of sand and porosity-permeability. Brown and Reid found
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in their study that the maximum usable porosity and permeability was present
in a reservoir when the ratio of the unit's potential reservoir sand thickness
(map 3) to the unit's total sand thickness (map 2) approached a value of one.
Similar empirical relationship can be determined for areas of differing geo-

logic environments,

The whole purpose of the discussion of Brown and Reid's paper is to point
out what can be done with geophysical logs in a predictive sense. With the
exception of samples for the determination of lithologies (and even this can
be fairly accurately approximated with the proper suite of logs) all the maps
and graphs can be derived using geophysical logs. The purpose of the maps
and graphs is to provide a step-by-step method to delineate areas that appear
to warrant further investigation, to eliminate areas that appear unsuitable
for waste storage, and to provide management with decision making tools

in the expenditure of the exploration budget.

9. SUMMARY

Geophysical logs have a proven value in the job of monitoring the movement
of effluent from waste storage areas. The underground movement of
contaminants from deep-well disposal sites or surface storage areas can be
detected in observation wells using a variety of downhole geophysical tools.
The gamma spectrometry log is especially versatile in monitoring radioactive
wastes because it can detect and identify gamma -emitting isotopes in both
case