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FOREWORD
The Agency's plans for establishing safety standards for nuclear
power plants referred to as the Nuclear Safety Standards (WUSS) programme,
have been set out in the IAEA document GC (CXIID526/MOD. 1). The objective
of the programme as stated in this document was to proceed with the
development of three types of documents.

(a)

Codes of Practice for thermal neutron nuclear power plants, which
establish the objectives and minimum requirements that must be
fulfilled to provide adequate safety for these plants;

(b)

Safety Guides which provide additional requirements and recommend
procedures that should be followed to implement the Code of Practice.

(c)

User's Manuals, intended primarily to nuclear power plant operators,
which normally present one or several possible methods and techniques
for solving specific problems.

Work on Codes and Guides was initiated in 1975 in five main fields:
governmental organization, siting, design, operation and quality assurance.

In the field of siting (S) a Code of Practice and thirteen Safety
Guides have been developed and published in English, French, Spanish and
Russian. These publications are used in a number of Member States in the
siting work for nuclear power plants. To facilitate their use the Technical
Review Committee on Siting has stressed on a number of occasions the need
for Users Manuals and recommended that the Agency proceed with the
development of these Manuals. These documents should provide Member States
implementing the Code and the Safety Guides with examples of procedures,
practices and documents illustrating siting methods and techniques used in
Member States having broad experience in siting.

To implement this recommendation work has been initiated in the
Secretariat to develop those User's Manuals which are most need in Member
States embarking on a nuclear power programme and iniating siting
activities. In view of the difference between User's manuals and Codes and
Safety Guides, work on User's Manuals is undertaken outside the NUSS
programmes established procedures for development, review and approval of
the document. For User's Manuals it was decided to follow the standard
practices used in the development of Agency publications such as Guidebooks
and Technical Reports. This procedure is expected to reduce the time and

cost of preparation of User's Manuals, which are at the lowest level in the
hierarchy of NUSS programme documents and do not contain requirements for
which formulation a broad consensus of siting experts would be needed.
This User's Manual has been prepared in support of the NUSS Guide
50-SG-S7 "Nuclear Power Plant Siting : Hydrogeological Aspects".
This manual is published as a temporary publication for trial use.
It is the intention of the Secretariat to collect information from the use
of this document in nuclear power project activities and prepare a revision
in the near future.

EDITORIAL NOTE
In preparing this material for the press, staff of the International Atomic Energy Agency
have mounted and paginated the original manuscripts and given some attention to presentation.
The views expressed do not necessarily reflect those of the governments of the Member States
or organizations under whose auspices, the manuscripts were produced.
The use in this book of particular designations of countries or territories does not imply any
judgement by the publisher, the IAEA, as to the legal status of such countries or territories, of
their authorities and institutions or of the delimitation of their boundaries.
The mention of specific companies or of their products or brand names does not imply any
endorsement or recommendation on the part of the IAEA.
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1. INTRODUCTION AND SCOPE
1.1

General

Groundwater is one of the most sensitive components of the
environment. It occurs in a wide variation of geological settings, from
within fractures and fissures of varying dimensions in hard rocks, such as
granites or basalts to within small to large pores in sedimentary rocks and
soils such as alluvial deposits. Depth and location may affect drastically
the nature of rock fractures, while the dimensions and distribution of pores
in sedimentary formations may vary enormously over very short distances.
These factors account for a difficult predictability of movement of
groundwater. Furthermore, the rate of movement of groundwater can be as low
as centimeters per year or as high as several tens of meters per year. This
makes the system very fragile because contaminants introduced in the
groundwater may remain there for very long periods, moving slowly towards
outlets like wells or springs or may travel over long distances, or
discharge to the accessible environment in relatively short periods of
time. Contamination of groundwater should be avoided at all costs. This is
even more important when a particular groundwater resource is the only
available one for drinking or for irrigation.
Throughout the world, an effort is made to site nuclear power plants
and nuclear installations at locations where the natural conditions are
favourable and the design basis events do not require extraordinary
engineering measures to protect the health and safety of the general public
and of the environment. Despite these general trends, nuclear installations
throughout the world are located in areas with different subsurface
conditions that can and do vary within a very broad range. This means that
nuclear installations can be located on massive rocks like granite, gneiss
or basalt, but also on shales, sands, silts or clays. Permeability of these
subsurface strata can be extremely high as in the case of gravels or
fractured rocks, or very low as in the case of silts and clays.
In different geologic conditions the hydrogeologic regimes exhibit
different characteristics. In humid regions one or more shallow aquifers
are usually present and contact of groundwater with plant foundations is a
common thing.
Therefore, accidental contamination of groundwater from radioactive
releases can take place by several different ways and its consequences can
differ from site to site. Requirements for the licensing of nuclear power
plants typically include an assessment of an accidental release of
radioactive material into the ground water system. Calculations are then
performed to determine (a) the rate of flow versus half lives of the
isotopes released, and (b) the effect of dispersion in reducing the
concentrations below levels of concern. Consideration is being given to a
requirement for zero release and eliminating dispersion as a means for
obtaining concentrations below action levels. The accident of Chernobyl
emphasizes the fact that the safety analysis should include a severe release
scenario.

This document gives basic information on potential pathways and
mechanisms, by which radioactive materials from releases can reach man, and
on modelling considerations to predict the behaviour of radioactive
materials in the ground. However, the main objective is to present an

overview of existing techniques for preventing the offsite releases of
contaminants into the groundwater systems and techniques for mitigation of
effects of such releases should they occur. Numerical simulation results
performed in the USA by or under the sponsorship of the US NRC indicate that
preventive
and/or mitigative techniques can significantly
increase
groundwater travel times and reduce contaminant migration rates.
The

results of these studies demonstrate the value of developing site specific
interdictive strategies for safety analyses and the basis provided by the
results of such studies for selecting the most appropriate preventive and/or
mitigative techniques based upon site specific hydrogeologic conditions,
release situations, and environmental characteristics of the site. More
detailed discussion can be found in the following.

1.2

Pathways
One of the possible pathways by which radioactive materials from

nuclear installations can reach the biosphere and result in the exposure to
man, is via groundwater. The radioactive materials may be released in the
liquid phase, vapor phase, solid phase or in various combinations of the
three phases. Due to abnormal conditions at a nuclear facility, leaks of
different origin may occur such as: radioactive concentrates leaked from
ruptured tanks or pipelines, or leaks of contaminated water from emergency
cooling systems which contain a different spectrum of radionuclides. The
contaminated water can penetrate the subsurface layers, reach the

groundwater, and migrate towards points where the water is used by the
population directly or for irrigation or for livestock.
Of
several potential pathways, the direct contamination of
groundwater by a contaminant in liquid form seems to be the most severe
one.
Severe releases of radionuclides into the atmosphere can also
represent a realistic pathway by the washing-off by rainwater of deposits on
buildings or vegetation, by the leaching by rainwater of deposits sedimented
on the ground surface, or by contaminating the aquifer via surface water
containing considerable amounts of radionuclides. The airborne release of
radioactive material is perhaps the most difficult to contain onsite.
Therefore, in this release scenario, one is most likely limited to the
implementation of mitigative measures. In the case of Chernobyl, soils
within a 30 km radius of the plant site were contaminated and required
remedial action and several thousands of water wells had to be abandoned
because of contaminated groundwater.
However, although such a large contamination of surface soils
represent a particularly unfavourable situation per se, from the point of
view of groundwater contamination this pathway may be less important because
the retention capability of fine-grained soils (i.e. silts and clays) is
relatively high when compared with sands and gravels and most rocks. This
minimizes the potential of spreading the contaminant downwards, except from
situations characterized by heavy rains and snow melts. Moreover, downwards
movement through the aerated zone may not always result in aquifer
contamination, particularly in regions with high evapo-transpiration.
Besides, leaching from most soils is a long-term process in course of which
only radionuclides with sufficiently long half-lives are worth considering.
The vapor phase of radioactive materials may result from either
radionuclides with a high vapor tension that are released in a gaseous form
or, from vapors released from liquid or solid contaminants once they are
exposed to the environment.
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It is known that most gaseous elements and compounds released
directly to the ground can diffuse through natural features back to the
surface. It is believed that serious groundwater contamination cannot occur
in this manner. The penetration of solid material into the aquifer followed
by its subsequent contamination can be expected from a severe accident. The
rate of contaminâtion~is controlled by the rate of leaching of the source.
Hence, it can be concluded that the highest probability severe
release resulting in groundwater contamination can most likely happen
through direct contact of the groundwater with contaminating liquids. Due

to variable site conditions, this event can take place in different ways and
its consequences can vary extremely. This becomes more apparent when taking
into account the varying type of nuclear installations and the different
paths to the accessible biosphere from one site to another. This may give
an idea of the complexity of the overall problem and the difficulty of
applying generalizations to many different types of facilities. For more
details on water pathways, see réf. [1].
Discussion on potential release scenarios relevant to the subject is

presented in Chapter 2.
1.3

Models

Final exposures will strongly depend on the source which can vary in
quantitative as well as qualitative ways, on the physical and chemical
properties of the radioactive materials, on the soil and rock types in the
site area, on site conditions, and especially on aquifer configuration,
flow-rates, temperature and water chemistry, and on characteristics of the

nearby biosphere.

For these reasons, it is rather difficult to evaluate the

potential impact from the groundwater contamination in a generic manner,
since most parameters in such a system are of site-specific character.
To predict the behaviour of a contaminant in the groundwater and to
evaluate potential exposures to the population, many computer models are
nowadays commonly available. It is important to recognize that computer
models allow us to analyze data collected from surface and subsurface
explorations.
The results of computer analyses will, however, strongly

depend on the completeness and accuracy with which the system has been
defined.
In many instances, the computer model averages characteristics
over large areas and the results may not be sufficiently detailed to address
a concern at a specific location. Therefore, it is important that models to
be used be frequently updated and/or adapted to incorporate changes in the
data base occurring during the construction and operation of the facility,
such as those caused by excavation works for foundations. Furthermore,
existing and potential water users should clearly be identified and added to
the model as well as water quality and changes vs direction and travel time.

Some of the models are very simple in nature and are based on a
once-through or constant release rate approach assuming homogeneous and
isotropic conditions in a water-bearing formation. More complex models take
into account heterogeneity and anisotropy of the overall geological setting,
dispersion characteristics and sorption phenomena. In the NUSS Safety Guide
SG-S7 [2] different types of models are discussed. More discussion in this
context is contained in Chapter 3 of this document.

1.4

Prevention and mitigation methods

As stated earlier, migration of radionuclides in the groundwater is a
process that is comparatively very slow if compared with atmospheric or
11

surface water pathways.
In many cases this characteristic permits
radionuclides to decay to Levels below which the resulting risk to
population is considered acceptable.
However, in some cases, the
contaminant may occur at points of water uses in concentrations or
quantities that are unacceptable for the public. The reason could be
unfavourable geologic and hydrogeologic conditions at the site, but also
unfavourable properties
of radionuclides decreasing
their
sorption
capability by soil particles, or large initial amounts of released
radioactive substances, and so on. Then appropriate methods need to be
applied to minimize the potential consequences of such situations.
Techniques aimed at prevention of offsite releases of radioactive
substances into the regional groundwater system and at slowing down the
radionuclide movement in case of a severe release can roughly be divided
into three groups.
The first group encompasses techniques based on
barriers, that would prevent an escape of contaminated groundwater from
containment artificially created in such a manner. In the second group
techniques are mentioned that actively influence the groundwater system by
changing continuously the basic characteristics of the groundwater regimen,

as for example, the hydraulic head, groundwater velocity and its direction.
The third group includes surface barriers design to prevent the infiltration
of contaminants resulting from surface releases.
A review of existing techniques available nowadays is presented in
Chapter 4.
1.5

Scope of the document

This document applies not only for nuclear power plants, but also for
other nuclear installations, such as spent fuel reprocessing plants or
shallow ground disposal sites. However, it is not fully applicable to
high-level radioactive waste repositories in deep geological formations or
in rock
cavities
located well below the ground surface, since
hydrogeological conditions there can be more complex, thus not allowing to
implement all techniques dealt with in this document.

It is applicable to

the surface facilities at a high-level deep disposal site where radioactive
materials are received, temporarily held and packaged for final disposal.
In general, it applies for any installation or facility where radioactive
materials are:

(1) handled in sufficient quantities in liquid state and

where potential exists that they can leak from the original containment and
contaminate the groundwater, (2) where leaching of radioactive materials
precipitated on the ground surface can occur, or (3) where groundwater comes
in direct contact with radioactive materials.
Although emphasis in this document has been placed on radioactive
substances originating from nuclear power production, the recommended
techniques are fully applicable to any hazardous materials, such as organic
liquids, and toxic materials or otherwise dangerous materials the presence
of which in the accessible biosphere can represent health risks as well as
economic losses to the general public.
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2. CHARACTERISTICS OF THE RELEASES
2.1

General

Leaks and spills of small, limited amounts of radioactive liquids due
to equipment leaks or operator failure may not represent a hazard to the
operating personnel or to the population.
Precautions for minimizing
consequences of such situations are, as a rule, already taken in the
facility design, in operating procedures, and in necessary corrective
actions prescribed in operational procedures.
However, there are many
instances where such spills have occured and relatively large volumes of
soil have had to be excavated and removed to an approved disposal site.
Areas where such activities take place can be made more safe through the
placement of concrete pavements and curb systems.

However, two extreme situations can occur at most nuclear
installations that could result in a direct groundwater contamination at the
site:
(1)
(2)

Accidental release of liquid radioactive waste contained in an
underground storage tank.
Severe reactor core accident due to an overheat and subsequent
melt of fuel, that could result in penetrating the ground until
it reaches the underlying aquifer.

These two scenarios are discussed in more detail in the following

text.
It should be noted that for groundwater migration considerations it
is not necessary to take account of all radionuclides participating in both
scenarios, since only some of them can exhibit such properties which would
permit them to contribute significantly to the biosphere contamination via

groundwater.
These properties
characterised as follows:
(a)
(b)

(c)
(d)

of

the

radionuclide

in question

can be

it should be present in such quantity that would justify that
it can occur in concentration levels above designated action
limits at the nearest discharge point.
it should be present in soluble, ionic form to guarantee that
it can be easily transported with groundwater (it should be
noted that solubility curves are parabolic with increasing
solubility in low and high pH ranges thus, handbook values of
solubility may not be accurate).
it should have sufficiently long half-life to ensure that it
would not decay to insignificant levels before it reaches the
accessible biosphere
it should exhibit such low tendency for sorption as to avoid
retention in the nearest vicinity of the release point.

From a set of radionuclides involved in both scenarios only some
fulfill these criteria. From the point of view of transportability an ideal
radionuclide is tritium, which is not retained by minerals, moves
practically with the same velocity as groundwater, and its initial quantity

in some waste streams can be relatively high. However, its radiotoxicity is
very low and it does not usually represent a serious risk to the nearby
water users.
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Among nuclides with high radiotoxicity 90Sr exhibits low sorption
capability towards most minerals and rocks.
Also 103Ru, 106 Ru and
, known for their tendency to form complex, hardly retainable ions and
compounds, should be listed in this context, although their quantities in
the source are relatively low.
The opposite situation occurs in case of radio-cesium. Its fission
yield is very high and for this reason it is encountered in most releases.
However, cesium ions are very well retained by soils, which permits them to
reach the points of aquifer discharge only after longer periods of time.
From activated corrosion products , °^Co and -*^Ni have some
significance. Transuranium elements with their long half-lives, but good
retention capabilities and relatively low fission yields also represent a
less significant source in this context.
Some characteristics of radionuclides involved in both scenarios are
summarized in Tables 1 and 2.

Table 1. Some characteristics of selected radionuclides
involved in a waste tank rupture scenario
Radio
nuclide
3

Half Life
(years)

H
Cr
54
Mn
55pe
6
<>Co

12.3
0.075
0.85
2.7

^Q

80 000
29
213 000
1
159 000
2.06
33
2 100 000

51

*

QO

"TC

106Ru

129X
134
Cs
137cs
237Np
238PU
239Pu
241PU
241
Am
242
Cm
244
Cm

5.3

87.8
24 4oo
15
433
0.45
17.9

Specific
Activity (a)

v.h
h.
h.
h.
v.h
1.
1.
V.I

m.
V.I

h.
v.h
1.
1.
1.
1.
1.
1.
1.

Sorption
Capability (b)

none
h.
h.
v.h
v.h
v.h
1-m
1.
1-m
1.
h.
h.

h-v.h.
v.h.
v.h.
v.h.
v.h.
v.h.
v.h.

Radiotoxicity (c)
V.I
V.I

m.
1.
m.
1.
h.
1.
1.
v.h
V.I

h.
m.

v.h.
v.h.
m.
v.h.
h.
v.h.

(a) Specific activities of radionuclides are characterized according to to
following classification:
v.h.
h.
m.
1.
v.l.
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(very high) ..... more than 10% of the total amount
(high)........... 1-10% of the total amount
(medium) ........ 0.1-1% of the total amount
(low) ........... 0.01-0.1% of the total amount
(very low) ...... less than 0.01% of the total amount.

Table 1 (cont)

(b)
Sorption capability is characterized by means of K<j (in ctirVg)
which indicates the affinity of a radionuclide to most soils according to
the following:

v.h.
h.
m.
1.

(very high) ..........K^ ranges within thousands
(high) .............. K(j ranges within hundreds
(medium) ............ K(j ranges within tens
( low) ............... K,j ranges within units

(c) Radiotoxicity is expressed with the help of the annual limits of intake
of a radionuclide for the ingestion route of entry into the body (in Bq/y),
in accordance with:
(very high) ......... 104-106 Bq/y
(high) .............. 106-107 Bq/y
(medium) ............ 107-10^ Bq/y

v.h.
h.
m.

(low) ............... 108-109 Bq/y

1.

v.1.

(very low) .......... more than 10^Bq/y

Table 2 - Some characteristics of selected radionuclides involved
in severe reactor accident scenarios
Radio
nuclide
90Sr
106Ru
134
Cs
137
Cs
144Ce
238pu
239pu
240pu
241pu
242

Cm

Half Life
(years)

Specific

29
1
2.06
33
0.78
87.8
24 400
6 570
15
0.45

h.
v.h.
h.
h.
v.h.
1.
v.l.
v.l.
h.
m.

Activity (a)

Sorption
Capability (b)
1-m
1-m
h.
h.
v.h.
v.h.
v.h.
v.h.
v.h.
v.h.

Radiotoxicity (c)
h
1
v.l.
h.
h.
v.h.
v.h.
v.h.
v.h.
h.

(a),(b),(c) have the same meaning as in Table 1.

2.2

Storage tank rupture scenario characteristics

Liquid radioactive waste is generated from almost every nuclear
installation and can contain different radionuclides in various chemical
forms and concentrations.
The efforts to concentrate large amounts of
liquid waste from reactor operations, fuel reprocessing, or various

decontamination activities result in application of different waste
treatment techniques, of which evaporation is the most important one. Other
techniques such as precipitation, flocculation, and ion exchange are also
widely used in the worldwide practice for volume reduction of the liquid
waste; however, they give rise to a solid state product which does not
correspond to the postulated groundwater migration scenario. Thus, only
liquid state final products such as evaporator concentrate can fulfill this
condition.
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Another reason why the evaporator concentrate has been selected for
the scenario above is the fact that its radioactivity can be relatively high
and can reach values 105 and 106 times higher than that of the original
waste stream. This case envelopes all other waste streams which can result
from other normal and planned nuclear operations, e.g. handling of wastes
from spent fuel storage pools, or wastes from emergency operation facilities.
There is a common practice to collect evaporator concentrates in
underground interim storage tanks located on-site, until they are ready to
be converted to a stable, solid form acceptable for the final disposal.
These storage tanks are, as a rule, constructed of high quality steels to
minimize effects of corrosion, and precautions are taken against leaking of
their content by installing them into engineered underground waterproof
structures, efficiently drained. However, in spite of all these measures,
the loss of integrity of the whole storage system cannot be excluded.

For these reasons, the rupture of a storage tank followed by leakage
of the whole content into the ground is considered, in many nuclear
installations, as the design basis for this type of accident. Where
engineered barriers are applied, the release scenario usually encompasses
subsequent penetration of all barriers by the leaked liquid.
For analysis of a further development of such an initiating event it
is important to know: the total radionuclide content leaked, the volume of
leaked
liquid,
its
chemical
and
radiochemical
composition,
the
physico-chemical properties of radioactive materials, and those of liquid
phase containing the radioactive materials. Important is also the mode of
release, which can be instantaneous, as presented in many scenarios, or
prolonged over a certain period of time. From operational data of 15
evaporation units in 6 countries [3] it follows that the specific activity
of evaporator concentrates ranges between 10"^ and 102 GBq/m3; this is
highly dependent on the evaporator type and the treated waste stream. The
original feed is mainly responsible for the broad variety in the specific
activity of radionuclides , since it can be represented by waste originated
from reactor coolant, decontaminating solutions, laboratory and laundry
waste, as well as various sewage and sump waters.

Among radionuclides contained in concentrates are predominantly
95
fission products of which 137Cs, 90Sr, 144Ce, 106Ru,
Zr, and
9
->Nb are usually present in appreciable quantities. They are accompanied
by activation corrosion products containing mostly °"Co, -"Fe,
and 51Cr.
Chemical composition of concentrates is formed by
inactive salts among which nitrates prevail, in concentrations of up to
approximately 200kg/m^, and in case of decontaminating solutions, organic
chelating agents can often be present.
As regards total volumes of liquid contaminants involved in the
scenario under discussion, the underground storage tanks are able to contain
several hundreds cubic metres of evaporator concentrates each.

2.3

Severe reactor accident scenario characteristics

The experience at Chernobyl led to a conclusion that none of
accidents judged up to now as extremely unlikely can be excluded from safety
consideration. Many theoretical as well as experimental works have been
conducted which supplied extensive database for assessments. The general
feeling is that such types of accidents must be prevented to a high degree
of reliability because of their potential for large releases of fission
products and subsequent contamination of the overall environment.
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It is highly unlikely that a severe reactor accident, resulting in
groundwater contamination due to leaching of reactor melt core debris or
leakage of reactor sump would not be accompanied by enormous release of
radioactive materials- into the environment via atmosphere. The risk from

these atmospheric releases can exceed many times the risks from direct
groundwater contamination and obstruct the immediate corrective or
mitigative actions pertaining to the groundwater for relatively long periods
of time. Also, the molten core mass would evaporate all water in the
vicinity of the debris. Therefore, in most predictions it is assumed that
radionuclides will enter the groundwater system approximately one year after
the accident for leached core melt and half a year after the accident for
reactor sump waste water releases.
Typical scenarios for accidents of these types have been described in
the USNRC Reactor Safety Study [4] and analysed in more detail in other
NUREG documents [5], The first scenario is based on assumption that
light-water reactors are capable of undergoing situations in which the
reactor core overheats to the point of melting.
The melted mass could contain sufficient heat to subsequently
penetrate the underlying structures and enter the geologic strata, where
after sufficient cooling the groundwaters could contact the core melt debris
and initiate the hydraulic transport of leached contaminant from the site.
In
this context
it should
be pointed
out that hydrogeological
characteristics in the nearest proximity of the molten mass can
substantially change in the stage of core melt penetration.
The second scenario, which is relevant only for PWRs, takes into
account reactor cooling water and water from emergency sprays, which could
come into contact with core materials, from which an appreciable portion of
radionuclide inventory can be leached out. These liquids would collect in

the reactor sumps and could be released into the ground.
Depending
on
the
reactor
type and
operational procedures,
radionuclide content in the reactor core vary within several orders of
magnitude and in case of high specific burn-up of the fuel it can attain
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values up to 1018 to 1 0
B q . As the scenario proceeds, the three
important radionuclides, ^Sr, 137Cs an(j 106gUj are portioned into the
atmosphere, the core melt debris, and the sump waters (in case of a PWR) . A
typical inventory of a 1000 MWe LWR core is shown in Table 3.

Table 3 Inventories of three important radionuclides in
a lOOOMWe LWR core
Reactor

Nuclides

type

Airborne

Total

inventory
(Bq)

PWR

90

(Bq)

Sump Water

Leachates from

Core Melt debris
(Bq)
(Bq)

Release

17

1013

l.SxlO16

1 .2xl017

.2xl017

1014

8. OxlO16

8 .4xl017

1 .7xl017

1014

1.7xl017

1 .OxlO15

Sr

1 .9xl016

1015

8 .9xl016

106Ru

!
.OxlO18

2xl016

9 . 2xl017

137

1.3xl017

1016

1 . 2xl017

Sr

106Ru
Cs

BWR

Release

90

Cs

1 .4xl0
9

17

The total inventories of the three radionuclides do not differ very
much from those presented in the document on the Chernobyl accident [6]. In
this latter case, the radionuclide content in the reactor core was: 2xlO*-7
Bq of 90Sr, 2.9xl017Bq of 137Cs, and 2xl018Bq of 106Ru.
Much
larger quantities or radionuclides released into the atmosphere were mainly
due to an entirely different sequence of events which caused this particular
accident.
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3. MODELLING OF RADIONUCLIDE MOVEMENT IN THE GROUND
3.1

General

The purpose of this section is to give guidance on mathematical
modelling of radionuclide movement in the ground and thus, to facilitate the
selection of appropriate preventive and mitigative techniques which can be
used to protect the groundwater resources from contamination due to severe
releases of radioactive materials.
As discussed earlier, from a phenomenological point of view, these
releases may be:
directly into the groundwater system
onto the ground surface (soil or rock) and then slowly leached
into the groundwater by infiltration of precipitation
into the atmosphere and thus widely dispersed at varying
distances from the site until they deposit on the ground
surface from which they are slowly leached into the groundwater
by infiltration of precipitation.
The selection of suitable preventive or mitigative techniques will
strongly depend on the following:
-

the source term extent and configuration
the subsurface hydrogeologic conditions
the environmental characteristics of the region

It should be noted that each of these three components should be
understood as an integral part of an overall system, where some unfavourable
characteristics in one component may be compensated for favourable ones in
another component. For example, where environmental characteristics are
represented by low population density and by an insignificant use of land
and water, the local hydrogeology need not exhibit high confinement and
retention capabilities for radionuclides, and vice versa. Similarly, severe
contamination can still be deemed acceptable in situations where both local
hydrogeology and environmental characteristics are highly favourable.
Therefore, the selection of a preventive and mitigative system shall
be done with detailed understanding of all three components mentioned
above. Consideration on modelling of radionuclide movement, which is an
important input to the overall evaluation, is presented in the following
text.
3.2

Processes and factors

Prior to the selection of an appropriate protective or mitigative
system, the processes and factors that govern the movement of radionuclides
in the hydrogeological environment must be identified and evaluated. The
final use for such information on the site and its environs is: (a) to
calculate the length of time for the contaminant to reach the accessible
environment and (b) to prevent the concentration levels resulting from
severe releases from a nuclear facility into a water-bearing formation.
This is usually achieved by modelling the radionuclide transport from the
site specific release point to potential outlets to the human environment.
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Among the many natural processes that affect the movement of
radionuclides and their concentration distribution in the subsurface, the
physical and chemical ones play the major role. Since their importance can
vary with varying source and site characteristics, they should be properly
evaluated and monitored to establish a realistic and current input to the
models.
The principal transport routes to be considered are:

3.2.1

(a)

the movement of radionuclides through the unsaturated zone and
their interaction with the soil or rock,

(b)

the
transport,
dilution,
dispersion
radionuclides in the saturated zone.

and

sorption

of

Flow through unsaturated media

Subsequent to a contamination that occurs at the ground surface,
radionuclides will come into contact with subsurface formations through
percolation of the carrier solution and move downwards, until they reach the
aquifer. Within this movement physical and chemical processes as well as
biochemical reactions can take place as the fluids percolate, influencing
the rate of movement of radionuclides.
Sorption processes, such as
adsorption, ion-exchange, chemisorption and coprecipitation will generally
retard the migration rates of radionuclides. Filtration may effectively
attenuate colloidal or precipitated
substances in solution, while
biochemical processes may take up various leachate components, such as
nitrogen or phosphorus thus decreasing the hydraulic conductivity of the
strata due to biomass accumulation. The presence of chelating organic
materials which may mobilize the movement of radionuclides must also be
taken into account.

In the last three decades much experimental and theoretical work has
been done, which has considerably improved the physical understanding of the
soil moisture flow in the aerated zone. Theoretical predictions of the soil
moisture evolution suffer, however, due to the lack of reliable input data
for the relevant soil parameters, such as hydraulic conductivity, soil/water
potential, and porosity. Moreover, these parameters show strong spatial
variations even at fairly homogeneous soil sites. This makes extrapolations
of locally measured soil/water balances to a representative field conditions
a difficult problem. Recently, stochastic approaches have been used to
solve this particular problem. (See C. Sonntag paper in réf. [7]).
For these reasons, the prediction of radionuclide movement through the
unsaturated (aerated) zone is not easy to achieve due to difficulties in
quantifying the mentioned factors. Mathematical models are available but,
since large variations in the input data from site to site are to be expected,
the models require site-specific data. Conversely, due to relatively small
distances of most aquifers from the ground surface as compared to their
horizontal extensions, the transport through the aerated zone plays a less
important role.
3.2.2

Flow through saturated media

Radionuclide movement in the saturated zone is much easier to predict
than unsaturated flow and many mathematical models have been developed for
this purpose. (See P. Groblet paper in réf. [7]). The principal mechanisms
affecting the transport of a contaminant with the same density and viscosity
as groundwater are advection/ dispersion and sorption.
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3.2.2.1

Advection/dispersion processes

The evaluation of groundwater contamination depends primarily on the
hydrodynamic parameters of the aquifer units, principally advection
(groundwater velocity) and dispersion. The velocity of groundwater flow may
be determined from (1) Darcy's equation, (2) the use of tracers placed in the
groundwater, and (3) groundwater age dating using tritium or carbon-14.
Groundwater velocity distributions, based on Darcy's equation, can be
approximated
from determination of: hydraulic conductivity, porosity,
distances from source to discharge areas, and the quantities of water entering
and leaving the various aquifer units at the recharge - discharge points.
Detailed field testing is required to establish hydraulic conductivity values
of each aquifer unit having the potential to be affected to provide meaningful
input to analytical models.
The
parameters

accuracy of the determination of the hydraulic conductivity
for the various aquifer units is of primary importance since

dispersion analyses are based on estimates of velocity distribution. However,
field determinations often have uncertainties and, coupled with errors in

determinations of gradient and porosity, computed velocities can be in
considerable error. The most precise method to determine groundwater velocity
is through the measurement of the rate of movement of a tracer from one point
to another. (See A. Zuber paper in réf. [7]).
Other major factors which affect flow rates and directions are fluid
densities and viscosities and anisotropy of the aquifers.
As regards fluid densities and viscosities, studies indicate that an
increase or decrease in density of one percent relative to the uncontaminated

water can already affect flow rates and directions. The effect of temperature
changes with time and the composition of the contaminated fluid should also be
considered. If an immiscible contaminant has a density approximately the same
or less than the groundwater, the contaminants wiJl flow along the top of the
capillary fringe in the direction of the maximum drop in water level
elevation. If the density of an immiscible contaminant is greater than the
groundwater, the contaminant will sink and flow downdip along the top of the
first low permeability stratum encountered and will collect in topographic or

structural lows.

Anisotropy of the aquifer units also affects flow direction arid flow
rates. Variations in permeability including the presence of fractures may
result in flow directions other than at right angles to water level contours
for anisotropic aquifer units. Such conditions, when inadequately defined,
limit the accuracy of predictive mathematical models.
The process of hydrodynamic dispersion results in the spreading out of

the contaminants as they move along the flow system. The dispersion process
occurs because of mechanical mixing during fluid flow and because of molecular
diffusion. The spreading which results from the mechanical mixing tends to be
of most significance in defining the degree of hydrodynamic dispersion when
modelling a release of contaminants.
3.2.2.2

Chemical and physico-chemical processes

Most contaminants interact with the environment in a variety of ways

which influence their behaviour. The physical or chemical interactions may be
grouped into: alterations in the chemical or electronic configuration of
molecule or element; alterations in nuclear composition; the establishment of
new associations with other chemical species; and interactions with solid
surfaces.
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Chemical or electronic alterations include oxidation-reduction,
hydrolysis, elimination, and substitution reactions. These reactions often
affect the solubility and sorptive behaviour of the contaminants, thereby
affecting their mobility.
The natural sorption capability of soils having a high clay mineral
content and through which the radionuclides would have to move, is so vast,
that radioactive substances, with the exception of tritium and some anionic
nuclides, would not move very far from the point of release before they had
decayed to insignificant levels. In some soils, the prevailing mechanism is
ion exchange between ions bounded to the lattice structure of minerals, and
radionuclides in cationic or anionic form in the groundwater. However,
sorption also means other mechanisms of retention, such as chemisorption,
incorporation of a nuclide into the lattice of a mineral, or simple physical
adsorption onto the surface layer of the mineral particle. Although these
phenomena have long been recognized, some licensing agencies have not allowed
credit to be taken for these phenomena in the approval of an acceptable site
for a nuclear facility. In such cases, they can only be used as an added
factor of safety to enhance favourable transmissivity and dispersion
characteristics of aquifer systems.
In general, the solutes which react physically and/or chemically with
the porous medium are retained. These processes are considered reversible,
that is, radionuclides introduced at a point are adsorbed by the porous medium
as they move along a flow path. In effect, the radionuclides move more slowly
in this case than a non-reactive solute.
If the concentration of a
radionuclide decreases, the constituent may be desorbed or transferred from
the solid phase back to the pore water.
The reversible adsorption desorption process depends on the concentration equilibria of the specific
radionuclide and variations of physical factors (e.g. temperature) assuming
the concentration of all other water constituents is constant.
The distribution of radionuclides between liquid and solid phases in a
porous medium is commonly determined by laboratory experiments, or
occasionally, by in-situ tests. In such experiments, which assume that the
relation between sorption and concentration of a radionuclide in liquid phase
is linear and the transfers are reversible, the relationship can be expressed
by means of the distribution coefficient, K^. It is further assumed that
sorption is commonly a function of the radionuclide concentration in solution
and normally is considered as a process that is rapid relative to the flow
velocity.
Thus, the distribution coefficient is regarded as a lumped
parameter used to approximate the velocity of radionuclide movement in a given
medium. However, this concept is not recommended by many investigators
because the uncritical use of experimental K^ values to field conditions
with different geotechnical and thermodynamical environment can produce
misleading results.

3.2.3

Flow in fractured rocks

There is considerably less information and experience on predicting
flow in fractured rocks than in porous media.
Contaminants which are
dissolved in water generally will be carried by the transport media. However,
they can also move independently by various mechanisms.
Among these
mechanisms, as in porous media, diffusion/dispersion and sorption plays a
major role. (See I. Neretniek's paper in réf. [7]).
Rock fractures often have discreet channels within an individual
fracture where the water flows preferentially. Channels in the same fracture
may not meet and mix their water over considerable distances. The situation
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may be better described as stratified flow or channeling than as a normal
Fickian dispersion. Although transport capacity of the individual fractures
can vary within several orders of magnitude due to high variabilities in the
porosity and diffusivity in the rock matrix, the main mechanisms which
influence the flow are understood well, in principle. The difficulty is
primarily one of performing sufficient exploration to adequately define and
characterize the fracture system.
The limitations of the exploration
techniques and the general complexity of fracture systems and flow through
them makes fracture systems one of the more difficult to model. Generally
one-dimensional models are used, and techniques for solving them are
available. (See A. Rasmuson's paper in réf. [7]).

3.3

Mathematical modelling

3.3.1

Main objectives

To the extent limited by the accuracy of the model and the input data,
the selected model should comply with the following main objectives:

(a)

(b)
(c)

(d)

(e)

It should be capable of computing the rate of contaminant
movement i.e. travel time and the rate of movement to the
accessible environment.
It should be capable of portraying the direction of flow within
each of the aquifer units of concern.
It should be capable of computing the distribution of the
concentration of radionuclides migrating through the geologic
material.
It should be capable of assessing the effective capacity of the
geologic media to contain the released contaminant and, of
determining the amounts of radionuclides reaching the outlets of
the system in near as well as far future periods of time.
It should be capable of analysing:
-

the potential effects of the postulated releases
the significance of changes that can occur in the groundwater
system during normal as well as abnormal operational
conditions of the given nuclear facility.
the effectiveness of a preventive and/or mitigative system or
systems in controlling and containing/removing contaminated
groundwater.

To achieve these goals, the information relevant to the overall
groundwater system, both on regional and local bases, should be available.
The extent and quality of required data will largely depend on:
-

the source term under consideration, i.e. the type of nuclear
facility and its operational conditions, effectiveness of safety
measures.
the complexity of the hydrogeological system,
the environmental characteristics of the site, in relation to the
important groundwater resources in the region and the land use.

These are discussed in more detail in Section 3.4. A description of a
number of mathematical models for surface and groundwater dispersion can be
found in réf. [8].
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3,3.2

Types of models

3.3.2.1

System analysis theory

System analysis theory is based upon the analysis of linear systems.
It can be successfully applied to evaluate the contaminant transport and
associated reaction mechanisms, because these processes are effectively linear
due to small concentrations involved.
System analysis theory provides a method that makes it possible to
determine the transit times and it is useful to characterize radionuclide
movement in systems with high spatial variability of porous medium
properties. However, a weakness of system theory is in the area of transient
flow. Another weakness shared with analytical models is the difficulty in
their extension to the distributed parameter systems.
Numerical finite
difference and finite element models are more appropriate to solve these
problems [9].

3.3.2.2

Deterministic modelling

Since system analysis theory gives only partial insight into the
physical mechanisms that may influence the radionuclide transport, a
deterministic modelling approach is appropriate, where such a model is needed
and where some prior information on geological structure and aquifer parameter
values is available.
In the past, the deterministic modelling has concentrated on lumped and
one-dimensional models while the more recent solute and water transport models
deal with distributed and 2-3 dimensional systems.
Mathematical models representing groundwater flow range from a simple
expression of Darcy's Law to a detailed representation of the transient flow,
using complex numerical methods. By use of appropriate boundary conditions
and aquifer parameters, the groundwater velocity can be determined. The
reduction in radionuclide concentration at the point of interest can be
determined by solving the equations for hydrodynamic dispersion and sorption.

Numerical

models

(finite

element

models)

in

combination

with

multicompartmental models seem to be a promising way to get a better insight

into the actual water flow. This deterministic approach suffers from the
problem of how to treat variations in the hydraulic conductivity due to
inhomogeneous aquifer structure. Such inhomogeneity influences the dispersion
phenomenon. Inhomogeneities of the confining beds can also cause spatial
variations of the hydraulic communication between the various groundwater
bodies.
Stochastic treatment of these inhomogeneities seems to be an
appropriate procedure, although the practical experience in this field is
limited. The validity of these models should be checked by sensitivity tests
of the applied model to variances of the individual input parameters.
3.3.2.3

Stochastic modelling

Stochastic modelling is proposed by some authors to allow a more
general formulation of mass transport.
This generality allows for a
description of radionuclide movement in variable velocity fields without
"a priori" reference to the advection/dispersion model on the regional scale.
It can also be used for testing if and when the classical model might
be valid for a given degree of heterogeneity of the medium, thus addressing
the scale effect problem. The use of Monte Carlo simulation associated with
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particle tracking methods in velocity fields of a known statistical structure
is a useful complement to analytical approaches which can become very complex
and even unsoluble for certain forms of the correlation function.

Stochastic methods are capable of accommodating covariance functions
for the velocity or permeability determined in situ and they allow therefore
the simulation of a real field, provided the measurements necessary to compute
the covariances are available. In addition, these approaches give the values
of concentration with a confidence interval related to the variability of the
medium and are able to predict the influence of uncertainty in the
determination of the physical properties of the aquifers.
3.3.3

Selection of the model

To address the issues identified in Section 3.1, two types of models
are required, a hydrogeological model which is capable of portraying the
direction of flow within each of the aquifer units of concern, and a transport
model which is capable of portraying the rate of movement and concentration
levels of a contaminant in the groundwater. Such models should be developed
for both the regional system and the site specific system. The data base for
the site specific model is typically much more detailed than for the regional
model.
Many models of varying degrees of complexity have been proposed to
solve the equations describing transport of radionuclides through a porous or
fractured medium. For most cases, where hydrogeologic conditions verify the
degree
of homogeneity
and
isotropy,
simple
analytical models
are
satisfactory. However, for some hydrogeolgic situations more complex models
may be needed. Details concerning specific models can be obtained from
specialized literature, available from the: International Ground Water
Modeling Center, Holcomb Research Institute, Butler University, Indianapolis,
Indiana, 46208, U.S.A. and from the U.S. NRC.
In selecting an appropriate equation or set of equations that would
simulate the processes discussed in Section 3.2, the simpler forms should be
used first. Initially, a direct instantaneous release of the entire source
term to the aquifer can be postulated. For a primary evaluation of its
effects it may be further assumed that radioactive materials will move with
the same velocity as groundwater to the nearest potential user, and no
dispersion, sorption or radioactive decay will take place during travel of the
contaminant.
For this evaluation, conservative values of the hydraulic
conductivity and the effective porosity can be used to calculate groundwater
velocity.
In case of smaller releases it is likely that the resulting
concentrations will be found within acceptable levels. However, in some
cases, such a conservative estimate can yield unacceptable concentrations of
radionuclides in the area of interest, especially when severe releases are
involved. Thus, in order to reflect better the real situation, more refined
evaluation can be made by:

(a)
(b)

(c)

determining the part of the source term that most likely can
reach the aquifer.
establishing the actual direction of groundwater flow and
locations of those uses that can reasonably be affected by the
released contaminant.
applying a more realistic model of radionuclide movement in the

unsaturated zone and, of the transport, dispersion, sorption and
decay of radionuclides in the aquifer.
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Since in most cases releases will be time dependent, further reduction
of final effects can be obtained through insertion of an appropriate time
factor to the source term.
Where hydrogeological and environmental characteristics are favourable,
i.e. potable water aquifers are deep and are overlain by strata with low
permeabilities, it can be expected that such refined analyses will result in
small, acceptable risk to the population in the nearby area.

Inversely, in situations where aquifers are at shallow depths, having
highly unfavourable dispersion characteristics and flow rates, and where the
groundwater resources are important to the region, a very good knowledge of
the overall underground flow system is necessary, since it can substantially
influence the selection of appropriate techniques, the extent of actions to be
taken and their costs.
In

general,

the

movement

of

radionuclides

in

groundwater

can

be

described by a set of partial differential equations which often must be
solved by numerical integration.
It is a recommended practice that the
equation describing the advective flow, i.e. the movement of the carrier
fluid, is solved first before the solution of the hydrodynamic dispersion
equation is obtained.
Although nowadays analytical solutions for some one and two-dimensional
models exist, for most situations the numerical methods will be required. All
these methods require specification of initial and boundary conditions for the
system under study and of the release pattern of the radioactive source.
The basic mass transport equation coupled with the dispersion equation
is the best available model to solve the practical problems of radionuclide
transport.
The analytical and numerical solutions to the dispersion equation have
been successfully applied for prediction of the spread and time of contaminant
travel as well as for better understanding of the phenomena involved.
The dispersion equation, either in the common form or coupled with the
diffusion equation, can also be used for highly fractured rocks. However, it
does not work properly in stratified or heterogeneous media which cannot be
treated as deterministic systems but as stochastic processes where details of
stratigraphy and local heterogeneities are unknown. (See section 3.3.2.)
To solve the general balance equation of radionuclide movement through
the unsaturated zone, several simplifying hypothesis may be made. If the
assumptions are made that there is no gas movement in the ground and water
moves downwards as a single phase, then a partial differential equation can be
obtained. This, coupled with the Darcy's equation yields a relationship for
which knowledge of the following parameters are necessary: the total moisture
content, the compressibility of the media involved, the elevation head, the
total porosity, and the hydraulic conductivity. Neglecting the flow through
the unsaturated zone will reduce the complexity of the whole analysis.
However, this will produce more conservative values of concentration at the
point of interest.
Equations for the flow in the saturated zones, both for confined and
unconfined aquifers, will differ in some input parameters.
Whereas in
confined aquifers the compressibility, storativity and transmissivity play
major roles, in unconfined aquifers the compressibility is relatively
unimportant and the solution of the flow equation depends on the hydraulic
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conductivity and the specific yield. For a one dimensional approximation of
the groundwater flow, neglecting any lateral flow, merely the hydraulic
gradient in the flow direction and the effective porosity have to be known.
For analysis of both transport and hydrodynamic dispersion, the
solution of the basic equation requires data on longitudinal as well as
transversal intrinsic diffusivities, the groundwater pore velocity and the
effective porosity of the media. Where sorption phenomenon is taken into
account, retardation factors based on distribution coefficients K^, bulk
density and porosity of the media should be provided. The effect of
radioactive decay is treated by introduction of appropriate decay constants.
Appropriate solutions appear in literature for instantaneous or
continuous releases of radionuclides from point, linear or planar sources.
Efforts involved in calculating the resulting concentration distribution in a
groundwater system can substantially be reduced with the use of computers.
Where computer techniques are not available, approaches based on various
simplifications can be used.
3.4

Database

3.4.1

Source term

The derivation of a source term for postulated releases according to
the two scenarios discussed in Section 2 will roughly depend on the type and
design of the nuclear facility under consideration. In case of a storage tank
rupture scenario the source term will be defined primarily by the volume of
liquids contained and their chemical and radiochemical composition.
For
concentrates from the evaporation of reactor wastes the radionuclide content
can be fairly high and the whole spectrum of fission and activation products
can be expected. Inactive inorganic salt, such as nitrates and chlorides, can
be present in concentrations approximately up to 250 kg/nr*.
Where
decontamination for repair and maintenance of equipment is carried out, a
broad variety of chemicals including surface active agents and organic
chelating compounds, is likely to be found in the waste stream.

For a preliminary evaluation conservative assumptions are recommended,
i.e. the entire content of the ruptured tank will instantaneously be released
into the groundwater. The release can be either from a point or from a
horizontal line.
The source term for a core melt-down scenario is much more difficult to
define, since its strong dépendance on many factors can influence the release
patterns. Therefore, a conservative evaluation should deal with approximately
ten percent of the total core inventory; however, more detailed estimates
should be done on specific, case by case basis.

3.4.2

Overview of hydrogeological data

For evaluation of possible events and consequences of a severe
groundwater contamination, a set of pertinent hydrogeologic data is needed
that would be used as input information to the hydrogeologic transport
models. The data to be collected and the investigations to be performed in
this context are dealt with in a detailed manner in a previous IAEA document
[2], in which required quantity and quality of data refer to various stages of
nuclear power plant siting process.
In this section an overview of hydrogeologic and radionuclide transport
data is presented for the development and calibration of a model that would
justify the preventive and mitigative actions that can be applied. The
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required data, both at regional and local scales, can be classified into the
following groups:

plants located at sites having a thick (>50m) unsaturated zone,
plants located at sites with a shallow water table, i.e. within
the saturated zone.
These particular groups are discussed below.
3.4.2.1

Data requirements for the unsaturated zone

To analyze water flow and contaminant transport in the unsaturated
zone, data requirements may include all or portions of the following:
A.

Data important to establish boundary conditions and geometry:
o

o

o

o

B.

Data on porous media material properties:
o

o
o

o
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A real distribution of depth to water table (i.e. variation
in the thickness of the unsaturated zone), and data on
variation of the water table as a function of precipitation
events and seasonal fluctuation; the variations considered
should be based on design basis events.
Definition of the geometry of layering of the soils (i.e.
soil stratigraphy) in the unsaturated zone; continuity of
layers, slopes, and thicknesses; and any other relevant
geometric detail; definition of previous/impervious strata
including layers that are as thin as 15cm as such layers may
control the general pattern of contaminant movement.
Description of the land surface important to infiltration and
runoff such as: surface slopes; soil distributions; ditches;
vegetation distribution; weather data such as precipitation,
potential evapotranspiration, pan evaporation rates, relative
humidity, and data on solar irradiation and irrigation
programs.
Plant or vegetation parameters such as: root zone water
holding capacity, crop coefficients, leaf area index, rooting
depth, rooting density, root resistivity, canopy extinction
coefficients, turbulent transport coefficients, fractions of
bare and vegetated soil, solute uptake coefficients, and
wilting point moisture content.

Soil-water properties curves for each of the significant
hydrostratigraphic units in the unsaturated zone such as:
hydraulic conductivity/diffusivity versus moisture content
and suction head, water capacity as a function of suction
head and air entry pressure.
Water vapor diffusivity, vapor flow enhancement factors, and
boundary layer resistance.
Heat
flow
properties
important
to
energy
balance
determinations which control evaporation such as: surface
reflectivity, thermal conductivity/diffusivity, and thermal
capacity.
Dispersion data which can include: diffusion coefficient,
dispersivity, mobile/immobile fractions, and mass transfer
coefficients.

C.

Data for transport source, solute, and chemistry:
o
o
o

Waste from leach rates and contaminant decay constants.
Adsorption data such as K^, bulk density and effective
porosity, adsorption-desorption isotherm, mineral charge
density, and mineral surface density.
Precipitation-dissolution
data
such
as:
solid
phase
solubility limits, ion activity coefficients, and kinetic

coefficients,
o

o

3.4.2.2

Specification data such as chemical equilibrium constants,
activity coefficients, and kinetic coefficients.
This
includes an assessment of the interaction of contaminants
with fire retardants and with the natural environment,
Data on water chemistry (major anions, cations, Eh,pH), and
the distribution in the unsaturated zone, along with data on
any significant temporal variations during the duration of
the design basis events.

Data requirements for the saturated zone

To analyze groundwater flow and contaminant transport in the saturated
zone, data requirements may include all or parts of the following:
A.
Data important to establish boundary conditions and geometry
(layering, areal extent, and structure):
o

Maps and cross sections for defining the physical framework
and boundaries for the site and the regional groundwater
system include:
hydrologie maps showing the areal extent of the aquifers
and aquitards, geologic maps, geologic cross sections,
well and driller's logs, bedrock maps, regional maps
showing surface water drainage basin divides, topographic
maps and annual isohyetal maps for development of an
understanding of the behaviour and extent of regional

groundwater movement.
structural content and thickness maps for each of the
geologic and hydrogeologic units.
potentiometric surface contour maps for each of the
hydrogeological units so that the direction of flow and
the saturated thicknesses can be determined.
o

o
o

o

Geologic maps and data indicating the location and character
of structures (anticlines, synclines, overthrusting, and
faulting) that might have an impact on hydrologie properties
and routing of flow and contaminants.
Data on stratigraphy, hydrostratigraphy (i.e. aquifers,
aquitards) and lithology, including the distribution and
geometry of layers as thin as 15cm.
Topographic maps or other sources for identifying surface
water features which act as recharge or discharge sites for
the groundwater system. Such features are important to the
determination of boundary conditions.

Data for allowing estimates to be made of areal variation of
recharge including: precipitation records, surface slope
distribution, temperature records, humidity records, land use
and vegetation distribution maps, surface soil types and
characteristics, evapotranspiration data, and plant use
coefficients.
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o

o
o

B.

Data on porous media material properties:
o

o
o

C.

Data on areal distribution of hydraulic conductivity or
transmissivity for each of the aquifers and aquitards along
with the primary data used to prepare the interpretations
such as: data obtained from pump tests, slug tests, specific
capacity tests, drill stem tests, and tracer tests.
Data on aquifer storage and its distribution in each of the
aquifer and aquitard units.
Data on porosity and effective porosity and its horizontal
and vertical distribution in each of the aquifers and
aquitards.

Data for transport source, solute, and chemistry:
o
o

o
o

o

o

D.

Data on pumping and recharge wells such as location, owner,
well design and construction, log of well, identification of
aquifer/aquitard units, temporal variation, nature of use,
and rates of pumping and identification of pumping intervals.
Data on location and size of disposal ponds, chemistry of
disposed materials, and estimates of leakage rates.
In coastal areas, data on the effect of tidal changes on
aquifer
flow
conditions
should
be
obtained.

Waste form leach rates and contaminant decay constants.
Adsorption data such as: K^, bulk density, effective
porosity, adsorption-desorption isotherm, mineral charge
density, and mineral surface density along with estimates of
how these parameters may vary spatially (both horizontally
and vertically).
Precipitation-dissolution
data
such
as:
solid
phase
solubility limits, ion activity coefficients, and kinetic
coefficients.
Speciation data such as chemical equilibrium constants,
activity coefficients, and kinetic coefficients.
This
includes an assessment of the interaction of contaminants
with fire retardants and with the natural environment.
Data on water chemistry (major anions, cations, Eh, pH,) and
the spatial distribution in the saturated zone aquifer and
aquitard hydrologie units along with data on any significant
temporal variations during the duration of design basis
events.
Estimates of fluid density variation as a function of
contaminant concentration.

Data for determination of initial conditions:

When transient saturated groundwater flow is important, then additional
data on potentiometric distributions and concentration distributions are
required.
This
includes
plots
of potentiometric
and
concentration
distributions for each of the aquifer and aquitard units being considered.
E.

Data for saturated system understanding:

This data category usually does not involve any additional data beyond
that previously mentioned, rather it deals with the way they are prepared:
Comparison of differences in potential distributions between
the various layers may help in delineating recharge and
discharge zones.
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Comparison of aquifer potentials with stream and lake
elevations for determination of recharge/discharge areas.
Data on pump test analyses for determination of boundary
effects, leakage, and fractures.
3.4.2.3

Parameters required for models

An overview of the most important parameters required as inputs to a
model is listed in Table 4.

Table 4
Important hydrogeologic parameters for computer models
Parameter

Dimensions

Unit

L
L/T
L2/T

m
m/s
m2
m2/s

LT2/M

Pa-1

Test method

Hydraulic head
Hydraulic conductivity
Intrinsic permeability
Transmissivity
Storage coefficient
Compressibility
Effective Porosity
Mass density

M/L-

kg/M

Distribution coefficient

L3/M

m3/kg

Diffusivity/dispersivity
Intrinsic diffusivity/
dispersivity

L2T-1

m2/s
m

3

Symbol

Piezometer
Falling head
Falling head
Pumping, packer
Pumping, packer
Laboratory column
Laboratory porosimeter
Laboratory densitometer/
gamma-gamma logging
Laboratory batch/
column/field tracer
Laboratory/field tracer

H
K
k
T
S
n

K<j
D

Laboratory/field tracer

For anisotropic media the full tensor of hydraulic conductivity should be
given. For soils, only the ratio between the vertical and horizontal
permeabilities may be necessary.

As far as the dispersivity coefficients are concerned, Simmons and
Cole [10] describe dispersion in a groundwater system as a combination of
molecular diffusion, which occurs even under conditions of no flow, and
hydrodynamic dispersion. Hydrodynamic dipersion results from variation in
the local water velocity within the medium with respect to its average value
as described by convection. This variation in velocity exists at any scale,
from microscopic (in the pores) to macroscopic (due to uncharacterized
heterogeneity of the medium) and even megascopic (due to large scale
variations in medium properties like fractures). Dispersion is important
with respect to the flow direction and concentration of the transported
contaminants.

Regarding the sorption related parameters, the use of distribution
coefficients K^ is currently at issue within the technical community
[10].
Measurements of K^ under static laboratory conditions may not be
comparable to those obtained from a dynamic field experiment. This brings
into question transferability of laboratory measurements to field
conditions.
Usually
discrepancies
can
be
explained
by
different
arrangements, under which equilibrium conditions are not identical.
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To avoid some of the difficulties mentioned above, it is recommended
to perform the appropriate laboratory measurements with samples of
groundwater taken from the boreholes, existing wells or springs. In this
context the relevant data on the groundwater quality should be determined,
such as concentrations of important cations and anions, content of organic
and biological material, pH, Eh, temperature and natural radioactivity of
water.
In some recent applications, effects of sorption were often expressed
in terms of a retardation coefficient, which is inversely related to the
distribution coefficient, Kd, and corrected for the bulk density and
effective porosity of the aquifer medium.
In effect, the retardation
coefficient represents the ratio of radionuclide travel velocity to the
groundwater flow velocity such that an absorbed contaminant moves more
slowly, but without being permanently affixed to the medium [10].

3.4.3

Land and water uses in the site region

On the basis of hydrogeological data, i.e. from the extent of major
hydrogeologic units that can be contaminated by radionuclides released from
a nuclear facility, and from established directions of groundwater flows,
the area which might be affected by these releases should be identified.
Where aquifers represent important resources of water for drilling, location
and elevations of well screens should be known together with extraction
rates and number of users.
Where groundwater is used for irrigation, major crops and their
yields should be identified and effects of their potential contamination
estimated. Similar estimates should be made in situations where groundwater
is used for watering livestock as well.

3.4.4

Application of data

It is likely that a part of required information for contaminant
modelling will be available already during the first stages of projecting
the nuclear facility, i.e. during the general planning and siting. This
type of information is usually based on existing records of operating wells
in the region, former boreholes, geophysical surveys, but especially on
drillings performed during the site investigation studies for foundations,
seismicity studies, and so on.
This type of information should be sufficient for a preliminary
assessment of potential consequences of postulated
releases to the
groundwater systems. In most cases it is sufficient enough to assess the
postulated impact of releases that can occur during the lifetime of a
facility. However, since a possibility exists that severe releases can be
expected that would be at unacceptable levels from the radiological point of
view, more detailed
information should be provided to enable the
implementation of an appropriate preventive or mitigative system.

These additional data can be obtained, for example, from detailed
site investigation studies or, as part of development of an extensive
surveillance system. An overview of information necessary for detailed
understanding of the factors controlling contaminant movement within the
groundwater regimen is presented in the following text. The assessment of
these factors provides the basis to select and judge the suitability of
preventive or mitigative systems.
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A better understanding of a local hydrogeological situation can be
obtained from regional studies of groundwater balance; for this reason the
following process can be used:
(a)

(b)

(c)

(d)

(e)

3.4.5

Studies of topographic and geological maps can yield
information on the total volume of the aquifer system and on
the groundwater mass contained, provided that representative
estimated effective porosity values are assumed; moreover,
that recharge and discharge points or areas can be identified.
Groundwater observations, pumping test data, and tracer test
data yield information on the groundwater, its piezometric
surface and on hydraulic conductivity, from which rough
estimates on the directions and flow rates can be obtained.
From the climatological data on precipitation, temperature,
humidity and evapotransportation the recharges to the various
aquifers can be estimated through considerations of the soil
moisture balance.
If the recharge rates are not in contradiction with the
hydraulic estimates of groundwater flow, the groundwater cycle
can be defined by making sure that there is adequate discharge
or subsurface outflow from the area considered; from these
balances, time scales can be estimated for the subsurface flow
necessary for a conservative assessment of the expected extent
of groundwater contamination.
Mineralogical-petrographical composition of soil or rock
materials contained in aquifers under study can provide further
information on dispersion and sorption characteristics of the
aquifer
system;
in such a way better estimates of
radionuclide movement with time can be obtained.

Presentation of hydrogeological data
The presentation of the hydrogeological data should include:

o

o

o
o

o
o

Stratigraphie column indicating the geologic units and their
age, the depth and thickness of each unit, the lithology, the
hydrostratigraphic units including the identification of
aquifers and aquitards, the position of open zones/screens of
monitoring wells, and the specific plant structures in contact
with the various geologic and hydrostratigraphic units.
Cross sections showing the geologic and hydrostratigraphic
units, the control points for construction of the sections, the
water table or piezometric surface(s), the open or screen zone
for each monitoring well, and selected key hydrogeological and
chemical parameters. These sections may be supplemented by
exaggerated sections to illustrate specific areas of interest.
Maps showing groundwater data point locations, and contours of
water levels of each aquifer unit of concern.
Structural contour map including all data points of the top of
each hydrostratigraphic unit to the top of the confining unit
to be used as the lower stratum for barrier walls or pumping
wells.
Maps with scaled vectors showing the directions and rates of
groundwater flow of each aquifer unit of concern.
Maps showing isoconcentration contours of various chemical
constituents and parameters, including physical chemical
parameters (i.e. temperature, pH, exchange capacity,) in each
aquifer unit of concern.
This includes both background
chemistry and contaminant chemistry.
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o

o

Maps showing isoconcentration contours of various chemical
constituents
and
parameters
including
physical-chemical
parameters (i.e. temperature, pH, exchange capacity,) in the
geologic units above the water table.
This includes both
background chemistry and contaminant chemistry.
Maps showing the locations of all nuclear power plant
structures including underground piping from which radioactive
material could leak, and the locations of preventive and
mitigative systems proposed or installed.

3.5

Modelling issues and sources of uncertainties

3.5.1

Unsaturated zone

The main sources of uncertainties and some of the technical issues
that need to be addressed when assessing water flow and contaminant movement
through the unsaturated zone are:

(a)

(b)

(c)

(d)
(e)

(f)

(g)

(h)
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Model results may be influenced by the particular mathematical
representation of unsaturated soil-water characteristics curves
and hydraulic conductivity. Effects of spatial variability on
such curves may require special considerations. Since a great
deal of random variation in hydraulic properties occurs in a
vadose zone, a stochastic approach should be used, rather than
a deterministic one.
There are difficulties associated with establishing the input
parameters required to solve nonlinear equations of unsaturated
flow (e.g., wetting front movement). Unsaturated flow may be
represented by either a diffusion or hydraulic potential
gradient approach.
These two approaches require special
consideration for between-layer boundary conditions and
hysteresis effects.
Hydraulic conductivity and water content relationships are
difficult
to
measure
directly
under
field
conditions.
Theoretical formulas which are often employed instead, should
be used carefully and conservative input data applied.
The interface or boundary (transition zone) between saturated
and unsaturated zones is often difficult to treat accurately.
Combined saturated-unsaturated flow codes may be required.
Unsaturated zone moisture movement is essentially controlled by
the ground surface boundary condition, which depends on a
precise description of climatic and evaporation processes. A
steady-state condition based on recurrent climatic conditions
may be needed to establish initial profile conditions.
Modelling of plant transpiration and solute uptake by roots is
not based on a fully complete and verified theory. There are
many different phenomenological approaches to modelling these
biological processes. The impact on unsaturated zone modelling
results is not fully understood.
Theory and mathematical representation of chemical processes in
an unsaturated zone are not fully developed. Modelling based
on a distribution coefficient (K,j) description of adsorption
may
be
inadequate.
Similarly,
modelling
of
chemical
transformations does not have a unique approach. Mobile and
immobile soil/water phases may need additional modelling in
order to describe transport,
Most unsaturated flow codes neglect air displacement by water.
Processes of gas movement and escape may require special
modelling. Coupled movement of gas and soil moisture may need
special modelling as well.

3.5.2. Saturated Zone
Sources of uncertainties and technical issues that need to be
addressed when assessing water flow and contaminant movement through the
saturated zone are:

(a)

Boundary conditions based on field data should be established
by an experienced hydrologist.
These peripheral problem
constraints
essentially determine a modelling problem's
solution. Boundary conditions along a region's periphery are
set as either known head (hydraulic potential) or water flux,
depending on a user's interpretation of the hydrology. The
following different types of boundaries can be identified:
o
o

o

A. zero-flow boundary is one across which flows are
insignificant relative to flows in the main aquifers.
A head-controlled boundary has a known hydraulic head
which is either constant or varies with time and is not
affected by pressure or permeability changes within the
groundwater basin.
A flow-controlled boundary is a boundary through which
groundwater enters the aquifer at a certain rate from the
adjacent strata whose hydraulic head is known.
(The
volume of water transferred in this way is normally
estimated by recharged based on rainfall and runoff data).
The interpretation of these factors is part of the
conceptual model that a hydrologist must be responsible
for developing.
Regional recharge sources are also
important conditions that cannot be neglected. Usually
the boundary flux is not actually known and can be
manipulated to obtain nearly any desired result. However,
the boundary flux must be made consistent with all other
known hydrologie
factors.
In
any case, ambiguous
interpretation of boundary conditions can lead to
uncertain modelling results.

(b)

(c)

(d)

(e)

Measurements of aquifer transmissivity require extension to
other regions having unknown values, i.e., transmissivity
measurements are incomplete over an entire region. This issue
is connected with the need to perform an inverse estimation of
transmissivities to match known head contour information.
Inaccuracy in hydraulic potential measurements can lead to
incorrect flow pattern modelling. The flow pattern determines
major solute migration and must be predicted accurately.
The problem of calculating a velocity field with a finite
element model needs careful consideration for irregularly
shaped elements. This may also be the case for certain finite
difference approaches.
Transport predictions have accuracy limited by the knowledge of
contaminant sources and input rates. This accuracy can further
be limited by an incomplete knowledge about field-scale
dispersion and chemical-media interaction. The various methods
for coupling ground-water flow and geotechnical models can lead
to different results.
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Finally, it has to be emphasized that anthropogenic infringement of
flow
in systems can substantially affect
its original
characteristics, thus making the predictive modelling more difficult and
uncertain. Therefore, it is a necessary condition that all disturbances,
such as extensive drillings and heavy groundwater extractions, are taken
into account and properly evaluated and updated on frequent intervals to
maintain the viability of the model.
subsurface
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4. PREVENTION AND MITIGATION TECHNIQUES
4.1

General

Owners of nuclear power plant reactors should assess the options of
selecting, designing, installing and operating either (1) preventive systems
to contain any accidental onsite or offsite release of radioactive material
into the groundwater system, or (2) mitigative systems to be used in the
case of an accidental release. These factors to be considered in the
selection, design, construction and operation of these systems are presented
in Table 5.
It is also important to consider that the groundwater system is a
dynamic system requiring continuous monitoring and review to ensure that the
preventive or mitigative systems remain current with respect to the ground
water system during the operation of the facility [11].
4.2

Classification of preventive and mitigative systems

There are two general classes of groundwater contamination prevention
or mitigation alternatives: active systems and passive systems [5].
Active groundwater contamination prevention or mitigation systems
include those which require continuous operation of mechanical equipment and
are designed to change the ground water flow regime generally through ground
water withdrawal or injection. Active systems can be adapted to changing
groundwater conditions.

Passive systems are barriers installed in the ground that either
redirect groundwater flow or provide containment around a site or a
structure. They are not easily adaptable to changing groundwater conditions.
The individual techniques or schemes that comprise each class are
designed to interact directly with groundwater flow and consequently with
contaminant transport to achieve an acceptable level of protection of the
water through containment and/or contaminant mitigation.
4.3

Active systems

Active groundwater contaminant mitigation techniques include those
methods that change the groundwater flow regime such as:
- well systems:
. pumping wells
. injection wells
-subsurface drains
-ground freezing
Active methods may be used individually, in combination with each
other (i.e. pumping and injection), or with passive methods. They may be
installed:
(1) as a permanent protective measure, (2) as a temporary
mitigation measure while permanent measures to control or contain
contamination are being installed, or (3) as the primary mitigation
measure. The use of an active system generally requires the surface
handling of ground water and, in the case of radioactive release, the ground
water may be contaminated and therefore require the use of special handling,
transporting, treating, and disposal procedures.
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Active groundwater systems generally can be adjusted better as far as
locations and number of installations to respond to changes in groundwater
conditions than the passive systems of constructed barriers.
4.3.1

Wells systems

4.3.1.1

Pumping wells

A pumping well system may be used to alter the groundwater flow
system to:
1.
2.
3.

prevent discharge to the surface
prevent contact with the base of a plant structure
intercept and remove contamination.

Groundwater withdrawal to alter the groundwater flow system of an
unconfined or confined aquifer is most effective at sites where the aquifer
units have high permeabilities/transmissivities (e.g. sands and gravels,
permeable rock) and where the contaminants move readily with groundwater.
Lowering of the water table requires the pumping of groundwater by
using: (1) a shallow well point dewatering system or (2) a deep well
system. Selection of which major type of dewatering design to use - well
points or deep wells - depends on many factors. Some of these factors are:
hydrogeologic conditions at the site, length of time pumping required at a
site, volume of water to be removed, the possibility of installing pumping
equipment in the site area. Contractor experience is another important
factor in selecting the dewatering design.
Characteristics of the water-bearing aquifer
determined before designing a dewatering system are:

unit

that

must

be

Whether the aquifer is confined or unconfined.
Transmissivity and storage coefficient of the aquifer.
Static water level.
Depth and thickness of the aquifer.
Sources of recharge to the aquifer, and location of these
sources.

Information required about the site include:
Dimensions of the area to be dewatered.
Depth to which the water levels must be lowered.
Whether the installation will be permanent or temporary.
The most critical factor involved in dewatering is the ability to
predict drawdown at various pumping rates and to assume drawdown cones from
adjacent wells intersect thereby preventing the escape of contaminants.
Specific capacity may fall off significantly as drawdown increases and the
saturated thickness decreases; therefore the results from a step-drawdown
test may be helpful in gauging actual well yield under dewatered
conditions. Careful analysis of both constant-rate and step-drawdown tests
are important in estimating conditions during dewatering.

Decisions on the number and spacing of wells required, well depths

and diameters, and other construction details will depend on numerous
site-specific requirements and conditions. The time required to control
groundwater flow and prevent offsite migration of contaminants can be
predicted on the basis of the pumping test. Wells must be able to pump the
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required volumes of water from storage and to maintain drawdowns even during
periods of excess recharge (heavy rainfall events or temporary rises in
nearby rivers).
4,3.1.1.1

Well-point dewatering systems

Well-point systems are groups of closely spaced wells, usually
connected to a header pipe or manifold and pumped by suction lift.
Well-point systems are frequently used because they are relatively easy to
install and are adaptable to a wide range of site conditions. They are
particularly suited to the following situations:

Single-stage dewatering, when the pumping water level is within
suction lift.
Formations with low transmissivity (fine sand and silt)
Shallow, pervious, water-bearing
formations that overlie
impervious formations.

During operation of a well-point system, a central pump lifts water
from each well by producing a partial vacuum in the header and riser pipes.
The partial vacuum, or suction lift, that the pump can maintain determines
the drawdown that can be obtained in the water-bearing formation. A pump
that has good suction characteristics should be selected to maximize
drawdown. In practice, the greatest suction lift that can be developed is
about 6.0 to 6.7 m. Most well-point systems are engineered on the basis of
4.5 m of suction lift.
the
the
be
the

Well-points are typically spaced 0.9 to 3.7 m apart, depending upon
hydraulic conductivity of the saturated formation, the depth to which
water table must be lowered, and the depth to which the well points can
installed in the water-bearing formation. For fine-grained materials,
spacing may be less.

Lowering the groundwater level throughout a site involves development
of a composite cone of depression by pumping from the well-point system.
The wells must be placed close enough so that they interfere with each other
and thus pull the water table down a certain distance at intermediate points
between wells. The overlapping areas of influence around two small wells
produces an enhanced drawdown of ihe water table. The water level will
remain at the levels reached as long as pumping is continued.
4.3.1.1.2

Deep well dewatering systems

At many sites, deep high-capacity wells are better suited than well
point systems. In deep-well installations, each well usually produces many
times the quantity of water produced by an individual well point in a
well-point system. Deep-well dewatering schemes work best in the following
situations:
o
o

Environments where pumping water levels or dewatered levels at
the site are beyond the suction-lift capacity of centrifugal
pumps.
The aquifer units that could become contaminated extend to
depths of the proposed excavation, beyond the capability of
well-points and a deep well system is required to intercept
contaminants that may be floating on the water table, may be in
solution and distributed throughout the saturated zone, or may
sink and be perched on the top of a deep, underlying low
permeability stratum.
39

o

Formations that extend to depths considerably below the depth
of the proposed excavation providing more available drawdown,
and producing larger yields from fewer wells.
It may be
necessary to control the amount of drawdown to prevent ground
subsidence. This will then control pumping rates and well
spacing.

An optimum deep-well dewatering system is one that utilizes a minimum
number of efficient wells pumped at proper rates and spaced as strategically
as practical around the site.
Before starting a well project, the designer should study the design,
construction, and maintenance of other wells in the area.

Regardless of which well system is used the proper design of a
groundwater dewatering system incorporating a minimum number of wells with
optimum pumping rates, well depths, and well spacings, requires an
understanding of well hydraulics and the hydrogeological properties of the
aquifer units.

The radius of influence of a well system must be determined for
various pumping rates in order to estimate the shape and extent of the cone
of depression and to assess the effectivensss of the contaminant migration
control system. The drawdown and total radius of influence for a well is a
function of:

-

Pumping rate
Configuration of the original water table
Aquifer
characteristics
(e.g. transmissivity,
hydraulic-conductivity and saturated thickness of aquifer)
Location of groundwater recharge zones
Regional and local flow boundary conditions, and
Length of time of continuous pumping.

The drawdown at various distances from the well field can be
estimated using the information gathered to define the hydrogeological
model. These estimates are most reliable when the aquifer and well field
data are represented in the mathematical groundwater flow model and the
model is solved for drawdown at various distances. Well spacing is based on
the composite radii of influence required to achieve the necessary drawdown
to control groundwater flow and to prevent detrimental ground subsidence.
4.3.1.1.3

Construction

The method of installation of wells varies with geologic materials,
Well construction consists of driving, jetting, or
drilling the hole, installing casing, placing a well screen and filter pack,
if required, completing the well, (i.e. bentonite seals, grout seals,
protective casings, pumping equipment, collection system if required), and
developing the well to obtain the yield required to control groundwater
flow, to intercept contaminants, and prevent ground subsidence. Well points
may be driven to the desired depth either manually or by machine, including
jetting. In most dewatering projects, the points are jetted into place.
Deep wells may be constructed using drilling equipment such as: hollow stem
auger, cable tool, air rotary, rotary, reverse rotary, or air hammer. The
selection of the type of equipment is dependent upon the subsurface
conditions and availability of equipment.
well type, and diameter.
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An advantage of wells is that construction methods are relatively
simple and there is a high degree of design and operational flexibility.
However, extreme caution must be exercised to assure that during the well
drilling and installation process, low permeability strata that serve as
natural barriers to migration of contaminants (horizontal and/or vertical)
are not breached to allow cross contamination (movement from one aquifer
unit to another) to occur.

Another important factor is that construction costs are typically
lower for wells than for engineered barriers and construction times are
shorter than for slurry wells, a grout curtain, or sheet piling cut-off.
4.3.1.1.4

Performance considerations

Some of the important performance characteristics of a pumping well
system are:

o
o

o
o

o
o
o
o
o
o
4.3.1.2

Highly site adaptable and responsive to changes in the
configuration of the water table and in contaminant plume
migration - system can be easily expanded or disassembled.
For well point systems, many wells can be discharged with a
single pump.
However, with this configuration, if an
individual well point stops functioning, it may be difficult to
detect and contamination could then bypass this area,
Well systems are reliable but require continuous monitoring.
The performance of well systems in fine silty/clayey soils and
low permeability rocks may be inadequate. Design flexibility
is significantly reduced in these materials,
Ongoing maintainance and operational costs escalate with time.
Water chemistry or siltation may effect the performance of
filter packs and well screens.
Continuous need for utility service to keep pumps operating,
For well point systems, supervision is required to detect any
breaks in the vacuum throughout the system,
Settlement and consolidation due to water withdrawal may cause
foundation problems in the vicinity of the drawdown,
It is necessary to handle, transport, possibly treat and
dispose of contaminated water removed by pumping.
Long term pumping may have an adverse affect on nearby
groundwater supply systems.
Injection wells

An injection well system may be used to develop groundwater mounds or
barriers for groundwater control to:

-

prevent discharge to the surface
to reverse groundwater flow direction and prevent contaminatant
migration
be used in combination with a pumping well system to intercept
and remove contamination
Applicability

Groundwater injection to alter the groundwater flow system of an
unconfined aquifer is most effective at sites where there is sufficient
water of favourable quality for injection, where the affected aquifer units
have high permeabilities (e.g. sands and gravels, permeable rock) and where
the contaminants move readily with groundwater (i.e. float on the water
surface or mix with the water).
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4.3.1.2.1

Design

Altering of the groundwater flow direction by developing a mound or
barrier requires the injection of water using a well point system or a deep
well system. Appropriate well design and construction techniques will vary
but the greatest care in design and construction must be taken because
injection wells are much more likely to fail than are typical production water
wells.
The consequences of water-chemistry, air entrainment, thermal
interference, and sand pumping are considerably more serious and common for
injection wells.
Pumping recharge water with sand at concentrations as low as 1 mg/1 can
clog injection wells within a short time. Water temperature, air entrainment,
or water-quality affect the viscosity of the water and may also reduce the
performance of the well screen, gravel pack, and aquifer unit thereby reducing
the rate of injection. These factors then effect the size of the mound that
can be developed and the spacing of the injection wells required to develop
the required groundwater flow control system.

Artificial recharge of groundwater increases the rate at which water
infiltrates from the land surface to the groundwater system. Water can be
injected by means of wells or spread on the land surface to infiltrate. Use
of injection wells to recharge groundwater systems has become an accepted
method. In areas of low precipitation, surface water may be captured in
basins during spring runoff, and allowed to recharge groundwater later in the
year by one of several water-spreading methods. Elsewhere, treated surface
water

is

stored

underground

until

needed

later

in

the

season

during

peak-demand periods.

Injection tubing forms an important part of the design for recharge
wells. The injection tube must terminate below the static water level within
the blank casing portion of the well and must be designed so that positive
pressure exists along its entire length. Back-pressure valves should be
installed to eliminate negative pressures in the injection tube. Another
important criterion is the maintenance of full flow in the tube to eliminate
the possibility of air entrainment.
The injection pressure must be controlled so that the formation is not
fractured. If fracturing occurs there could be damage to geologic units which
provide support for the foundations of the plant structures. This could then
result in a very time consuming and costly reassessment of the performance of
foundation materials for the various design events. There may be also a
severe loss in hydraulic conductivity because the bedding planes are
disturbed. On the other hand, if injection is into massive consolidated rock,
formation fracturing may increase the rate of injection.
For most recharge
wells in unconsolidated sediments, the injection pressure should be controlled
carefully so that the positive head does not exceed 0.2 x h, where h is the
depth from the ground surface to the top of the screen or filter pack.

If water is discharged into an injection well, a cone of impression
will be formed which is similar in shape but the reverse of a cone of
depression surrounding a pumping well. The equation describing the cone for
various discharges can be derived by using the same assumptions applied to a
pumping well.
Fine materials contained in the injection water should be filtered out
prior to injection or they will continuously collect in the formation or
filter pack outside the screen, thereby clogging and reducing the capacity of
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the aquifer to receive water. Since this phenomenon is common, most injection
well designers specify that the screen length be much longer for an injection
well than for a water supply well of equal capacity to lessen maintenance. To

provide increased thickness even sand or gravel zones above the water table
may be screened if the well is used only for injection purposes.
Plugging of the formation and gravel pack around the screen can also be
caused by air bubbles entrained in the injected water. When air is entrained
with injection water, a loss of hydraulic conductivity can be expected because
air bubbles effectively block the passage of water by plugging pore spaces
within the gravel pack and aquifer.

Another problem common to injection wells is plugging by chemical
precipitation.
Precipitation may result from mixing waters of different
temperature and quality. Injection water that has high mineral content can be
expected to form incrustation.
Plugging by bacterial action occurs occasionally in recharge wells.
Bacterial growth can be promoted by the change in temperature caused by
injection, especially when warmer water is added to a cool aquifer. Care
should be taken to ensure than only treated or bacteria-free water is injected.
Estimates of injection rates and quantities should be based on the
determination of aquifer characteristics from an injection test rather than
from a pumping test because estimates based on pumping test results have been
found to be greatly in error. Therefore, the design of an injection system
should be based on data obtained from field testing that most closely
approximates the system being considered. The radius of influence of a well
system must be determined for various injection rates in order to estimate the
amount of water required for injection, the size of the mound, and length of
time to develop the mound. The development of a mound is a function of:
Injection rate and volume
The compatibility of the injection water and the groundwater
Configuration of the original water table
Aquifer characteristics (e.g. transmissivity,
hydraulic-conductivity and saturated thickness of aquifer)
Location of groundwater recharge discharge zones.

Regional and local flow boundary conditions, and
Length of time of continuous injection.
The dimensions of the mound at various distances from the wells can be
estimated using the information gathered to define the hydrogeological model.
These estimates are best produced by representing the aquifer characteristics
determined through field testing and the injection well field in a
mathematical groundwater flow model and solving for the mound development at
various distances. Well spacing is based on the composite radii of influence

required to achieve the desired mound.
4.3.1.2.2

Construction

The methods of construction of deep wells presented in
4.3.1.1.3 are also applicable to the construction of injection wells.

Section

43

4.3.1.2.3

Performance considerations

Some of the important performance considerations of an injection
system are:
o
o
o
o

well

An injection system is highly site adaptable and responsive to
changes in the configuration of the water table and in
contaminant migration.
Many injection wells can be injected with a single pump, but it
is important to monitor the performance of each to assume proper
development of the desired mound.
Well systems are reliable but require continuous monitoring.
An adequate amount of recharge water must be available. Recharge
water may require filtration and treatment to enhance its
compatibility with the groundwater and the long-term performance

of the injection wells.
o

Injection well systems may not be effective in silty/clayey soils

and low permeability rocks,
o

o
o

o
o
o

Ongoing maintenace and operational costs typically escalate with
time.
Continuous need for utility service to keep pumps operating,
Uplift due to water injection may cause foundation problems for
structures or buried pipelines, therefore the effects of mound
development should be carefully evaluated prior to installation
of the system,
Extensive monitoring is required to detect excursions beyond the
control boundaries
In areas where the water table is near the ground surface a high
differential head may not be achievable,
Injection pressure must be carefully controlled to prevent
fracturing of the subsurface strata.

4.3.2

Subsurface drains

4.3.2.1

Purpose

The purpose of a subsurface drain system is to alter the groundwater
flow system of a shallow water table aquifer to:

-

prevent discharge to the surface
intercept contamination that is at or near the upper surface of
the water table so it can be collected, removed, and properly
disposed.

Subsurface drains function like to an infinite line of extraction wells.
4.3.2.2

Applicability

Typically, the use of subsurface drains has been limited to
interception of contaminants that are concentrated at or near the surface of
the water table in unconfined aquifers. If the contaminants were distributed
throughout the water bearing zones, drains were ineffective as a contaminant
control technique and also, they could only be used where the depth to the
water was is relatively shallow.
A new technique of drain installation offers the possibility of deep
installation of drains, well below the water table. Such systems have been
installed at sites contaminated with hazardous wastes through the use of the

44

slurry

well

construction

technique.

A

slurry

well

is

constructed

using

biodegradable mud and the drain is placed in the excavations; the excavation
is backfilled with appropriate pervious materials. Since this technique is in
its early stages of development and use, it should be carefully evaluated
prior to installation. Drains can be installed around the full perimeter of
the site. Subsurface drains are particularly well suited to relatively low
permeability sites. A shallow drain system may not be feasible in areas of
deep frost.
4.3.2.3

Design

The design of a subsurface drainage system is dependent on the volume
of water to be intercepted. To effectively convey groundwater, the drain must
be more permeable than the soil or rock being drained. The drain should be
below the water table to a depth that is adequate to intercept the contaminant
plume. An important limiting factor in the design of a subsurface drainage
system is the operational limits of trenching equipment.
In

the

design

of a drainage system the following must taken into

consideration:
o
o
o
o
o
o

The depth to the water table
The type of soil or rock to be excavated
The measures required to assure a stable trench during excavation
Drain type
Drain depth
Spacing, if parallel drains are required

o
o

Drain diameter and gradient (hydraulic design)
The collection point (i.e. sump).

The configuration of the drainage system depends on the site shape and
size, and the flow rate. The system may be singular, consisting only of
lateral pipes discharging to a collection sump, or composite where laterals
discharge to larger collector pipes which may in turn discharge into a main
before reaching a collection sump.

In a subsurface drainage system containing parallel drains, depth and
spacing are interdependent design variables. In theory, the deeper the drains
are, the greater the spacing that can be used to obtain the same zone of
depression. This relationship between depth and spacing is critical to the
design

of

effective

parallel

drainage

systems.

It may

be

necessary

to

manipulate depth and spacing in order to effectively capture the entire
plume. However, in designing parallel drains to mitigate releases which have
occurred, a minimum spacing is often imposed by the boundaries of the
contamination since excavation through the material can be extremely
hazardous.

A maximum

depth may

be

imposed

by

limitations

of

excavating

equipment, trench instability, or by the prohibitive cost of trench excavation.
The shape of the drawdown curve upgradient of the site is a function of
head or hydraulic gradient. The upgradient area of influence or drawdown
extends for a distance which is inversely proportional to the water table
gradient. The distance to which the water table is lowered downgradient of
the drain is directly proportional to the depth of the drain. Theoretically,
a true interceptor drain lowers the water table downgradient to a depth equal
to the depth of the drain. The distance downgradient to which it is effective

in lowering the water table is infinite provided there is no recharge. This
however, is never the case since infiltration from precipitation recharges the
groundwater. The quantity of flow is also proportional to the depth of the
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drain. If a drain is placed at the midpoint between the water table and an
impervious layer, a little less than 50 percent of the flow will be
intercepted.
Once the drain system has been designed, the removal system can be
designed. The removal system usually consists of one or more sump basins or
wetwells. The entire system should be located as close to the contaminant
source as practically possible in order to maximize the collection of
contaminants while minimizing the collection of uncontaminated groundwater.
The design of the drainage sump and pumping plant are also considered
part of the total design of the subsurface drainage system. The main steps in
their design include:
o
o
o

o

4.3.2.4

Determining the maximum inflow to the sump
Determining the amount of storage required
Calculating the pumping rate required to
to the sump
Determining the handling, transportation,
disposal requirements of the contaminated
sumps.

in the sump
provide continuous flow
storage, treatment, and
water removed from the

Construction

Construction and installation of subsurface drains can be divided into
two major phases -— trench excavation and drain installations. Trench
excavation is often the most complex and costly phase. The ease or difficulty
of excavation can have a dramatic effect on the cost of the total
installation. Once the trench excavation is completed the components of the
subsurface drain can be installed. This process consists of installing drain
pipe bedding, drainage pipe, a gravel or soil envelope, which may be designed
to serve as a filter, filter fabric, backfill, and auxiliary components
including manholes, sumps and pumping stations.

4.3.2.5

Performance considerations

Some of the important performance
drainage system are:
o

o
o
o
o
o

o
o

o
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characteristics

of a subsurface

Useful in modifying the configuration of the ground water flow
pattern.
Effective in both high and low permeability materials.
Continuous need for utility service to keep pumps operating
It is necessary to handle, transport, possibly treat, and dispose
of water.
Considerable design flexibility and adaptation to dynamics of
groundwater contamination
Monitoring is extremely important in assessing the performance of
subsurface
drains
since the opportunity
exists
for the
contaminated ground water to breach the drainage system. An
auxiliary or back-up system, perhaps a well dewatering scheme,
should be available in the event of a failure of the drainage
system.
Relatively low maintenance requirements.
May be difficult to safely construct if contaminated soil and
groundwater is already present.
Shallow drainage systems may be subject to freezing.

o

Maintenance of infiltration galleries may be difficult, depending
on the configuration of the screen and where it is placed.
Therefore, it is important to observe several operational
criteria that will reduce or eliminate maintenance problems.
These include the following:

Never exceed the designed pumping rate. Higher pumping
rates may cause fine sediment to enter the filter pack,
reducing its permeability. Eventually, sand may enter the
screens and block part of the intake openings, causing even
more sand pumping.
Do not let the screens become aerated, because iron bacteria
may cause severe incrustation problems. Near-surface waters
are often high in iron, and the rapid growth of
iron-ingesting bacteria can clog the gallery.
Inorganic
deposits of magnesium, calcium, and other ions may also form.
Do not let the gallery go unused for long periods.
Inactivity tends to lower the hydraulic conductivity of the
filter pack and surrounding materials.
o

The effect of dewatering on foundations and underground piping
should be evaluated.

4.3.3

Ground freezing

4.3.3.1

Purpose

The purpose of ground freezing is to reduce or stop ground water flow
by lowering the temperature of the ground water until it freezes forming a
subsurface wall similar to a grout wall cut-off. The ice wall forms a barrier
to groundwater flow. It has been included with the active systems because it
requires continuous operation of the freezing equipment.
4.3.3.2

Applicability

Ground freezing may be used for both unconfined and confined aquifers.
In theory, ground freezing can be applied to almost any geologic medium in
which freeze pipes can be installed and suitable moisture exists.
The
freezing method is very versatile, and with ingenuity it can be adapted to
many project conditions. The penetration of a freeze zone does not vary
greatly with permeability, thus making ground freezing much more effective as
a cutoff than grout. Difficulty with boulders is much less than with steel
sheeting or diaghragm walls. A freezewall can be economically and effectively
keyed into rock. In stratified soils, cutoff by freezing encounters fewer
problems than drainage by dewatering. Freezing can perform the dual functions
of water cutoff and earth support, eliminating sheeting and bracing.
Groundwater velocities are important considerations in determining the
feasibility and subsequent design of a frozen barrier. Freezing is feasible
for groundwater velocities that are relatively slow, (about 1 m/day). At
higher groundwater velocities the resulting frozen wall may contain windows
that will not close regardless of the amount of refrigeration. Small windows
may also be present in frozen soil that was unsaturated. Thus, in general,
freezing should not be considered for host material with <10% saturation.
Also, the chemistry of the water or the presence of contamination may lower
freezing points making ground freezing not feasible.

47

Ground freezing is an energy intensive active system technique that may
provide a permanent protection system but would most likely be used for
temporary mitigation while more permanent measures are implemented.
4.3.3.3

Design

Typically, a row of freezepipes are placed vertically in the soil and
heat energy is removed through them, using a process similar to pumping ground
water from wells. Isotherms move outward from the freezepipes with time.
When the earth temperature reaches 0°C, temperature lowering pauses while
the latent heat of fusion is removed and water in the soil pores turns to
ice.
Then further cooling proceeds.
With granular soils and coarse grained rocks, the groundwater in the
pores freezes readily, and a saturated sand, for example, achieves excellent
strength at only a few degrees below the freezing point. Further lowering of
the temperature produces only marginal increase in strength. With clays,
however, the groundwater is molecularly bonded at least in part to the soil
particles.
When a soft clay is cooled to the freezing point, some portion of
its pore water begins to freeze and the clay begins to stiffen. If the
temperature is further reduced, more of the pore water freezes and the
strength of the clay markedly increases.
When designing frozen earth
structures in clay it may be necessary to provide for substantially lower
temperatures to achieve the required strength. A temperature of -6°C may be
adequate in sands, whereas temperatures as low as -20°C may be required in
soft clay.

Once the wall has achieved its design thickness, the freeze plant is
operated at a reduced rate to remove heat flowing toward the wall and to
maintain the freeze wall condition. Monitoring of conditions during formation
and maintenance is accomplished by thermocouples installed at various levels
in monitor pipes located strategically along the freeze wall.
Frozen ground engineering requires a great deal of field experience and
engineering judgement. The design of a frozen barrier include considerations
of the structural strength and deformation of frozen soil and rock and the
thermal properties of the soil and rock. There are no depth limitations for a
frozen wall although thermal erosion under warm ambient conditions must be
considered.
The key implementation considerations for ground freezing are: 1)
installation time, 2) cost, 3) equipment mobilization; and 4) worker safety.
Groundwater freezing must also consider the presence of a thermal plume and
its heat content. Ground freezing implementation considerations are highly
site specific and site sensitive.

The spacing of freeze pipes is dependent upon the nature of the soil or
rock, the rate of groundwater flow, and the ground temperature. Freeze pipes
usually range between 10cm to 15 cm in diameter and are typically placed 1.0m
to 2.0 m apart. Holes are drilled for the installation of multiple rows of
freeze pipes to construct a thick frozen wall. Experience indicates it is
difficult to drill holes and maintain verticality and spacing and deviations
at depth often result in "windows" in a freeze wall. For a frozen groundwater
cut-off it is important to insure penetration of the freeze pipes into an
impervious soil or rock strata. The stratum into which the well is to be
keyed will ordinarily freeze below the pipe to a depth of approximately 0.4
times the average wall thickness. A 3 m penetration of the freeze pipes into
the impervious stratum is recommended for a satisfactory key.
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4.3.3.4

Construction

Construction of a freeze wall requires the vertical installation in the
host medium of a series of steel refrigeration or freeze pipes. Drilling of
the freeze holes must be carefully controlled to assure verticality. This is
important to avoid "windows" in the wall. Once the freeze pipes are in place
to the desired depth, a refrigerant is circulated through the pipes which
results in heat removal from the host material. Continued heat removal
results in the formation of an expanding frozen cylinder around each freeze
pipe. As the cylinders intercept each other a continuous freeze wall develops.
4.3.3.5

Performance considerations

Some of the important performance characteristics of a ground freezing
system are:

o
o
o

o

o
o
o
o
o

o
o
o

o
o
o
o
o
o

All characteristics of a subsurface freeze wall cut-off are
strongly dependent on temperature.
When complete freezing is achieved and no windows exist, a freeze
wall groundwater barrier is essentially impervious,
Problems of windowing have occurred with single-row walls, thus a
double row wall may be required,
Groundwater freezing in fissured and fractured rock can be
especially difficult because of the lack of adequate means to
estimate the amount of water in the fissures and the rate of
movement. While the rock mass may be frozen, a window at a large
fissure may remain open.
The determination of initial wall closure is sometimes difficult.
Thorough monitoring is necessary to track the freezing process,
A surface heave pattern may indicate the progress but temperature
sensors provide more reliable information in most cases,
especially in sands,
Temperature measurements may be misleading in fine-grained
material such as clays and silts because the effective freeze
temperature of water is below 0°C.
Dissolved salts can lower the freeze point, thus a brine leak
poses a potentially serious problem,
Ground freezing within the influence of a salt-water/fresh-water
interface
is
seldom practical because of
lower freeze
temperatures of the salt water,
Surface heave may cause damage to the foundations of existing
structures or fluid pipelines,
Ongoing maintenance is required for frozen groundwater flow
barriers,
The temperature of the cut-off must be held at a suitable
temperature if the wall is to maintain its integrity,
The maintenance of a freeze wall is energy intensive,
The freeze plant may be only operated periodically after the wall
is developed, but it must be serviced and available,
Artificial ground freezing is expensive and is generally not
feasible for long-term closure,
Ground freezing construction and operating experience is limited
to a few contracting companies and is highly dependent on
qualified and experienced personnel,
Ground freezing is usually considered as a last resort.
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4.4

Passive systems

The passive system consists of various types of engineered barriers.
These barriers may be constructed:
(1)

(2)
(3)

around an entire site or selected areas within a site to prevent
groundwater flow on or off of the site thus serving either as a
protection system or a mitigation system.
as walls to alter the groundwater flow direction, or
in combination with other protective or mitigative systems.

The primary objective of a constructed barrier is to redirect the
groundwater flow away from areas of concern. Constructed barriers do not last
indefinitely and their properties tend to deteriorate with time. Therefore,
it is important to establish the required design life prior to the selection
and installation of a barrier system. Barriers tend to be more costly than
other protection or mitigation alternatives and the time for construction can
be significant.
The passive systems include:
slurry cut-off walls
grout curtain cut-off walls
steel sheet piling
caps
Constructed barriers are considered passive systems because: (1) once
in place they are not readily adaptable to changing conditions of groundwater
contamination, (2) they do not directly influence the groundwater contaminant
concentrations as, for instance, pumping of ground water for surface treatment
would
directly
influence
contaminant
concentrations,
and
(3)
engineered/constructed barriers do not normally require a significant amount
of maintenance.

The effectiveness of barrier walls can be dramatically increased by
incorporating additional remedial measures into the overall plan addressing
the problem. A barrier wall combined with a groundwater pumping system, for
example, can be used to trap contaminated ground water and then pump it to a
treatment system or, in the case where the wall completely encloses the area
of concern, a pumping system can be used on the inside portion of the wall to
remove contaminated water and to develope a positive head on the outer side of
the wall, thereby preventing migration beyond the wall. Additionally, surface
drains can prevent water from infiltrating into a waste disposal area while
the barrier wall reduces ground water flow into the site. Other remedial
measures which may be used in conjunction with barrier walls include surface
sealing, sheet piling, synthetic membrane installation, and grouting.
4.4.1

Slurry trench cut-off walls

4.4.1.1.

Applicability

Slurry walls are nonstructural walls constructed underground as
vertical barriers to the lateral flow of water on other fluids. They have
been installed to provide temporary containment until the contaminants can be
removed by dewatering, for permanent control of seepage, and to provide
long-term containment of groundwater contaminations.
Slurry' walls are
constructed through the use of trenches, a vibrating "I" beam to which is
attached a slurry injection line, or deep soil mixing. The slurry material
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typically
used
in
trenches
consists
either
of
soil-bentonite
or
cement-bentonite. The slurry used with the vibrating beam and for deep soil
mixing is typically a bentonite or cement-bentonite slurry. It is important
that the slurry wall penetrates vertically through pervious layers of soil and
is keyed into an underlying low permeability soil or rock layer. A slurry
cutoff wall may be used in either unconfined or confined aquifers.
4.4.1.2

Design

Specifications for slurry walls are made on a site-specific basis. A
design for a slurry cutoff wall should take into consideration the required
design life, that is whether the wall is for permanent or temporary use; the
compatibility of the slurry with the chemistry of the groundwater, soil and
contaminants; and construction constraints such as underground utilities,
surface construction space, and adverse weather conditions during the
construction period. The wall must be sufficiently impervious to contaminated
groundwater flow, resistant to degradation by the groundwater contaminants,
and keyed into an underlying impervious layer. The design life of the slurry
must be sufficient to contain the contaminants in question. Contaminants may
increase, decrease, or have no effect on the permeability of the slurry. Soil
and water characteristics and behaviour important in designing a slurry cutoff
wall for a specific site are:

o
o
o
o

permeability of the slurry
nature of soil stratification
the range of grain-size of the units to be penetrated,
depth and nature of the impervious layer into which the wall is
to be keyed.

o
o
o
o

depth and chemistry of the groundwater.
chemistry of contaminants or possible contaminants
compatibility of the soil-water chemistry with the long term
performance of the slurry wall material
necessity to control water levels to prevent adverse effects of
rising groundwater on the upgradient side of a slurry wall

Soil-bentonite (SB) walls are composed of soil materials (often the
trench spoils) mixed with small amounts of the bentonite slurry from the
trench. In general, soil-bentonite walls can be expected to have the lowest
permeability, the widest range of compatibilities with contaminants (i.e.
lowest degradation by reactivity) and good retention and adsorption and the
lowest cost. They also are the most susceptible to changes in permeability
due to water or contaminant chemistry, offer the least structural strength
(highest elasticity), usually require the largest work area (the general
"rule-of-thumb" is the required surface area for construction is equal to the
approximate depth of the wall), and are restricted to a relatively flat
topography unless the site can be terraced.

Cement-bentonite walls are composed of a slurry of Portland cement and
bentonite. Cement-bentonite walls can be installed at sites where there are
insufficient work areas to mix and place soil-bentonite backfill.
They can
also be installed in areas of more extreme topography by allowing wall
sections to harden and then continuing the wall at a higher or lower
elevation. Although cement-bentonite walls are stronger than soil-bentonite
walls, they are much more permeable, less resistant to chemicals, and more
costly.

The depth of a slurry wall is dependent on (1) the depth to the low
permeability layer into which the wall is to be keyed, (2) the nature of the
material to be penetrated, and (3) the capabilities of the excavating
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equipment (walls have been constructed to depths of 80m). The design width of
the wall depends on (1) the length of time the wall is to function (i.e. the
life of the contaminants to be contained), (2) the permeability of the
material used in construction of the wall, (3) the changes in permeability of
the wall with time due to degradation, (4) the hydraulic head across the wall
during the period the wall is to function, and (5) the type of equipment used
for construction.
A. slurry wall may be installed as a barrier to direct ground water flow
or completely around an area to isolate the area from the general groundwater
system. Location and orientation of the slurry wall depends on the direction
and the gradient of the groundwater flow, the source of contamination, and the
location of the area to be protected.
A possible strategy to prevent
migration of contaminated groundwater is to completely surround the nuclear
power plant site with the barrier. A continuous barrier is suited to
locations where the direction of groundwater flow reverses (i.e. within tidal
areas, adjacent to major rivers that are subject to fluctuations in level) or
an entire area is to be enclosed either to prevent an offsite release or to
prevent contamination from migrating into an area.

If a continuous wall is installed and water is not removed from within
the slurry wall, precipitation and infiltration may result in rising water
levels. This will cause in increased pressure heads on the wall and on the
underlying impermeable layer and may eventually result in surface flooding.
The effect of the increase heads on the length of containment time should also
be evaluated and systems to prevent surface flooding from rising groundwater
should be investigated and installed as appropriate.
4.4.1.3

Construction

Slurry walls may be constructed either through the use of a slurry wall
trench, a vibrating beam, or deep soil mixing. The construction technique for
a slurry wall trench involves excavating a trench which is kept filled with
slurry whose primary ingredients are bentonite clay and water, and whose
function is to maintain the trench open with vertical sides, even below the
water table. The excavation is carried out through the slurry from the ground
surface using any equipment capable of excavating the trench at the widths and
to the depths required. Once the trench is excavated to its final depth, a
mixture of the on-site excavated soil and bentonite is placed in the trench,
displacing the bentonite slurry. The ideal soil material is silty sand.
Clays are suitable, except hard or cohesive clays that remain in chunks and
may form voids in the fill. Cobble and boulders larger than about 150 mm and
roots or other organic material should be removed before placement of the
fill. This type of construction is called a soil-bentonite slurry cutoff wall.
A ceinent-bentonite slurry trench is constructed by adding cement to the
bentonite slurry just before it is introduced into the trench. The resultant
slurry has properties substantially similar to bentonite slurry with respect
to maintaining the sides of the trench. However, once excavation is complete,
the cement-bentonite slurry remains in the trench and sets-up forming a more
permanent barrier wall.
In any slurry operation, trench construction requires effective and
strict quality control. If for example it is intended to key the trench into
an impermeable clay bed, a profile should be prepared in advance on the basis
of closely spaced borings. During excavation the spoil should be examined
continuously to assure the key has been cut. Slurry quality should be
monitored both at the batch plant and at various depths in the trench. Also,
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it is extremely important to prevent sloughing of the trench walls during
excavation. Accumulation of sloughed material could results in "windows" at
the base of the wall.
The chemical composition of bentonites vary, and a given bentonite will
react differently with water of different chemistry. For example, a sodium
bentonite has a lower permeability than a calcium bentonite. The slurry mix
should have a specific gravity of about 1.05. As excavation proceeds, sands
and silts from the surrounding soil will become suspended in the slurry. When
slurry samples from the trench exceeds a specific gravity of about 1.6, it is
good practice to circulate the material through settling ponds or separators.
This improves the quality of the mud cake on the sides of the trench and
enables the backfill to settle into position satisfactorily.
The soil backfill is typically mixed with slurry on the ground surface
alongside the trench, using bulldozers or front end loaders. When starting
the backfill operation, a preliminary mound is placed in the trench with a
clamshell, lowering the bucket to the bottom of the trench before dumping.
This is to assure that the backfill material does not fall through the
slurry. When the preliminary mound is above the surface of the slurry in the
trench, the backfill material can then be pushed with a dozer so that it rolls
or slides down the slope. To prevent sloughing of the trench walls the slurry
level should be maintained above the ground water table.
The vibrating beam technique can be used to construct a "thin-wall
cutoff". An injection line is attached to the web of an "I" beam and the beam
is driven into the ground with a vibrating pile-hammer while simultaneously
jetting with a bentonite or cement-bentonite slurry.
As the beam is
withdrawn, more slurry is injected under pressure. Vibrating beam walls are
typically 50 to 100 mm (2 to 4 in) thick and have been constructed to depths
of 9 to 15 m (30 to 50 ft). Soil profiles with cobbles or boulders are a
particular problem since it may not be possible to penetrate them with the
beam and keying into underlying weathered rock or hardpan may not be possible
to the extent feasible with excavated slurry trenches. The narrow width of
wall makes this type of cutoff less suitable for applications in soil where
long term containment of contaminants is required.
Deep soil mixing is a soil improvement technique that can be used to
increase strength and reduce permeability without excavation or soil removal.

The system makes use of a crane-supported set of leads which guide a
series of hydraulically driven mixing paddles and augers. As the ground is
penetrated, stabilizing agents or other fluids are fed through the center of
each shaft. The auger flights break the soil loose and lift it to the mixing
paddles which blend the stabilizing agents with the soil.

As the augers advance to a greater depth, the soil and agent are
remixed by the additional mixing paddles on each shaft. When the desired
depth is reached, the augers are withdrawn and the mixing process is repeated
on the way to the surface. Left behind is a stabilized continuous wall or a
treated block of soil.

4.4.1.4

Performance considerations
o

Cement-bentonite slurry walls have several advantages over
soil-bentonite slurry walls. There is less length of open trench
during construction of a cement-bentonite wall. The shorter
trench length coupled with a faster slurry hardening time,
stabilizes the ground and leaves less chance for trench failure.
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o
o

In the event of a failure, repairs are easier because the slurry
mixture hardens relatively quickly. Trenches can be cut through
a cement-bentonite wall without causing sloughing of the
backfill. Finally, cement-bentonite wall construction is not
dependent on the availability or quality of soil for backfill.
The soil-bentonite slurry generally has a lower permeability than
the cement-bentonite slurry.
The design permeability and thickness of a slurry wall for long
term containment of contaminants should consider:

o
o
o

o
o
o

o
o

o

the permeability of the slurry in m/yr
the half life of the contaminants

The permeability of a slurry wall may change (i.e. increase or
decrease) with time and with changes in the physical and chemical
properties of water.
The soil-bentonite slurry is generally more resistant to
degradation by most contaminants than the cement-bentonite slurry.
Slurry walls are non-structural. They are not built to support
bending moments of significant shear stress. Concentrated loads
put on top of the wall can be mitigated by placing a cap over the
completed wall.
The response to earthquake loadings must be considered in the
design and long term performance of a slurry wall.
The slurry wall should penetrate through all pervious zones and
be keyed into an underlying impervious stratum to prevent
contaminated groundwater from flowing under the slurry wall.
A cement-bentonite slurry may be the best choice in very
permeable soils such as sands. Due to its high viscosity and
density, there would be less slurry loss by seepage through the
trench walls.
The saturated loose type soils are best for the vibrating beam
method because less force is needed to penetrate these soils.
The lean concrete wall is most appropriate in deeper trenches
that pass through coarse gravel and boulder
zones.
A
cement-bentonite slurry wall might ordinarily be effective in
highly permeable zones except it might set before the excavation
depth is reached.
Verification of slurry wall construction is impossible since it
is performed in a fluid-filled trench or adjacent to a beam as it
is withdrawn from the soil. Therefore the risk is always present
that "windows" may occur.

4.4.2

Grout curtain cut-off walls

4.4.2.1

Applicability

A grout curtain is a subsurface vertical barrier constructed by
drilling closely spaced holes into the soil or rock unit to be sealed and
formed through the pressure injection of grout, into the voids in the soil or
rock. A wide variety of grouting materials are available such as cement,
clay, chemicals, or a combination of these materials. Once in place, the
grout fills the voids thereby reducing the in situ permeability.
4.4.2.2

Design

Grouting has been used to control groundwater and contaminant movement
by forming a vertical wall in the ground through the injection of grout
materials into the voids in the soil or rock. To provide complete cutoff, it
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is important that the grout wall is keyed into an underlying, low permeability
stratum.
Complete cutoff is difficult to accomplish because of the variable
nature of most soils and rock strata. It has been said, if the cost of a 90%
effective grout cutoff is X, the cost of a 99% cutoff will be 10X.

The development of a grouting program must first consider the physical
characteristics of the soil or rock unit into which the grout is to be
injected (i.e. the type of permeability - intergranular or fracture and the
variations in permeability), the rate of groundwater movement, the depth of
the grout wall, and the compatibility of the grout materials with the
groundwater and the contaminants.
Access to the pores or fractures to be grouted is typically obtained
by drilling, jetting, or driving grout pipes into the zone. The selection of
the technique to install the grout pipes is dependent upon the availability of
equipment, the nature of the soil or rock, and the depth of the wall.

Special considerations which affect the grouting are:
Variations in permeability in the zone of interest create
difficulty since the grout tends to follow the easiest path,
often travelling considerable distances in high permeability
soils without
penetrating
soils
of even
slightly
less
permeability.
Moving groundwater which tends to carry the grout beyond its
desired location and to weaken it by dilution or dispersion. In
some cases, the rate of groundwater movement has been rapid
enough to preclude the installation of a grout curtain.
Soil or rock splitting caused by excessive injection pressures.
Splitting or fracturing is always a possibility whenever the
pressure at the moving grout front exceeds the effective stress
on the soil particles, or the strength and weight of the rock.

Cold weather conditions may effect the ability to mix the grout
and to maintain the desired viscosity. In such cases, heaters
may be required to maintain the proper temperature control for
the materials.
A wide variety of natural and synthetic materials have been adapted for
grouting. They may be groupted into three general categories:
Cement grouts. These were perhaps the earliest type of grout to
be employed. Today, standard and special cements are used; with
bentonite to provide swelling and viscosity and prevent
dispersion; with chemical additions to control set time and final
strength; and with sand or other fillers to provide bulk. Cement
grouts can have high strength. They are suitable for filling
voids and for grouting fissures in the rock. In soil their use
is typically limited to very coarse sands and openwork gravels
because of the grain-size distribution of the cement.
Bentonite-cement grouts.
Bentonite-cement grouts utilize the
swelling properties of bentonite and the strength properties of
cement to form a low cost grout that is pumpable when mixed.
Within about 24 hours this type of grout sets up to the strength
of a soft to firm clay. It has been used effectively in gravels
but is not suitable for sands.

55

Chemical grouts. Chemical grouts usually involve two reagents
which when mixed set-up into a gel. The original Joosten two
shot process utilized sodium silicate which was pumped into the
soil, and followed by calcium chloride. The subsequent reaction
set up a gel in the soil or rock pores. Modern grouts use
various combinations of reagents, with catalysts, retarders, and
temperature regulation so that gel time can be controlled. It is
now possible to premix the fluids and pump the mixture into the
soil using
a one shot process.
Chemical grouts have
approximately the same viscosity as water and therefore can be
used in fine-grained as well as coarse-grained soils or rocks.
Some chemical grouts have a viscosity only slightly higher than water,
and will penetrate very fine soils. Others have moderate to high strength,
and are more suitable for blocking large pores and fissures. Special grouts
have expansive properties such as swelling from entrained gas generated by the
reaction. Grouts with short gel times have had some success in shutting off
running water; grouts with long gel times have been used to fill large voids.

Many of the special grouts are proprietary. Penetration of the voids or
fractures must be achieved by grout material of appropriate viscosity and
particle size. Selection of the grout materials is best left to a specialist.
4.4.2.3

Construction

The process of constructing a grout curtain to function as a barrier to
groundwater flow involves several steps. These steps include:
Hydrogeological investigations
Layout of the grout injection holes,
Drilling grout holes,
Grout mixing,
Grout injection, and
Performance monitoring.
Site investigations for grouting involve use of the subsurface
investigative techniques normally used
for any hydrogeological site
characterization. When feasible, test grouting is recommended to determine
rates of grout takes, spacing of grout holes, suitable pumping pressures, and
estimates of the volume of grout that may be required for a particular
grouting operation.
Penetration grout curtains are generally constructed in a phased
operation consisting of a series of primary, secondary, tertiary grout holes
using a split-spaced injection pattern. Grout hole spacing is designed to
locate the primary, while the secondary locations are usually at the midpoint

between injection points. Typically, primary and secondary holes are drilled
to the same time and secondary holes can then be used to monitor injection in
the primary holes.
Penetration grouting requires careful control of injection pressure to
assure injection does not cause fracturing of the host medium. Recommended
grout pressures should not exceed 0.4 MPa per meter of depth. Allowable
pressures increase as the depth of stage increases with the rule-of-thumb
injection pressures of 0.23 MPa per meter of depth for average to weak host

materials.
material.
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The "rule-of-thumb" injection pressures can be doubled for sound

Variations of final grouting curtain properties result from:
-

Inadequate/improper mixing of grout
Variations in grout material (both quality and quantity), and
Chemical reaction of the grout with the soil/rock, groundwater,
and contaminants

The assurance of acceptable quality requires
engineering supervision of all grouting operations.

close and continuous

Installation of a grout curtain may require drilling of grout holes
near the contaminated area. However, it does not require the handling or
removal of contaminated soil, rock, or groundwater.
4.4.2.4

Performance considerations

Some of the important performance considerations of a grout curtain
wall are:
o
o
o
o
o

Final permeability of the grouted mass
Chemical compatibility of grout materials with the soil or rock,
groundwater, and contaminants.
The integrity of the wall when subjected to earthquake loadings.
Grouting can be used in both unconsolidated and consolidated
materials,
Grout curtains have a relatively long service life, short
construction time, and minimum environmental impact during
construction.

4.4.3

Diaphragm walls

4.4.3.1

Applicability

A diaphragm wall is a subsurface barrier designed for control of
groundwater flow as well as structural strength and integrity. They may be
installed to divert groundwater flow or to completely surround an area either
to prevent contamination from escaping or from entering. If installed to
enclose an area, provision should be made to control infiltration to prevent
flooding at the ground surface. Diaphragm walls can be made of cast-in-place
concrete or precast panels with cast-in-place joints.
4.4.3.2

Construction

Diaphragm walls are installed by excavating a short, slurry-supported
trench section through the water bearing strata, using a clamshell bucket or
other suitable piece of equipment and keying into a low permeability stratum.
Upon completion of excavation, the trench section is filled either with a
pre-cast, reinforced concrete panel or tremied concrete around a reinforcement
cage. Joints between panels may be formed using stop end tubes that are
concreted after adjacent panels are completed. Another method of sealing
joints involves the use of a cement-bentonite slurry as the excavation fluid
which flows in the joint between panels.

Provided the joints between panels are correctly sealed, diaphragm
walls have approximately the same permeability as cement-bentonite walls and,
because
of
a
similarity
of materials,
about
the
same
chemical
compatibilities. The cost of diaphragm walls is sharply affected by the
difficulty of excavation.
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The installation of a diaphragm wall is essentially free of noise and
vibration.
However, if installed in a contaminated area, disposal of
contaminated soil and groundwater must be considered.

4.4.3.3

Performance considerations
Some important performance considerations for diaphragm wells are:
o
o

o
o
o

Diaphragm walls are stronger than slurry walls or grout curtains
as well as more costly,
Provided the joints between panels are installed correctly, and
the wall is keyed into a low permeability stratum, diaphragm
walls
have
approximately
the
same
permeability
as
cement-bentonite walls and, because of a similarity of materials,
about the same chemical compatibilities,
Diaphragm walls are most typically used in situations requiring
both structural strength and relatively low permeability
Quality control is difficult because of working blind under
slurry; there have been cases of serious joint leakage and
underflow,
When the diaphragm wall does not penetrate to cutoff in an
impermeable bed, there have been instances where working blind in
the slurry, boulders or hardpan were mistaken for bedrock, and
the wall failed to achieve its intended depth.

4.4.4

Steel sheet piling

4.4.4.1

Applicability

Barriers composed of sheet piling are constructed by driving
interlocking steel sheet piles through the unsaturated zone and the aquifer
into an underlying low permeability stratum. Such barriers are used to
reduce, redirect, or stop groundwater and contaminant movement. A sheet
piling system can develop a moderately effective barrier if the piles remain
interlocked during installation. Steel sheet piling is applicable only in
unconsolidated materials, except in very rare situations where the piles may
be hard driven through consolidated material such as a dense clay or weathered
shale. Steel sheet piling is usually not even considered suitable for use in
very rocky soils because of the difficulty in driving the piles through
cobbles and boulders and the resulting damage to the piles themselves.
4.4.4.2

Design

The four most important design considerations for steel piling cutoffs

are:

1.
2.
3.
4.

Interlock
Shape of pile cross-section
Material through which and into which the piles are driven
The required design life.

Various types of interlocking systems are available. Good interlocks
are relatively soil tight, however none are completely water-tight. Pilings
assembled on site prior to driving may facilitate obtaining a positive lock.

The cross-sectional shape of pilings is designed to provide resistance
to bending of the wall. This may or may not be a consideration for the
specific situation. In addition to bending strength the pilings must be
suitable for driving into soil to appropriate depths.
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The material through which the sheet piles are to be driven should have
density characteristics that permit the piles to be driven and should be free
of boulders which the piles cannot penetrate. There should also be an
underlying low permeability stratum below the aquifer units of concern into
which the piles can be driven to provide a positive cutoff at the base.
The require life of the pile should be sufficient to achieve the
desired results. Pile life is affected by soil and water chemistry. If the
system is to be installed to provide long term containment, a steel sheet pile
system may not be the proper choice.
4.4.4.3

Construction

A steel sheet piling groundwater barrier consists of interlocking steel
piles driven into the ground by a pile driver. The piles are typically driven
from ground surface in pairs, with pneumatic or steam driven pile driver or
drop hammer. The piles are driven a meter or so at a time over the entire
length of the wall until all the piles have been driven to the desired depth.

If a boulder zone is present that cannot be penetrated or if the sheet
piling is being driven to rock and the rock surface is even moderately
irregular, there will be windows at the toe of the steel.
When installing a sheet pile wall, it is important to assess the effect
of ground vibrations on adjacent structures prior to driving the piles.
Vibrations may cause damage to sensitive equipment.

4.4.4.4

Performance considerations

Some of the important performance considerations of a sheet pile wall
system are:
o

o

o

o

The effectiveness of steel sheet piling as a groundwater
barrier is a function of the integrity of the interlocking
system. The cutoff effectiveness can be lost if sections of
the wall become unlocked allowing seepage through the resulting
gap.
If out of interlock, an individual pile can stray more
than a meter out of position without detection. Problems with
the interlocks are frequently encountered in coarse, dense
material, where chances of separation of interlocking piles are
increased.
Where effective seals (i.e. little or no leakage) can be
maintained both for interlocks and the key-in, sheet piling
provides an essentially continuous impermeable barrier.
In
practice sheet piling cut-off walls have been constructed in
soils ranging from well-drained sand to impervious clay.
The service life of a sheet piling installation depends upon
the corrosivity of the groundwater and the contaminants for
which it is being designed.
Steel corrodes under typical
ground conditions at a maximum of 2 to 5 mm/year for the first
few years and then the rate declines. Steel also corrodes
faster in a sea-water environment than a fresh-water
environment.
Depending on the chemistry of the soil and
groundwater, the performance life of a steel piling wall may be
between 7 and 40 years.
Because of the relatively short life of a sheet piling cutoff
compared to grouts and slurry trenches this groundwater
protection or mitigation technique should be considered as a
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o

o

temporary or short-term corrective measure while more long-term
or permanent solutions are studied and/or implemented,
The materials, construction equipment, and construction
expertise are readily available,
There is virtually no post-construction environmental impact,
as the piles are generally cut off at or just below the surface.

4.4.5

Caps

4.4.5.1

Applicability

Caps may be used to protect the subsurface environment from
accidental surface spills, to prevent or reduce infiltration of
precipitation into contaminated areas, and/or to contain gases that are
escaping from the soil or rock. Caps may be designed as protection systems
or as temporary or long-term mitigative systems.
4.4.5.2

Design

Caps may be constructed of natural earth materials, natural earth
materials mixed with bentonite, in a sandwich fashion using one or two
geomembranes separated by layers of earth materials, or of asphalt or
concrete pavement.
If earth materials are selected to be the capping system, the
engineering properties such as grain-size, maximum density, optimum moisture
content, as-compacted permeability, shrink-swell, and susceptibility to
frost action should be determined. Compaction criteria, thickness, slope of
the upper surface to facilitate drainage, and the necessity to provide a
protective surface layer such as gravel: for trafficability, for erosion
control, for protection from freeze-thaw cycles, and for protection from
burrowing animals, should be established.
A geomembrane system may be selected if an adequate source of natural
materials with the desired engineering properties is not available.
If a geomembrane system is to be used, a properly prepared base
should be established to assure the plastic fabric will not be punctured and
proper slopes should be established to assure drainage of the surface. Once
the membrane is installed, a protective earth cover should be placed over
the membrane. It is recommended that a clay cover be used to provide added
protection against movements into or out of the area being protected. If
clays are not present, a double membrane system using compacted natural
soils to separate the two membranes and to cap the upper membrane should be
considered.
4.4.5.3

Construction

A clay cap can
compaction equipment.

be

constructed

with

standard

earthmoving

and

If a geomembrane system is to be used, the base for the membrane
should be relatively smooth to prevent puncturing. It may be necessary to
place a clean, sandy base layer using earthmoving equipment and compaction
with a roller to provide a smooth surface. Placement of a protective earth
cover over the membrane requires use of lightweight rubber-tire equipment
that will not damage the membrane. Also, this in-field summary operation is
extremely important to obtain a continuous barrier. Seaming operarations
are affected by adverse weather conditions.
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The cap should be keyed into barrier walls surrounding contaminated
areas to prevent infiltration of precipitation or escape of gases along the
margin.
4.4.5.4

Performance considerations
Some important performance considerations for caps are:
o
o
o
o
o
o

The required design life of the cap to provide protection for
the time required
The effects of weather conditions on the capping material
The necessity to penetrate the cap with other mitigative systems
The exchange capacities of the clay used in the capping
materials.
Polymer membranes are susceptible to degradation from exposure
to high levels of radioactivity,
Caps require maintenance to assure their integrity over long
periods of time.
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Table 5

Factors to be considered in the selection,
construction of preventive or mitigative systems.

design.

and

Characteristics of radioactive materials
o
o
o
o
o
o

Identification of specific materials
Chemical form of materials
Exchange capacity characteristics with specific soil and rock
units at the site
Density (i.e. tendency to float, mix, or sink in water)
Half life
Physical-chemical reactions with:
a.

soil at site
rock at site
groundwater at site

b.

o
o
o
o

short-term reactions
long-term reactions
Temperature versus time following a release
Changes in physical-chemical properties with temperature
variations, e.g. liquid to solid, soluble to insoluble
Changes
in physical-chemical reactions with temperature
variations,
e.g. precipitation,
crystallization,
crystal
growth, cementation into soil or rock matrix, solubility
Leachability

Hydrogeologie system

Characteristics of hydrostratigraphic units:
o
o
o
o
o
o
o
o
o

stratigraphie sequence
depth
thickness
nature of permeability, i.e. intergranular or fracture
range of anisotrophy
infiltration rates
soil/rock chemistry
recharge/discharge
exchange capacity

Characteristics of groundwater:
o

quality in each potentially affected aquifer unit
a) natural conditions
b) during temperature pulse
c) interaction with radioactive materials

o
o
o
o
o
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temperature
chemistry
water levels
rates of flow
a) natural conditions
b) during temperature pulse
flow
directions
(requires detailed
definition of
flow
directions at site with respect to locations of structures from
which a release could occur)

Table 5 (cont)

o

o
o
o

groundwater users in area throughout the operation of the
facility
a) owner of system
b) location
c) well construction
d) aquifer unit
e) distance from nuclear power plant
f) direction of groundwater flow from plant to well
g) quality of water from well
h) quantity of water being drawn
i) use of water
effect of seasonal fluctuations on rate and direction of flow
effect of tidal fluctuations on rate and direction of flow
changes in quality, levels, flow rates, and flow direction
during the life of the facility and during each season
(requires continuous monitoring)

Construction consideration for preventive or mitigative measures
o
o
o

o

o
o
o
o
o
o

Depth of confining unit
Requirements to control ground water during construction
including handling and disposal
Effectiveness of system
a) short-term
b) long-term
Construction constraints
a) underground structures, e.g. foundations, pipelines,
tanks, power lines
b) presence of radioactive materials in ground
c) weather conditions
Length of time for construction
Sources of equipment and contractors
Construction, operation, and maintenance costs
Ability to verify effectiveness of system
Operation and maintenance requirements
Current groundwater conditions

Operation and maintenance requirements for preventive or mitigative
measures :
o
Training of personnel, retraining and updating
o
Monitoring of system
o
Testing of system
o
Following an accident, the handling and disposal of radioactive
materials removed
during construction and operation of
mitigative measures.
o
Monitoring the effectiveness of the preventative or mitigation
system with respect to changes through time in the groundwater
system
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5. MONITORING AND SAMPLING
5.1

General

It is recommended that a regional and site-specific groundwater
monitoring program be established during the initial phases of site
investigation and be maintained throughout construction and operation of the
facility. The purpose of the monitoring program is to provide up-to-date
data pertaining to water levels, direction of flow, and water chemistry.
The recommendations to have a groundwater monitoring program are clearly set
forth in IAEA Safety Series No. 50, SG-S7, pp 27-28, 57. It should be noted
that at many operating nuclear power plant sites the groundwater monitoring
programmes are non-existent or inadequate to provide the data required to
identify the proper preventive or mitigative measures to be employed. The
consequence of this lack of data is that in a response mode following an
accident, the only possible alternative is to completely intercept
groundwater or completely isolate the contaminated area within a barrier
wall.
5.2

Establishment of data base

A regional
established.

o
o

o
o

5.2.1

and

site-specific

groundwater

data

base

should

be

To monitor changes in the elevation of the water, direction of
flow, rate of flow, and water chemistry during construction and
operation of the facility,
To verify the performance of protective systems installed as
part of plant design and construction.
To provide monitoring and sampling points to assist in the
analysis of an accidental release of radioactive material.
To provide monitoring and sampling points to assess the
effectiveness of mitigative measures employed following an
accidental release of radioactive material.

Regional area

The regional area is herein defined as (a) the area which is
sufficiently large to define the extent and nature of the hydrogeologic
system (i.e. recharge and discharge areas) with which the plant foundation
is in contact and the area which could be affected by a severe accident
(based on the experience at Chernobyl, this would be a 30-km radius around
the plant site). Within the regional area, an inventory of existing wells
should be made and updated on an annual basis throughout the operation of
the facility. The information obtained should include:
o
o
o
o
o
o
o
o
o
o
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location of wells
water use (i.e. municipal, industrial, irrigation, domestic)
quantities used vs. time
well design and construction
source of water (i.e. the producing aquifer unit)
static water level (elevation; measurement frequency should be
sufficient to indicate ranges of fluctuations),
pumping water level (elevation)
effects of pumpage
water chemistry
water temperature

From this information, the following maps and cross-sections should
be prepared:
5.2.2

well location map
water level contours (for each period of fluctuation)
isoconcentration maps
hydrostratigraphic cross-sections

Site area

The site area is herein defined as the area containing the plant and
defined by a boundary. Monitoring wells should be installed in each aquifer
unit in contact with the plant foundation and utilized from the time of
initial site exploration at the selected site throughout construction and
operation of the facility, to the time of decommissioning of the facility.
The information obtained at each monitoring point should include:
o
o
o
o
o
o
o
o

locations of the monitoring wells
elevation of ground surface
well design and construction
source of water (i.e. aquifer unit)
depth to and elevation of each hydrostratigraphic unit
elevation of groundwater surface
water chemistry
water temperature

From this information, the following maps and cross-sections should
be prepared:

o
o
o
o

well location map showing structures containing radioactive
materials and locations of preventive and/mitigative systems,
water level contours
isoconcentration maps
hydrostratigraphic cross-sections

5.3

Groundwater monitoring system

5.3.1

Description of system

The basic method to monitor and sample groundwater is through a
series of properly located, designed, and constructed wells. If the site is
located in an area where the groundwater and surface water are
interconnected, i.e.

springs, streams, rivers, lakes, or the oceans, then

the water levels and water quality of the surface water body should also be
monitored. Regional and site specific precipitation and temperature records
should
also be obtained
to complete the hydrologie data base.
5.3.2

Number and locations of wells

The number of monitoring points can be established using statistical
analytical techniques. Based on an understanding of the complexity of the
site, statistical techniques can be applied to determine the number of
monitoring points to establish various levels of confidence for the data
base. The level of confidence utilized at a site should be in agreement
with applicable regulatory requirements. If such requirements do not exist,
then the recommended confidence level should be sufficient to allow the
owners and operator of the facility to be confident of their ability to
adequately define the groundwater system to respond to emergency situations
resulting from accidental releases of radioactivity.
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Monitoring locations should be distributed throughout the site to
permit detection of accidental releases distributed either through the air,
surface water, or groundwater.
Wells should also be located in the
proximity of structures from which an accidental release may occur and in
such a manner as to define the variations in groundwater flow directions and
rates at the site. This includes consideration of upgradient locations and
locations that take into account the anisotropic nature of the aquifer.

5.3.3. Installation and design
To correctly monitor the water levels and water chemistry, separated,
dedicated monitoring wells should be installed in each aquifer unit which is
in contact with the deepest part of the foundation for the plant and which
could be affected by an accidental release of radioactivity. Monitoring of
multiple hydrostratigraphic units from a single borehole is not recommended.
To tïionitor water chemistry within an aquifer unit, it is advisable to
consider at selected locations three wells of varying depth. Each of these
wells should be separated horizontally by approximately three meters. The
shallowest well should be positioned to sample the upper portion of the
groundwater to detect the presence of lighter than water chemical
constituents. The intermediate well should be positioned to sample the mid
portion of the aquifer to identify the chemicals that are missible in the
water. The deepest well should be positioned to sample the lower portion of
the aquifer to detect the presence of heavier than water chemicals.
The wells may be installed by a variety of standard drilling
techniques. Since the wells are to be used for chemical monitoring, it is
recommended that all drilling equipment, well screens, and casing be steam
cleaned prior to use and installation. A typical design of a monitoring
well in soil as shown in Figure 1 and in rock in Figure 2.
It is
recommended that stainless steel be used for the well screen and casing.

5.4

Measurement and sampling

The parameters to be measured, the methods, and the frequency are
presented in Table 6. The sample procedure for chemical analysis should
include:
o
o

o
o
o

o
o
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Washing and decontamination of the bailer or pump;
Removal of three to five casing volumes of water prior to
sampling;
Collection of the sample in an appropriate container. Glass
containers are generally acceptable for all constituents while
plastic containers have some limitations (see Table 8.);
The sample container should be completely filled with water to
prevent the loss of vapor in gaseous phase.
The sample container should be sealed immediately to avoid
release of vapor,
If necessary, because of level of radioactivity, shielding of
the sample container may be required;
Preservatives should be considered depending on the chemical to
be analyzed.
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FIG.1. Typical design monitoring well in rock.
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FIG.2. Typical design monitoring well in soil.
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Table 6
Examples of methods and frequencies of
measurements within the monitoring programme
Groundwater

Methods

Frequency-*-

Water table level

Piezometric analysis

Monthly

Chemistry

Chemical analysis

Monthly

Radioactivity

Radiometrie analysis

Monthly

Direction of flow

Tracer tests/
calculations from the
hydraulic gradient

One initial
measurement,
and
then

after
any
significant
changes
in
water table
levels

Velocity

Note: 1.

Tracer tests/

One initial

calculations of
the hydraulic
gradient

measurement,
and then
after
any
significant
changes
in
water table
levels

The sampling frequency will depend on site characteristics; for
example, if short-term fluctuations are of large magnitude, more
frequent measurements should be made. In some cases, continuous

recording may be necessary.

Input to models should be adjusted

accordingly.

The label on the container should indicate:
site designation
well number
sample date and time
name of collector
water temperature
specific conductance
PH
the label and the written information should be waterproof;
The samples should immediately be refrigerated to 4°C for
transport and storage until testing; and
In addition to the information contained on the sample label,
the field notes should include:

sample depth
name of stratigraphie unit sampled
water level elevation
sampling procedure
transporting procedure
date received by laboratory
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At the laboratory, the sample should be split to provide quality
assurance verification of test results. Typical baseline water quality
indicators are presented in Table 7. The U.S. EPA recommendations for
sampling volumes, containers, preservation, and holding times are presented
in Table 8.

The complete sampling programme should include written procedures for:
1.
2.

5.
6.
7.
8.

sample collection
decontamination of drilling equipment between holes and
decontamination of sampling equipment between samples.
and
storage,
sample
handling,
packaging,
shipping,
chain-of-custody requirements,
health and safety precautions to be followed during sampling,
shipping and testing
laboratory testing procedures
reporting of results
emergency response action plan
quality assurance and quality control for all activities from
the field collection, handling, testing, reporting, and
analysis of results.

Table 7
Typical baseline water-quality indicators to be
determined during preconstructional data collection

Physical Indicators
Specific Conductivity-'-

Temperature 2

Appearance (e.g., colour)
Odor

Total Dissolved
Solids3

PH1

Eh1

Common Constituents

Ammonia
Bicarbonate
Calcium

Carbonate

Chloride
Magnesium
Nitrate
Phosphates

Potassium
Sodium
Sulfate
Sulfides

Trace and Minor Elements

Aluminium
Arsenic

Cobalt
Copper

Mercury
Molybdenum

Boron

Iron

Selenium

Cadmium
Chromium

Lead
Manganese

Vanadium
Zinc

Radionuclides
Lead-210
Polonium

Radium-226

Uranium

Thorium-230

Notes: 1. Field and laboratory determination
2. Field only
3. Laboratory only
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Table 8

EPA Recommendations for Sampling and Preserving Water Supplies
for Specific Constituents^ (Modified After: U.S. Environmental
Protection Agency, a) 1979, Methods for Chemical Analysis of
Water and Wastes, EPA-600/4-79-020; b)- Test Methods for
Evaluating Solid Waste - Physical/Chemical Methods, SW 846
2nd edition, 1982; c) Standard Methods for the Examination
of Water and Waste Water, 16th edition (1987); d) RCRA
Groundwater Monitoring Technical Enforcemement
Guidance Document, September 1986.
Vol.

Req.

Measurement

(ml) Container^')

Preservative^^

Holding Time

Acidity

100

P, G

None req.

24 Hours

Alkalinity

100

P, G

Cool, 4°C

24 Hours

Ammonia

400

P, G

Cool, 4°C,
^SO^to

24 hours

pH less than 2
Arsenic

1,000

T, P

HN03 to pH
less than 2

6 months

Barium

1,000

T, P

HN03 to pH

6 months

less than 2
Cool, 4°C

7 days

HN03to pH less
than 2

6 months

P,G

Filter on site.
HN03 to PH less
than 2

6 months

100

P,G

Cool, 4°C

24 hours

Chloride

50

P,G,T

4°C

28 days

Chromium

1,000

Boron

100

P, G

Cadmium

1,000

Calcium

200

Carbonate/
Bicarbonate/
Alkalinity

T, P

T,P

HN03 to pH

6 months

less than 2
Copper

200

G

HN03to pH

6 months

less than 2
Fluoride

300

P,T

Cool, 4°C

Iron

200

P,T

Filter on site
if turbid;
HN03to pH less
than 2

6 months

Lead

1,000

G (dark)

Filter on site

6 months

(0.45

micron);

N03 to pH less
than 2
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28 days

Table 8 (cont)
Vol.

Measurement

Req.
(ml) Container^2)

Preservative^3^ Holding Time

Magnesium

200

Filter on site

P.G.T

6 months

if Turbid;
HN03to pH less

than 2
Manganese

200

P,T

Filter on site
if turbid;

6 months

HN)3 to pH less
than 2

Mercury
Dissolved

1,000

(dark)

Filter on site
if turbid;

6 months

HN03 to pH

less than 2
Total

1,000

(dark)

HN03to pH

6 months

less than 2
Nitrogen
Ammonia

1,000
P.G.T

Cool, 4°G

14 days

H2S04 to

pH less than 2

Nitrate

1,000

P,G,T

Cool, 4°C
H2S04 to

14 days

pH less than 2
pH

Orthophosphate

P.G.T

Field determined

50

P,G

Filter on site

24 Hours

50

P,G

Cool, 4°C
Cool, 4°C;
H2S04to pH

24 Hours

25

dissolved

hydrolyzable

less than 2

Total

50

P.G

Cool, 4°C

Total,
dissolved

50

P,G

Filter on site

Radium

4 litres

7 Days

24 Hours(3)

Cool, 4°C

P,G

HN03 to pH

6 months

than 2
Selenium

Silver

1,000

1,000

(dark)

(dark)

Filter on site
(0.45 micron);

6 months

HN03to pH
less than 2

6 months

Filter on site

6 months
6 months

HN03to pH

less than 2
Filter on site
if Turbid.

Sodium

200

P,T

HK03 to pH
less than 2

6 months
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Table 8 (cont)
Vol.
Req.
(ml)

Container^)

Preservative'-^' Holding Time

Specific
Conductance

100

P.G.T

Field determined

Sulfate

50

P.G.T

Cool, A°C

28 days

100

P,G

Cool, 4°C

7 days

Uranium

200

P,G

None required

7 days

Vanadium

200

P,G

HN03to pH
less than 2

6 months

Zinc

200

P,G

HN03to pH
less than 2

6 Months

Measurement

Total

dissolved
solids (TDS)

NOTES:
(1)
(2)

More specific instructions for preservation and sampling
are found with each procedure as detailed in U.S. EPA.
manuals.
Container type: P = plastic; G = glass; T = fluorocarbon
resins (PTFE, TeflonR, FEP, PFA).

Shipping containers (cooling chest with ice or ice pack)
should be certified as to the 4°C temperature at time of

sample placement into these containers. Preservation of
samples requires that the temperature of collected samples
be adjusted to the 4°C immediately after collection.
Shipping coolers must be at 4°C and maintained at A°C
upon
placement
of
sample
and
during
shipment.
Maximum-minimum thermometers are to be placed into the
shipping
chest
to
record
temperature
history.
Chain-of-custody forms will have Shipping/Receiving and
In-transit (n\ax/min) temperature boxes for recording data
and verification.
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6. QUALITY ASSURANCE AND QUALITY CONTROL
All preventive and mitigative programs should be carried out in
accordance with established quality assurance and quality control programs.
These programs
should
be applied
to all office, field
(including
construction), and laboratory activities. IAEA quality assurance and quality
control requirements are set forth in IAEA TECDOC - 416, "Manual on Quality
Assurance for the Survey, Evaluation and Confirmation of Nuclear Power Plant
Sites". It is recognized that implementation of quality assurance and quality
control procedures during the period of response to an accident may not be
practical. However, a record should be maintained as complete as possible
describing all actions taken, including materials and methods, participants,
dates and times.
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Appendix
SUGGESTED GROUNDWATER MODELS
UNSATURATED FLOW

Training Course No. 1:
The Implementation of FEMWATER (ORNL-5567) Computer Program
NUREG/CR-2705

June 1982

Training Course No. 2:
The Implementation of FEMWASTE (ORNL-5601) Computer Program
NUREG/CR-2706

November 1982
Trust-II Utility Package: Partially Saturated Soil Characterization, Grid
Generation, and Advective Transport Analysis
NUREG/CR-3443

September 1983
Documentation Transport Analysis and User's Guide: UNSAT2-Variably Saturated
Flow Model
NUREG/CR-3390

December 1983
Documentation and User's Guide:
Transport Models

GS2 & GS3 - Variably Saturated Flow and Mass

NUREG/CR-3901

June 1985
SATURATED FLOW

A Deterministic-Probabilistic Model for Contaminant Transport
NUREG/CR-1609

August 1980

User's Guide and Documentation for Adsorption and Decay Modifications to the
USGS Solute Transport Model
NUREG/CR-2502

January 1982
SWIFT II Self-teaching Curriculum
NUREG/CR-3925, Revised
January 1987
REFERENCE

Information on these models may be obtained from:
The Superintendent of Documents, U.S. Government Printing Office, Post Office
Box 37082, Washington, D.C. 20013-7082.
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