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Foreword to the first edition

Hydrological problems related to artificial and natural changes in the quality of inland
water bodies were discussed by the Co-ordinating Council of the International
Hydrological Decade (IHD) in the late 1960s. As a result, the Secretariats of UNESCO
(United Nations Educational, Scientific and Cultural Organization) and WHO (World
Health Organization), with the assistance of FAO (Food and Agriculture Organization of
the United Nations) and IAHS (International Association for Hydrological Sciences),
established an international working group, primarily to:

e identify and define the hydrological processes and phenomena directly concerned with
the means of entry, distribution and self-purification of pollutants in surface and
groundwater,;

¢ review the known effects of such pollutants on any aspect of these processes and
phenomena.

The outcome of the IHD working group and their collaborators was not meant to
constitute a treatise on water chemistry or water pollution problems, but was a document
attempting to link water quality considerations to aspects of the quantitative hydrology of
surface and groundwater bodies. Advice was also included on the organisation of
hydrological services, methods of conducting water quality surveys, and interpretation
and evaluation of water quality data for hydrological purposes. An attempt was also
made to meet the needs of developing regions by describing methods likely to be
applied in these regions, both from the point of view of practicability and economy. On
the other hand the report also aimed to be attractive to industrialised countries by
including references to sophisticated methods.

It appeared that many hydrologists found difficulty in coping with water quality problems,
and that hydrological surveys and water quality studies were not often adequately linked.
The joint UNESCO/WHO publication Water Quality Surveys (1978) was, therefore,
intended to harmonise these aspects and to synthesise the assessment of the
hydrological regime and quality changes brought about by nature and man. The
publication became a success world-wide and soon ran out of stock. The two
Secretariats of UNESCO and WHO considered a re-print of the 1978 version, but
decided to compile a completely new edition in view of the following:

(a) The progress in water quality research had been enormous over the past years and
this needed to be taken into account.



(b) Water quality had become a regional, if not a global, concern encompassing more
pollutants than in the past; an ecological approach could combine the physical, chemical,
biological and microbiological aspects; x Water Quality Assessments heavy metals and
synthetic organic compounds have called for a change in the strategies for water quality
surveys and monitoring.

(c) There is no need to describe the operational aspects of water quality monitoring and
the laboratory procedures since they are mostly contained in the GEMS/WATER
Operational Guide, a revised third edition of which appeared in 1991.

(d) Basic guidance on methodology is given in the GEMS/WATER Handbook for Water
Quality Monitoring in Developing Countries which will be available by the end of 1991.

In October 1987, the two Secretariats compiled an annotated outline for the revised
Water Quality Surveys on the understanding that the new book would describe, in a
much broader way, the application and interpretation of water quality information in
water resource management. The methodological and technical aspects could be largely
omitted since the reader could be referred to the above-mentioned GEMS/WATER
literature.

Authors were designated in 1988 and a first meeting of authors and contributors,
supported by the United Nations Environment Programme (UNEP) and the USSR
Centre for International Projects, took place in Sochi (former USSR) from 14 to 20
November 1988, followed by a second editorial meeting at Baikalsk (former USSR) from
3 to 10 August 1990. A final editorial panel meeting was then convened in Geneva, 22-
23 November 1990. The result of these meetings is this guidebook, now renamed Water
Quality Assessments.
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Foreword to the second edition

Much has happened in the water sector at national and international level since the
preparation of the first edition of this guidebook. One major event was the International
Conference on Water and the Environment which was held in January 1992 in Dublin,
Ireland. In dealing with the protection of water resources, water quality and aquatic
ecosystems, the conference made rather specific requests regarding the need for more
and better water quality assessments, including:

¢ Purpose-orientated water assessments and predictions, taking into account the
specificity of both surface and groundwaters, water quality and water quantity, and
addressing all pollution types.

¢ Assessments harmonised for natural basins or catchments (including station networks,
field and laboratory techniques, methodologies and procedures, and data handling) and
leading to basin-wide data systems.

o New appropriate assessment and prediction techniques and methodologies, such as
low-cost field measurements, continuous and automatic monitoring, use of biota and
sediment for micro-pollution monitoring, remote sensing, and geographic information
systems.

In June 1992 in Rio de Janeiro, Brazil, the United Nations Conference on Environment
and Development resulted in an agreement on the action plan known as Agenda 21
which, in its chapter on freshwater, largely endorsed the recommendations from the
Dublin conference. The stated objectives of Agenda 21 include issues which this
guidebook aims to address, specifically:

¢ t0o make available to all countries water resources assessment technology that is
appropriate to their needs, irrespective of their level of development, and

¢ to have all countries establish the institutional arrangements needed to ensure the
efficient collection, processing, storage, retrieval and dissemination to users of
information about the quality and quantity of available water resources, at the level of
catchments and groundwater aquifers, in an integrated manner.

The concerns expressed at these conferences, together with the feedback from readers
and users of the first edition of this guidebook, have guided the editor and authors in
preparing the second edition. Latest developments in strategies, as well as on



technologies and methods, have been taken into account to make the book useful for
water resources managers charged with the monitoring, assessment and control of
water quality for a variety of purposes. Thus this guidebook should contribute to the
capacity building initiatives launched in a number of countries in the aftermath of the Rio
de Janeiro conference by supporting the scientifically-sound assessment of water
resources which are tending to become more sparse and polluted.

One major change from the first edition, which is in addition to the general review and
updating, is the introduction of a new chapter on reservoirs. The construction of dams
along many rivers has increased rapidly over recent years, including some more
controversial large dam projects. The multiple use of the resulting reservoirs requires a
sound water quality assessment component to their management strategies. A separate
chapter has been devoted to reservoirs because many have complex hydrodynamic
features and all are subject to potential or actual human intervention in their natural
chemical and physical processes. The original rivers and lakes chapters of the first
edition have been modified accordingly.

The other major development in preparing the second edition concerns the production of
the companion handbook Water Quality Monitoring: a practical guide to the design and
implementation of freshwater quality studies and monitoring programmes. The
manuscript for the Water Quality Monitoring handbook emerged and was finalised in
parallel to the second edition of this guidebook. Water Quality Monitoring provides the
practical and methodological details whereas Water Quality Assessments gives the
overall strategy for assessments of the quality of the main types of water body. Together
the two books cover all the major aspects of water quality, its measurement and its
evaluation.




Water Quality Assessments - A Guide to Use of Biota, Sediments and Water in
Environmental Monitoring - Second Edition

Edited by Deborah Chapman

© 1992, 1996 UNESCO/WHO/UNEP

ISBN 0 419 21590 5 (HB) 0 419 21600 6 (PB)

Summary and scope

This guidebook concentrates on the process of setting up monitoring programmes for
the purpose of providing a valid data base for water quality assessments. The choice of
variables to be measured in the water, the sediment and in biota are described in
Chapters 3, 4 and 5 and the common procedures for data handling and presentation in
Chapter 10. Interpretation of these data for the purpose of assessing water quality in
rivers, lakes, reservoirs and groundwaters is presented in Chapters 6, 7, 8 and 9
respectively. These chapters, specific to the type of water body, focus on monitoring
strategies, requirements for water quality and quantity data and interpretative techniques.
The choice of the appropriate methods is illustrated by case studies for typical water
pollution situations. In view of the varying levels of resources which countries can put at
the disposal of this activity, the strategies for water quality assessment are developed
according to three different levels of monitoring operations: simple, intermediate and
advanced.

For the purpose of this presentation of water quality assessment techniques the
following types of water resources have been taken into consideration:

¢ Rivers and streams of all sizes from source to tidal limit (i.e. the influence of salt water
intrusion). Canals and inter-connecting river systems are also included.

¢ Lakes of all sizes and types, including marshes and bogs.
¢ Reservoirs of various types, especially river impoundments.
o Groundwaters of various types, shallow or deep, and phreatic or confined.

These types of water bodies include all major freshwater resources subject to
anthropogenic influences or intentionally used for municipal or industrial supply, irrigation,
recreation, cooling or other purposes. However, certain types of waters are outside the
scope of this book, including: estuaries, coastal lagoons, salt marshes and other saline
waters, wastewaters of different origins, thermal and mineral springs, saline aquifers,
brines and atmospheric precipitation such as rain and snow.

Within the range of water quality issues addressed in this guidebook efforts have been
concentrated on major areas of vital importance. Several complementary publications



are readily available which cover other specific aspects in great detail and, when
referred to, their use in conjunction with the present guide is strongly recommended.

There are no geographical limits imposed on the applicability of the guidance provided in
this book since an effort was made by the authors to address all kinds of environmental
conditions occurring in aquatic ecosystems world-wide. Thus, the specific situations of
humid and dry tropics, as well as of mountainous and lowland waters, in water abundant
or semi-arid and arid climatic zones, are all covered by means of examples. Attempts
have been made to find examples from all world regions but, inevitably, there is more
literature available from the developed world than the developing world and this is
reflected in the reference lists attached to each chapter. Water quality, and its monitoring
and assessment, is also greatly influenced by the size of the water body and, therefore,
relevant guidance is provided for different levels of magnitude.

Within this guidebook various water quality problems (organic pollution, eutrophication,
acidification, toxic contamination etc.) and their related descriptors are discussed at
various levels of complexity. Chemical constituents and contaminants, as well as the
biological characteristics of water bodies, are covered extensively. However, the
consequences of temperature changes due to thermal discharges are only addressed in
relation to their effects on aquatic life.

Human health is affected, in many world regions, by vector-transmitted diseases
associated with vector organisms which breed in the aquatic environment. This problem
is enormous since there are 200 million people suffering from one such disease alone,
i.e. schistosomiasis. However, since the occurrence of such diseases, and their
containment, is closely linked to water resource development projects, rather than to
pollution sources and effects, this issue is not dealt with in this book. Further information
on these topics can be found in the internationally recognised literature on the subject
(WHO, 1980, 1982, 1983).

Pathogenic agents causing water-borne diseases include bacteria and viruses as well as
protozoa and helminths. Although they interfere only marginally with aquatic life in
general, they cause severe public health problems and are considered responsible for
most of the infant mortality in developing countries. Monitoring is usually done indirectly
by identifying and quantifying indicators of faecal pollution such as the coliform groups.
This guidebook follows the same concept and interested readers are referred to further
background information in the relevant literature published by the World Health
Organization (WHO, 1976, 1985, 1993).

Radioactive isotopes, natural or man-made, are not included in this publication because
the monitoring of radiation is covered by the work of the International Atomic Energy
Agency (IAEA).

The basic methods, procedures, techniques, field equipment and analytical instruments
required to monitor water quality have been developed and field-tested in a wide range
of situations over the last two decades. A wealth of experience has been accumulated
and communicated through guidebooks and reports on water quality. As a consequence,
the authors of this book felt that the monitoring methods and procedures already
published adequately cover the necessary techniques. Therefore, they have



concentrated more on the principles, approaches and design for water quality
assessment and on the interpretation of the resulting data.

With respect to the field operations for monitoring, a comprehensive and practical
booklet has been produced by the World Meteorological Organization (WMO, 1988). It
describes essential factors to consider in monitoring such as the location of sampling
sites, the collection of surface water samples, field measurements, sampling for
biological analysis, shipment of samples, field safety and training programmes related to
all of the above. Similar publications are not widely available for groundwaters but a
description of techniques is given in Barcelona et al. (1985). The international project on
global freshwater quality monitoring, GEMS/WATER (WHO, 1991), has based its
monitoring operations on a practical guidebook, the GEMS/WATER Operational Guide
(WHO, 1992) which gives in detail information on site selection, sampling, analysis,
guality control and data processing. Most chemical analyses required for water quality
monitoring are adequately covered by such reference books, whereas non-standardised
methods for biological monitoring have to be developed for local or regional situations.
However, although analytical reference methods are given in several general
publications, it is also necessary to consult the International Standards Organization
(ISO) “Standard methods” series of publications and to refer to recognised national
publications, such as the standard methods produced by the American Public Health
Association (APHA, 1989), the German standard methods (Deutsche Einheitsverfahren
zur Wasser-, Abwasser und Schlammuntersuchung (DIN)) and those of the USSR State
Committee for Hydrometeorology and Environmental Control (1987, 1989) which are
now used in Russia and other CIS countries.

Hydrological measurements are an indispensable accompaniment to any surface water
quality monitoring operation. Groundwater quality data also require adequate
hydrological information for any meaningful interpretation. The World Meteorological
Organization has developed practical guidelines as part of its Operational Hydrology
Programme (WMO, 1994) and the United Nations Educational, Scientific and Cultural
Organization (UNESCO) has also issued groundwater hydrology guidebooks. These
publications provide methodology for water quality data collection, interpretation and
presentation (UNESCO, 1983).
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Chapter 1* - AN INTRODUCTION TO WATER QUALITY

*This chapter was prepared by M. Meybeck and R. Helmer
1.1. Characterisation of water bodies

Water bodies can be fully characterised by the three major components: hydrology,
physico-chemistry, and biology. A complete assessment of water quality is based on
appropriate monitoring of these components.

1.1.1. Hydrodynamic features

All freshwater bodies are inter-connected, from the atmosphere to the sea, via the
hydrological cycle. Thus water constitutes a continuum, with different stages ranging
from rainwater to marine salt waters. The parts of the hydro-logical cycle which are
considered in this book are the inland freshwaters which appear in the form of rivers,
lakes or groundwaters. These are closely inter-connected and may influence each other
directly, or through intermediate stages, as shown in Table 1.1 and Figure 1.1. Each of
the three principal types of water body has distinctly different hydrodynamic properties
as described below.

Rivers are characterised by uni-directional current with a relatively high, average flow
velocity ranging from 0.1 to 1 m s*. The river flow is highly variable in time, depending on
the climatic situation and the drainage pattern. In general, thorough and continuous
vertical mixing is achieved in rivers due to the prevailing currents and turbulence. Lateral
mixing may take place only over considerable distances downstream of major
confluences.

Lakes are characterised by a low, average current velocity of 0.001 to 0.01 m s* (surface
values). Therefore, water or element residence times, ranging from one month to several
hundreds of years, are often used to quantify mass movements of material. Currents
within lakes are multi-directional. Many lakes have alternating periods of stratification
and vertical mixing; the periodicity of which is regulated by climatic conditions and lake
depth.

Groundwaters are characterised by a rather steady flow pattern in terms of direction and
velocity. The average flow velocities commonly found in aquifers range from 10*° to 10°
m s* and are largely governed by the porosity and permeability of the geological material.



As a consequence mixing is rather poor and, depending on local hydrogeological

features, the ground-water dynamics can be highly diverse.

There are several transitional forms of water bodies which demonstrate features of more
than one of the three basic types described above and are characterised by a particular
combination of hydrodynamic features. The most important transitional water bodies are

illustrated in Figure 1.1 and are described below.

Table 1.1. The hydrological cycle: water volumes, residence times and fluxes

Total cycle Freshwater Freshwater volume Residence
volume volume only (%) without icecaps and times
0° | (%) glaciers (%)
Km?)
Oceans and 1,370 (94 ~4,000 years
seas
Lakes and 0.13 < 0.14 0.21 ~10 years
reservoirs 0.01
Swamps and <0.01 < <0.01 <0.01 1-10 years
marshes 0.01
River channels [<0.01 |< <0.01 <0.01 ~2 weeks
0.01
Soil moisture 0.07 < 0.07 0.11 2 weeks-1
0.01 year
Groundwater 60 4 66.5 99.65 2 weeks-
50,000 years
Icecaps and 30 2 33.3 10-1,000 years
glaciers
Atmospheric 0.01 < 0.01 0.02 ~10 days
water 0.01
Biospheric water (< 0.01 |[< <0.01 <0.01 ~1 week
0.01
|Fluxes | | | |
|Evaporation from | | | |
|oceans |425 | | |

Evaporation from (71

land

Precipitation 385

from oceans

Precipitation 111

from land

Run-off to 37.4

oceans

|Glacial ice |2.5 | |

Source: Modified from Nace, 1971 and various sources




Reservoirs are characterised by features which are intermediate between rivers and
lakes. They can range from large-scale impoundments, such as Lake Nasser, to small
dammed rivers with a seasonal pattern of operation and water level fluctuations closely
related to the river discharge, to entirely constructed water bodies with pumped in-flows
and out-flows. The cascade of dams along the course of the River Dnjepr is an example
of the interdependence between rivers and reservoirs. The hydrodynamics of reservoirs
are greatly influenced by their operational management regime.

Flood plains constitute an intermediate state between rivers and lakes with a distinct
seasonal variability pattern. Their hydrodynamics are, however, determined by the river
flow regime.

Marshes are characterised by the dual features of lakes and phreatic aquifers. Their
hydrodynamics are relatively complex.

Figure 1.1. Inter-connections between inland freshwater bodies (intermediate
water bodies have mixed characteristics belonging to two or three of the major
water bodies)
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Alluvial and karstic aquifers are intermediate between rivers and ground-waters. They
differ, generally, in their flow regime which is rather slow for alluvial and very rapid for
karstic aquifers. The latter are often referred to as underground rivers.

As a consequence of the range of flow regimes noted above, large variations in water
residence times occur in the different types of inland water bodies (Figure 1.2). The



hydrodynamic characteristics of each type of water body are highly dependent on the
size of the water body and on the climatic conditions in the drainage basin. The
governing factor for rivers is their hydrological regime, i.e. their discharge variability.
Lakes are classified by their water residence time and their thermal regime resulting in
varying stratification patterns. Although some reservoirs share many features in common
with lakes, others have characteristics which are specific to the origin of the reservoir.
One feature common to most reservoirs is the deliberate management of the inputs
and/or outputs of water for specific purposes. Groundwaters greatly depend upon their
recharge regime, i.e. infiltration through the unsaturated aquifer zone, which allows for
the renewal of the ground-water body. Further details for each of these water bodies are
available in Chapters 6, 7, 8 and 9.

Figure 1.2. Water residence time in inland freshwater bodies (After Meybeck et al.,

1989)
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It cannot be over-emphasised that thorough knowledge of the hydrodynamic properties
of a water body must be acquired before an effective water quality monitoring system
can be established. Interpretation of water quality data cannot provide meaningful
conclusions unless based on the temporal and spatial variability of the hydrological
regime.

1.1.2. Physical and chemical properties

Each freshwater body has an individual pattern of physical and chemical characteristics
which are determined largely by the climatic, geomorphological and geochemical
conditions prevailing in the drainage basin and the underlying aquifer. Summary
characteristics, such as total dissolved solids, conductivity and redox potential, provide a
general classification of water bodies of a similar nature. Mineral content, determined by
the total dissolved solids present, is an essential feature of the quality of any water body
resulting from the balance between dissolution and precipitation. Oxygen content is
another vital feature of any water body because it greatly influences the solubility of



metals and is essential for all forms of biological life. For a complete description of
chemical water quality variables see Chapter 3.

The chemical quality of the aquatic environment varies according to local geology, the
climate, the distance from the ocean and the amount of soil cover, etc. If surface waters
were totally unaffected by human activities, up to 90-99 per cent of global freshwaters,
depending on the variable of interest, would have natural chemical concentrations
suitable for aquatic life and most human uses. Rare (between 1 and 10 per cent and
between 90 and 99 per cent of the global distribution) and very rare (< 1 per cent and >
99 per cent of the global distribution - see section 1.3, Figure 1.4) chemical conditions in
freshwaters, such as occur in salt lakes, hydrothermal waters, acid volcanic lakes, peat
bogs, etc., usually make the water unsuitable for human use (see section 1.3).
Nonetheless, a range of aquatic organisms have adapted to these extreme
environments. In many regions groundwater concentrations of total dissolved salts,
fluoride, arsenic, etc., may also naturally exceed maximum allowable concentrations
(MAC) (see section 9.2.6).

Particulate matter (PM) is a key factor in water quality, regulating adsorption-desorption
processes. These processes depend on: (i) the amount of PM in contact with a unit
water volume, (ii) the type and character of the PM (e.g. whether organic or inorganic),
and (iii) the contact time between the water and the PM. The time variability of dissolved
and particulate matter content in water bodies results mainly from the interactions
between hydro-dynamic variability, mineral solubility, PM characteristics and the nature
and intensity of biological activity.

1.1.3. Biological characteristics

The development of biota (flora and fauna) in surface waters is governed by a variety of
environmental conditions which determine the selection of species as well as the
physiological performance of individual organisms. A complete description of biological
aspects of water quality is presented in Chapter 5. The primary production of organic
matter, in the form of phytoplankton and macrophytes, is most intensive in lakes and
reservoirs and usually more limited in rivers. The degradation of organic substances and
the associated bacterial production can be a long-term process which can be important
in groundwaters and deep lake waters which are not directly exposed to sunlight.

In contrast to the chemical quality of water bodies, which can be measured by suitable
analytical methods, the description of the biological quality of a water body is a
combination of qualitative and quantitative characterisation. Biological monitoring can
generally be carried out at two different levels:

e the response of individual species to changes in their environment or,

¢ the response of biological communities to changes in their environment.

Water quality classification systems based upon biological characteristics have been
developed for various water bodies. The chemical analysis of selected species (e.g.
mussels and aquatic mosses) and/or selected body tissues (e.g. muscle or liver) for
contaminants can be considered as a combination of chemical and biological monitoring.
Biological quality, including the chemical analysis of biota, has a much longer time
dimension than the chemical quality of the water since biota can be affected by chemical,



and/or hydro-logical, events that may have lasted only a few days, some months or even
years before the monitoring was carried out.

1.2. Definitions related to water quality

In view of the complexity of factors determining water quality, and the large choice of
variables used to describe the status of water bodies in quantitative terms, it is difficult to
provide a simple definition of water quality. Furthermore, our understanding of water
guality has evolved over the past century with the expansion of water use requirements
and the ability to measure and interpret water characteristics. Figure 1.3 demonstrates
the evolutionary nature of chemical water quality issues in industrialised countries. For
the purposes of this guidebook the following definitions have been accepted:

Term

Definition

QUALITY of the aquatic
environment

¢ Set of concentrations, speciations, and physical partitions of
inorganic or organic substances.

e Composition and state of aquatic biota in the water body.

¢ Description of temporal and spatial variations due to factors
internal and external to the water body.

POLLUTION of the aquatic
environment

Introduction by man, directly or indirectly, of substances or energy
which result in such deleterious effects as:

¢ harm to living resources,

¢ hazards to human health,

¢ hindrance to aquatic activities including fishing,

¢ impairment of water quality with respect to its use in agricultural,
industrial and often economic activities, and

e reduction of amenities’

! as defined by GESAMP (1988)

The physical and chemical quality of pristine waters would normally be as occurred in
pre-human times, i.e. with no signs of anthropogenic impacts. The natural
concentrations (governed by factors described in section 1.1.2) could, nevertheless, vary
by one or more orders of magnitude between different drainage basins. In practice,
pristine waters are very difficult to find as a result of atmospheric transport of
contaminants and their subsequent deposition in locations far distant from their origin.
Before pristine waters reach the polluted condition, two phases of water quality

degradation occur.




Figure 1.3. The sequence of water quality issues arising in industrialised countries
(After Meybeck and Helmer, 1989)
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The first phase shows an alteration in water quality with evidence of human impact but
without any harm to the biota or restriction of water use. Such changes may only be
detectable by repeated chemical measurements over long time spans. Typical examples
are when CI concentrations change from a few mg I* to 10 mg I* (as in Lake Geneva
where average concentrations went from 2 mg I* in 1960 to 6 mg I* at present) or when
N-NOj concentrations change from 0.1 mg I* to 0.2 mg I*. The next phase consists of
some degradation of water quality and possible restriction of specific water uses
because recommended water quality guidelines (local, regional or global) may be
exceeded. Once maximum acceptable concentrations for selected variables in relation to
water use have been exceeded, or the aquatic habitat and biota have been markedly
modified, the water quality is usually defined as polluted (see example in section 6.7.3).

Description of the quality of the aquatic environment can be carried out in a variety of
ways. It can be achieved either through quantitative measurements, such as physico-
chemical determinations (in the water, particulate material, or biological tissues) and
biochemical/biological tests (BOD measurement, toxicity tests, etc.), or through semi-
guantitative and qualitative descriptions such as biotic indices, visual aspects, species
inventories, odour, etc. (see Chapters 3, 4 and 5). These determinations are carried out
in the field and in the laboratory and produce various types of data which lend
themselves to different interpretative techniques (see section 10.3.1). For the purpose of
simplicity the term “water quality” is used throughout this book, although it refers to the
overall quality of the aquatic environment.



The terms monitoring and assessment are frequently confused and used synonymously.
For the purpose of this guidebook and its companion handbook (Bartram and Ballance,
1996) the following definitions are used:

Term

Definition

Water quality
ASSESSMENT

The overall process of evaluation of the physical, chemical and biological
nature of water in relation to natural quality, human effects and intended
uses, particularly uses which may affect human health and the health of the
aguatic system itself.

Water quality
MONITORING

The actual collection of information at set locations and at regular intervals in
order to provide the data which may be used to define current conditions,
establish trends, etc.

Water quality assessment includes the use of monitoring to define the condition of the
water, to provide the basis for detecting trends and to provide the information enabling
the establishment of cause-effect relationships. Important aspects of an assessment are
the interpretation and reporting of the results of monitoring and the making of
recommendations for future actions (see Chapter 2). Thus there is a logical sequence
consisting of three components: monitoring, followed by assessment, followed by
management. In addition, there is also a feedback loop because management inevitably
requires compliance monitoring to enforce regulations, as well as assessments at
periodic intervals to verify the effectiveness of management decisions. The principal
objective of the global freshwater quality monitoring project, GEMS/WATER, provides an
illustrative example of the complexity of the assessment task and its relation to
management (WHO, 1991):

¢ To provide water quality assessments to governments, the scientific community and
the public, on the quality of the world’s freshwater relative to human and aquatic
ecosystem health, and global environmental concerns, specifically:

o to define the status of water quality;

o to identify and quantify trends in water quality;

e to define the cause of observed conditions and trends;

o to identify the types of water quality problems that occur in specific geographical areas;

and

¢ to provide the accumulated information and assessments in a form that resource
management and regulatory agencies can use to evaluate alternatives and make
necessary decisions.

1.3. Anthropogenic impacts on water quality

With the advent of industrialisation and increasing populations, the range of
requirements for water have increased together with greater demands for higher quality
water. Over time, water requirements have emerged for drinking and personal hygiene,
fisheries, agriculture (irrigation and livestock supply), navigation for transport of goods,
industrial production, cooling in fossil fuel (and later also in nuclear) power plants,
hydropower generation, and recreational activities such as bathing or fishing. Fortunately,
the largest demands for water quantity, such as for agricultural irrigation and industrial
cooling, require the least in terms of water quality (i.e. critical concentrations may only be




set for one or two variables). Drinking water supplies and specialised industrial
manufacturers exert the most sophisticated demands on water quality but their
guantitative needs are relatively moderate. In parallel with these uses, water has been
considered, since ancient times, the most suitable medium to clean, disperse, transport
and dispose of wastes (domestic and industrial wastes, mine drainage waters, irrigation
returns, etc.).

Each water use, including abstraction of water and discharge of wastes, leads to specific,
and generally rather predictable, impacts on the quality of the aguatic environment (see
Chapter 3). In addition to these intentional water uses, there are several human activities
which have indirect and undesirable, if not devastating, effects on the aquatic
environment. Examples are uncontrolled land use for urbanisation or deforestation,
accidental (or unauthorised) release of chemical substances, discharge of untreated
wastes or leaching of noxious liquids from solid waste deposits. Similarly, the
uncontrolled and excessive use of fertilisers and pesticides has long-term effects on
ground and surface water resources.

Structural interventions in the natural hydrological cycle through canalisation or damming
of rivers, diversion of water within or among drainage basins, and the over-pumping of
aquifers are usually undertaken with a beneficial objective in mind. Experience has
shown, however, that the resulting long-term environmental degradation often outweighs
these benefits. The most important anthropogenic impacts on water quality, on a global
scale, are summarised in Table 1.2, which also distinguishes between the severity of the
impairment of use in different types of water bodies.

Table 1.2. Major freshwater quality issues at the global scale*

‘Issue | Water body

‘ ‘Rivers ‘Lakes ‘Reservoirs ‘Groundwaters
IPathogens Lo | x| X | X
|Suspended solids | XX | na | X | na
|Decomposable organic matter® | XXX | X | XX | X
|Eutrophication“ | X | XX | XXX | na
|Nitrate as a pollutant | X | 0 | 0 | XXX
|Sa|inisation | X | 0 | X | XXX
|Trace elements | XX | XX | XX | Xx°
|Organic micropollutants | XXX | XX | XX | XXX
|Acidification ox x| x| 0
|Modification of hydrological regimes® | XX | X | | X

A full discussion of the sources and effects of each of these pollution issues is available
in the relevant chapters of Meybeck et al., 1989

xxx Severe or global deterioration found

xX Important deterioration

x Occasional or regional deterioration



0 Rare deterioration

na Not applicable

! This is an estimate for the global scale. At a regional scale these ranks may vary
greatly according to the stage of economic development and land-use. Radioactive and
thermal wastes are not considered here.

> Mostly in small and shallow water bodies

* Other than resulting from aquatic primary production
* Algae and macrophytes

* From landfill, mine tailings

® Water diversion, damming, overpumping, etc.

Pollution and water quality degradation interfere with vital and legitimate water uses at
any scale, i.e. local, regional or international (Meybeck et al., 1989). As shown in Table
1.3, some types of uses are more prone to be affected than others. Water quality criteria,
standards and the related legislation are used as the main administrative means to
manage water quality in order to achieve user requirements. The most common national
requirement is for drinking water of suitable quality, and many countries base their own
standards on the World Health Organization (WHO) guidelines for drinking water quality
(WHO, 1984, 1993). In some instances, natural water quality (particularly conditions
which occur very rarely; see section 1.1.2) is inadequate for certain purposes as defined
by recommended or guideline concentrations (Figure 1.4B). However, other water
bodies may still be perfectly usable for some activities even after their natural conditions
have been altered by pollution. A very comprehensive collection and evaluation of water
guality criteria for a variety of uses has been made, and is being regularly updated, by
Canadian scientists (Environment Canada, 1987).



Table 1.3. Limits of water uses due to water quality degradation

Pollutant | Use
Drinking | Aquatic |Recreation (Irrigation |Industrial | Power [Transport
water wildlife, uses and
fisheries cooling

|Pathogens | XX | 0 | XX | X | xx! | na | na
Suspended XX XX XX X X X xx®
solids
|Organic matter | XX | X | XX | + | Xx* | x° | na
\Algae Lo | X’ | XX |+ ot | x| ¢
|Nitrate | XX | X | na | + | Xx* | na | na
|Saltsg | XX | XX | na | XX | XX | na | na
|Trace elements | XX | XX | X | X | X | na | na
Organic XX XX X X ? na na
micropollutants
|Acidificati0n | X | XX | X | ? | X | X | na

xx Marked impairment causing major treatment or excluding the desired use
X Minor impairment

0 No impairment

na Not applicable

+ Degraded water quality may be beneficial for this specific use

? Effects not yet fully realised

' Food industries

2 Abrasion

* Sediment settling in channels

* Electronic industries

® Filter dogging

® Odour, taste

" In fish ponds higher algal biomass can be accepted

¢ Development of water hyacinth (Eichhomia crassipes)
® Also includes boron, fluoride, etc.

1 Ca, Fe, Mn in textile industries, etc.

Due to the complexity of factors determining water quality, large variations are found
between rivers or lakes on different continents or in different hydroclimatic zones.
Similarly, the response to anthropogenic impacts is also highly variable. As a
consequence, there is no universally applicable standard which can define the baseline
chemical or biological quality of waters. At best, a general description of some types of
rivers, lakes or aquifers can be given.

Although the major proportion of all water quality degradation world-wide is due to
anthropogenic influences, there are natural events and environmental catastrophes
which can lead, locally, to severe deterioration of the aquatic environment. Hurricanes,
mud flows, torrential rainfalls, glacial outbursts and unseasonal lake overturns are just a




few examples. Some natural events are, however, aggravated by human activities, such
as soil erosion associated with heavy rainfall in deforested regions. Restoration of the
natural water quality often takes many years, depending on the geographical scale and
intensity of the event. The eruption of Mount Saint Helens, USA in 1980, and the
subsequent mud flows, are still having a profound effect on downstream water quality (D.
Rickert, US Geological Survey, pers. comm.).

Figure 1.4. A schematic representation of the statistical distribution of natural
waters on a global scale and their suitability for different uses as defined by
guideline and maximum allowable concentrations (MAC). A. An element of single
natural origin (e.g. K*) and with concentrations always within guideline values. B.
An element of more than one natural origin (e.g. Na’) which can occur in
concentrations which restrict its use or are too high for most purposes
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1.4. Pollutant sources and pathways

In general, pollutants can be released into the environment as gases, dissolved
substances or in the particulate form. Ultimately pollutants reach the aquatic
environment through a variety of pathways, including the atmosphere and the soil.
Figure 1.5 illustrates, in schematic form, the principal pathways of pollutants that
influence freshwater quality.

Pollution may result from point sources or diffuse sources (non-point sources). There is
no clear-cut distinction between the two, because a diffuse source on a regional or even
local scale may result from a large number of individual point sources, such as
automobile exhausts. An important difference between a point and a diffuse source is
that a point source may be collected, treated or controlled (diffuse sources consisting of
many point sources may also be controlled provided all point sources can be identified).
The major point sources of pollution to freshwaters originate from the collection and
discharge of domestic wastewaters, industrial wastes or certain agricultural activities,
such as animal husbandry. Most other agricultural activities, such as pesticide spraying
or fertiliser application, are considered as diffuse sources. The atmospheric fall-out of



pollutants also leads to diffuse pollution of the aquatic environment. The various sources
of major pollutant categories are summarised in Table 1.4 and examples of pollution
sources for groundwater are presented in Table 9.7.

Figure 1.5. Potential pollutant pathways related to the aquatic environment
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Atmospheric sources

The atmosphere is proving to be one of the most pervasive sources of pollutants to the
global environment. Significant concentrations of certain contaminants are even being
observed in Arctic and Antarctic snow and ice, with high levels of bioaccumulation
magnified through the food chain to mammals and native human populations (see
Chapter 5). Sources of anthropogenic materials to the atmosphere include:

e combustion of fossil fuels for energy generation,



e combustion of fossil fuels in automobiles, other forms of transport, heating in cold
climates and industrial needs (e.g. steel making),

¢ ore smelting, mainly sulphides,
¢ wind blown soils from arid and agricultural regions, and
e volatilisation from agriculture, from waste disposal and from previously polluted regions.

Table 1.4. Anthropogenic sources of pollutants in the aquatic environment
Source Bacteria |Nutrients| Trace |Pesticides/herbicides| Industrial |Oils and

elements organic greases
micro
pollutants
|Atmosphere | | X | XXXG | XXXG | XXXG |
|P0int sources
|Sewage | XXX | XXX | XXX | X | XXX |
Industrial X XXXG XXXG XX
effluents
|Diffuse sources
|Agricu|ture | XX | XXX | X | XXXG | |
|Dredging | | X | XXX | XX | XXX | X
Navigation X X XX X XXX
and harbours
|Mixed sources
Urban run-off XX XXX XXX XX XX XX
and waste
disposal
Industrial X XXX X XXX X
waste disposal
sites

x Low local significance

xX Moderate local/regional significance
xxx High local/regional significance

G Globally significant

These sources, together, provide an array of inorganic and organic pollutants to the
atmosphere which are then widely dispersed by weather systems and deposited on a
global scale. For example, toxaphene and PCBs (poly-chlorinated biphenyls) have been
described in remote lake sediments from Isle Royale, Lake Superior (Swaine, 1978) and
in high Arctic ice (Gregor and Gummer, 1989). In the former case, the source was
postulated as the southern USA and Central America, whereas in the latter case, the
source was believed to be Eastern Europe and the former USSR. Deposition of
pollutants from the atmosphere, either as solutes in rain or in particulate form, occurs
evenly over a wide area; covering soils, forests and water surfaces, where they become
entrained in both the hydrological and sedimentary (erosion, transport and deposition)




cycles. This may be termed secondary cycling, as distinct from the primary cycle of
emission into the atmosphere, transport and deposition.

Point sources

By definition a point source is a pollution input that can be related to a single outlet.
Untreated, or inadequately treated, sewage disposal is probably still the major point
source of pollution to the world’s waters. Other important point sources include mines
and industrial effluents.

As point sources are localised, spatial profiles of the quality of the aquatic environment
may be used to locate them. Some point sources are characterised by a relatively
constant discharge of the polluting substances over time, such as domestic sewers,
whereas others are occasional or fluctuating discharges, such as leaks and accidental
spillages. A sewage treatment plant serving a fixed population delivers a continuous load
of nutrients to a receiving water body. Therefore, an increase in river discharge causes
greater dilution and a characteristic decrease in river concentration. This contrasts with
atmospheric deposition and other diffuse sources where increased land run-off often
causes increased pollutant concentrations in the receiving water system.

Non-atmospheric diffuse sources

Diffuse sources cannot be ascribed to a single point or a single human activity although,
as pointed out above, they may be due to many individual point sources to a water body
over a large area. Typical examples are:

¢ Agricultural run-off, including soil erosion from surface and sub-soil drainage. These
processes transfer organic and inorganic soil particles, nutrients, pesticides and
herbicides to adjacent water bodies.

¢ Urban run-off from city streets and surrounding areas (which is not channelled into a
main drain or sewer). Likely contaminants include derivatives of fossil fuel combustion,
bacteria, metals (particularly lead) and industrial organic pollutants, particularly PCBs.
Pesticides and herbicides may also be derived from urban gardening, landscaping,
horticulture and their regular use on railways, airfields and roadsides. In the worst
circumstances pollutants from a variety of diffuse sources may be diverted into
combined storm/sewer systems during storm-induced, high drainage flow conditions,
where they then contribute to major point sources.

¢ Waste disposal sites which include municipal and industrial solid waste disposal
facilities; liquid waste disposal (particularly if groundwater is impacted); dredged
sediment disposal sites (both confined and open lake). Depending on the relative sizes
of the disposal sites and receiving water bodies, these sources of pollution can be
considered as either diffuse or point sources, as in the case of groundwater pollution
(see Table 9.7).

¢ Other diffuse sources including waste from navigation, harbour and marina sediment
pollution, and pollution from open lake resource exploitation, in particular oil and gas (e.qg.
Lakes Erie and Maracaibo).



The time variability of pollutant release into the aquatic environment falls into four main
categories. Sources can be considered as permanent or continuous (e.g. domestic
wastes from a major city and many industrial wastes), periodic (e.g. seasonal variation
associated with the influx of tourist populations, or food processing wastes), occasional
(e.g. certain industrial waste releases), or accidental (e.g. tank failure, truck or train
accidents, fires, etc.). The effects of these various types of pollutants on receiving water
bodies are rather different. The continuous discharge of municipal sewage, for example,
may be quite acceptable to a river during high discharge periods when dilution is high
and biodegradation is sufficient to cope with the pollution load. During low discharges,
however, pollution levels and effects may exceed acceptable levels in downstream river
stretches. Figure 1.6A shows these two seasonal situations for rivers. The example of
the effects of an episodic pollution event on a lake is given in Figure 1.6B which shows
the influence of residence time on the elimination of the pollutant from the lake, as
measured at its natural outlet. Lake volume and initial dilution are also factors co-
determining the prevalence of the pollutant in the lake.

1.5. Spatial and temporal variations

Spatial variation in water quality is one of the main features of different types of water
bodies, and is largely determined by the hydrodynamic characteristics of the water body.
Water quality varies in all three dimensions (see section 2.2.1) which are further
modified by flow direction, discharge and time. Consequently, water quality cannot
usually be measured in only one location within a water body but may require a grid or
network of sampling sites.

For practical purposes, i.e. to limit the number of sampling sites and to facilitate the
presentation of data, some simplifications to the ideal sampling grid are used. Examples
include longitudinal or vertical profiles as shown in Figure 1.7. Two-dimensional profiles
are most suitable for observing plumes of pollution from a source, presenting the
information either with depth or horizontally in the form of maps. These are particularly
applicable to lakes, reservoirs and groundwater aquifers.



Figure 1.6. The influence of hydrodynamic characteristics on the environmental
fate of pollutants (CM maximum concentration reached, MAC maximum allowable
concentration) A. Schematic response observed at a given river station
downstream of a chronic point source of pollution (PA) (non-reactive dissolved
substances). High (A,) and low (A,) river discharge. B. Schematic response
observed at lake outlets following a single episode of pollution (PB) (non-reactive
dissolved substances) for long (B;) and short (B,) residence times in lakes of
equal volumes
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The temporal variation of the chemical quality of water bodies can be described by
studying concentrations (also loads in the case of rivers) or by determining rates such as
settling rates, biodegradation rates or transport rates. It is particularly important to define
temporal variability. Five major types are considered here:

¢ Minute-to-minute to day-to-day variability resulting from water mixing, fluctuations in
inputs, etc., mostly linked to meteorological conditions and water body size (e.g.
variations during river floods).



« Diel variability (24 hour variations) limited to biological cycles, light/dark cycles etc. (e.qg.
O, nutrients, pH), and to cycles in pollution inputs (e.g. domestic wastes).

¢ Days-to-months variability mostly in connection with climatic factors (river regime, lake
overturn, etc.) and to pollution sources (e.g. industrial wastewaters, run-off from
agricultural land).

¢ The seasonal hydrological and biological cycles (mostly in connection with climatic
factors).

¢ Year-to-year trends, mostly due to human influences.
Figure 1.7 Examples of the description of spatial variations in water quality
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Once the cause of water quality degradation has been removed or reduced (such as the
treatment of point sources or the regulation of diffuse sources), the restoration or
recovery period of the aquatic environment may take weeks, or even millennia (e.g.
some rivers in Wales are still influenced by mine tailings from the Roman period) (Figure
1.8). The temporal and spatial scales of many water quality issues are associated with
water residence time (see Figure 1.2). Other issues, however, are hardly linked to water
residence time or to water body size; for example, the changes in aquatic habitat
downstream of river dams typically last more than 100 years. From the human
perspective, a recovery period between 10 and 100 years can be considered as a limited
form of reversibility, whereas recovery taking over 100 years can be considered as
irreversible degradation of the aquatic environment.

1.6. Economic development and water quality

The continuing increase in socio-economic activities world-wide has been accompanied
by an even faster growth in pollution stress on the aquatic environment. Only after a



considerable time lapse, allowing for the public perception of water quality deterioration,
have the necessary remedial measures been taken. This historic evolution of water
pollution control is reflected schematically in Figure 1.9 which illustrates the general
deterioration of the quality of the aquatic environment without any control (AB) and which
generally accelerates during industrialisation (BC). If public concern starts early (point B)
it takes some time (B-C) for the relevant authorities to initiate control measures. If these
measures are insufficient, the rate of increase in pollution is lowered (C-D2), but if the
economic activity is still growing, or if the assimilation capacity of the environment
(storage, dilution, self purification) is limited, the pollution rapidly reaches the threshold
concentration (C-D1) where severe or irreversible damage occurs. If proper action is
taken, the pollution reaches a maximum (E) after a time-lag (C-E) which depends on the
effectiveness of the control, on the water residence time (evaluation of pollution) and on
the pollutant interaction with other “sinks and reservoirs” (including storage). Finally a
tolerable environmental level (F) may eventually be reached, although this is not
generally equivalent to the pristine level (O).

Figure 1.8. Schematic representation of the relationship between the spatial scale
of water quality issues in different water bodies and the period taken for recovery
of aquatic systems after remedial measures have been taken
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Four phases of environmental problem development (I to IV) can be identified in relation
to progress in socio-economic development (Figure 1.9). In general, this sequence of
phases is applicable not only to different types of pollution problems but also to countries
at different levels of socio-economic development. A simplified global scheme with three
categories of countries can be used for this purpose as follows:

¢ Highly industrialised countries, which encountered the four phases over a long period
of time, starting at about 1850 for some of the issues listed in Figure 1.3.

¢ Newly industrialising countries, which faced most of the problems in the 1950s or even
more recently.



¢ Low-development countries (with predominantly traditional agricultural economies)
which have not yet faced most water quality problems except faecal and organic
pollution.

Figure 1.9 Long-term impact and control of pollution of the aquatic environment
(Modified from Meybeck et al., 1989)
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Development phases:

Phase | - a linear increase in low-level pollution with population number (typical pattern
for traditional agricultural society)

Phase Il - exponential pollution increase with industrial production, energy consumption
and agricultural intensification (typical pattern for newly industrialising countries)

Phase Il - containment of pollution problems due to the implementation of control
strategies (typical pattern for highly industrialised countries)

Phase IV - reduction of pollution problems, principally at the source, to a level which is
ecologically tolerable and does not interfere with water uses (desired ultimate situation)

For each of these three categories the occurrence and control of the domestic sewage
pollution problem has followed a different time schedule, as indicated in Figure 1.9. The
extent to which environmental management services have been installed, and how far
they are commensurate with the pollution problems, largely determines the resulting
state of the quality of a country’s water resources. Furthermore, the different types of
pollution problems occur in developing countries in much more rapid succession than in



Europe, due to the modern international trade of chemicals, ubiquitous dispersion of
persistent contaminants and changing hydrological cycles, etc. Thus developing
countries are, and will be, faced more and more with situations where second and third
generation pollution issues appear before much control over “traditional” pollution
sources has been achieved.
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2.1. Introduction

The operations involved in water quality assessment are many and complex. They can
be compared to a chain of about a dozen links and the failure of any one of them can
weaken the whole assessment. It is imperative that the design of these operations must
take into account the precise objectives of the water quality assessment. During the
1950s, in the early days of modern water quality monitoring, activities were rarely
focused on particular issues. However, the water quality assessment process has now
evolved into a set of sophisticated monitoring activities including the use of water
chemistry, particulate material and aquatic biota (e.g. Hirsch et al., 1988). Many manuals
on water quality monitoring methods already exist (e.g. Alabaster, 1977; UNESCO/WHO,
1978; Krenkel and Novotny, 1980; Sanders et al., 1983; Barcelona et al., 1985; WMO,
1988; Yasuno and Whitton, 1988; WHO, 1992) although most of these consider only one
type of water body (i.e. rivers, lakes or groundwaters) or one approach to monitoring (e.g.
chemical or biological methods). Few manuals exist which consider all water bodies (e.g.
Hem, 1989). This guidebook presents the combined use of water, particulate matter and
biological monitoring in order to produce comprehensive water quality assessments for
the principal types of freshwater bodies. However, economic constraints frequently mean
that the variables to be monitored, and the methods to be used, must be chosen

carefully to ensure water quality assessment objectives are met as efficiently as possible.

2.2. The water quality assessment process

As defined in Chapter 1, water quality assessment is the overall process of evaluation of
the physical, chemical and biological nature of the water, whereas water quality
monitoring is the collection of the relevant information. This guidebook concentrates on
the whole assessment process, in different types of water bodies. The details of
monitoring methods and approaches which can be applied in the field are given in the
practical handbook by Bartram and Ballance (1996).

2.2.1. Monitoring, survey and surveillance

The main reason for the assessment of the quality of the aquatic environment has been,
traditionally, the need to verify whether the observed water quality is suitable for



intended uses. The use of monitoring has also evolved to help determine trends in the
guality of the aquatic environment and how that quality is affected by the release of
contaminants, other anthropogenic activities, and/or by waste treatment operations
(impact monitoring). More recently monitoring has been carried out to estimate nutrient
or pollutant fluxes discharged by rivers or groundwaters to lakes and oceans, or across
international boundaries. Monitoring to determine the background quality of the aquatic
environment is also now widely carried out, as it provides a means of comparison with
impact monitoring. It is also used simply to check whether any unexpected change is
occurring in otherwise pristine conditions, for example, through the long range transport
of atmospheric pollutants (note, however, that natural water quality is very variable
depending on local conditions).

General definitions for various types of environmental observation programmes have
been proposed which may also be modified and interpreted for the aquatic environment

as follows:

| Term | Definition

MONITORING |Long-term, standardised measurement and observation of the aquatic
environment in order to define status and trends.

SURVEY A finite duration, intensive programme to measure and observe the quality of

the aquatic environment for a specific purpose.

SURVEILLANCE

Continuous, specific measurement and observation for the purpose of water
guality management and operational activities.

These different definitions are often not distinguished from one another and all three
may be referred to as monitoring, since they all involve collection of information at set
locations and intervals (see definition of monitoring in section 1.2). They do,
nevertheless, differ in relation to their principal use in the water quality assessment

process.

Monitoring, survey and surveillance are all based on data collection. Data are principally
collected at given geographical locations in the water body (see section 1.5). Water
guality variables are often described by the longitude and latitude of the sampling or
measurement site (x and y co-ordinates) and further characterised by the depth at which
the sample is taken (vertical coordinate z). Monitoring data must also be characterised
and recorded with regard to the time t at which the sample is taken or the in situ
measurement made. Thus any physical, chemical or biological variable will be measured
as a concentration c, or number, which is a function of the above parameters: ¢ =
f(x,y,z,1). In rivers, the flux determination and the data interpretation also require the
knowledge of water discharge Q, thus: ¢ = f(x,y,z,t,Q). Monitoring data must, therefore,
provide a clear determination of these parameters in order to be used for data
interpretation and water quality assessments.

2.2.2. Objectives of water quality assessment

No assessment programme should be started without scrutinising critically the real need
for water quality information (i.e. the “need to know” as opposed to “it would be nice to
know"). Since water resources are usually put to several competing beneficial uses,




monitoring which is used to acquire necessary information should reflect the data needs
of the various users involved (Helmer, 1994). Consequently, there are two different types
of monitoring programmes, depending on how many assessment objectives have to be
met:

¢ Single-objective monitoring which may be set up to address one problem area only.
This involves a simple set of variables, such as: pH, alkalinity and some cations for acid
rain; nutrients and chlorophyll pigments for eutrophication; various nitrogenous
compounds for nitrate pollution; or sodium, calcium, chloride and a few other elements
for irrigation.

¢ Multi-objective monitoring which may cover various water uses and provide data for
more than one assessment programme, such as drinking water supply, industrial
manufacturing, fisheries or aquatic life, thereby involving a large set of variables. The
Commission of the European Communities has a list in excess of 100 micropollutants to
be considered in drinking water alone.

The implementation of the assessment programme objectives may focus on the spatial
distribution of quality (high station number), on trends (high sampling frequency), or on
pollutants (in-depth inventories). Full coverage of all three requirements is virtually
impossible, or very costly. Consequently preliminary surveys are necessary in order to
determine the necessary focus of an operational programme. Table 2.1 summarises the
existing types of water quality operations in relation to their main objectives.

The process of determining objectives should start with an in-depth investigation of all
factors and activities which exert an influence, directly or indirectly, on water quality.
Inventories have to be prepared on:

¢ the geographical features of the area, including: topography, relief, lithology, pedology,
climate, land-use, hydrogeology, hydrology etc.,

e water uses, including: dams, canals, water withdrawal for cities and industries,
agricultural activities, navigation, recreation, fisheries, etc., and

e pollution sources (present and expected), including: domestic, industrial and
agricultural, as well as their stage of pollution control and waste treatment facilities.



Table 2.1. Typical objectives of water quality assessment operations

Type of
operation

Major focus of water quality assessment

R
3

|Common operations

Multipurpose
monitoring

Space and time distribution of water quality in general

|Trend monitoring

Long-term evolution of pollution (concentrations and loads)

Basic survey

Identification and location of major survey problems and their spatial
distribution

Operational
surveillance

Water quality for specific uses and related water quality descriptors
(variables)

7

10

Specific operations

Background Background levels for studying natural processes; used as reference point
monitoring for pollution and impact assessments

Preliminary Inventory of pollutants and their space and time variability prior to

surveys monitoring programme design

Emergency Rapid inventory and analysis of pollutants, rapid situation assessment
surveys following a catastrophic event

Impact surveys

Sampling limited in time and space, generally focusing on few variables,
near pollution sources

' Modelling surveys

Intensive water quality assessment limited in time and space and choice
of variables, for example, eutrophication models or oxygen balance
models

Early warning
surveillance

At critical water use locations such as major drinking water intakes or
fisheries; continuous and sensitive measurements

An example of a pollutant source inventory is presented in Figure 2.1 for the watershed
of Lake Vattern in Sweden. The emphasis in these inventories should be put on water
uses and their specific water quality requirements, particularly in the future. Economic
trends should be predicted for at least five years ahead since monitoring design,
implementation and data interpretation take a long time, although specific surveys can
give “snapshots” of the quality of the aquatic environment which can also be used in
environmental planning.




Figure 2.1. A pollutant source inventory for the Lake Vattern basin, Sweden (After
Hakanson, 1977)
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In addition to the above investigations, preliminary water quality surveys may be carried
out for the following specific purposes:

e to determine the time and space variability of the quality of the agquatic environment in
order to select sampling stations and frequencies,

¢ to determine the key descriptors to be considered, and
¢ t0 assess the feasibility and cost of a monitoring programme.

It cannot be over-emphasised that the benefits for an optimal monitoring operation,
drawn from careful preliminary planning and investigation, by far outweigh the efforts
spent during this initial phase. Mistakes and over-sights during this part of the
programme may lead to costly deficiencies, or overspending, during many years of
routine monitoring!

2.2.3. Elements of water quality assessment

The possible types of water quality assessment programmes are numerous. These
should be designed or adopted according to objectives set on the basis of environmental



conditions, water uses (actual and future), water legislation, etc. Once the objectives
have been set, a review of existing water quality data, sometimes supported by
preliminary surveys, determines the monitoring design. Following the implementation of
the various assessment activities an important step which is often underestimated, if not
omitted, is data interpretation. This should be followed by recommendations to relevant
water authorities for water management, water pollution control, and eventually the
adjustment or modification of monitoring activities.

There are certain standard elements which are common to all water quality assessment
programmes. They are more, or less, extensively developed depending on the type of
assessment required. The generalised structure of a water quality assessment
programme is given in Figure 2.2 and described below:

The key elements of an assessment programme

1. Objectives These should take into account the hydrological factors, the water uses,
the economic development, the legislative policies etc. Necessary
decisions involve whether the emphasis should be put on concentrations
or loads, or spatial or time distributions, and the most appropriate
monitoring media.

2. Preliminary These are short-term, limited activities to determine the water quality

surveys variability, the type of monitoring media and pollutants to be considered,
and the technical and financial feasibility of a complete monitoring
programme.

3. Monitoring design  This includes the selection of types of pollutants, station location, sampling
frequency, sampling apparatus, etc.

4. Field monitoring These include in situ measurements, sampling of appropriate media
operations (water, biota, particulate matter), sample pretreatment and conservation,
identification and shipment.

5. Hydrological This includes water discharge measurements, water levels, thermal
monitoring profiles, etc., and should always be related to the water quality
assessment activities.

6. Laboratory These include concentration measurements, biological determinations,
activities etc.

7. Data quality control This must be undertaken by using analytical quality assurance within each
laboratory, and amongst all laboratories participating in the same
programme, and by checking field operations and hydrological data.

8. Data storage This is now widely computerised and involves the use of databases,
treatment and statistical analysis, trend determinations, multi-factorial correlation, etc.,
reporting and presentation and dissemination of results in appropriate forms

(graphs, tabulated data, data diskettes, etc.).



9. Data interpretation This involves comparison of water quality data between stations (water
quality descriptors, fluxes), analysis of water quality trends, development
of cause-effect relationships between water quality data and
environmental data (geology, hydrology, land use, pollutant sources
inventory), and judgement of the adequacy of water quality for various
uses etc. For specific problems, and the evaluation of the environmental
significance of observed changes, external expertise may be needed.
Publication and dissemination of data and reports to relevant authorities,
the public, and the scientific community is the necessary final stage of
assessment activities.

10. Water These decisions should be taken at various levels from local government

management to international bodies, by water authorities as well as by other

recommendations environmental authorities. An important decision is the re-design of
assessment operations, to improve the monitoring programme and to
make it more cost-effective.

The duration of each segment in the assessment chain is highly variable. The initial step
of preliminary surveys and design may take months to years. A field sampling mission
may last some days, shipment can take days, and chemical analysis of major ions,
nutrients and a few other key variables in a set of samples typically takes one week.
Data treatment may take some months, while interpretation and publication may take
from a few months to several years. For surveillance purposes, however, field work, data
assessments and reporting (including preliminary reports if necessary) need to be
accomplished within a time-scale governed by the operational requirements.

In the case of an emergency water quality assessment operation, the whole chain, from
design to interpretation, should be shortened to a few days, or even less. Assessment of
trends often cannot be provided before ten years or so, depending on the variability of
the quality and the nature of the programmes. Impact surveys (Table 2.1) are usually
accomplished in less than one year and multi-purpose monitoring is a steady annual
exercise which may be assessed and published within one to two years.



Figure 2.2. The structure of water quality assessment operations

h 4

L 4

¥

Hydrelegical
monitoring

Data quality

Matural
factors
Follutant
SOUICES
Water
uses
Human, technical &
Legislation & financial resources
policies
¥
Agsassment Preliminary
ohjsctives SUMNVEYS
! v
Asspssment Fielki mﬂﬁitﬂrim
design . pperations
Laboratery
cparations "
Data
storage
k4
Data
treatment
Assessment Data
redesign interpretation
¥
Water use 4 Assessment &
management | dissamination
Pollution

control




2.2.4. Levels of water quality assessment

Experience shows that it is not easy to choose the optimum level of assessment needed
to generate precisely the data required for specific purposes and objectives. Most of the
time, assessment is achieved principally through monitoring activities (i.e. long-term
standardised measurement and observation). The monitoring phase must generate the
data which are essential for meaningful interpretation and management decisions, but
must not lead to a vast collection of unnecessary data which are costly to obtain, but do
not contribute to the required understanding of water quality. Furthermore, monitoring
activities, by necessity, must be commensurate with the socio-economic and technical
and scientific development of the country. For example, some water quality variables
(e.g. organic micropollutants and trace elements) require highly trained technicians and
costly laboratory facilities. In a simplified manner, it is possible to distinguish three levels:

¢ Simple monitoring based on a limited number of samples, simple analyses or
observations, and data treatment which can be performed by pocket calculator.

¢ Intermediate-level monitoring requiring some specific laboratory facilities and more
financial support to increase the number of stations, samples, analytical variables, etc.
Personal computers (PCs) are recommended for processing data.

¢ Advanced-level monitoring involving sophisticated techniques and highly trained
technicians and engineers. The analytical facilities can perform any pollutant
determination required, with an increasing number of variables per sample, and of
samples taken. Large computer data storage and handling facilities, such as a
mainframe computer, are required for data treatment.

All elements of assessment, from objective setting to data interpretation, will be related
to these three levels. The ultimate aim is to promote monitoring operations from the
basic level to the more elaborate ones, in accordance with increasing complexity of
water quality problems and the capabilities to perform scientific programmes. The above
three monitoring levels will be referred to throughout this guidebook.

2.3. Typical water quality monitoring programmes

In principle, there could be as many types of monitoring programmes as there are
objectives, water bodies, pollutants and water uses, as well as any combination thereof.
In practice, assessments are limited to about ten different types of operations which are
summarised in Tables 2.1 and 2.2, giving details of the different types of monitoring
operations. It should be noted that, in the past, many countries or water authorities have
installed multi-purpose or multi-objective monitoring programmes without conducting the
necessary preliminary surveys which are considered necessary. Critical scrutiny of
results after several years of operation has led to a second generation of programmes
with more differentiated objectives such as impact assessment, trend analysis or
operational management decisions.



Table 2.2. Categories and principal characteristics of water quality assessment

operations
Type of Station Sampling or Number of Duration Interpretation
operation density and observation variables lag
location frequencies considered
Multi-purpose |[medium medium medium medium medium
monitoring (12 per year) (> 5 years) (1 year)
|Other common water quality operations
Trend low: major uses |very high low for single > 10 years > 1 year
monitoring and objective; high
international for multiple
stations objective
Basic survey |high depending on  |medium to high |once per year |1 year
media to once every 4
considered years
Operational |low: at specific |medium specific variable short
surveillance |uses (month/week)
|Specific water quality operations
Background [low low low to high variable medium
monitoring
Preliminary  |high usually low low to medium [short <1 year |short (months)
surveys (depending on
objectives)
Emergency |medium to high |high pollutant very short very short
surveys inventory (days-weeks) |(days)
Impact limited medium specific variable short to
surveys downstream medium
pollution
sources
Modelling specific (e.g. [specific (e.g. [specific (e.g. |[shortto, short
surveys profiles) diel cycles) 0,, BOD) medium two
periods:
calibration and
validation
Early warning |very limited continuous very limited unlimited instantaneous

surveillance

The levels (high, medium, low) of all operation characteristics (frequency, density,
number of variables, duration, interpretation lag) are given in relation to multi-purpose
monitoring, which has been taken as a reference.

Important monitoring characteristics are emphasised in bold.

Background monitoring (principally in unpolluted areas) has usually been developed to
help the interpretation of trend monitoring (time variations over a long period) and the
definition of natural, spatial variations. Models and their related surveys have usually
been set up to predict the water quality for management purposes prior to pollution
treatment, or to test the impact of a new water pollution source, and are thus closely
connected to operational surveillance and impact surveys. Early warning surveillance is




undertaken for specific uses in the event of any sudden and unpredictable change in
water quality, whereas emergency surveys of a catastrophic event should be followed in
the medium and long-term by impact surveys. For practical reasons, several types of
regular monitoring are often combined and some sampling stations will belong to several
programmes.

Multi-dimensional approaches to water quality assessment have become an inevitable
necessity. About a hundred years ago the quality of the aquatic environment was
defined by a few analyses of water, but this definition has now reached a level of
complexity which requires simultaneous consideration of multiple aspects. One
dimension concerns physico-chemical variables, such as nitrates, chromium and
polyaromatic hydrocarbons, another concerns guidelines and criteria for given water
uses and another concerns different monitoring media (water, suspended or deposited
sediments, colloids, whole organisms, selected biological tissues). Different aquatic
environments (streams, rivers, wetlands, lakes, reservoirs, all types of groundwaters)
react differently to pollution with different temporal (from minutes to years) and spatial
(vertical, transverse, longitudinal, upstream/downstream) scales of variability. In addition,
aguatic organisms have to be considered, from bacteria to mammals, including various
types of biological features, such as community structure or bioassays.

In reality, water quality is never considered in all its dimensions. In most cases the
assessment approach is determined by the perceived importance of the aquatic
environment, on the objectives of the operation and on the human and financial
resources available. For example, lake eutrophication is mostly considered through
nutrient analysis, biomass estimates by means of chlorophyll measurements, dissolved
oxygen profiles, and a few indicator species of phytoplankton (see Chapters 7 and 8).

Monitoring activities are also greatly dependent on the level of deterioration of the
aguatic environment. At each stage there is a specific type of monitoring as described in
Table 2.1. Background monitoring determines the natural concentrations and verifies
that xenobiotic organic substances were not found at that stage. Specific monitoring of
early change is required to assess the subtle changes that characterise anthropogenic
impacts. The fundamental question at this stage is what forthcoming issues should be
considered within basic monitoring which is routinely performed on all water bodies.
Often, water quality issues are studied by explanatory and/or predictive models, which
need intensive, specific monitoring and which are necessary for defining the basis for
mitigating measures and regulations. Once the issue is more fully understood,
environmental impact assessments can be focused on the issue until control measures
are successful. If they are not successful, water quality degradation becomes a major
concern and early warning monitoring might have to be installed. This type of monitoring
is often used at drinking water intakes to warn of upstream, accidental pollution events.

2.4. Design of assessment programmes

Once the objectives have been clearly identified, four steps are essential in the good
design of an assessment programme: (i) the selection of the appropriate media to
sample, (ii) the determination of water quality variability through preliminary surveys, (iii)
the integration of hydrological and water quality monitoring, and (iv) the periodic review
and modification of the design of the programme.



2.4.1. Selection of media to sample

Three principal media can be used for aquatic monitoring: water, particulate matter and
living organisms. The quality of water and particulate matter is estimated through
physical and chemical analysis. Biological quality can be determined through: (i) specific
ecological surveys (e.g. invertebrate species or bacterial counts) which can lead to the
elaboration of biotic indices, (ii) specific bioassays using one or several species (e.g.
bacteria, crustacea, algae) such as toxicity tests, algal growth tests, respiration rates,
etc., (iii) histological and enzymatic studies in selected organisms, and (iv) chemical
analysis of body tissues from selected organisms (see Chapter 5).

Each aquatic medium has its own set of characteristics for monitoring purposes, e.g.
applicability to water bodies, inter-comparability, specificity to given pollutants, possibility
of quantification such as fluxes and rates, sensitivity to pollution with the possibility of
amplifying the pollution signal by several orders of magnitude, sensitivity to sample
contamination, time-integration of the information received from instantaneous (for point
sampling of the water) to integrated (for biotic indices), required level of field personnel,
storage facility of samples, and length of the water quality determination process from
field operation to result. The most significant characteristics of each medium are given
tentatively in Table 2.3, i.e. water with dissolved components, particles in the deposited
or suspended state, living organisms used for chemical analyses, ecological surveys,
biotests, and physiological analyses. Water, itself, is by far the most common monitoring
medium used to date, and the only one directly relevant to groundwaters. Particulate
matter is widely used in lake studies and in trend monitoring, whereas biological indices
based on ecological methods are used more and more for river and lake assessments.
An example of selection of appropriate media for monitoring selected organic
micropollutants in rivers and lakes is given in Table 2.4.

The information obtained from samples of water, particulate matter and aquatic
organisms reflects different environmental time spans. The analysis of water from a grab
sample represents a very short time period in the history of the aquatic environment,
sometimes less than one hour for many chemical measurements, such as ammonia.
Nevertheless, when river discharge is stable, a grab sample is also supposed to be
stable for at least a day, if not more. Diurnal fluctuations, which are now commonly
studied in eutrophic lakes and rivers, are responsible for marked variations in
concentrations of nutrients, dissolved oxygen, pH, conductivity, calcium and
bicarbonates. Careful interpretation of grab sample analysis is, therefore, necessary
even for bioassays performed with grab sample material.

Dynamic toxicity tests, such as fish tests (see Figure 5.5) are representative of a slightly
longer period of time (possibly several hours) depending on the resistance of the test
organisms to the pollutants present. Algal production in a water body is commonly
assessed by pigment concentration and is an integrated measure of two to three days
prior to sampling, since the day to day variation in chlorophyll concentrations is rarely
greater than 20 per cent.

During periods of steady water discharge, the analysis of suspended matter integrates
environmental conditions for at least one or two weeks, but it can take months, or a even
a few years, to observe changes in the quality of deposited sediments.



The representative time span of many types of biological methods is often unclear to
non-biologists, although it is implied by their principal suitability for indicating changes
over long time periods. Biotic indices based on benthic communities usually integrate
conditions for a few weeks to several months (i.e. the time required for the organisms’
life cycles or development). In temperate climates, the seasonal loss of some groups of
organisms makes the use and interpretation of some biotic indices much more difficult or
less reliable. One method providing a very long-term integration of environmental
conditions, particularly the presence of toxic residues, is the analysis of biological tissues
which can concentrate such residues over life spans of many years (especially fish and

mammals).

Table 2.3. Principal characteristics of media used for water quality assessments

Characteristic | Water | Particulate matter | Living organisms
S Suspend | Deposited | Tissue |Biotests [Ecologic |Physiol.
ed analyses al determi
surveys* n.’
Type of «physical—
analysis or
observation
’ ‘ «chemical—°
‘ ‘ «bilogical—
Applicability to |rivers, mostly lakes, rivers |rivers, rivers, rivers, rivers,
water bodies lakes, rivers lakes lakes lakes lakes
groundwat
er
Intercomparabili «global— depends |global «local to regional—
ty* on
species
occurrenc
e
Specificity to «specific— «integrative—
given pollutant
Quantification «complete— concentratio |quantitati [semi- «relative—
quantification of loads |ns only ve guantitati
concs & low ve
Sensitivity to low «high—> variable |medium |variable
low levels of
pollution
Sample high® medium «—low— medium —low—
contamination
risk
Temporal span |instant short long to very |medium |instant. to |«medium to long—
of information long (12 month) |continuou
obtained (continuous |to long s°
record (>1 year)
Levels of field |untrained [trained untrained to |trained <medium to highly trained—
operators to highly trained
trained’




Permissible low high high high very low |high na
sample storage
duration’
Minimum instant. (in |days days to days daysto |weeksto |daysto
duration of situ weeks months  |months  |weeks
determination |determ.) to

days

na Not applicable

' Including algal biomass estimates

2 Histologic, enzymatic, etc.

* Including BOD determination

* Most biological determinations depend on the natural occurrence of given species and
are, therefore, specific to a given geographic region. Chemical and physical descriptors

are globally representative

* For dissolved micropollutants

¢ e.g. organisms continuously exposed to water

" Depending on water quality descriptors

Table 2.4. Appropriate media for monitoring some organic micropollutants in rivers and

lakes

| Monitoring media

Filtered Unfiltered Particulate Filter* Fish?
water water matter feeders

Appropriate characteristics of [Highly Volatile Low solubility  |Lipid Lipid
compound to be monitored soluble in in water soluble soluble

water
Solvents?® | | XX | | |
|Phenols | X | X | | |
|Hydrocarbons | | x* | X | XX | X
IDDT and PCBs® | | X | XX | X |
|PAH | | X | XX | X | X
Soluble pesticides® | X | X | | |
|Lindane | X | X | X | X | X
|Other pesticides’ | X | X | | |

X to xx Appropriate to highly appropriate monitoring media
* Direct ingestion of particulate associated pollutants
2 Indirect ingestion and biomagnification effects

* Benzene, tri- and tetrachloroethylene, toluene etc.
* For low molecular weights (< C16), mostly volatile
* Also aldrin, heptachlor, chlordane




® TCA, paragquat, metham-sodium, carbamates

" Such as triazine compounds, isoproturon, chlortoluron, 2,4-D, etc.

Chemical approaches should not automatically be preferred to biological approaches
because both have advantages and shortcomings (Table 2.5). Instead, the two
approaches should be regarded as complimentary. Each category of water quality
assessment operations (see Table 2.2) has its own requirements in relation to the
characteristics given in Table 2.3. Some practically relevant examples are:

¢ All monitoring activities should take into account such characteristics as continuity of
the monitoring chain and the required levels of field operators.

e International monitoring programmes should consider, among others, the inter-
comparability, the quantification, and the sample storage requirements.

e Trend monitoring should consider the signal amplification, the duration of information
obtained, the sample storage capacity, etc.

¢ Basic surveys within a given region should consider biological monitoring (chemical
analyses of tissues, biotic indices, physiological determinations) and/or particulate
matter monitoring.

¢ Operational surveillance for a specific use is usually focused on water analysis and the
duration of the determinations should be short.

¢ Impact surveys may consider field biotic indices.

e Emergency surveys imply the sampling of each medium for rapid or delayed chemical
analysis and physiological effects.

¢ Early warning surveillance mostly relies on the continuous exposure of sensitive
organisms to water and/or on the continuous measurement of some chemicals (e.g.
ammonia).

e Background monitoring and surveys undertaken for modelling purposes may involve all
three monitoring media.



Table 2.5. Advantages and shortcomings of biological and chemical water quality
monitoring

| Biological monitoring | Chemical monitoring
|Advantages
|Good spatial and temporal integration |Possibility of very fine temporal variations

Good response to chronic, minor pollution  |Possibility of precise pollutant determination
events

Signal amplification (bioaccumulation, Determination of pollutant fluxes
biomagnification)

|Rea| time studies (in-line bioassays) |Va|id for all water bodies, including groundwaters

Measures the physical degradation of the Standardisation possible
aquatic habitat

|Shortcomings

General lack of temporal sensitivity High detection limits for many routine analyses
(micropollutants)

Many semi-quantitative or quantitative No time-integration for water grab samples

responses possible

Standardisation difficult Possible sample contamination for some
micropollutants (e.g. metals)

|Not valid for pollutant flux studies |High costs involved in surveys

|Not yet adapted to groundwaters |Limited use for continuous surveillance

2.4.2. Water quality variability and sampling frequency

Water quality is a highly variable aspect of any water body, although it is more variable
in rivers than in lakes, but much less so in aquifers. Variabilities occur not only with
regard to their spatial distribution but also over time. As indicated in section 2.2.1 any
variable is a function of space and time: c = f(x,y,z,t). Not all of these four parameters
have equal influence in the different types of water bodies as demonstrated in Table 2.6
for surface and groundwaters. Rivers generally have only one spatial dimension (i.e.
longitudinal) and a pronounced time variability whereas groundwaters are characterised
by low, to very low, time variability and two to three spatial dimensions. Therefore, it is
essential to have sufficient knowledge of the hydrodynamics of each water body.



Table 2.6. Characteristics of spatial and temporal variations in water quality

| Rivers | Lakes and reservoirs | Groundwaters

|Characteristics of spatial variations*

In fully mixed rivers variability |No variability at overturn? Usually high variability in x and y
only in x

In locations downstream of High variability in z for most |In some multi-layer aquifers and
confluences or effluent systems® in the unsaturated zone, high
discharges, variability in x and variability in x, y and z

y

High variability in x, y and z
in some irregularly shaped

lakes
|Characteristics of time variations
Depends on river discharge Some predictable variability [Low variability*
regime (hydrodynamic and biological

variations)

Medium to low variability in
large systems

' x - longitudinal dimension; y - transverse dimension; z - vertical dimension;

> One sample can describe the whole water body

* Two dimensions (x and z) if poor lateral mixing

* Except for some alluvial aquifers and for karstic aquifers

Field monitoring activities, including the choice of sampling location and sampling
frequency, are highly dependent on the type of aquatic environment (for further details
see Bartram and Ballance, 1996). Oxygen concentrations in a temperate lake are a good
illustration of this (see Chapter 7). During the summer period of planktonic growth,
oxygen concentrations show day and night variations (diel cycles) in the layer which
receives light (euphotic zone). The vertical gradient is large from top to bottom,
sometimes with a marked depletion at the thermocline (zone of rapid temperature
change) and in shallow waters and sheltered bays, the oxygen cycle may be different
from that at the lake centre. The oxygen variability may, therefore, have four dimensions:
longitudinal, transverse, vertical and time. During mixing periods (generally once or twice
per year depending on the thermal regime), lakes are usually fully mixed during the day
and sometimes this may last for weeks (e.g. during winter mixing). Therefore, one single
sample may be representative of the whole lake for a long time period (see Chapters 7
and 8).




Table 2.7. Trend monitoring of water quality: frequency optimisation

Streams and Large rivers* Lakes Groundwaters
rivers
Water <24 peryear [<12 peryear 1 per year at overturn®or at |1 to 4 per year*
each overturn®
Particulate 1 per year® 1 per year® 1 per year® not relevant
matter
Biological 1 per year’ 1 per year biotic [8-12 per year®
monitoring indices® 0.2 per year®

! Basin area >100,000 km?. The required frequency actually depends on water discharge
variability

2 If water residence time >1 year
* If water residence time <1 year
* Depending on water residence time

* A composite of 12 total suspended solids (TSS) samples weighted according to TSS
discharge or, if not possible, to water discharge

¢ A composite sample of 2 to 4 sediment trap samples

" Organisms introduced for monitoring bioaccumulation of elements or compounds
¢ At low flow

°* For summer chlorophyll samples

' Macrophytes inventory; once every 5 years

Operational surveillance should focus on the worst possible conditions, such as summer
dry periods and on extreme values of concentration. Impact surveys which must also
determine pollutant fluxes should, in the case of rivers, include surveys during high flow
periods. The same is true for trend monitoring. A tentative frequency optimisation with
respect to trend monitoring on the basis of chemical analysis is presented in Table 2.7
for streams and small rivers, large rivers, lakes and groundwater, and for all three media.
It also takes into account the general variability of chemical components. Attention can
be focused on: (i) the possibility of mixing and storing composite samples of particulate
matter which then enables the analysis of only one sample per year, (i) sampling lakes
during overturn when the water body is well mixed, (iii) determining biotic indices during
the low water stage when quality is usually at its worst or (iv) taking composite water
samples through automatic samplers. Other examples of sampling strategies are
detailed more fully in Chapters 6, 7, 8 and 9 and statistical sampling design is discussed
in Appendix 10.1.



Table 2.8 Hydrological information required for water quality assessment

|Leve|1 | Rivers | Lakes/reservoirs | Groundwaters

|Basic information

|A |Watershed map |Thermal regime |Maj0r aquifer type

B River seasonal Bathymetric map Aquifer map
regime

C Flow duration Water balance and current Hydrodynamic characteristics
statistic patterns

|Hydro|ogica| monitoring

A River level at Lake level at sampling Piezometric level
sampling

B River discharge at  |Lake level between sampling Piezometric level between
sampling sampling

C Continuous river Tributary discharge and lake Full knowledge of ground-water
discharge water budget hydrodynamics

! Levels A,B,C are increasing orders of assessment programme complexity

2.4.3. Integrating hydrological and water quality monitoring

No meaningful interpretation of analytical results for the assessment of water quality is
possible without the corresponding hydrometric data base. Consequently, all aquatic
environment monitoring should take into account the hydrological characteristics of the
water bodies, which should be determined by preliminary inventories and surveys. All
field observations and samples should be associated with the relevant hydrological
measurements such as the ones given in Table 2.8 for different types of water bodies.

The combined evaluation of water quantity and quality data sets should also take into
account spatial and temporal variabilities. The hydrological features of water bodies
follow their own variability patterns which may be quite separate from natural and/or
man-made water quality fluctuations. In practical terms, however, they tend to be rather
closely inter-linked.

2.4.4. Review of water quality assessment design

The design of any water quality assessment programme should be examined
periodically (see section 2.2.3 and Figure 2.2). When new approaches become available
and when new issues are found, the objectives and procedures of water quality
assessments must be reviewed. It may be necessary, for example, to drop some
objectives or procedures and add others. Most water quality assessments which were
started in the late 1960s and early 1970s were multi-purpose programmes, frequently
based on analysis of water only. Since then many changes have occurred, including a
reduced reliance on metal analysis in water samples alone, which has been replaced by
a greater use of suspended or deposited particles and of mosses and fish tissues, as
well as the development of specific monitoring approaches for issues such as lake
eutrophication, acidification and groundwater pollution.



This complexity can be illustrated by the example of river monitoring in France over the
past years. Monitoring is performed at three levels (Meybeck, 1994):

e Research and development of new methods by specialised institutions; current
research is carried out on diatom indices, cytochrome P-450 in fish and on-line
bioassays, etc.

e Testing of some new approaches by river basin authorities.
o Standardisation and general application at the country level.

The use of biotic indices, based on benthic communities, started with the beginning of
the regular, national monitoring programme in 1971 (now the Reseau National de
Bassin). This approach was gradually improved and is now standardised. After an initial
period of basic multi-purpose monitoring, the French national network evolved to handle
eutrophication and micro-pollutants through the monitoring of aquatic mosses, deposited
sediments and, more recently, suspended matter, as well as specific monitoring for
modelling in a few lakes. Specific early warning monitoring systems are being developed
by the water supply industries.

2.5. Implementation of water quality assessment programmes

When installing national programmes for the assessment of water quality, it should be
recognised that the quality aspects of water resources cannot be seen in isolation. There
are also other media which have an influence on water quality or are, themselves,
affected by water pollution. A general presentation of the influence of water pollution
problems on other media is given in Table 2.9. As a consequence, assessment of these
compartments has to take place concurrently with water quality assessment in order to
obtain a complete picture of the sources, pathways and links between environmental
contaminants. To achieve maximum benefit from the various assessment efforts, data
transfers among the different sectors are necessary. Some sectors have to provide
information to water quality assessment activities, and some derive data from them. The
most important transfers are shown in Figure 2.3.

2.5.1. Administrative co-ordination of water quality assessment

Development of a universally applicable system to solve all problems of water quality
assessment and prediction is not realistic. A system designed for the assessment of
water quality at the national level would not be ideal for local assessment. Similarly a
system designed for evaluation of long-term trends does not enable description of short-
term variations in water quality. Some industrialised countries have several independent
sub-systems. There are, for example, eight sub-programmes functioning in Sweden (Ahl,
1985). In Israel, assessment is carried out by 9 agencies (Collin and Sheffer, 1985) and
in the USA by 12 federal agencies and more than 100 non-federal groups (Quindy-Hunt
et al., 1986). Therefore, when designing a national water quality assessment system, it
is first necessary to set the goals and estimate the problems which need to be solved,
and then to compare them with the possible information available from the existing
systems.



Table 2.9. Links between inland freshwater pollution and other assessment media

Issues | Pathways/links
‘ Air to ‘ Water to | Water to Tap | Water to ‘ Water to Coastal
Water Soil water Food marine waters

|Pathogens | X | X | XXX | XXX | XXX
|Organic matter | 0 | X | X | na | XXX
|Eutrophication1 | X | X | 0 | 0 | XXX
|Nitrate pollution | 0 | 0 | XX | XXX | XXX
|Salinisati0n | 0 | XXX | X | 0 | na
|Trace elements | XX | XX | XX | XXX | XXX
Organic ‘ ‘ ‘ XXX ‘ XXX ‘ XXX
micropollutants

|Acidification | XXX | XX | XX | 0 | na
|Suspended solids | 0 | na | X | na | XX

xxx Severe effects or impairments
xX Important effects or impairments
x Some effects or impairments

0 No effects or impairments

na Not applicable

! Excluding nitrate

Figure 2.3. The interrelationship between major environmental monitoring

systems
Hydromateorological Atmospheric pollution Wastewaters
monitoring rmonitoring monitoring
Water quality
monitoring
Drinking water Coastal waters
monitoring monitoring

As a rule, national assessment systems are designed, and operate, under the
supervision of government agencies responsible for environmental protection and the
rational use of water resources, often with the active participation of research institutions
belonging to these agencies. However, in a number of countries there are several
government agencies which are responsible for different aspects of water quality
protection and management. In this case, the government appoints the particular agency
responsible for the organisation of the national assessment system. As it is important in
the process of water quality monitoring to correlate the data obtained with hydro-logical




information, and to compute fluxes, this work is often carried out by hydrometeorological
services as in Chile (Merino et al., 1985), Panama (Muschett, 1985) and the former
USSR (Izrael, 1984). The responsibilities of the head agency include, not only the
organisation of the basic national monitoring programmes, but also the co-ordination of
the work of other programmes supplying information to the general data bank. With the
increasing number of independent agencies providing different functions within the
monitoring system the management gets more difficult. Therefore, the involvement of all
agencies should be well defined.

An assessment system should be designed in such a way that it can provide information,
at all levels, i.e. international, national (federal), regional and local. The requirement for
additional information from other assessment programmes or agencies also depends on
the level of assessment undertaken. The national (or federal) level of assessment, which
is based on the programmes of the principal agency, can include data taken from other
agencies as well as summarised information taken at regional and local levels.

From a geographical point of view it is ideal if water quality information can be obtained
in relation to major river basins. In some countries, e.g. New Zealand, the UK and
France (McBride et al., 1985), national assessment programmes are undertaken in this
way. However, in a number of countries where the local authorities are organised within
regional administrations, the assessments are carried out according to the administrative
and territorial divisions of the country, as in the former USSR (lzrael et al., 1978) and
Finland (Laaksonen, 1985). In this situation, the information can be transformed into
river basin data sets. Ideally this should be done by one of the institutions responsible for
processing the data at the national level.

2.5.2. Field operations

The personnel in charge of sample collection, field handling and field measurements
must be specially trained for these activities. The choice of personnel for sampling
depends on a number of factors which include the geographic features of the region and
the system of transportation. For example, in a small country such as Panama (Muschett,
1985), sampling is carried out by laboratory personnel going to the field for nearly a
week to take samples, conduct field analyses, and transport samples back to the
laboratory by public transport. In countries of larger size which possess a more
developed monitoring system, specially trained field personnel often conduct the
sampling, as well as train and organise the work of additional personnel. This approach
is practised in Canada (Whitlow, 1985). In large countries which have a poor
transportation system, relatively more personnel are required. In this situation specialists
from hydrometeorological and hydrological stations, for example, may be used, although
these personnel often do not possess the necessary training in water sampling for water
guality monitoring.

When sampling is carried out by a specialised team, it is desirable that the means of
transportation can also be used as a mobile “laboratory” for filtration, field measurements
and sample storage. When working in lakes and reservoirs different types of vessels,
including small boats, may be used. Special ships with on-board laboratories are only
justified for large water bodies for which the travel time exceeds 48 hours and/or if
systematic investigations of high intensity are required.



Recently, helicopters have come into use for sampling in remote areas deprived of roads.
In addition, special multi-parametric, portable instruments which enable measurements
of pH, redox potential, oxygen, conductivity, turbidity, etc., now exist. Automatic water
guality stations are also available commercially. However, they still require regular, and
sometimes sophisticated, maintenance. Therefore, they are more commonly used for
operational surveillance or early warning monitoring.

Everyone participating in sampling should be thoroughly instructed on safety regulations
appropriate to their work and assisted in the case of an emergency. Such instruction
sessions should be organised routinely and systematically. Special attention should be
paid to the careful use of boats. Specific safety requirements should also be followed
when sampling during winter ice cover.

2.5.3. Laboratory organisation

Laboratories must be selected or set up to meet the objectives of each assessment
programme. Attention should be paid mainly to the choice of analytical methods. The
range of concentrations measured by the chosen methods must correspond to the
concentrations of the variable in a water body and to the concentrations set by any
applicable water quality standards. For example, water quality standards often require
the total absence of certain toxic pollutants. In such cases the detection limit of the
analytical method must be very low to determine whether the water quality meets the
standard. The less sensitive the method, the greater the permitted deviation of the
pollutant concentration from the predetermined standard.

During the initial stages of development of a national monitoring system, it is reasonable
to focus on the basic variables of water quality which, as a rule, do not require expensive,
sophisticated equipment. Gradually, the number of variables measured can be increased
in relation to the financial resources of the monitoring agency. The elaborate equipment
and technical skills necessary for the measurement of complex variables are not needed
in every laboratory.

In many countries, monitoring laboratories are organised on two tiers: regional
laboratories (lower level) to conduct basic determinations not requiring very complex
equipment, and central laboratories (higher level) to conduct more complex analyses
requiring elaborate equipment and well-trained personnel. In addition, the central
laboratories often provide the regional laboratories with methodologies and analytical
data quality control. The two tier approach is used for laboratories in industrialised
countries such as Canada (Whitlow, 1985) and Finland (Laaksonen, 1985) as well as in
some developing countries such as Tanzania (Gumbo, 1985). However, in large
countries three levels may be necessary, allowing local laboratories to make routine
analyses nearer to sampling sites. For example, in Russia there are about 80 local
laboratories, headed by 24 regional laboratories. Management of the entire network for
national monitoring in Russia is undertaken by the Hydrochemical Institute. This Institute
acts as a central reference laboratory whenever it is necessary to conduct either
complex or arbitration analyses.

Comparability of water quality data from different laboratories can only be ensured if
identical or, at least, similar methods are used. There are many comprehensive standard
manuals and guidebooks describing laboratory methods in detail, such as the



GEMS/WATER Operational Guide (WHO, 1992) and the practical guide to the methods
discussed in this volume (Bar-tram and Ballance, 1996). The use of such guidebooks
helps ensure the compatibility of the data supplied to national and global monitoring
systems. Manuals developed in countries which have great experience in monitoring
design, for example the USA (APHA, 1989), are in common use in a number of countries
such as Uruguay (Balmelli and Alciaturi, 1985), Egypt (EI-Gamal and Shafik, 1985) and
the Fiji Islands (Chandra, 1985).

Progress in analytical chemistry has stimulated the appearance of new, more elaborate
and more efficient methods. However, replacement of existing methods often results in
data comparability problems with older methods which can cause problems in the
statistical analysis of data-time series. Studies of the compatibility of new with old
analytical methods must be undertaken. If a new method is accepted into a monitoring
programme an overlap period is required where samples are analysed by both the new
and the old methods.

2.6. Data processing

Analytical data collected by laboratories, together with the information on sampling sites
and hydrological parameters, are usually sent (mostly in coded form) to a data treatment
centre. The function, allocation and number of these centres are determined by the
volume of information processed, the density of the monitoring network and the
geographical peculiarities of the country. Nevertheless, it is reasonable to have a
common information centre which summarises the data from the entire country. As some
countries participate in the GEMS/WATER project, their data are stored in the
GLOWDAT (GLObal Water DATa Management System) format (WHO, 1992) or a
similar system (see Chapter 10). The GLOWDAT format was developed on the basis of
NAQUADAT (The NAtional Water QUALIty Accounting DATa Bank) used in Canada
(Whitlow, 1985).

For phase two of GEMS/WATER, which started in the early 1990s, a new data
processing software was introduced called RAISON/GEMS (Lam and Swayne, 1991).
The RAISON (Regional Analysis by Intelligent Systems on a Microcomputer) system is a
fully integrated database, spreadsheet and graphic interpretation package with
geographic information (GIS) and expert system capabilities for personal computers.
This software is specifically designed for GEMS/WATER applications and is used widely
by national centres participating in this project (UNEP/WHO, 1992).

The main objective of a modern data processing centre is the development,
replenishment and management of the data bank and the functioning of the automated
information system on which it is based. The objectives of such a centre with a data
bank already functioning are:

¢ information coding (for cases where it is submitted in a decoded form),
e logical control of acquired information,

¢ exchange of coded information with the data processing centre of higher priority,



¢ entering the data into an information fund or data bank,

e preparation of regular, standard, information materials on the state of water bodies
(reviews, annual reports, etc.), and

e satisfaction of consumers’ special demands.

During the development of a data bank, the centre must conduct intensive work on the
preparation and management of the information and software systems. These tasks
determine both the quality of the data handling and of the various forms of output e.g.
statistics, trends, charts, bar graphs, etc. However, at the initial stage of the data bank
development, attention should be focused principally on the accuracy of the stored
information because the forms of output may be improved in the process of data bank
exploitation. Chapter 10 describes more fully these data processing activities.

2.7. Data quality control

Data quality control is a complex and time-consuming activity which must be undertaken
continuously to ensure meaningful water quality assessments. This is particularly crucial
for some of the chemical analyses carried out on water samples, such as dissolved trace
elements, pesticides or even ammonia and phosphates. Errors can occur in many
operations of the assessment process as indicated in Table 2.10.

2.7.1 Quality control of field work

Detailed descriptions of methods and the appropriate recommendations for field work,
field sampling and sample storage are given in Bartram and Ballance (1996). Some
basic principles are highlighted in the following sub-sections.

Sampling and sample representativeness

When sampling, it is always necessary to follow recommended procedures to avoid
collection of unrepresentative samples. Each method, or piece of sampling apparatus,
has appropriate procedures which should be followed, accurately and at every sampling
occasion. In addition, simple, basic rules such as avoiding any unnecessary disturbance
of the site prior to sampling (e.g. by standing downstream and collecting the sample
upstream) must be followed. A full discussion of sampling procedures and precautions is
beyond the scope of this chapter as it depends largely on the nature of the monitoring
programme and the media to be sampled. Further information is given in the appropriate
chapters and in Bartram and Ballance (1996).

Strict observance of the sampling requirements developed for a given site (type of
sampler, sampling depth, cross-sectional samples, etc.) usually enables collection of
representative samples. Nevertheless, to assure representativeness, it is recommended
that replicate samples be taken occasionally to determine temporal (at one point in a
certain time interval) and spatial (simultaneously at different points of the given water
body, e.g. river cross-section) variability. Temporal variability is usually determined in
preliminary surveys to check diel variations, seasonal variations and the influence of
river floods, etc. Groundwater systems are usually more complex and less accessible



than rivers or lakes, and obtaining representative samples is often very difficult, as
described in Chapter 9.

Table 2.10. Some possible sources of errors in the water quality assessment process
with special reference to chemical methods

Assessment
step

Monitoring
design

Field operations

Sample
shipments to
laboratory

Laboratory

Computer
facility
Interpretation

Publication

Operation

Site selection

Frequency
determination

Sampling

Filtration
Field measurement

Sample
conservation and
identification

Preconcentration

Analysis

Data entry and
retrieval

Data interpretation

Data publication

Possible source of error

Station not representative(e.g. poor

mixing in rivers)

Sample not representative(e.g.
unexpected cycles or variations
between samples)

Sample contamination(micropollutant

monitoring)

Contamination or loss

Uncalibrated operations

(pH, conduct., temperature)
Inadequate understanding of
hydrological regime

Error in chemical conservation
Lack of cooling

Error in biological conservation
Error and loss of label

Break of container

Contamination or loss

Contamination

Lack of sensitivity

Lack of calibration

Error in data report

Error in data handling

Lack of basic knowledge

Ignorance of appropriate statistical

methods
Omission in data report

Lack of communication and

dissemination of results to authorities,

the public, scientists, etc.

Appropriate actions

Preliminary surveys

Decontamination of
sampling equipment,
containers, preservatives
Running field blanks

Field calibrations
Replicate sampling
Hydrological survey

Field spiking
Appropriate field
pretreatment

Field operator training

Decontamination of
laboratory equipment and
facilities

Quality control of laboratory
air, equipment and distilled
water

Quality assurance tests
(analysis of control sample;
analysis of standards)

Check internal consistency
of data (e.g. with adjacent
sample, ionic balance etc.)

Checks by data
interpretation team
Appropriate training of
scientists

Setting of goals and training
to meet the need of decision
makers



Sample treatment and storage

All water quality variables should be grouped according to the specific operations
preceding analysis (filtration, preservation, types of bottles for storage and transportation
of the sample, conditions and permissible time of storage). Some advanced monitoring
may require as many as 20 different storage vessels. For each analytical category,
accurate observance of the predetermined requirements of the sample handling is
necessary; deviation from these requirements could result in serious errors. The
recording of each field operation step is important for quality control, especially if the
operator might deviate from predetermined procedures.

Collected samples can be contaminated by inadequately or inappropriately cleaned
glassware, filters, filter apparatus, chemicals used for preservation, etc. Thus great care
must be taken in the cleaning of equipment and in the checking for purity of chemicals
used. Water quality variables which should be determined in the field immediately after
sampling need individual aliquots which cannot be used for further analytical work. In
addition, field analytical operations should follow a defined sequence in order to avoid
contamination. For example, conductivity must not be determined after measurements of
pH in the same water sample because concentrated electrolytes from the reference
electrode used in the pH determination may enter the sample and affect the conductivity
measurement.

During field operations, periodic blank samples (one blank for every ten water samples)
are required to determine errors arising from contamination. Usually, for this purpose a
distilled water sample is subjected to all the operations carried out for the environmental
sample such as filtration, storage and preservation. The blank is then shipped, with the
other samples, to the laboratory for analysis. When blank tests show evidence of
contamination, additional investigations must be made during the next round of sampling;
one blank should be taken for each separate step in the field and laboratory operations
to determine the source of contamination. Contamination during sampling is often
difficult to detect. Cross checks with highly cleaned, simple samplers (such as PTFE
(polytetrafluoroethylene) bottles) should be carried out regularly. To determine the
reproducibility of field operations, periodic analysis of duplicate aliquots collected from
one sample (i.e. split samples) is recommended.

2.7.2. Analytical quality control

Experts agree that 10 to 20 per cent of resources, including manpower, should be
directed towards ensuring the quality of analytical determinations for common water
quality variables (WHO, 1992). When trace pollutants (e.g. pesticides and trace
elements) are measured, the resources required for quality control may reach 50 per
cent. Unfortunately, in many countries this problem is not given adequate attention. This
results in unreliable data and hence, unsatisfactory solutions to the water quality
problems addressed by the monitoring programme.

To provide high quality analyses, it is necessary to fulfil a number of basic requirements:



(i) The analytical methods should have characteristics (range of measured
concentrations, sensitivity, selectivity) which are adequate for the water body being
monitored and must pass an inter-laboratory calibration test.

(i) The instrumental equipment of the laboratory and the available technical accessories
must correspond to the set of analytical methods chosen.

(iii) The laboratory must have adequate conditions for the maintenance of analytical
instruments.

(iv) A reliable and steady supply of laboratory reagents, solvents, gases of special grade,
as well as standard samples and mixtures must be provided.

(v) The laboratory personnel should be sufficiently trained and qualified to carry out the
necessary analytical operations properly.

(vi) A programme of systematic quality control must be organised.

Each of the above is obligatory for the proper functioning of an analytical laboratory.
Requirements (i) to (v) would enable a laboratory to undertake water analyses, but
requirement (vi) (analytical quality control (AQC), also known as analytical quality
assurance) is necessary to ensure the quality of the data. There are two parts to AQC:
intra-laboratory control carried out systematically within a laboratory, which has been
well developed in many water quality manuals, and external (inter-laboratory) control
carried out periodically (once or twice a year). External (inter-laboratory) control is
checked by the laboratory or research institute responsible for the functioning of the
monitoring system. For this purpose, several “unknown” control samples are sent to the
participating laboratories for analysis and subsequent comparison of the data. If
differences in the analytical results are found, the laboratories must then identify and
correct the problem. Although these samples may not actually differ from those used in
an intra-laboratory control exercise, the concentrations of each component of the
samples should be known only to the organisers of the quality control exercise. For
further details see Bartram and Ballance (1996).

2.7.3. Control of data storage and treatment

Every stage of data handling increases the risk of introduced errors. Most risk is
associated with human error during written transcription or during “keying-in” via a
computer keyboard. Such errors can be reduced by using direct electronic recording and
data transfer processes, but such options are expensive. Whenever suspect data are
encountered (at whatever stage of the data handling process), they must be checked
against the original records of the sample analysis. In cases where the data are handled
by a central facility, checking involves going back to the original laboratory.

Errors arising during the transcription of data from laboratory notebooks to record books
or computer databases can only be reduced by careful checking of the original and
copied data for mistakes, and correcting them immediately. This time is well spent,
particularly when the data have been entered onto a computer system. Where entry of
the data occurs via keyboards, careful and integrated design of raw data recording forms
and a computer entry template can substantially reduce input errors. The likelihood of



new errors is reduced when data are also handled by electronic means for interpretation
and reporting procedures. Some modern analytical equipment eliminates errors by
storing its output directly onto computer diskettes.

In many organisations, individuals responsible for data entry have no knowledge of

water quality. Therefore, it is important to have the database checked periodically by an
expert who is capable of spotting obvious errors. Some computer database systems,
either commercially available or custom designed, have the ability to automatically check
and flag values which are outside the normally expected ranges (or those set by the user)
for each variable. The manipulation of data and the production of routine outputs such as
graphs, may also be done by individuals with no special knowledge of water quality. It is,
therefore, important that appropriate experts, or specially trained individuals, are used

for the final analysis and interpretation of data. This enables a further check to be made
for unusual or unlikely values during the interpretation phase.

Another common problem is loss of data due to accidental erasure of computer files.
Fortunately, there are several precautions which can be taken to avoid this problem. The
raw, unprocessed data should be held on a master file with limited access, possibly
controlled by the use of a password system, or protected from manipulation other than
copying. In addition, there should always be at least a second, and possibly even a third,
copy of the master file (e.g. on diskette) in a location away from the computer, and
where it is safe from fire, theft, etc. The back-up file needs to be updated frequently to
minimise loss if the main file is erased. Updating can occur daily (for databases receiving
daily additions) or weekly (for databases receiving occasional inputs).

2.8. Interpretation and dissemination of data

Interpretation of data and communication of results are the final two steps in an
assessment programme. Correctly interpreted data will not be of much use if they are
not disseminated to all relevant authorities, scientists, and the public in a form which is
readily understandable by, and acceptable to, the target audience. The form and level of
data presentation is, therefore, crucial. Often it is advisable to produce two types of data
publications: (i) a comprehensive, detailed report containing all relevant data and
interpretations thereof and (ii) an executive summary (in an illustrated and simple form)
which highlights the major findings. Usually, the interpretation of data is undertaken by
specialised professionals such as: (i) the relevant scientists, e.g. hydrologists,
hydrobiologists, chemists or geologists, (ii) the data treatment team and (iii)
professionals from other organisations such as environmental protection agencies,
health authorities, national resource agencies (e.g. energy, fisheries), and in some
countries, transportation and agriculture departments.

A tentative list of the major means of data analysis pertinent to each type of water body,
(with increasing complexity of monitoring operations) is presented in Table 2.11,
specifically for the assessment of chemical water quality. Interpretations should always
refer to the objectives, and should also propose improvements, including simplifications,
in the monitoring activities, as well as needs for further research and guidelines for
environmental planning and economic development. Subsequently, these findings
should be discussed with the appropriate local, regional or national authorities and, as
required, others such as the industrial development and/or national planning boards.
Besides these authorities, results should be communicated to water resource managers,



the public, associations for environmental protection, educational institutions, other
countries (in the case of transboundary water bodies, e.g. Danube Commission, Great
Lakes International Joint Commission, International Rhine Commission) and to
international organisations such as the World Health Organization (WHO) and the United
Nations Environment Programme (UNEP) for the purpose of international activities such
as the GEMS/WATER programme.

During the designing and functioning of a national monitoring system, scientific problems
constantly arise which need solutions which cannot be provided by the network
personnel (such events occur even when the design has been based on the general
experience of the international community). Research teams should be associated with
the monitoring system and provide an important function in problem solving. They can
be grouped into an institute specially founded for this purpose or dispersed in different
research units. The basic functions of such teams are: (i) to give the necessary
methodological and advisory assistance in order to optimise the monitoring system and
take into account major scientific advances, (ii) to develop and refine methods, and (iii)
to train personnel.

Table 2.11. Principal means of analysing and reporting chemical data

|Leve|1 | Rivers | Lakes | Reservoirs | Groundwaters
A Basic statistics on C(t) at «Vertical C(z) profiles at max.  Time variations at
station stratification— station C(t)

‘ | «Trends (C at over-turn)— |

B Concentration vs water «Sediment mapping C(x,y)—» [Mapping C(x,y) trend
discharge relationships C = C(b)
f(Q) |
Loads (C.Q) Seasonal Seasonal

variations C(z,t) |variations C(x,z,t)

|Statistics on loads | |

[Trends C(t) | |

C \ «Trends (flow corrected and/or seasonally adjusted)—
Profiles C(x) «Water quality mapping Mapping evolution
C(x.y,z,t)—> Cx.y.t)
[Maps C(x.y) | |
Models «Models (eutrophication)— Models (dispersion)

C(t) Temporal variation in concentrations

C Average concentration

C(x) Longitudinal variation in concentrations

C(z) Vertical variation in concentrations

Q Water discharge

! Levels A,B,C are increasing orders of assessment programme complexity



2.9. Recommendations

Water quality assessment should always be seen in the wider context of the
management of water resources, encompassing both the quality and quantity aspects.
The usefulness of the information obtained from monitoring is severely limited unless an
administrative and legal framework (together with an institutional and financial
commitment to appropriate follow-up action) exists at local, regional, or even
international, level. Four main reasons for obtaining inadequate information from
assessment programmes have been defined, for groundwaters, by Wilkinson and
Edworthy (1981). These reasons are equally applicable to surface waters and are as
follows:

¢ The objectives of the assessment were not properly defined.

¢ The monitoring system was installed with insufficient knowledge of the water body.

e There was inadequate planning of sample collection, handling, storage and analysis.
e Data were poorly archived.

A further reason could be added:

e Data were improperly interpreted and reported.

To ensure that these mistakes are avoided the basic rules for a successful assessment
programme are proposed below.

The ten basic rules for a successful assessment progamme

1. The objectives must be defined first and the programme adapted to them and not vice versa
(as was often the case for multi-purpose monitoring in the past). Adequate financial support must
then be obtained.

2. The type and nature of the water body must be fully understood (most frequently through
preliminary surveys), particularly the spatial and temporal variability within the whole water body.
3. The appropriate media (water, particulate matter, biota) must be chosen.

4. The variables, type of samples, sampling frequency and station location must be chosen
carefully with respect to the objectives.

5. The field, analytical equipment and laboratory facilities must be selected in relation to the
objectives and not vice versa.

6. A complete, and operational, data treatment scheme must be established.

7. The monitoring of the quality of the aquatic environment must be coupled with the appropriate
hydrological monitoring.

8. The analytical quality of data must be regularly checked through internal and external control.
9. The data should be given to decision makers, not merely as a list of variables and their
concentrations, but interpreted and assessed by experts with relevant recommendations for
management action.

10. The programme must be evaluated periodically, especially if the general situation or any
particular influence on the environment is changed, either naturally or by measures taken in the
catchment area.
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Chapter 3* - Selection of water quality variables
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3.1. Introduction

The selection of variables for any water quality assessment programme depends upon
the objectives of the programme (see Chapters 1 and 2). Appropriate selection of
variables will help the objectives to be met, efficiently and in the most cost effective way.
The purpose of this chapter is to provide information which helps the appropriate
selection of variables. Each variable is discussed with respect to its origins, sources,
behaviour and transformations in the aquatic system, the observed ranges in natural and
polluted freshwaters, the role of the variable in assessment programmes, and any
special handling or treatment of samples that is required. The final section of this chapter
suggests some combinations of variables which might be used for different water quality
assessment purposes. These can be used as a basis for developing individual
programmes.

The methods employed to measure the selected variables depend on access to
equipment and reagents, availability of technical staff and their degree of expertise, and
the level of accuracy required by the objectives of the programme (see Chapter 2). A
summary of the principal analytical methods for major variables is given in Table 3.1 and
a summary of pre-treatment and storage of samples for different analyses is given in
Table 3.2. Detailed descriptions of sampling and analytical methods are available in the
companion volume to this guidebook by Bartram and Ballance (1996) and in a number of
standard reference guides published by various international organisations and
programmes, or national agencies (e.g. Semenov, 1977; WHO, 1992; NIH, 1987-88;
Keith, 1988; APHA, 1989; AOAC, 1990). In addition a world-wide federation of national
standards bodies and international organisations, the International Standards
Organization (ISO), publishes a series of approved “International Standards” which
includes methods for determining water quality. Further detailed information on the study
and interpretation of chemical characteristics in freshwaters is available in Hem (1989),
Environment Canada (1979) and many other specialist texts.



3.2. Hydrological variables

Determining the hydrological regime of a water body is an important aspect of a water
guality assessment. Discharge measurements, for example, are necessary for mass flow

or mass balance calculations and as inputs for water quality models.

Table 3.1. Analytical methods for determination of major chemical variables
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AES Atomic emission spectrophotometry
AAS Atomic absorption spectrophotometry
GC Gas chromatography
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LC Liquid chromatography
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Table 3.2. Pretreatment and storage requirements of samples for laboratory
determination of chemical variables (see text for further details)

Variabl Pretreatment Type of Conditions of Max. time of
e bottles storage storage prior
to analysis
"N [Filtr [Chem [Acidifi [Alkalin [Solv [GI [Polyet [D [Col [Fro [Mini[24[3[1 [ 3
on |atio | ical |cation |isation | ent |as |hylene|ar| d (zen| mu |ho [da|w |we
e | n |[stabili extra| s kK |(@ap [(m | m |ur |ys|ee|ek
sation ction pro |ax. |pos | s k|s
X. - | sibl
4°C) [15° | e
C)
Residu | x X B x | [ [T
e
SuspenT x| x [x x [T T
ded
matter
Conduc| [ x x [ x [ x [
tivity
o [x[ [ [ [ [ Ixlx [ [ [ Ix[ [T
Acidity, | x X X X
alkalinit
y — p—— p— [ — — p—
DO X X X
(Winkle
r
method
)
co, [x[ | | | X (I T
Hardne X X X
ss
(genera
1)
Chloro | X T x [x [ x x | [ [T
phyll a
Chloro | | x [ B X RS
phyll a
and
POC
Nutrien | X x x| x [x [ [ [
ts?
moc [ [ | BN X I [ T T Ix[ ]
coo [ [ | x| X [ Ix T T Ix[ [
BoD [x [ | | | [ [x] I [ Ix [ T[T
Na' K [ [ x| | | [ T T T T
Ca*, X X X
Mgz+




o
|
x

Major
anions

Sulphid X
e

|
x|
X

|silica
Fluorid
e

X |E‘
]
| >
| ]
]
=
| ]

|Bor0n

=
||
]
| ]
]
| ]
| ]

Cyanid X [ x X X
e

Trace X X X
elemen
ts
(dissolv
ed)

Mineral X
oil

|
x|
x

|
x
x

Phenol X
S

|
=
x

Pestici X
des

Other X X X X
organic
microp
ollutant
s

Where no indication is given under column headings, no special conditions of
pretreatment or storage are necessary.

Sample bottles for many variables require special cleaning, particularly those for trace
metals and organic micropollutants. Requirements for special cleaning are described in
operational manuals for analytical methods (e.g. WHO, 1992).

DO Dissolved oxygen

POC Patrticulate organic carbon
TOC Total organic carbon

COD Chemical oxygen demand
BOD Biochemical oxygen demand

tWhen frozen
2NOg3, NHy4*, PO,*, total P
3.2.1. Velocity

The velocity (sometimes referred to as the flow rate) of a water body can significantly
affect its ability to assimilate and transport pollutants. Thus measurement of velocity is
extremely important in any assessment programme. It enables the prediction of




movement of compounds (particularly pollutants) within water bodies, including
groundwaters. For example, knowledge of water velocity enables the prediction of the
time of arrival downstream, of a contaminant accidentally discharged upstream.

Water velocity can vary within a day, as well as from day to day and season to season,
depending on hydrometeorological influences and the nature of the catchment area. It is
important, therefore, to record the time when measurements are taken and every
attempt should be made to measure velocity at the same sites as other water quality
samples are collected. Velocity is determined (in m s*) with current meters or tracers,
such as dyes. Measurements are usually averaged over a period of 1-2 minutes.

3.2.2. Discharge

The discharge is the volume flowing for a given period of time. For rivers, it is usually
expressed as m*® s* or m* a*. The amount of suspended and dissolved matter in a water
body depends on the discharge and is a product of the concentration and the discharge.
Natural substances arising from erosion (suspended matter) increase in concentration
exponentially with increased discharge (see Figure 6.11A and section 6.3.3).
Substances introduced atrtificially into a water body, such as trace elements and organic
matter, tend to occur at decreasing concentrations with increasing river discharge. If a
pollutant is introduced into a river at a constant rate, the concentration in the receiving
water can be estimated from the quantity input divided by the river discharge (see the
example in Figure 6.13). Sedimentation and resuspension (see Chapter 4) can, however,
affect this simple relationship.

Discharge can be estimated from the product of the velocity and the cross-sectional area
of the river. It should be measured at the time of sampling and preferably at the same
position as water samples are taken. As cross-sectional area varies with different
discharges, a series of measurements are needed in relation to the different discharges.
Measurements of depth across a transect of the water body can be used to obtain an
approximate cross-sectional area. Specific methods for calculating discharge are
available in WMO (1974, 1980).

3.2.3. Water level

Measurement of water level is important to determine the hydrological regime of lakes,
reservoirs and groundwaters and the interaction between groundwaters and surface
waters. Measurement of water level is necessary for mass flow calculations in lakes and
groundwaters and must be measured at the time and place of water sampling.

Water can flow to or from an aquifer which is in continuity with a river, depending on the
relative water levels in the river and aquifer. Low water levels in the river can induce
groundwater flow to the river, and high water levels can reverse the flow and produce
losses from the river to the aquifer. Similarly, when groundwater levels are low (or deep)
surface water infiltrates downwards to the water table (see Chapter 9). Depending on the
relative water levels in the aquifer and river, stretches which gain or lose may occur in
the same river. Also a particular stretch may be gaining at one time of year and losing at
another, as river levels change with the seasons. As the river water and groundwater
may be of very different qualities, significant variations in water quality may be



experienced in wells close to rivers, and in the river itself. Measurement of groundwater
levels is particularly important in relation to saline intrusion.

3.2.4. Suspended matter dynamics

Suspended particulate matter consists of material originating from the surface of the
catchment area, eroded from river banks or lake shores and resuspended from the bed
of the water body. Measurement of suspended matter transport is particularly important
where it is responsible for pollutant transport and in such cases its measurements
should be undertaken frequently (see Chapter 4). Usually sediment concentration and
load increase exponentially with discharge (see Figure 6.11A). Particles may also settle,
or be resuspended, under different discharge conditions.

Suspended matter concentrations should be measured along with the other hydrological
variables. In rivers of uniform cross-section, a single sample point may be adequate,
whereas for other rivers, multiple point or multiple depth, integrated sampling is
necessary. Such samples should be taken at the same points as water velocity
measurements and other water quality samples. In addition to analysing suspended
matter as described in sections 3.3.4 and 3.3.5, grain size should be determined.
Whenever possible, samples from bottom sediments should also be examined.

3.3. General variables
3.3.1. Temperature

Water bodies undergo temperature variations along with normal climatic fluctuations.
These variations occur seasonally and, in some water bodies, over periods of 24 hours.
Lakes and reservoirs may also exhibit vertical stratification of temperature within the
water column (see Chapters 7 and 8).

The temperature of surface waters is influenced by latitude, altitude, season, time of day,
air circulation, cloud cover and the flow and depth of the water body. In turn, temperature
affects physical, chemical and biological processes in water bodies and, therefore, the
concentration of many variables. As water temperature increases, the rate of chemical
reactions generally increases together with the evaporation and volatilisation of
substances from the water. Increased temperature also decreases the solubility of gases
in water, such as O,, CO,, N,, CH,4 and others. The metabolic rate of aquatic organisms
is also related to temperature, and in warm waters, respiration rates increase leading to
increased oxygen consumption and increased decomposition of organic matter. Growth
rates also increase (this is most noticeable for bacteria and phytoplankton which double
their populations in very short time periods) leading to increased water turbidity,
macrophyte growth and algal blooms, when nutrient conditions are suitable.

Surface waters are usually within the temperature range 0° C to 30° C, although “hot
springs” may reach 40° C or more. These temperatures fluctuate seasonally with minima
occurring during winter or wet periods, and maxima in the summer or dry seasons,
particularly in shallow waters. Abnormally high temperatures in surface water can arise
from thermal discharges, usually from power plants, metal foundries and sewage
treatment plants. Ground-water usually maintains a fairly constant temperature which,



for surficial aquifers, is normally close to the mean annual air temperature. However,
deep aquifers have higher temperatures due to the earth’s thermal gradient.

Temperature should be measured in situ, using a thermometer or thermistor. Some
meters designed to measure oxygen or conductivity can also measure temperature. As
temperature has an influence on so many other aquatic variables and processes, it is
important always to include it in a sampling regime, and to take and record it at the time
of collecting water samples. For a detailed understanding of biological and chemical
processes in water bodies it is often necessary to take a series of temperature
measurements throughout the depth of the water, particularly during periods of
temperature stratification in lakes and reservoirs (see Chapters 7 and 8). This can be
done with a recording thermistor linked to a pressure transducer, directly reading
temperature with depth, or by reversing thermometers built into a string of sampling
bottles, or by direct, rapid measurements of water samples taken at discrete depths.

3.3.2. Colour

The colour and the turbidity (see section 3.3.5) of water determine the depth to which
light is transmitted. This, in turn, controls the amount of primary productivity that is
possible by controlling the rate of photosynthesis of the algae present. The visible colour
of water is the result of the different wavelengths not absorbed by the water itself or the
result of dissolved and particulate substances present. It is possible to measure both
true and apparent colour in water. Natural minerals such as ferric hydroxide and organic
substances such as humic acids give true colour to water. True colour can only be
measured in a sample after filtration or centrifugation. Apparent colour is caused by
coloured particulates and the refraction and reflection of light on suspended particulates.
Polluted water may, therefore, have quite a strong apparent colour.

Different species of phyto- and zooplankton can also give water an apparent colour. A
dark or blue-green colour can be caused by blue-green algae, a yellow-brown colour by
diatoms or dinoflagellates and reds and purples by the presence of zooplankton such as
Daphnia sp. or copepods.

Colour can be measured by the comparison of water samples with a series of dilutions of
potassium chloroplatinate and crystalline cobaltous chloride. The units are called
platinum-cobalt units based on 1 mg I* Pt. Natural waters can range from < 5 in very
clear waters to 300 units in dark peaty waters. The total absorbance colour (TAC)
method measures integrated absorbance of the filtered sample (pH 7.6) between 400
and 700 nm and the true colour (TUC) is determined by measuring the absorbance at
465 nm. One TAC unit is equivalent to the colour of 2 mg I* Pt. The TAC units range
from 1 to 250. As the compounds determining the colour of the water are not very stable,
measurements should be made within two hours of collection.

3.3.3. Odour

Water odour is usually the result of labile, volatile organic compounds and may be
produced by phytoplankton and aquatic plants or decaying organic matter. Industrial and
human wastes can also create odours, either directly or as a result of stimulating
biological activity. Organic compounds, inorganic chemicals, oil and gas can all impart



odour to water although an odour does not automatically indicate the presence of
harmful substances.

Usually, the presence of an odour suggests higher than normal biological activity and is
a simple test for the suitability of drinking water, since the human sense of smell is far
more sensitive to low concentrations of substances than human taste. Warm
temperatures increase the rate and production of odour-causing metabolic and decay
products. Different levels of pH may also affect the rate of chemical reactions leading to
the production of odour.

Odour can be measured in terms of the greatest dilution of a sample, or the number of
times a sample has to be halved with odour-free water, that yields the least definitely
perceptible odour. The former method is known as the Threshold Odour Number (TON)
and the latter method as the Odour Intensity Index (Oll). Both methods suffer from the
subjective variability of different human judges.

3.3.4. Residue and total suspended solids

The term “residue” applies to the substances remaining after evaporation of a water
sample and its subsequent drying in an oven at a given temperature. It is approximately
equivalent to the total content of dissolved and suspended matter in the water since half
of the bicarbonate (the dominant anion in most waters) is transformed into CO, during
this process. The term “solids” is widely used for the majority of compounds which are
present in natural waters and remain in a solid state after evaporation (some organic
compounds will remain in a liquid state after the water has evaporated). Total suspended
solids (TSS) and total dissolved solids (TDS) correspond to non-filterable and filterable
residue, respectively. “Fixed solids” and “volatile solids” correspond to the remainder
after oven-drying, and to the loss after oven-drying at a given temperature, respectively.
The latter two determinations are now less frequently carried out.

Residue determination is based on gravimetric measurement after following the
appropriate procedures, i.e. filtration, evaporation, drying and ignition. The results of
residue determination depend on the precise details of these procedures. Total
suspended solids are the solids retained on a standard filter (usually a glass fibre “GF/C”
grade) and dried to a constant weight at 105° C (Bartram and Ballance, 1996).

To achieve reproducibility and comparability, care must be taken in following the
appropriate methods. For further details see WHO (1992) and Bartram and Ballance
(1996). Samples should preferably be kept in hard-glass bottles until analysis can be
performed, although polythene bottles can be used if the suspended material does not
stick to the walls of the bottle. To help prevent precipitation occurring in the sample
bottles they should be completely filled and then analysed as soon as possible after
collection.

3.3.5. Suspended matter, turbidity and transparency

The type and concentration of suspended matter controls the turbidity and transparency
of the water. Suspended matter consists of silt, clay, fine particles of organic and
inorganic matter, soluble organic compounds, plankton and other microscopic organisms.
Such particles vary in size from approximately 10 nm in diameter to 0.1 mm in diameter,



although it is usually accepted that suspended matter is the fraction that will not pass
through a 0.45 um pore diameter filter (see Chapter 4). Turbidity results from the
scattering and absorption of incident light by the particles, and the transparency is the
limit of visibility in the water. Both can vary seasonally according to biological activity in
the water column and surface run-off carrying soil particles. Heavy rainfall can also result
in hourly variations in turbidity. At a given river station turbidity can often be related to
TSS, especially where there are large fluctuations in suspended matter. Therefore,
following an appropriate calibration, turbidity is sometimes used as a continuous, indirect
measurement for TSS.

Transparency can be measured easily in the field and is, therefore, included in many
regular sampling programmes, particularly in lakes and reservoirs, to indicate the level of
biological activity. It is determined by lowering a circular disc, called a Secchi disc, on a
calibrated cable into the water until it just disappears. The depth at which it disappears,
and just reappears, is recorded as the depth of transparency. A Secchi disc is usually
20-30 cm in diameter (although the result is not affected by the disc diameter), and
coloured white or with black and white sectors.

Turbidity should be measured in the field but, if necessary, samples can be stored in the
dark for not more than 24 hours. Settling during storage, and changes in pH leading to
precipitation, can affect the results during storage. The most reliable method of
determination uses nephelometry (light scattering by suspended particles) by means of a
turbidity meter which gives values in Nephelometric Turbidity Units (NTU). Normal
values range from 1 to 1,000 NTU and levels can be increased by the presence of
organic matter pollution, other effluents, or run-off with a high suspended matter content.
A visual method of determination is also available in Jackson Turbidity Units (JTU),
which compares the length of the light path through the sample against a standard
suspension mixture.

3.3.6. Conductivity

Conductivity, or specific conductance, is a measure of the ability of water to conduct an
electric current. It is sensitive to variations in dissolved solids (see section 3.3.4), mostly
mineral salts. The degree to which these dissociate into ions, the amount of electrical
charge on each ion, ion mobility and the temperature of the solution all have an influence
on conductivity. Conductivity is expressed as microsiemens per centimetre (US cm™) and,
for a given water body, is related to the concentrations of total dissolved solids and
major ions (see Figure 10.14). Total dissolved solids (in mg I*) may be obtained by
multiplying the conductance by a factor which is commonly between 0.55 and 0.75. This
factor must be determined for each water body, but remains approximately constant
provided the ionic proportions of the water body remain stable. The multiplication factor
is close to 0.67 for waters in which sodium and chloride dominate, and higher for waters
containing high concentrations of sulphate.

The conductivity of most freshwaters ranges from 10 to 1,000 uS cm* but may exceed
1,000 uS cm?, especially in polluted waters, or those receiving large quantities of land
run-off. In addition to being a rough indicator of mineral content when other methods
cannot easily be used, conductivity can be measured to establish a pollution zone, e.g.
around an effluent discharge, or the extent of influence of run-off waters. It is usually
measured in situ with a conductivity meter, and may be continuously measured and



recorded. Such continuous measurements are particularly useful in rivers for the
management of temporal variations in TDS and major ions.

3.3.7. pH, acidity and alkalinity

The pH is an important variable in water quality assessment as it influences many
biological and chemical processes within a water body and all processes associated with
water supply and treatment. When measuring the effects of an effluent discharge, it can
be used to help determine the extent of the effluent plume in the water body.

The pH is a measure of the acid balance of a solution and is defined as the negative of
the logarithm to the base 10 of the hydrogen ion concentration. The pH scale runs from
0 to 14 (i.e. very acidic to very alkaline), with pH 7 representing a neutral condition. At a
given temperature, pH (or the hydrogen ion activity) indicates the intensity of the acidic
or basic character of a solution and is controlled by the dissolved chemical compounds
and biochemical processes in the solution. In unpolluted waters, pH is principally
controlled by the balance between the carbon dioxide, carbonate and bicarbonate ions
(see Figure 3.1) as well as other natural compounds such as humic and fulvic acids. The
natural acid-base balance of a water body can be affected by industrial effluents and
atmospheric deposition of acid-forming substances. Changes in pH can indicate the
presence of certain effluents, particularly when continuously measured and recorded,
together with the conductivity of a water body. Diel variations in pH can be caused by the
photosynthesis and respiration cycles of algae in eutrophic waters (see Figure 6.19).
The pH of most natural waters is between 6.0 and 8.5, although lower values can occur
in dilute waters high in organic content, and higher values in eutrophic waters,
groundwater brines and salt lakes.



Figure 3.1. The relative proportions of different forms of inorganic carbon in
relation to the pH of water under normal conditions
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Acidity and alkalinity are the base- and acid-neutralising capacities (ANC) of water and
are usually expressed as mmol I*. When the water has no buffering capacity they are
inter-related with pH. However, as most natural waters contain weak acids and bases,
acidity and alkalinity are usually determined as well as pH. The acidity of water is
controlled by strong mineral acids, weak acids such as carbonic, humic and fulvic, and
hydrolising salts of metals (e.g. iron, aluminium), as well as by strong acids. It is
determined by titration with a strong base, up to pH 4 (free acidity) or to pH 8.3 (total
acidity). The alkalinity of water is controlled by the sum of the titratable bases. It is
mostly taken as an indication of the concentration of carbonate, bicarbonate and
hydroxide, but may include contributions from borate, phosphates, silicates and other
basic compounds. Waters of low alkalinity (< 24 ml I* as CaCOs) have a low buffering
capacity and can, therefore, be susceptible to alterations in pH, for example from
atmospheric, acidic deposition. Alkalinity is determined by titration. The amount of strong
acid needed to lower the pH of a sample to 8.3 gives the free alkalinity, and to pH 4
gives the total alkalinity (see also sections 3.3.10 and 3.6.5).

Ideally, pH should be determined in situ, or immediately after the sample is taken, as so
many natural factors can influence it. Accurate measurement of pH is usually undertaken
electrometrically with a glass electrode, many of which are suitable for field use and for
continuous measurement and recording. A rough indication of pH can be obtained
colorimetrically with indicator dyes. As pH is temperature dependent, the water
temperature must also be measured in order to determine accurately the pH. If field
measurement is not possible, samples must be transported to the laboratory in
completely full, tightly stoppered bottles with no preservatives added.



3.3.8. Redox potential

The redox potential (Eh) characterises the oxidation-reduction state of natural waters.
lons of the same element but different oxidation states form the redox-system which is
characterised by a certain value. Organic compounds can also form redox-systems. The
co-existence of a number of such systems leads to an equilibrium which determines the
redox-state of the water and is, in turn, characterised by the Eh value. Oxygen, iron and
sulphur, as well as some organic systems are the most influential in determining Eh. For
example, Eh values increase and may reach + 700 mV when dissolved oxygen
concentrations increase. The presence of hydrogen sulphide is usually associated with a
sharp decrease in Eh (down to - 100 mV or more) and is evidence of reducing conditions.

The Eh may vary in natural waters from - 500 mV to + 700 mV. Surface waters and
groundwaters containing dissolved oxygen are usually characterised by a range of Eh
values between + 100 mV and + 500 mV. The Eh of mineral waters connected with oil
deposits is significantly lower than zero and may even reach the limit value of - 500 mV.

Redox potential is determined potentiometrically and may be measured in situ in the field.
Considerable difficulty has been experienced by many workers in obtaining reliable Eh
measurements. Therefore, the results and interpretation of any Eh measurements

should be treated with caution. As Eh depends on the gas content of the water it can be
very variable when the water is in contact with air. Therefore, determination of Eh should
be made immediately after sampling whenever in situ determination is not possible, and
for groundwater it is recommended that Eh is measured “in-line” in the flowing discharge
of a pump.

3.3.9. Dissolved oxygen

Oxygen is essential to all forms of aquatic life, including those organisms responsible for
the self-purification processes in natural waters. The oxygen content of natural waters
varies with temperature, salinity, turbulence, the photosynthetic activity of algae and
plants, and atmospheric pressure. The solubility of oxygen decreases as temperature
and salinity increase. In fresh-waters dissolved oxygen (DO) at sea level ranges from 15
mg I* at 0° C to 8 mg I* at 25° C. Concentrations in unpolluted waters are usually close
to, but less than, 10 mg I*. Dissolved oxygen can also be expressed in terms of
percentage saturation, and levels less than 80 per cent saturation in drinking water can
usually be detected by consumers as a result of poor odour and taste.

Variations in DO can occur seasonally, or even over 24 hour periods, in relation to
temperature and biological activity (i.e. photosynthesis and respiration) (see Figures
6.19 and 6.20). Biological respiration, including that related to decomposition processes,
reduces DO concentrations. In still waters, pockets of high and low concentrations of
dissolved oxygen can occur depending on the rates of biological processes (see Figure
7.8). Waste discharges high in organic matter and nutrients can lead to decreases in DO
concentrations as a result of the increased microbial activity (respiration) occurring
during the degradation of the organic matter (see Figures 6.17 and 6.20B). In severe
cases of reduced oxygen concentrations (whether natural or man-made), anaerobic
conditions can occur (i.e. 0 mg I* of oxygen), particularly close to the sediment-water
interface as a result of decaying, sedimenting material.



Determination of DO concentrations is a fundamental part of a water quality assessment
since oxygen is involved in, or influences, nearly all chemical and biological processes
within water bodies. Concentrations below 5 mg I may adversely affect the functioning
and survival of biological communities and below 2 mg I* may lead to the death of most
fish. The measurement of DO can be used to indicate the degree of pollution by organic
matter, the destruction of organic substances and the level of self-purification of the
water. Its determination is also used in the measurement of biochemical oxygen demand
(BOD) (see section 3.5.3).

Dissolved oxygen is of much more limited use as an indicator of pollution in groundwater,
and is not useful for evaluating the use of groundwater for normal purposes. In addition,
the determination of DO in groundwater requires special equipment and it has not,
therefore, been widely carried out. Nevertheless, measurement of DO is critical to the
scientific understanding of the potential for chemical and biochemical processes in
groundwater. Water that enters groundwater systems as recharge can be expected to
contain oxygen at concentrations similar to those of surface water in contact with the
atmosphere. Organic matter or oxidisable minerals present in some aquifers rapidly
deplete the dissolved oxygen. Therefore, in aquifers where organic materials are less
plentiful, groundwater containing measurable concentrations of DO (2-5 mg I*) can be
found.

There are two principal methods for determination of dissolved oxygen. The older,
titration method (often called the Winkler method) involves the chemical fixation of the
oxygen in a water sample collected in an air-tight bottle. Fixation is carried out in the field
and the analysis, by titration, is carried out in the laboratory. The method is time-
consuming but can give a high degree of precision and accuracy. It is suitable for most
kinds of water and enables samples to be taken and stored. The alternative membrane-
electrode, or oxygen probe, method is quick and can be used in situ or for continuous
monitoring, although a high degree of accuracy may be difficult to maintain.

Samples taken for analysis by titration must be taken with great care to ensure no air
bubbles are trapped in the bottle, which must be filled to overflowing and stoppered. The
necessary reagents must be added for oxygen fixation immediately the sample is taken
and the bottles must be protected from sunlight until the determination is carried out,
which should be as soon as possible. Regardless of the analytical method, the water
temperature must be measured at the time of sampling.

3.3.10. Carbon dioxide

Carbon dioxide (CO,) is highly soluble in water and atmospheric CO, is absorbed at the
air-water interface. In addition, CO, is produced within water bodies by the respiration of
aguatic biota, during aerobic and anaerobic heterotrophic decomposition of suspended
and sedimented organic matter. Carbon dioxide dissolved in natural water is part of an
equilibrium involving bicarbonate and carbonate ions (see section 3.6.5). The
concentrations of these forms are dependent to some extent on the pH, as indicated in
Figure 3.1.

Free CO, is that component in gaseous equilibrium with the atmosphere, whereas total
CO; is the sum of all inorganic forms of carbon dioxide, i.e. CO,, H,CO3, HCO3 and
CO3*. Both CO;, and HCOg3 can be incorporated into organic carbon by autotrophic



organisms. Free CO, comprises the concentrations of CO; plus H,COs3, although the
latter carbonate form is minimal in most surface waters as they rarely exceed pH 9. At
high concentrations of free carbonic acid (pH 4.5 or lower), water becomes corrosive to
metals and concrete as a result of the formation of soluble bicarbonates. The ability to
affect the calcium carbonate component of concrete has led to the term aggressive
carbonic acid or aggressive CO,, which is also termed free CO,.

Determination of free CO; is usually by titration methods and total CO, by calculation
from pH and alkalinity estimates. The latter method is subject to some interferences and
can be rather inaccurate.

Table 3.3. Conversion factors for various national grades of water hardness

| | |mmo| I* |Germany °DH |UK °clark |France degree F |USA ppm
| Immol I* |1 5.61 7.02 110 1100
\Germany °DK  [0.178 |1 11.25 11.78 117.8

UK °Clark [0.143 [0.80 1 1.43 114.3
IFrance |degree F|0.1 0.56 0.70 1 110

lUSA  |ppm  [0.01  |0.056 10.07 0.1 1

Source: 1SO, 1984

3.3.11. Hardness

The hardness of natural waters depends mainly on the presence of dissolved calcium
and magnesium salts. The total content of these salts is known as general hardness,
which can be further divided into carbonate hardness (determined by concentrations of
calcium and magnesium hydrocarbonates), and non-carbonate hardness (determined by
calcium and magnesium salts of strong acids). Hydrocarbonates are transformed during
the boiling of water into carbonates, which usually precipitate. Therefore, carbonate
hardness is also known as temporary or removed, whereas the hardness remaining in
the water after boiling is called constant. Different countries have different hardness
units as indicated in Table 3.3.

Hardness may vary over a wide range. Calcium hardness is usually prevalent (up to 70
per cent), although in some cases magnesium hardness can reach 50-60 per cent.
Seasonal variations of river water hardness often occur, reaching the highest values
during low flow conditions and the lowest values during floods. Groundwater hardness is,
however, less variable. Where there are specific requirements for water hardness in
relation to water use it is usually with respect to the properties of the cations forming the
hardness.

Samples for hardness determination must be filtered but not preserved. If during storage
a calcium carbonate sediment appears, it must be dissolved with a small volume of
hydrochloric acid (1:1) after decanting the clear liquid above the sediment. General
hardness is usually determined by EDTA complexometric titration. Depending on the
indicator used, either general hardness (using eriochrome black T) or calcium hardness
(using murexide) can be determined. Magnesium hardness is calculated from the
difference between the two determinations. Carbonate hardness is determined by acid-



base titration. Hardness may also be determined from the sum of the divalent ions
analysed individually (e.g. by atomic absorption spectrophotometry).

3.3.12. Chlorophyll

The green pigment chlorophyll (which exists in three forms: chlorophyll a, b and c) is
present in most photosynthetic organisms and provides an indirect measure of algal
biomass and an indication of the trophic status of a water body. It is usually included in
assessment programmes for lakes and reservoirs and is important for the management
of water abstracted for drinking water supply, since excessive algal growth makes water
unpalatable or more difficult to treat.

In waters with little input of sediment from the catchment, or with little re-suspension,
chlorophyll can give an approximate indication of the quantity of material suspended in
the water column. The growth of planktonic algae in a water body is related to the
presence of nutrients (principally nitrates and phosphates), temperature and light.
Therefore, concentrations of chlorophyll fluctuate seasonally and even daily, or with
water depth, depending on environmental conditions. Water bodies with low levels of
nutrients (e.g. oligotrophic lakes) have low levels of chlorophyll (< 2.5 pg I*) whereas
waters with high nutrient contents (especially those classed as eutrophic) have high
levels of chlorophyll (5-140 pg 1), although levels in excess of 300 ug I* also occur.

Chlorophyll fluoresces red when excited by blue light and this property can be used to
measure chlorophyll levels and indicate algal biomass. Direct, and continuous,
measurement of chlorophyll fluorescence can be made with a fluorimeter which can be
used in situ by pumping water through it or, for some specially designed instruments, by
lowering it into the water. Samples taken for chlorophyll analysis in the laboratory should
be collected in polythene bottles and 0.1 to 0.2 ml of magnesium carbonate suspension
added immediately as a preservative. Samples should also be filtered immediately
although they can be stored in a cool dark place for up to 8 hours. However, once
filtered through a glass fibre (GF/C grade) filter, the filter can be stored frozen for a short
period prior to analysis. The chlorophyll pigments are solvent-extracted and measured
spectrophotometrically using one of the methods described by Strickland and Parsons
(1972). The most common determination is for chlorophyll a, although some methods
allow for the combined measurements of chlorophylls a, b and c. The presence of
chlorophyll degradation products, such as phaeophytin, can interfere with the estimate of
chlorophyll concentrations in the solvent extract. This can be overcome by reading the
optical density before and after acidification of the extract, using the method based on
Lorenzen (1967). A rough estimate of phytoplankton organic carbon can be obtained
from a measurement of total pigments (i.e. chlorophyll a + phaeopigments). The
minimum organic carbon present (in mg I*) is approximately equal to 30 times the total
pigments (in mg I*), although this relationship has only been tested on western European
rivers (Dessery et al., 1984).

3.4. Nutrients

3.4.1. Nitrogen compounds

Nitrogen is essential for living organisms as an important constituent of proteins,
including genetic material. Plants and micro-organisms convert inorganic nitrogen to



organic forms. In the environment, inorganic nitrogen occurs in a range of oxidation
states as nitrate (NOgz) and nitrite (NOy), the ammonium ion (NH,4*) and molecular
nitrogen (N,). It undergoes biological and non-biological transformations in the
environment as part of the nitrogen cycle. The major non-biological processes involve
phase transformations such as volatilisation, sorption and sedimentation. The biological
transformations consist of: a) assimilation of inorganic forms (ammonia and nitrate) by
plants and micro-organisms to form organic nitrogen e.g. amino acids, b) reduction of
nitrogen gas to ammonia and organic nitrogen by micro-organisms, c) complex
heterotrophic conversions from one organism to another, d) oxidation of ammonia to
nitrate and nitrite (nitrification), €) ammonification of organic nitrogen to produce
ammonia during the decomposition of organic matter, and f) bacterial reduction of nitrate
to nitrous oxide (N,O) and molecular nitrogen (N;) under anoxic conditions
(denitrification). For a better understanding of the nitrogen cycle it is strongly
recommended that all nitrogen species are reported in moles per litre or as mg |* of
nitrogen (e.g. NOs-N, NH4-N), rather than as mg I* of NOs or NH,'".

Ammonia

Ammonia occurs naturally in water bodies arising from the breakdown of nitrogenous
organic and inorganic matter in soil and water, excretion by biota, reduction of the
nitrogen gas in water by micro-organisms and from gas exchange with the atmosphere.
It is also discharged into water bodies by some industrial processes (e.g. ammonia-
based pulp and paper production) and also as a component of municipal or community
waste. At certain pH levels, high concentrations of ammonia (NH3) are toxic to aquatic
life and, therefore, detrimental to the ecological balance of water bodies.

In agueous solution, un-ionised ammonia exists in equilibrium with the ammonium ion.
Total ammonia is the sum of these two forms. Ammonia also forms complexes with
several metal ions and may be adsorbed onto colloidal particles, suspended sediments
and bed sediments. It may also be exchanged between sediments and the overlying
water. The concentration of un-ionised ammonia is dependent on the temperature, pH
and total ammonia concentration. The change in percentage of the two forms at different
pH values is shown in Figure 3.2. Substantial losses of ammonia can occur via
volatilisation with increasing pH.



Figure 3.2. The general relationship between the percentage of un-ionised and free
ammonia and varying pH in pure freshwaters
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Unpolluted waters contain small amounts of ammonia and ammonia compounds, usually
<0.1 mg I* as nitrogen. Total ammonia concentrations measured in surface waters are
typically less than 0.2 mg I* N but may reach 2-3 mg I* N. Higher concentrations could

be an indication of organic pollution such as from domestic sewage, industrial waste and
fertiliser run-off. Ammonia is, therefore, a useful indicator of organic pollution. Natural
seasonal fluctuations also occur as a result of the death and decay of aquatic organisms,
particularly phytoplankton and bacteria in nutritionally rich waters. High ammonia
concentrations may also be found in the bottom waters of lakes which have become

anoxic.

Samples intended for the detection of ammonia should be analysed within 24 hours. If
this is not possible the sample can be deep frozen or preserved with 0.8 ml of sulphuric
acid (H,SO,) for each litre of sample and then stored at 4° C. Prior to analysis any acid
used as a preservative should be neutralised. There are many methods available for
measuring ammonia ions. The simplest, which are suitable for waters with little or no
pollution, are colorimetric methods using Nessler’s reagent or the phenate method. For
high concentrations of ammonia, such as occur in wastewaters, a distillation and titration
method is more appropriate. Total ammonia nitrogen is also determined as part of the
Kjeldahl method (see below).

Nitrate and nitrite

The nitrate ion (NOg) is the common form of combined nitrogen found in natural waters.
It may be biochemically reduced to nitrite (NO,) by denitrification processes, usually



under anaerobic conditions. The nitrite ion is rapidly oxidised to nitrate. Natural sources
of nitrate to surface waters include igneous rocks, land drainage and plant and animal
debris. Nitrate is an essential nutrient for aquatic plants and seasonal fluctuations can be
caused by plant growth and decay. Natural concentrations, which seldom exceed 0.1 mg
I* NOs-N, may be enhanced by municipal and industrial waste-waters, including
leachates from waste disposal sites and sanitary landfills. In rural and suburban areas,
the use of inorganic nitrate fertilisers can be a significant source.

When influenced by human activities, surface waters can have nitrate concentrations up
to 5 mg I* NOz-N, but often less than 1 mg I* NOz-N. Concentrations in excess of 5 mg I*
NO3-N usually indicate pollution by human or animal waste, or fertiliser run-off. In cases
of extreme pollution, concentrations may reach 200 mg I NOz-N. The World Health
Organization (WHO) recommended maximum limit for NO3™ in drinking water is 50 mg I*
(or 11.3 mg I* as NO3-N) (Table 3.4), and waters with higher concentrations can
represent a significant health risk. In lakes, concentrations of nitrate in excess of 0.2 mg
I* NOs-N tend to stimulate algal growth and indicate possible eutrophic conditions.

Nitrate occurs naturally in groundwaters as a result of soil leaching but in areas of high
nitrogen fertiliser application it may reach very high concentrations (~500 mg I* NOs-N).
In some areas, sharp increases in nitrate concentrations in groundwaters over the last
20 or 30 years have been related to increased fertiliser applications, especially in many
of the traditional agricultural regions of Europe (Hagebro et al., 1983; Roberts and Marsh,
1987). Increased fertiliser application is not, however, the only source of nitrate leaching
to groundwater. Nitrate leaching from unfertilised grassland or natural vegetation is
normally minimal, although soils in such areas contain sufficient organic matter to be a
large potential source of nitrate (due to the activity of nitrifying bacteria in the soil). On
clearing and ploughing for cultivation, the increased soil aeration that occurs enhances
the action of nitrifying bacteria, and the production of soil nitrate.

Table 3.4. Examples of maximum allowable concentrations of selected water quality
variables for different uses

| Use | Drinking water | Fisheries and aquatic life
| Variable |WHO1 | EU |Canada| USA |Russia2| EU | Canada’ | Russia
Colour (TCU) 15 20mg (15 15 20
I* Pt-
Co
Total dissolved solids  |1,000 500 500 (1,000
(mg I)
Total suspended solids 25 inc. of 10
(mg ") or 10%°
Turbidity (NTU) 5 4JTU |5 0.5-
1.0
pH <8.0" |6.5- [6.5-85 [6.5- |6.0-9.0 [6.0-9.0 [6.5-9.0
8.5 8.5
Dissolved oxygen (mg | 4.0 5.0-9.0 |5.0-9.5 4.0°-6.0
1
)

|Ammoniacal nitrogen | | | | 2.0 0.005- |1.37-2.2% |0.05




(mg 1) [ | | 0.025 | |
|Ammonium (mg 1) | |0,5 | | |2.0 |0.04-1 0 | |O.5
INitrate as N (mg I) | | 110.0 (100 | | | |
INitrate (mg I') 50 |50 | | 45 | | 140
|Nitrite as N (mg ) | | |1.0 |1.0 | | | |
Nitrite (mg I?) ‘3(P) ‘0.1 ‘ ‘ ‘3.0 ‘0.01- ‘0.06 ‘0.08
0.03
IPhosphorus (mg I) | 5.0 | | | | | |
IBOD (mg I O,) | | | | 30  [3.0-6.0 | 3
|Sodium (mg I) 200 [150 | | | | | 1120
Chloride (mg I') 250 |25 |250  [250 (350 | | 300
|Ch|orine (mg 1) |5 | | | | | |0.002 |
Sulphate (mg I) 250 [250 |[500  [250 [500 | | 1100
[Sulphide (mg I') | | oos | | | | |
IFluoride (mg I) 15 15 |15 20 |<15 | | 0.75
IBoron (mg I) 03 |10t |50 | 03 | | |
Cyanide (mg I') ‘0.07 ‘0.05 ‘0.2 ‘0.2 ‘0.07 ‘ ‘0.005 ‘0.05
(PP)
|Trace elements
\Aluminium (mg I) 02 Jo2 | | 05 | 0.005-0.17 |
Arsenic (mg I) (().(;1 0.05 [0.05 [0.05 [0.01 0.05
P
IBarium (mg I) 07 |01t |10 20 |07 | | |
Cadmium (mg I) 0.003 [0.005 [0.005 [0.005 |0.003 0.0002-  |0.005
0.0018°
Chromium (mg I) 0.05 [0.05 [0.05 (0.1 [0.05 0.02-0.002 [0.02-
(P) 0.005
|Cobalt (mg I) | | | | 01 | | 0.01
Copper (mg I) 2(P) [0.1- |10 1 2.0 0.005- [0.002-  |0.001
3.0' 0.112°° |0.004°
lIron (mg I) 03 02 03 (03 (03 | 0.3 0.1
Lead (mg I') 0.01 [0.05 [0.05 [0.015 |0.01 0.001-  [0.1
0.007°
|Manganese (mg 1) |0.5(P) |0.05 |0.05 |0.05 |0.5 | | |0.01
IMercury (mg I) |0.001 [0.001 [0.001 [0.002 [0.001 | 10.0001  |0.00001
Nickel (mg I) 0.02 [0.05 0.02 0.025-  [0.01
0.15°
Selenium (mg 1) 001 [0.01 [0.01 [0.05 [0.01 | 10.001 |0.0016
Zinc(mg I) 3 0.1~ |50 5 5.0 0.03- [0.03 0.01
5.0' 2.0%

|Organic contaminants™*

|Oi| and petroleum




Iproducts (mg I) | 0.01 | | 01 | | 10.05

|Tota| pesticides (ug 1) | |0.5 |100 | | | | |

‘Aldrin & dieldrin (g I) ‘0.03 ‘ ‘0.7 ‘ ‘ ‘ 4ng I* ‘
dieldrin

IDDT (ug I") 2 | 30.0 | 20 | ingl* |

Lindane (ug I") 2 | 40 |02 |20 | | |

IMethoxychlor (ug 1Y) [20 | 100 |40 | | | |

IBenzene (ug I) 10 | | 5 | | 1300 |

Plentachlorophenol (V] ‘Q(P) ‘ ‘ ‘10 ‘10 ‘ ‘ ‘

)

IPhenols (ug I") | 05 |2 | 0 | 1.0 )

IDetergents (mg I | 02 | 052 |05 | | 0.1

|Microbio|ogica| variables

Faecal coliforms (E. 0 0 0 0

coli) (No. per 100 ml)

Total coliforms (No. per [0 10% 1 0.3

100 ml)

WHO World Health Organization
EU European Union

BOD Biochemical oxygen demand
TCU True colour units

NTU Nephelometric turbidity units
(P) Provisional value

(PP) Proposed value

' Guideline value

> Some values not yet adopted but already applied

*i.e. above background concentrations of < 100.0 mg I* or > 100 mg I* respectively
* For effective disinfection with chlorine

* Lower level acceptable under ice cover

¢ Total ammonia

" Depending on pH

¢ Depending on hardness

® Dissolved only

** Total zinc

" For some groups values are also set for individual compounds
2 Foaming agents

% For a single sample

Sources: Environment Canada, 1987 CEC, 1978, 1980 Committee for Fisheries, 1993
Gray, 1994 WHO, 1993

Nitrite concentrations in freshwaters are usually very low, 0.001 mg I*NO,-N, and rarely
higher than 1 mg I* NO,-N. High nitrite concentrations are generally indicative of
industrial effluents and are often associated with unsatisfactory microbiological quality of
water.




Determination of nitrate plus nitrite in surface waters gives a general indication of the
nutrient status and level of organic pollution. Consequently, these species are included
in most basic water quality surveys and multipurpose or background monitoring
programmes, and are specifically included in programmes monitoring the impact of
organic or relevant industrial inputs. As a result of the potential health risk of high levels
of nitrate, it is also measured in drinking water sources. However, as little nitrate is
removed during the normal processes for drinking water treatment, the treated drinking
water should also be analysed when nitrate concentrations are high in the source water.

Samples taken for the determination of nitrate and/or nitrite should be collected in glass
or polyethylene bottles and filtered and analysed immediately. If this is not possible, 2-4
ml of chloroform per litre can be added to the sample to retard bacterial decomposition.
The sample can be cooled and then stored at 3-4° C. As determination of nitrate is
difficult, due to interferences from other substances present in the water, the precise
choice of method may vary according to the expected concentration of nitrate as N.
Alternatively, one portion of the sample can be chemically analysed for total inorganic
nitrogen and the other for nitrite, and the nitrate concentration obtained from the
difference between the two values. Nitrite concentrations can be determined using
spectrophotometric methods. Some simple field determinations, of limited accuracy, can
be made using colorimetric comparator methods available as kits.

Organic nitrogen

Organic nitrogen consists mainly of protein substances (e.g. amino acids, nucleic acids
and urine) and the product of their biochemical transformations (e.g. humic acids and
fulvic acids). Organic nitrogen is naturally subject to the seasonal fluctuations of the
biological community because it is mainly formed in water by phytoplankton and bacteria,
and cycled within the food chain. Increased concentrations of organic nitrogen could
indicate pollution of a water body.

Organic nitrogen is usually determined using the Kjeldahl method which gives total
ammonia nitrogen plus total organic nitrogen (Kjeldahl N). The difference between the
total nitrogen and the inorganic forms gives the total organic nitrogen content. Samples
must be unfiltered and analysed within 24 hours, since organic nitrogen is rapidly
converted to ammonia. This process can be retarded if necessary by the addition of 2-4
ml of chloroform or approximately 0.8 ml of concentrated H,SO, per litre of sample.
Storage should be at 2-4° C, and when this is hecessary, the condition and duration of
preservation should be stated with the results. Photochemical methods can also be used
in place of the Kjeldahl method. These methods oxidise all organic nitrogen (as well as
ammonia) to nitrates and nitrites and, therefore, the measurements of these must
already have been carried out on the sample beforehand. If samples are filtered total
dissolved nitrogen is determined instead of total organic nitrogen.

3.4.2. Phosphorus compounds

Phosphorus is an essential nutrient for living organisms and exists in water bodies as
both dissolved and particulate species. It is generally the limiting nutrient for algal growth
and, therefore, controls the primary productivity of a water body. Artificial increases in
concentrations due to human activities are the principal cause of eutrophication (see
Chapter 7).



In natural waters and in wastewaters, phosphorus occurs mostly as dissolved
orthophosphates and polyphosphates, and organically bound phosphates. Changes
between these forms occur continuously due to decomposition and synthesis of
organically bound forms and oxidised inorganic forms. The equilibrium of the different
forms of phosphate that occur at different pH values in pure water is shown in Figure 3.3.
It is recommended that phosphate concentrations are expressed as phosphorus, i.e. mg
I* PO,4-P (and not as mg I"PO4*).

Natural sources of phosphorus are mainly the weathering of phosphorus-bearing rocks
and the decomposition of organic matter. Domestic waste-waters (particularly those
containing detergents), industrial effluents and fertiliser run-off contribute to elevated
levels in surface waters. Phosphorus associated with organic and mineral constituents of
sediments in water bodies can also be mobilised by bacteria and released to the water
column.

Phosphorus is rarely found in high concentrations in freshwaters as it is actively taken up
by plants. As a result there can be considerable seasonal fluctuations in concentrations
in surface waters. In most natural surface waters, phosphorus ranges from 0.005 to
0.020 mg I PO4-P. Concentrations as low as 0.001 mg I* PO4-P may be found in some
pristine waters and as high as 200 mg I* PO,-P in some enclosed saline waters.
Average groundwater levels are about 0.02 mg I* PO4-P.

As phosphorus is an essential component of the biological cycle in water bodies, it is
often included in basic water quality surveys or background monitoring programmes.
High concentrations of phosphates can indicate the presence of pollution and are largely
responsible for eutrophic conditions. The management of a lake or reservoir, particularly
for drinking water supply, requires a knowledge of the levels of phosphate in order to
help interpret the rates of algal growth.



Figure 3.3. The equilibrium of different forms of phosphate in relation to the pH of
pure freshwaters
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Phosphorus concentrations are usually determined as orthophosphates, total inorganic
phosphate or total phosphorus (organically combined phosphorus and all phosphates).
The dissolved forms of phosphorus are measured after filtering the sample through a
pre-washed 0.45 pm pore diameter membrane filter. Particulate concentrations can be
deduced by the difference between total and dissolved concentrations. Phosphorus is
readily adsorbed onto the surface of sample containers and, therefore, containers should
be rinsed thoroughly with the sample before use. Samples for phosphate analysis can
be preserved with chloroform and stored at 2-4° C for up to 24 hours. Samples for total
phosphorus determinations can be stored in a glass flask with a tightly fitting glass
stopper, provided 1 ml of 30 per cent sulphuric acid is added per 100 ml of sample. For
dissolved phosphorus, it is important that samples are filtered as soon as possible after
collection. Determination of phosphate involves conversion to orthophosphate which is
then measured colorimetrically.

3.5. Organic matter

Most freshwaters contain organic matter which can be measured as total organic carbon
(TOC). For comparative purposes an indication of the amount of organic matter present
can be obtained by measuring related properties, principally the biochemical oxygen
demand (BOD) or the chemical oxygen demand (COD). The COD usually includes all, or
most, of the BOD as well as some other chemical demands. In most samples, COD >
BOD > TOC. However, in some situations this relationship may not be true, such as
when the sample contains toxic substances (see section 3.5.3).



3.5.1. Total organic carbon

Organic carbon in freshwaters arises from living material (directly from plant
photosynthesis or indirectly from terrestrial organic matter) and also as a constituent of
many waste materials and effluents. Consequently, the total organic matter in the water
can be a useful indication of the degree of pollution, particularly when concentrations
can be compared upstream and downstream of potential sources of pollution, such as
sewage or industrial discharges or urban areas. In surface waters, TOC concentrations
are generally less than 10 mg I, and in groundwater less than 2 mg I*, unless the water
receives municipal or industrial wastes, or is highly coloured due to natural organic
material, as in swamps. In such situations, TOC concentrations may exceed 100 mg I*
(TOC concentrations in municipal wastewaters range from 10 to > 100 mg |*, depending
on the level of wastewater treatment). Total organic carbon consists of dissolved and
particulate material and is, therefore, affected by fluctuations in suspended solids, which
can be quite pronounced in rivers. The dissolved and particulate organic carbon (DOC
and POC respectively) can be determined separately after filtering the sample through a
glass fibre filter (approximately 0.7 um pore diameter), and this is recommended for river
studies. In most surface waters, DOC levels exceed POC levels and are in the range 1-
20 mg I*. During river floods, and throughout the year in many turbid rivers, POC is the
most abundant form (see Table 6.3).

Total organic carbon is determined without filtration of the sample. Samples for TOC
determination should be stored in dark glass bottles, with minimum exposure to light or
air, at 3-4° C for no more than seven days prior to analysis. Alternatively, samples can
be acidified with sulphuric acid to pH 2 or less.

There are various methods available for determining organic carbon depending on the
type of sample to be analysed. Methods are based on the principle of oxidation of the
carbon in the sample to carbon dioxide (e.g. by combustion, chemical reaction or ultra
violet irradiation) which is then determined by one of several methods (e.g. volumetric
determination, thermal conductivity or specific CO, electrode).

3.5.2. Chemical oxygen demand

The chemical oxygen demand (COD) is a measure of the oxygen equivalent of the
organic matter in a water sample that is susceptible to oxidation by a strong chemical
oxidant, such as dichromate. The COD is widely used as a measure of the susceptibility
to oxidation of the organic and inorganic materials present in water bodies and in the
effluents from sewage and industrial plants. The test for COD is non-specific, in that it
does not identify the oxidisable material or differentiate between the organic and
inorganic material present. Similarly, it does not indicate the total organic carbon present
since some organic compounds are not oxidised by the dichromate method whereas
some inorganic compounds are oxidised. Nevertheless, COD is a useful, rapidly
measured, variable for many industrial wastes and has been in use for several decades.

The concentrations of COD observed in surface waters range from 20 mg I* O, or less in
unpolluted waters to greater than 200 mg I* O, in waters receiving effluents. Industrial
wastewaters may have COD values ranging from 100 mg I* O, to 60,000 mg I* O,.



Samples for COD analysis should be collected in bottles which do not release organic
substances into the water, such as glass-stoppered glass bottles. Ideally samples should
be analysed immediately, or if unpolluted, within 24 hours provided they are stored cold.
If analysis cannot be carried out immediately, the samples should be preserved with
sulphuric acid. For prolonged storage samples should be deep frozen. If appropriate,
samples can be filtered prior to analysis using glass fibre filters. Unfiltered samples
containing settleable solids should be homogenised prior to sub-sampling. The standard
method for measurement of COD is oxidation of the sample with potassium dichromate
in a sulphuric acid solution (although other oxidants can be used which may have
different oxidation characteristics) followed by a titration. It is extremely important that
the same method is followed each time during a series of measurements so that the
results are comparable.

3.5.3. Biochemical oxygen demand

The biochemical oxygen demand (BOD) is an approximate measure of the amount of
biochemically degradable organic matter present in a water sample. It is defined by the
amount of oxygen required for the aerobic micro-organisms present in the sample to
oxidise the organic matter to a stable inorganic form. The method is subject to various
complicating factors such as the oxygen demand resulting from the respiration of algae
in the sample and the possible oxidation of ammonia (if nitrifying bacteria are also
present). The presence of toxic substances in a sample may affect microbial activity
leading to a reduction in the measured BOD. The conditions in a BOD bottle usually
differ from those in a river or lake. Therefore, interpretation of BOD results and their
implications must be done with great care and by experienced personnel. Further
discussion of the BOD test, together with case history results, is given in Velz (1984).

Standardised laboratory procedures are used to determine BOD by measuring the
amount of oxygen consumed after incubating the sample in the dark at a specified
temperature, which is usually 20° C, for a specific period of time, usually five days. This
gives rise to the commonly used term “BODs". The oxygen consumption is determined
from the difference between the dissolved oxygen concentrations in the sample before
and after the incubation period. If the concentration of organic material in the samples is
very high, samples may require dilution with distilled water prior to incubation so that the
oxygen is not totally depleted.

As noted above, BOD measurements are usually lower than COD measurements.
Unpolluted waters typically have BOD values of 2 mg I* O3 or less, whereas those
receiving wastewaters may have values up to 10 mg I* O, or more, particularly near to
the point of wastewater discharge. Raw sewage has a BOD of about 600 mg I* Oy,
whereas treated sewage effluents have BOD values ranging from 20 to 100 mg I* O,
depending on the level of treatment applied. Industrial wastes may have BOD values up
to 25,000 mg I* O,.

Water samples collected for BOD measurement must not contain any added
preservatives and must be stored in glass bottles. Ideally the sample should be tested
immediately since any form of storage at room temperature can cause changes in the
BOD (increase or decrease depending on the character of the sample) by as much as
40 per cent. Storage should be at 5° C and only when absolutely necessary.



3.5.4 Humic and fulvic acids

Organic matter arising from living organisms makes an important contribution to the
natural quality of surface waters. The composition of this organic matter is extremely
diverse. Natural organic compounds are not usually toxic, but exert major controlling
effects on the hydrochemical and biochemical processes in a water body. Some natural
organic compounds significantly affect the quality of water for certain uses, especially
those which depend on organoleptic properties (taste and smell). During chlorination for
drinking water disinfection, humic and fulvic acids act as precursor substances in the
formation of tribalomethanes such as chloroform. In addition, substances included in
aguatic humus determine the speciation of heavy metals and some other pollutants
because of their high complexing ability. As a result, humic substances affect the toxicity
and mobility of metal complexes. Therefore, measurement of the concentrations of these
substances can be important for determining anthropogenic impacts on water bodies.

Humus is formed by the chemical and biochemical decomposition of vegetative residues
and from the synthetic activity of micro-organisms. Humus enters water bodies from the
soil and from peat bogs, or it can be formed directly within water bodies as a result of
biochemical transformations. It is operationally separated into fulvic and humic acid
fractions, each being an aggregate of many organic compounds of different masses.
Fulvic acid has molecular masses mostly in the range 300-5,000 whereas the dominant
masses in humic acid exceed 5,000. The relative content of fulvic acid in the dissolved
humic substances present in freshwaters is between 60 and 90 per cent. Humic and
fulvic acids are fairly stable (i.e. their BOD is low). However, these substances are
chemically oxidisable and, therefore, can readily affect the results of COD
determinations.

Fulvic and humic acid concentrations in river and lake waters are highly dependent on
the physico-geographical conditions and are usually in the range of tens and hundreds
of micrograms of carbon per litre. However, concentrations can reach milligrams of
carbon per litre in waters of marshy and woodland areas. In natural conditions fulvic and
humic acids can comprise up to 80 per cent of the DOC, which can be used as an
approximate estimate of their concentrations.

Samples for fulvic and humic acid determination are not usually filtered or preserved.
They can be stored for some months in a refrigerator (3-4° C). Total fulvic and humic
acid content can be determined photometrically and their separate determination can be
made with spectrophotometric methods.

3.6. Major ions

Major ions (Ca*, Mg*, Na', K*, CI, SO4*, HCOy) are naturally very variable in surface
and groundwaters due to local geological, climatic and geographical conditions (see
Tables 6.2, 6.3 and 9.4).

3.6.1. Sodium
All natural waters contain some sodium since sodium salts are highly water soluble and

it is one of the most abundant elements on earth. It is found in the ionic form (Na*), and
in plant and animal matter (it is an essential element for living organisms). Increased



concentrations in surface waters may arise from sewage and industrial effluents and
from the use of salts on roads to control snow and ice. The latter source can also
contribute to increased sodium in groundwaters. In coastal areas, sea water intrusion
can also result in higher concentrations.

Concentrations of sodium in natural surface waters vary considerably depending on local
geological conditions, wastewater discharges and seasonal use of road salt. Values can
range from 1 mg I* or less to 10° mg I* or more in natural brines. The WHO guideline limit
for sodium in drinking water is 200 mg |* (Table 3.4). Many surface waters, including
those receiving wastewaters, have concentrations well below 50 mg I*. However,
ground-water concentrations frequently exceed 50 mg I,

Sodium is commonly measured where the water is to be used for drinking or agricultural
purposes, particularly irrigation. Elevated sodium in certain soil types can degrade soil
structure thereby restricting water movement and affecting plant growth. The sodium
adsorption ratio (SAR) is used to evaluate the suitability of water for irrigation. The ratio
estimates the degree to which sodium will be adsorbed by the soil. High values of SAR
imply that the sodium in the irrigation water may replace the calcium and magnesium
ions in the soil, potentially causing damage to the soil structure. The SAR for irrigation
waters is defined as follows:

Na"
u"l{CaQ' +Mg?*)/2

SAR =

where the concentrations of sodium, magnesium and calcium are expressed in
milliequivalents per litre (meq I7).

Samples for sodium analysis should be stored in polyethylene bottles to avoid potential
leaching from glass containers. Samples should be analysed as soon as possible
because prolonged storage in polyethylene containers can lead to evaporation losses
through the container walls or lid. Filtration may be necessary if the sample contains
solid material. Analysis is best performed using flame atomic emission and absorption.

3.6.2. Potassium

Potassium (as K*) is found in low concentrations in natural waters since rocks which
contain potassium are relatively resistant to weathering. However, potassium salts are
widely used in industry and in fertilisers for agriculture and enter freshwaters with
industrial discharges and run-off from agricultural land.

Potassium is usually found in the ionic form and the salts are highly soluble. It is readily
incorporated into mineral structures and accumulated by aquatic biota as it is an
essential nutritional element. Concentrations in natural waters are usually less than 10
mg I*, whereas concentrations as high as 100 and 25,000 mg I* can occur in hot springs
and brines, respectively.

Samples for potassium analysis should be stored in polyethylene containers to avoid
potential contamination as a result of leaching from glass bottles. However, samples



should be analysed as soon as possible as prolonged storage in polyethylene containers
can lead to evaporation losses through the container walls or lid. Samples containing
solids may require filtration prior to storage. Analysis is best carried out using atomic
absorption spectrophotometry as for sodium.

3.6.3. Calcium

Calcium is present in all waters as Ca* and is readily dissolved from rocks rich in
calcium minerals, particularly as carbonates and sulphates, especially limestone and
gypsum. The cation is abundant in surface and groundwaters. The salts of calcium,
together with those of magnesium, are responsible for the hardness of water (see
section 3.3.11). Industrial, as well as water and wastewater treatment, processes also
contribute calcium to surface waters. Acidic rainwater can increase the leaching of
calcium from soils.

Calcium compounds are stable in water when carbon dioxide is present, but calcium
concentrations can fall when calcium carbonate precipitates due to increased water
temperature, photosynthetic activity or loss of carbon dioxide due to increases in
pressure. Calcium is an essential element for all organisms and is incorporated into the
shells of many aquatic invertebrates, as well as the bones of vertebrates. Calcium
concentrations in natural waters are typically < 15 mg I*. For waters associated with
carbonate-rich rocks, concentrations may reach 30-100 mg I*. Salt waters have
concentrations of several hundred milligrams per litre or more.

Samples for calcium analysis should be collected in plastic or borosilicate glass bottles
without a preservative. They should be analysed immediately, or as soon as possible,
after collection and filtration. If any calcium carbonate precipitate forms after filtration and
during storage, it must be re-dissolved with hydrochloric or nitric acid and then
neutralised before analysis. Acidification of unfiltered waters prior to analysis should be
avoided since it causes a dissolution of carbonates, calcite and dolomite. Calcium can
be determined by a titrimetric method using EDTA (ethylenediaminetetracetic acid) or by
atomic absorption spectrophotometry.

3.6.4. Magnesium

Magnesium is common in natural waters as Mg*, and along with calcium, is a main
contributor to water hardness (see section 3.3.11). Magnesium arises principally from
the weathering of rocks containing ferromagnesium minerals and from some carbonate
rocks. Magnesium occurs in many organometallic compounds and in organic matter,
since it is an essential element for living organisms. Natural concentrations of
magnesium in fresh-waters may range from 1 to > 100 mg I, depending on the rock
types within the catchment. Although magnesium is used in many industrial processes,
these contribute relatively little to the total magnesium in surface waters.

Samples for magnesium analysis should be collected in plastic or borosilicate glass
containers without preservative. Samples can be analysed using the EDTA titrimetric
method or by atomic absorption spectrophotometry. The magnesium concentration in a
sample can also be estimated by calculating the difference between the total hardness
and the calcium concentration.



3.6.5. Carbonates and bicarbonates

The presence of carbonates (CO3*) and bicarbonates (HCOy) influences the hardness
and alkalinity of water (see sections 3.3.11 and 3.3.7). The inorganic carbon component
(COy,) arises from the atmosphere (see section 3.3.10) and biological respiration. The
weathering of rocks contributes carbonate and bicarbonate salts. In areas of non-
carbonate rocks, the HCO3 and COg3* originate entirely from the atmosphere and soil
CO,, whereas in areas of carbonate rocks, the rock itself contributes approximately 50
per cent of the carbonate and bicarbonate present.

The relative amounts of carbonates, bicarbonates and carbonic acid in pure water are
related to the pH as shown in Figure 3.1. As a result of the weathering process,
combined with the pH range of surface waters (~6-8.2), bicarbonate is the dominant
anion in most surface waters. Carbonate is uncommon in natural surface waters
because they rarely exceed pH 9, whereas groundwaters can be more alkaline and may
have concentrations of carbonate up to 10 mg I*. Bicarbonate concentrations in surface
waters are usually < 500 mg I*, and commonly < 25 mg I*.

The concentration of carbonates and bicarbonates can be calculated from the free and
total alkalinity. However, the calculation is valid only for pure water since it assumes that
the alkalinity derives only from carbonates and bicarbonates. In some cases, hydroxyl
ions are also present, and even unpolluted or mildly polluted waters contain components
which affect the calculation.

3.6.6. Chloride

Most chlorine occurs as chloride (CI') in solution. It enters surface waters with the
atmospheric deposition of oceanic aerosols, with the weathering of some sedimentary
rocks (mostly rock salt deposits) and from industrial and sewage effluents, and
agricultural and road run-off. The salting of roads during winter periods can contribute
significantly to chloride increases in groundwaters. High concentrations of chloride can
make waters unpalatable and, therefore, unfit for drinking or livestock watering.

In pristine freshwaters chloride concentrations are usually lower than 10 mg I* and
sometimes less than 2 mg I*. Higher concentrations can occur near sewage and other
waste outlets, irrigation drains, salt water intrusions, in arid areas and in wet coastal
areas. Seasonal fluctuations of chloride concentrations in surface waters can occur
where roads are salted in the winter. As chloride is frequently associated with sewage, it
is often incorporated into assessments as an indication of possible faecal contamination
or as a measure of the extent of the dispersion of sewage discharges in water bodies.

Samples for chloride determination need no preservation or special treatment and can
be stored at room temperature. Analysis can be done by standard or potentiometric
titration methods. Direct potentiometric determinations can be made with chloride-
sensitive electrodes.

3.6.7. Sulphate

Sulphate is naturally present in surface waters as SO,*. It arises from the atmospheric
deposition of oceanic aerosols and the leaching of sulphur compounds, either sulphate



minerals such as gypsum or sulphide minerals such as pyrite, from sedimentary rocks. It
is the stable, oxidised form of sulphur and is readily soluble in water (with the exception
of lead, barium and strontium sulphates which precipitate). Industrial discharges and
atmospheric precipitation can also add significant amounts of sulphate to surface waters.
Sulphate can be used as an oxygen source by bacteria which convert it to hydrogen
sulphide (H,S, HS)) under anaerobic conditions.

Sulphate concentrations in natural waters are usually between 2 and 80 mg I*, although
they may exceed 1,000 mg I* near industrial discharges or in arid regions where
sulphate minerals, such as gypsum, are present. High concentrations (> 400 mg I*) may
make water unpleasant to drink.

Samples collected in plastic or glass containers can be stored in the refrigerator for up to
seven days, although when intended for analysis soon after collection they may be
stored at room temperature. Prolonged storage should be avoided, particularly if the
sample contains polluted water. Sulphate can be determined gravimetrically after
precipitation by barium chloride in hot hydrochloric acid. Other methods are available
including a titrimetric method.

3.7. Other inorganic variables
3.7.1. Sulphide

Sulphide enters groundwaters as a result of the decomposition of sulphurous minerals
and from volcanic gases. Sulphide formation in surface waters is principally through
anaerobic, bacterial decay of organic substances in bottom sediments and stratified
lakes and reservoirs. Traces of sulphide ion occur in unpolluted bottom sediments from
the decay of vegetation, but the presence of high concentrations often indicates the
occurrence of sewage or industrial wastes. Under aerobic conditions, the sulphide ion
converts rapidly to sulphur and sulphate ions.

Dissolved sulphides exist in water as non-ionised molecules of hydrogen sulphide (H,S),
hydrosulphide (HS) and, very rarely, as sulphide (S*). The equilibrium between these
forms is a function of pH (Figure 3.4). Sulphide concentrations need not be considered if
the pH is lower than 10. Suspended matter may also contain various metallic sulphides.
When appreciable concentrations of sulphide occur, toxicity and the strong odour of the
sulphide ion make the water unsuitable for drinking water supplies and other uses.

Sulphide determination should be done immediately after sampling. If this is not possible,
the sample should be fixed with cadmium acetate or zinc acetate, after which it can be
stored for up to three days in the dark. During sampling, aeration of the sample must be
prevented. Total sulphide, dissolved sulphide and free H,S are the most significant
determinations. Variations of pre-treatment (filtration and pH reduction) are used for their
speciation. Photometric methods or, at high concentrations, iodometric titration are
generally used for sulphide determination.



3.7.2. Silica

Silica is widespread and always present in surface and groundwaters. It exists in water
in dissolved, suspended and colloidal states. Dissolved forms are represented mostly by
silicic acid, products of its dissociation and association, and organosilicon compounds.
Reactive silicon (principally silicic acid but usually recorded as dissolved silica (SiO,) or
sometimes as silicate (H,SiO,)) mainly arises from chemical weathering of siliceous
minerals. Silica may be discharged into water bodies with wastewaters from industries
using siliceous compounds in their processes such as potteries, glass works and
abrasive manufacture. Silica is also an essential element for certain aquatic plants
(principally diatoms). It is taken up during cell growth and released during decomposition
and decay giving rise to seasonal fluctuations in concentrations, particularly in lakes.

Figure 3.4. Relative concentrations of the different forms of sulphide in relation to
the pH of pure freshwaters
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The silica content of rivers and lakes usually varies within the range 1-30 mg I*.
Concentrations in ground and volcanic waters are higher, and thermal waters may reach
concentrations up to 1 g I or more. In the weakly mineralised waters of arctic regions, as
well as in marsh and other coloured waters, the reactive silica may account for 50 per
cent of the total dissolved solids.

Analytical determinations can be made for dissolved silicic acid (monomeric and dimeric
forms), total dissolved silica including polymeric and organic species and suspended or
total silica. Plastic containers must be used for samples intended for silica analysis. The
samples can be stored without preservation for up to one week, provided they are kept
at a low temperature and in the dark. Forms of silicon and total silica are converted to
the reactive form prior to analysis using a colourimetric method. Atomic absorption
spectrophotometry can also be used.



3.7.3. Fluoride

Fluoride originates from the weathering of fluoride-containing minerals and enters
surface waters with run-off and groundwaters through direct contact. Liquid and gas
emissions from certain industrial processes (such as metal-and chemical-based
manufacturing) can also contribute fluoride ions (F) to water bodies. Fluoride mobility in
water depends, to a large extent, on the Ca*ion content, since fluoride forms low
solubility compounds with divalent cations. Other ions that determine water hardness
can also increase F solubility.

Fluoride concentrations in natural waters vary from 0.05 to 100 mg I*, although in most
situations they are less than 0.1 mg I*. Groundwater concentrations are often as high as
10 mg I". Very high concentrations of fluoride, far exceeding the WHO guideline value of
1.5 mg I* (Table 3.4), are encountered in volcanic aquifers and lakes in the East African
Rift system and in Hawaii. Localised occurrences of high fluoride in groundwater
associated with sedimentary and metamorphic rocks are also reported from Ohio, Sri
Lanka, India, Malawi and Tanzania. Fluctuations from year to year are rarely more than
two times the base level, or less, for groundwaters.

Measurement of fluoride content is especially important when a water body is used for
drinking water supply. At high concentrations fluoride is toxic to humans and animals
and can cause bone diseases. However, a slight increase in natural concentrations can
help prevent dental caries although, at higher concentrations (above 1.5-2.0 mg I*),
mottling of teeth can occur (WHO, 1984). High fluoride concentrations provide a
constraint on the use of groundwaters for potable supply, which may present particular
difficulties where there is no practical alternative to groundwater and such values are
unlikely to change with time. Where fluoride is known to occur or can be anticipated, it is
an essential variable in surveys where community water supplies are being planned but
for long-term monitoring it is less important.

Water samples for fluoride determination do not usually require any preservation and
can be analysed up to several days following collection. Storage in polyethylene
containers is recommended. Determination of the fluoride ion can be made
potentiometrically (with a fluoride ion selective electrode) or photometrically. Interference
effects from metals in the water can be eliminated by distillation or ion-exchange
chromatography.

3.7.4. Boron

Boron is a natural component of freshwaters arising from the weathering of rocks, soil
leaching, volcanic action and other natural processes. Industries and municipal
wastewaters also contribute boron to surface waters. In addition, agricultural run-off may
contain boron, particularly in areas where it is used to improve crop yields or as a
pesticide. Boric acid, which does not readily dissociate, is the predominant species in
freshwaters.

Despite its widespread occurrence, boron is usually present in natural waters in
comparatively low concentrations. Average concentrations in surface waters do not
exceed 0.1 mg I* and only reach 1.5-3 mg I* in a few areas. Higher concentrations of
boron (up to 48 mg I*) are found in some mineral waters which are sometimes used for



special health-related bathing, but not as drinking water. Maximum allowable
concentrations of boron in water bodies used for drinking water vary in different
countries (Table 3.4). Recommended concentrations of boron in waters used for
irrigation vary from 0.5 mg I* for sensitive crops to 6 mg I* for short-term irrigation or for
tolerant crops.

Containers for samples intended for boron determination must be made of polyethylene
or alkali-resistant, boron-free glass. Analysis is normally by photometric methods.

3.7.5. Cyanide

Compounds of cyanide enter freshwaters with wastewaters from industries such as the
electroplating industry. Cyanides occur in waters in ionic form or as weakly dissociated
hydrocyanic acid. In addition, they may occur as complex compounds with metals. The
toxicity of cyanides depends on their speciation; some ionic forms and hydrocyanic acid
are highly toxic. The toxicity of complex compounds of cyanide depends on their stability.
Weak complexes formed with metals such as zinc, lead and cadmium are extremely
toxic. Copper complexes are less toxic, and cobalt and ferrous complexes are only weak
toxicants.

lonic cyanide concentration in water is reduced by carbonic and other acids transforming
the ionic form into the volatile hydrocyanic acid. However, the principal mechanism of
decreased levels is oxidation, including biochemical oxidation, followed by hydrolysis:

2CN + O3 = 2CNO; CNO + 2H,0 = NH4" + CO3%.

Strong sunlight and warm seasons favour biochemical oxidation causing a reduction in
cyanide concentrations. Cyanides, especially ionic forms, are easily adsorbed by
suspended matter and bottom sediments.

Concentrations of cyanides in waters intended for human use, including complex forms
(except hexacyanoferrate), are strictly limited because of their high toxicity. The WHO
recommends a maximum concentration of 0.07 mg I* cyanide in drinking water, but
many countries apply stricter standards of cyanide concentration both for drinking waters
and natural water of importance for fisheries (Table 3.4).

Samples for cyanide determination must be analysed as soon as possible because it is a
highly active and unstable variable. If necessary, samples collected in polyethylene
bottles can be preserved with sufficient sodium hydroxide to raise the pH to 11 or more
and then stored at about 4° C. A photometric method is normally used for the
determination of cyanides in natural waters. A preliminary distillation of cyanides as
hydrocyanic acid after acidification, should be made if there are any compounds causing
interference in the water, or if the cyanide concentration is too low for direct
determination. However, distillation should only be used when really necessary, because
the product is very toxic, requiring special safety procedures.



3.8. Metals

3.8.1. General principles

The ability of a water body to support aquatic life, as well as its suitability for other uses,
depends on many trace elements. Some metals, such as Mn, Zn and Cu, when present
in trace concentrations are important for the physiological functions of living tissue and
regulate many biochemical processes. The same metals, however, discharged into
natural waters at increased concentrations in sewage, industrial effluents or from mining
operations can have severe toxicological effects on humans and the aquatic ecosystem.
Water pollution by heavy metals as a result of human activities is causing serious
ecological problems in many parts of the world. This situation is aggravated by the lack
of natural elimination processes for metals. As a result, metals shift from one
compartment within the aquatic environment to another, including the biota, often with
detrimental effects. Where sufficient accumulation of the metals in biota occurs through
food chain transfer (see Chapter 5), there is also an increasing toxicological risk for
humans. As a result of adsorption and accumulation, the concentration of metals in
bottom sediments is much higher than in the water above and this sometimes causes
secondary pollution problems.

Generally, trace amounts of metals are always present in freshwaters from the
weathering of rocks and soils. In addition, particularly in developed countries, industrial
wastewater discharges and mining are major sources of metals in freshwaters.
Significant amounts also enter surface waters in sewage as well as with atmospheric
deposition (e.g. lead). Lead is still widely used as an additive in petroleum for
automobiles and is emitted to the atmosphere in their exhaust gases, thereby entering
the hydrological cycle.

The toxicity of metals in water depends on the degree of oxidation of a given metal ion
together with the forms in which it occurs. For example, the maximum allowable
concentration of Cr (V1) in the former USSR was 0.001 mg I* whereas for Cr (lll) it was
0.5 mg I* (Bestemyanov and Krotov, 1985). As a rule, the ionic form of a metal is the
most toxic form. However, the toxicity is reduced if the ions are bound into complexes
with, for example, natural organic matter such as fulvic and humic acids. Under certain
conditions, metallo-organic, low-molecular compounds formed in natural waters exhibit
toxicities greater than the uncombined forms. An example is the highly toxic alkyl-
derivatives of mercury (e.g. methylmercury) formed from elemental mercury by aquatic
micro-organisms.

Metals in natural waters can exist in truly dissolved, colloidal and suspended forms. The
proportion of these forms varies for different metals and for different water bodies.
Consequently, the toxicity and sedimentation potential of metals change, depending on
their forms.

The assessment of metal pollution is an important aspect of most water quality
assessment programmes. The Global Environment Monitoring System (GEMS)
programme GEMS/WATER includes ten metals: Al, Cd, Cr, Cu, Fe, Hg, Mn, Ni, Pb, Zn.
Arsenic and Se (which are not strictly metals) are also included (Table 3.5). The United
States Environmental Protection Agency (US EPA) considers eight trace elements as
high priority: As, Cd, Cu, Cr, Pb, Hg, Ni and Zn. Most other countries include the same



metals in their priority lists. However, other highly toxic metals such as Be, Tl, V, Sb, Mo
should also be monitored where they are likely to occur.

The absence of iron and manganese in some priority lists results from their frequent
classification as major elements. The occurrence of iron in agueous solution is
dependent on environmental conditions, especially oxidation and reduction. Flowing
surface water, that is fully aerated, should not contain more than a few micrograms per
litre of uncomplexed dissolved iron at equilibrium in the pH range 6.6 to 8.5. In
groundwater, however, much higher levels can occur. In anoxic groundwaters with a pH
of 6 to 8, ferrous iron (Fe*) concentrations can be as high as 50 mg I* and
concentrations of 1 to 10 mg I* are common. The iron originates by solution at sites of
either reduction of ferric hydroxides or oxidation of ferrous sulphide (Hem, 1989) and the
process is strongly influenced by microbiological activity. Reduced groundwater is clear
when first brought from a well but becomes cloudy, and then orange in colour, as
oxidation immediately occurs with the precipitation of ferric hydroxide. Consequently,
obtaining representative samples for iron determination from groundwaters presents
special difficulties. High iron concentrations in groundwater are widely reported from
developing countries, where iron is often an important water quality issue. Similar
problems can be found in anoxic waters for Mn*, although the concentrations reached
are usually ten times less than ferrous iron.

The concentration of different metals in waters varies over a wide range (0.1-0.001 ug I?)
at background sites and can rise to concentrations which are dangerous for human
health in some water bodies influenced by human activities. Dissolved metal
concentrations are particularly difficult to measure due to possible contamination during
sampling, pre-treatment and storage. As a result, large differences may be observed
between analyses performed by highly specialised teams. The natural variability of
dissolved metals is not yet fully understood. As dissolved metals occur in very low
concentrations, it is recommended that metals are measured in the particulate matter,

for which there is much more information on variability, reference background values, etc.
(see Tables 4.1 and 4.2).

Table 3.5. Variables included in the GEMS/WATER monitoring programme at baseline
and global flux stations*

Variable | Baseline stations Global river flux stations
‘Streams ‘Headwater lakes

|Basic monitoring

|Water discharge/level | X | | X
|Tota| suspended solids | X | | X
|Transparency | | X |

|Temperature | X | X | X
|pH | X | X | X
|Conductivity | X | X | X
|Dissolved oxygen | X | X | X
|Ca|cium | X | X | X
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2 Continuous monitoring



* Dissolved only

* Dissolved and particulate

* Included as contaminant monitoring at baseline stations
¢ Total

" Unfiltered water samples

Source: WHO, 1991

The variety of metal species is the main methodological difficulty in designing metal-
based monitoring programmes. When checking compliance with water quality guidelines,
for example, metals should always be determined in the same forms as those for which
the guidelines or standards are set. If the quality standards refer to the dissolved forms
of metals, only dissolved forms should be monitored. More than 50 per cent of the total
metal present (and up to 99.9 per cent) is usually adsorbed onto suspended particles;
this is particularly relevant when assessing metal discharge by rivers (see Chapter 4).
Consequently, monitoring and assessment programmes such as GEMS/WATER include
the determination of both total (unfiltered) and dissolved (filtered through 0.45 pm filter)
concentrations of metals when assessing the flux of contaminants into the oceans. More
detailed investigations involving the speciation and partition of the metals are rather
complicated and should be carried out in special situations only (Hem, 1989).

3.8.2. Sampling and measurement

Samples for metal analysis are usually pre-treated by acidification prior to transportation
to the laboratory to suppress hydrolysis, sorption and other processes which affect
concentration. However, such preservation techniques destroy the equilibrium of the
different forms of the metals, and can be used only for determination of total
concentrations. For determination of dissolved metals, it is recommended that the
samples are filtered through 0.45 um pore diameter membrane filters (using ultra-clean
equipment in a laminar flow hood). The filtered sample should be acidified for
preservation. Removal of the particulate matter by filtration prevents dissolution or
desorption of trace metals from the particulate phase to the dissolved phase within the
sample. A very high degree of cleanliness in sample handling at all stages of collection
and analysis is necessary (such as, use of ultra-pure acids to clean glassware or PTFE
(polytetrafluoroethene) utensils, use of a laminar flow hood for sample manipulation and
special laboratories with air filtration and purification systems) to avoid contamination
and incorrect results.

The low concentrations of metals in natural waters necessitate determination by
instrumental methods. Photometric methods, sometimes in combination with extraction,
are the oldest and most inexpensive techniques (see various methods handbooks).
However, as these have high detection limits, they can only be used for analysis of
comparatively polluted waters. Atomic absorption methods are the most widely used.
Atomic absorption with flame atomisation is the most simple and available modification
of this method, but application for direct determination of metals is possible only if
concentrations exceed 50 pg I*. In other cases, it is necessary to use preconcentration.
Atomic absorption with electrothermal atomisation allows direct determination of metals
at virtually the full range of concentrations typically found in freshwaters. However, this is
a more expensive method requiring specially trained personnel. Even with this method
special measures may be needed to eliminate matrix effects.



Atomic emission spectroscopy methods are able to determine a large number of
elements simultaneously. Inductively coupled plasma atomic emission spectrometry is
becoming popular, especially in the industrially developed countries, due to its high
productivity and wide range of quantifiable determinations (despite the high cost of the
equipment and the large argon consumption necessary for creating the plasma
atmosphere). In contrast, spectrographical analysis is becoming less popular because it
is time and labour intensive and has low accuracy.

3.9. Organic contaminants
3.9.1. General principles

Many thousands of individual organic compounds enter water bodies as a result of
human activities. These compounds have significantly different physical, chemical and
toxicological properties. Monitoring every individual compound is not feasible. However,
it is possible to select priority organic pollutants based on their prevalence, toxicity and
other properties. Mineral oil, petroleum products, phenols, pesticides, polychlorinated
biphenyls (PCBs) and surfactants are examples of such classes of compounds.
However, these compounds are not monitored in all circumstances, because their
determination requires sophisticated instrumentation and highly trained personnel. In the
future much effort will be needed in monitoring these classes of compounds because
they are becoming widespread and have adverse effects on humans and the aquatic
environment.

When selecting a list of variables for a survey of organic contaminants, the gross
parameters of TOC, COD and BOD should be included. In addition, during preliminary
surveys and in emergencies, the whole range of individual organic compounds should

be identified. This requires sophisticated instrumental methods, including gas
chromatography (GC), liquid chromatography (LC) and gas chromatography/mass
spectrometry (GC/MS), in combination with effective pre-concentration. In intensive
surveys, the following classes of organic pollutants should be identified: hydrocarbons
(including aromatic and polyaromatic), purgeable halocarbons, chlorinated hydrocarbons,
different pesticide groups, PCBs, phenols, phthalate esters, nitrosamines, nitroaromatics,
haloethers, benzidine derivatives and dioxins. In most cases, analysis for organic
contaminants is performed on unfiltered water samples. However, variations observed in
samples from turbid rivers may largely reflect variations in total suspended solids.
Consequently, it is recommended that analysis of the less soluble organic contaminants
(e.g. organochlorine pesticides) is carried out on the particulate material (collected by
filtration or centrifugation) in the samples (see Chapter 4).

3.9.2. Mineral oil and petroleum products

Mineral oil and petroleum products are major pollutants responsible for ecological
damage especially in inland surface waters. At present, more than 800 individual
compounds have been identified in mineral oils. Among them are low- and high-
molecular weight aliphatic, aromatic and naphthenic hydrocarbons (or petroleum
products), high-molecular unsaturated heterocyclic compounds (resins and asphaltenes)
as well as numerous oxygen, nitrogen and sulphur compounds (Table 3.6).



Oil is distributed in water bodies in different forms: dissolved, film, emulsion and sorbed
fractions. Interactions between these fractions are complicated and diverse, and depend
on the specific gravities, boiling points, surface tensions, viscosities, solubilities and
sorption capabilities of the compounds present. In addition, transformation of oll
compounds by biochemical, microbiological, chemical and photochemical processes
occurs simultaneously. Due to the high ecological risk associated with oil extraction,
transportation, refining and use, mineral oil is considered a priority pollutant and its
determination is important for assessments related to these activities.

Table 3.6. The main components of mineral oils

| Component group |Content (%)
|Hydrocarbons: |

Hparaffinic | 10-70
Hnaphthenic (mono- and polycyclic) | 25-75
Haromatic (mono- and polycyclic) | 6-40
(I|naphthenon-aromatic | 30-70
|Unsaturated heterocyclic compounds: |

Hresins | 1-40
Hasphaltenes | 0-80
Hasphaltenic acids and their anhydrites | 0-7

The permissible concentration of mineral oil and petroleum products in water depends
on the intended use of the water. The recommended maximum concentrations for
drinking water supplies and fisheries protection are generally between 0.01 and 0.1 mg I
', Concentrations of 0.3 mg I'"* or more of crude oil can cause toxic effects in freshwater
fish.

Since hydrocarbons are the principal component fraction of oils, the definition “petroleum
products” applies only to this fraction to ensure comparability of analytical data. The total
concentration of dissolved and emulsified oils is the more usual determination and
dissolved, emulsified and other fractions should only be determined separately in special
cases.

As oil can be biochemically oxidised very easily, it is necessary to extract it from the
sample immediately after sampling with carbon tetrachloride or trichlorotrifluoroethane.
The extract can then be stored in a cool, dark place for several months. Gravimetric
methods of oil determination are the most simple, but are not very sensitive and can give
erroneous results due to the loss of volatile components. Ultra violet (UV), infra red (IR)
spectrophotometric and luminescent methods are the most popular. Analysis based on
column and thin-layer chromatographic separation allows the possibility of the separate
determination of volatile and non-volatile polyaromatic hydrocarbons, resins and
asphaltenes. ldentification and determination of individual oil components is a
complicated analytical task which can be undertaken only with the application of capillary
gas chromatography, with either mass-spectrometric detection or luminescent
spectrometry.



3.9.3. Phenols

Phenols are an important group of pollutants which enter water bodies in the waste
discharges of many different industries. They are also formed naturally during the
metabolism of aquatic organisms, biochemical decay and transformation of organic
matter, in the water column and in bottom sediments.

Phenols are aromatic compounds with one or few hydroxy groups. They are easily
biochemically, photochemically or chemically oxidised. As a result, they have detrimental
effects on the quality and ecological condition of water bodies through direct effects on
living organisms and the significant alteration of biogeneous elements and dissolved
gases, principally oxygen.

The presence of phenols causes a marked deterioration in the organoleptic
characteristics of water and as a result they are strictly controlled in drinking water and
drinking water supplies. Concentrations of phenols in unpolluted waters are usually less
than 0.02 mg I*. However, toxic effects on fish can be observed at concentrations of 0.01
mg I* and above.

Phenols are usually divided into two groups: steam-distillable phenols (phenol, cresols,
xylenes, chlorphenols, etc.) and non-distillable phenols (catechol, hydroquinone,
naphthols, etc.). The analytical method used with steam distillation determines only the
volatile phenol fractions; these have the worst effects on organoleptic water
characteristics. The method does not detect non-volatile phenols which, unfortunately,
are often present in greater quantities than the volatile phenols and, furthermore, tend to
be highly toxic. Chromatographic determination of individual phenols is more informative,
but requires sophisticated instrumentation.

Samples, particularly if required for the determination of volatile phenols, must not be
stored for long periods and, ideally, determination should be carried out within four hours.
If this is not possible, samples can be preserved with sodium hydroxide and stored for 3-
4 days at 2-4° C.

3.9.4 Pesticides

Pesticides are chemical compounds toxic to certain living organisms, from bacteria and
fungi up to higher plants and even mammals. Most pesticides are compounds which do
not occur naturally in the environment and, therefore, detectable concentrations indicate
pollution. There are approximately 10,000 different pesticides currently available. The
most widely used are insecticides (for extermination of insects), herbicides (for
extermination of weeds and other undesirable plants) and fungicides (for preventing
fungal diseases).

The mode of action of a pesticide is determined by its chemical structure. These
structures are similar for the related compounds which comprise separate classes of
pesticides such as the organochlorine pesticides, organophosphorus pesticides, the
carbamate pesticides, the triazine herbicides and chlorphenolic acids.

The monitoring of pesticides presents considerable difficulties, particularly for
groundwaters. There is a wide range of pesticides in common agricultural use, and many



of them break down into toxic products. Screening of water samples for all compounds is
very expensive; therefore, a preliminary survey of local pesticide use needs to be carried
out to reduce the number of target compounds in each specific assessment programme.

Internationally there is considerable variation between, and uncertainty over, guidelines
on permissible concentrations of pesticides in drinking water. Nevertheless, the guideline
values are at the microgram per litre level which, for the most toxic compounds, are
close to the limits of analytical detection. Highly sophisticated analytical procedures are
necessary, which normally require a combination of a directly-coupled gas
chromatograph (GC) and mass spectrometer (MS). Some pesticides are very polar and
cannot be extracted from water for injection into a GC. Furthermore, some other
pesticides are too chemically unstable to be heated in a GC. High pressure liquid
chromatography is showing promise as a means of isolating compounds in both of these
categories. A high degree of cleanliness is necessary for sample handling at all stages,
such as the use of ultra-clean solvents to clean glass or stainless steel apparatus.

Organochlorine pesticides

Environmental levels of organochlorine pesticides tend to be higher than other pesticides
because of their widespread and prolonged use, combined with their great chemical
stability. In the 1950s, DDT was used liberally around the world, but at the beginning of
the 1970s most countries severely limited, or even prohibited, its use. However,
concentrations of DDT and its metabolites (DDD, DDE) are still high in many
environments, especially in arid areas.

Organochlorine pesticides are chlorine derivatives of polynuclear hydrocarbons (e.g.
DDT), cycloparaffins (e.g. hexachlorocyclohexane (HCH)), compounds of the diene
series (e.g. heptachlor) and aliphatic carbonic acids (e.g. propanide). Most of the
compounds are hydrophobic (insoluble in water) but highly soluble in hydrocarbons and
fats. They have the ability to accumulate in biological tissues, reaching much higher
concentrations in certain aquatic biota than in the surrounding water and sediments (see
Chapter 5). The affinity of pesticides for adsorption onto mineral suspended matter and
organic colloids is important for their distribution and mobility in water bodies. Bottom
sediments also play a significant role in storage and transformation of organochlorine
pesticides.

Where present, concentrations of organochlorine pesticides in water bodies tend to be in
the range 10°-10° mg I*. These compounds and their metabolites have been found in
sites as distant as the Arctic and Antarctic regions as a result of long-range atmospheric
transport. They are sometimes found in groundwaters, where leaching from disposal
sites for hazardous substances or from agricultural land usually accounts for their
presence. As these compounds are hydrophobic, their occurrence in groundwater may
be the result of “solubilisation” in fulvic acid materials.

Due to their toxicity, the maximum allowable concentrations of organochlorine pesticides
must be strictly adhered to in waters important for their fish communities or used for
drinking water supplies.



Organophosphorus pesticides

Organophosphorus pesticides are complex esters of phosphoric, thiophosphoric and
other phosphorus acids. They are widely applied as insecticides, acaricides and
defoliants. Their relatively low chemical and biochemical stability is an advantage
because many decompose in the environment within a month. Organophosphorus
pesticides, like organochlorine pesticides, are readily adsorbed onto suspended matter.
Photolysis, as well as hydrolitic, oxidation and enzyme decay processes are the principal
mechanisms of decay, resulting in detoxification. When found, the concentrations of
Organophosphorus pesticides in surface waters range from 10°-102 mg I*.

Unfiltered samples for organochlorine and organophosphorus determination should be
collected in glass containers with PTFE caps. Samples can be stored for a short time at
low temperature. However, immediate extraction followed by storage at -15° C is
preferable. In this case, samples may be stored for up to three weeks.

3.9.5. Surfactants

Synthetic surfactants are compounds belonging to different chemical classes but
containing a weak-polar hydrophobic radical (e.g. alkyl or alkylaryl) and one or more
polar groups. They can be classified into anionic (negatively charged), cationic
(positively charged) and nonionic (non-ionising). Anionic surfactants are the most widely
produced and used, usually as detergents.

Surfactants enter water bodies with industrial and household wastewaters. Atmospheric
inputs (originating from atmospheric discharges from surfactant-producing plants) in the
form of precipitation are also significant. Surfactants can exist in surface waters in the
dissolved or adsorbed states, as well as in the surface film of water bodies, because
they have a pronounced ability to concentrate at the air-water or water-sediment
interface. Although surfactants are not highly toxic, they can affect aquatic biota.
Detergents can impart taste or odour to water at concentrations of 0.4-3 mg I* and
chlorination can increase this effect. Surfactants are responsible for foam formation in
surface waters and other pollutants, including pathogens, can become concentrated in
the foam. The presence of foam on the water surface makes water aeration difficult,
lowering oxygen levels, reducing self-purification processes and adversely affecting
aquatic biota. The threshold concentration for foam formation is 0.1-0.5 mg I* depending
on the structure of the surfactant.

In terms of biodegradability, surfactants are divided into highly degradable, intermediate
and stable, or non-degradable, with corresponding biochemical oxidation rate constants
of > 0.30 day?, 0.30-0.05 day* and < 0.05 day" respectively. In recent years there has
been a tendency to substitute non-degradable surfactants for degradable ones. However,
this approach to reducing pollution has the drawback of causing a significant decrease in
dissolved oxygen concentrations.

The inherent properties of surfactants require special procedures for sample
preservation, principally to avoid foam formation and their adsorption onto the walls of
the sample containers. Photometric methods are the most widely used for determination
of all three types of surfactants and are well documented. Analytical methods are
sufficiently simple and convenient for application in any laboratory.



3.10. Microbiological indicators

The most common risk to human health associated with water stems from the presence
of disease-causing micro-organisms. Many of these microorganisms originate from
water polluted with human excrement. Human faeces can contain a variety of intestinal
pathogens which cause diseases ranging from mild gastro-enteritis to the serious, and
possibly fatal, dysentery, cholera and typhoid. Depending on the prevalence of certain
other diseases in a community, other viruses and parasites may also be present.
Freshwaters also contain indigenous micro-organisms, including bacteria, fungi,
protozoa (single-celled organisms) and algae (micro-organisms with photosynthetic
pigments), a few of which are known to produce toxins and transmit, or cause, diseases.

Intestinal bacterial pathogens are distributed world-wide, the most common water-borne
bacterial pathogens being Salmonella, Shigella, enterotoxigenic Escherichia coli,
Campylobacter, Vibrio and Yersinia. Other pathogens occasionally found include
Mycobacterium, Pasteurella, Leptospira and Legionella and the enteroviruses (poliovirus,
echo virus and Coxsackie virus). Adenoviruses, reoviruses, rotaviruses and the hepatitis
virus may also occur in water bodies. All viruses are highly infectious. Salmonella
species, responsible for typhoid, paratyphoid, gastro-enteritis and food poisoning, can be
excreted by an apparently healthy person acting as a carrier and they can also be
carried by some birds and animals. Therefore, contamination of water bodies by animal
or human excrement introduces the risk of infection to those who use the water for
drinking, food preparation, personal hygiene and even recreation.

Sewage, agricultural and urban run-off, and domestic wastewaters are widely
discharged to water bodies, particularly rivers. Pathogens associated with these
discharges subsequently become distributed through the water body presenting a risk to
downstream water users. Typical municipal raw sewage can contain 10 to 100 million
coliform bacteria (bacteria originating from the gut) per 100 ml, and 1 to 50 million
Escherichia coli or faecal streptococci per 100 ml. Different levels of wastewater
treatment may reduce this by a factor of 10 to 100 and concentrations are reduced
further after dilution by the receiving waters.

The practice of land application of wastewaters, particularly poorly treated wastewaters,
can lead to pathogen contamination of surface and ground-waters. Surface water
contamination is usually as a result of careless spraying or run-off, and groundwater
pollution arises from rapid percolation through soils. Other sources of pathogens are run-
off and leachates from sanitary landfills and urban solid waste disposal sites which
contain domestic animal and human faecal material. The use of water bodies by
domestic livestock and wildlife is also a potential source of pathogens.

The survival of microbiological pathogens, once discharged into a water body, is highly
variable depending on the quality of the receiving waters, particularly the turbidity,
oxygen levels, nutrients and temperature. Salmonella bacilli have been reported in
excess of 50 miles downstream of the point source, indicating an ability to survive, under
the right conditions, for several days. Once in a water body, micro-organisms often
become adsorbed onto sand, clay and sediment particles. The settling of these patrticles
results in the accumulation of the organisms in river and lake sediments. The speed at
which the settling occurs depends on the velocity and turbulence of the water body.



Some removal of micro-organisms from the water column also occurs as a result of
predation by filter feeding microzooplankton.

Counts of bacteria of faecal origin in rivers and lakes around the world which suffer little
human impact vary from < 1 to 3,000 organisms per 100 ml. However, water bodies in
areas of high population density can have counts up to 10 million organisms per 100 ml.
Natural groundwaters should contain no faecal bacteria unless contaminated, whereas
surface waters, even in remote mountain areas, may contain up to 100 per 100 ml. To
avoid human infection, the WHO recommended concentration for drinking water is zero
organisms per 100 ml. Detection of pathogens other than faecal bacteria, particularly
viruses, is less common partly due to the lack of appropriate, routinely available
methodology. Salmonella organisms have been recorded at concentrations 10 to 20
times less than the faecal coliform numbers in the same sample. Where faecal coliform
bacteria counts are high, viruses may also be detectable, but only in volumes of 20 to
100 litres of water. Enteroviruses occur in raw sewage at very much lower
concentrations than bacterial pathogens; measured as plaque forming units (PFUs) they
rarely occur at more than 1,000 units per litre.

Monitoring for the presence of pathogenic bacteria is an essential component of any
water quality assessment where water use, directly or indirectly, leads to human
ingestion. Such uses include drinking, personal hygiene, recreation (e.g. swimming,
boating), irrigation of food crops and food washing and processing. Monitoring to detect
pathogens can be carried out without accompanying physical and chemical
measurements and, therefore, can be very inexpensive.

Prior to using any new drinking water source it should be examined for the presence of
faecal bacteria. Sampling localities should be carefully chosen so that the source of the
contamination can be identified and removed. Even when drinking water sources have
been subjected to treatment and disinfection, it is essential that routine examination of
the supply is carried out at weekly, or even daily intervals where the population at risk is
large (tens or hundreds of thousands). Where water is used mainly for personal hygiene
or recreation, there is still a risk of accidental ingestion of intestinal pathogens as well as
a risk of other infections, particularly in the eyes, ears and nose. Less than 10° coliforms
per 100 ml presents little risk of intestinal diseases although the risk of virus-borne
infections always remains.

Where irrigation with wastewater is carried out by spraying food crops, it is advisable to
monitor for faecal bacteria as there is a risk of contamination to those eating the crop.
This risk is less when irrigation is ceased some time before harvest, as many bacteria do
not survive for long periods unless in ideal conditions of temperature and nutrients. The
use of contaminated water in any stage of food processing presents a serious risk to
human health as food provides an ideal growth medium. All water which may come into
contact with food must, therefore, be checked for faecal contamination. Where treated
water is temporarily stored in a tank it should be examined immediately prior to use.

Faecal contamination can be measured to indicate the presence of organic pollution of
human origin. Other naturally present micro-organisms, such as the algal and protozoan
communities may, however, in some situations be more useful to gain an insight into the
level of pollution (see Chapter 5).



Methods for detection of the presence of faecal material have been developed which are
based on the presence of “indicator” organisms, such as the normal intestinal bacterium
Escherichia coli (see Chapter 5 for further details). Such methods are cheap and simple
to perform and some have been developed into field kits, particularly for use in
developing countries (Bartram and Ballance, 1996). Positive identification of the
pathogenic bacteria Salmonella, Shigella or Vibrio spp. can be quite complex, requiring
several different methods. A special survey may be undertaken if a source of an
epidemic is suspected, or if a new drinking water supply is being tested. As these
organisms usually occur in very low numbers in water samples, it is necessary to
concentrate the samples by a filtration technique prior to the analysis. Although
methodologies for identification of viruses are constantly being improved and simplified,
they require advanced and expensive laboratory facilities. Local or regional authorities
responsible for water quality may be unable to provide such facilities. However, suitably
collected and prepared samples can easily be transported, making it feasible to have
one national or regional laboratory capable of such analyses. Sample collection kits
have been developed for use in such situations.

3.11. Selection of variables

The selection of variables to be included in a water quality assessment must be related
to the objectives of the programme (see Chapters 1 and 2). The various types of
monitoring operations and their principal uses have been given in Table 2.1. Broadly,
assessments can be divided into two categories, use-orientated and impact-orientated.
In addition, operational surveillance can be used to check the efficiency of water
treatment processes by monitoring the quality of effluents or treated waters, but this is
not discussed here.

3.11.1. Selection of variables in relation to water use

Use-orientated assessment tests whether water quality is satisfactory for specific
purposes, such as drinking water supply, industrial use or irrigation. Many water uses
have specific requirements with respect to physical and chemical variables or
contaminants. In some cases, therefore, the required quality of the water has been
defined by guidelines, standards or maximum allowable concentrations (see Table 3.4).
These consist of recommended (as in the case of guidelines) or mandatory (as in the
case of standards) concentrations of selected variables which should not be exceeded
for the prescribed water use. For some variables, the defined concentrations vary from
country to country (Table 3.4). Existing guidelines and standards define the minimum set
of variables for inclusion in assessment programmes. Tables 3.7 and 3.8 suggest
variables appropriate to specific water uses and can be used where guidelines are not
available. Other variables can also be monitored, if necessary, according to special
conditions related to the intended use. Acceptable water quality is also related to water
availability. When water is scarce, a lower level of quality may have to be accepted and
the variables measured can be kept to a minimum.

Background monitoring

The water quality of unpolluted water bodies is dependent on the local geological,
biological and climatological conditions. These conditions control the mineral quality, ion
balances and biological cycles of the water body. To preserve the quality of the aquatic



environment, the natural balances should be maintained. A knowledge of the
background quality is necessary to assess the suitability of water for use and to detect
future human impacts. Background quality also serves as a “control” for comparison with
conditions at sites presently suffering from anthropogenic impacts. In most assessment
programmes, some variables related to background water quality are always included,
such as those suggested in Table 3.7.

Aquatic life and fisheries

Individual aquatic organisms have different requirements with respect to the physical
and chemical characteristics of a water body. Available oxygen, adequate nutrients or
food supply, and the absence of toxic chemicals are essential factors for growth and
reproduction. Various guidelines have been proposed for waters important for fisheries
or aquatic life (Table 3.4). Detailed information has been prepared by the European
Inland Fisheries Advisory Commission (EIFAC) of the Food and Agriculture Organization
of the United Nations (FAO) (EIFAC, 1964 onwards). As fish are an essential source of
protein for man, it is imperative to avoid accumulation of contaminants in fish or shellfish
(see Chapter 5). Suggested variables for inclusion in an assessment programme aimed
at protecting aquatic life and fisheries are given in Table 3.7.

Table 3.7. Selection of variables for assessment of water quality in relation to non-
industrial water use*

‘ ‘ ‘ Aquatic ‘Drinking ‘ | Agriculture

‘Back_gro_und ‘ life and water | Recreation (irrigation [Livestock
monitoring |fisheries | sources |and health watering

|General variables

|Temperature | XXX | XXX | | X | |

|Co|our | XX | | XX | XX | |

|Odour | | | XX | XX | |

|Suspended solids | XXX | XXX | XXX | XXX | |

|Turbidity/transparency | X | XX | XX | XX | |

|Conductivity | XX | X | X | | X |

|Tota| dissolved solids | | X | X | | XXX | X

|pH | XXX | XX | X | X | XX |

|Dissolved oxygen | XXX | XXX | X | | X |

|Hardness | | X | XX | | |

|Ch|orophyl| a | X | XX | XX | XX | |

|Nutrients

|Ammonia | X | XXX | X | | |

|Nitrate/nitrite | XX | X | XXX | | | XX

Phosphorus or ‘ XX ‘ ‘ ‘ ‘ ‘

phosphate

|Organic matter

Toc | xx | L ox | x| |




|COD | XX | XX | | | |

|BOD | XXX | XXX | XX | | |
|Major ions

Sodium | X | | X | ||
|Potassium | X | | | | |
|Ca|cium | X | | | | X | X
|Magnesium | XX | | X | | |
|Ch|oride | XX | | X | | XXX |
|Su|phate | X | | X | | | X
|Other inorganic variables

|FIu0ride | | | XX | | X | X
|Bor0n | | | | | XX | X
ICyanide | ox | x| | |
Trace elements

IHeavy metals | | oxx Loxxx | | x | X
\Arsenic & selenium | o | oxx | x| x
|Organic contaminants

|Oi| and hydrocarbons | | | XX | XX | X | X
|Organic solvents | | R | | x
|Phenols | | X | XX | | | X
|Pesticides | | XX | XX | | | X
Surfactants | ox | x| x | | x
|Microbiologica| indicators

[Faecal coliforms | | Lo | XXX ||

|Total coliforms | | | XXX | XXX | X |
|Pathogens | | | XXX | XXX | X | XX

TOC Total organic carbon
BOD Biochemical oxygen demand
COD Chemical oxygen demand

x - xxx Low to high likelihood that the concentration of the variable will be affected and
the more important it is to include the variable in a monitoring programme. Variables
stipulated in local guidelines or standards for a specific water use should be included
when monitoring for that specific use.

The selection of variables should only include those most appropriate to local conditions
and it may be necessary to include other variables not indicated under the above
headings.




! For industrial uses see Table 3.8
2 Extremely important in groundwater

Drinking water sources

In some regions groundwater, or water from rivers and lakes, is used for drinking without
treatment. In other areas, it is subjected to treatment and/or disinfection before use. In
both cases, the water which is eventually consumed should be monitored for variables
which may pose a potential risk to human health. Guidelines for maximum
concentrations of such variables in drinking water have been set by WHO (WHO, 1993)
and regional and national authorities such as the Commission of the European
Communities (CEC, 1980), US EPA (US EPA, 1993) and Environment Canada
(Environment Canada, 1987) (Table 3.4). Drinking water sources should also be
monitored to establish the required level of water treatment and to detect any
contaminants which may not be removed during treatment, or which may interfere with
the treatment process. Water ready for distribution and consumption can also be
monitored to check the efficiency of the treatment process. Table 3.7 lists variables
which should be measured with respect to recommended guidelines and those which
are potentially a problem for drinking water sources. The selection of those which would
actually be included in an assessment programme depends on the nature of the water
source and the level of subsequent treatment. Many groundwater sources require
minimal or no treatment and, consequently, need only be monitored infrequently for such
variables as pathogens and organic solvents.

Recreation and health

Besides drinking, human populations use water for hygiene purposes (e.g. washing) and
recreation (e.g. swimming and boating). Such activities have an associated health risk if
the water is of poor quality due to the possibility of ingesting small quantities, or the
pathogens directly entering the eyes, nose, ears or open wounds. Most recommended
variables with respect to recreation and health are associated with pathogens or the
aesthetic quality of the water (see Table 3.7). Guideline values are usually set with
respect to use of the water for swimming (e.g. CEC, 1976) and other water-contact
sports.

Agricultural use

Irrigation of food crops presents a possible health risk to food consumers if the quality of
the irrigation water is inadequate, particularly with respect to pathogens and toxic
compounds. The risk is greatest when the water is sprayed directly onto the crop rather
than flooded around the base of the plants. The presence of certain inorganic ions can
also affect the soil quality and, therefore, the growth potential of the crops.
Recommended guidelines have been set for some variables in irrigation water (e.g.
Environment Canada, 1987) but higher levels may be tolerated if water is scarce.
Suggested variables for the monitoring of irrigation water are included in Table 3.7.

In principle, water for livestock watering should be of high quality to prevent livestock
disease, salt imbalance or poisoning from toxic compounds. Nevertheless, higher levels
of suspended solids and salinity may be tolerated by certain livestock than by humans.



Many of the variables included in monitoring the quality of livestock water are the same
as for drinking water sources (see Table 3.7).

Industrial uses

The requirements of industry for water quality are diverse, depending on the nature of
the industry and the individual processes using water within that industry. Table 3.8
summarises some of the key variables for some major industrial uses or processes.
Although some guidelines have been proposed, they need to be considered in relation to
the specific industrial needs and water availability.

Table 3.8. Selection of variables for the assessment of water quality in relation to some
key industrial uses

Heating |Cooling Power Iron and | Pulp and |Petrol Food
generation steel paper processing

|Genera| variables
|Temperature | XXX | XXX | | XXX | X | |
|Co|our | X | | | | X | | XX
[Odour | | | | | I Bt
|Suspended solids | XXX | XXX | XX | XX | X | XXX | XX
|Turbidity | XX | | | | XX | | XX
|Conductivity | X | X | | | | |
|Dissolved solids | XX | XX | XXX | XX | XXX | X | XXX
IpH lox | oxx | XXX lox | oxx | oxxx | XXX
|Dissolved oxygen | XXX | | X | XXX | X | |
IHardness Lo | oxx | XXX Loxx | oo | oo | XXX
|Nutrients
|Ammonia | XXX | | X | | | | X
INitrate | | | | | Tx [
|Phosphate | | | | | X | |
|Organic matter
cop | ox e ] | L
|Major ions
|Ca|cium | | XXX | XXX | | X | XXX | X
|Magnesium | | | X | | X | XXX | X
Carbonate ’ XX ‘ ‘ XXX ’ ‘ XXX ‘ X ‘
components
|Ch|oride | X | X | XX | XX | X | XXX | XXX
|Su|phate | | X | XX | XX | XX | X | XXX
|Other inorganic variables
Hydrogen

XXX X XX
sulphide




|Si|ica | XX | XX | X | | X | X | X

|FIu0ride | | | | | | X | XX

|Trace elementsx

|Aluminium

|Copper

X | X | X | X

|

|
|Iron | XX
|Manganese |
|Zinc |
|Organic contaminants

Oil &
hydrocarbons

XX XX

X | X | X | X | X

X

|Organic solvents | |
IPhenols | |
|
|

|Pesticides |

X | X[ X ]| X

|Surfactants | X

|Microbiological indicators

|Pathogens | | | | | | | XXX

COD Chemical oxygen demand

x - xxx Low to high likelihood that the concentration of the variable will be affected and
the more important it is to include the variable in a monitoring programme. The precise
selection of variables depends on the required quality of the water in the individual
industrial processes and any standards or guidelines that are applied.

3.11.2. Selection of variables in relation to pollutant sources

Water quality assessment often examines the effects of specific activities on water
quality. Typically, such assessment is undertaken in relation to effluent discharges,
urban or land run-off or accidental pollution incidents. The selection of variables is
governed by knowledge of the pollution sources and the expected impacts on the
receiving water body. It is also desirable to know the quality of the water prior to
anthropogenic inputs. This can be obtained, for example, by monitoring upstream in a
river or prior to the development of a proposed waste disposal facility. When this cannot
be done, background water quality from an adjacent, uncontaminated, water body in the
same catchment can be used. Appropriate variables for assessing water quality in
relation to several major sources of pollutants are given in Tables 3.9 and 3.10.

Sewage and municipal wastewater

Municipal wastewaters consist of sewage effluents, urban drainage and other collected
wastewaters. They usually contain high levels of faecal material and organic matter.
Therefore, to assess the impact of such wastewaters it is advisable to measure variables
which are indicative of organic waste such as BOD, COD, chloride, ammonia and
nitrogen compounds. If the wastes contain sewage, then faecal indicators are also
important. Depending on the collection and treatment systems in operation, municipal
wastes may contain various other organic and inorganic contaminants of industrial origin.




Suggested variables for inclusion in an assessment programme are given in Table 3.9.
Effluents from food processing also contain large amounts of organic matter and even
pathogens, therefore, variables used to monitor the effects of food processing operations
(Table 3.10) are similar to those for sewage and organic wastewater.

Table 3.9. Selection of variables for the assessment of water quality in relation to non-
industrial pollution sources

Sewage and [Urban 'Agricultural |Waste disposal to land

municipal |run-off | activities Solid Hazardous
wastewater* municipal | chemicals | Long range
atmospheric
transport
\General variables
|Temperature | X | X | X | | |
|Colour | X x| X ox |
|Odour | X | X | X | | |
|Residues | X | X | XXX | XXX | XX |
'Suspended ‘ XXX ’ XX ’ XXX ’ XX ‘ XX ‘
solids
|Conductivity | XX | XX | XX | XXX | XXX | XXX
|AIkaIinity | | | | XX | | XXX
|pH | X | X | X | XX | XXX | XXX
Eh oox o x b x| | |
Dissolved ‘ XXX ’ XXX ’ XXX ’ XXX ‘ XXX ‘
oxygen
Hardness | X lox | x | X | X
|Nutrients
|Ammonia | XXX | XX | XXX | XX | |
|Nitrate/nitrite | XXX | XX | XXX | XX | | XXX
Organic XXX XX XXX XX
nitrogen
Phosphorus XXX XX XXX X X
compounds
|Organic matter
Toc oox o x b x | | |
|COD | XX | XX | X | XXX | XXX |
|BOD | XXX | XX | XXX | XXX | XX |
|Major ions
Sodium | XX | oxx | XX | | |
|Potassium | X | X | X | | |
|Ca|cium | X | X | X | | |
|Magnesium | X | X | X | | |




|Carbonate components

|Ch|oride | XXX | XX | XXX | XX | XX |

|Su|phate | X | X | X | | | XXX

|Other inorganic variables

|Su|phide | XX | XX | X | | X |

|Si|ica | X | X | | | |
Fluoride | L ox | | | |

/Boron | | ox | |

|Trace elements

|Aluminium | | | | | | XX
|Cadmium | | X | | XXX | XXX | X
|Chromium | | X | | XXX | XX | X
|Copper | X lox | XX? ok XX | X
|Iron | XX | XX | | XXX | XX | X
Lead | XX oo | || XX | XX
IMercury | X | oxx | XXX oo | XXX |

\Zinc | | | Xx? Loox | XX | X
|Arsenic | x| XXX’ | oxx | XXX | X
Selenium | x| XXX | X | X |

|Organic contaminants

Fats oox o ox | | |

Oil and XX XXX XX X

hydrocarbons

Organic X X XXX XXX

solvents

Methane | | | Lo | |
|Phenols | X | | | XX | XX |
|Pesticides | | X | XXx* | XX | XXX | XXX
Surfactants | XX | | X | | X |
IMicrobiological indicators

Faecal XXX XX XX XXX

coliforms

Other XXX XX XXX

pathogens

TOC Total organic carbon
COD Chemical oxygen demand
BOD Biochemical oxygen demand

x -xXxx Low to high likelihood that the concentration of the variable will be affected and
the more important it is to in-dude the variable in a monitoring programme.

The final selection of variables is also dependent on the nature of the water body.




t Assumes negligible industrial inputs to the wastewater

2 Need only be measured when used locally or occur naturally at high concentrations

* Important only for groundwater in localised industrial areas

* Specific compounds should be measured according to their level of use in the region.

Urban run-off

Rivers running through, or lakes adjacent to, large urban developments are inevitably
subjected to urban run-off during periods of heavy rain. In some cities, rain water is
collected in drains and directed through the sewage collection and treatment facilities
before discharge to the river or lake. In other cities, rainwater is channelled directly into
the nearest water body. Even where urban run-off is collected in the sewerage system,
excessive rainfall can lead to an overload which by-passes the sewage treatment plants.
Variables associated with urban run-off are largely the same as those selected for
municipal wastewater (Table 3.9). However, water quality problems particularly
associated with urban run-off are high levels of oil products and lead (both arising from
the use of automobiles), as well as a variety of other metals and contaminants
associated with local industrial activity.

Agricultural activities

Impacts relating to agricultural activities principally concern organic and inorganic matter
(such as arising from intensive animal rearing and land run-off associated with land
clearing) and those chemicals incorporated in fertilisers and pesticides. Irrigation,
especially in arid areas, can lead to salinisation of surface and groundwaters and,
therefore, inclusion of conductivity, chloride, alkalinity, sulphate, fluoride and sodium is
important in water quality assessment programmes in these areas. Suggestions for
necessary variables in relation to agricultural activities are given in Table 3.9.

Land disposal of solid municipal and hazardous wastes

In most countries, municipal solid waste is dumped in designated land sites. Similar sites
are also used for specific industrial, hazardous wastes which are too toxic to be released
to the environment, and are usually sealed in containers. Land disposal sites are often
poorly planned and controlled, resulting in the formation of leachates which pose
particular risks for groundwaters in the vicinity of the sites (see section 9.4.3). Leachates
can contain many contaminants, including pathogens, metals and organic chemicals,
depending on the material deposited at the site. Leachates from municipal wastes are
usually rich in biodegradable organic matter. Recently, it has been recognised that it is
important to include the monitoring of methane in groundwaters close to land waste
disposal sites (Table 3.9).

Atmospheric sources

Studies of atmospheric pollutants are constantly increasing the number of variables
which need to be included in water quality assessment programmes. Acidic depositions
lead to a loss of the acid neutralising capacity or alkalinity, which in turn decreases the
pH and affects the normal chemical balance of water bodies. Assessment programmes
for lakes in susceptible regions should include alkalinity, pH, sulphate and nitrate (see
Table 3.9). Assessment of atmospheric impact with respect to contaminants depends on



local and regional sources of emissions. However, widespread atmospheric transport
has been proven for lead, cadmium, arsenic, certain pesticides and other organic
compounds.

Industrial effluents and emissions

There are few industries which do not make use of water, either directly as part of the
manufactured product or indirectly for cooling, cleaning and circulating. Many of these
activities generate liquid effluents which may contain many different chemicals, as well
as organic matter, depending on the nature of the industrial processes involved.
Assessment programmes for water bodies receiving industrial waste, or close to
industrial developments, should include variables selected to indicate background water
quality and others selected in relation to the local industrial processes, especially
contaminants which may cause harm to the environment or make it unsuitable for other
uses. The choice of contaminants should be based on an inventory of the chemicals
used and discharged during the industrial processes. Some suggestions of appropriate
variables for the principal industrial sectors are given in Table 3.10. When water is
polluted as the result of an industrial accident the number of variables to be monitored in
the receiving water body may be restricted to those known to be accidentally released
(or normally used or produced in the industrial process), together with those physical,
chemical and biological variables likely to be affected.

3.12. Summary and recommendations

This chapter provides the basic information necessary to aid selection of appropriate
variables for the major types of assessment programmes. These variables should be
selected in relation to other methods which may be appropriate, such as analysis of
particulate and biological material. The choice of variables will also be influenced by the
ability of an organisation to provide the facilities, and suitably trained operators, to
enable the selected measurements to be made accurately. Further information on
recommended field measurement and laboratory techniques is available in the
companion volume to this guidebook by Bartram and Ballance (1996).

The suggested variables for different types of assessment given in Section 3.11 are
based on common situations and should be taken as guides only. Full selection of
variables must be made in relation to assessment objectives and specific knowledge of
each individual situation.



Table 3.10. Selection of variables for the assessment of water quality in relation to some
common industrial sources of pollution

Food [Minin Oil Chemical/ [Pulp | Metallur | Machine |Textile
processi g |extraction/refini |pharmace |and ay producti s
ng ng ut. pape on

r

|Genera| variables

Temperatur X X X X X X X X
e

|Co|our | X | X | X | X | | X | X |
|Odour | X | x| X | X | x | x | x | x
|Residues | X | X | X | X | X | X | X | X
Suspended X XXX XXX X XXX XXX XXX XXX
solids

Conductivit XXX XXX XXX X XXX XXX XXX XXX
y

IpH |oox | x| X | xxx | x | ox | x | x
|Eh | X | X | X | X | X | X | X | X
Dissolved ‘ XXX XXX ’ XXX ’ XXX XXX X ’ X XXX
oxygen

|Hardness | X | X | X | X | X | XX | X | X
|Nutrients

|Ammonia | XXX | X | XX | XX | X | X | X | X
Nitrate/nitrit XX X XX X X X
e

Organic XX X X X
nitrogen

Phosphoru XX XX X X
iompounds

|Organic matter

|TOC | X | X | X | XX | XXX | X | X | X
|COD | X | X | X | XXX | XXX | X | X | X
|BOD | XXX | X | XXX | XX | XXX | X | X | XXX
|Major ions

|Sodium | X | X | X | X | | | | X
|Potassium | X | X | X | X | | | | X
|Ca|cium | X | X | X | X | X | XX | X | X
IMagnesium | X | x| X | X | x | x | | x
ICarbonate | X ‘ X | X | X ‘ ‘ | ‘
component

s

|Ch|oride | XX | XXX | XX | XX | X | X | X | XXX




|Su|phate | X | X | XX | XX | XXX | X | X | X
|Other inorganic variables

|Su|phide | | X | XXX | XXX | XXX | XXX | | X
|Si|ica | | X | X | X | | | X | X
|FIu0ride | | X | X | XX | | X | | X
|Bor0n | | X | | X | X | X | X | X
|Cyanide | | X | | X | | X | X | X
Trace elements

Heavy XXX ’ XX ’ XX X ‘ XXX ’ XXX ‘ XX
metals

|Arsenic | | X | | X | | X | | X
|Se|enium | | X | | X | | X | X | X
|Organic contaminants

Fas | x| | | L | |

Oil and XXX XX XX XXX X
hydrocarbo

ns

Organic XXX XXX X X
solvents

|Pheno|s | X | | XX | XXX | XXX | X | | X
|Pesticides | X | | | XXX | | | |
Other ‘ ‘ ‘ ‘ XXX XXX X ‘ ‘
organics

Surfactants | xx | | XX | oxxx | x | x | x | xx

|Microbio|ogical indicators

Faecal XXX
conforms

Other XXX
pathogens

TOC Total organic carbon
COD Chemical oxygen demand
BOD Biochemical oxygen demand

x - xxx Low to high likelihood that the concentration of the variable will be affected and

the more important it is to include the variable in a monitoring programme. The final
selection of variables to be monitored depends on the products manufactured or
processed together with any compounds present in local industrial effluents. Any

standards or guidelines for specific variables should also be taken into consideration.
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4.1. Introduction

Since the publication of the original version of this guidebook in 1978 (UNESCO/WHO,
1978), much new information has been published on the role of particulates in the
uptake, release and transport of pollutants, as well as sediment-bound nutrient and
contaminant interactions with water and biota, within the aquatic environment.
Assessment of the literature on sediments clearly reveals the prominent role that they
play in elemental cycling, and this has been used to great effect in environmental
monitoring and assessment. For this reason, a separate chapter is now devoted to this
topic to provide the basic background and understanding needed to interpret accurately
data derived from sediment sampling programmes. More detailed information is also
available in Golterman et al. (1983), Hakanson and Jansson (1983) and Salomons and
Forstner (1984).

It is common practice to accept, as an operational definition, that particulate matter (PM)
refers to particles greater than 0.45 um. By this definition dissolved matter includes
particles finer than 0.45 um, including colloids. Particulate matter is derived primarily
from rock weathering processes, both physical and chemical, and may be further
modified by soil-forming processes. Erosion subsequently transfers the sediments or soil
particles from their point of origin into freshwater systems. During transport, the
sediment is sorted into different size ranges and associated mineral fractions until it is
deposited on the bottom of the receiving water body. Sediment may then be
resuspended, and transported farther afield, by intermittent storm activity until it comes
to its ultimate resting point or sink, where active sediment accumulation occurs.
Modification of the composition of sediments may occur as a result of the input of
autochthonous organic and inorganic particles (e.g. calcite, iron hydroxides) generated
in the water column and by chemical alterations, especially during periods of deposition.

Particle size and mineralogy are directly related because individual minerals tend to form
within characteristic size ranges. Sediments may thus be described in terms of discrete
compositional fractions, the overall characteristics of which are due to the variation in the
proportions of these fractions and the consequent changes in particle size. Four major
categories of particle pollutants may be defined as follows:



¢ Particulate organic matter: either dissolved organic substances adsorbed from solution
onto mineral particles or particulate-sized organic detritus of allochthonous (external) or
autochthonous (internal) origin (such as algal cells). Organic matter largely originates
from plant detritus although some animal debris may also be present. Microbially
mediated decay of the organic matter results in the use of oxygen from the water which
can, in extreme cases, cause complete anoxia when all the oxygen has been consumed.

¢ Nutrients: adsorbed nutrient elements required for plant growth (of which the most
important are phosphorus and nitrogen) which actively exchange between sediment and
water. Sediment-bound nutrients create a reserve pool which, under specific conditions,
can be released back to the overlying waters, enhancing nutrient enrichment effects
(eutrophication).

¢ Toxic inorganic pollutants: sorbed heavy metals, arsenic, etc., controlled by various
processes, such as adsorption and desorption, uptake and recycling, and redox
conditions.

¢ Toxic organic pollutants: sorbed organochlorine compounds, hydrocarbons, etc.,
controlled, for example, by hydrophilic/hydrophobic characteristics and liposolubility.

4.2. Composition of particulate matter
4.2.1. Natural sources of particulate matter

Two major natural sources of sediment to rivers and lakes can be considered: (i)
products of continental rock and soil erosion, and (ii) the autochthonous material which
is formed within the water body and which usually results from the production of algae
and the precipitation of a few minerals, mostly calcite (Campy and Meybeck, 1995).

The mechanical erosion of rock and soil results from the combined effects of various
erosion agents, i.e. running water, wind, moving ice, mass movements of material on
slopes. Where human activities are negligible, natural erosion is maximum in
mountainous areas and in active volcanic regions. In particular, it is enhanced when the
climate is characterised by alternating wet and dry seasons as in tropical areas (e.g.
monsoon climate of South East Asia). Erosion rates may vary from less than 10 t km? a*
to more than 10,000 t km? a™.

As a result of the combined processes of erosion and river transport, the concentration
of river suspended matter (SM) (usually measured after filtration through 0.45 pum or 0.5
pm pore filters and referred to as total suspended solids (TSS)) is one of the most
variable characteristics of water quality. The yearly TSS average may range from 1 to >
10,000 mg I*, and for a given river it may vary over three orders of magnitude. The
lowest TSS values are measured in lowland regions where lakes are abundant, as in
Amazonia, the Canadian Shield, Finland and Zaire. Highest levels are encountered in
semi-arid regions, as in North Africa, South West USA, South Central regions of the
former USSR, etc. (Meybeck et al., 1989).

Concentrations of autochthonous material are usually low in rivers not influenced by
human activities. However, autochthonous material is a major source of lake sediments.



The production of macrophytes (aquatic plants) and phytoplankton (free-floating algae)
leads to organic debris that eventually sinks to lake bottom sediments. In hard-water
lakes rich in Ca* and HCOg, increases in pH from algal productivity can cause
precipitation of calcite (CaCOg), which sinks to the bottom. A third origin of
autochthonous material is the debris of algal diatoms which are very rich in silica.

When allochthonous sediment sources to lakes (dust, river inputs and shoreline erosion)
are limited, the sediments may be formed mostly by autochthonous material, i.e.
diatomite, organic debris and lacustrine chalk.

4.2.2. Chemical composition of river suspended matter

In regions of very high mechanical erosion, the elemental content of river suspended
matter reflects the principal origins. The composition is generally close to the
composition of the parent rocks and, depending on the lithological nature of the parent
rock, the suspended matter may present some variations in major elements (Table 4.1A).
When chemical alteration exceeds mechanical erosion, the most soluble elements are
carried in the dissolved phase as ions (Ca*, Mg*, Na* K*) and dissolved SiO,, whereas
the least soluble ones (Al, Fe, Ti, Mn) remain in the soil which gradually becomes more
enriched. As a result of this relative enrichment, the soil particles, which are eventually
eroded during heavy rains, are quite different from the parent rock. This is well
documented for major elements. Lowland tropical rivers have higher Al, Fe and Ti
concentrations than highland temperate rivers (Table 4.1A).

The organic carbon content of river suspended matter, usually expressed as a
percentage of TSS, ranges from 0.5 per cent to 20 per cent and is inversely related to
the amount of particulate matter found in the river (Meybeck, 1982). The particulate
organic nitrogen (PON) is closely linked to particulate organic carbon (POC) and the
POC/PON ratio is very constant: between 7 and 10 g g™ in unpolluted rivers (Table 4.1B).

The natural trace element concentration of river suspended matter is difficult to
determine since many rivers are already subject to anthropogenic influences, particularly
in the Northern temperate regions. World averages can be estimated accurately for a
few elements (Table 4.1C). For most of these, the averages are close to the world
average surficial rock value and to the average content of trace elements in shales
(given in Table 4.2C).



Table 4.1. The natural chemical composition of river suspended matter

A. MAJOR ELEMENTS (mg kg™)

| | si | Al | Fe [Mn| Mg | Ca [ Na | K | Ti | P
INFLUENCE OF LITHOLOGY"
Basalt river 290,000 (78,300 (52,600 (1,300 (17,200 (35,400 (22,700 (19,300 (11,700

basin

Metamorphic 388,000 (49,800 |19,000/235 (3,110 |< 3,000 (7,250 (23,800 |3,400
rocks

basin Limestone |211,000 35,300 (17,400 (300 (8,500 |178,000 2,500 (8,800 (2,000
basin

\WORLD AVERAGES?
\World rivers (274,000 (91,000 51,800 [1,000 [11,400 [23,600 (6,900 (20,900 5,800 (1,400

Tropical and arid 264,000 (114,000 |61,700 (890 |9,600 (7,500 |5,100 (18,300|7,300 (1,600
zone basins

Cold and 283,000 (75,000 |46,600 (1,100 (12,500 (31,500 |8,000 |23,000 /4,900 |1,350
temperate zone
basins

World surficial 275,000 (69,300 |35,900|720 |16,400 (45,000 (14,200 (24,400 3,800 |610
continental rock

B. DISTRIBUTION OF ORGANIC CARBON (POC) AND NITROGEN (PON) IN WORLD
RIVERS?

|Discharge weighted percentage of river water reaching the ocean |10% |50% |90%

|Suspended matter (mg 1) <20 |< 150 |< 1,000
IPOC (% of TSS) <10 [<1.0 |<0.5
IPON (% of TSS) |<1.2/<0.12|<0.06

C. AVERAGE CONCENTRATIONS OF TRACE ELEMENTS (mg kg*)**

| s [Ba [cd[co| Cr [cu/Ni [Pb[zn.
|Wor|d rivers '8—|600 Iﬁ%@ﬁ@%ﬁ
|Wor|d surficial continental rocks W|445 EEW@@RE

POC Particulate organic carbon
PON Particulate organic nitrogen
TSS Total suspended solids

* Three unpolluted monolithologic watersheds in France; inorganic fraction of particulate
matter (Meybeck, unpublished)

> Sources: Martin and Meybeck, 1979; Meybeck, 1988



* Source: Meybeck, 1982
* Source: Elbaz-Poulichet, F. and Seyler, P., Ecole Normale Superior, Paris, pers. comm.
4.2.3 Natural composition of lake sediments

The chemical and mineralogical composition of lake sediments may be greatly
influenced by the occurrence of autochthonous material in addition to the allochthonous
fraction resulting from basin erosion (Table 4.2A). In Lake Geneva (Lake Léman), for
example, the chemical composition of the deepest sediments reflects the combination of
its various allochthonous origins (Jaquet et al., 1982). When autochthonous matter is
dominant, lake sediments may be either carbonate-rich (e.g. Annecy lake, France) or
silica-rich (e.g. Pavin lake, France) due to the accumulation of siliceous diatoms, or they
may be mostly organic. In the latter case, the organic carbon content may reach 20 to 25
per cent, but in peat bogs it may be even higher (Campy and Meybeck, 1995).

As a result of these various origins of particulate matter, and of the post-depositional
processes (chemical diagenesis), the trace element content of world lake sediments may
naturally range over an order of magnitude (Forstner and Whitman, 1981). However, the
median values of this distribution (usually log-normal) are very close to the content of
average shale (fine detrital sedimentary rock) reflecting, therefore, the major influence of
allochthonous inputs in most lake sediments (Table 4.2C).

4.2.4. Anthropogenic chemicals in particulate matter

Natural sediment formed during weathering processes may be modified quite markedly
during transportation and deposition by chemicals of anthropogenic origin. Major point or
diffuse sources of pollutants to sediments have been described in Chapter 1 and are
summarised in Figure 4.1. Firstly, it must be noted that anthropogenic chemicals may be
scavenged by fine sediment particles at any point from their origin to the final sink or
their deposition. Secondly, to compute a geochemical mass balance for sediment-
associated elements, it is imperative to derive, by measurement, a mass balance for the
sediment in the system under evaluation. This includes deposition of atmospheric
particles, total sediment loadings in rivers, accumulation in lakes, and river output to the
marine system. These are discussed further in section 4.3.

4.3. Transport and deposition

As noted previously, sedimentation can be defined in terms of particle size and
mineralogical composition, both of which are inter-related. The chemical composition of
the sediment at its point of deposition is a product of the composition of the source
material, the size of the source material, the sorting during transport, and the physical
conditions at the point of depaosition.



Table 4.2. Natural chemical composition of lake surficial sediments

A. MAJOR ELEMENTS (% OF INORGANIC FRACTION AFTER IGNITION AT 550° C)

| SiO, |Al,05 |Fe,05 [MnO |CaO |[MgO |Na,0 |K,0 |P,0s | TiO, | IL
\Annecy lake, France’>  [5.3 [1.2 |0.45 |0.014|54.8 |0.43 |0.095 [0.21 |0.042 0.042 [39.3
IPavin crater lake, France®(89.7 2.8 [2.22 [0.04 [0.95/0.19 [0.40 [0.42|0.55 [0.12 [3.05
ILake Geneva“ 48.0 [11.2 |4.05 |0.325(17.0 [3.65 [0.86 [2.25(0.22 [0.62 |13.6

B. INORGANIC CARBON (POC % DRY WEIGHT, TOTAL FRACTION)

|Wor|d lakes |Minimum 0.5% |Maximum 20 %

C. TRACE ELEMENTS (mg kg* DRY WEIGHT, TOTAL FRACTION)

| [As[cd[cr [ColcuHg [Ni [Pb [ sr [zn
|Average world lake sediments® lililiyi’i| | | | |

Iminimum | Jo1[20 [4 [20[0.15[30 [10 [0 |50
Imaximum | [1.5[190[40 |00 [1.5 [250(100[750  [250
Imode(s) | [ 0o [ [e0| [60 [30 [60r250°[120
|Average shale’ 13 [0.3]90 [19 [45 0.4 [68 [20 [300 95

' IL = ignition loss between 550° C and 1,000° C, mostly attributed to the CO, of
carbonate minerals

2 Carbonate sediment mostly derived from autochthonous precipitation
* Mostly diatomaceous sediment (allochthonous fraction < 10%)

* Mixing of allochthonous fraction resulting from erosion of both crystalline and carbonate
rocks plus autochthonous carbonate precipitation

* Source: Forstner and Whitman, 1981; 87 lake sediments mostly from remote areas

¢ The bimodal distribution for Sr reflects its double origin - silicate minerals and
carbonate minerals

" Source: Turekian and Wedepohl, 1961



Figure 4.1. Sources of pollutants to sediments and the associated appropriate
sampling operations for surveys of particulate pollutants
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Transportation occurs in a similar fashion in both rivers and lakes, and is a direct
function of water movement. In rivers, water movement is linear, whereas in lakes water
movement is mainly orbital or oscillatory, due to the passage of wind-generated waves.
In lakes, wind stress also induces major water circulation patterns involving low velocity
currents which influence the transport directions of wave-perturbated sediment.

4.3.1. Particle size fractions

The size range (diameter 0) of transported particles ranges upwards from the clay-sized
material conventionally defined as 8 (< 4 um). This fraction consists mostly of clay
minerals such as montmorillonite, kaolinite, etc., but may also include some other fine
minerals and organic debris. The silt fraction is medium sized (49 -8g; 64-4 um) and the



sand (- 1g-4g; 2 mm-64 um) and gravel (< - 1g; > 2 mm) make up the coarser size
fraction. These limits are only conventional and may slightly change from one scale to
another (Krumbein and Pettijohn, 1938). There is a marked relationship between the
particle size and its origin (rock minerals, rock fragments, pollutants, etc.) as shown in
Figure 4.2.

4.3.2. Transport mechanisms

Erosion, transportation and deposition of sediment is a function of current velocity,
particle size, and the water content of the materials. These factors have been integrated
into a set of velocity curves (the Hjulstrom curves), which set the threshold velocities for
erosion, transport and deposition of various patrticle sizes (Figure 4.3). Two distinct
sediment transport systems are functional under hydraulic conditions. These are defined
as transport in suspension and transport by traction along the bottom, often termed
bedload. The suspended particles normally consist of finer materials, usually clays and
colloids, occasionally with a substantial proportion of silt. Under extreme flow conditions
sands, and even gravels, may become suspended. This condition, however, is rare and
confined to major storms in high gradient rivers and to the breaker zone of large water
bodies. The bedload consists of coarser materials, sands, gravels and larger particles,
which move along the bottom by rolling and saltation. Saltation is a process in which a
particle is plucked from the bed and moves in a series of bounces in the downstream
direction.

Transport brings about a separation by particle size of the material introduced into a
moving water body, whether a river or a lake. The resultant separation is: (i) fine grained,
geochemically active, suspended material, and (ii) a coarse, geochemically (and
relatively) inactive bedload.

Figure 4.2. Major origins of particulate matter in aquatic systems and their
distribution in class sizes
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Figure 4.3. Velocity curves defining erosion, transport and deposition of
sediments of differing grain size and water content (After Postma, 1967)
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4.3.3. River transport and variations in total suspended solids with water
discharge

An idealised vertical profile of the proportional composition of sediment in a river would
show the clay fraction dominant in the upper water layer, silt in the middle layer and fine
to coarse sand near the river bottom. This situation rarely occurs, mainly due to the
composition of the source material which generally tends to be deficient in silt. In reality,
in many cases, little change in particle size is observed under different flow regimes and
there is a clear separation of the sand and clay materials with only a small proportion of
silt.

The concentration of total suspended solids varies dramatically with changes in
discharge. This is illustrated by Figure 4.4 for the River Exe in England, where a
generalised relationship occurs with the peaks in sediment concentration closely
approximating to the peaks in the discharge. In most rivers the sediment peaks slightly
precede the hydrography peaks, a condition which is known as advanced (see the flood
on 25 December in Figure 4.4). Also, the peak concentration of suspended sediment
decreases for each of the five consecutive storms measured in the River Exe.
Resuspension of fine grained bottom sediment with increasing discharge is the cause of
the major increase in suspended solids. When this happens in series, less sediment is
available in the river bed to be remobilised in each subsequent event. This removal
process is termed sediment exhaustion. However, during calm periods, bed sediment is
replaced by deposition from newly eroded and deposited sediment. As a result, a major
scatter is often observed in the short-term relationship between sediment concentration
and river discharge. This causes a succession of clockwise hysteresis curves in the data.
In many rivers, however, the TSS is generally linked to water discharge Q on an annual
basis according to the relationship: TSS = aQ®". Where b > 1, this corresponds to a linear
variation in a log-log diagram.

Two other points can be illustrated by the data from the River Exe. Firstly, the
suspended solids range from about 15 mg I* to nearly 2,500 mg I*, i.e. somewhat in



excess of two orders of magnitude. This TSS variability far exceeds the variability in
concentrations of pollutants measured on the sediment particles. Hence, to compute
contaminant loadings in river systems, accurate measurements of discharge and
sediment concentrations are absolutely essential. Secondly, Figure 4.4 illustrates the
process of sediment storage within the river drainage system, or basin, which is a
function of river basin size, slope and water discharge regime. Individual events, or

event series, remove a proportion of the stored sediment, including associated pollutants.
Extreme storm discharges may flush all of the stored sediment.

Figure 4.4. The temporal relationship of total suspended solids to the hydrography
of the River Exe, UK (After Walling, 1977)
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4.3.4. Lake sedimentation
The sediment input to lakes and reservoirs is derived from:

¢ River input: fine grained suspended load (inorganic and organic particles), coarse
traction load.

e Shoreline erosion: sediment of mixed particle size.
¢ Lake bed erosion: size determined by the strength of the erosional forces.

¢ Airborne inputs: fine particulate material of inorganic or organic origin (e.g. pollen
grains).

e Autochthonous organic matter and autochthonous inorganic precipitates: usually fine
particles, but larger algal aggregates and faecal pellets from zooplankton can occur.

In reservoirs the first two sources of sediment input are dominant.



The different particle sizes, in both lakes and reservoirs, are separated by hydraulic
transport in a similar manner to that in rivers. Coarse sediment, derived from large river
inputs, is deposited first at the river mouth, forming both emerged and submerged deltaic
deposits (e.g. the Selenga delta in Lake Baikal, Russia and the Rhone delta in Lake
Geneva, Switzerland).

Fine sediment in lakes is transported in suspension by major lake circulatory currents
established by the wind stress. During extended periods of calm, suspended sediment
will settle, even in very shallow water. An increase in wind leads to resuspension and the
particles then continue to be transported. This intermittent transport occurs until the
sediment is deposited in an area where water movements are insufficient to resuspend
or remobilise it. Fine grained sediment deposits normally define the areas in the lake
where active accumulation is taking place. For pollution studies, these depositional
basins are of critical importance since they represent the only areas which can be
sampled to determine accurately levels of pollutants in lake sediments. Such basins also
preserve, with depth, the history of the influence of man on the composition of the
sediment.

Lake sedimentation models are relatively simple since they lack tidal currents, and
complexity is more related to lake morphology. Four major models of lake sedimentation
(with variants) can be conceptualised. Such models are given in Figure 4.5 and
described as follows (Thomas, 1988):

A. Shallow lake: Non-depositional (Figure 4.5 A): The input of fine grained sediment is
approximately equal to the output of fine sediment. Coarse sediment normally forms a
delta which is progressive and ultimately results in lake infilling. Fine particles may
deposit on the open lake bed, but are eventually resuspended under storm conditions.
The fine sediment cover remains thin and is intermittently mixed by physical processes.
Sediment cores taken in lakes of this type have a thin, modern sediment in which, due to
mixing, the profiles of elements are randomly distributed throughout and are, therefore,
unfit for pollution assessment.

B. Shallow lake: Depositional (Figure 4.5B): In this model, the fine sediment input load is
greater than the output and, hence, net accretion or deposition occurs. Deltas or bars
may form depending on the sand input, but the lake essentially fills from the bottom
upwards. Excess energy derived from storm waves resuspends and mixes the surface of
the fine sediment to depths which sometimes exceed 10 cm. Coring of this type of lake
gives random element profiles for the top layers, which have been subjected to physical
mixing, with smooth profiles below. These profiles reflect the upward movement of
averaged concentrations in a mixing zone of constant thickness, analogous to moving
averages in smoothing data trends.

C. Shallow water: Fetch controlled deposition (Figure 4.5C): Fetch controlled deposition
occurs in moderate to large lakes in which wind fetch dominates water depth as the
controlling factor bringing about the focused deposition of fine material. The fine material
input exceeds output, hence net deposition occurs. Resuspension is less significant,
therefore, permanent and continuous sedimentation of fine material can be observed.
The sediment texture coarsens downwind with increasing wave energy until deposition
of fine particles ceases, and erosion and lag deposit formation occurs. Coring in fine



material may provide good elemental profiles in quieter upwind reaches relevant to the
prevailing winds.

D. Deep water model (Figure 4.5D): This model describes the most common lake
condition. Coarse materials occur as bars or deltas and the shallow water periphery is
almost exclusively an erosional or non-depositional zone. Fine sediments occur in the
deeper water and fan outwards from all sides into the deep water basins. These
sediments are not subjected to physical mixing and any disruption of the sediment
surface is exclusively due to bioturbation. In deep lakes, the accretion rates of sediments
(see section 4.8.4) are commonly between 0.1 and 1.0 mm a*. Coring in such deep
water sediments tends to produce elemental profiles which are readily interpreted with
respect to lake and basin history. However, care still has to be taken to account for any
post depositional sediment stirring, or the occurrence of turbidites, slump deposits and
bioturbation in the core. Biological mixing, or bioturbation, involves the physical
reworking of sediment by a variety of benthic organisms. In lakes, bioturbation may
extend downwards for many centimetres. This depth is normally controlled by the
oxygen content of the interstitial waters. Turbidites and slump deposits are coarser
material which may reach the deepest parts of some lakes during rare events (usually
extreme river floods, slumping on steep slopes, etc.). These layers are unfit for
determining the pollution history.



Figure 4.5. Lake sedimentation models with special reference to fine particle
sedimentation (After Thomas, 1988)
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4.4. Environmental control of particulate matter quality

4.4.1 Grain-size influence

The specific surface area is a key particle property which controls adsorption capacity. It
is inversely proportional to particle size and decreases over three orders of magnitude
from clay-sized particles (10 m*g*) to sand grains (0.01 m* g*). Therefore, the finest
particles are generally the richest in trace elements. This effect is particularly evident
when separate chemical analyses are made on different size fractions as shown for Cu
and particulate matter in the Fly River Basin, Papua New Guinea (Figure 4.6). When
total particulate matter is considered, the trace element content is usually directly



proportional to the amount of the finest fraction as shown in the Rhine river for the < 16
um fraction (Salomons and De Groot, 1977).

4.4.2 The form of pollutants bound to particulate matter

Particulate pollutants and nutrients can be partitioned into different forms or phases
(speciations), likely to occur in suspended or deposited sediments. These forms depend
on the origin of the substances bound to the particulate matter and on the environmental
conditions, such as pH, redox potential, etc. The major forms in which pollutants and
nutrients occur in the particulate matter are as follows (approximately ranked from the
most reactive to the least reactive):

(i) adsorbed (electrostatically or specifically) onto mineral particles;

(i) bound to the organic material, which consists mainly of organic debris and humic
substances;

(iii) bound to carbonates;
(iv) bound to sulphides;
(v) occluded in Fe and Mn oxides, which occur commonly as coatings on particles;

(vi) within the mineral lattice (e.g. apatite or calcium phosphate for phosphorus; copper
oxide or sulphide for Cu); and

(vii) in silicates and other non-alterable minerals.



Figure 4.6 Copper in various grain-size fractions in the Fly River basin, Papua New
Guinea. Ok Tedi tributary and the Middle Fly River are reaches influenced by
copper mining operations. The Lower Fly reach has concentrations close to the
background concentrations which are observed in the Strickland River (After
Salomons et al., 1988)
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In unpolluted conditions, the majority of the inorganic compounds (i.e. trace elements,
phosphorus) are found in the last three categories. In polluted environments, the
additional inputs are mainly found adsorbed onto particles and bound to organic material.
The great majority of synthetic organic compounds are found in the adsorbed fraction.
Particulate organic matter (terrestrial or aquatic organic detritus) has a very high specific
area and consequently a high adsorption capacity. As a result, the concentration of
pollutants in the particulate matter may also be proportional to the amount of organic
particulates or to the amount of carbon adsorbed on mineral surfaces.

The determination of the chemical phases of trace elements is a tedious task,
undertaken by successive chemical extractions, which can only give an operational
definition of the actual speciation. The analytical procedures are numerous (Salomons
and Forstner, 1984). Some of the most commonly used are described by Tessier et al.
(1979) for trace elements and by Williams et al. (1976) for phosphorus. Most procedures
differentiate up to five main phases: sorbed, organic-bound, carbonate-bound,
hydroxide-bound and detritus. Criticisms of these methods include the non-selectivity (i.e.
some extraction steps may release portions of other forms), the difficulty of inter-
comparison of results obtained in various environments (Martin et al., 1987), the time
involved (only a dozen samples treated, per week, per person) and the need for highly
trained analysts.

Of the chemical analysis techniques currently used the simplest is total digestion (di- or
tri-acid attack) which solubilises all material present. However, under natural conditions,
only part of the total trace element content is actually reactive to changes in

environmental conditions or available for accumulation by biota, since the elements are



strongly bound to the minerals or even incorporated within them. Some workers
advocate a strong acid attack method which solubilises most specific forms, including
oxide coatings, but excluding the lattice-bound elements in aluminosilicates or mineral
oxides. Partial leaching at moderate pH values (around pH 2) is often used as an
estimate of the maximum content of reactive and available elements. Even though
partial leaching is difficult to standardise, it provides very useful information when
applied to comparable environmental conditions (e.g. within a lake or river basin). The
complete determination of four to six chemical forms should only be undertaken within
research programmes.

4.4.3 Effects of changing environmental conditions

As environmental conditions change, the various phases of elements, nutrients, etc.,
found in particulate matter are altered, and various amounts of these substances may be
released into solution. Various forms of organic matter, such as detritus and organic
coatings on mineral particles, can be degraded under oxidising conditions, leading to the
release of bound substances into solution. The solubility of metals is primarily a function
of the oxidation state. For example, reduced forms of iron and manganese (Fe* and Mn*)
are highly soluble under anoxic conditions and, as a result, are released from particulate
matter into solution. Particulate phosphates, in the form of Al-phosphates, Fe-
phosphates and Ca-phosphates are more soluble at low pH. In general, acidification (pH
< 5) results in the solubilisation of Fe, Mn, Al and other metals from most minerals. In
contrast, some elements, like Pb, form insoluble sulphides under low pH and redox
conditions. The solubility of sulphides is inversely related to the pH.

The adsorption of trace elements, hydrocarbons, organochlorines, as well as of some
forms of nutrients (PO,*, NH,", etc.), onto particulate material has been clearly
established. When salinity increases, as in estuarine waters, the major cations cause the
release of some of the above substances because the cations have a stronger bonding
to adsorption sites. Particulate pollutants may also become soluble within the digestive
tract of organisms due to the acidic conditions. As a result, the pollutants become more
readily available to the organisms and bioaccumulation in body tissues may occur (see
Chapter 5). As noted above, trace elements may also exist in the crystalline matrix of
minerals (e.g. silicates). Such trace elements are seldom released into solution under
the conditions normally encountered in the aquatic environment.

4.4.4 Internal recycling

As a result of changing environmental conditions there is an internal recycling of
pollutants in the aquatic environment which is not yet fully understood. These processes
are complex and require specific conditions within a multivariate system. The most
studied and best understood elements are mercury and phosphorus. In the case of
mercury, the transfer from sediment is mediated by bacteria which convert sediment-
bound mercury to soluble, mono-methylmercury or to volatile di-methylmercury,
depending on the pH. This methylation process, together with its impact on water quality
and aquatic organisms, has been very well described in the English Wabigon river-lake
system in north western Ontario, Canada (Jackson, 1980) (see section 6.6.1).

Many studies have been carried out on the recycling, or internal loading, of phosphorus
from lake sediments to water. This process is particularly important since it amplifies



trophic levels in eutrophic (nutrient rich) lakes by producing significant release of
phosphorus to the hypolimnion waters, with subsequent mixing during overturn. The
process makes phosphorus directly available to plankton in shallow lakes, and slows the
rate of reversal of nutrient enrichment when management action is taken to reduce
phosphorus loadings. Many environmental and physical processes are involved in the
release of phosphorus. The most common is the release of phosphorus bound to iron
oxide under the reducing conditions which occur in the interstitial waters of lake
sediments. When bottom waters are oxygenated, the phosphorus release is stopped at
the sediment-water interface. However, when bottom waters are anoxic, the redox
barrier is no longer effective and interstitial phosphate diffuses to the overlying water,
accelerating eutrophication.

4.5. Sampling of particulate matter

Specific systems deployed for the sampling of sediment in rivers and lakes may be sub-
divided into two categories, those for suspended sediment and those for bed sediments.
Different systems are appropriate for rivers and lakes and for various environmental
conditions. The following discussion of equipment is based on the summary in Table 4.3.

Bottom sampling devices

Commonly used sampling equipment for lakes includes grab samplers and simple
gravity coring devices (Table 4.4). A complete description of samples and sampling
operations can be found in Golterman et al. (1983) and in Hakanson and Jansson (1983).

The grab samplers used for sampling the beds of large rivers are the same as those
used in the sampling of lakes. This equipment must be used from a boat of adequate
dimensions to ensure safety. Small, shallow rivers may be sampled by wading into the
water and scooping sediment into an appropriate container. In deeper waters, a
container attached to a pole may be used. Appropriate bank deposits can be sampled
directly below the water surface and should represent recent deposits from the river
system. Finer bed deposits can be found behind structures which create backeddies, or
in still water conditions and in slack water on the downstream, inside banks of river
curves.

River sampling for total suspended solids

Measurement of TSS is now widely employed in river monitoring. Ideally, individual
samples should be taken from three to five depths along three to eight vertical profiles at
the river station. These samples are then united proportionally to the measured velocity
at each depth. When velocities are not measured, special depth integrating samplers
can be used: they provide a velocity-averaged water sample for each vertical profile.
Once the composite water sample is obtained, it is filtered through a 0.45 pm filter. A full
description of these procedures can be found in WMO (1981).

Sampling TSS for chemical analysis requires more precautions in order to avoid
contamination. These samples are generally taken at mid-depth in the middle of rivers
assumed to be representative of the average quality of river particulates, or with depth
integrating samplers. For eventual chemical analysis the TSS samples and filtration kits
must be treated in the same manner as laboratory glassware for the same categories of



pollutants. For trace metal analysis they must be pre-cleaned with high quality, dilute
acids and for trace organics with purified solvents, etc. During field operations, great
care must be taken to avoid any contact with rusted devices, greasy wires, etc.

Table 4.3 Sampling methodology for particulate matter in lakes and rivers

|Water body |Bottom sediment

|Suspended material

Lake Grab samplers Sediment traps
Coring devices Water sampling followed by: filtration or centrifugation
River Grab samplers Water sampling followed by: filtration or centrifugation
Bank sampling by hand

Table 4.4 Suitability of bottom sediment samplers

Sampler |Sediment |Sand | Trigger |Jaw cut Sample [Sampler |Biological [Operation
type type reliability preservation |stability | samples

[Soft [Silty

mud |clay
|Corers
|Benthos |xx | X | 0 | na | na | excellent | | XX | EW
|AIpine | X | X | | na | na | poor | | 0 | EW
|Phleger | X |xx | | na | na | fair | | 0 | EW,M
|Grab samplers
Franklin- | x X X good poor fair fair o} W
Anderson
Dietz- X X o] poor poor fair poor o] W
Lafond
Birge- XX | X o} good |excellent good fair XX M
Ekman
|Peterson| X | X | X | good | poor | good | good | 0 | EW
|Shipek |xx | X | X | good |exce||ent| excellent |exce|lent| X | EwW
|P0nar | XX | XX | X | good |exce||ent| good |excel|ent| XX | EW
x  Good

xX Excellent

0o Not recommended
na Not applicable
EW Electric winch

M  Manual

W Winch




Water may also be collected and transported to a laboratory centrifuge or processed in
the field by pumping at a controlled flow rate through a high capacity centrifuge. The
Westfalia and Alfa Laval commercial high flow separators are examples of such
centrifuges (Burrus et al., 1988; Horowitz et al., 1989). When used at flow rates of up to
6 litres per minute, the efficiency of recovery exceeds 95 per cent of the total solids finer
than 0.45 um. This technique has become progressively more popular as it provides
sufficient material for complete particulate matter analysis. When pollutant loads are
required, it is essential to link the sampling operations for chemical analysis to the TSS
measurement operations and discharge measurements.

Lake sampling devices for total suspended solids

Most lakes are characterised by very low TSS values (generally < 1 ppm). Therefore,
TSS sampling is a particularly difficult task. Recovery of sufficient quantity of material to
accomplish a wide range of analyses requires either long time period sampling or the
processing of large volumes of water. Another strategy is the deployment of sediment
traps (Bloesch and Burns, 1980). Most traps consist of vertical tubes with open tops
exposed to settling particles. Traps are attached to fixed vertical lines, anchored at the
bottom, and attached at the top to buoys. The traps are deployed in the lake for periods
of two weeks or one month to allow the capture of sufficient sediment particles without
excess decomposition of the organic matter. Another method for collecting suspended
solids is filtration of water samples using a 0.45 um filter. However, only small quantities
of sediment can be collected due to filter clogging. As a result, the sediment mass is
usually low, permitting only a few chemical analyses. Sediment samples can also be
obtained by continuous pumping from the appropriate water depth and processing the
water with a continuous flow centrifuge.

4.6. Analysis of particulate matter

Details of sediment analysis procedures are not given here but full details are available
in the appropriate texts (e.g. Salomons and Forstner, 1984). Desirable analyses are
outlined in the following sub-sections in three levels, ranging from a minimum of simple,
and essential, variables to a complete analytical scheme which can be carried out by the
most sophisticated laboratories. The monitoring of sediment chemistry is expensive.
Therefore, such work must only be undertaken based on clear programme objectives
and on a specific list of chemicals chosen to meet those objectives. Examples of such
lists have been discussed in Chapters 1 and 3 and are summarised in Tables 1.3, 1.4,
3.9 and 3.10. Care must be taken to avoid comprehensive analytical procedures of
organic and inorganic pollutants where many of the results are not actually required and
merely increase the expense. Such comprehensive analyses are only valid for special
investigations and for preliminary or basic surveys of river basin and lake systems.

4.6.1 Chemical analysis schemes for sediment

Table 4.5 shows a scheme for three levels of sophistication (levels A, B and C) of
sediment analyses for bottom sediment and total suspended solids in rivers and lakes.
For most trace elements, the total or strong acid extractable forms are determined.
However, for nutrients and metals sequential chemical extraction techniques are



available which provide insight into which of the chemical phases the substances are
bound (see section 4.4.2).

Table 4.5 Suggested sediment analyses for three levels of assessment with increasing
complexity

Analyses |Assessment level* Comments
R

|Partic|e size
H% sand, silt, clay ] X | X | X |Sieve at 63 um and 4 um
|—'|Full spectrum analysis: settling | | X | X |Pipette, Hydrometer
|—'|instrumentation | | | X |Cou|ter, Laser, X-ray
|Mineralogy
|—'|Microscope | | X | X |
|—'|X—ray | | | X |X—ray, Diffraction
|Major elements
|—'|AI only | | X | |Co|orimetry
|—'|Total | | | X |X—ray spectrometry, ICPS etc.
|Nutrients
|—'|Total P | X | X | X |Co|orimetry
|—'|Forms of P | | | X |Chemica| fractionation
'IN | [ X [ X [Kjeldahl
|Carbon
|—'|Loss of ignition | X | X | X |Ignition
|—'|Organic C | | X | X |Combustion, TOC analyser
|—'|Inorganic C | | X | X |Acid CO,, Evolution
|Trace elements
HTotaI or strong acid extractable | | X | X |Co|orimetry, AAS, ICPS, X-ray
|—'|Fractionation | | | X |Chemica| fractionation
|Organic micropollutants
HOrganochIorine compounds | | | X |Gas chromatography (GC)
|—'|Other micropollutants | | | X |GC/MS (Mass spectrometry)

TOC Total organic carbon
AAS Atomic absorption spectrophotometry
ICPS Inductively coupled plasma spectroscopy

* Level A: basic equipment required
Level B: some specific equipment necessary
Level C: sophisticated equipment necessary



A comprehensive outline for the analysis of the inorganic component of sediment is
given for the most sophisticated level of analysis in Figure 4.7. Steps may be omitted to
provide the analyses which are necessary at levels A and B defined in Table 4.5.

Figure 4.7 A system for the complete analysis of the inorganic components of
sediments (Modified from Hakanson and Jansson, 1983)
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4.6.2 Core dating

More advanced analyses (levels B and C in Table 4.5) may require additional
procedures when core samples are being investigated. These may include stratigraphic
analyses of the core to investigate internal structure for slumps, turbidites, general
homogeneity and bioturbation. To establish an historical record, the cores must be
accurately sub-sampled into appropriate depth increments, usually centimetre intervals



(as in Figure 7.12), and analysed for the pollutants of interest (nutrients, trace elements
or organic pollutants). If possible, the same increments can be dated (see Table 4.6) to
provide a chronological interpretation. Any datable event observed in the stratigraphic
assessment can be used to provide a sediment accretion rate for the core (see Table
4.6). The most sophisticated determinations include analyses of *"Cs and *°Pb to
establish an accurate chronology of sedimentation (Krishnaswamy and Lal, 1978).

Table 4.6 Methods used for dating lake sediment cores

|Methods based on events |Stratigraphic methods |Radiochemica| methods

|Ash bands |Magnetostratigraphy |1“C
|Slumps |Fossil assemblages |21°Pb
Turbidites |Chemical [(*"Cs)
|Hydrau|ic regime |Textura| |

cs |

|
|Fauna| change | |
|Anthropogenic materials | |

Source: Thomas, 1988
4.6.3 Analytical compensation for grain size effect

As already discussed, the relationship between concentration of a pollutant and
sediment grain size leads to a “grain size effect” which must be eliminated to allow a
reasonable inter-comparison between samples either spatially or vertically within a core.
This can be carried out in two ways: analysis of the same grain size fraction in all
samples, or normalisation procedures.

Analysis of the same grain size fraction in all samples

For chemical analysis, the most commonly used fraction is the silt and clay fraction (less
than 50 or 64 um grain size), obtained by wet sieving of the collected sample. Despite
giving improved inter-comparative results, this approach suffers from variations in the
relative proportions of silt and clay and in the probability that, in many lake samples, the
silt may contain significant quantities of calcite which may dilute the pollutant
concentrations.

Normalisation procedures

These include taking the ratio of the concentration of the variable of interest to some
other sediment element or component that quantifies the geochemically active and/or
geochemically inactive sites. Such ratios can be made using sand (quartz), clay, organic
carbon, aluminium or other major, or trace, elements lattice-bound in clay (e.g. scandium,
K, Ti). An example for aluminium is given in section 4.8.3.



4.7. Development of a programme for assessing particulate
matter quality

4.7.1 Objectives

The objectives of an assessment programme for particulate matter quality can be
numerous as indicated below:

¢ To assess the present concentrations of substances (including pollutants) found in the
particulate matter and their variations in time and in space (basic surveys), particularly
when pollution cannot be accurately and definitely shown from water analysis.

¢ To estimate past pollution levels and events (e.g. for the last 100 years) from the
analysis of deposited sediments (environmental archive).

¢ To determine the direct or potential bioavailability of substances or pollutants during
the transport of particulate matter through rivers, lakes and reservoirs (bioavailability
assessment).

¢ To determine the fluxes of substances and pollutants to major water bodies (i.e. lakes,
reservoirs, regional seas, oceans) (flux monitoring).

¢ To establish the trends in concentrations and fluxes of substances and pollutants
(trend monitoring).

The objectives are listed above in increasing order of complexity, with each step
requiring more sampling and measurement effort. The type of information obtained
through the study of particulate matter (Table 4.7) is highly variable, depending mainly
on the types of studies carried out.

4.7.2 Preliminary surveys

Before establishing a new monitoring programme or extending an existing one,
preliminary surveys are recommended to collect information on the present
characteristics of the water bodies of interest. These surveys are needed for the
selection of sampling sites and devices, establishing sampling periods, and to aid
interpretation of results. Table 4.8 summarises the information obtained from different
types of appropriate surveys.

4.7.3 Sampling design

Sampling design mostly depends on: (i) the objectives, (ii) the available funds and
materials, both in the field and at the laboratory, and (iii) knowledge obtained from
preliminary surveys. Some examples of good design are given in section 4.9. A tentative
list of possible assessments of the quality of the aquatic environment through the study
of particulate material is given in Table 4.9 for the three levels of monitoring discussed
earlier.



Table 4.7 Information obtained from chemical analysis of particulate matter in relation to
specific assessment objectives

|Rivers |Objectives |Lakes and reservoirs |Objectives

\Suspended matter | | |

Present concentrations of a,c Present concentrations of substances a
substances and pollutants and pollutants
Pollutant and nutrient fluxes to d, e Present nutrient concentrations and d
seas or lakes associated eutrophication

Present rate of vertical settling of c, d

pollutants and nutrients

|Bottom deposits | | |

Present concentrations of a,c Present concentrations of sediment a,c
pollutants pollutants

Past concentrations of b, c Past concentrations of pollutants e.g. b
pollutants in some cases since the beginning of industrialisation
Objectives

a - basic surveys

b - environmental archives

C - bioavailability assessment
d - flux monitoring

e - trend monitoring

Sediment sampling strategies have been discussed in considerable detail by Golterman
et al. (1983) and a full discussion is beyond the scope of this guidebook. However, some
observations can be made which emphasise certain aspects of river and lake sampling.

Rivers

To establish background levels of particulate matter composition, samples of bottom
sediment should be taken in the upper reaches of the river basin. The effects of
tributaries on the main river should be covered by sampling tributaries close to their
junction with the main river. The possible effects of point sources can be estimated from
a sample taken from the point source (effluent or tributary), whereas the impact on the
river is determined by taking samples immediately upstream and downstream of the
source. These samples must be taken from the same side of the river as the effluent
input, since the river flow will maintain an influx to the bank of origin for many kilometres
downstream. The impact of land-use (diffuse sources) and the influence of a city should
be covered by sampling both upstream and downstream of the city or land-use area.
Single bottom sediment samples are adequate provided the objective is to assess only
the qualitative impact on the composition of the sediment. This sampling regime is
summarised schematically in Figure 4.1.




Table 4.8 Preliminary surveys pertinent to particulate matter quality assessments

Water bodies

| Type of survey

| Information obtained

Rivers

Water discharge Q

River regime
Extreme discharge statistics

Suspended sediment (TSS)

TSS variability
Relationship TSS =fQ
Annual sediment discharge

Inventory of major pollutant sources

Location of pollutant sources
Types of pollutants
Estimated quantities discharged

Lakes and reservoirs

Bathymetric survey

Volume
Hypsometric curve
Deepest points

Temperature and O, profiles

Thermal structure
Turnover period
Intensity of vertical mixing

Chlorophyll and transparency

Periods of algal production
Resuspension of sediments

Sedimentological survey (grain-size)

Area of deposition
Occurrence of fine deposits

|Inventory of major pollutant sources

|As for rivers

TSS Total suspended solids

Lakes

Lakes represent more static conditions than those observed in rivers and, therefore, the
sampling intensity is related to the purpose of the study. For example, historical trends
can be determined easily by the accurate analysis of a single sediment core recovered
from an active depositional basin of fine grained sediment, generally at the deepest point

of the lake. For extensive monitoring, surface sediment can be collected from an
appropriate grid which is related to the size and shape of the lake, or to a particular
region of the lake which is important because of a specific use. Some examples are

given in Figure 4.8. To provide mean concentration values, at least five, and preferably
ten, samples should be taken for each sediment type observed in the lake. Subsequent

sampling episodes should take samples from the same locations.




Table 4.9 Development of participate matter quality assessment in relation to increasing
levels of monitoring sophistication

| Monitoring level*

Level A Level B Level C
|Rivers
Suspended |Survey of SM quantity  |Survey of SM quality at Full cover of SM quality
matter (SM) |[throughout flood stage  |high flow (filtration or throughout flood stage
(mostly when rising) concentration)
Deposited Grab sample at station  |Longitudinal profiles of grab |Cores at selected sites
matter (end of low flow period) |samples (end of low flow  |where continuous
period) sedimentation may have
occurred
Lakes
Suspended |Transparency Survey of total phosphorus |Sediment trap
matter measurements inputs from tributaries (for
eutrophication assessment)
Deposited Grab surface sample at |Coring at deepest point Complete surface
matter deepest points sediment mapping;
Longitudinal profiles of
cores

' Level A: simple monitoring, no requirement for special field and laboratory equipment
Level B: more advanced monitoring requiring special equipment and more manpower

Level C: specialised monitoring which can only be undertaken by fully trained and
equipped teams of personnel

More advanced analysis of TSS in lakes should only be undertaken by laboratories
which are capable of strong field sampling support. Sediment traps should be deployed
in offshore regions, with one chain in a small lake and additional chains in lakes of
increasing dimensions.

4.7.4 Sampling frequency
Lakes and reservoirs

The sampling frequency for sediments varies according to the monitoring level and type.
As the velocity of sediment accretion is generally low (0.1 mm a* to > 1 cm a?), lake
deposited sediments need only be analysed occasionally. An average frequency of once
every five years is usually sufficient. However, in water bodies with high sedimentation
rates, such as reservoirs, it may be appropriate to carry out coring operations more often.




Figure 4.8 Examples of bottom sediment sampling grids in lakes (After Golterman
et al., 1983)
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Sediment traps in lakes should be operated at least twice a year during periods of
minimum and maximum algal productivity. If these periods do not coincide with those of
high input of sediment from rivers, additional samples might be needed. The exposure
time of the trap should not exceed two weeks at a time in order to avoid excessive algal
development and organic matter decomposition within the trap.

Rivers

The optimum sampling frequency for rivers varies according to the objectives of the
assessment. If the identification of the peak pollution level of particulate matter is
required, two situations must be considered. Whenever pollutants originate from point-
sources such as sewers, sampling should be done during low-flow periods, when
suspended matter is usually low, and when pollution inputs are less diluted by land
erosion products. When pollutants originate from diffuse sources (such as agricultural
run-off for nitrogen or urban run-off for lead), sampling may be focused on the flood
periods during which the pollutant is washed from the soil.

If mass budgets and weighted average concentrations of particulate pollutants are
needed, then the emphasis should be placed on high-flow sampling. The sampling
frequency should then depend on the size and regime of the river. For the largest rivers,
weekly or bi-weekly TSS samples during floods are convenient, while for smaller rivers
daily TSS measurements are needed. The frequency of chemical analysis should be
adapted to the variability of the considered elements. For example, the data of Cossa et



al. (1990) from the St Lawrence river suggest 6 to 12 samples a year are appropriate for
Fe and Mn respectively.

When sophisticated chemical analyses are required (e.g. sequential extractions) 12
analyses a year should be considered as a starting point to avoid overloading the
analytical laboratory. To make results more representative analyses can be carried out
on composite samples prepared by mixing aliquots from several discrete samples.

4.8. Data evaluation
4.8.1 Data reporting
Data reporting should include the following information:

¢ The full description of sample collection procedures including the location, type of
sampler, quantity sampled, number of samples, types of filtration (or centrifugation)
apparatus and filters.

¢ A full description of the sample pre-treatments (acid digestion, partial leaching, organic
solvent extraction, etc.).

¢ The analytical method used.

All concentrations should be reported as ma