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PREFACE

By the end of the 1960s, it became acutely apparent that major problems existed
with the quality of both surface and subsurface waters on a world-wide scale. In
response to these discoveries numerous legislative initiatives were enacted in most
developed countries to limit the introduction of contaminants to the environment.
It quickly became apparent, however, that not only was there a need to reduce
the quantity of contaminants introduced to surface and subsurface waters, but
previously contaminated resources had to be remediated to reduce the potential risks
on human and ecosystem health. Effective remediation proved to be a difficult task
that required an improved understanding of the transport and fate of contaminants
in aquatic environments. This fact resulted in a wide range of analyses regarding
contaminant transport and cycling in riverine environments during the past several
decades. Nonetheless, in comparison to the enormous efforts which have been
made to characterize, assess, and remediate contaminated soils and groundwater,
contaminated rivers have received relatively little attention. This is in spite of
the fact that polluted reaches may cover tens of kilometers of stream channel
and the adjacent valley floor. Progress, however, in the soils and groundwater
arena has recently produced a shift in emphasis from the subsurface to the surface
environment, particularly with regards to cleaning up contaminated rivers.

Rivers and their associated drainage basins tend to be geological, hydrological,
and geochemically more variable than either soil or groundwater systems. Perhaps
more importantly, geomorphic processes play a much larger role in controlling the
dispersal, distribution, and geochemical cycling of contaminants. Thus, the direct
application of site assessment and remediation protocols developed over the past
several decades for soils and groundwater to rivers is generally inappropriate. In
fact, post-remedial reviews demonstrate that the application of approaches created
for soil and groundwater contaminated sites to fluvial (river) systems often results
in less than successful cleanup programs that have required unnecessarily large
financial expenditures. What is needed is a more thorough incorporation of the
catchment’s geomorphology and surficial processes into the utilized site character-
ization, assessment, and remediation strategies.

The primary purpose of this book is to provide students and professionals with
an introductory understanding of fluvial geomorphic principles, and how these

Xiii



Xiv Preface

principles can be integrated with geochemical data to cost-effectively assess and
remediate contaminated rivers. We stress the importance of needing to understand
both geomorphic and geochemical processes. A process-oriented approach is
required because it goes beyond the simple description of the river channel and its
associated drainage basin to enhance the predictive capabilities of models used in
the investigation of riverine environments. Thus, the overall presentation is first an
analysis of physical and chemical processes and, second, a discussion of how an
understanding of these processes can be applied to specific aspects of site assessment
and remediation. We also emphasize the need to take a catchment-scale approach
when conducting site investigations, and the potential for changes in process rates
through time as a result of both natural and anthropogenic disturbances. Such
analyses provide the basis for a realistic prediction of the kinds of environmental
responses that might be expected, for example, during future changes in climate or
land-use.

Although much of the discussion is derived from work in the United States
with which we are most familiar, case studies from many other parts of the world
have also been included, particularly studies from the U.K. We purposely include
a large number of literature citations in the text to make it easier for those wishing
to pursue a topic in more depth to begin their literature review. The hope is that
the discussion provided herein, combined with the literature at large, will lead to
more effective cleanup programs, and to innovate ways to assess and remediate
contaminated rivers.

A number of individuals reviewed parts of the manuscript, and we extend our
thanks to all of those who graciously devoted their time and effort to do so. They
include Michael Amacher (Chapter ), Douglas Boyle (Chapter[B), Dru Germanoski
(Chapter ), Karen Hudson-Edwards (Chapter 2)), Mark Lord (Chapter [I)), Peter
Richards (Chapter H), and several anonymous reviewers (Chapter 8] 0 [[0). Special
thanks are given to Dale (Dusty) Ritter for critically reviewing nearly all of the
manuscript, and for providing much needed focus to parts of the discussion. Thanks
are also given to numerous colleagues and friends with whom we have spent
countless hours discussing the topics in the book. All shortcomings and errors in
the book are, of course, ours.

Jerry R. Miller
Suzanne M. Orbock Miller



CHAPTER 1
CONTAMINATED RIVERS: AN OVERVIEW

1.1. INTRODUCTION

Approximately 75% of the Earth’s surface is covered in water. The vast majority
(~97%) of it is saline, and cannot be used for domestic, agricultural, or industrial
needs. Of the remaining 3% that is fresh, nearly all is inaccessible as it is either
frozen in glaciers or locked in deep geological strata as groundwater (Smol 2002).
Only about 0.003% of all freshwater is found in rivers. Nevertheless, the importance
of river water to sustaining civilizations can hardly be overstated. Rivers provide
water for irrigation, industries, and domestic purposes, serve as fisheries and the
source of other food stuffs, act as routes of exploration and travel, and provide a
wealth of recreational opportunities.

For millennia humans have also used rivers as a form of natural sewer system
whereby waste products were disposed of within, and carried away by, the river’s
flow. In spite of the introduction of these substances, aquatic degradation was
initially minimal and localized as their adverse affects on water quality were negated
by dilution. The cliché “dilution is the solution to pollution” held true for most, but
certainly not all, locations. That began to change with the onset of industrialization
at the beginning of the 19th century m ), and an accompanying increase
in global population from approximately 1.5 billion in 1800 to over 6 billion in
1999 (UNPD 2001).

The widespread effects of chemical contaminants on human and ecological health
were not immediately recognized. In fact, an awakening to the potential effects of
chemical substances did not begin to materialize on a global scale until the 1960s, by
which time it was often difficult to ignore. For example, petroleum-based products
floating on the surface of Cuyahoga River near Cleveland, Ohio were ignited in
1969 sending flames shooting nearly 20 m high (Garnett 2002). The absurdity of
a river on fire had a significant impact on the public’s perception of the Nation’s
(if not the planet’s) water quality. The Cuyahoga, however, was only one of many
sites around the world that began to be recognized as having a significant problem.

The increasing concern for high-quality aquatic resources led to the development
of state and federal regulatory agencies and the implementation of stringent environ-
mental regulations in most developed countries. Much of the legislation was aimed
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2 1 Contaminated Rivers: An Overview

at reducing the introduction of chemical pollutants to surface and subsurface waters,
particularly from points of contaminant discharge. Such regulations have greatl
improved water quality along many river systems in the developed world

; Lomborg 2001). In fact, today the Cuyahoga River is lined by condominiums
and restaurants, and its waters, once devoid of fish, now possess abundant quantities
of walleye, pike and smallmouth bass (Garnett 2002). Nonetheless, as we will see
below, national surveys on river health indicated that there is still much to be done.
Significant riverine problems exist in every region of the planet, primarily as a
result of modifications in flow regimes by dams and diversions, physical alterations
in river and riparian habitats (e.g., associated with channelization), and perhaps
most importantly, the historic or ongoing introduction of contaminants.

In light of the above, it is clear that improvements in river health will require a
continued effort to decrease contaminant influx to rivers and other aquatic environ-
ments. It will also depend in no small way on our ability to cost effectively assess
and remediate currently contaminated rivers.

The term assessment has been defined in a multitude of ways, depending on the
objective of the investigator or agency performing the analysis. Here, it is defined
rather broadly (following the terminology put forth in the Australian National
Environmental Protection Act of 1994) as the means for determining the nature,
extent and levels of existing contamination at a site and the actual or potential risk(s)
that the contaminant poses to human or ecosystem health. A contaminant represents
a chemical substance that can potentially threaten human health or the environment.
It differs from a pollutant in that a pollutant is thought to have already had an
adverse affect on humans or other biota. The basic elements of site assessment
commonly include the quantification of the chemical forms, concentrations, and
distribution of contaminants within water, sediment, and biota of a river and its
associated sedimentary deposits as well as the analysis of the rates and mode of
transport, the constraints on bioaccumulation, the toxicity of the contaminants in
question, and the potential exposure pathways and health risks to humans and the
environment (see, for example, USEPA 1988). It is important to recognize that
assessment is the process through which data from a diversity of fields are brought
together, manipulated, and interpreted to determine what, if any, action should be
taken to remediate or restore the site.

The precise use of the term remediation has become complicated in recent years
as it has often been used interchangeably in both legislation and academic reports
with restoration, reclamation, rehabilitation, and mitigation (NRC 1992). Rather
than expend unnecessary effort attempting to sort out the nomenclature, remediation
will be defined for our purposes as the application of any method that prevents,
minimizes, or mitigates the damage to human health or the environment by a
contaminant.

The assessment and remediation of contaminated sites is an extremely expensive
process. For example, if the U.S. maintains its current trends, the costs of site charac-
terization, assessment, and remediation are projected to amount to $750 billion from
1990 to 2020 (as reported in 1990 dollars) (Russell et al. 1991). Data regarding
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the nationwide costs of cleaning up contaminated rivers are currently unavailable.
Nevertheless, contaminated rivers, particularly those impacted by historic mining
operations, represent some of the most costly remediation projects on record. As
an example, the Record of Decision issued by the USEPA to tackle the impacts
of mining on the Coeur d’Alene River basin in Idaho contains a “final remedy” to
address metal-related human health risks and an “interim remedy” to initiate the
process of addressing ecological risks. Completion of the program is estimated to
cost $360 million over 30 years, and a review by the National Research Council
suggests that even this effort is insufficient to limit ecological risks to an acceptable
level (NRC 2005).

In the following pages, we will examine a cost-effective, geomorphological-
geochemical approach to site assessment and remediation. However, before we can
effectively discuss the approach we must examine the types and sources of contam-
ination in riverine environments, the general modes through which contaminants
are dispersed, and the current quality of river waters.

1.2 TYPES OF CONTAMINANTS

A wide range of contaminants can be found in river water, sediment, and biota.
Subdividing them into specific types is a useful process in understanding their
behavior in aquatic environments, their effects on humans and other biota, or their
primary source(s) from which they are derived. Their classification, however, is
not as easy you might think as any given contaminant may be categorized in many
different ways, depending on the goal of the classification system. Take, for instance,
pesticides. We are all aware that these represent a group of substances that were
created to control, repel, or kill pests. They may be further classified according
to the pests that they were designed to specifically address. From this perspective,
specific types of pesticides may include fungicides, herbicides, insecticides, or
rodenticides. An alternative means of classifying pesticides is on the basis of their
chemical composition, in which case they may be categorized as organochlorines,
organophosphates, carbamates, etc. The point is that a given contaminant may fall
within several different categories depending on the criteria used in the classification.
A common practice that has been extensively used in the analysis of sediment and
water quality is to mix categories of contaminants, defined using different criteria,
on charts and graphs. This practice is followed to focus attention on groups of
substances which are of most importance to a particular resource. We will take a
similar approach and describe the organic and inorganic contaminants that are of most
importance to riverine environments. Our discussion, then, does not include all of the
potential contaminants that may be found in surface waters, only the most common.

1.2.1. Organic Contaminants

At a broad scale, organic contaminants can be subdivided into pathogens and
other toxic organic substances. Pathogens of most importance include bacteria,
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viruses, protozoa, and parasitic worms which are responsible for a variety of water-
borne diseases including gastroenteritis, malaria, river blindness (onchocerciasis),
schistosomiasis, cholera, and typhoid fever (Kubasek and Silverman 1997). As we
will see later in the chapter, pathogens affect more river miles than any other
type of contaminant in the U.S. Nonetheless, fatalities resulting from water-borne
pathogens in most developed countries are minimal in comparison to the estimated
25 million deaths per year attributed to water-borne diseases in developing countries
(GTC 1990).

The enormous diversity of pathogens found in natural waters makes it impossible
to routinely monitor for specific organisms. Thus, waters (particularly drinking
water) are usually analyzed for groups of bacteria and other microorganisms.
Perhaps the most important of these is a group of bacteria referred to as fecal
coliform, the most common of which is Escherichia coli, or E. coli. The presence
of fecal coliform in river waters is an important finding because it indicates that
the water has been contaminated by human or animal wastes (i.e., fecal materials).
The extensive use of E. coli as an indirect indicator of other contaminants is related
to a lack of routine, cost-effective methods to analyze for a wide range of other
pathogens (e.g., viruses).

In addition to pathogens and other microorganisms, most river water contains
minor amounts of dissolved or particulate bound organic substances. The description
of these organic substances is made difficult by the complex binding capabilities of
carbon; it can form single, double, or triple bonds with other carbon atoms, and up
to four covalent bonds with other elements. As a result, there are literally millions
of possible organic compounds that can be found in water, sediment, and soils,
each with its own distinct set of physical and chemical properties. Some of these
compounds, such as the naturally occurring humic and fulvic acids, pose little threat
to human or ecosystem health. This is not necessarily the case for the more than
two million different kinds of man-made organic substances known to exist (Giger
and Roberts 1977).

Domenico and Schwartz (1998) provided an effective means of classifying
organic contaminants commonly found in aquatic environments. Their classification
system includes 16 major categories of organic substances, and is based on the
categorization of selected functional groups composed C, H, O, S, N, or P (Fig. [L.T)).
While organic substances from all of these groups are found in surface- and ground-
water, several kinds of hydrocarbons (of which the basic building blocks are C and
H) are particularly important. One such group is the polycyclic aromatic hydro-
carbons (PAHs). PAHs actually include more than 100 different kinds of closely
related organic substances which are known to pose a potential threat to human and
ecosystem health. They were, in fact, one of the first groups of substances identified
as a potential carcinogen.

PAHs are formed from the natural and anthropogenic combustion of organic
matter, particularly during the burning of fossil fuels at power plants, in automobiles,
or in residential, commercial, or industrial heating systems. They are also found
in a number of commonly used commercial products such as creosote and roofing
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tar. Some forms of PAHs are volatile and can enter the air from contaminated
soil, sediment, or water, upon which they are broken down by sunlight and other
chemicals within a period of days to weeks. PAHs in soils and water are degraded
by microbes but at a slower rate than in the atmosphere, perhaps within a few weeks
or months.

1. Migcellanequs Nonvolatile Compounds
2. Halogenated Hydrocarkons

Aliphatic Aromalic
o g G
Y
H Cl
Trichloroethylene Chlorcbenzene
3. Amino Acwds
Basic Structurne Aspartic acid
MH, Ci! vltl) NH (ljll
[
R=C=C=0 OH-C—- CH.z—CH—C OH
4. Fhasphorods Compouhds
Basic Structune Malathion
H H H
g 2] ) 1
I ‘D“ ll-] EH?—CO?C'JH
P9 - C=0=P-5-C-H HH
o [
SV I e
H=e=H o N
5, Organmetallic Compoints
Teatracthyllead
lil 6 .Carboxylic Acid
H-(I.': —H Basic Snicture:
H-gC=H ﬁ
L U ¥ R—C—0H
H-l.;.:- C— Fh— l’|2 -(I3-H
R I Acetic acid
H— [I:— H 'ﬁ
H—EI:- H CH,—C—OH
H

Figure 1.1. Classification of organic compounds as presented by Domenico and Schwartz (1998)
(From Domenico and Schwartz 1998)
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(Continued)
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15. Aromalis Hydrocarbons
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CH
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Figure 1.1. (Continued)

One of the largest and most important groups of organic contaminants, particular
for groundwater, is the halogenated hydrocarbons. Halogenated hydrocarbons
are hydrocarbons consisting of one or more atoms of Cl, Br, or F. Many
of the halogenated hydrocarbons are associated with solvents, cleansers and
degreasers used in industrial processing. Examples include tetrachloroethylene
(PCE), trichloroethylene (TCE), dichloroethylene (1,2 DCE), and chloroform. Other
important contaminants that fall within this general group include a number of
pesticides (e.g., DDD, DDE, DDT, 2,4-D and 2,4,5-T) as well as polychlorinated
biphenyls (PCBs). The latter group of substances, PCBs, have been found to be of
particularly importance in alluvial (river) deposits.

PCBs are mixtures of chlorinated hydrocarbons that are made by substituting 1 to
10 CI atoms onto a biphenyl aryl structure (Fig.[L2)). Thus, the mixtures may contain
209 different compounds. PCBs were extensively used for decades in electrical
equipment, hydraulic fluids, and a variety of other commercial products because
of their chemical, thermal, and biological stability, their high boiling point and
their excellent insulating properties. It is these same characteristics, however, that
have allowed them to accumulate to exceedingly high levels in many river systems
around the world, in spite of the fact that PCB production was terminated in the
1970s in most developed countries. The modern occurrence of PCBs is related to

cl i cl Cl

O~

Cl cl Cl Cl

Figure 1.2. Example of a polychorinated biphenyl compound (PCB). The number of attached Cl atoms
may vary from one to ten
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two factors. First, enormous quantities were produced (~ 680 million kg in the
U.S. alone) prior to the end of production. Second, equipment containing PCBs is
still being utilized and thus, they continue to enter the environment as industrial or
electrical equipment fails. In addition, once PCBs are in the environment, they can
persist for long-periods of time without degrading to non-toxic or less-toxic forms.
They are therefore classified, along with a number of other organic contaminants,
as Persistent Organic Pollutants (POPs).

In addition to degrading slowly in the environment, POPs are particularly
hazardous because they possess (1) a strong propensity to accumulate in biota, (2) a
tendency for concentrations to increase up the food chain (i.e., biomagnify), (3) an
ability to be transported over long distances, and (4) a high potential to be toxic to
both humans and other animals at very low concentrations. POPs have been linked
to disruptions of the immune system, cancer, reproductive problems, and nervous
system dysfunction.

Because of their potentially hazardous nature, POPs were recently addressed
by the Stockholm Convention, a United Nations Treaty that seeks to reduce or
completely eliminate the production, use, and/or release of the 12 most important
POPs. In addition to PCBs, the targeted POPs include pesticides such as aldrin,
chlordane, DDT, dieldrin, endrin, mirex, toxaphane, and heptachlor as well as
dioxins, hexachlorobenzene, and furans. Dioxins are a family of highly toxic
compounds that are produced as a byproduct of various industrial processes
involving chlorine such as waste incineration, chemical and pesticide manufac-
turing, and pulp and paper bleaching. Furans are often associated with dioxins as
they are also byproducts of combustion, and like dioxins, are toxic. Because of their
widespread production, dioxins and furans are common in riverine environments.

1.2.2. Inorganic Contaminants

There are a large number of inorganic contaminants that affect the environment,
but three groups are of significant importance to river systems: nutrients, metals
and metalloids, and radionuclides. The effects of nutrients are primarily manifested
through a process referred to as eutrophication. Eutrophication refers to a condition
in which lakes, reservoirs, and, to a lesser degree, rivers exhibit excess algal or
plant growth which leads to severe degradation of the water body (Manahan 2000).
Some investigators view eutrophication as a negative feedback loop in which the
first step in the process is the input of nutrients, which causes excessive rates of
growth. Upon death, the biomass accumulates in the bottom sediment where it
decays. Decay not only recycles the nutrients for additional plant growth, but leads
to anoxic conditions that eliminates favorable biota, encourages undesirable species,
and results in objectionable odors and tastes.

In actuality, eutrophication is much more complicated than described above
and is in need of additional research. Most ongoing research focuses on cultural
eutrophication, rather than natural eutrophication. The former is driven by the input
of nutrients, primarily phosphorous, nitrogen, and potassium from human activities.
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Recent studies have shown that in most aquatic systems the majority of the essential
elements for plant growth are available in sufficient quantities. Thus, they do not
limit the rate of biomass production. The exceptions include P, N, and occasionally
K. In freshwater P is most often the rate limiting nutrient, and is the primary
culprit in cultural eutrophication. An important source of P in river waters has
been household detergents and, thus, much effort has been devoted to reducing
their phosphate content and in removing phosphate from water in sewage treatment
plants. Nitrogen can be the rate limiting nutrient in certain situations, particularly
in marine environments or where the influx of animal wastes is significant.

In addition to its potential effects through eutrophication, N can directly impact
human health. High levels of nitrate, which is the most common form of dissolved N
in surface- and groundwater, can cause methemoglobinemia (or blue baby disease)
in infants. Once entering the body, nitrate interferes with the ability of the blood
to carrier oxygen (turning the blood a shade of blue), which may then inhibit the
normal development of the central nervous system.

Trace metals represent another important group of inorganic contaminants. The
term trace metal as used here refers to any metal found in very low concentrations,
generally less than a few mg/kg, in the river system. The most important of these
from a contaminant point of view include Ag, Cd, Cr, Cu, Hg, Fe, Mn, Pb, and Zn.
Some of these elements are essential for plant and animal life at low concentrations,
but become toxic at higher concentrations (Table [LT)). Others serve no biological
purpose.

Much of literature has historically focused on the so called heavy metals (e.g., Pb,
Hg, Zn), most of which are transition elements. These elements are often considered
as the most harmful to aquatic ecosystems, and are of particular concern to site
assessments because they can be extremely toxic to humans at high concentra-
tions (Manahan 2000). The specific effects of these metals on human and biotic
health vary with the element and the form of the element as it exists in the
environment. Many of them, however, interfere with important enzyme functions
or bind to cell membranes, thereby hindering transport of materials through
the cell wall.

The term heavy metal has recently come under attack because it has been defined
in different ways by different people (Duffus 2002; Hodson 2004). For example,
heavy metals are often defined according the density of the metal; densities that
have been cited in the literature range from > 3.5 g/cm® to > 7g/cm’. In addition,
it has been pointed out that a number of the utilized definitions are contradictory.
Thus, Hodson (2004) has argued that investigators should avoid use of the term.
While we will follow Hodson’s suggestion, the term is so ingrained in the literature
that it is unlikely go away any time soon.

In addition to trace metals, a number of metalloids have also been found to
contaminate river systems. The most important of these are As, Se, and Sb. Arsenic
(As) is particularly important as the ingestion of no more than 100 mg of the element
can result in acute As poisoning (Manahan 2000). Ingestion of smaller amounts
over long periods of time can result in chronic poisoning. Because of its extreme
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Table 1.1. Trace elements found as contaminants in natural waters

Element Sources Effect and significance

Arsenic Mining byproduct; chemical waste Toxic; possibly carcinogen

Beryllium Coal; industrial waste Toxic

Boron Coal; detergents; wastes Toxic

Chromium Metal plating Essential as Cr(IIl); toxic as Cr (VI)
Copper Metal plating; mining; industrial waste Essential trace element; toxic to plants

Fluorine (F™)

Natural geological sources; wastes;
water additive

and algae at higher levels
Prevents tooth decay at around 1 mg/L;
toxic at higher levels

Todine (I7) Industrial wastes; corrosion; acid mine Prevents goiter
water microbial action
Iron Industrial waste; mining; fuels Essential nutrient; damages fixtures by
staining
Lead Industrial wastes; mining; fuels Toxic, harmful to wildlife
Manganese Industrial wastes; acid mine water; Toxic to plants; damages fixtures by
microbial action staining
Mercury Industrial waste; mining, coal Toxic; mobilized as methyl compounds
by anaerobic bacteria
Molybdenum Industrial wastes; natural source Essential to plants; toxic to animals
Selenium Natural sources; coal Essential at lower levels; toxic at
higher levels
Zinc Industrial waste; metal plating; mining; Essential element; toxic to plants at

plumbing

higher levels

From Manahan 2000

toxicity, it has historically been used in a number of insecticides and herbicides
as well as in various agents for chemical warfare. Arsenic has also been used
in the production of certain metal alloys and various pigments. Its use for most
of these purposes has generally been replaced by synthetic organic compounds.
Nevertheless, arsenic continues to be a problem in many areas because of past
uses, its continued release from ore mining and processes facilities, and its natural
occurrence in the environment (Freeze and Cherry 1979).

Radionuclides (or radioactive isotopes) are produced by the fission of relatively
heavy elements such as uranium, thorium, and plutonium. In contrast to stable
nuclei, they emit ionizing radiation which consists of alpha particles, beta particles,
and gamma rays. lonizing radiation, in turn, produces ions in the materials which
it contacts, thereby disrupting the material’s existing chemical structure. Alpha
particles are composed of two neutrons and two protons, or a helium nuclei. In
contrast, beta particles consist of positively or negatively charged particles referred
to as positrons or electrons, respectively. Gamma rays are a true form of electro-
magnetic radiation that is found at the highest energy end of the electromagnetic
spectrum. In general, the depth to which each of the types of radiation can penetrate
increases from alpha particles, to beta particles, and finally to gamma rays, but the
amount of ionization cause by each follows the reversed order. Thus, while alpha
particles cannot penetrate most matter to any significant depth, they can cause a
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large amount of ionization along their pathway. It follows, then, that radionuclides
emitting alpha particles are not a major concern when they are found outside the
body, but can be an extremely hazardous if ingested (Manahan 2000). Both beta and
gamma radiation can penetrate the skin, and are therefore of concern even while
outside the body.

Radionuclides are found naturally in aquatic environments, but artificially
produced radionuclides are usually of more importance in terms of aquatic contam-
ination. Sources of radioactive materials include medical and industrial wastes,
weapons production (particularly during World War II), uranium ore processing
and enrichment, and to a lesser degree, power plant releases (such as Chernobyl).
In contrast to most other contaminants, the amount of radionuclides found in water,
sediment, etc., is measured in a quantity known as picocuries, where one picocurie
(pCi) represents 3.7 x 1072 disintegrations per second. The primary health effect
of ionizing radiation is that it initiates a variety of adverse chemical reactions in
biotic tissues. In the most severe case where radiation poisoning has occurred, the
production of red blood cells is reduced as bone marrow is destroyed. The potential
for ionizing radiation to result in genetic damage over longer periods of time is also
a concern.

1.3. NATIONAL ASSESSMENTS OF RIVER HEALTH

In the previous section, we examined the type of contaminants frequently found in
rivers. We can now examine the significance of these contaminants in river water
and sediment, and the primary sources from which they are derived. One way of
effectively doing this is to analyze the results obtained from national assessments
of river health.

Most developed countries have one or more program in place to conduct large-
scale (national) assessments of the physical and chemical conditions of river
systems. These assessments are utilized for a variety of purposes, particularly (1)
the identification of important contaminant types and sources, and (2) the delin-
eation of rivers or river reaches where contaminants may pose a threat to human
health or the environment, and are therefore in need of further investigation. Most
are also designed to collect data over a period of years so that decadal-scale trends
in riverine health can be developed and used to determine, if the existing legislation
and management strategies are having the desired affect.

In general, national assessments of riverine health involve the collection of
physical and geochemical data from multiple sites and sources, its integration into
a single database, and ultimately its interpretation using procedures designed to
answer a specific set of questions. Although the integration of records from multiple
sources may seem to be a rather simple task, in reality the uncertainties (errors)
associated with geochemical data collected at a specific location are compounded as
they are combined with information from other sites m@) In addition,
the collection of chemical and physical data is an extremely expensive undertaking.
Therefore, to reduce costs, data are often obtained from sites that were established
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for other purposes (e.g., to characterize the contaminant load downstream of a
contaminanted site). Thus, the data contained in most national assessments are
biased by the geographical distribution of the sampling locations.

Although large-scale assessments of water and sediment quality are not perfect,
the derived information provides important insights into the types and sources
of contaminants found in freshwater systems and, to a lesser degree, the extent
and severity of freshwater contamination. Comparison of the results from different
countries reveals that water and sediment quality varies from country to country
and from region to region within any given country. The types and sources of
riverine contamination, however, are surprisingly similar. In the following sections,
we will briefly examine three assessments of riverine health conducted in the U.S.
in order to more closely examine the nature of national assessment programs, and
to develop a better understanding of the importance of the various contaminants
described above to riverine environments. In doing so, we will also gain insights
in to the current conditions of river systems in the U.S.

1.3.1. The National Water Quality Inventory

Section 305b of the Clean Water Act requires states, U.S. territories, and other
jurisdictions (e.g., interstate river commissions and Indian tribes) to assess the
quality of their surface- and groundwater and report their findings on a biennial basis
to the U.S. Environmental Protection Agency (USEPA). The assessments involve
the collection of data from selected water bodies and its subsequent comparison
to water quality standards that have been defined by the jurisdiction performing
the analysis. Water quality standards, which must be approved by the USEPA,
consist of three elements: a designation of the primary uses of the water (e.g., to
support aquatic life or recreation), a set of criteria that are intended to protect
aquatic life and humans from the adverse effects of contaminants or other forms
of stress, and some form of antidegradation policy aimed at preventing degraded
waters from getting worse, and high quality waters from deteriorating from their
current condition. Most jurisdictions utilize a wide variety of parameters in the
analysis, including biological, chemical, and physical measurements of the water,
chemical analysis of fish and sediment, land-use records, and predictive models.
The results of the analysis are then reported according to the degree to which the
river meets the water quality standards, so that the assessed river miles can be
classified as:

Good — fully supporting all of their uses, or fully supporting of all uses but are

threatened for one or more;

Impaired — partially or not supporting of one or more use;

Not attainable — not able to support one or more use.
The results of the most recent findings of the National Water Quality Inventory
have been summarized by the m ). With regards to rivers, 19% of the
3,692,946 miles of stream channels in the reporting jurisdictions were assessed.
Some form of pollution, or degradation, impairs 39% of the assessed river miles to
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the extent that one or more of its designated uses were not fully supported (Fig.[[3).
Note, however, that ten states did not include the effects of a statewide advisory
on the consumption of fish as a result of Hg contamination, and New York did not
include a statewide advisory on fish consumption associate with PCB, chlordane,
mirex, and DDT pollution. If the above, statewide advisories had been included in
the analysis, as much as 67% of the assessed river miles may have been listed as
partially or fully impaired. As stated earlier, the data clearly show that there is still
much to be done to improve the quality of riverine environments.

For those waters that are classified as impaired, an attempt is made to determine
the primary causes of degradation, and the sources of any identified pollutant.
Figure 1.4 presents the leading causes of degradation identified in them M)
report. An important conclusion that can be drawn from the figure is that several
of the causes of impairment are not related exclusively to chemical contaminants,
but also to physical forms of impairment including alterations in habitat and flow
conditions, thermal modifications, and siltation. Thus, river health is dependent on
both physical and chemical stressors. It is also important to recognize that more
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Figure 1.3. Summary of impaired river miles according to designated uses from the 2000 National
Water Quality Inventory (Modified from@ 00d)



14 1 Contaminated Rivers: An Overview

than one cause of degradation may have been identified and reported for any given
reach. As a result, the percentages shown on Fig. [[L4] do not add up to 100%.

1.3.2. The National Sediment Quality Survey

The National Sediment Quality Survey represents the most comprehensive,
nationwide assessment of the extent and severity of contaminated river bed sediment
in the U.S. (@E) Produced by the USEPA as a requirement of the Water
Resources Development Act of 1992, the National Sediment Inventory, upon which
the analysis is based, consists of approximately 2 million records of both sediment
chemistry and related biological data, collected at 21,000 monitoring stations across
the country. The assessment focuses on the probable risk that contaminated channel
bed sediment poses to benthic organisms as well as to humans who consume aquatic
organisms that have been directly or indirectly exposed to contaminated materials.
The assessment differs significantly from the National Water Quality Inventory in
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Figure 1.4. Leading causes of degradation of impaired rivers. Data based on the 2000 National Water
Quality Inventory. Note that leading causes include both physical and chemical factors. Percentages do
not sum to 100% because more than one pollutant or source of stress may impair any given
river reach (Modified from@@)
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that it focuses on the potential effects of contaminated bed sediment, and it does not
extensively include the analysis of physical stressors on the aquatic environment.

The probability of adverse effects is determined by a rather complex set of
analyses that involve multiple parameters (see @ [1997 for details). These
analyses ultimately allow each of the monitoring stations to be placed into one of
three categories:

Tier 1 — associated adverse effects on aquatic life or human health are probable;

Tier 2 — associated adverse effects on aquatic life or human health are possible,

but infrequently expected;

Tier 3 — no indication of associated adverse effects on aquatic life or human

health.

Of the 21,000 sampling stations evaluated, 26% were classified as Tier 1, and
49% were classified as Tier 2. It follows, then, that adverse effects on aquatic
life or human health were considered to be either possible or probable at 75%
of the sites. These statistics, however, are somewhat misleading because the
stations are not uniformly distributed across the country, but are more frequently
located along rivers that are suspected to have been contaminated. Thus, the
statistics presented above do not provide an accurate assessment of the overall
chemical condition of channel bed sediment in the U.S. Another commonly cited
estimate, based on the volume of material contained within the upper 5cm of the
channel bed, is that approximately 10% (or 9 x 108 m?) of the sediment under-
lying surface water bodies in the U.S. is sufficiently polluted to pose a threat
to fish or humans who eat contaminated fish (USEPA 1998). The justification
for focusing on the upper Scm of sediment in the channel bed is that these
materials control the interchange of contaminants with the water column, and
represent the materials with which benthic organisms are most likely to come in
contact.

It may seem odd that the assessment cannot be used to assess the general quality
of river sediment on a national scale. However, this was never its intent. Rather,
its primary objective is to identify regions of pollution that may warrant further,
more detailed investigation of the potential risks of contaminants to ecosystem and
human health. To accomplish this objective, the assessment has delineated areas
of probable concern, defined as watersheds in which ten or more of the sampling
stations were categorized as Tier 1, and in which at least 75% of all sampling sites
were categorizes as either Tier 1 or Tier 2. A total of 488 watersheds nationwide
contain ten or more sampling stations and were therefore eligible to be classified as
an area of probable concern. Of these, 96 or roughly 20% were delineated as areas
of probable concern.

A significant outcome of the National Sediment Quality Survey is that it delin-
eates types of chemicals that pose a risk to aquatic ecosystems or human health
within the areas where problems are likely to exist. In doing so, Hg was examined
separately from the other metals because of its widespread impacts on sediment
quality and its unique geochemical behavior in the environment, including the
occurrence of both inorganic and organic chemical forms (@ @) The
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data revealed that PCBs were the most commonly observed contaminant at Tier 1
sampling stations, followed by pesticides, Hg, and PAHs (Fig.[[3). When consid-
ering both Tier 1 and Tier 2 stations, metals become the most frequently encountered
contaminant (Fig. [[3).

The increase in the importance of metals as a contaminant from Tier 1 to Tier 2
stations is a function of the criteria used to define the probability of adverse effects
to human or aquatic health. In order for a sampling station to be defined as a Tier 1
site on the basis of metal contamination, acid-volatile sulfide concentration (AVS)
data must be available. The logic behind the criteria is that sulfide, when available
in the sediment, will react with divalent metal cations (e.g., Cd, Cu, Pb, Ni, and Zn)
to form highly insoluble metal species that are not accumulated in biota. Only when
the sulfide is depleted are metals likely to be taken up by biota. AVS is a measure
of the availability of sulfide in the sediment; however, it is a recently developed
analysis and AVS data are generally lacking for most sampling stations. Thus, most
sites cannot be categorized as Tier 1 on the basis of metal contamination and could
not be considered in the analysis (Fig. [[3). The point is that metals are likely to
represent a more important Tier 1 contaminant than is portrayed by the current
data set.

Organics

Figure 1.5. Average percent of sampling sites contaminated by each of the major chemical classes
designated in the 1997 National Sediment Inventory for watersheds containing areas of probable
concern (From @)
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1.3.3. The National Water-Quality Assessment Program

A significant shortcoming of many national evaluations of water quality is the
consistency with which data are collected, analyzed and interpreted across large
areas. The National Water-Quality Assessment Program (NAWQA), conducted
by the U.S. Geological Survey, is intended to address this issue by obtaining
consistent and comparable data on water quality on a national scale which is
capable of supporting watershed management and policy decisions. To accomplish
this objective, data pertaining to streams, groundwater and aquatic ecosystems are
collected from rivers and aquifers on a watershed basis. Thus far, more than 50
watersheds and aquifer systems have been instrumented and monitored since 1991.
The program differs from other assessments in the U.S. in that the study design,
including protocols for sampling and analysis, are consistent so that water quality
conditions can be compared between watersheds and through time. In addition, it
focuses much more heavily on assessing the predominant controls on water quality
by addressing specific questions such as (1) what is the current condition of water
resources in the U.S., (2) how is water quality changing over time, and (3) what are
the natural and human controls on stream and groundwater quality (USGS 2001)?

Between 1991 and 2001 most of the effort was aimed at documenting water-
quality conditions within the watersheds selected for study. Since 2001, the focus
has changed to examine the sources of contaminants that degrade water quality, the
contaminant transport mechanisms operating in streams and groundwater, and the
effects of contaminants and other disturbances on humans and aquatic ecosystems.
At the time of this writing, summary reports in the form of USGS Circulars had been
published for 36 of the studied watersheds. The results from these documents are too
extensive to present in the space that is available here. However, data concerning
pesticides and nutrients have been summarized on a national scale (USGS 1999),
and some of the major conclusions from this work are worth noting.

In agricultural areas, pesticides were detected in more than 95% of the stream
samples, but the concentrations were generally below the levels of concern for
human health set by the USEPA (USGS 1999). Approximately 66% of the samples
contained five or more pesticides, demonstrating that they commonly occur as
chemical mixtures. In spite of the fact that certain pesticides, such as DDT, were
banned in the1970s, they were still present in both waters and sediment of agricul-
tural streams. Similar results were found for urban watersheds. Nearly 80% of the
stream samples contained five or more pesticides, and some pesticides, such as
malathion and chlorpyrifos, were found more frequently and at higher concentrations
than in agricultural areas. The concentrations, however, rarely exceeded USEPA
drinking water standards. Historic pesticides, such as DDT, were also found in the
channel bed sediment of urban streams. With regards to nutrients, average annual
concentrations of phosphorous in more than 70% of the samples from urban and
agricultural areas exceeded the USEPA goal for preventing nuisance plant growth
in rivers.

Some regional statistics are also available for the assessment of trace metals.
In urban areas, concentrations of selected trace elements including Cd, Pb, Hg,
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and Zn are elevated above the naturally occurring concentrations found in the
area. Moreover, in an analysis of data from 20 of the studied basins, median
concentrations measured for seven trace metals (Cd, Cr, Cu, Pb, Hg, Ni, and Zn)
in materials from urban environments exceeded those found in agricultural and
forested terrains (Rice 1999). In fact, concentrations of Cu, Hg, Pb, and Zn increased
within increasing population density.

1.3.4. Sources of Contamination

The toxic substances described above are released to water bodies from a wide
variety of sources. These sources can be differentiated into two broad categories on
the basis of the spatial extent over which the materials are released. Point sources
refer to the discharge of contaminants from a specific location, such as the end of
a pipe or canal. In contrast, non-point sources refer to contaminants derived from
a diffuse area, such as an agricultural field or an urban center. It is not always
easy to classify a particular source as either a point or nonpoint source of pollution.
For example, mining districts are commonly characterized by multiple waste piles
from which metal contaminated particles can be eroded and transported to an
adjacent river. Individually, the waste piles represent a point source of pollution,
but collectively, they represent a form of nonpoint source pollution in that the
contaminants are derived from multiple sites spread over a broad region.

Identifying the types of pollutants causing degradation to aquatic ecosystems is
a relatively straight forward process, based on field observations, the collection
of sediment, water or biotic samples, and their subsequent analyses. However,
delineating and ranking the primary sources of the degrading chemicals is not
a simple task. Source ascription is frequently complicated by the occurrence of
multiple point and nonpoint sources which may deliver similar contaminants to the
river in unknown quantities and at varying rates through time.

Table lists the potential sources of selected contaminants found in river
systems. The sources, in this case, have been subdivided into six categories. Four
of these categories represent nonpoint sources, including (1) the deposition of
contaminants from the atmosphere, (2) runoff from agricultural lands, (3) runoff

Table 1.2. Sources associated with selected classes of contaminants

Source/chemical class Mercury Metals PCBs PAHs Pesticides Other organics

*

Agricultural croplands'
Mine Sites! * *
Atmospheric Deposition'
Urban Sources! * * * * *
Industrial Discharges
Municipal Discharges

Modified from m m

! Classified as non-point source pollution
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from urban areas, and (4) drainage from mine sites. The two remaining categories,
industrial and municipal discharges, represent point sources of contamination. Data
on other source types, such as landfills and recreational activities, are generally
lacking, and their relative importance as a contaminant source to rivers is unknown.
Thus, they are not listed in Table[[.2] In addition, Table [[.21does not include natural
sources of pollution, such as might be important for trace metals or radionuclides.

Atmospheric deposition is most commonly associated with PCBs, PAHs, and
trace metals, particularly Pb and Hg (USEPA 1997). 1t is also a significant source of
dioxins and furans, listed as “other organics” in Table Anthropogenic sources
of metals within the atmosphere include coal combustion, the burning of leaded
gasoline and other petroleum products, primary and secondary metal production,
waste incineration and the application of paints, among a host of others. In general,
atmospheric sources are not considered as important as other sources of anthro-
pogenic contaminants in terms of their direct input to rivers. This follows because
most of the materials are deposited over the terrestrial landscape and remobi-
lized in runoff to surface water bodies. As a result, a number of pollutants found,
for example, in urban runoff may have originally been derived from atmospheric
sources, but were considered in water quality assessments as part of the urban load.

A number of recent studies have found that Hg is one of the most important
atmospheric pollutants (Fitzgerald et al. 1991; Sorensen et al. 1990). In fact, some
investigators have suggested that the atmospheric deposition of Hg can account for
nearly all of the Hg in fish, water and sediment in secluded, temperate lakes of
the mid-continental U.S. (Fitzgerald et al. 1991). Similar arguments have been put
forth for relatively secluded areas of Canada and Sweden.

Agricultural lands encompass more than 50% of the continental U.S. and even
larger portions of some other countries. The application of chemicals to enhance
crop production, combined with the release of materials from livestock operations,
has commonly transformed these areas into significant sources of contaminants
to riverine ecosystems. In fact, the National Water Quality Inventory considers
agricultural lands the leading source of pollutants to river systems, affecting nearly
129,000 miles of channel in the 2000 survey (Fig. [L6). The primary contaminants
of concern include nutrients (P and N), pesticides, and herbicides.

In comparison to agricultural lands, urban areas cover a relatively small
percentage of the landscape (< 5% of the continental U.S.). Historically, they were
not considered a significant source of chemical pollutants (USGS 2001). This view
is changing, however, as the distribution of water quality data increases. In the U.S.,
the 2000 National Water Quality Inventory estimated that approximately 35,000
miles of impaired river channel is affected by urban runoff and storm sewers, and
an additional 28,000 miles were impacted by municipal point sources. The pollu-
tants include pesticides and nutrients, primarily used to enhance lawns and gardens,
as well as a trace metals, oil, PAHs, and other petroleum hydrocarbons (USEPA
1992). Data from municipal sewage treatment plants and major industrial facilities
indicate that they discharge all six of the chemical classes shown in Table
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Figure 1.6. Leading sources of river impairment based on the 2000 National Water Quality Inventory.
Percentages do not sum to 100% because more than one pollutant source may impair any given river

reach (Modified from )

The largest quantities of contaminants from these facilities were metals, and they
were released at the most number of sites (@@)

Much of our data concerning the physical and chemical transport of trace metals
in rivers comes from sites contaminated by mining activities. In developed countries,
the effects of ore extraction and processing are primarily related to historic mining
operations. In the U.S., for example, metal flux from historic mining has resulted
in the listing of several river basins on the USEPA Superfund Program’s National
Priorities List. These include the Carson River, Nevada, Whitewood Creek and the
Belle Fourche River, South Dakota, the Clark Fork River basin, Montana, the Coeur
d’Alene River basin, Idaho, Tar Creek, Oklahoma, Iron Mountain, California, and
the Arkansas River and its tributaries near Leadville, Colorado (@@) Not
only is the severity of contamination significant, but the total area impacted is large,
currently exceeding 27,500 miles of impaired channel (@ ) (Fig. [LE). In
many developing countries, metal releases to the environment from mining continue
at an ever increasing rate.

One of the most frequently cited metal contaminants from mining is Hg which
was (and continues to be) used to recover gold and silver from placer and ore bodies.
In both cases, precious metal extraction involves Hg amalgamation, a process
during which Hg is mixed with ore containing fine gold or silver particles. The
Hg binds with the Au and Ag creating an amalgam. The dense amalgam grains
are subsequently separated from the rest of the material and heated, driving Hg
off as a vapor and leaving a pure form of the precious metal. While Hg amalga-
mation is no longer used in the U.S. and most developed countries, it persists
in the environment as a legacy of past mining operations at a surprisingly large
number of localities. Basham et al. (1996), for example, found that Hg may have
been used for the extraction of gold and silver in the U.S. at more than 1600
sites in 21 different states during the late 1800s and early 1900s. Approximately
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6.20 x 10”kg of Hg may have been released to the environment at these sites
between 1820 and 1900 (Nriagu 1994). In addition, Hg amalgamation is still
widely used in many developing parts of the world. Malm (1998), for example,
estimated that 240 tons of Hg are released annually into the environment in the
Brazilian Amazon, Venezuela, Colombia, and the Pando Department of Bolivia. Hg
amalgamation mining is also occurring in such places as Ecuador, French Guiana,
Guyana, Suriname, Tanzania, Indonesia, the Philippines, and Vietnam (Jernelov and
Ramel 1994).

1.4. THE DISSOLVED VERSUS PARTICULATE LOAD

Once chemical contaminants enter a river channel, they can found in two predo-
minant forms: (1) as a dissolved constituent, or (2) attached to sediment which
is suspended within the water column. The dissolved constituents are generally
thought to be more bioavailable than those attached by various mechanisms to
particulate matter. By saying it is bioavailable, we mean that it can be taken up
by and potentially accumulated in biota. Thus, the dissolved constituents pose
the largest risk to human and ecosystem health (Salomons and Forstner 1984). It
is for this reason that regulations are heavily biased toward the concentration of
contaminants dissolved within river waters. The question arises, then, as to why
any site assessment program should be concerned with the geochemistry of the
particulate load. The answer rests partly on the fact that sediment is a primary
sink for reactive, hydrophobic contaminants (e.g., trace metals), and the nature
(mineralogy, crystallinity, size, abundance, etc.) of the alluvial materials directly
influences the concentrations of aqueous species within surface waters. Moreover,
in many, if not most, rivers, the sediment which is suspended within the water
column and that forms the channel bed and banks, exhibit concentrations that are
orders of magnitude higher than those associated with the aqueous (dissolved) load.
Gibbs (1977), for example, demonstrated that while the Yukon and Amazon Rivers
drain very different terrains, Cr, Mn, Fe, Co, Ni, and Cu concentrations in the
suspended sediment of both systems ranged from 6,000 to more than 10,000 times
greater than their dissolved concentrations. Such large differences in concentration
in such diverse environments have led to the argument that trace element transport
in most rivers is dominated by the movement of particulate matter (Fig. [L7)). In
fact, Meybeck and Helmer (1989) argue that for a great majority of trace metals
more than 90% of the load is associated with the physical movement of sediment
(Table [L3).

Horowitz (1991) cautions that care must be taken when examining data sets
such as those presented above because contaminant transport in rivers is not only
dependent on the differences between their concentrations in the dissolved and
suspended loads, but the quantity of suspended particles within the water column.
Take, for instance, a gravel bed stream in which the suspended sediment concen-
tration (i.e., the weight of suspended sediment per unit volume of water) is low. Even
though contaminant concentrations associated with the suspended particles may
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Figure 1.7. Percentages of selected metals transported in the dissolved and particulate phases within
the Amazon and Yukon Rivers. The percentage transported as a dissolved species is generally less
than 10% (Data from Gibbs 1977)

exceed that of the dissolved load by several orders of magnitude, there may be vastly
more water than sediment moving through the channel and the transport of contam-
inants in association with particulate matter may be rather modest. Nonetheless,
there is little argument that the physical transport of particulate matter is a signif-
icant process through which trace metals and other hydrophobic contaminants are
dispersed through riverine environments.

In light of the above, let us return to our original question: why must a site
assessment focus on the particulate load? The answer is because the particulate
load, and sediment in generally, significantly influences contaminant concentrations
in the water column, contaminant bioavailability, contaminant dispersal processes,
and the distribution of contaminant storage, or hotspots, within the river valley.
If we were to ignore the particulate phase, we could not possibly assess the risks
associated with the contaminants of concern, or provide an accurate analysis of

Table 1.3. Ratio between dissolved and total elemental transport in rivers. Higher percentages
indicates a greater proportion within the dissolved phase

Percentage  Elements

90 — 50% Br, I', S, CI!, Ca, Na, Sr

50—-10%  Li, N!, Sb, As, Mg, B, Mo, F!, Cu, Zn, Ba, K

10—1% P, Ni, Si, Rb, U, Co, Mn, Cr, Th, Pb, V, Cs

1-0.1% Ga, Tm, Lu, Gd, Ti, Er, Nd, Ho, La, Sm, Tb, Yb, Fe, Eu, Ce, Pr, Al

Adapted from Martin and Meybeck 1979
! Estimates based on elemental contents in shales
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how to effectively remediate the riverine environment. Thus, our characterization,
assessment, and remediation strategy must include an analysis of both the dissolved
and particulate load.

1.5. SITE CHARACTERIZATION, ASSESSMENT,
AND REMEDIATION

The primary purpose for investigating a contaminated river is to determine the
nature and extent of contamination and to evaluate whether the contaminant(s) pose
an unacceptable risk to human health or the environment (USEPA 2005). If the
level of risk is considered excessive, it may be necessary to remediate the site
to reduce the identified risks to within acceptable values. The investigation, then,
can be envisioned as consisting of two distinct, but closely related components:
site assessment and remedial action (Soesilo and Wilson 1997). The primary intent
of site assessment is to characterize the river system in terms of the types of
contaminants and their associated sources, the history of contaminant release, the
areal extent and magnitude of contamination, and the rates of contaminant migration,
among a host of other things. These data are subsequently used in various types
of assessments to evaluate whether the contaminant(s) pose a threat to human
health and/or the environment if no actions are taken to address the problem. Site
assessment, then, goes beyond characterization in that it manipulates and interprets
data obtained during site characterization in order to answer questions related to
site remediation.

Numerous definitions have been put forth for site characterization, but in general
it is the process of collecting data that quantitatively describes the river in terms of its
physical, chemical, and biological conditions both now and in the past, including the
flux of materials between each of the system’s components. Much of the literature
on characterization consists of extensive lists of parameters which are important for
one reason or another, along with short descriptions of the process that a specific
parameter, such as sediment size, may influence (Table [[4). Such lists tend to be
more extensive for rivers than for any other environment because characterization
must not only focus on the site itself, but on the entire watershed. Upstream changes
in land-use, for example, have the potential to change the hydrologic regime of
the river, which may subsequently alter the river’s ability to erode and transport
contaminated particles.

It is easy when examining such extensive lists of parameters to get lost in
the process. Characterization can seem like an overwhelming task requiring the
collection of huge amounts of data. It is therefore essential to develop a sound
understanding of why each part of the characterization program is being conducted,
and how the collection of a particular type of data will lead to the program’s
overall success. One way that this can be done is to formulate a set of objectives
that must be accomplished with the collected information. These objectives will
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Table 1.4. Abbreviated list of site characterization parameters for metal contaminated rivers

Physical parameters

Chemical parameters

Channel Characteristics & Stability

e Width, depth, gradient, planimetric
configuration, and pattern of channel

® Magnitude and rate of changes in channel
morphology through time

e Bank erosion rates

e Depths of scour & fill

e Current rates of aggradation or degradation

Channel Bed Sediments

e Sediment grain-size distribution &
mineralogy

e Type and nature of macroscale bed forms

Holocene Depositional Units within floodplain
and terraces

® Horizontal and vertical extent

Age

Sediment size distribution and mineralogy
Bearing strength and bulk density

Current depositional or erosional rates

Flow & Load Characteristics

e Hydrologic regime as measured by flood
frequency and magnitude analysis

® Characterization of stream power and
tractive force

e Suspended sediment concentrations, loads,
and variations

® Bedload transport rates

® Water temperature and turbidity

Groundwater

® Location and extent of influent and effluent
flow

e Rates of water losses and gains to channel

e Aquifer characteristics (e.g., hydraulic
conductivity, storativity, porosity, confined,
unconfined)

Basin Characteristics

® Area, relief, drainage morphometry

® Underlying bedrock composition

e Upland erosion rates and flow patterns

General

e Types of contaminants in channel bed or
other alluvial deposits, in water, and biota

® Metal speciation and bioavailability

® Physical partitioning as a function of grain
size and mineralogy

® Sediment toxicity in relation to Sediment
Quality Guidelines

® Background concentrations in specific
media

Channel bed sediments

o Concentrations as a function of macroscale
bedforms

e Concentrations as a function of depth

® Total organic content; Fe & Mn
oxyhydroxide content

Holocene Depositional Units within floodplain

and terraces

® Variations in concentration both
horizontally and with depth; data stratified
by delineated depositional units

® Oxidation-reduction variations in sediment
cores

e pH profile in cores

Flow Chemistry

® Changes in dissolved and sediment-bound
concentrations with discharge

e Characterization of hysterises affects

e Typical water quality parameters (pH, DOC,
temperature, Eh, electrical conductivity)

e Non-contaminant substance concentrations
that may affect contaminant mobility

Groundwater Chemistry

® Groundwater flow paths and rates

e Contaminant concentrations and loadings
from groundwater

e Non-contaminant substance concentrations
that may affect contaminant mobility

Basin Characteristics
e Weathering rates and products
® Soil chemistry and sorption potentials
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vary depending on the location and complexity of the river being investigated, the

contaminant of concern, and the level of potential risk at the site, among a host of

other factors. There are, however, a number of general, task oriented objectives that
are applicable to most sites and are therefore worth noting. They are (as modified
from the USEPA 2005) to:

(1) Identify the type of contaminants in the various media (water, sediment, biota,
etc.) that are of concern;

(2) Determine the three-dimensional (vertical and horizontal) distribution of
contaminants within the channel bed, floodplain, and terrace deposits, and
determine how this distribution changes through time;

(3) Identify and characterize all sources that are currently or may have historically
contributed contaminants to the site, including those located beyond the site
boundaries;

(4) Quantify the key geomorphological processes that can remobilize and disperse
contaminated particles within the river system;

(5) Examine and quantify the primary chemical and biological processes that affect
the transport, fate, and bioavailability of the contaminants;

(6) Determine the pathways through which both human and ecological receptors
may become exposed to the contaminants; and

(7) Obtain information to evaluate the potential effectiveness of natural processes
in cleaning up the site.

The above objectives clearly demonstrate that the magnitude of investigation

required for site assessment can be enormous. Because of its complexity, it is

important to begin the assessment process by developing a conceptual model of the
physical, chemical, and/or biological system which is being evaluated. Conceptual
models describe the primary processes which operate within the system and which
therefore require characterization in quantitative terms (Fig. [L8)). In addition, they
help to develop hypotheses that require testing, identify processes that require
quantification, and provide insights into areas of uncertainty that must be addressed

(USEPA 2005). Put differently, conceptual models provide a means of determining

not only what processes may be important to site assessment, but what types of

data need to be collected and why.

It is important to recognize that separate conceptual models may need to be
developed for specific contaminants or groups of contaminants. In contrast to Pb,
for example, the bioavailability of Hg is strongly dependent on the degree to
which inorganic Hg is converted into organic forms of Hg by sulfate-reducing
bacteria. Trying to apply a conceptual model developed to describe the biogeo-
chemical cycling of Pb to Hg would likely lead to a seriously flawed investigation.
It is also possible that different conceptual models will need to be developed
for distinct parts or reaches of the river, even when only one contaminant is
of concern.

In contrast to site characterization and assessment, remedial action involves the
identification, evaluation, and selection of technologies that are technically feasible,
cost-effective, and socially acceptable to reduce the risk posed by a contaminant to
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Figure 1.8. Hypothetical conceptual model of sediment-water interactions

an acceptable level. Remedial action is based on the results of site assessment and
should serve as a logical continuation of the assessment process. In practice, both
are often conducted concurrently in an iterative manner; data from site assessment
is used to develop remediation alternatives, and the identified alternatives dictate
the types of additional data that need to be collected as part of the assessment
process.

In most countries, highly formalized programs have been developed to cleanup
sites contaminated by hazardous wastes. One of the largest, and most complex,