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WATER AND SOIL POLLUTANTS

Robert E. Menzer and Judd O. Nelson e

INTRODUCTION

The ultimate sinks for most chemicals pro-
duced and used by man are water and soil. Three-
quarters of the earth’s surface is covered by water,
and the remainder that is not covered by asphalt
or concrete is covered by soil. Although water and
soil are usually idered as separate g

systems, one needs to realize that suspended soil
particles in water represent an interface between
the two systems and serve as a hanism for

2.0 mm in diameter. Soils are classified according
to particle size ranges as follows: clay, <0.002
mm; silt, 0.002 to 0.02 mm; fine sand, 0.021t0 0.20
mm; and coarse sand, 0.2 to 2.0 pm. ‘The most
important use of soil is for agriculture, Soil is the
pltimate support of man's sources of most food
and much fiber. In addition, the soil has been
the final disposal site for much of the industrial
and urban waste generated by man's societies.
The interface between soil and water is an

contamination of the one by the other. In reality
it is impossible to ider any p t of the
real world in isolation from any other, as illus-
trated in Figure 25-1. For our purposes, however,

hall ider the p fate, and effects of
chemicals in water and in soil as separate sysiems,
as far as that is possible.

Systems of water may be compartmentalized
based on their natural occurrence and the use
made of them. One may consider separately the
naturally occurring bodies of water: marine

Y , fresh water sy 15, and the interface
between them, the estoarine systems. One may
also consider these systems on the basis of the
use made of water removed from them for drink-
ing purposes or other domestic consumption.
Water systems are also the recipients of the
products of domestic and industrial sewage sys-
tems. Bodies of ‘water, including rivers, lakes,
ponds, and the ground water, are also the reci-
pients of runoff from agricultural and urban
areas, which greatly modifies their capability to
support life and their usefuloess for other

purposes.

Although water can be ultimately purified to a
specific, definite chemical entity, soil has no
e ly pted positional definition.
Soils are composed of inorganic and organic
constituents. The inorganic are silt, sand, and
clay in varying ratios. These inorganic particles
arecoated and ad d with organicconstituent
living and dead. The behavior of soil to a major
degree is determiped by the size and shape of the
particles of which it is composed. Soil particles
range in size from less than 0.002 mm to about

i one. Virtually all water systems contain
suspended soil particles, and virtually all soil
contains at least a small amount of water, The
sediment that is the end product of soil erosion is
by vol the gr single poll of surface
waters and is the principal carrier of most pol-
Jutants found in water. In a joint study the United
States Department of Agriculture and the En-
vironmental Protection Agency have estimated
that potential annual water erosion Josses range
from negligible to more than 100 tons of soil per
acre. About 20 percent of the 438 million acres of
crop land in the United States averages more than
8 tons of soil loss per acre per year; 30 percent
averages less than 3 tons; and the other 50 percent
between 3 and § tons (Stewart ef al,, 1975). In
fact, the sedimentary materials in water resulting
from soil erosion accumulate more than 700
Limes more than those derived from sewage dis-
charges (Weber, 1972). Thus, any treatment of
the environmental toxicology of soil and water
must consider each as a two-phase system, each
containing the other and interacting through the
water-sediment system.

Sources of Chemicals in the Encironment .

Chemicals in the environment may be classified
in a variety of ways. In tHis chapter we have
chosen to consider chemicals primayily according
1o their use; secondarily, by chemical properties.
Thus, we will consider chemicals by their source
as follows: (1) indusirial, (2) agricultural, 3)
domestic and urban, and (4) naturally occurring.
No matter what use is made of chemicals, con-

tamination of the environment may be either
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Figure 25-1. Overlapping relationships of en-
vironmental compartments.

from point or from pol N
The results of point source pollution are generally
casy to identify and the remedies are frequently
more attainable. Nonpoint source pollution, on
the other hand, is generally less dramatic in its
initial effects, but is more difficult to contain or
correct.
i The production, use, and disposal of industrial
Is all Jead to ination of soil and
water. Production activities Jead to soil and
water contamination when by-product chemicals
are not properly conserved during manufacturing
processes, For example, in various smelting
operations toxic chemicals present in ores may
not be properly controlled. Naturally occurring
arsenic in copper ores, for le, fi ly

knock component of gasoline for automobiles.
Although a commitment has been ‘made to
reduce the use of this compound in gasoline, the
many years during which it was used and the
nonpoint source nature of the contamination
have resulted in concentrations of lead that will
r¢main for many years in soils and water. A
? * chemical that is intentionally added to water for
therapeutic purposes is fluorine. The use of water
fluoridation to prevent tooth decay is well known
and has been practised in the United States for
many years. Excessive concentrations of flucrine,
however, can result in undesirable effects in
tée_eth.. manifested primarily by their mottling and
ation. Careful must be paid to
the use of fluorine to prevent overfluoridation
with its undesirable side effects.
The disposal of industrial chemicals following
their use presents a major problem in several
industries. Detergents used in clothes laundering
are discharged into sewage systems and ulti-
mately into rivers, lakes, and streams. Phosphate
detergents then serve as putrients for algae and
other organisms that can cause major difficulties
in these bodies of water. The green scum resulting
from algal blooms is a familiar sight in some
areas. The ination of rivers Iting from
discharge of water containing organic mercurials
used in paper manufacturing presents a problem
in some Jocal situations. Other chemicals result-
ing from paper making can also present serious
water pollution problems. Asbestos tailings

finds its way into soil and water. Accidental
_sp:llue of industrial chemicals may also result
in contamination, sometimes dramatically, of
soil and water. Careless manufacturing practices
in & small chemical firm in Hopewell, Virginia,
led to serious contamination of the James River
and Chesapeake Bay by the pesticide Kepone.
Even though these practices have now ceased, the
contamination of the estuarine system will be
present for many decades. Another example is
the contamination of the Ohio River with carbon
tetrachloride resulting from an accidental dump-
Ing of the material from a chemical plant. Such

incidents of point source contamination of water

can senqnlly be prevented or controlled by the

appropriate use of technology. The result,

however, of not controlling such point sourece

pollution is frequently a very high cost for de-

contamination, where that is even possible, and

frequently both acute and chronic detrimental
effects on organisms.

The use of chemicals for their intended purpose
ol'tgn Jeads to contamination, sometimes un-
desirably, of soil and water. Lead contamination
of soils and occasionally water near highways
results from the use of tetracthyl Jead as an anti-

_‘ ing from mining operations have also con-
taminated water systems in some parts of the
United States, and this has resulted in concern
over the potential health effects of the material
that then finds its way into drinking-water
systems. .

The use of chemicals in agriculture results in
contamination of soil and water through the
direct use of pesticides and fertilizers. Pesticides
are, of course, applied directly to the soil in some
cases to control insects, weeds, and plant dis-
eases. Some of these chemicals can persist for
mny:f_cmmdthmby cause concern about their
potential movement from soil into water systems
a‘nd from both soil and water into organisms that
live in and on water and soil. The effects of
pes!!r:‘ldcs in the food chain are now generally
familiar. Likewise, fertilizers applied to the soil
to promote plant growth and productivity can
leach or run off from soil and find their way into
mtuu! ter systems, causing an upset in the
e'cui'og:lc ance to the degree that organisms
living in those systems can be either enhanced or
otherwise affected.

The domestic and urban use and disposal of
chemicals also result in the contamination of soil
and water. Domestic wastes are concentrated in
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sewage systems and landfill operations. Fre-
quently, large buildups of beavy metals occur asa
result. Pesticides and fertilizers used in suburban
and some urban situations for Jawn and home
garden purposes or pest control in other situa®
tions also are serious problems when improperly
used. Detergents may also cause difficulties as
referred to above, Recently, the discovery that
& process of purifying water can result in the.s.

chlorination of certain small organic chemicals
to produce chlorinated hydrocarbons that are
potential carcinogens bas generated copcern.
In some parts of the country concentrations of
such chemicals above levels jdered to be
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for jonic species, chemical stability, etc., if one is
to predict the behavior of a chemical ina system—
be it man or an eco L S d,the p

" that act within the system must be considered.

Transport, via serum proteins versus suspended
sediments; circulation, via the circulatory system
versus the hydrologic cycle; degradatiom, in liver
versus soil microorganisms; and excretion, via
urine, feces, and expired air versus dihitlon in
water and air to nondetectable levels or depdsi-
tion in ultimate sinks such as deep ocean sedi-
ments, are all processes that act on chemicals to
determine the mobility and final disposition of a

e have been found in drinking-water systems,

Finally, metals, minerals, and plaot or animal
toxins are found in the environment as natural
components of water and soil systems. Although
they have always been there and always will be,
man' : activities frequently result i in excessive pro-
d or

chemical in a system. The analogy can be carried
one step funher to include Inget Organs or
tissues affe d by the chemi ison
with the susceptible species of an emsystm The
fundamental difference in this consideration is
ont of scale, in both time and dimension, which
then roqun-u models of varying scale. Mathe-

ment of such ct ls found
naturally occurring in the environment and can
result in concentrations detrimental to man or
other organisms. Furthermore, the possibility of
interaction of synthetic chemicals and pollutants
with naturally occurring metals, miperals, and
toxins must be considered.

Transport, Mobility, and Disposition

The fate and distribution of chemicals in the
environment are determined by several variables
that can interact in pumerous ways. An analogy
between pharmacodynamics and chemedynam-
ics can be drawn to illustrate some basic simi-
lanm:c in uch lp‘prrm:h. ‘Firsl one must

PP the p hemical properties of a
chemical, such as water solubility, lipid solu-
bility, partitioning behavior, vapor pressure, pKa

1 transport models for predicting the fate
of chemicals remain primitive and approximate
at best; the reader is referred to a National
Academy of Sciences (1975) report on the subject
for further information and references.
- Water Solubility. The water solubility and
latent heat of solution are critical properties of a
chemical that affect its environmental fate. Many
environmental toxicants are hydrophobic, having
solubilities in the parts-per-million (ppm, mg/1)
to parts-per-billion (ppb, pg/l) range. Reported
solubility values vary with the method used for
determination (Gunther er al., 1968), Water
solubilities are affected by pH (for jonizable
chemicals), presence of dissolved salts and
organics, and temperature.

Soll Ad.ooeyunn. Adsorption to plnicul:te
matter is a major mechanism by which chemi

Table 25-1. CLASSES OF MATERIALS RELATED TO THE EFFECT OF pH ON ADSORPTION*

MOLECULAR FORM

CLaASS EXAMPLE Pk, Low pH High pH PH Effect

Strong acid Linear alkylsulfonates Anion Anion Small

Weak acid Picloram 37 Free acid Anion Large adsorption;
pHapprox. pK.

Strong base Diquat Cation Cation Decrease at very
low pH (18 N

' HaS0J9

Weak base Ametryne Cation Free base 'iIpcreasing adsorp-
tiom to pH
approx. pK, and
then decrease

Polar molecules Diuron Nonionized  Un-ionized Small

Neutral molecules DDT Nil

Monionized Un-ionized Probably nooe

Vol. 1. Marcel Dekker, Inc., New York, 19?). Reprinted by courtesy of M

* From Hamaker, J. W., and Thompson, J. M.: Adsorption. In Goring, C. A. L., and Hamaker, J. W. (eds.): Organic
Soll E arcel

Chemicals in the
Dekker, Inc.

are removed from solution. Adsorbent materials
in soils and sediments can be divided into clay
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pletely decomposed plant and animal material,
and (2) bumic substances, which are more or

minerals and soil organic matter. Clay J

include various hydrous silicates, oxides, and
layer silicates. The clay minerals have been ex-
tensively studied and are characterized by
physical structure or layering type, either 1:1 or
2:1, swelling ability, cation. exchange capacity,
and specific surface (m?/g) (Weber, 1972). These
parameters are important considerations in the
behavior of organic cations, polar organic mole-
cules, and metal ions in soils. High specific sur-
face is associated with small particle size;
therefore, the colloidal fraction of the soil is a

less comp) altered or resynthesized materials.
The former serve as a source for the latter.'Non-
humic materials include well-known organic
chemical groups with definite characteristics:

proteins, carbohydrates, organic acids, sugars,

fats, waxes, resins, lignins, pigments, and Jow-:

lecular-weight compounds. These materials
comprise 10 to 15 percent of the soil organic
matter. Their composition and residence times
are quite varjable. Humic substances account for
85 to 90 percent of soil organic matter and their
nature is not well understood. Humic substances

dominant factor in chemical-soil interactions.
Cation exchange capacity of the inorganic frac-
tion is a function of the magnitude and distribu-
tion of the structural charge. Exchangeability is
dependent on the adsorbed cations, usually
sodium, potassium, or calcium, and the nature of
the replacing cations.

The water associated with clay plays an im-
portant role in defining its characteristics. Ad-
sorbed water on clay surfaces is more ordered
than free water. Water on the clay surface may
also be more ionized than otherwise, Thus, the
hydrogen ion concentration of the clay surface is
high. The effect of pH on the adsorption of classes

C-Huﬂn
COOH O

Fr-HT

of chemicals has been summarized by Hamaker
and Thompson (1972) (Table 25-1).

Adsorption data for chemicals in soils is
usually expressed by the Freundlich isotherm,
x/m = KC*; x/m is the amount of chemical
sorbed per weight of the adsorbent, C is the
equilibrium concentration of the chemical, and
K and nare cc The Krep
the extent of adsorption while the value n sheds
light on the nature of the adsorption mechanism
and the role of the solvent, water,

Soil organic matter usually ranges from 0.1 to
7.0 percent and serves as the most important
sorptive surface for nonionic chemicals. Above a
few percent organic matter, all the soil mineral
surfaces are effectively blocked and thus no
longcrfuuctionasadsorbenmSoiIorsanicmaner
can be divided into two main groups: (l) non-
bumic substances, which are fresh or incom-

are fracti d to give fulvic acid, which is
soluble in both alkali and acid; humic acid, which
is soluble in alkali but not in ndd and the humin
fraction, which cannot be rcnddy extracted with
cold alkali. Humic acid and fulvic acid are aro-
matic polymers with molecular weights that
range from 5,000 to 100,000 and from 2,000 to
9,000, respectively, Functional groups that have
been identified on humic substances are carboxyl,
pbenalic hydroxyl, alcoholic hydroxyl, carbonyl,
and methoxy. Heterocyclic rings with oxygen and
nitrogen atoms are also present. A hypothetic
structure for humic acid has been proposed by
Kononova (1966) as follows:

@58%&0

m—nN—c.H,.o,N

Vaporization. Vaporization from soil, water,
or plant surfaces is a-major transport process for
many chemicals. The volatility of a chemical is a
function of its vapor pressure, but the rate of
vaporization also depends on environmental
conditions such as temperature, degree of ad-
sorption, soil properties, and soil water content.
Airflow over the evaporating surface affects
vaporization rate since air movement contin-
uously replaces and mixes air around the
evaporating surface. Many chemicals evaporate
simultaneously with water, which Jeads some re-
searchers to believe that chemicals such as DDT
"codunll" with water. This phenomenon can be

tted in lab y distillations at
100° C, but does pot occur at normal environ-
mental temperatures. Instead, water evaporation
and DDT volatilization occur independently.
Higher vapor loss from most soil surfaces corre-

e S 42
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lates with pesticide volatilization, but is due to
desorption of chemicals from soil adsorption sites
by water molecules and the mass flow of chemical

to the soil surface by the “wick effect.” This .

phenomenon has been noted with chemicals sugh
as 24-D esters, thiolcarbamates, triazines,
organochlorine insecticides, and N-methyl-carba-
mates. Volatility of organic chemicals from water
increases with decreasing water solubility, As a

result, a chemical with both low vapor pressure it

the solid phase and very low water solubility
would be much more volatile from aqueous solu-
tion than might be expected. DDT is again the
example.

Partitioning. Many chemicals have low water
solubility but high solubility in nonpolar solvents
(lipophilicity). The partition :oelﬁ:ieml as a
measure of these properties is ofien determined in
a system of m-octanol/water. The relationship
between water solubility and partition coefficient
is illustrated in Figure 25-2. The importance of

: of chemicals lies primarily
in the ph of bi im-_ (bio-
magnification or bi ation). Or in

contact with a solution of chemical that hasa hi
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because it concentrates rather than diffuses the
hernical in question. This ation effect is
expressed as the ratio of the concentration of &
chemical in the organism to that in the rnedi_um
(usually water), The two properties of a chm[cal
that are ible for high bi if !
ratio values are (1) high partition coefficient, i.e.,
lipophilic, and (2) recalcitrance lcwﬂd‘a;l types
of degradation. Bioaccumulation ratigs have
been determined for a variety of =n\i'uonmelnta'l
chemicals in laboratory model ecosyslemslt_nd
correlate well with the n-octanol/water partition
coefficients (Fig. 25-2). .
Degradation. Transformations of chemicals
in soil and water occur by chemical, photo-
chemical, and biochemical reactions, Degrada-
tion results in the true “disappearance™ of a

1 's molecular form, as opppsed to trans-
port processes, which merely move chemicals
ftom i 1 jpartment her.

However, it must be recognized that transport
processes that move chemicals to ultimate nr{h.
such as deep ocean sediments, for all practical
purposes do remove chemicals from the environ-

partition coefficient will act as the pol.
phase of the binary system and accumulate it

ment. .
Ch 1 transfor are classified s
hydrolyses, oxidations, reductions, nucleophilic

: S b dical

t a partitioning process, substitutions !nvol\ﬂn_g water, and free ra

hr;i“‘h malat Y lation is differ-  reactions. These reactions may be catalyzed by

ent from other environmental transport processes  the presence of metal ions, metal oxides, clay
o T T T T T T T T

3
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surfaces, organic compounds, and organic sur-
faces, The pH of solutions and the effective pHof
clay surfaces, which may be quite different from
the surrounding aqueous environment, can
significantly influence rates of degradation. Other
obvious conditions that affect degradation rates
are temperature, moisture content in soils, and
other envir lpr thatalter ch
concentrations. The kinetics of degradation rates
are d dent on the meck of degradation.
Some degradative processes follow first-order
kinetics, while others are best described by a
“hyperbolic rate model™ (Hamaker, 1972),
Photochemical reactions of chemicals occur in
air and water but are probably of little or no
significance in soils. For a chemical to undergo a
photochemical reaction, it must absorb light
energy from an appropriate portion of the spec-
trum or have the light energy transferred through
an intermediate substance known as a sensitizer,
Ultraviolet light (4- to 400-nm wavelengths) has
sufficient energy to break existing chemical
bonds, but light above 450 nm, which represents
an energy of 65 keal/mole, is usually not sufficient
to initiate reacti Lightof lengths shorter
than 295 nm does not reach the earth's surface in
appreciable amounts. The principal reactions are
photo-oxidations and photoreductions which
proceed through light-formed free radicals and
which then react with molecular oxygen or
abstract hydrogen from organic compounds,
respectively.

Biologic reactions of chemicals in soil and
water are mediated primarily by microorgani
Microorganisms are quite versatile when con-
fronted with foreign chemicals. The major reac-
tions involved are dehalogenation, hydrolysis,
oxidations, reductions, conjugations, and methyl-
ations. They arealso very important in the natural
cycles of many elements, such as mercury and
arsenic. These natural cycles can be disturbed by
introduction of various forms of metals and can
increase formation of toxic species, e.g., methyl-
mercury. The types and rates of microbiclogic
reactions are determined by the microbial ecology
of any given system. Thus, pH, temperature,
redox potential, nutrient availability and micro-
bialinteractions will affect the microbial degrada-
tion of a chemical,

Cbemodynamics. As we have seen above,
there are numerous routes by which chemicals
enter the environment and many factors to con-
sider in understanding their behavior once they
are there. Much of what is known about chemo-
dynamics is derived from studies of pesticides
and, 10 a lesser extent, industrial chemicals and
heavy metals. Certainly, pesticide applications,
sewage sludge disposal, and industrial waste
effluents each present different starting points for
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a consideration of chemodynamics. We shall deal
with environmental processes in the following
sections and attempt to relate the (1) physico-
chemical properties of a chemical ana (2) the
environmental conditions that serve as modifiers
of the processes. Each process has a rate that
descrjbes the transport from one component to
the next and a rate that describes the degradation

» ! of the chemical in question. A complete analysis

of all of the rates for entry, transport, and
degradation of a chemical will describe its ulti-
mate fate in the water and soil.

PESTICIDES

The major classes of pesticides have been
grouped as “nonpersistent®® or “glightly resid-
val,” “moderately persistent or ‘' moderately
residual,” or * persistent™ or * highly residual®
(Harris, 1969; Kearney er al., 1969). Persistence
times reflect the time required for 75 to 100 per-
cent disapp nce of pesticider from the
site of application. Nonpersistent pesticides have
persistence values of 1 to 12 weeks; moderately
persistent pesticides, 1 to 18 months; and per-
sistent pesticides, two to five years. Persistence
times vary with environmental conditions and
the generalizations about the classes are subject
to several exceptions by individual pesticides
within the class (Fig. 25-3),

Urea, triazine and pi

ram herbicides

Benzoic acid and amide herbicides
L 1 1)
Phenoxy, toluidine and nitrile herbicides
L] ]

Carbamate and aliphatic acid herbicides
Phosphate i‘HIOCll:iGCS ,

o1 3 1 ] 12 16 AL}

Months

Figure 25-3, Persistence in soils of several
classes of insecticides and herbicides. (From
Kearney, P. C.; Nash, R. G.; and Isensee,
A. R.: Persistence of pesticide residues in soils.
In Miller, M. W., and Berg, G. G. [eds.]:
Chemical Fallous. Charles C Thomas Publisher,
Springfield, IL, 1969.)

Persisjent Pesticides

Chlorinated Hydrocarbon Insecticides. This
group of chemicals includes DDT,-TDE (a
major metabolite of DDT), methoxychlor, and
related chemicals; the cyclodiene insecticides,
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for Inqrganic mercury 1o methyl mercury under
ideal conditions is less than 1.5 percent per month
(Jensen dnd Jernelov, 1969).

Little or no methyl mercury is found in sedi-

ments. 'Conversion of inorganic mercury- to -

methyl 'mercury results in its desorption from
sediment particles at a relatively fast rate,

hylation by sedi microorgani also
occurs at a rapid rate when compared to methyla-
tion. Methyl mercury released in surface waterg,
can undergo photodecomposition to inorganié
mercury. However, methyl mercury can also be
bicaccumulated by plankton algae and fish. In
fish, the rate of absorption of methyl mercury is
faster than that for inorganic mercury, and the
clearance rate is slower with a net result of high
methyl mercury concentrations in the muscle
tissue. Selenium, which is present in seawater and
seafood, readily complexes with methyl mercury
and is believed to have an important protective
action against the toxic effects of methyl mer-
cury. In summary, the danger of methyl mercury
poisoning, as occurred in Minimata, arises from
direct methyl mercury contamination rather
than methylation of environmental sources of
inorganic mercury.

Cadmium. Cadmium has long been recog-
nized as a toxic element. Its importance as an
envir ] contami was d d
in the outbreak of irai-itaf disease caused by
smelter wastes that contamipate rice paddies
(see Chap. 17). Cadmium deposits are found as
sulfides with zine, copper, and lead deposits, and
cadmium is recovered as a by-product of smelting
processes for those metals. A major environ-
mental source of cadmium is vapor emissions
that contaminate swrrounding soil and water
through fallout during smelting. Natural soil
concentrations of cadmium are less than 1 ppm
and average about 0.4 ppm. Sewage sludge is
often j d with cad which can
then concentratein plants grown oncontaminated
soils. The problem of heavy metal contamination,
especially cadmium, bhas been one of the most
serious concerns impeding the use and disposal
of domestic sewage sludge on agricultural Jands.
Cadmium also enters agricultural soils as a
contaminant of phosphate fertilizers. There is
some evid for the leaching of cadmi in
soils.

Cadmium concentrations in fresh waters are
usvally less than 1 ppb while sea water ranges
from0.05100.2 ppband averagesabout 0.15 ppb
(Fleischer et al., 1974). Higher concentrations of
cadmium in surface water are usually due to
metallurgic plants, plating operations, cadmium
pigments, batteries, plastics manufacture, or
from sewage effluent. Mine drainage and
mineralized areas also contribute significantly to

ENVIRONMENTAL TOXICOLOGY

cadmium fluxes in the Mississippi River in the
Missouri-Tennessee-Kentucky area,

Drinking water in soft water areas can serve as
a source of cadmium through corrosion of
plumbing. However, this source is estimated to
be small in relation to food intake. As in the
association of selenium and mercury, there
appears to be a protective effect with zinc and
caleium against cadmium toxicity. N

Lead. The use of lead, its minigg, and its
processing date back several centuries, Changing
usage patterns rather than increased consump-
tion determine present environmental inputs
from man’s use of lead. Batteries, gasoline addi-
tives, and paint pigments are major uses, but
combustion of gasoline additives is the major
source of environmental pollution by lead. Thus,
lead is primarily an atmospheric pollutant that
enters soil and water as fallout, a process deter-
mined by physical form and particle size. The net
result is a buildup of lead near heavily traveled
roads.

Lead enters aquatic systems from runoff or as
fallout of insoluble precipitates and is found in
sediments. Typical fresh water concentrations lie
between,] and 10 pg/l while natural Jead con-
centration in soil range from 2 to 200 ppm and
average 10to 15 ppm. Deep ocean waters, below
1,000 m, contsin lead at 0.02- to 0.04-pg/kg
concentrations, but surface waters of the Medi-
terranean Sea and Pacific Ocean contain 0.20-
and 0.35-ug/kg levels (National Academy of
Sciences, 1972). Drinking water concentrations
of lead may be greatly increased in soft water
areas through corrosion of lead-lined piping
and connections. However, average drinking
water intake is considerably less than food
sources,
The biclogic methylation of inorganic lead to
tetramethyl lead by lake sediment microorgan-
isms has been demonstrated (Wong et al., 1975).
However, the fate of this volatile, water-insoluble
form of lead is unknown.

Arsenie. Arsenic is widely distributed in the
environment, Man's input of arsenic into the
global cycle occurs through smelting, coal burn-
ing, and the use of arsenical pesticides. Speciation
of arsenic is an important consideration in the
fate, movement, and action of this element. The
chemical and biochemical transformations of
arsenic include oxidation, reduction, and methyl-
ation, which affect the volatilization, adsorption,
dissolution, and ‘biologic ' Wisposition of the
arsenic species involved. i .

Arsenic contamination of soils from point

sources such as copper smelters or coal-burning
power plants is easier to control than the dis- -

persive use of arsenical pesticides, resulting in
nonpoint source pollution. Various forms of
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Figure 15-6. Dissolution and re-
actions of arsenicals within the soil
environment. (From Woolson, E.
A.: Fate of arsenicals in different
environmental substrates. Emciron.
Health Perspect., 19:73-81, 1977.)

arsenic are used as. pesticides. Arsenic acid
(HaAsO,) is a leaf desiccant used in cotton pro-
duction, lead and calcium arsenates are insecti-
cides, and organic arsenicals, which include
methanearsonic acid and its sodium salts as well
as dimethylarsinic acid (cacodylic acid), are used
as postemergence herbicides. The transport of
arsenic in the environment is largely controlled
by adsorption/desorption processes in soil and
sediments. Therefore, sediment movement is
responsible for transfer of arsenic soil residues to
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their ultimate sinks in deep ocean sedi

clay fraction, plus ferrous and aluminum oxides
that coat clay particles, adsorbs arsenicals as
depicted in Figure 25-6. The reactions of arseni-
cals in soil include oxidation, reduction, methyla-
tion, and demethylation. Conversion of arsenic
to volatile alkylarsines Jeads to air transport loss
from soils. The transformation processes of
arsenic and its transport processes are intimately

linked.

Arsenic concentrations in water are generally

The sy
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trimethylarsine

trimethlarsine oxide

much lower than in sediments. In Lake Michigan,
the concentrations in water range from 0.5 to
2.3 ugfl while sediment concentrations range
from 7.2 to 28.8 mg/kg (Seydel, 1972). Inorganic
arsenic exists in water in different oxidation
states, depending on the pH and E, of the water.
Arsenate is apparently reduced by bacteria to
arsenite in marine environments since the ratio of
arsenate to total arsenic is much lower than is
predicted thermodynamically. Methylation of
arsenic occurs in both freshwater and marine
and where arsenic is detected as arsenate,
arsenite, methanearsonic acid, and dimethyl-
arsinic acid (Braman and Foreback, 1973).
Biocaccumulation of arsenic species occurs
readily in ‘s5ome Bquatic organisms. Some sea-
weeds, fresh water algae, and crustaceans accu-
mulate significant amounts of arsenic. Some
arsenic M Daphnia magna and algae occurs as
arseno analogs of phospholipids, indicating the

mistaken accumulation and utilization of arsen-

ate in place of phosphate. Crabs, lobsters, and
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other marine organisms accumulate organo-
amniqlsdongthechhain.

ions in natural
waters dipend largely on the occurrence of
seleniferous soils. Average concentrations for
selenium in patural waters are less than 10 ugl,
but can reach several hundred micrograms per
liter in certain areas of some Western states.
Dietary sources of selenium are usually more
important than drinking-water sources,
Environmental redistribution of selenium,

through man’sactivitiesisd uctccoppenmelnn:,'

lead, zine, phosphate, and uranium mining and
processing; manufacturing of glass ceramics and
pismentl and burning offuel:

i can be hylated as also demon-
strated for mercury, arsenic, lead, and tin.
Sediment microorganisms are responsible for the
production of dimethyl selenide and dimethy]
diselenide from both inorganic and organic
selenium compounds (Chau, 1976). The impor-
tance of volatile methyl selenide compounds in
the biogeochemical cycling of this element is still
uncertain,

INORGANIC IONS

Nitrate, phosphate, and fluoride are inorganic
ions that have caused considerable concern over
their environmental effects, With nitrates and
fluorides the concern is principally human

ENvIRONMENTAL TOXICOLOGY

The current recommended limit for nitrate nitro-
gén in drinking water is 10 mg/1 (45 ppm nitrate).
In the Community Water Supply survey of the
Bureau of Water Hygiene in 1969, the range of
aitrate concentrations found was 0 to 127 mg/l.
Nineteen systems, about 3 percent of those
examined for nitrate, had concentrations in
excess of the r ded limit (National Re-
search Council, 1977). Nitrite is for?nd from
nitrate or ammonium fon by certain micro-
organisms in soil, water, sewage, and the alimen-
tary tract. Thus, the concern with nitrate in the
environment relates to its conversion by biclogic
systems 10 nitrite.

Methemoglobinemia is caused by high leveIs
of nitrite or indirectly from nitrate in humans, It
results in difficulties in the oxygen transport
system of the blood. Poisoning of infants from
nitrate in well water was first reported in the
United States in 1944, Cases numbering in the
thpusands have now been reported, mostly in
rural areas, mostly involving poisonings in
infants.

Of more recent concern is the production of
nitrosamines in food by the reaction of nitrite
with secondary amines. Other pitroso compounds
can result from the analogous reactions of
nitrites with amides, ureas, carbamates, and other
pitrogenous compounds. Various dialkyl and
related nitrosamines have been shown to produce

health, but nitrates and particularly phosph
also cause eutrophication of Ilks md pands, a
process that is id
undesirable, llp]
familiar sights in some parts of the United Sma
Nitrates. Man has altered the nitrogen cycle
through his agricultural and technologic prac-

i,

liver d , hemorrhagic lung lesions, and
convulsions and coma in rats (Heath and McGee,
1962). N-Nitroso compounds represent a major
class of important chemical carcinogens and
mutagens. The various forms of cancer for which
the environmental N-nitroso compounds are

P d to play a causative role occur after long

jces; changing patterns in agriculture, food
processing, urbanization, and industrialization
have had an impact on the accumulation of
nitrate in the environment. Intensive agricultural
production has consumed an increasing amount
of nitrogen-based fertilizers, particularly with
corn, vegetables, other row crops, and forages.
Nitrogenous wastes from livestock and poultry
production as well as urban sewage treatment
have contributed nitrogenous wastes to the soil
and water environments. Nitrate and nitrite are
used extensively for color enhancement and
preservation of processed meat products, These
practices inevitability lead to increased exposure
of man and animals to significant nitrate levels in

latency periods and at relatively low absolute
frequency in the general population. These
factors make it difficult to establish cause-and-
effect relationships b specific i

and disease incidence (Wogan and Tannenbaum,
1975).

Phosphates. Although the pﬁncipal problem
of phosph in the envir is not directly
related to human health, there is considerable
concern about the effects of phosphorus from
various sources on water quality, There remains
considerable disagreement and controversy about
the principal source of phosphate found in water
ece Some maintain that phosphate fer-
uhzer: are a major contribution to the levels of

hates found in water while others claim

food, feed, and water (National Acad of
Sdencts, 1972).
The nitrate form of nitrogen is of concern
because of the high water solubility of this jon
consequent leaching, diffusion, and environ-
mental mobility in soil and water. Nitrate can
contaminate ground water to unacceptable levels.

that phosphate detergents are.the major con-
tribution (Griffith, 1973).

Phosphorus applied to the soil as fertilizer
moves primarily by erosion because phosphate
adsorbs strongly on soil particles. However, some
soluble phosphorus compounds do move in

rar

T
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runoff water, The total phosphorus content of
soils ranges from (.01 to 0.13 percent (Stewart ef
al., 1975). The phosphorus fertilizers applied as
soluble orthophosphate soon revert to insoluble
forms in soil. This conversion limits leaching and
leads 1o a higher phosphorus concentration in
sediments than in the original soil since phos-
phorus seems to be associated with finer par-
ticles. Control of phosphate pollution from
asncu]ture will result from efforts to reduce
erosion and sedi loss by dified agri-
cultural practices,

The contribution of phosphorus to water from
detergents is likely to be associated with the
degree of urbanization. Efforts to control phos-
phates in water bave concentrated on the deter-
gent problem. Some states and local areas have
restricted or banned the use of phosphate deter-
gents completely. In some areas secondary treat-
ment of sewage waste results in the precipitation
and removal of phosphates from the effluent
before discharge.

Phosphate is a major contributor to the eutro-
phication process in lakes and ponds (Thomas,
1973). The observer of a lake undergoing eutro-
phication notices first an extraordinarily rapid
growth of algae in the surface water. Planktonic
algae cause turbidity and flotation films. Shore
algae cause ugly muddying, films, and damage to
reeds, Decay of these algae causes oxygen deple-
tion in the deep water and in shallow water near
the shore. This rapid growth of algae gives rise
to 2 number of undesirable effects on treatment
of the water for consumption, on fisheries, and
on the use of lakes for recreational

Fluorides. The beneficial effect of low levels
of fluorides in preventing dental caries has led to
the extensive use of fluoride in drinking water.
The Safe Drinking Water Committee of the
National Academy of Sciences has evaluated this
practice as follows:*

communities representing 1 million people had
supplies with fluoride concentrations greater than
2 mgliter.

Small amounts of ﬂnoﬂd e, on the order of 1 mg/
liter, depending on theen 1 temperature,
in ingested water and beverages, are generally
conceded to have a beneficial effect on the rae of
occurrence of dental caries, particularly among
children.

Two forms of chronic toxic effects are recognized
generally as being caused by excess in intake of

fuaride over long periods of time. These are *

mottling of teeth enamel or dental fluoresis, and
skeletal fluorosis. In both cases, jt is necessary 1o
consider the severity since the very mild forms are
considered beneficial by some. The most sensitiveof
1hese effects is the mottling of tooth enamel, which,
depending on the temperature, may occur to an
objectionable degree with fluoride concentrations
in drinking water of only 0.8-1.6 mg/liter. (These
observations were made a number of years ago and
there have been no recent studies to determine if
_these levels still cause mottling.) Apparently there
‘has been little systematic investigation of the degree
to which consumers of drinking water with several
mg/liter of flueride regard the resultant mottling as
an adverse health effect.

Skeletal flucrosis has been observed with use of
water containing more than 3 mg/iter. It now
appears that there is some probability that objec-
tionable dental motiling and increased bone
density may occur in those with long-standing
renal disease or polydipsia who consume water
containing more than 1 mg/liter of fluoride for long
periods of time, Increased bone density, however,
has often been regarded as a beneficial rather than
an adverse effect. (This therefore makes the
implications of such changes unclear.) Intake of
fluoride for long periods in amounts greater than
2040 mg/day may result in crippling skeletal
fluorosis,

Epidemiological studies where water is naturally
high in fluoride have shown no adverse effects other
than dental mottling except in rare cases. Con-
trolled studies with fluoridation at the 1 mg/liter
]evel have reported no instances of adverse effects.

Fluorideis found widely in water but the
concentration is usmlly not great enough to be

desirable. The jon found
for the 969 supplies studied in the 1969 Community
‘Water Supply Survey was 4.4 mg/liter. Most
supplies that were not intentionally fluoridated had
fluoride concentrations less than 0.3 mg/liter.

A more extensive survey by the Dental Health
Division of the U.S. Public Health Service showed
more than 2,600 ities with a pop
of § million people had water supplies with more
than 0.7 mg/liter of naturally occurring fluoride,
Most of these communities are in Arizons,
Colorado, Illinois, Iowa, MNew Mexico, Ohio,
Oklaboma, South Dakota, and Texas. Of these, 524

* Reproduced from Drinking Il’am- nnd' .h'mM
Pp. 433-34, with the permission of the N,
of Sciences, W’nl\mnon. D.C.

ilabl does not suggest that fluorida-
tion has increased or decreased cancer mortality
rates,

ASBESTOS

Asbestos is a general term applied to a family
of silicate minerals that have a number of proper-
ties in common that render them useful for
several commercial purposes. These minerals are
fibrous in structure and have electrical and ther-
mal insulating properties as well as being suffi-
ciently flexjble that'they can be woven into
fabrics. The production and use of such materials
has been described by Rosato (1959). Approxi-
mately 8§ percent of asbestos use is in the con-
struction industry, including cement products,
floor tile, paper products, and paintand caulking,
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Wil]:ll the remainder being used in transportation,
textiles,and plastics industries (May and Lewis,
1970).

" The definition of asbestos listed in the Glossary
of Geology is as follows:* '

.(2) & commercial term applied to a group of
highly fibrous silicate minerals that readily
separate into long, thin, strong fibers of sufficient
flexibility 1o be woven, are heat resistant a
chemically inert, and possess a high electric insula®
tion, and therefore are suitable for uses (as in
yarn, cloth, paper, paint, brake linings, tiles,
mhluon  cement, ﬁ]kf:. and filters), where

ENVIRONMENTAL ToXiCOLOGY

attracting other dissolved minerals that can inter-
act with them, Therefore, the mobility, transport,
disposition, and biclogic properties of asbestos
will vary widely depending on the mineral in-
volved, the pH of the medium, and the presence
of other materials with which the asbestos may
interact.

A major difficulty in meu{ng the environ-
mental impact of asbestos is the |I'Br:ulty in
detecting and analyzing it. Since asbet{osis avery
heterogeneous material, its detection is 'also
difficult. A number of methods have been pro-
posed for the identification and quantitation of

g or i
resistant rmtmu! is required. v
(b) a mineral of the asbestos group, principally
chrysotile (best adapled for spmmns) and :crum
fibrous varieties of
actinolite, and crocidolite).

The mineral fibers that comprise the asbestos
group are the serpentine: chrysotile; and the

b in air, water, and biclogic 'materials.
Optical and electron microscopy, x-ray diffrac-
tion, and differential thermal analysis have all
been proposed. Analytic problems are compli-
cated by the difficulty of distinguishing between
asbestos fibers and other fibers and particles of
minerals that may be present in the same sample
with them. The quantities present in environ-

hiboles: actinolite, (a gtonite-

mental ples, furthermore, are generally quite

:ru.ne.rile mineral), anthophyllite, crocidolite,
and tremolite. Asbestos minerals are mined in
Canada and the United States, where chrysotile
accounts for about 95 percent of the production.
Amaosite and crocidolite make up most of the
remaipder. The largest chrysotile deposit in the
world is found between Danville and Chaudiere,
Quebec, Canada. Other deposits are found in
northern Ontario, northern British Columbia,
and Newfoundland in Canada, and in California,
Vermont, Arizona, and North Carolina in the
United States.

Asbestos is made up of fibrils of individual
tubes of single crystals that bind together to
produce a fiber. The size of the individual fibers
wvaries greatly for the various minerals making up
the asbestos group, Minimum fiber widths range
between 0.06 um for crocidolite to 0.25 um for
anthophylite. Fiber lengths in general range
between 0.2 and 2.0 pm. Occasional Jonger fibers
up to 100 um are found, although these are much
rarer in the general environment than in oc-
cuptational situations (Rendall, 1970).

Solubility is an important consideration in
assessing the presence and impact of chemicals in
soil and water. Asbestos minerals are soluble in
acid solution to varying degrees (Chol and Smith,
1971). The isoelectric point of the various
minerals differs widely; chrysotile has an iso-
electric point of 11.8 while the amosite isoelectric
point falls between 5.2 and 6.0 (Parks, 1967). As
the pH of an aqueous medium falls below the iso-
electric point, the charge of suspended asbestos
particles will become more positive, thereby

small, and the particles present may exist in a
wide range of sizes, making identification difficult
and greatly complicating the quantitation of the
mineral present. It is generally felt that trans-
mission electron microscopy is the most satis-
factory method for the detection of asbestos. A
useful summary of theadvantages, disadvantages,
possibilities, and difficulties of various analytic
techniques that have been investigated is given by
Langer (1974) and Langer et al, (1974).
Asbestos is found ubiquitously in the environ-
ment. Chrysotile asbestos is a common air pol-
lutant in most large urban areas in the United
States (Selikoff eral., 1972). In fact, because of the
industrial use of , the highest Ta-
tions found in air and water are generally in
metropolitan areas (Cunningham and Ponte-
fract, 1971; Kay, 1973). Asbestos fibers have been
detected as contaminants of domestic water
supplies derived from Lake Superior, generally
thought to result from mine waste discharges.

An example of the contamination of & domestic
water. supply by asbestos minerals is illustrated by
the case of Duluth, Minnesota. An iron ore mining
company located at Silver Bay, Minnesota, dis-
charges tailings into Lake Superior 1o the extent of
approximately 70,000 tons per day. These tailings
are the residue from the processing of taconite ore
into pellets and are predominantly of the amosite
type of asbestos. Bottom curments in Lake Superior
carry some of this discharged tailing material to
Duluth, app ly 70 miles h . Duluth
draws its water directly from Lake Superior and
distributes and uses it unfiltered, The water in the
Duluth dammic san]y had been shown to contain

* From American Geological Institute: Glossary of
Geslogy. The Institute, Washi D.C.,p. 41,1972,

fibers and pieces as well as
other u')'su].llne material, The concentration of
verified asbestos mineral fibers in the Duluth water

BT
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supply ranges from approximately 20 x 10* 1o
75 = 10* fibers per liter of water. These concentra-
tions correspond to approximately 5 to 30 pg of
asbestos fibers per liter of water (Nicholson, 1974).
An analysis of the water system of Superior, Wis-
consin, the neighbor city of Duluth, which draws only
a portion of its water from Lake Superior, shows
considerably fewer fibers. An analysis of the water
from Grand Marais, M , which is up

from Silver Bay, detected no asbestos fibers.

‘The health effects of asbestos in water have so
far been incompletely ascertained. Asbestos is
known to lead to asbestosis characterized pri-
marily by pulmonary fibrosis, the formation of
plural plagues, a greatly increased risk of
bronchogenic carcinoma, plural mesothelioma,
and peritoneal heli after pational
exposure to inhaled asbestos dust, as discussed
elsewhere in this book. It is not clear, however,
whether the ingestion of asbestoscontaminated
water will lead to the same or similar diseases in
man. Epidemioclogic studies of cancer death
rates in Duluth, Minnesota, have not yet revealed
any increase in such conditions as compared with
other areas inrelation to the contamination of the
water with mineral fibers. However, the con-
tamination of the Duluth water supply began
about 20 years ago, and it is not certain whether
such conditions might show an increase within

residing there. The effects of chemical pollution
are threefold (Woodwell, 1970; Stickel, 1974):
(1) a tendency toward simplification of commu-
nities through the elimination of more sensitive
species and their replacement by larger pophla-
tions of tolerant species, (2) the change in species
relationships within communities, whereby the
spe:ies that earlier might have enjoved only a

xx niche dominated by other spocv:s are .
e

d to expand into a dominant role in the
ccosystem by the disappearance of the control
species, and (3) alterations in nutrient cycles,
which may have a long-lasting effect on the basic
composition of the ecosystem. Alteration of
nutrient cycles may lead in turn to permanent
changes in an ecosystem through erosion and
leaching, which in turn change the basic physical
structure. :

Effects of pollutants are seen primarily at the
tops of food chains and are o by man
usually as changesin populationlevels of predator
species, The chlorinated hydrocarbon pesticides
and industrial chemicals, for example, may cause
reproductive difficulties in birds, such as the pere-
grine falcon. Mink are highly sensitive 1o methyl
mercury, whileapparently other marmmalsare not
so sepsitive, Contamination with methyl mer-
cury can thus alter the diversity and dominance
characteristics of the ecosystem. Disturbances
in the Y can be detected in putrient

the next 5 to 15 years because of ch istic
long latency periods. The assessment of the
carcinogenicity of inhaled asbestos is com-
plicated by the fact that sypergism has been
demonstrated by cigarette smoking. Whether
some sort of synergistic effect may also occur with
asbestos in drinking water is entirely unknown.

IMPACT OF CHEMICALS ON
SOIL AND WATER SYSTEMS

The traditional view of the environment em-
bodied in the phrase * balance of nature' repre-
sents an outmoded conceptualization of the
forces that control environmental processes.
There is, in fact, no simple balance of nature. The
environment is composed of many systems and
subsystems, each internally balanced in a
dynamic way and influenced by many external
processes that tend to interact and influence the
structure and function of the whole system. The
thrust of nature’s “balance™ is an evolutionary
movement toward greater diversity, greater

ion, and more lex structure.
Man has been altering the course of evolution
through technologic advances in agricultural and
industrial practices. A side effect of a number of
these advances is the introduction of chemicals
resulting from agricultural and industrial prac-
tices to the soil and water ecosystems and the
resulting impact of these chemicals on organisms

cycling even though no eﬁects are measured in

the diversity or population of the ¢

Several studies have now shown that changes i m

nul.nenu, such as nitrates, are mor: sensitive than
par to ch I stress (O"Neill

“el d 1977; Jackson et al., 1977). This results

from the fact that changes in nutrient pools must
eventually directly affect the productivity of the
entire ecosystem, even though the effects may not
be measurable in biologic terms until a number
of years later.

The net effect of decreased diversity in an eco-
system is a more unstable system. Such com-
munities are subject to wide fluctuations in
populations of organisms and are more easily
influenced by outside pressures such as chemical

man's further intervention in an attempt to
stabilize the system, a process that historically
has sometimes been self-defeating.

In terms of human ecology we are just begin-
ning our efforts to understand the impact of
chernicals ih the énvironment. The full range of
effects of the loss of species diversity in the eco-
system on man is yet to be understood. Changes
in the inance characteristics of ecosystems
will have a major dffect on man's activities as they
cause him to change strategies of pest control,
alter his use of water systems for consumption

pollutants. This leads in turn to the necessity for ]
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A
and recreational purposes, and change his per-

ceptions of the aesthetic quality of the environ-

ment. Changes in nutrient cyclin 3
C g lead to the
ex

peln’dllm"! Ef‘emrgy and resources to correct
commitments and e toﬂi

and waste effluents. As man
:‘htng_:g the agricultural ecosystem to his advan-
lh:G. it is necessary to add nutrients in the form of'
‘p osphate and nitrate fertilizers, frequently
{irmbat

dingto !;“ i and problems in
ging t ination of water syste
these nutrients that results. e

The effect of chemicals on' man is known i
many insta_nm only indirectly through llbgrllr:
tory experimentation with test organisms, such
l_: ht'_aor‘nlgry animals, at high doses. The' same
- in the envi ; will not ily
= man in l_h: same direct ways since they are

Iways found in the presence of other chemicals
:ﬂ_: whmnnhm lthcy may -'I.;:lerlcl. Interactions in the
vironm may alter mobility, trans
availability, disposition, and mxizolc;ic o iy
tllauu completely altering the properties of a
inits with biclogi
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