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i WaTrr AND SOIL POLLUTANTS 843

M xoi] and water through fatlout during smeiting.

R Natural soil concentrations of cadmium are lcss
Erahan 1 ppm and average about 0.4 ppm. Sewage
udge is often contaminaled with ¢admium.

hich then concentrates in plants grown on con-
taminated soils. The problem of heavy-metal
contamination. cspecially cadmium. has been

one of the mast serious concems impeding the

¢ use and disposal of domestic sewage siudge on
agricultural Jands. Cudmium aiso enters agricul-
pi-meral soils as a contaminant of phosphate tertiliz-
ers. There is some evidence for the lecaching of

; cadmium in soifs.

Among the metafs. cadmium is one of the
- most readily absorbed and accumulated in plants
Z\ % grown on contaminated soil. I'xe significance of
B this phenomenon is readily apparent in the rela-
%’ tionship of cadmium concentratioas in rice with
the incidence of itat-jitai diseasc. Although therc
is some question about the specific ctiology of
this disease. thers js ample cvidence from many
K studies of a positive correlation between rice
Peadmium content and the incidence of the dis-
se in Japan (see. for example. Nogawa et «l..
982, 1983).

Cadmium concentrations in fresh waters arc
usually less than | ppb. whiie concentrations in
seawater range from 0.05 to 0.2 ppb and uverage
about 0.15 ppb (Fleischer er al.. i974). Higher
concentrations of cadmium in surface water are
usually due 10 metaflurgical plants. plating oper-
f: ations. cadmium pigments. batteries. plastics
' manufacture. or from scwage effiueat. Mine
Ky drainage and mineralized arcus also contribute

& significantly to cadmium fluxes in the Missis-
sippi River in the Missouri-Tennessee-Kentucky
area.

Drinking water in soft-water ureas can serve
a8 2 source of cadmium through corrosion of
plumbing, However, this source is estimated to
k¥ be small in relation to food intake. As in the as-
e sociation of selenium and mercury. there ap-
R pears 10 be a protective effect with zin¢ und cal-
cium against ¢admium toXicity.

Lead. The use of lead. its mining, und its pro-
cessing date buck several centuries. Changing
ugage patterns rather than increased consump-
tion determine present envirunmental inputs
from man's use of lead. Batteries. pasoline addi-
tves. 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
> enlers soil and water as failout. a process deter-
mined by physical form und particle size. The
net result is 4 buildup of lead near heavily trav-
eled roads. In a study in Massachusetts, there
was a close concordance between the use of
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leaded pasoline and umbilical cord blood iead
levels. This suggcsts that further reductions in
lcaded pasoiine usage would result in lower
human exposure levels (Rabinowitz and Need-
leham. 1983).

Lead enters aquatic systems from runoff or as
fallout of insoluble precipitates and is found in
sediments, Typical fresh-water concentrations
tic between | and 10 ug/l while natural lead cons
centrations in sotl range from 2 0 200 ppm and
average i) to 15 ppm. Deep ocean waters. below
1000 m. contain lead at 0.02 to 0.04 ug/kg con-
centrations. but surface waters of the Mediterra-
nean Sea and Pacific Ocean contain 0.20 and
0.35 eg/kg levels (National Academy of Sci-
ences. 1972). Drinking waler concentrations of
lcad may be greatly increased in soft-water areas
rhrough corrosion of lead-lined piping and con.
nections, However, average drinking-water in-
take is considerably less than food sources.

The hivlogic methbylation of inorganic lead to
tctramethy] lead by lake sediment microorgan-
isms has been demonstrated (Wong ef at., 1975),
bug the significance of this observation remsins
unknown. It has not been possible to detect
tetramethyl lead. trimethyl lead, or dimethyl
lead in sediments or water that have high lead
levels.

Arsenic. Arsenic is widely distributed in the
cnvironmen!. Man's input of arsenic into the
global cycle occurs through smejting. coal burn-
ing. and the usc of arsenicul pesticides. Specia-
tion of arsenic is An important consideration in
the {ate. movement. and action of this element.
The chemical and biochemical transformations
of urvenic include oxidation. reduction. snd
methylazion. which affect the volatilization. ad-
sorption. dissolution. and biologic disposition of
ihe arscnic species involved,

Arseni¢c contamination of soils from point
sources such as copper smelters or coal-burniog
power plants 15 easier to control than the disper-
sive use of arscnical pesticides. resulting in non-
point-source pollution. Yarious forms of arsenic
are used us pesticides. Chromated copper arsea-
nate continues lo grow in usage as a wood pre.
servative  (Fitzgeraid, 1983). Arsenic a¢id
(H1AsQu) is a leaf desiccunt used in cotton pro-
duction. iead and calcium arscnates were used
as insecticides. and organic arsenicals. which
include methancarsonic acid and its sodium salts
as well as dimethyl arsenic acid (cacodylic acid).
are used as postemergence herbicides, The
transport of arsenic in the environment is largely
controiled by adsorption/desorption processes
in soil and sedimeots. Therefore, seciment
movemen! is responsible for transfer of arsenic
soil residues to their ultimate sinks in deep
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reproduction was decreuased by upprox:mately
80 percent by continuous exposure of 30 ugl
DEHP for up to 21 days. Reproduction in zebra
fish and guppics was also decreased by low ¢on-
centrations of DEHP.

Although the concentrationy of phthalate es-
ters in soil and water urc quite low, the recent
report of carcinogenicity and the continuing re-
ports of the ubiquitous presence of residues in
the environment ted 10 concern about the poten-
tial for human nealth ctfects. Because phthalates
have been found 10 occur in drinking water in
the United States (Brass e al., 1977) and are
present in food. that concern is reinforced.

METALS

The toxicology of metals. including their use.
owcurrence. and effects. has already beea pre-
sented in Chapter 19. In this section we will deal
only with some aspects of the natural <ycles of
clements and conditions that alter the process
involved. It is necessary 1o limit this treatment
10 the best-studied examples of environmentally
important elements: mercury. cadmium. lead,
arsenic. and selenium. (Note: arsenic and saje-
nium are not metals. but the term will be used to
include these metalloids.)

Mercury. Methyl mercury poliution of” Mini-
mata Bay and the subsequent human poisoning
{rom consumption of contaminated seafood has
stimutated much research on the origin ang fatc
of methyl mecrcury. An  importsnt theme
throughout the discussion of metals is the ques-
tion of chemical species. Mercury, for example.
exisls in the inorgunic form as free mercury.
Hg’. mercury ion in salts ard compiexes, I1g” " :
OT 48 Organic mercury compounds. such as
phenylmercuric saits. which hbave been used as
fungicides and herbicides. und the alkyl-mercury
compounds including methyl mercury. In natu-
ral systems. & dynamic equilibrium that is deter-
mincd by the physiochemicai and biologic con-
ditions of the soiu-walcr system exists between
the various chemical specics. Some organic
forms of mercury are man-made, such as the
phenyimercuric compounds. while methyl mar-
cury is produced by humans. sediment microor-
ganisms. nonbiologically in sediments. and pos-
sibly by some fish. As expected. each species of
mercury has its own set of physical. chemical.
and toxicologic properties.

Mercury is transported lo aquatic ecosystems
via surface runoff and through the atmosphere.
It is compieacd or tightly bound to both organic
and inorganic particics. Sediments with high sul-
fur content will strongly bind mercury. Organic
acids such as fulvic and humic acid are usually
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associated with the mcrcury that is not bound to
particles.

Mcthylation of mercury by microorganisms is
a detoxication response that aliows the organism
to dispose of heavy metal jons as small organo-
metallic complexes. Conditions for methyiation
by scdiment microurgunisms are strict and occur
only within 4 narrow pH range."The rate of syn-
thesis of mernyl mercury diso depends on the
redox polcntial. composition ot the microbial
popuiation. availability of Hg"". and tempeca-
fure, Vitamin By, derivatives are believed {o be
the methylaling agents. since mechanistically
they are the only methyl carbanion und methyl
radical donating coenzymes known (Ridley ¢
af.. 1977, An understanding of the biomerhyla-
tion reaction mechanisms together with oxida-
lion-reduction chemistry of elements allows pre-
dictions of the environmental conditions
necessary for the biomethylation of mercury and
several other metals, However, the best conver-
sion rate for inorganic meccury W methyl mer-
cury under ideal conditions is tess than 1.5 per-
cent per month (Jensen and Jernelov. 1969).

Little or no methvl mercury is found in sedi-
ments. Conversion of inorganic mercury to
mcthyl mercury rosults in its desorption from
sediment parvicles ul u rclatively fast rate, De-
methylation by sediment microorganisms also
oceurs af 4 rapid rare when compared to methyi.
wion. Methyl mercury released in surface wa-
lers ¢an undergo photodecomposition to inor-
ganic mercury. However. methyl mercury can
also be bioaccumulatcd by plankton aigae and
fish. In fish. the rate of absorption of methyl
mercury is faster than that for inorgatic mers
cury. and the clearance rate is slower with u net
result of high methy) mescury concentrations in
the muscle tissuc. Selenium. which is preseat in
seawater and sealvod. readily complexes with

methyl mercury and is believed to have an im-

portant prutective nction against the toxic ef-
fects of methy! mercury, [n summary. the dan-
ger of methyl mercury poisoning. as occurred in
Minimaia. urises {rom direct methyl mercury
contamination rather than methylation of cnvie
ronmental sources of inorgunic mercury.
Cadmium. Cadmium has [ong been recoge
nized us & toxic ¢iement. 1ts tmportance as an
environmentul contaminant was demonstrated
in the: outhreak of ilai-itai disease cuused by
smelter wasices that contaminated rice paddics in
Japun (see Chapter 19). Cadmium deposits aré
found as sulfides with zinc, copper, and lead
deposits, and cadmium is recovered as a by
product of smeiting processes for those meals.
A major envirunmenta| source of cadmuum 15
vapor emissions that contamingie surrounding
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WATER AND SOIT. POLLUTANTS 819
the soil &: vaporization rate since air movement cantinu-  valid only for dilute solutions. which is the case
Sidence t B pusly replaces and mixes air around thc ¢vapo- {or most environmental chemicais. The biocon-
ces ac- LR rating surtace, Many chemicals evaporate simul- centcation factor (BCF) 15 actuaily 2 measure of
gma?r e taneousiv with water. which lcads somc  the partitioning of a chemica) between water and
c :gi‘:f 4% researchers to believe that chemicals such as  fish but is # suitable indicator for biotw in gen-

v A= DDT “codistill” with water. This chenomenon eral. This information provides relative rankings
humic 4y <an be demonstrated in laboratory distllations  of chemicals. although variations will occur
?c::’l%‘ ¥ at 100°C. but does not occur al normal environ-  among different organisms with respect to bio-
i fulvi mental remperatures, _lnngad. water evapora- concentration. A Iab'uralory raeasure of the par-
vic tion and DDT volatihization occur indepen-  utioning of a chemical between n-octanel and
')ECY:IIar dently. Higher vapor loss from most soil waler provides K,,.. which is related to water
_'".:m} surfaces correlates with pesticide volatilization. solubility. K. values have heen correlated
~Hiona but is duc to desorption ol chemicals from soil with bioconcentration factors and soil sorption
c‘;:g_ adsorption sjtes by water molecutes and the constants fqr a num.ber pf organic ch;mi-
':erer mass flow of chemical to the soil surface by the cals. Recentiy. retention times for chemicals
o o- “wick etfect.”” This phenomenon has been on reversed-phase  high-performance  liquid
I‘:[;:: L.~ noted with chemicals such as 2.4-D esters. thiol-  chromatography (RP-HPLC) have been used to
£6) as Pl carbamates. friazines. orgenochlorine insecti- predict pantitioning between the organic und
. P cides. and AN-mcthyl-carbamates. Volatility of  aqueous phases of the environment (Swann o1
sater b organic chemicals from water increases with al.. 1983). Thus. with just a few measurements
s fox: decre:_xsmg water solubility. Asa rcsqh. a chemx- of the propertics of o ghcm:c_al (water solubility.
alisa cal with both low vapor pressure in the solid vapor pressure, melting point. partitioning pa-
ate of phase and very l_ow water solubility »\{ouid be rameters. of RP.-HPLC _retc‘nuon times) it is pos-
1ental mpch more volatile from aquevus solution than sible to guess a chemical's expected environ-
f ag- might be e3<pected. m)vr is again the e.xamplle. rnerftnl dxstnout.mn. ) o
Aent X Pnrtmon!nn. The distribution relationships Blpucnmnlatlon_. Bioaccumulation is differ-
ffe-cu: for « chemu:gi between the env(ronmemal com- ent from other cnwmnmcn[g_l Processes bccagsc
il partments of air. soil. water. and biota can be 11 concentrates rather than diftuses the chemical
expressed by a series of partition voefficients in question. [his concentration effect is ex-
(McCall et af.. 1983). The soil sorpuon constant pressed as the ratio of the concentration of a
(K rebates the amount of chenucal sorbed to chemical in the organism to that in the medium
. soil to the concenrration in water (Table 26-2). (Usuaily water), Bioaccumulation refers to both
o Since organic matter is a key to the sorpuon uptake of dissolved chemicais from water (bio-
" prucess in muny soils, as discussed above. the  concentration) und uptake from ingested food
sorption characteristics of a chemnical can be and sediment residues, The two properties of a
1 normalized by use of X,... which relares sorption chemical that are responsible for high bioac-
properties to soil orgamic matter. Air-water dis. cumulation rutio vaiues are: ‘) high partition
tribution. cxpressed as K. [fom Henry's faw, iy cocfficient. ;.e.. Lipophilic. and (2) recalcitrance

Tabie 26-~2. KEY PHYSICAL AND

—_ ENVIRONMENTAL PROPERTIES
IN FATE ASSESSMENT*
PROPERTY DEEINITION

—— Seil serption coerficient wg Chemical wika of sol
on: (K ur Chemicui water/y of water
IK, Soil sorplion constant V. PSS ¥}
ry . (N,.) ‘« Orgaaic carbon
¥ Water-air ratio u8 Chemicalem® of waser

(Ko i Chemicaiem® ol wir
e- n-Octanol-water coetlicient »g Chemicaliml r-octanoi
and g (K ) se Cheaucalmt of water
, P Bioconcentration facior ug of Chemical/g of fish

(BCT g of Chemicale of water
— ~ From $wann. R. L.. er aZ: A rapid mcthead for the estimation of the
alt environmental parameters ocienol'water partitior coefficient. soil
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SOIPHON cunstam:  water 10 air ratio. and water wlubdlity. Residoe
Rev,. 88:17-28, 1983,
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clpsses of chemicals has becen summarized by
Hamaker and Thompson (1572) (lable 26-1).

Adsorption data for chemicals in soils is usu-
Wly expressed by the Freundlich isotherm.
xm=KC". cm i5s the amoual of chemicai
sorbed per weight of the adsorbeat.  is the
equilibium concentration of the chemical. and
K and n are constants. The constuant K repre.
sents the extent of adsorption while the value »
sheds light on the nature of the adsorption mech-
anism and the rolc of the soivent. water,

Svil organic matter usually ranges from 0.1 (o
7.0 percent and serves as the most important
sorptive surface for nomonic ¢chemicals. Above
a [cw percent organic marter. all the soi! minerat
sutrfaces are cffectively hlocked amd thus no
longer tunction as adsorbents, Seil organic mat-
ter can be djvided into 1wo main groups:
(1) nunhumic substanccs, which are fresh or in-
complerely decomposed plant and animal marte-
rvial. and (2) humic substances. which are more
or less completely aitered or resynthesized ma-
terials. The former serve as a source for the tat-
ter. Nonhumic materiale include well-known
organic chemical groups with definite character-
isticy: proteins. carbohydrates, organic acids.
sugars, fats, waxes, resins. lignins. pigments.
and low-molecular-weignt compounds. These

EXVIRONMENTAL TOXM.OLOGY

materials comprise 10 10 15 percent of the sojl
organic matter. Their composition and residence
times arc Quite variable. Humic substances ac-
count for 85 (o 90 percent of soil organic master
and their nature iy not well understood. Numic
substances are fractionated to give fulvic acid.
which iy soluble in hoth alkali and acid: humic
acid. which is soluble in aikali but not in acid:
und the humin fraction, which cannot be readily
axtracted with cold alkuli. Humic acid and fulvic
acid are aromatic polymers with molecular
weights thut range from 5000 to [00.000 und
trom 2000 10 9000. respectively. Functional
groups that have been identified on humic sub-
slances are carboxyl. phenolic hydroyyl, aleo-
holic hydroxyi, carbonyl. and methuxy. Hetero-
cvelic rings with oxygen and nitrogen atoms are
also present, A hypothetic structure for humic
ucid has been proposed by Kononova (i966) as
shown below.

Vaporization. Vaporization from soil. water,
vr plant surtaces is 4 major transport process for
many chemicais. The volatility of a chemicai is a
function of it vapor pressure, but the rate of
vaporization also decpends on environmenta
conditions such as temperature. degree of ad-
sorption. soil properties. and soil water content.
Airflow over the cvaporating surtuce affeqts

‘:5H| ;()(
cood 0 OH
QH CH:  HC——CH: HC——CH, 0
e H N J— Y —\ = H -
04& )—-C—O—J (o N €0~ y(—Nm! =C—0— =0
) H S H \”. 4 0H 5, s \‘), 4 H o
0 OCH,: o ¢ ¢ Oh
CO—HN—CWH 0N
Table 26-1. CLASSES OF IATERIALS RELATED 10 THE &FFECT OF oH
ON ADSORPTION*
MOLECLI.AR FORM
.LASS EXAMPLE nK, Low pH Hisde pH oH £
Strong acid Linear atkylsutfonaies Anion Anion Small
Weak acid Picloram 3.7 Free acid  Anion Large adsorption:
pH approx. pK,
Strong buse Diquat Cation Cation Decrense at very
low pH 18N
. H.80
Weuk base Ametryne Cation Frce base Increasing adsom-
tion 10 pH
approx. oK, and
then decrease
Polar molecules Diuron Noniomzed  Un-ionized  Small
Neutral maleculex DT Nil Nopionized Un-ionized Probably none

* From Hamaker, J. W.. und Thompson. 3. M.: Adsorption. Iz Goring, C. A. [,. und Hanaker. ). W' ieds. Y. ()riiinic Cliendecals
0 the Soil Envieenment. Vol, 1. Marce! Dekker. Ing.. New York. 1972, Regrinted by courtesy of Murcet Dokker. inc.
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The domcstic and urban use and disposal of
chemicals also result in the contamination of soil
apd water. Domestic wastes aje concentrated in
scwage systems and lancfill operations. Fre-
quently, iarge buildups of heavy metals occur as
a resutlt, Pesticides and fertilizers used in subur-
ban and some urban situations for lawn und
home garden purposes or pest control in other
situations aiso are serious problems when im-
properly used. Detergents may also cause diffi.
culties us referred to above. The discovery that
the process of purifying water can result in the
chlorination of <ertain organic chemicals 10 pro-
duce chiorinated hydrocarbons that are potential
carcinogens has generated concern. In some
parts of the country concentrations of such
chemicauls above levels considered to be sate
have heen found in drinking-water systems.

Finally. mctals. mincrals. and plant or animal
toxins ure tound in the environment as natural
components of water and soil systems. Although
they have always been there and always witl be.
human activities freauently resuit in excessive
production or movement of such chemicals
found naturally occurring in the environment
and can rcsult in concentrations detrimental to
human or orheér organisms. Curthermore, the
possibility of interaction of synthetic chemicals
and pollutants with naturally occurring metals.
mineruls. and toxins must be considered.

Transport. Mobility, and Disposition

The fate and distribution of chemicals in the
environment are determinved by several varia-
bles that can intcract in numerous ways. An
andlogy between  pharmacodvnamnics and
chemodynamics can be drawn tc ijustrate some
basic similarities in each approach. First, onc
must appreciate the physicochemical propesties
of @ chemical. such as water solubiiity, lipid sol-
ubility. parmtionipg behavior. vapor pressure.
pKa for innuc species. chemical stabiljty. ete,. if
one is 1o predict the behavior of a chemical in a
systemn—>o¢ it human or an ccosysiem. Second,
the processes that act within the sysiem must be
cansidered. Transpott. via serum proteins vers
sus suspendded scdiments: circulation. via the
circtlatory system versus the hydrologic cycle;
dcgradation. in liver versus soil microorganisms:
and excrétion. via urine. feces. und cxpired air
versus dilution in water anag air 1o nondetectable
tevels or Jdepositivn in uitimatc sinks such as
deep ocean sediments. are al} processes that act
on chemicals to determine the mobility and final
disposition of a chemical in a sysiem. The anai-
ogy can be carried one step further to include
target organs or tissues affccted by the chemical
in comparison with the susceptible specics of an

Qi Wg3l 10300dd H3000/Wy83 WO

ceosystem. The fundamental difference in this
consideration is vne of scule, in both time and
dimension. which then requires models of vary.
ing scale. Scveral mathematical models have
become available in recent years to predict the
transport and fate of organic chemicals and met-
als in borh aquatic and soil systems (Dickson et
al,. 1982). The soil modcls arc divided into un-
saturated and saturated systems while other
models deat with runoff and the transport of tox-
icants In surface waters. The value of such mod-
¢ls is in understanding the properties that are
most impoctant in determining the environmen-
al fote of 2 chemical under given conditions. A
sccond objective is to predict exposure of vari-
ous organisms through lime o vanious loxicants
and thus aid regulatory agencies in decision
making.

Water Solubility. The water solubility and
latent heat of solution are critical propertics of a
chemical that atfect jts eavironmental fate,
Many cnvironmental toxicants are hydrophobic.
having solubilities in the parts-per-mithion (ppm.
mg) to parts-per-billion (ppb. ug/l) range. Re.
ported solubility values vary with the method
used for determination (Gunther ¢/ al.. 1968).
Water solubtlitics are affected by pH (for ioniza-
ble ¢chemicals). presence of dissolved sabts and
Organics. amd temperature,

Soil Adsorption. Adsorption to particulate
maller ts 1 major mechamsm by which chemi-
cals are removed {rom solution. Adsorbent ma-
terials in soils and sediments can be divided into
clay minerals and soil organic matter. Clay min-
erals include various hydrous silicates. oxides.
and iayer silicates. The clay minerals have been
extensively siudied 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-
culas. and metal jons in soils. High specific sur-
face iy ussociated with small particie size: there-
fore. the colloidal fraction of the soll s &
domtnant factor in chemical-soil inteructions,
Cation cxchange capacity of the inorganic frac-
7ion is a function of the magnitude and distribu-
tion of the structurat ¢charge, Exchanggabitity is
dependent on the adsorbed cations. usually so-
dium potassium. or culcium. und the nature of
the replucing cations.

The water associated with clay plays ar im-
purtant role in defining its characteristics, Ad-
sorbed water on ¢lay surfaces is more ordered
than free water. Water on the clay surface may
also be more 1onized ‘than otherwise. Thus. the
hydrogen ion concentration of the clay surface is
high. The effect of pH on the adsorption of

91:11 866T-LC—NNL
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