FiLE CUPY

e
&

4.

AD-A178 083

OAK RIDGE
NATIONAL
LABORATORY

»
PEOATEN SY

PEEATN OMAMETTA PNFRRY SYSTIMS, INC.
O U T STATTS
CUURTUAENT O TNERRY

IN M ARIETTA

ORNL-6239

Long-Term Problems of Land

Contaminated by N
Hazardous Ch

Sources, Impacts, and Countermeasures

C. F Baes il
C. T. Garten, Jr.
V.R. To :

ENVIRONMENTAL SC-!E.'*&CES DiVISION

Publication No.

Interagency Agreement D
and FEMA EMW-84-E-1737, D(Q

onradioactive
emicals:

R K F Y e T T s T
AR AR Y MIPOR .

1
T E

73

2823

i P I 3

2,

- _‘\«

CE 40-1457-84
PA Work Unit 3211D b

rE e ] :
LI M &
,"rﬂvlf

DISTRIBUTION UNLIMITED

APPROVED FOR PUBLIC RELEASE;

oA

- ae S

FPRY S

" ¥ 7
. s

*
S
I N P 3

A
7 .

".
ey

G N e o e
A 724" :’q' ‘i
oWk

A

v
+
Fe ey

vy
w N »
:{4"1“‘.‘:‘.

‘1‘
'ﬁxm"
N
\_'“ o
S BT
5 1D i 4
2 : A
. ey




ORNL-6239

ENVIRCNMENTAL SCIENCES DIVISION

LONG-TEKM PROBLEMS OF LAND CONTAMINATED BY
NONRADIOACTIVE HAZARDOUS CHEMICALS:
SOURCES, IMPACTS, AND COUNTERMEASURES

. Baes 111
. Garten, Jr.
Tolbert

< OO
-4 n

Environmental Sciences Division
Publication No. 2823

BANS S
OB

Y

7
»

Date of Issue - January 1987

. T
.
NGk

:
.

-

o

Prepared for the éﬁ

. Federal Emerqgency Management Agency A
Washington, D.C. 20472 oy

é‘;?:i

~8

Prepared by the S |

GAK RIDGE NATIONAL LABORATORY ~X

Jak Ridge, Tennessee 37831 X
operated by R

MARTIN MARLETTA ENERGY SYSTEMS, INC. .
for the D

Y.5. DEPARTMENT OF ENERGY | . 5&
under Contract No. OE-ACOS -B40R21 .00 , . o
7

:ﬁ

3

1o




READ INSTRUCTIONS

REPORT DOCU“ENTATION PAGE BEFORE COMPLETING FORM
. REPONT NUMBER 2. GOVYT ACCESSION NDJ 3. RECIPIENT'S CATALOG NUNBER
ORNL-6239 |\ADAI 78023
& TITLE (and Subtitle) 3. TYPC OF REPCAY & PERICOD COVERRD
Long-Term Problems of Land Contaminated by Final Report
Nonradioactive Hazardous Chemicals: Sources,
Impacts, and' Countermeasures C. PERFGRMING ORG, REFORT NUMBER
7. AUTHOR(S) . 8. CONTRACT OK GRANT NUMBER(S)
C. F. Baes III, C. T. Garten, Jr., and EMW-84-E-1737
V. R. Tolbert '
9. PERFORMING ORGANIZATION NA'IE AMD ADORESS 1°-. ::2(:R.Al:o!.l.KE:::GYT.NPUR-O.J!E.C;. TASK
O0ak Ridge National Laboratory DCPA 3211D
Oak Ridge, Tennessee 37831-6036
11. CONTROLLING OFFICE MAME AND AODRESS ’ ' ‘ 12. REPORT DATE
Federal Emergency Management Agency ' January 1987
Washington, D.C. 20472 , - 1. MUMSER OF PAGES

. MONITORING AGENCY NAME & ADDRESS(!( di/forent frem Ceantrelling Otlice) 1. SECURITY CL ASS. (of thie reparnt)

Oak Ridge Natijonal Latoratory Unclassified

Oak Ridge, Tennessee 37831

[T15e. OECL ASSIFICATION/ DOWNGRACING
SCHEOULT

16. OISTRIBUTION STATEMENT (of this Repert)
Approved for Public Release, Distribution Unlimited

e

17. DISTRIBUTION STATEMENT (of the sbatract anteced In Block 20, It diftecent from Roeport)

18, SUPPLEMENTARY NOTES

19. KEY WORODS (Continue on reveree eids If necossary and ideatily try block number)
- Countermeasures, organic chemicals, toxic metals, food chain pathways,
acspssment models, land decontamination ‘<<é::

LY :

‘h"_(g ACT m-th. - reveres L& W o tty by Hlock mamber)
inis ort axamiges % nvirvonment behavior and f%t of nonradioactive
nazardo S chémicdis, mefho s for assessxng environmental impacts, and
aiternatives for achieving land decontamination and cleanup. Nonradioactive
na zardous chemicals can bé reactive, corrosive, or taxic. Reactlvo chemicals
vnay be explosi

water, or a mixture of other cheémicdls. Toxic Lhem1ca s have
1 n1qh probab1 % fbﬂ*ng carcinogenic, mytagenic, teratogenic, or lethal to
humans and W)

1rc dents_in n
dumping, jeachi
"'MH‘;% and pe

i The major pathways of entry 1nto the environment are
dling and storage, industrial accidents, 11ljeqal or accidental
g from buried taxic wastes, land-troat mnf Of "wasto waters,

sticide yse, and use of industrial producrs, oo

am

(AW

or

ica

ve, flammable, or capable of undergowng SDOHT&HPOUJ change upon
osure to air,

11t

1d1

an

in
i3

Foma S .
D0 ymey T3 toimom or ' wov es s oesoLETE T T e =

SECUMTY CLASSINFICATION OF THIS TAGE (Phe Dais Znteced)




Block 20 {continued).

The factors that affect the persistence and fate of hazardous chemicals in soil
or_sediment are chemical structure and chemical properties, particularly water
solubjlity and volatility; soil or sed ment properties, particularly percent )
organic matter; climate; soil microorginisms; and form of applicatign. Soil organic
matter js the m?st important soil propurt¥ affect1ng availability of organic
chemicals for plant uptake. Polar and water solublé organic chemicals have the
greatest likelihood of being bioaccumu ated by plants. “Bioaccumulation of an
organic chemical in animals”is related to its” tendency to dissoive in body fat.
This property is commonly measured by fthe n-cctanol:water partition coefficient {(Kow) -

Three types of simple models are_currently in use for assessing-ecotoxicological
hazard of hazardous chemicals., The benchmark approach uses a Chemical for %hich
considerable environmental data exists to represent a general class of chenicals.
It is of limited use because tox1c1t¥, persistence, solubility, and biocaccumulation
data are highly variable and chemicals can ararely be placed Into discrete groups.
Quant1tat1w15cructure,Act1v1%y Re]at1owsh1g,(QSAR models are based on corrélation
between empirical measures of toxicity or bioaccumulation and simply measured or
caIcu]ated.ghysqcochemlcal parameters, High uncertainty associated wi*h cectanol-
water partitioning or water solubility data and orders of magnitude variihility about.

predictions based on regression equations are shortcomings to QSAR models. Screening
models use a minimum sef of severa] simple chemical propérties to assess whether
chemicals are of concern. Chemicals that have log K, greater than 3.5, persistence
half-time greater then 14 d, and log Henry's Law congvant, Hg» less than -2.36 are
of significant environmental concern. :

Cleanup of hazardous contaminants on_land may involve dispersal, removal and storage,
stapjlization, or treatment. Both dlsp?rsa1 and removal/starage alleviate acute,
local, immediate threats, but additional remedial action mag eventually pe necessary.
Stabilization and treatmént are more permanent solutions, tabilization ipvalves
methods to i1splate the contaminant or limit its dispersal. Treatment invnlves
b%olog1?al, chemical, and physical approaches to detoxifv or destroy the hazardous
chemicals.

Costs of c]eanu? will depend ugon tha composition and quqntit{ of contamination and
0 a
d

the geographic location, extent, and_accessibility of the contaminated area. Costs
inclide " personnel, equipment and fuel, maintenance and repair, land rental or
purchase, depreciation/amortization, materials, administration/overhead, tools,
utilities, insurance, and economic "oss of the land, Cleanup by dispersal! or -
removal and storage 1s cheaper than cleanup by chemical and physical treatment
processes. :
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PREFACE

This report is the seéond product of 31 project entitled "Residual
Ecological Problems of Contaminated Land Areas." The project Qas
éupported by the Federal Emergency Management Agency (FEMA) under contract
FEMA EMW-B4-£-1737 with the Gepartment of Energy (DOE 40-1457-84).

The work is intended as a state-of-the-art assessment of researc‘h
in the'subject area Under no circumstances is this wofk intended as
an original analysis of the subject area, but a review and synthesis of
existing materials. The first réport generated under this proje;t title,
"The ang~Term Problems of Contaminated Land: Sources, Impacts and
Cauﬁtermeasures" (ORNL-6146), primariiy addrésséd -land contamination
with raaionuci1des. The scope of the present work 1nc1udes'ecologica1
problems of land areas contaminated with hazardous chemicals, exclusive
of radionuclides.

fhe authors express their apprecfation to Rita Oraﬁ and Cheryl
Philiips of the Environmental Scierces Division of Oak Ridge Naticnal
Laboratory for their help in assemb'ing this document. Also, we wish to
reéoqnize Nancy ,herrick fdr Her invaluable assistance in obtaining

reference materiais.
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EXECUTIVE SUMMARY

The aniwual production of nonradioactive hazardous wastes in ihe
‘United States exceeds 67 million metric tons. Hazardoug chemicals are
toxic. ,Eeactive, or corrosfve. Toxic means carcinogenic, mutagenic,
teratogenic, or lethal. Reactive means exp]osive,‘flammab1e,'or capable
of spontaneous reaction. Corrosive means strongly acidic or basic.

vSources of contamination include transportat1on' accidents or
spills, waste treatment and industrial discharges, 1ndustr1al accidents,
runof f from agricultural lands, leaking dump sites, and illegal dumping.
This report reviews sourEes, impacts, and’ countermeasures. for hazardous
chemical contamination of land and water, with particular attention to
pesticides, polynuclear aromatics, halogenated K hydrocarbons, acid
esters, and toxic metals. The following are examined
in detail: | |

* Hexachlorobenzene is an industrial waste that 1is highly toxic to

humans, produces patho\ogical conditions in animals, is volatile,

and accumulates in sediments and animal fat.

* Polychlor#nateq biphenyls, which are industrial chemicals widely
used for heat transfer f1u1d§ and: dielectric fiuids, have low acute
toxicity, but they contain high%y toxic >impurities and are
environmentally persistent:

* Polychlorinated dioxins and furans are toxic impurities in- the

production of chloropheriols and herbicides, hiqghly chlorinated,
persistent in soil, nonpolar, and devaid of biologicélly labile

funct’onal gqrouns.
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Chlorinated hydrocarbon pesticides are ubiquitous in the environment

because of their widespread use in the past. They are extremely
persistent and bioaccumulate through food chains.

Polybrominated biphenyls are fire rétardants, extremely persistent
in soils and.sedihent. water insoluble, and iipobhilic. They do not
bioaccumulate to the same extent as PCBs in animal fat, but appear
to have a great affinity for avian fat.

Polycyclic aromatic hydrocarbons, which are generated by combustion,

are very environmentally stable and show carcinogenic and mutagenic
properties. A]though poorly taken up by plant rooti. they read*ly
penetrate into plants and dissolve into plant ofls from surface

applications.

Phthalic acid esters, which are insoluble, 1lipophilic, cotorless

1iquids commonly used in plastics, are of low acute toxicity, but
they appear to be teratogenic and mutagenirc and reduce reproduction
rates in aquatic insects and fish,

‘Arsenic, which is found near smé]ters or on agricultural Tlands

'

treated with lead arsenate insecticides, is extremely toxic to plants.

and animalE in the trivalent ars2nite forms and may be carcinogenic.

Cadmium, which is fourd near lead and copper mines, refineries, and
smelters, is .toxic to all body systems and functions of mammals,
accumuléteé in 'the liver and kidney, and has been associated with
arteria) hypertensjon, renal tubular dysfunction and softening of

the bones /"itai-itai" disease), teratogenic effects, and cancer.
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Chromium, which is used in steel a!ioys and in cement, is esﬁentia]
fo, sugar and fat metabolism. Chromium is 1rr1tat1ng,'corrosive.
very toxic to plants and inimals in the hexavalent'forms. and is
carcirogenic.

Copper, which is found‘around mines, refineries, and smelters, fis
eésential to plants and animals, but severe]y'toxic td plants and
moderately toxic to sheep in high concentrations.

Mercury, which has many medical, agricultural, and industrial uses,
can- accumulate 1n'the liver; in tue brain, where it i-terferes with
mental functions and coordination; in the fntestinal lining; and in
the k1dncys,lwhere it damagas‘the'tubu1es that. readsorb saits and
sugars from pr1ne,‘ |
ﬁgﬂggggg_, ‘which is used in 'fert11izers. steel alloys, and
manufacturing, is essential fbr plants and animals. It can cause
pneumonia, nasal congestion, nose bieeds. énd severe psychiatric apd
neurologfﬁ'disorCerslin exposed humans, and it can produce toxicity
in piants under low so0il pﬁ conditions.

gigﬁgi, which is used in the production of steel alidys, is severely
toxic to plants and is 1?Eitaﬁing or toxic and carcihoqenic to
animals.

Lead, which is used in paint, fungicides, and gasoline, is hmn&bi]e
in so0ils and the food cha‘n. In animals it accumu'ates in bhone,
teeth, and nerve tissue by repfacing-ca]cium. Lead poisoning gives
risze ta blood dfsorders. shemia, nervous disorders, kidney and heart

probiems, brain damage, and biindrness.
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* Selenfum, which is a by-product of refining copper, lead, nickel,
gold, and silver ores, 1{is essential to some plants and all
vertebrates. Selenium toxicity resembles that df arsenic, and it
adverseiy affects the kidneys, liver, and spleen.

* Zinc; which 1is used in dia-cast alloys and galvanized iron and

steel, 1s essential in both plants and animals. It is relatively
nontoxic to animals, especially mammals, but can produce chills,
high fever, depression, nausea, vomiting, head and muscie aches,

intestinal disorders, vomiting, diarrhéa. and bowel disorders.

The potential risk of toxic sdbstances is a function of
concentration, environmenfal persistence, or environmental ha1f~t1me
(T]/z), inherent toxicity, and food-chain bioacéumulation potential.
Persistence is dependent on chemical structure and properties including
water solub111ty} affjnity far lipids, molecular charge, and volatility.
Soil and sediment properties (e.g., pH, pekcent organic matter, and
clay content), temperature, and moisture also aff-ct persistence.
Temperature and moisture affect the rate of biological degradation,
which involves dehalogenation, oxidation, reduction, hydrolysis, and

ring cleavage. 'Posittvély charged organics are usually very persistent

. because of their adsorption to the neqative surface charges of clays

and organic matter. Organics with net negative charge are not sprongly
adsorbed by 3011 and are readily leached to groundwater.

Organics most 1likely to be accumulsted by plants are polar and
water soluble. Nonpolar molerules tend to sorb onto the root curface

Without passing intc the plant. However, organics can move directly

from the surface soil tn aboveqround plant parts through volatilization.




Bioaccumulation of organics in animals is a function of dietary,

behavioral, and physiolongical factors.:but it is related to‘a chemical's

tendency to dissolve irn body fat. This lipophilic property is measured

" by the n-octanol:water partitioning coefficient, Kow' Bioaqcumu1ation

factors for organics in fat are negatively correlated with water
solubility and positively correlated with Kow' Because of their digt.
predators are at greatest risk of bioaccumulating lipophilic organics.
However, grazing herbivores may bioaccumulate toxic organics through
1ngésti6n of soil. Also, small animal speciés tolerate less of a toxir
compound than larger species. |

Computer models are used to assess tn: enviconmental impact of
hazardous chemicals because of the cost of conducting  site-specific
fﬁeid investigations and toxicological studies. Data needs for
these models include measurements. of photodégradation, oxidation,
hydrolysis, biodegrédation, sorption to soil and sediment, volatility,
bioqccumu1ation. and elimination from biota. Since these data are:
usually unavailable, three approaches, based on miniﬁum data
requirements, are takén. These three modeling approaches are the
(n "benchmark,"' (2) quantitative structure-activity relationship
(GSAR), and (3) sreening-level approaches.

In benchmark models, chemicals for which envircnmental behavior
and fate data already ex’st are used to assess a class of chemicals,
and comparison with the benchmark is done fo predict fhe ervironmental
fate on the bas5s of trne reference chemicil. This approach.is lTimited
because chemicals can rarely be placed inldiscrete groups and chemical

properties are often as highly variable within as among groups.



QSAR models are based on correlation between empirical meisurements

of biological activity and measured physicochemical parameters,

particular'y water soiubility and Kow‘ However, these two parameters

are difficult to precisely measure and are associated with

order-of -magnitude variability. These two shoftcomings have  been
addressed through the use of molecular connectivity indices, which are
calculated from the number and types of atoms and chemical bonds in a
molecule. Since they are calculated, the uncertainties associated with

empirical measurements are eliminated. ‘ Furthermore, connectivity

indices are highly correlated with soil sorption for norton’c organics

and with bioaccumulation of organics in fish.

Screening-level models classify chemicals as either nonhazardous

or potentially hazardous and do not require precise or accurate data.
The danger in their use is in wronglv classifying a chemical as not
biocaccumulating or toxic. Nevertheless, the following predictions are
made with a screening-level model based on T1/2' Kow' and Henry's

law constant (Hc) :

* (Chemicals that persist and bioaccumulate in animal fat

log Ko > 3.5,
T]/z > 14 d, and’

lug He < -2.86.

* Chemicals that are mobile in soil and taken up by plants

leq Kgw < 3.5 and
log He < -2.88.

* Chemicais of low 2cotoxicological concarn

Tog Kny > 7 and
T‘./? < 0.V d or

tog . > 2.

LAV




These predictions do not apply to organometallic, highly ionized,

gaseous, polymeric, and/of‘covalently reacting chemicals.

Cleanup of contaminated lanu and waters may include dispersal,
removal and storage, stabi]izafion anq containﬁént, or treatment.
Dispersél méy alleviate a local contamination, but exacerbate a regional
or gluohal problem. Removal and storage shifts the problem ffom one
geographic location to another and from an immediate time frame to a
future time frame. In situ stabilization or containment i§ a more
permanent sojution and finvolves engineering methods to alterl local
hydrology or isolate and control contaminant dispersal by wind and
water. Treatment 1nvol§es biological, chemical, or physical
detoxification or destruction ‘of the chemical. Surface waters are
more amenable to treatment than §roundwaters because they are more
accessible and their f]ow rate and direction are known. Cleanup of

groundwater contamination is complex and uncertain because the
hydrogeologic environment is not easily observed and varies both

spatially and temporally.

Dispersal of soluble substances with water and neutralizing ageqts
is inexpensive and easily implemented. Acids are most‘qften neutralized
with scdium hydroxide (NaOH), 1ime‘(CaO), periclase (MgQ), and magnesite
(MgCO3). Bases dre most oftlen neutralized with hydrochloric -acid

(HC1) and sulfuric acid (HZSOA).

For contaminants not amenahle to dispersal, the most common form

of handling is storage in landfills. Landfills utilize the absorptive

capacity of so0il to isolate waste and provide storage to prevent direct

contact with humans and the environment. In terrestrial environments,
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collection of the contaminant is by sweeping, scraping, gqrubbing,
or bulldozing. In aouatic envirgnments. collection is by pumping;
dredging; containment and skimming; precipitation, coagulation, or

Jon-exchange on gels; and filtration. .

In sity s;abiliiation of - contaminated land may be . the only
practical alternative when the area involved is farge and wﬁen
alternative .methods of cleanup or decontamination aré too costly.
Stabilization prevents transport to subsurface areas and groundwater
throdéh control of wind and water, which are the primary mechanisms of
contaminant dispersai. Controllmay include surface water ruﬁoﬁf.and
infiltration control through the use of drainage é;nals. culverts,
dikes, subsurface drains, impermeable barriers, capping or 'surface
sealing, and stabilization with vegetation or fine-grained soil cerr. |

In situ biological degradation of organics anq fixation of toxic
metals occur naturally, but they can be optimized by aerating the soil
(through plowing or disking and'addiﬁg crushed lime or wood chips to
provide additional porosity), byimaintaining moisture levels between 63
énd 79% (by adding muich, stfaw. or manuvre), and by adding fertilizer.
Soil pH should be neutral-to-alkaline so that toxic méta1s do not
inhibit microbial activity.

?hysical and chemical treatments of .contéminated tand detoxify,

deactivate, or destroy the contaminant via photolysis, oxidation,

reduction, dechlorination, and hydrolysis. These processes are

impracti~al in the field and require construction of special facilities

at high initial cost. However, costs may be recovered if treatment

by-oroducts can be recycled.or sold. Briefly, treatment processes are

desciribed below:
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Protolysis breaks chemical bonds by light energy. Effectiveness is
deper.uent on the compound structure, light wavelength and energy,
and the médium in which the reaction occurs. o

Wet oxidation occurs in aerated solution under nigh temperatures and

pressures, often with a catalyst such as the Cu2+ fon. OQzonation

destroys carbon-carbon bonds and aromatic rings. 2,3,7,8-TCDD
dioxin cén be destroyed with an efficiency of 97%. Molten salt

cxidation occurs below the surface of sodium carbonate~.(Na2C05)

or sodium sulfate (Na2504) at ' temperatures betieen 800 and

1000°C. This process destroys O0DT, Malathion, chlordane, and

mustard gas with .efficiencies as high as 99.9%. ﬁicrowave plasma
gxidaffon breaks carbon-carbon bondé, with destruction efficiencies
of greater than 99X for Malathion, PCBs, phenylmercuric acetate, and
Kepone. In all oxidation treatments, primary end progucts aré
carbon dioxide and water. |

Reduction via metal powders degrades PCBs, éh]ordane, Kepone,
atrazine, and N—nitrospdimethy\aminé. Under acidic conditions,

formaldehyde reduces chromium VI to chromium I1I.

fechlorination reduces the toxicity of chlorinated ﬁydrocarbons
" by feplacement of <chlorine atoms. Qith hydrogen . a‘oms at high
temperaiures and pressures. ﬁo]ten sodium metal and polyethylene
glycol in oxygen - dechlorinates PC8s, 0oT, Kepone,  and

. pentachlorophenol.
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Alkaline hydrolysis has been used to degrade Malathion, parathion,

meihyl parathien, DOVP, and carbaryl.
Tncineratiop utilizes combustion to compact, detoxify, and destroy

noxious organic materials.  The products of incineration 2re carbon

v

dioxide; ‘'water wvapor; and ask and sulfur-, nitrogen-, and

halogen-containing produc‘s, which may require secondary treatment

via afterburﬁers. scrubbers, filters, handling, and storage.
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ABSTRACT

BAES, C. F., III, C. T. Garten, Jr., eand V. R. Tolbert. 1987.
Long~term problems of land conti~inated by nonradioactive
hazardous chemicals: sources, impacts, and' counter-
measures. ORNL-6239. Environmental Sciences Division,

Qak Ridge Nationa! vaboratory, 0Oak Ridge, Tennessee.
200 pp.

This renort examines the environmental behavior and fate of

nonradiocactive hazardous chemicals, methods for assgssing environmepial
impacts, and alternatives for achievinra 1land decontamination and
cleanup. Nonradioactive hazardous chemicals can be reactive, corrosive,
or toxic. Reactive chemica:is may be explosive, flammable, or capable of
undergoing spontaneous change upon exposure to air, water, or a mixiure
of other chemicals. Toxic chemicals have 2 high brobabi)ity of being
carcinogenic, mutagenic, teratogenic, or lethal to humans anrd wildlife.

The major pathways of entry into the environment are accidents in
handling and storage, industrial accidents, 1f1egal or accidental
dumping, leaching from buried toxic wastes, land-treatment of waste
waters, herbicide and pesticide use, and use of industrial products.

The factors that affect the persistence and fate of hazardous
chemicals 1in soil or sediment are chemical structure and chemical
properties, barticu]arly water solubility and volatility; soil or
sediment properties, particularly percent organir mctter; climate; soil
microorganisms; and form 6f anplication. Soil crganic matter is the
most impertant soil property affecting availabi]ity of organic chemicals
for plant uptake. Polar and water soluble orqganic chemicals have the
qreatest likelihood of being bioaccumulated by olants. Bioaccumulafion

of an_orqanic chemical in animals is related to its tendency to dissolve
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in body fat. This property is commonly meas.ured by the g—octanol:hatcr i
partition coefficient (Kow)‘ | : | RS

Three types' of simple models are currently in use for assessing | , E‘\.'{.
ecotoxicological hazard of h_,azardqus chemicals. The benchmark abproach
uses a chemicai for which considerable environmenta! data exists to
represent a general class of chemicals. It is of limited use because
toxicity, persistence, solubility, énd bioaccumulatior data are highly
variable and chewicals can rarely be placed into discreté groups.
Quant'.tativeStructure Activity Reiationship (QSAR) m;Jdels are bésed on
correlation between empirical measures of toxicity or bioaccumulation

and simply measured or calculated physicochemical parameters. High

uncertainty associated  with oclanol water partitioniné or water

-
& *

solubility data and orders of magnitudé variability about predictions -'
based on reqression equations are shcrtcomings to QSAR models. E':f‘;
Screening models use a minimum set of several simple chemical propertiies :3-':
to assess whether chemicals are of concern. Ch'émicals tﬁat have log

KOw greater than 3.5, persi§tence half-time greater than - 14 d, "and
Jdg denrv's law constant, Hc' less ;han -2.86 are’ of signfficant
environmantal concern, |
Cleanup of hazardous contaminants on land may involve- dispersal,
remova]_and storage, stabilization, or treatment. Both disperéa] and
removal/storage alleviate acute, locati, inniediate threafs. but
ddditional'remedial aétion may eventually be necessary. Stabilization
and tireatment are more pe}manent solutions. Stabifization involves'

-

methods to isolate the contaminant or 1limit its dispersal. Jireatment
invalves biolegical, chemical, and physical approaches to detoxify or

dentrny the hazardous chemicals.




Costs of cleanup will depend upon the composition and quantity
of contamination and the geographic location, extent, and accessibi]ity
of ihe contaminated area, Costs nclude personnel, equipment
and fpe]. mainﬁgnance and repair, land rental or purchase,
depreciation/amortization, materials, administration/o&erhead. tools,
utilities, 1insurance, and economic lioss of the. land. Cleanup by
dispgrsal or removal and siorage is cheaper than cieanup by chemical

and physical treatment processes.
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7. INTRODUCTION AND SCOPE

This report deals with the potentiai long-term ecological problems
of land ana water contaminated by nonradioactive hazardous chemicals.
A prev1ou§ report (Baes et al. 1986) examined varibus problems and
counterméasures assocfated with alternatives for land use following

contamination by radioactive materials. That report identified several

needs with respect to information on the long-term ecofogicalvproblems

“of nonradioactive hazardous chemicals. This report elaborates on the
needs fidentified 1in the previous report and provides a compilation
of addjtional information for assessment of transport and fate of
\nonradioactﬂve hazardous chemicals. The report is written pritarily
. for  the nonspecialist; therefore, many simplifications and

generalizations have been made.
There exists anlimmense potential problém.with ;he contamination

of lands and water supplies by nonradicactive hazardous chem1cals. For

exahple. in 1985, the annual production of nonradioactive hazardous

wastes by manufacturing industries 1in the United States exceeded
67 nillion metric tons (Tucker and Carson 1985). This volume of
produrtion creates more than 280 kg of hazardous chemical waste per

U.S. citizen. Sources of chemical releases to the environment in¢lude

industry effluents, pesticide use, buried toxic wastes, and illegal or .

accidental dhmpinq.
In this report, we will review several well-known incidents
involving chemical contamination of the environment leading to poisoning

of wildlife, livestcck, and peoplie, or restrictions on land as examples
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of the ways that lands become contamirated. We will élso examine the
behavior and potential ecological impacts of residual hazérdcus wastes
in the environment and present possible countermeasurss and associated
costs for the reclamation of contam1nated‘resources. Finally, we will
briefly 'exémine models wused tol assess health risks from ﬁazardous
chemicals. | | |
1.7 ODEFINITION OF HAZARDOUS CHEMICALS '

Hazardous wastes can be generally classified as toxic, reactive,
corros%ve, and/gr radioactive chemicals (Tucker and Carson 1985).
Toxiﬁ hazardous waétes are tnqse chemicals that have a high probability
of being carcinogenic, mutagén1c, terafqgenic; or\lethaf. High—Tevél
radiﬁactive wastes are a classic example. Toxic hazardous wastes, by
virtue of their physicochemical effects on biological systems, are a

threat to humans and wildlife. Reactive  hazardous wastes may be

explosive or flammable or be capable of undergoing spontaneous chemical .

chahge upon ekbosure to air, water, or a mixture of other chemicals.

Reactive wastes may also form toxic products if mixed with other
chemical wastés. Corrosive wastes are strongly acid (pHv < 2) or
strongly basic (pH > 12).

Many of the hazardous wastes of current envirénmenta] concern
are organic chemicals. Unterberg et al. (1981) have ﬁresented a
classification scheme for the long-term environmenta! hazard of organic

compounds that includes the following groups:
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* pesticides,

* nitrosoamines,

* oolynuclear aromatics,

* 'halogenated bydrocarbons,
* aromatic phenols,

* amines,

* nitroles,

* aromatics, and

* hydrocarbons (acids and esters).

Envirﬁnmental hazard from these groups of chéﬁicals'arisés from their
known or suspected carcinogenic properties, their pdtential for
bioaccumulation in. food chains, or their pe}sistence in soils and
water. In this report, we will discuss the environmental fate that can
.be expected for vartious c]as;es of brganic and selected inorganic
pollutants on the basis of their persistence in and interaction with

soil and water.

1.2 SIGNIFICANCE OF PERSISTENCE

A)thbdgh.the persictence of a chemical 1in soil of water may be

~variable and difficult to quantify, some measure of environmental

percistence is needed ‘o assess poten?iai' environmental hazard.
Environmental persistence can be defiﬁed in several ways. Environmental
half-time (T]/z), or the time required for 50% of an initial amount
of chemical to disaopear, is frequently. used to characterize the

persistence of substanc2s in soil and water. Persistence may also be




defined as the Toc 100+ OF time required for.95% of an initial
amount of chemical to disappear (this is equivalent to ruughly four
times 7112)'

Disappearance  rates of chemicals from soil and water will
frequently depart from the assumptions implicit in. the first-order

calculation of 1 For example, the rate of disappearaﬁce of

/2’
organic contaminants from soil may proceed rapidly .1n the firsf few
days following contamination ‘because of app]icaffon losses and
volatilization, and then proceed more 'slley weeks following
contaminatfon because of Jleaching land biodegradation of material in
the subsoil (Fig. 1.1). Such'a dfsappearanée pattern is inadequately
described by a single vparametgr. Desbite this, T”2 is still a

* generally useful index to environmental persistence, particularly if it

is calculated separately for the multiple components that contribute to

disappearance from soil or water.

The scope of this review is  limited to chemicals with an’

, envirobmenta{ persistence (as defined by the time to 95X disappearance)
of greater than one year. Short-lived toxic chemicals. may stfil
pose hazards to wildlife or ‘péople if present 1h the environment at
sufficiently high concentratfons. However, the prob]ems associated
with resource use or cleanup and residual long-term ecological effects
are more serious for environmentally persistent hazardous wastes than
for chemicals that may be completely degraded over severat weeks or

months by biological or physicochehica] processes,
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1.3 BACKGROUND ON ENTRY OF HAZARDOUS CHEMICALS IN

Hazardous wastes can be single chemicals

Typically, 1in environmnental studies, hazardous

mixtures of chemicals, each with varying degre
toxicity. The déta required for ha;ard assessm
varfable for individual chemicals, and this fact
place chemicals into discrete groups, based on ch
physicochemical pfoperties, for risk assessment
al. 1985). Production, release rates, volatil
sorption, bioconcentration potential, persistence

all vary from chemical to chemical.

TO THE ENVIRONMENT
or complex mixtures.

wastes are complex

s of persistence and

makes it difficult to
pmical structure or on
purposes (Daniels et
soil

ity, solubility,

L, and ecotoxicity will

This situatien complicates a generalized apprioach to the evaluation

of long-term ecological problems associated with hazardous waste. There

are some general observations about the behavig
(mostly based'on many years of experience with p

but the lack of similarities among <p

stated,
respect to quantitative data limits these stat
this qualitative inf

~generalities. Nonetheless,

esticides) that can be
ecific chemicals with
ements to qualitative

crmation coupled with

a few guaniitative measurements can be sufficifnt for a preliminary

assessment of ecotoxicologic hazard.

As will be evident from the exampies that
surrounding the release c¢f hazardous chemical wag
are as varied as.the uses of the chemicals the
there are several general categories of reieases.

following examples:

fo]low; circumstances
tes to the environment
mselves, Nonetheless,

as illustrated by the

nts are often high]y‘

r of chemical classes
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Accidents in storage and handling: In the fall of 1973, a mixture

of polybrominated biphenyls (PBBs), a fire retardant, was

accidentally substituted for magnesium oxide 1in dafry feed in

"Michigan. The resqlt was that thousands of animals had to be

destroyed because of excessive residues in their body fat (Carter
1976). Michigan residents, mostly farm families, were exposed to
PBBs in their diets'during the several months that the contamtnation
went unrécognized.

Industrial accidents: In July 1976, an accident at a chemical plant

near Seveso, Italy, contaminated a large inhabited area with. several
chemicals 1including a highly toxic impurity 2,3,7,8-tetrachloro-
dibenzo-p-dioxin (TCOD). The accident resulted in the deaths of

thousands of small domestic animals, Lealth problems in residents,

~and the evacuation of homes within the most highly contaminated,

areas (Bisanti et al. 1980).

I1leqal or accidental disposal or dumping: More than 12 years ago,

as many as 100 sites in th= State of Hissoqr! werc contaminated
with dioxin (TCDD) contained 1in waste 911 that was sprayed on
unpaved roads and in dirt arenas to control dust (Sun 1983). As a
result of the spraying, some people became {11 and hundreds of

animals became sick and died.

Hazardous waste dumps_and landfills: Landfills have long been a
5ajor cisposal method for wastes from muﬁic1palities and 1ndu§tries.
In some cases, such as Love Canal in New York, organic chemicals
have been found in surface waters and sediments adjacent to former
hazardous waste dumps (Elder et “al. 1981) and in groundwater

leachate plumes beneath landfills (Reinhard et al. 1984).
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Land yse of waste water and sludge: Land treatment of waste

water ard siudge to remove contaminants by filtration through soil

is an emerging technology that performs with promise in removing

biodegradable organics, suspended solids, nitrogen, ‘phosphorus,

pathogenic organisms, and tface organics. However, the accumulation

in soil of persistent pollutants (e.g.. heavy metals) as well as
their long—teﬁm phytotoxicity and potential food-chain transfer
remains to be evaluated‘through future research (Crites 1984).

Agricultural ‘uses: In 1981, ' approximately 500,000 metric tons

" of pesticides were used in the United States and roughly half

of the total amount used was Herbicides (Hileman 1982). Under
some ciréumstances,' pesticide runcff‘ into streams an& rivers,
1nfi1tration into groundwaters, and disposal of unused chemicéls
or chemical containers can present a significant environmental

prob]em." Ar. example of this is th2 occurrence of aldicarb in

potable groundwater from areas with high rates. of aldicarb

application, #nigh rainfall, and strongly acid,' sandy soils
(Back et al. 1984). '

Induitrial products: . Two examples. of environmental contamination

by commonly ‘used industrial products are phthalic acid esters

(PAEs) and polychlorinated biphenyls (PCBs). PAEs are lipophilic

("fat loving"), med ium “viscosity, «colorless Tiguids wused as

plasticizers, as pesticide carriers, in insect repcllants, and in

dyes. cosmetics, and lubricants. The estimated produstion of PAEs

in the united States during 1973 wac 450,000 metric tons.
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Phthalates, most notably di-2-ethylhexyl phthalate (O0EHP), are now

ubiquitous 1in the environment and are potential teratogens. and
mutagens (Matnur 1974). Toxic PCBs, which have a variety of
commerical uses that ‘include electrical insulating fluids, heat
transfer fluids, broteftive coatings, plastics, and rubber are also

widaly distributed in the environment (Risébrough et al. 1968).
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2. ENVIRONMENTAL BSBEHAVIOR OF NONRADIOACTIVE HAZARDOUS CHEMICALS

2.1 FACTORS AFFECTING PERSISTENCE

A considerable amount of general knowledge on the environmental
behavior of organic hazardous wastes can be inferred from meny years of
experimental research on pesticides. The majority of peétiéides are no
more than organic chemicals with toxicoiogic properiies icward pest
organisms. Their widespread production and agricultural use creates
the potential for environmental problems centered around fate of field

applications as well as disposal of unused chemicals and chemica)

containers.

The varifous factors that affect the persistence and fate of

pesticides and other orqganic chemicals in soil can be broadly classified
and ranked in order of dimportance as follows (Lambert et al. 1965

Edwards 1966):

1. chemical struciure and chemical properties (e.g., water solubility
and volatility),

2. sofl properties (e.g., percent organic matter),

3. climate, '

4. soil.micrdorgéﬁisms. and

5. form of application.

The importance of chemical structure and chemical properties,
such as molecular charge and water solubility, will be discussed in

Sections 2.2.1, 2.2.2, and 2.2.3. Soil properties, such as percent
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moistdfe and soil temperature, are important secondary determinants of

biological activity and microbial degradation of foreign compounds.

: Placemgnt in soil is considered a dominant factor affecting tLhe
persistence of wvolatile organic chemicals because soil overlying
organic contaminants will retard Tosses ,by‘ volatilization. Organic
chemicals released onto the surface of the ground may exhibit a'rapid
disappearance from soil because of initial volatilization,. followed by
a more prolonggd persistence 'time as the chemical penetrates into
sﬁhsoil layers. Soil - temperature aﬁd, therefore, climatic conditions
will be important determinants of the rate of volatilization ag'well as
‘the rate of biological activityl resuiting in degradation. Granular
forms of pesticides typica]lyvpersisf longer in soil iRman l1qd1d forms
(Matsumura 1975). | |

Organic matter is an importan” absorbant for many foreign organic
chemicals in soil. Un-ionized, nonpolar, and lipobhflic coﬁpounds can
be adsorbed io varying deérées by soil organic matter (weper 1972).
Herbicide phytotoxicity decreases and retention of foreign compounds in
the §ofl increases with‘1ncrea51ng soil organic matter (Upchurch 1966;
Weber 1972; Edwards 1966). Approximately loﬁlsilof the soil organic
matter is made up of decomposing plant and animal components and
bacterial products, while 85-90% of the soil orgah1c matter is
composed of humic materiai (Weber and Weed 1974), Humic materials
are larqe macromo]ecu]es‘ of plant and microbié] origin, They are

chemically reactive materials with multiple adsorption sites, and they

are rather strong reducing agents (Stevenson 1972).
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2.2 EXPERIENCE WITH PESTICIDES

It is well recognized from experience with pesticides, that
chemicall structure is an extremely important determinant of water
solubility, envjronhental stability, volatility, and soi)l adsorption
of crganic chemica1$. Therefor?, chemical siructure has an important
effect on all aspects of 1he environmental fate and behavior of
» hazardous organic chemicals. There are some general trends for the soil

persistence of different categories of organic pesticides, loosely based

>

on chemical structure, which are discussed in the following sections.
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2.2.1 Pesticides with Long-Term Persistence
Organochlorine compounds (or chlorinated .nydrocarbons in general) é}

are among the most persistent of all chemicals in soil. The time

required for 75-100% disappearance of chlorinated hydrocarbons from

N
soil is {ypically measured in years or decades, depending upon the rt(:
" _.(
compound (Kearney et al. 1939; White 1979). Organochlorines are E:E:

typically un-ionized, nonpolar compounds that are weakly adsorbed by

£y
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5011 organic matter, butl poorly leached from soils because of their low
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water solubilities (White 1979).

Positively charged (cationic) organic chemicals can also be very ;:.
persistent in soils vecause of their strong adsorption to soi]vclays. :
The bipyridyl herbicides, diquat and paraquat, are,sligﬁtly soluble,
positively <charged compounds that are biologically inert after
adsorption onto soil clay (White 1979). After adsorption, paraquat

is more easily deqraded upon exposure to sunlight.
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charge on a compound is one of the most important
luencing the adsorption and deactivation of organic
oi] (Adams 1973). A chemica) must be in an un-fonized
ficant rates of volatilization to occur. In the normal
cidity (pH 5 to 7), organic chemicals with a net negative
£) will not be strongly adsorbed by soil because of a
te charge on clays and organic matter (Upchurch 1966).
ds are, therefore, usually more available for leaching

Positively charged‘(catibnic) compounds may be strongly
th soil clay and organic matter (Stevenson 1972; Weber
both their av:ilability for downward leaching and their

vity.

2.2.2 Pesticides with Intermediate Persistence

Triazine and phenylurea compounds have soil persistence times that

are typically

18 months

(White

easured in months [maximum persistence of aporoximately

1979)]. The triazine herbicides are weakly basic

compounds whosr persistence in soifl {s govérned by pH-dependent

adsorntion reaq
and organic col
Such c¢ompounds

The phenylurea

“solubilities th

herbicides,

microorganisms.

at are only weakly adsorbed to soil.

ttons. Adsorption of basic‘organic-compounds to clays

loids s greatest in acid soils (Weber and Weed 1974).

may be easily leached from alkaline sotls (Weber 1972).

herbicides are nonionic compounds with varied water.

As for many other

deactivation of triazines and phenylureas occurs by soil
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Microbial degradation may 1nvol§e a variety of different chemical
reactions, 1nc1udin§ dehalogenation, oxidation, reduction, hydro]ysis;
and ring cleavage (Kilgore and Li 1976). Soil microorganisms are
capable of degrading several chlorinated hydrocarbon pesticides by
deha]ogenation‘or oxidation, 'Phenoxyalkanaic acids are also dégréded
microbially by oxidation. Compounds with nitro substituents ie.g..
pentachloronitrobenzene) may be miﬁrobial]y degraded to amines, and
organophosphates may be microbially degraded bLy amide or ester
hydrolysis. Soil microbes can also 'cleave arcmatic rings (Kilgore
and Li 1976).

Since the above reactions are biologically mediated. microbial
degradation is slowest in cold, dry séil. Warm and moiﬁt soils, which
favor microbial activity, wusually 'favor the degradation of organic
chemicals. Compound structure and inert carriers are important
determinants of the degradation rate. Degradatiob rates for pure
. compounds are wusually not the same as forl commercial’ formulations

(Stojanovic et a]; 1972). Soil microorganisms can pa}tially vdegrade
organic chemicals that are analogues of normal substances in the soil,
.a process termed "co-metabolism." Among thg n;turally occurfing

organic substances, sugars, amino acids, most proteins, and some

polysaccharides are degraded or metabolized by soil microorganisms in

a -few days, weeks, or months. However, degradation of other organic
compounds 1like humic substances, lignins, = anthraguonines, resins,
waxes, and some 'polysaccharides may require several months or even

years (Martin and Page 1978).
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Excessive concentrations of hazardous organic chemicals in the
soil can alter the composition of microbial popUlatjons and favor the
survival of one group of microorganisms over another (Stojanovic. et al.
1972). Metabolic adaptation, through the induction of specific enzymes
needed to meiabolize a foreign molecule, may cause an increase in- the
number of microorganisms in the soil capable of degrading a particular
compound. This “enrichment® effect will result in a more rapid
degraqation of subsequent applications of the chemical to sofl
(Hil1tbe®lid 1974). Inoculation of soils with bacteria capable of
degrading organic chemicals can be a potentially »uﬁeful aid ‘in
decoﬁtamﬁnating soil (Kearrey et al. 1969). It has been reported that
mixtures ‘of pesiicides are hore biodegradable by microorganisms than
single compounds if at least one of the compounds present is rapidly

biodegraded (Stojanovic et al. 1972).

'2.2.3 Pesticides with Short Persistence Times

Carbamate and organcphosphate ' compounds and toluidine and

phenoxyalkanoic acid compounds generally do not persist in soils longer

- than one year (White 1979). Carbamate and organophosphate ﬁnsectieides.

in particufar. generally do nect persist longer than three months in

sotl (Kearnéy et al. 1969). Toluidine herbicides are inscluble,

~dinitroaniline derivatives that are adsorbed. by soil organic matter.

Yolatilization and microbial degradation are the principal pathways for

the disappearance of *toluidines from soi! (White 1979). Phenoxyalkanoic

acids, like ‘the herbicide 2,4-0, are negatively chargqed compounds

in 011 and, like anionic compounds, are weaxly adsorbed hy soil
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particulates. Because of their poor soil sorption, acidic herbicides
are among the mosi easily leached of all ofganic pesticides from soil
1o groundwater (Pionke and Chesters }1973). Their high leachability
from soil 1is offset by high plant uptéke qnd rapid .microbial

degradation (White 1979).

2.3 UPTAKE BY PLANTS

. Because of jts -affinity for foreign organic chemicals in the soil,
organic mattér is the most important single soil property affec?jng the
uptake of nonpolar organic chemicals .by plgnt roots (Nash 1974). thgr
factors, such as soil actd!ty or soi] texture, become 1ncrea§ing]y
important - determinants as the polarity of fhe organic compound
' 1né}ease§ or the percent of soil organic matter decreases. Plant'roots
are generally not very discriminating toward‘ small organic molecules
w1th’a molecuiar weight less than 500 atomic mass units, except on the
baéis of polarity. Nonpolar mole;ules will tend to adsorb to the plant
root surfacé rather than pass théough the: epidermis into the plant.
For this reason,v plants do not bioaccumulate very nonpolar organic
compounds . (such as. chlorinated hydrocarbons) beyond levels found ‘1n‘
sotl  (Matsumura -1975). . ‘Organic chemicals that havg the greatest
likelihood of beiny biocaccumulated by plants are polar and water
soluble compounds -(Nash 1974; Matsumura 1975). Therefore, glthough
" organic matter is the. sing]e most important soil property affecting
availability for plant uptake, water solubility and polarity are the
"most important properties c¢f o compound affecting its entry into the

- plant root.
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An organic contaminant can accumulate in plant tissue by means
other than root uptake and translocation to aboveground tissues.
Volatilization can be an important pathway for the movement of organic
chemical compounds directly from the surface soil to aboveground plant
parts. Organic compounds with a vapor pressure greater than 1 x 105
mm Hg at 22°C are eastly vb]atil1zed from soi) (Hebef and Weed 1974).
Foliar absorption of volatile compounds is more important ihran uptake
from soil via plant roots for some chlorinated hydrocarbons (Nash
1974). Surfacial contamination of plant foliage near .the ground may
also occur by wind or rainfall resuspension of soil particles bearing
organic contaminants. | |

Fol{ar absdrption is a second potential mechanism for the entry of
organic contaminants into plant tissues; On foliage, polar, aqueous
organic chemicals do not penetrate the waxy, hydrophobic layers of
the leaf as ea.ily as nonpolar, 1ipophilic compounds (Finlayson and
MacCarthy 1973). Although semilipophilic and nonpolar compounds
penetrate leaves more easily than polar ones (Matsumura 1975;"
Richardson 1977), environmental variables, such as tempera:ure and
humidity, haVe a measurable effect on the extent of foliar absorption.
High temperatures and high humidity tend to increase organic chemical’
entry into leaves (Richardson i977). The stage of piint growth is
also important to organic chemical wuptake via foliar absorption
bacause the leaf cuticle thickens and hardens as the plant matures
(Richardson 1977).

The plant itself is also important. Carrots and beets have ‘a

recoynized affinity for strongly adsorbing insecticides on their root
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surfaces (peels). Plants also tend to accumulate lipophilic organic
contaminants in oily parts, such as seeds, more than plant parts
that have a high water content. Crops with a high fat content may
concentrate small amounts of organochlorine and organocarbamate
insecticides to approximately one-tenth of the concentration found in

sofl (Finlayson and MacCarthy 1973; Matsumura 1975).

2.4 FOOD-CHAIN TRANSFER TO ANIMALS AND ANIMAL PRODUCTS
It is well known that predaceous animals are at the greatest risk

of bioaccumulating lipophilic organic contaminants through food chains

(Stickel 1973). For example, birds that eat other birds or fish tend

to have higher residues of chlorinated hydrocarbons in their bodies
than birds that eat seeds. Generally, animals that feed primarily on
seeds accumulate only small amounts of residues, even in areas of hean
pesticide use (Stickel 1973).

Bioconcentration or bioaccumulation of foreign organic chemicals is
compound specific and animal specific (Matsumura 1975). Bioaccumulation
of a specific organic chemical is related to %ts chemical broperties.
specifically the tendency or the chemical to dissolve in body fat. The
lipopﬁilic proberty of an organic chemical is commonly measured by its
partitioning behavior in a two-phase system of n-octanol and water.
Cenaga (1980) has shown that bioaccumulation factors in animal fat
for various organic chemicals are negatively correlated with water
solubility and positively correlated w%th g-octanbl:water partition
coefficients '(Kows). In some cases, animals concentfate foreign

organic chemicals in direct proportion to dietary intake; therefore,
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the concentration ratio (CR) 1is constant over varying Tlevels of

chemical in the diet. However, for other chemicals, such as some
chlorinated hydrocarbons, bivaccumuiation can vary 1in inverse
proportion to the dietary concentration (Britton and Charles 1974).

Bioconcentration s animal specific because of physiological,

behavioral, and dietary differences among speciés. Given a constant

level in the diet, small animal species are at a greater immediate risk
from toxic hazardous wastes than larger species because of their higher
metabolic rate, and consequently, their greater relative daily food
intake. A dairy cow, which typically weighs about 900 kg, eats only
1.5% of 1ts body weight per day, while a small bird or a mouse'weighiné,
20 to 25 g, may eat 12 to 18% of its body weight per day (Kenaga 1972).
The amount of a toxic substance that can be tolerated in the diet ‘is
less for smalier anima]s‘than for larger animals, given a constant level
in the ldiet. - Physiological differences due to gender can also be
important to bicaccumulation and metabolism of foreign compounds. For
example, male broiler poultry have higher biocaccumulation factors for
organochlorine pesticides than female broilers because of a dilution
effect from the higher fat content of the females (Kan 1978). Also,
eqqg laying in birds and fish is a contaminant-voiding process and can
result in lower bioaccumulation factors in females than in males
(Xendall et al. 1978; Guiney et al. 1979).

Ingestion of contaminated soil is another potenﬁially important
route for the transfer of organic contaminants to animals. In
particular, birds or other animals that feed on soil invertebrates may

be affected by this route of exposure (Matsumura 1975). Considering
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the low degree of plant uptake for many organic chemicais from soil,

direct ingestion of soil by grazing herbivores may be the predominant

dietary source of organic chemicals to livestock finhabiting areas
contaminated by hazardous wastes. Under poor pasture conditions, soil
1niake by cattie can account fbr up to 14% of the dry-matter intake,
but a range of 0.5 to 1.2 kg of soil per animal per day (4 to 8% of the
dry-matter intake) is more Vikely (Zach and Mayoh 1984).

Bioaccumulation factors for the transfer of organic chemicals from
diet to animal fat have been reviewed recently (Garten and Trabalka
1983). | Among the pesticides, organochlorines exhibit. the greatest

degree of biocaccumulation, and organophosphates or carbamates are

~ioaccumulated the least in food chains. Bioaccumulation factors for

the transfer of several important organic. contaminants to milk, eggs,

and animal fat will be reviewed in Section 2.6 of this report.

2.5 FOOD-CHAIN TRANSFER IN AQUATIC ENVIRONMENTS
Fish and shellfish‘ are known for their capmacity to accumulate
organic compounds at thousands of times their concentration in the

surrounding water. Toxic compounds may be introduced to'the aquatic

‘environment from industrial effluents, pesticide use/runoff, accidental

releases or accidental discharge, or from leaking buried toxic wastes.
The availability of organic contaminants for transfer along the aquatic
food chain is dependent upon a Humber of both chysical and biological
factors. Physical factors that could influence the bioconcentration of
organic contaminants are those that would affect the residence time of
the contaminants in the;aquatic systems or'that affect the availability

of contaminants for uptake.




The flushing rate or the rate of flow through the system will

influence the dilution rate fof contaminants 1in aquatic systems.
Connor (1984) found that the concentration ratio of chlorinated or
polynuciear aromatic hydrocarbons in fish to the sediments ?rom their
habitat increased with the hydraulic retention time of the basin.

vOice. Rice, and Weber (1983) and Isqacsoh and Frink.k1984) found
that both the sediment composition and organic ﬁatter content influence
‘the‘binding affinity of chemicals such as chlorobenzene, naphtha]ene;
and phenols to the sediment. Voice et al. (1983) found that‘partition
coefficients increased és much as an order of magnitude for every order
.of magnitude decrease in solids concentratidn‘;nd that nartitioning was
dependent on octanol-water partition coefficients aqd 6n orgaqic carbon
content of the sediment.

Several authors have demonst}ated that octanolgwater partition
coefficients may pe used to predict the extent to wﬁich organic
contaminants‘ will be concenfrated from water -by fish and shellfish
(Chiou et al. 1977; Veith et al..1979b, 1980; 0liver énd Niimi 1983;
Mackay 1982). The ‘partition coefficient is related to physical
adsorption on solids, biomagnification, and 1lipophilic storage
(Chiou et al. 1977). <Chemicals that have low octanol-water partition
coefficients may be accumulated'in smaller quantities and, therefcre,
may have less of an ecosysfem effect because of the Jow dégrée of
food—chéin bioconcentration.

Sorption of compounds to sediment particles may be extensive and
not necéssarily the sole result of hydrophobic, interactions. The

genetrability and accessibility of organic matter associated with
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sediment exert a major influence on the sorption of compounds to
sediment particies. Unce compounds have sorbed to the sediment,
désorption is slow and, depending upon the nature of the compound, its
binding affinity, and the organic content of fhe sediment, up to 90% of
a compound has been found to be irreversibly s&rbed to the sediment
(Isaacson and Frink 1984). The presence of other chemical cohpounds
and the water quality parameters that may influence metabolic activity
of aquatic organisms (e.g., tehperature) may also influence the

bioconcentration and biomagnification by aquatic biota.

2.6 COMPQUNDS THAT PRESENT SPECIAL ENVIRONMENTAL PROBLEMS

This portion of the report is devoted to a review of the food-chain

transfer of several important and well-known hazardous organic

chemicals. Background information on each compound is briefly examined

along with available data on food-chain transfer and environmental.

mobility. The data selected for review are those that would be useful
in predicting the transfer of chemicals through a generic food chain.
The usefulness of such data will become evident in Section 4, which

deals with models used to assess the potentialv food-chain jmpact of

organic chemicals. Manv of fﬁe compourds discussed below are ¢f primary

concern from the standpoint of potential persistence on contaminated
lands and/or biocaccumulation through food chains.

Despite some serious limitations, soil persisfence daia are
presented as half-times. These data should be interpreted with caution
hecause environmental persiétence can be high]Q variable. depending upon

soil conditions (as well as many other factors). Therefore, the
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half-time in soil is a qualitaiive guideline to indicate if a chemical
wfl] persist for weeks, months, or years.

Concentrations of the various compounds reviewed in the forthcoming
se&tions are most. often given in parts per million (ppm) and parts
per billion (ppb). Onelparf per million is equiQalent to 1 ma/kg or
1 ug/g in solids and 1 mg/L or 1 wug/miL fn liqufds. vOne part per
biltion is 1 wug/kg in solids and 1 ug/L in liquids.

The transfer from soil tec plant is expressed as a plant/soil

. concentration ratio (CR value) and is calculated as:

concentration per unit mass plant tissue o (1)

CR concentration per unit mass dry soil ' °

Concentration factors' are 'reported on either a fresh weight or dry
weight basis.

Transfers . of organ1c§ to animals are expressed as bioconcentration
factors (BC?) and are.usuaily based oﬁ long-term feeding studies where a
compound is incorporated into the animal's diet. Therefore, BCF values

are cafcu]ated'as:

BCF = = Concentration per unit mass food

Bioconcentration factors have been found or calculated from data in the

1iterature for cow or cattle fat, bird fat, whole milk, whole eqgs, and

fish.
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2.6.1 Hexachlorobenzene (HCB)

Hexachlorobenzene (HCB) is a fungicide used on seed grains and

occurs as an industrial waste product in the manufacture of chlorinated’

solvents and pesticides. HCB is globally vdistributed and is known
to possess a high degree of toxicity in humans and to preduce a
wide vafiety of pathological conditions in animals (Courtney 1979).
Courtney (1979) has recently reviewed the toxicélogy of HCB in animals

as well as known incidents of HCB poisoning in humans. Outbreaxs of

HCB poisoning in huw - .. ‘urred in Turkey in 1955-59 and in Saudia

Arabia in 1967. These incidents involved accidental contamination of
food or the misuse of HCB-treated seed wheat. In addition. to local

incidents of poisoning, HCB is present in.the giobal environment. HCB

.Yevels 1n humans with no known histor} of exposure are approximately’

6 pom in fat and 0.15 ppm in milk (Courtney 1979). Concentrations of
HCB in air and precipitation in rural area§ or over thé Great Lakes
region are 0.1 to 0.3 ng/m3 and 1 told ng/L, respectively (Eisenreich
et al. 19871).

"Hex" wastes from 1ndustfy have found Eheir way into many
landfills, Technical HCB contains about 1% pentachloronitrobenzene
(PCNB). PCNB, another fungicide, also contains HCB impurities, and
so these two compeunds can be found together in pesticide-treated
soils or at industrial disposal sites. 'HCB is volatile and doe§ not
persist on sukface sail (Table 2.1). -A]thougﬁ HCB is metabolized by
birds and mammals, it is lipophilic and exhibits a high potential for

bioaccumulation in animal fat (7able 2.1). Milk is the major route cf

(HCB elimination in cows (Fries and Marrow 1976). By comparison, PCNB,

aithough more persistent in soil than HCB, exhibits a very low potential
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Table 2.1. Chemical and food-chain pfopertigs for
hexachlorobenzene (HCB)

Property Value Conditions Reference

Chemical properties

Solubility, ppm  0.006 ]
Log Kgy 5.45 ]

Food-chain proverties

Half-time in soil 14 d Volatile; ‘more 2
persistent in :
subsurface soil

Plant/soil, CR 0.12-1.6 Lettuce; fresh 3
‘ weight; greenhouse
study .
Cow fat/diet, BCF 2.8-3.1 60-d feeding 4 o
Milk/diet, BCF 2.9-3.4 40-60-d feeding; 4 aj},
. milk fat value N
" Bird fat/diet, BCF 11-19 Poultry; steady 5 DS
. state ;;;3
Whole egg/diet, BCF  1.3-1.9 Poultry; steady 5 , ﬁ
state BEASS
Fish/water, BCF 3.7-4.3 Laboratory data 6 N
4.3-5.7 Lab and field 7 -{;ﬁ ’
RNR
r'd
74

Note: CR = concentration ratio. BCF =.bioconcentration factor.
References: '

. w
1. Trabalka, J. R. and C. T. Garten, Jr. 1982. Development of Sl
Predictive Models for Xenobiotic Bioaccumulation in Terrestrial yja<
Systems, ORNL-5869, 0Oak Ridge National  tLaboratory, Oak Ridge, ;{24
Tennessee. , ' I
2. Beall, M. L., Jr. 1976. "persistence of aerially applied v

hexachlorobenzene on grass and soil," J. Environ. Qual. 5:367-369.
3. Dejonckheere, W., W. Steurbaut, and R. H. Kips. 1975. ‘“Residues

1 B

of quintozene, hexachlorobenzene, dichloran, and peatachloroaniline Salh
in soil and lettuce," Bull. Environ. Contam. Tox. 13:720-729. e
4. Fries, G. F. and G. S. Marrow. 1976. ‘"Hexachlorotznzene retenticn f?:ﬁ
] and excretion bg dairy cows," Q: Dairy Sci. 59:4757480. "‘ . @ﬂ;
5. Kan, C. A. 1978. ‘YAccumulation ot organochlorine pesticides in T
© poultry: A review," J. Ayr. Food Chem. 26:1057 -1055. : e
5. Veith, G. 0., D. L. DefFoe, and B. V. Bergstedt. 1979b. "Measuring :;ic

and estimating the bioconcentration factor of chemicals in fish,"
4. Fish. Res. Bd. Can. 36:1040-1048.

7. Oliver, 8. G. and A. J. Niimi. 1983, "Bioconcentration of
chlorobenzene from water by rainbow trout:  currelations with
partition coefficients and environmental residues," Environ. Sci.
Technol. 17:287-291.
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foir bioaccumulation in food cha1hs (Table 2.2). When fed to chickené,
PCNB is extensive]y metabolized (Simon et al. 1979). When potatoeé are
grown in PCNB-treated soil, most of the PCNB residues (including -the
metabqlite pentgchloroan111ne) are found in the peel (Gorbach and
| Nagne? 1967). From the standpoint of agricultural use of contaminated
lands, HCB is a greatef prob)em than PCNB. -

Hexachldrobenzene is known to accumulate in bottom sediments of

rivers, estuaries, and marine systems; and HCB exhibits biomagnification

in food—chafn transfers from fish to fish (Oliver and Niimi 1983) and

fish to birds (Zitco, Hu;zinger, and Choti 1972; Gilbertson and Reynolds
1972). The estimated half-1ife of HCB in fish could be in excess of
seven months (Niimi and Cho 37981). Aquatic snaiis and mosquito fish
have been found to biocancgntrate HCB 7000 to 3000 times, respectively,
relative to water. Crayfish, largemouth black bass, saiifin mollies,
daphnia, and algae have also been found to bicconcentrate HCB (Metcalf
. et al. 1973b; Laseter et al. 1976).

HCB s 1lipophilic and 15 accumulated from the blecod into the
hyd%ophobic 1ipid-rich cell membranes of the gqut, kidneys, gills,
11ver.'and brain of fish (Johnson et al. 1974; Laseter et al. 1976).
There appears to be 1ittle metabolic alteration of HCB in fish and
especially high retention by the di§e5t1vé system kLaseter et al. j976;

Metcélf et al. 1973b). However, highly polar materials and conjugates,

which are generally indicative -of metabolic alteration of chemicals, .

have been found in mosquito fish (Metcalf et al. 1373b).
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Table 2.2. Chemical and food-chain properties for t$35~
pentachloronitrobenzene (PCNB) oy
h'l“

Property Value Conditions Reference :*;x
O
Chemica) properties R Y
Solubility, ppm 0.44 \ 1 %%
Log Koy 4.2 _ 1 NS

| | R

Food-chain properties "3%;
Half-time in soil > 60 d tab study; two 2 aﬁ{:

: soil types ST

Plant/soil, CR 0.4-3.0 Lettuce; fresh ' 3 Wit

, : weight; greenhouse o

study . Sl

Cow fat/diet, BCF < 0.002 16-week feeding ) ‘

‘ : study o

Milk/diet, BCF < 0.001 56-d feeding; 4 e
. whole milk basis ‘ R
Bird fat/diet, BCF  0.003 - Poultry; 35-week 5 R
0.02 feeding study ' : RS

Whole egg/diet, BCF < 0.000 Poultry; 35-week 5
o feeding study

Fish/water, BCF 1.1 Steady state : 6 S

. .)‘..\

) | G
Note: CR = concentration ratio. BCF = bioconcentration factor. 33:1
>

References: e

1. Gile, J. D. and J. W. Gillett. 1979. “Fate of selected fungicides -
in a terrestrifal laboratory ecosystem," J. Agr. Food Chem.
27:1159-1164. '

2. Wang, C. H. and F. E. Broadbent. 1973. - "Effect of soil treatments
on losses of two chloronitrobenzene fungicides," J. Environ. Qual.
2:511-515, ‘ |

3. De2jonckheere, W., W. Steurbaut, and R. H. Kips. 1975. "Residues ‘
of quintozene, hexachlorobenzene, dichloran, and pentachloroaniline
.n soil and lettuce," Bull. Enviror. Contam. Tox. 13:720-729.

4, Borcelleca, J. F., P. S. Larson, E. M. Crawford, G. R. Hennigar, By
Jr., E. J. ¥Kuchar, and H. H. Klein. 1971, "Toxicologic and AN
metabolic studies on pentachloronitrobenzene," Tox. Appl. FPharm. RSN
18:522-534. : . o

‘5. Dunn, J. S., P. B, Bush, N. H. Booth, R. L. Farrell, D. M. Thomason, 3
and 0. 0. Goetsch. 1979. “Effect of pentachlioronitrobenzene upon .

eqy production, hatchability, and residue accumulation in - the
tissues of white leghorn hens." Tox. Appl. Pharm. 48:425-433.

6. Neeley, W. B., G. E. Blau, and T. Alfrey, Jr. 1976. "Mathematical
models predict concentration-time profiles resulting from chemical
<pill in a river," &nviron. Sci. Technol. 10:72-76.
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2.6.2 Polychlorinated Biphenyls‘(PtBs) ’
Polychlorinated piphenyls are industrial chemicals that are widely
used for heat transfer fluids; protective coatings; Solvents; and
fmproving the resistance of plastics, paints, and rubber (Peakall
'1972). One of the best knownluses of PCBs fis aé dielgttric fluids in
transformers and capacitors used for electric power‘transmission. Many
of the uses of PCBs have been discontinued, and although never intended
for relgase into the environment, PCBs are.g]obally.distributed in air,
water, and biota (Risebrough et al. 1968; Peakall 1972). Total PCB

levels in air and precipitation from rural areas or over the Great Lakes

regionfare 0.4 to 3 ng/m3 and 10 to 100 ng/L, respectively (Eisenreich

.
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et al. 1981). Concentrations in ‘fatty tjsshes of nonoccupationally
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exposed humans are approximately 1 ppm or 1000 times ihe average daily
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PCB intaker (Miller 1983a). Sewage outfalls, industrial disposal into
r1§ers. as well as leaching from dumps and landfills are the major
Tikely sources of PCB entry into the environment (Hammond 1972).
" Commercially produced PCBs are mixtures of different PCB fsomers.
PCBs manufactured in the United States, under the trade name Arochlor,
are coded so that the. last two digits give the weight percent of
chiorine. Arpchlor 1254, a wel]—§tud1ed mixture, ccntains 54% ch]grinu,
but as many as 18 different "isomers (Peakall -1972). PCB ch]oriné
content usually averaqges between 40 and 60% (Hamménd 1972).
In 1968, an incident of PCB poisuning occurred in Yusho, Jéban,
when more than 1000 people ate rice oil contaminated with appruximately
2000 - 3000 ppm as a result of PCB leakage from a heal éxchanger during

manufacture (Hammond 1972; Peakall 1972; Milier 1983b). Approximately




1000 persons reported 1llness associated withl PCB poisoning (Miller
1983b). Although the acute toxicity of PCBs is low compared to that of
other widespread organochlorihe pesticidés, the toxicological properties
of PCB mixtures are complicated by the presence of highly toxic
jmpurities, such as chlorinated dibenzofurans, which may be respensible
for symptoms first attributed to PCBs (Peakal) 1972; Hammond 1372).

PCBs with low chlorine content are more rapidly metabolized, less

persistent, and more toxic thar more highly chlorfnéted PCBs (Peakall

1972). 1Iwata and Gunther (1976) found that lesser chlorinated biphenyls
diQappeared more rapidly from field soil treated with Arochlor 1254 and
. that lesser chlorinated biphenyls were.translpcated into carrots five

to eight’times more than the mest highly chlorinated biphenyl studied.

Feeding experiments with Arochlor 1242 show that it exhibits a lesser

tendency for‘bioaccumulat1on than_Arochior 1254. Fries et al. (1977)
reported a poultry fat/diet bioaccumulation factor of 2.9 to 4.5 and a
whoié egg/diet QCF of 0.35 to 0.72 in a nihe-week feeding‘ study of
white leghorns. These bioaccumulation factors are ]ess,,than those
obsefved 16 long-term feeding studies wi;h the more highly chlorinated
Arochlor 1254 (Table 2.3). N

' ‘Table 2.3 presents the chemical and food-chain proberties of a
well-studied PCB, Arochlor 1254. The chemical properties that make
PCBs so useful for industrial applications, their chemical inertness,
thermal stability, and low water solubi!{ty, contribute just as well to
their environmental persistence. Although 'considered environmentally
persistent, loss rates of PCBs in soil are variable; lesser chlor%hated

compounds degrade and vo]atilize' faster than more-chlorinated
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Table 2.3. Chemical and food-chain properties for
the PCB Arcchlor 1254

Properiy Value Conditions Reference

Cheﬁica] properties

Foc

Solubility, ppm 0.056 - 1

Log Koy 6.47 . 2
od-chain properties ‘ .

Half -time in soil >1y Rate depends on 3

percent chlorination

Plant/soil, CR - 0.02-0.06 Foliage; fresh weight . 3

0.03-0.5 - Roots; fresh weight ‘

Cow fat/djet, BCF 2.0-4.9 60-d feeding study .4

Milk/diet, BCF 4.6-5.7 Milk fatl; 60-d ' 4
: feeding study

Bird fat/diet, BCF 5-20 Poultry; 32-week . 5

o feeding study '

Whole egg/diet, BCF 0.2-1.2 Poultry; 32-week 5

: C feeding study '

Fish/water, BCF' 5.0 Water only o 6

4.6-5.8 Lab and field ' 7

Note: CR = concentration ra'io. BCF = bioconcentration factor.
References:

1.

Haque, R., J. Falco, S. Cohen, and C. Rijordan. 1980. . “Role of
transport and fate studies 1in the exposure, assessment and
screening of toxic chemicals," pp. 47-67, 1in Haque, R. (ed.),
Dynamics, Exposure and Hazard Assessment of Toxic Chemicals,
Ann Arbor Science, Ann Arbor, Michigan. ‘

Trabalka, J. R. and C. T. Garten, Jr. 1982.. Development of
Predictive Models for Xenobiotic Bioaccumulation in Terrestrial
Systems, ORNL-5869, Oak Ridge National Laboratory, 0ak Ridge,
Tennessee. ' : o
Iwata, Y., W. E. Westlake, and F. A. Gunther. 1973. *"Varying
persistence of polychlorinated biphenyls in six California soils
under laboratory conditions," Bull. Environ. Contam. Tox. 9:204-211.
Fries, 6. F., G. S. Marrow, Jr., and C. H. Gordon. 1973. “Long-term
studies of residue retention and excretion by cows fed a polychior-
inated biphenyl (Aroch’or 1254)," J. Agr. Food Chem. 21:117-121.
Teske, R, H., B. H. Armbrecht, R. J. Condon, and H. J. Paulin.
1974, "Residues of polychiorinated biphenyls in products from
poultry fed Arochlor 1254," J. Agr. Food Chem. 22:900-904. .

Veith, G.. 0., D. L. Defoe, and B. V. Bergstedt. 1979b. ‘“Measuring
and estimating the bicconcentration factor of chemicals in fish,"
J. Fish. Res. 8d. Can. 36:1040-1048.

lLeifer, A., R. H. R®rink, G. C. Thon, and K. G. Partymiller. 1983.
fnvironmental Transport and Iransformation of Polychlorinated
Jighenyls, U.S. tnvironmentel Protection Agency, Washington, 0.C.
EPA 560/75-83-925. 206 pp. .
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compounds . Like other chiorinated organic compounds, PCBs exhibit
high bioaccumulation from the diet into animal and fish fat
(Table 2.3). PCBs, in combination with othe} environmentally dispersed
organochlorines 1ike 00T + metabolites and dieldrin, have been
"identified as a 13kely cause of reddced reproductive success and rapid
population declines in wild birds (Wiemeyer et al. 1975). Feeding
experiments with 'poultry show a drastic reduction in Fratchability of
chicks at PCB levels of 10 to 20 ppm in the diet (Scott 1977).

A]thﬁqgh the primary use of PCBs Pas been historically as an
electrical insulating material, consequently, mainly in the terrestrial
environment, the aquatic ecosystem has been contaminated by indhstria]
discharge (Brown et‘al. 1985)f aerial transport (Safe 1984), as Qell
as sewage effluent discharge into surface waters (Brown et al. 1985).
By far the major source of aquaﬁic contamiration 1is from industrial
sources. For example, it was estimated that the General Electric
Company' (GE) capacitor-manufacturing facilities at Hudson Falls and

Fort Edward, New York discharged PCBs to the Hudson River at a rate

of 14 kg/d over an approximately 30-year period (Brown et al. 1985). .

Following the elimination of direct discharge of PCBs to the river, the

riverbed, which had been the primary sink for PCBs, became the major

source of PCB contamination in the river system. Concentrations of
PCBs in sediments at 40 sites in the upper Hudson River near the GE
plants exceed 50.ppm. With distance downstream and subseguent dilution
- with less contaminated sediment and partitioning into the water phase,

there is an average contamination of approximately 10 ppm in tidal

sediments of the Hudson River (Bopp et al. 1981).
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The levels of PCBs in most fish species sampled between 1970 and
5974 exceeded the U.S. Food and Orug Administration (FDA) tolerance
level, which at the time was 5.0 ppm. Levels |of PCBs were higher in
fish from the upper river in the vicinity of the plants than from those
in the lower river. The PCB concentrations de¢reased from 145 ppm in
1977 to 10 ppﬁ in 1981 for 1argemouth bass and 9.9 ppm in 1978 to
2.6 ppm in 1982 for striped bass. Only 10% of the fish sampled in
1983 were below ihe current FDA limit of 2.0 ippm. Both spatial and
temporal trends in PCB concentrations in hacroinvertebrates are
generally consistent with results of the fish monitoring 'proéram
{(Brown et al. 1985).

The decreases in PCB concentratioﬁs in |aquatic biota in the
Hudson River with time is attributed pr1m§ri1y to declines in the less
chlorinated PCB congeners. The more chlorinLted %prms are known
generally to be more soluble‘in lipids, more resistant to degradation,
and 1ess'voiati1e and are expected, therefore, to be more persistent in
the environment (Brown et al. 1985). According to Jensen (1984), PCB
concentrations in fish are reduced by increased fishing pressure, which
removes more oldér fish from the population. |[The .older fish, which
have had a longer time to accumulate contaminant?, have higher PCB body
burdens than younger fish that are still putting metabolic censtituents
into arowth rather than fat stores ? the primérj sites for PCB
storage. Initial increased fishing pressure wpuld increase the PCB
transfer from tuellarger lake trout to the human population; however,
as high fishing pressure continued, youngef fish! with lower PCB levels

would be the primary constituerts of the catch. |These younger, smaller
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fish would have lower PCB levels and would transfer lower levels to the
human population (Jensen 1984).

Octanol-water partition coefficients (Kows) are widely used in:
correlations concerning pollutant partifioning between water and
sédiment (Schwarzenbach and Westall 1981), $n aqueous solubility
;relationships (Mackay et 'al. 1980), and i; bioconcentration chtor
determinations kHackay 1982; Veith and Kosian 1983). Some PCB’
congeners that have low solubilities in water or are insoluble and
have high wéter partition coefficients have been shown to have higher
bfoconcentratioh factors 1in fish (Chiou et al. 1977). Knowing the
Kow values for PCB congeners, of which there are a“totai of 209
possible, ts especially valuable because Kows allow predictions of
equilibrium diétribution of these compounds in the aquatic environment
(Rapaport and Elsenrelch 1984).

Most highly chlorinated PCB compounds are metabolized slow]y;

.1f at all, by species cof fish that have been studied [e.g., brook and
rainbow trout (Hutzinger et al. 1972; Melancon and Leck 1976)], and
the persistence of the compounds in fish 1is accounted for by tneir
resistance to metabolism and their lipophilicity (Binder, Melancon, and
Lech 1984). Hutzinger et al. (1972) found that tﬁe rate of metabolism
of 2,5,2',5'~tetrachlorobiphenyl (TCB) in rainbow trout was as low as
0.1% of the‘accumulated amount. The whole-body ha]f—life of TCB was
fouhd fo be approximately 1.75 y for female and 1.43 y for male rainbow
trout prior to spawning. During spewning, there was approximately a

threefold increase in the elimination rate with the compound being

transferred to the gametes (Guiney et al. 1979). While this process
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has the beneficial effect of reducing the body burden for méture fish,
there is the potential for deleterious effects on the offspring. Fry
were found by Guiney et al. (1979) to eliminate PCBs more rapidly and
to have a shorter whole-body half-life than any other stage, probaply

as the resuylt of low body faf content.

2.6.3 iPoiychlorinated Dioxins and Furans

Polychlorinated dibenzo-p-dioxins, such as 2.3.7.8—tetrachioroj
dibenzo-p-dioxin (TCDD)} and polychlorinated dibenzofurans are toxic
impurities that are formed during the production of commercial
~ chlorophenols and herbicides (Helling et al. 1973)1 Chiorinated phenols
have been in use since the 1930s as bactericidal and fungicidal agents;
as wood, paper, and leather perservatives; and as saniiizing agents.,
TCDD is a trace contaminant of the herbicide 2,4,5-trichlorophenoxy-
acetic acid (2.4,5-T), which was one constituent of chemical defo]iant§
widely used in Vietnam from 1962 to 1971 (Young et al. 1383). TCOD has
also been found in the environment adjacent to abandoned chemicai dump
sites, such as the Love Canal area in Niagara Falls, New York (Smith
et al. 1983).

éhiorodioxins are highly thic. The level of toxicity varies
in test gnima]s because' of differences in species' sensitivity. but
1ike PCB8s, Idioxin ‘toxicity decreases with increasing chlorination
. (4elling et al. 1973). Therefore. more highly chlorinated dioxins,
like octachlorodibenzo-p-dioxin, are Jless toxic than TCDD, which
has an LD as low as 0.6 to 2 ppb in gquinea pigs. Polychlorinated

50
dibenzo-p-dioxins and structurally similar polychlorinated dibenzofurans
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tend_ to increase in toxicity when chlorine atoms occupy Tlateral
positions on the dioxin or furan molecule {Josephson 1983).

Considering the widespread use of herbicides and chlorinated
phenois. thére are a variety qf routes by which trace levels of
chlorodio;ins~can enter food chains to humans. However, two well-known'
recent incidents involved TCDD contamination of terrestrial landsﬁapes.
During the early 1970s, horse arenas and dnpaved roads in Missouri were
éprayed with used oii containing TCDOD to control dust. Horse§ died and
people became 111 as a result of contact with the contaminated soil
(Harris 1981). InVestigations have revealed that there are numeroué
dioxjn-cbntaminated sifes in Missouri and other states (Josephson 1983;
Harris 1981).' Sévera] communitieé were contaminated with dioxin through
the practice of spraying waste ofl (at léast 18,500 gal. statewide) to
control dust. The commuqity of Times Beach was disincorporated and

abandoned in 1983 by residents who participafed in a $33-million Federal

" government purchase of contaminated pr.perties,

A second 1néident of TCDD contamination involved an accidental
explosion at a chemicaf plant near Seveso, Italy, in 1976. A large.
inhabited area of more than 1000 ha was contaminated by a chemical -¢loud
containing trichlorophenol (TCP) and the.impurity TC00. Thousands of
small qnima1s died within a few weeks after the incident, and mortality

of farm animals (moét]y poultry)‘ occurred within the -most highly

‘contaminated area (average 2.25 ppb TCDD soil (Fanelli et al. WQBO)].

Autop;ies of dead rabbits and poultry revealed pathological symptoms

sucn as hepatic lesions (Fanelli et al. 1980). Residents were evacuated

from the most highly contaminated areas.
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The chemical and food-chain properties of TCOD are presented fin
Table 2.4. TCDD is bersistent in soil because it is an insoluble,
ﬁonpo]ar, chlorinated molecule, devoid of biologically labile functional
groups (Heliing et al. 1973). TCOD is protected from photolysis by soil
(Plimmer 1978) and it is not readily leached (Helling et al. 1973).
Current estimates of TCOD half-life in sofl ére as long as ten years
(Sun 1983). Dgspite its environmental persistence, plant- uptake of
TCOD via roots from contaminated soil s negligible (Helling‘et al.
1973). However, feeding experiments with ‘guinea pigs and rats have
shown that TCDD bound to soil is bioavailable and potentially hazardous
if TCOD contaminated soillis ingested (McConneli et al. 1984). Nash
and Beall (1980) concluded that fCDD_1s about 75% as volatile as the
insecticide DOT and that volatilization of TCOD from ‘5011 may be
significant. Vaporization and resuspension of soil dust in the air
are potentia} transport mechanisms for TCDD from waste disposal sites.
Concentrations of TCDD on particulate matter in air at a waste disposal
facility near Jacksonville, Arkansas.1 are cumparable to average
concentrations in soil, i.e., approximately 1 ppb (Josephson 1983).

Although TCDD has a refatively short persistence time on grass
(Nash and Beall 1980), bioaccumulation by cattle grazing on contaminated
lands can be expected to occur through either the ingestion of
contaminated forage or soil. The biocaccumulation factor for TCOD
from diet to beef fat ha§ been reported as 3.5 (Kenaga 1980). Fat
bioaccﬁmulétion factors for TCDD from 1ong-termvfeeding studies with
rats are variable, ranging from 24.5 at low doses to 3.7 at higher doses

(Newton and Snyder 1978). Bioaccumulation factors for milk fat are
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Table 2.4. Chemical and food-chain properties of
the dioxin 2,3,7,8-TCDD '

Property Value Conditions Reference

Chemical properties

Solubility, ppm 0.0002 , , 1
Log Kow 6.15 : 1

Food-chain properties

Half-time 1in soil. >y ‘ Lab conditions; 2,3
: o persistent under
field conditions

Plant/soil, CR < 0.02 Oat and soybean 4
tops ‘ .
Cow fat/diet, BCF. 3.5 . 28-d feeding 5 -
. study | .
Milk/diet, BCF 0.1-0.2 Whole milk; 77-d ‘ 6

feeding study

Fish/water, BCF' 1 4.0-4.5 Calculated 7,8

Note: CR - concentration ratio. BCF = bioconcentration factor.
References: :

1.

Trabalka, J. R. and C. T. Garten, Jr. 1982. Development of

Predictive Models for Xenobiotic Bioaccumulation in Terrestrial
Systems, ORNL-5869, 0Oak Ridge National Laboratory, Oak Ridge,
Tennessee. :

Kearney, P. C., E. A. Woolson, and C. P. Ellington, Jr. 1972,
"persistence and metabolism of chlorodioxins in soils," Environ.

- Sci. Technol. 6:1017-1019.

Sun, M, 1983. "Missouri's costly dioxin Tlesson," Science
219:367-369. o

Helling, C. 5., A. R. Isensee, E. A. Woolson, P, D. J. Ensor,
G. E. Jones, J. R. Plimmer, and P. C..Kearney. 1973. "Chlorodiuvxins
in pesticides, soils, and plants." J. Environ. Qual. 2:171-178.
Kenaga, E. E. 1980. "Correlation of bioconcentration factors of
chemicals in aquatic and terrestrial organisms with their physical
and chemical properties,” Environ. Sci. Technol. 14:553-556.

Jensen, D. J. and R. A. Hummel. 1982, ‘“Secretion of TCDD in milk
and cream following ‘the feeding of TCDD to lactating dairy cows,"
Bull. Environ. Contam. Tox. 29:440-446.

Veith, G. D., D. L. DefFoe, and B. V. Bergstedt. 1979b. ‘“Measuring
and estimating the bioconcentration factor of chemicals in fish,"
J. Fish. Res. Bd. Can. 36:1040-1048.

Neeley, W. B. 1979. "“Estimating rate constants for the uptake and
clearance  of chemicals by fish,* Enviren. Sci. = Technol.
13:1506-1510. ” ‘
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approximately ten times higher than. BCF values for whole milk (Jensen
and Hummel 1982). The half-time for elimination of various dfioxins
from cow's mﬂk. is approximately 40 to S0 days (Jensen and Hummel 1982l;
Firestoné et al. 1971).
In.aquatic environments. tétrachlorod‘ipheny] ether (tetra-CDE)
a possible precursor of 2,4,8-trichlorodibenzofuran (tri-CDF) ahd
trichlorodiphenyl ether (tri;CDE) have been identified in extracts
of organisms and in samples of suspended particulate material in
Narragansett Bay, Rhode Island. The CDEs were also detected in the
wasfe water of a chemical manufacturing plant located on the Pawtucket
River (Lake ef.al. 1981). Concentrations were found in extracts of
mussels, clams, sediment, and the hepatopancreas of lobsters caged in
both the upper and lower portions of the bay as well as ia a turtle
sample (Keuhf et al. 1979). The compound was determired to be from
PCB.metures because of the dominance of the penta-CDF isomers. The
Rhode Island study identified photochemical conversion of a tetra-COE
to a tri-COF as a potential source of COFs in the aquatic environment.
Lake ei al. (1981) determined fhat downstream transport from
contaminated sediment is a source of contamination for aquatic biota.
Both polychlorinated dibenzcdioxins (PCDD) and polychlorinated
dibenzofurans (PCDF) have been found in turtles (éappe et ai. 1981),
carp, largemouth bass, and striped bass in the Hudson River (0'Keefe
et al. 1984). Levels of PCOD and PCOFs in striped bass from the Hudson
River were significantly higher than i striped bass from Rhode Island
coastal waters and the Chesapeake Bay. Q'Keefe et al. {1984) concluded

that there was 3 constant exposure source of PCDD and PCOFs for fish in
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the Hudson River based on comparison c¢f fish samples from 1981 and 1983

that showed no decrease in concentration between samang periods. The

source of PCLD and PCUFs in both sediment and fish in the Hudson River

was thought to be a chemical such as trichlorophenol, possibly produced

in the lower Hudson River area, wnere 2,3,7,8-TCDD is the only PCDD

isomer that can be readily detected. Because of their strong adsorption

to sediment/soil particies and persistence in the environment, PCDD and

PCOFs have tne potential for continued long-term contamination and

bicaccumulation in the aquatic ecosystem.

2.6.4 Ch'orinated Hydrocarbon Pesticides

Because' of their widespread production and agricultural use, as

welll as ‘their chemical stability and persistence, chlorinated

hydrocarbon pesticides are ubiquitous in the environment. Ecological

probjems associated with the use of compounds such as' DOT are well known

because of attention given to this 1insecticide by environmentalists

and the press. The legacy of widespread DOT  use is still with us.

Concentrations of chlorinated pesticides in air, from rural areas or

from| areas near the Great Lakes, range from 0.01 to 4 ng/ma. and

concentrations in precipitation range from 1 to 35 ng/L (Ejsenreich

et a). 1981). Chlorinated hydrocarbon pesticides and their residues

are also found in surface watei's and groundwaters. The probability of

dete¢ting chlordane, dieldrin, and p,p'-00T in surface waters from

New Jersey is 0.56, 0.39, and

0.17, respectively (Page 1981).

Chlorinated hydrocarbon pesticides in  combination with other

oraganochlorines, 1like PCBs, have

been identified as environmental
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pollutants responsible for the reduced reproductive performance and
population decline of certain raptors (e.g., Wiemeyer et al. 1975).
Indications are that DDT residues are deciining in marine predators,

such as seals and brown pelicans, since the U.S. Environmental

!
'

Protection Agency's ban on DDT use in the early 1970s (Addison

et »1. 1984).

Because of government bans or restrictions on use, there is only a

remote possibility for further widespread environmenfa} contamination
by chlorinated hydrocarbon besticides beyond present-day levels in the

United States, although their use in foreign countries poses a threat

‘through atmospheric dispersion. However, several of the more persistent

organochiorine insecticides will remain for some time as part of our
organic chemicé] background 1in the environment. Therefore, this

review would be incomplete without the presentation of chemical,

environmental persistence, and food-chain bioaccumulation data for

p,p'-DDT (Table 2.5).‘ dieldrin (Table 2.6), and endrin - (Table 2.7).
These three exemplary organochlorine 1nséct1c{des are all characterized
by low water solubility, long persistence times in soil, And high
bioaccumulation in animal fat. | |
Most chlorinated hydrocarbons are persistent in and bioaccumulate

1

in organisms in the aqhatic environment. The most not~rious of
these‘compdunds is DDT, which is ubiquitous 1n'the environmenf and is
available for uptake by aquatkc biota through both wéter and food (Rhead
and Perkins 1984). These authors found that the amount of DDT taken up
from food and water was additive. The observed concentration factor for

DDT taken up from contaminated water was a maximum of 131,00u while

concentration from food was considerably lower (a .maximum of 115). As
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Table 2.5. Chemical and food-chain properties for r:;2¢

: the organochlorine .p,p'-0DT ff;'

. ' —
Property value Conditions Reference !
;:‘h"

. _ S

Chemical properties ’ s

Solubility, ppm © 0.002 ) Kby
Log Koy 5.76 ] o

: A

Food-chain properties ;;iz
. : )

Half-time in soil  10.5 y Field studies; 2
avg. of 5 soils A

Plant/sofl, CR 0.05 Grass; dry weight -3 NN,
7.1 Roots; dry weight \j?;

Cow fat/diet, BCF 3.9-6.2 112-d feeding 4 R
study RS

Milk/diet, BCF 0.02-0.08 Whole milk; . 5 N
steady state é{}‘
Bird fat/diet, BCF 8-19 Poultry; 6 ~$~$:

_ ' steady state - . o
Wnole eqgy/diet, BCF 0.8-1.6 Poultry; 6 Wt {d

: steady state _ aeve

Fish/water, BCF 4.5 Water exposure only .1 \%__
TR

Note: CR = concentration ratio. BCF = bioconcentration factor. . :;1}
References: g
1. Trabalka, J. R. and C. T. Garten, Jr. 1982. Development of ;*tr
Predictive’ Models for Xenobiotic Biocaccumulation in Terrestrial Y
Systems, ORNL-5869, Oak Ridge National Laboratory, Oak Ridge, by
Tennessee. ‘ "

' 2. Hamaker, J. W. 1972. "Decomposition: Quantitative aspects,"” RN
' pp. 253-340, in Goring, C. A. 1. and J. W. Hamaker (eds.), Organic A
. Chemicals in the Soil Environment, Vol. 1, Marce! Dekker, New York. ' SRRSAN
3. Voerman, S. and A. F. H. Besemer. 1975. “Persistence of dieldrin, , {“?'

lindane, and DD in a light sandy soil and their uptake by grass,"
- Bull. Environ. Contam.. Tox. 13:501-505.

4, " Clark, D. E., H. E. Smalley, H. R. Crookshank, and F. M. Farr.
1974, "Chlorinated hydrocarbon insecticide residues in feed and
carcasses of feedlot cattle, Texas - 1972," Pest. Monitor. J.
5:180-183.

5. Willjams, S., P. A, Mills, and R. E. Mcbowell. 1964. "Residues in
milk of cows fed rations containing low concentrations of f{ive
chlorinated hydrocarbon pesticides," J. Assoc. Off. A&nal. Chem.
47:1124-1128.

6. "Kan, C. A. 1978. “Accumuiation of organochlorine pesticides in

~ poultry: A review," J. Agr. Food Chem. 26:1051-1055.

1. Veith, G. D., D. L. Defoe, and B. V. Bergstedt. 1979b. "Measuring
and estimating the bioconcentration factor of chemicals in fish,"
J. Fish. Res. Bd. Can. 36:1540-1048.
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Table 2.6. Chemical and food-chain properties for
the organochlorine dieldrin

Property value Conditions Reference

Chemical properties

Solubility, ppm 0.074 - 1
Log Koy 5.16 ' 1
Food-chain properties
Half-time in soil 34y ' Field studies; . 2
: avg. of 5 sites
Plant/soil, CR 0.07 Grass; dry weight 3
13 Roots; dry weight
Cow fat/diet, BCF 1.3-1.8 41-d feeding study 4
Milk/diet, BCF - 0.36-0.4 whole milk; steady 5
) state x

Bird fat/diet, BCF 12-17 Poultry; steady ‘6
' : state . , :

Whole egqgsdiet, BCF . 0.7-1.7 Poultry; steady ' 6
state . .

Fish/water, BCF 4.8 Water exposure only 7

Note: CR = concentration ratio. B8CF = bioconcentration factor.

References:. .

1. Trabal¥a, J. R. and C. T. G&arten, Jr. 1982. -Development of
Predictive Models for Xenobiotic Bicaccumulation in Terrestrial
Sustems, ORNL-5869, Oak Ridge National Laboratory, Oak Ridge,
Tennessee. ' , : -

2. Freeman, H. P., A. W. Taylor, and W. M. Edwards. 1975. "Heptachlor
and dieldrin disappearance from a field soil measured by annual
residue determinaticns," J. Agr. food Chem. 23:1101-1105.

3. Voerman, S. and A. F. H. Besemer. 1975. ‘"Persistence of dieldrin,
lindane, and 0DT in a 1ight sandy soil and their uptake by grass,"

Bull. Environ. Contam. Tox. 13:501-505.

4, Potter, 'J. C., R. L. Marxmiller,. G. F. Barber, R. Young,.

J. E. Loeffler, W. B. Burton, and L. D. Dixon. 1974. "Total C-14
residues and dieldrin residues in milk and tissues of cows fed
dieldrin-C-14,"'J. Aqr. Food Chem. 22:889-599.

5. Williams, S., P. A. Mills, and R. E. McDowell. 1964. "Residues in
milk ".of cows fed rations containing low concentrations of five
chlorinated nydrocarbon pesticides," J. Assoc. Off. Anal. Chem.
47:1124-1128.

&. Kan, C. A. 1978, “Accumulation of organocnhiorine pesticides in

poultry: A review," J. Agr. Food Chem. 26:1051-1055.

1. Reinert, R. E., L. J. Stone, and H. L. Bergman. 1974, "Dieldrin
and 00T: Accumulation from water and food by lake trout (Salvelinus

namaycush) .in the laboratory," pp. 52-58, 1in Proceedings of the
17th Conferenca of Creat Lakes Research.
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Table 2.7. Chemical and food-chain properties for
the organochlorine endrin

Property Value Conditions Reference

Chemical properties

Solubility, ppm 0.074 1
Log Kow o 5.38 , ‘ 1
Food-chain properties
Half-time in soil 12 y Field study; 2
‘ one soil type o
Plant/soil, CR 0.014 Wheat plants; 3
. field study
Cow fat/diet, BCF 0.4-0.8 12-week feeding A 4
study
Milk/diet, BCF 0.06-0.08 Whole milk; 5
' steady state :
Bird fat/diet, BCF 7-10 Poultry; steady .
' state
Whole egg/diet, BCF 0.6 Poultry; steady ' 6
state
Fish/water, -BCF 3.2 Water exposure only IR

Note: CR = concentration ratio. BCF = bioconcentration factor.
References: ' -

1.

Trabalka, J. R. and C. T. Garten, Jr. 1982. Development of
Predictive Models for Xenobiotic Bioaccumulation in Terrestrial
Systems, ORNL-5869, Oak Ridge National Laboratory, Oak Ridge,
Tennessee ’ ‘ :
Hamaker, J. W. 1972. “Decomposition: Quantitative aspects,”
pp. 253-340, in Goring, C. A. [. and J. W. Hamaker (eds.), Organic
Chemicals in the Soil Environment, Vol. 1, Marcel Dekker, New York.
Saha, J. G. and H. McDonald. 1967. “"Insecticide residues in wheat
grown in soil treated with aldrin and endrin,* J. Agr. Fcod Chem.
15:205-207. : ' _ A
Kiigemagi, U., R. G. Sprowls, and L. C. Terriere. 1958. "“Endrin
content of milk and body tissues of diary cows receiving endrin
daily in their diet," J. Agr. Food Chem. 6:518-521.

Williams, S., P. A. Mills, and R. E. McDowell. 1964. ‘“Residues in
milk of cows fed rations containing low concentrations of five
chlorinated hydrocarbon pesticides," J. Assoc. OQOff. Anal. Chem.
47:1124-1128. ' .

Kan, C. A. 1978. "Accumulation of organochlorine pesticides in
ooultry: A review," J. Agr. food Chem. 26:1051-1055.

Veith, G. D., D. L. DeFoe, and B. V. Bergstedt. 1979b. "Measuring
and estimating the bioconcentration factor of chemicals in fish,*
J. Fish. Res. Bd. Can. 36:1040-1048.
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with other compounds, the rate of release from fish was found to be
inversely correlated to the lipophilicity of the compound (Ellgehausen
et al. 1980). |

Aldrin 1{s converted in the environment to dieldrin, which fis
- readily accumulated in aquatic biota such as mosquito fish, snails, and
algae. The BCF for aldrin is 3,140 for fish and 44,600 for snails;
dieldrin has a BCF of 5,960 for fish and 11,100 for snails (Metcalf
et al. 1973b).

Kepone, an organochlorine hydrocarbon pesticide patented in 1951,

is a persistent compound that may remain in aquatic sediment from one.

to ten decades. Studies in the James River in Virginia (Huggett and

Bender 1980) showed that Kepone is associated with the organic portion

of the sediment and that, depending upon the wave and tidal action and

burrowing activities of benthic organisms, contaminated sediments may

be either buried by uncontaminated mineral matter- or resuspended and
made available for uptake.
The maximum acceptable concentrations for dissblved Kepone were

predicted ‘to be 0.14 ppb in the freshwater zone of the James River and

0.026 ppb in the 1owef estuary [maximum acceptable concentrations are

based on both the accumulation levels in and relative toxicity of Kepone
to various finfish and shellfish species in each zone (Huggett and
Bender 1980)]. Studies c¢f fish (Huggett and Bender 1980) and blue crabs
(Robertsvand Leggett 1980) showeq that the highest Kepone concentraticns
occurred in males. These studies showed tﬁat a significant pcrtion of
the kepone taken up by females is transferred to the egg mass rather

than concentrated in the flesh.
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Birds 1in the Hopewell area of the James River were found to
concentrate Kepone. Mallards were found to contain 0.14 to 0.5 ppm
(wet weight) Kepone, whereas great blue herons contained 2400-36,000 ppm
(Huggétt aﬁd Bender 1980). Studies by Shaar et al. (1981) showed that
Kepone resists microbial degradation, accumulates and resists metabolism
in fish, and moves through the food' chain. Kepone accumulation by

" bluegills, however, was about half that of DOT.

Bioconcentration of these and other organochlorine compounds, sugh
as 000 and OCE, 1in the aquatic environment rgsults from their high -
1ipid solubility and water insolubility (Rhead and Perkins 1§84) as
well as their resistance to degradation by the m1xed~fun§tion oxidase
(MFQ) enzymes (Metcalf et al. 1973b). Because of the tendency of
organochlorine compounds such.as aldrin to be biotransformed by aquatﬁc
organisms intb other potentially more toxic/more resistant compounds,
efforts to determine the presence of parent compounds in tissues should
include analysis for degradation products and metabolites that may.be

more toxic than the parent compound {lLech and Bend 1980).

2.6.5 Polybrominated Biphenyls (PBBs)

At a Michigan chemical company in 1973, there was a mixup in
handling of the fire retardaﬁt "Firemaster," a complex mixture of
polybrominated biphenyls, and “Nutrimaster," a nontoxic magnesium oxide‘
feed additive, that resulted in the 1ncorporétion of 500 to 1000 pounds
of PBBs into livestock feed. PBB contamination in the feed as high as
13,500 ppm resulted, and approximately 30,000 cattle and thousandQ'of

other farm animals were contaminated by the feed and were destroyed
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“ (Carter 1976; -Kay 1977). Tons of contaminated egqgs, mitk, butter,

cheese, and livestock feed were also destroyed. Michigan residents were

exposed to diary products and eggs contaminated with PBBs during that

PP AL
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time in 1973-74 when the contamination went unrecognized. Approximately

8000 Michigan residents, mostly farm families, were most heavily‘

A
c‘v’_

exposed. Kay (1977) has reviewed the circumstances and subsequent
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studies associated with the Michigan PBB incident.

«

PBBs, like PCBs, are water insoluble, ‘lipophilic compounds.
Available data (Table 2.8) 1indicate that PB8s in the diet do not
accumulate as much as PCBs in beef fat or milk fat, but PBBs do exhibit
the potential. for b10accumﬁ1ation in eggs and poultry fat. ' PBBs are
also more ;ensitive to photodegradation by ultraviolet light than PCBs
(Kay 1977). ODespite this, Jacobs et al. (1976) reported that PBBs were
extremely persigtent in soil because df their resisténce to degradation
(minimal breakdown was observed over a period of 24 weeks for qll but
one isomer). As expected on the basis of water solubility, there 5sl
negligible plant uptake of PBBs from contaminated soil, with the
possible exception of surface contamination adsorbed to roots (Chou
et al. 1978; Jacobs et al. 1976).

" Studies in Sweden (Andersson and Biomkvist 1981) found PBBs in fish
tissue; however, the source of pollution was unknown. Muscle and liver
of pike were found to contain 0.15 ppm and Zé ppm of PBB, respectively.
Zitko (1977) found that brominated biphenyls with six or fewer bromine
atoms only were accumulated from water by juvenile Atlantic salmon.
However, when brominated compounds were mixed with food, salmon

accumuiated additicnal compounds. Zitco (1977) found that PBBs were
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Table 2.8. Chemical and food-chain properties for
the PBB firemaster BP6

Property . Value Conditions Reference

Chemical properties

Solubility, ppm ~0.0Mm ‘ 1

Epod—bha1n Properties

Half-time in soil > 6 mos. - Laboratory study 2
Plant/soil, CR © < 0.000 Foliage; fresh .
weight; 3
< 0.006 Poots; fresh weight
Cow fat/diet, BCF 0.08-0.2 15-d feeding ‘ 4
‘ study; 4x in sheep
Milk/diet, BCF 0.043 Milk fat; 60-d 5
feeding study
Bird fat/diet, BCF 1.5-4 Poultry; 63-d )
‘ feeding study
Whole egg/diet, BCF 1.0 whole egg; 63-d 6
feeding study
Fish/water, BCF 1.7 , 17

Note: CR ='concentration ratio. BCF = bioconcentration factor

References:

1. Smith, S. K., M. E. Zabik, and L. E. Dawson. 1977. "Polybrominated
biphenyl levels .in raw and cooked chicken and chicken broth,*
Poultry Sci. 56:1289-1296. ,

2. Jacobs, L. W., S. Chou, and J. M. Tiedje. 1976. "Fate of
polybrominated biphenyls (PBB's) in suils. Persistence and plant
uptake," J. Agr. Food Chem. 24:1198-1201.

3. Chou, S. F., L. W. Jacobs, 0. Penner, and J. M. Tiedje. 1978.
"Absence of plant uptake and translocation of poiybrominated
biphenyis (PBBs)," Environ. Health Perspect. 23:9-12.

4. Gutenmann, W. H. and 0. J. Lisk. 1975. "Tissue storage and
excretion in milk of polybrominated biphenyls in ruminants,"
J. Agr. Food Chem. 23:1005-1097. -

5. Fries, G. F. and G. S. Marrow. 1975. ‘YExcretion of -polybrominated
biphenyls into the milk of cows," J. Dairy Sci. 58:947-951.

6. Fries, G. F., H. C. Cecil, J. Bitman, and R. J}. Lillie. 1976.

" "Retention and excretion of polybreminated biphenyls by hens,"

Bull. Environ. Contam. Tox. 15:278-282.

Zitco, V., 0. Hutzinger, and P. M. K. Choi. 1972. *Contamination
of the Bay of Fundy - Gulf of Maine area with polychlorinated
biphenyls, polychlorinated terphenyls, chlorinated dibenzodiuoxins,
and debenzofurans," Environ. Health Persp. 1:47-50, :
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:?“ accumulated from water, but the accumulation was much less than for
i ) .
1,, PCBs. Wwhen exposed to food containing P8Bs and PCBs, the uptake of
. PB8s was greater than or equal to the uptake of the PCB Arochlor 1254.
. :
N Those PBB compounds with up to four bromine atoms that most
. '
) closely resembie the corresponding chlorobiphenyls are accumulated to
. , .
7 a lesser extent by salmon than the more substituted bromobiphenyls
‘: that correspond to PCBs such as Arochlor 1254 (Zitko 1977). ~Fish

fed highly brominated compounds containing pentabromobiphenyls and
hexabromobiphenyls metabolized the compounds to monobromobiphenyls to

pentabromobiphenyls, which may have toxicological consequences in fish.

2.6.6 Polycyclic Aromatic Hydrocarbons (PAHs)

There are currently very few data on the behavior of PAHs in the
terrestrial environment, and so most of the information in this section
is based on a recent review of this tobic by Eanrds (1983). - PAHs are
aromatic hydrocarbons consistiné of three or more fused benzene rings.
Benzo(a)pyrene (BaP) is one of the best known and most studied PAHs;
a]though there aré a number of other carcinogenic (or mh;agenic) PAHs
of environmental significance, inc]ud{ng: phenanthrene, fluoranthene,
benzo(a)anthracene; 'chrysene, benzo(e)pyrene, and coronene. PAHéI may
be formed during incomplete combustion of organic compounds even thou§h
the combusted material may not contain PAHsﬁ per §g..'E1ectric power
generation by fossil fuel plants, in additicn to forest and agricultural
fires, are the most significant cantributcys to the total global PAH
inventory. Concentrations of total PAHs in air andlprecipitation from

rural areas are 10-30 ng/m3 and 50-300 ng/L, respectively (Eisenreich
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et al. 1981). Effluents from varfous industrial processes, such as
coal gasification, can result in lecally elevated concentrations of
PAHs in soil.

Typical concentrations of BaP in soils throughout the world range
b from 0.1 to 1.6 ppm, although concentrations .near known sources can
exceed 1.3 ppm (Edwards 1983). At field sites known to be contaminated
with PAHs, cowpounds such as anthracene and pyrene a.re not present in
'surface soil layers due to volatilization, while less volatile PAHs,
‘l1ke benzo(a)gnthracene and BarP, exhib_it more uniform concentration
prqfiles with depth (Marquenie et al. 1985). Soil microorganisms
can metabolize some PAHs, but fhere is virtlually no information on the
persistence of PAHs in sovﬂs under field conditions. Lu et a:1. (1977')
reported that BaP was very resistant to degradation in air-dried soﬂl
(17.4% moisture) incubated for fodr weeks at 27°C under laboratory
conditions. PAiHs are degraded by photolysis, 'but some of the
dégradation products are cércinogenic. There fis considerabie need for
information on the interactions of PAHs with soil constitutents and the
camifications that .such interactio_ns. might have for 1on‘g-term
persistence of. F;AHS in the environment. A

Tﬁere is little evidence for significant plant uptake ,of PAHs
from contaminated soils. Despite the fact that atmospheric deposition
by PAH-bearing particulates 1is a major contribution to exist‘i'ng
concentrations 1‘n plants, PAHs caﬁnct be easily removed from.vegetation
by v <hing with water. PAHs, which penetrate into plant parts. and
become dissolved in plant oils, may exhibit 1long (> 100 days)

‘persistence half-times (Gunther et al. 1967). Edwards {(1983) points
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out that concentrations of PAHs in plants are usuélly less thanlthose
in the soil in which the plants are grown (con;entration ratios range
from 0.001 to 0.18 for total PAHs). Sbi]-to-plant concentration ratio;
for BaP range from 0.0001 to 0.33; PAH concentrat’ons in plants are
generally higher 1h aboveground parts than in .belowground parts.
PAHs incorporated by root uptéke may - be translocated and extensively
metabolized within the plant (Edwards '1983; Edwards 1985 personal
communication).

There is almost no infokﬁation on the food-chain transfer of PAHs
beyond the point of uptake via plant roots. The little information

that is available indicates some potential.for the accumulation of PAHs

“in animals. This fis consjstént with the high octanol-water partition

coefficient of 6.2 for BaP. However, because PAHs bind covalently to
cellular macromolecules, 1like ONA and protein, 1indices of their
bioaccumulation in animal fat may not be a representative measure of
their potential toxicity in food chains. Field measurements -how that
concentrations of benzo(e)pyrene, benzo(b)fluoranthene, benzo(k)fluor-
anthene, and BaP in tissues of earthwbrms can equal the concentrations
prevailing in the PAH-contaminated sediments to whicﬁ worms are exposed
(Marquenie et al. 1985). Although rapidly metabolized, some PAHs are
biologically transformed by .mixed function oxidases to epoxidés;,which
upon hydration become carcinogenic precursoré (Jacob and Grimmer
1983). Thereforg, it is fhe PAH metabolites that result in 1ong—term
toxicological hazard to animals.

In the aquatic environment, PAHs partition between dissolved and

particle-bound forms. Both forms may be incorpdrated into the sediment
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by direct sorption to bedded sediments in the case”of dissolved forms
or by sedimentation (settling) 1in the case of the particle-bound
forms. The particulate-bound form, which is less amenable to breakdown
and is nonvolatil!zéble. is more persistent in the aquatic environment
(He?bes ét al. 1980). Because of the differences in the persisten;e of

individual PAH compounds, the relative contribution ,to PAH mixtures

will vary with the distance from their source and  the time since

initia) contamination.
Aquatic organisms may bioaccumulate PAHs from both dissolved and
particulate forms and may metabolize the compounds as they are passed

along the fouod chain. Benthic fish can acpumulate PAHs via uptake fi-om

water; via the food chain; viayinterstit1a1 water into which a small

broportion of ' the compqunds,‘ either bound to or associated with
sediment, are slowly and continuously released (Varanasil and Gmur
1980); or via exposure to and ingestion of sediment particles (Conner
1984; Breck 1985). | |

Southworth et al. (1978a) shoyed ihat PAHs were rapidly taken up

by the zooplankton Daphnia pulex and concentrated to several orders of

magnitude above ambient aqueous concentrations. Bioaccumulation of
benzo(a)acridine, a four ring hydrocarbon, was 352-fold (Southworth

1978b). Benzo(a)pyrene, a five ring hydrocarbon, would be expected

to be about 13.000-fold for D. pulex (Southwofth 1978a). This

bioaccumulation is similar in magnitude to that of DDT concentrated by

. magna (Crosby and Tucker 1977).

The mixed-function oxidase (MFO) enzyme system in vertebrates and

invertebrates iritiates the metaboiism of various lipophilic organic
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compounds making them more available for excretion. This MFO system

transforms PAH compounds to 1ntermed1ate.compounds some of which are

highly toxic, mutagenic, or carcinogenic to the host (Neff 1979). The
problem of bioaccumulation of high levels of PAHs is intensified in the

presence. of mixed-function oxidase inhibitiors or for organisms, such as

. sniils, which are deficient in microsomal oxidase {Lu et al. 1977).

The higher molecular weight polycyclic compounds, which also have
higher K s (e.g., greater than 3.5), have a far greater likelihood

of accumulating in aquatic biota than the lower weight compounds, such

as isoquinoline, which have low Kows and Jow concentration factors.

'The higher molecular weight compounds also exhibit longer elimination '

ha]f—times:

2.5.7 Phthalate Esters (PAEs)

Phthalic 'acid esters (PAEs) are water insolublé, 1iboph11ic,
colorless liquids, with hjgh boiling pojnts (> 200°C), that are commonly
used as plasticizers to promotei the durability and flexibiljty of
plastic'products. Because of their leakage from plastic products, and
their'occurrénce as natural products in plants, PAEs are widely found

in the environment (Mathur 1974). -Mathur (1974), in a review of the

literature on PAEs in the environment, concluded that PAEs are more

iikely to be pollutanfs than natural products. Waste dumps and municibal
landfilis are a likely source of PAE contamination to the environment
because many plastics are eventually disposed of by land burial. PAEs

are ubiquitous in the environment, Concentrations of two of the more
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commonly used PAEs, di (z-ethylhexyl) phthalate (DEHP) and d

phthalate (08P), in rural air and precipitation are 0.5 to §

j~-n-butyl-

nq/m3 and

4 to 10 ng/L, respectively (Eisenreich et al. 1981). Analysis| for PAEs

in environmental samples is difficult because imany analyti

¢al grade

solvents, as well as watar, used in laboratory work may be contaminated

with trace amounts of PAEs (Mathur 1974).

taboratory studies have demonstrated that PAEs are of

Jow acute

toxicity to animals, and chronic toxicity studies give no 1Ld1cation

that PAEs are carcinogens (Peakall 1975). However, indicationsiare that

PAEs are teratogenic and mutagenic at low concentrations .representative

of those levels that could potentially be encountered in the terrestrial

environment (Mathur 1974). Reproduction in waterfleas and

fish is

reduced by DEHP exposures in the part per billion and bart per million

range, respectively (Mathur 1974),

One of the reasons that phthalates are used in plastics

is their

resistance to biodegradation (Mathur 1974). The disappearance| of PAEs

from soil has been Jlargely a{tributed to microbial activi
half-life of DBP in nonsterile soil 1is probably less than
(Shea et al. 1982). This 1is comparable to the rapid

' degradation of lower molecular weight phthalate esters, like

ly. The
one week
dnaerobic

08P, in

municipal sewage sludge (Shelfon et al. 1984). However, some PAELs,

1ike DEHP and di-n-octyl phthalate, are more resistant to attack and

biodegradation oy microorganisms (Mathur 1974; Shelton et al!

1984).

Therefore, these latter two compounds must be considered potentially

persistent in the environment.

There is very little plant uptake of DBP from soil. ‘Plant:soil CR

values are approximately 0.001 for young corn shoots growing

on sandy
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soil (Shea et al. 1982). Becaqse of their 1lipophilic nature,
indications are that PAEs can accumulate in animals at lower trophic
levels (Mathur 1974). However, due to rapid metabolism in mammals,

PAL levels are not expected to 1ncreése with trophic level in the food

‘chain (Peakall 1975).

Phthalate esters are found in the Great Lakes where concentrations
in selected tissues of fish in Lake Superior‘ range from 18-20 ppm.
Levels in settleable solids are as high as 75 ppm (dry weight). This

is probably a minimum level because the compounds also occur as polar

conjugates and metabolites that may not be extractable using normal

“analytical techniques (Mayer and Sanders 1973).

Acute and chronic toxicities of PAEs to freshwater aquatic l117e

occur at concentrations as low 2s 940 ‘and 3 ppm, respectively, and

could occur at Jlower concentrations among species that are more

sensitive than those species tested: (bluegill, fathead minnow, and

Daphnia). Acute toxicity to saltwater aquatic 1life occurs at

concentrations as low as 3 ppm and possibly Idwer for more,sensitfve
species’ (USEPA" 1980). Chronic t0x1cjty of PAEs to' one species of
saltwater algae occurred at concentraticns as low as 3.4 ppb
(USEPA 1980). |
Di-2-ethylhexyl phthalate (DEHP)A the most widely used plasticizer
in polyvinyl chloride plastics, 1is known to be tbxic and to reduce
reﬁrcduction by as much as 60% in Daphnia (Mayer and Sanders 1973;
Sanders et al. 1973). Although DﬁHP is accumulated. in fish, the wéter
BCFs of 34—137 for fathead minnow measured in a 56-d study by Mayer
(1976) was only about 1% of that observed for DOT by Metcalf et al.

(1973a). The averagei haif-1ife of DEHP in the fathead minnow was
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12.2 qays as the result of degradation and elimination. Metcalf et al..

(1973a) found that at the end of 48 h the BCF at 10 ppm exposure was
365 in mosquito larvae and 47 in the guppy; at 0.1 ppm the BCF varied
over a 48-h period from 8.5 to 265 in the guppy and from 120 to 858 in
the snéil. At a water concentration of 1.9—2.5.ppb - a level that most
closely approximates concentrations in the Great Lakes as a result of
municipal and industrial dischargés (Glass et al. 1977) - fathead
minnows reached steady state concentration# of 62 ppb after 28 days
(BCF = 28). |

The biodegradétion rate for DEHP was found to be slow in algae,
Daphnia, mosquito larvée; snails, and clgms. but rapidlun fish. Metcalf

et al. (1973a) found metabolites of DEHP in algae, snails, and fish, but

not in mosquito larvae in their laboratory microcosm. DEHP is extremely

insoluble in water (Thomas and Thomas 1984) and partitions strongly into
the 11pfds of plants and animals and is concentrated through aquatic
* food chains (Metcalf et al. 1973a). Thé slow dégradation rates in the
aguatic environment, the teratogenic' properties, the potential for
food-chain bioconcentration, and the ubiquitous use akd distribution
of PAES make these comﬁounds of lonyg-term concern in the aquatic

environment.

2.6.8 Toxic Metals
0f the 101 elements in the periodic table, ai! but .22 are
coinsidered te be metals. Metals are those elements that generally have

1ustér. conduct heat and electricity, are usually malleable, and form

pesitive fons. The nonmetals, are typically either gases or liquids at
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room temperaturé, whereas the metals, with the exception Qf mercury,
.are solids at room temperature.

Many elements are. essential nutrients for botn plants and animals
at low or trace concentrationg. For plants, these include Ca, Co, Cu,
Fe, K, Mg, Mn, Mo, Na, Ni, Se. V, and Zn (Bowen 1979; Shacklette et al.
1978). For animals the same 1list appiies. but also inclu&es As, Cr,
and Sn (Bowen 1979). |

Metals that have toxic effects in plants and animals are often
referred to as 'trdce'-or thavy'tmetals. However, these two terms
cannot bé precisely defined. The term "trace metal" originated in
chemfca] ﬁaboratories to designate those metals cohmbnly found in such
vlow cqncentratfons that they could not be quantitatively determined by
the analytical methods of the day; hence *traﬁe" metals (Shack]ette'
et aﬁ. 1979). "Heavy metals" .is also 'an imprecise term .génerélly~
referring to metals of atomic number 22 (titanium),or greatér. In this
review we will use the term "“toxic metals.":which may include metals
commonly referred to as trace or heavy metals. |

From the vsfandpoint‘ of long-term land contamination, tﬁe toxic
mefafs of greatest concérn include As, Cd, Cr (VI), Cu, Hg, Mn, Ni, Pb,
and 1In. Also of 1mportance'is the nonmetal selenium. These hazardous
chemicals are significantly different from radionuclides and organics in
one jmportant respect. They do not decay away, nor do they degrade in
the environment. Although their gvailabilfty for food-chain transfer
may be éltered by ;hange: %n chemical form (i.e., valence changes) or
through compliexing by other organic compounds, they will persist in the

environment until physically removed. Most of these metals have been
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previously identified as essential in animals and plants. However, at
sufficient concentrations all of the above can be toiic to both plants
and animals. . ‘

‘Table 2.9 gives the toxicity 1evels‘and food-chain properties of
the toxic metals discussed in the following sections. Relative water
solubitity fis presented in terms of the soil/water distribution

coefficient, Kd' wh{ch is given by:

Ky = Concentration per milliliter 4f water (3)
d = Concentration per gram (dry wt.) of seil *

The concentration ratios for plants are as defined in Eq. (V). The

bioconcentration factors for beef, pork, and chicken, are given for the

meat (rather than fat). BCFs for eggs are for the egg's contents

Nl R

excluding the shell. RS
2.6.8.1 Arsenic e
. . l"‘S: A
Arsenic compounds are extremely toxic to plants and animals. The ;??iﬁ
AL,
trivalent forms (arsenites) are far more toxic than pentavalent forms :11251
. o« -y
P
(arsenates (Gough et al. 1979)]. 1in addition to its toxicity, arsenic ;;f;m
’ l"‘-"‘ y

may be a carcinogen (Bowen 1979). Arsenic can be found in (naturally)
high concentrations in some soil; in England, New Zeaiand. and
Switzerland (Bowen 1979),: but iypicalny high concentrations in soils
and sediments are associated with smelting or lead arsenate insecticide
‘applications. Steevens et al. (1972) report that lead arseﬁate
applications to orchards in the United States have rendered some soils

phytotoxic. Kipling (1977) reported that some cows have died after




lable 2.9. Chemical and food -chain properties for 10 toxic metals.

Property As Cd Cr Cu g Mo Nt 4] Se in
Solubility .
Kg. ™M./gd 200 6.% 850 3% 10 65 150 $00 | 300 40
Concentration ratio, dloconcentration factor
Vegetation, (R? 0.04 0.6 0.008 0.4 0.9 03 0.06 0.05 0.03 1.5
Beef, BCFD 0.02 0.006 0.08 0 2.5 ©.004 0.06 0.003 0.1§ 1.0
Pork, BCFE 0.0V 0.08 0.0 1.3 0.5
Chicken, BCFE 0.06 0.0 0.002 0.004 06 0.5
Eggs, BLFE 0.00 0.0% Q.007 1.0 3.3
Fish, BCFd 1.2 0.6 2.3 3.9 2.0 2.0 2.5 3.0
Toxicity® )
Plant, ppm 0.02 0.2 0.5 0.5 1.0 0.5 3.0 1.0 69
Man, mg/d 5.0 3.0 200 250 0.4 1.0 5.0 150
Lethg)fity®
Man, g/d 0. 1.8 3.0 06.1% H
Commentst car, car. car.. car,

ter.
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dgaes et al. (1984). )

boerived from values published in Baes et ai. (1984) us!
€ Ng et al. (1982). .

dFoley et al. (1978) for As; Hildebrand et al. (1
Ni, Pb, and In.

€values represent the lower value.of a range qiven Uy Bowen (1979). Plant toxicities are based on solution

concentrations, not soi! concentrations.
ICar. « carcinogenic, Ter. - teratogenic.

Reference:

Baes, C. F., IIl, R. D. Srarp, A. L. Sioreen, and¢ R,
Assessing Transport of f€nvironmentally Released
National Laboratory, Oak Ridge, Tennessee.

Bowen, H. J. M. 1979, fnvironmental Chemistry of the E!

Foley, R, E., J. R. Spotila, J. P. Glesy, and C. H. Wd
,Chautauqua Lake, New York,® Env. Blo.. Fish, J3:361-

Hildebrand, S. 6., R. H. Strand, and ). W. Huckabee.
the north fork Holston River, Virrinia and Tennesse

Ng, Y. C.., C. S. Colsher, and S. E. Thompson. 19
Ragionucltides in Meat and Fjgs, NUREG/CR-2976,
Caitfornia,

Thompson, S. E., C. A, Burton, D. J. Quinn, and Y. .
tdible Aguatic Organisms, UTRL-50564, Rev. 1, lawre

ng the methodology of Mg et al. (1982).

980) for Mg; Thompson et al. (1972} for Cr, Cu, Mn,

W. Shor. 1984, A Review and Analysis of Parameters' for
Radionyclides through Agricyltyre, ORNL-5786, Oak Ridge

lements, Academic Press, Wew York.

17, 1978. ‘“*Arsenic concentrations in water and fish from
pe7r. ‘

1980. “Rercury accumylation in fish and invertebrates of
#," J. Environ. Qual. 9:393-400.

B2. Transfer Coefficlents for Assescing the Dose from
UCID-19464, Lawrence Livermore Loboratory, Livermore,

Ng. 1972, (Concentration Factors of Chemical Elements in
nce Livermore Laboratory, University of California.
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grazing potato fields that had been sprayed with arsenate 1nsectfc1des.
Typically arsenates applied to soil as 1insecticides remain near the
soil surface (Hess and Blanchar 19717). Plaht uptake of arsénic is very
low (Table 2.9); therefore toxicjty from consumption of foods of plant
origin 1s‘unl1kely. However, high concentratidns'of arsenic have been
'reported in segfood (Underwood 1971).
Gough et al. (1979) report that arsenic toxicity deﬁends on the
- concentration of soluble, not total, arsenic in soil. Average total
5611 concentrations of arsenié are 6 ppm (Bowen 1979), whereas 100 ppm
is considered to be highly contahinated (Hess and Blanchar 1977). Soils
from apple orchards that were unproduct{ve from excessive arsenate
insecticide spraying had 3.4 to 9.5 ppm readily soluble arsenic in the
top 15 cm (National Research Council 1977a).

Consumption of water contaminated By arsenic 1s considered the
most common natural cause of arsenic poisoning in man kGough et al.
1979). Concentrations of arsenic in excess of 50 ppm in drinking water
constitute grounds for rejectibn (U.S. Public Health Sérvice 1962).
However, continued use of drinking water with concéntrations of 0.4 to
10 ppm has been associated with iliness and death (Wyllie 1937), and

IO.B-ppmlconcentrétions have been associated wifh skin lesions (Borgano-

- and Grieber 1971).

2.6.8.2 Cadmium

Cadmium is a relatively rare element found in fairly uniform,
Tow-level concentrations in the earth's crust. Concentrations in rocks

aVerage 0.05 to 0.3 ppm, and scil concentrations average 0.35 to 0.5 ppm
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(Vinogradov 1959; Bowen 1979; Gough et al. 1979). However, ‘cadmium is
found in much higher concentrations in suifide deposits that also
contain copper, lead, and zinc. As a consequence, environmental cadmium
contamination'often occurs near lead and copper mines, refineries, and
smelters. Cadmium is also used in é\ectroplating. batteries, electrical
equipment, manufacturing'of polyvinyl chloride plastics and fertilizers,

and 1in ' automobile engines and tires. It has been estimated that

incineration of scrap steel, electrical equipment and automobile

parts is responsfble for over half of the estimated 2.1 x 106 kg of
cadmium released to the environment in the United States every yeaf
(McCaull 1971).

Cadmium}s toxicological prbperties have been‘recognized since the
1920s when it was used pharmaceutically in the treatment of sypnilis

and malaria (Prodan 1932). It is apparently texic to all body systéms

and functions of mammals (Tipton 1960). This toxicity 1is 1likely’

associated withlcadmihm's ability to replace zinc, and other essential
elements in several sulfur-containing oréanic\radicals. Hahmmals'have
no homeostatic mechanism for elimination of cadmium from the body, so
it tends to aqéﬁmulate in the liver and kidneys without regard for the
amount. already stored. Bowen (]979) reports that 200 to 9006 ppm

cadmium in water is toxic to planté, and 3 to 330 mg/d is toxic to man

(1.5 to 9vg/d 15-1ethal)z Excess body burdens of cadmium have‘been

associated with arterial hypertension (Perry and Schroeder 1955), renal
tubular dysfunction and softening of the bones ["itai-itai" disease
(Fulkerson et al. 1973)], teratogenic effects (Carpentar 1967) and

cancer {Parizek 1957).
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Most reports of acute cadmium toxicity have been in connection
with occupational exposures, but accfdental exposures of the general
public to cadmium-contaminated food and water have occurred. The most
famous Instance of cadmium poisoning from general contamination of the
environment ld_ccurred in the Jintsu River Basin ‘in Japan. As early as
1935 1nh§b1tants of the area reported symptoms of severe pain in the

groin, back, and Joints; the tendency of bones to soften qnd break;

. muscular 'weakness;' and loss of appetite (Fulkerson et al. 1973).

However, it wasn't until 1961 that the '}tai—itai' (ouch;ouch) disease
was linked to cadmium from nearby operations of the Mitsui Mining
Company, which operated zinc, lead, and cadmium mining and smelting
opefations. - Apparently large-scale contaminations of the Jintsu River

occurred beginning 1{in 1924 from several accidental releases of

sludges from the wmining, reofining, and smelting facilities. Cadmium

contamjna:ion of the river led, in turn, to contamination of local

wells and soils used for productior of rice and soybeans.

2.6.8.3 Chromium (V1)

Chromium in trace quantities is an essentiallelement for sugar and’
fat metabolism and for'the action of insulin (Mertz 1969). Chrbhium
deficiency in animals produces symptoms §{mi]ar to those for diabetes.

Deficiencies of chromium have also been assoéiated with heart disease

and nigh blood cholesterol levels. Chromium is found in rocks in the

" trivalent form at concentrations of 4 to 90 ppm and in soils at

concentrations of 70 to 200 ppm (Vinogradov 1959; Bowen 1979). The
metal and trivalent forms of chromium are stable ana relatively

nontoxic; whereas, the hexavalent forms are irritating, corrosive, and
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perhaps as much as 100 times more toxic than the trivalent forms
(waldbott *978; Gough et -1. 1979).

Chromium (VI) is very toxic to plants. Soil concentrations greater
than 5 to 20 ppm have been associated with tloxicity to toba-co, corn,
tomatces, oats, kale, and potatoes .(Gough et al. 1979). It 'is also
fairly toxic to animals. Bowen (1979) reports that 200 mg/d is toxic

to humans, ann 3 ¢g/d is lethal. Chromate concentratiohs between 10 and

100 ppm have damaged lung cells of rats and at 10,000 ppm have stopped

ciliary action and killed lung cells (Mass and Lane 1976).

Chromium 1is a known carcinogen (Sullivan 1969; Laskins et al.
1969). Occupational eibosures (inhalation .of - dusts) in ‘the Chrome
plating industry are often associated with perforation of tﬁe nasal
septum, atrophy of the 1lining of the 1lungs, conjestion, bronchial
inflammation, and ulcers and polyps in the respiratory tract thaﬁ,are

often precursors of iung cancer (Waldbott 1978).

2.6.8.4 (Copper

In trace quantities copper is an essential element in both plants

‘and animals. Over 30 copper metalloenzymes are known (Bowen 1979).

Many of these enzymes function in electron transport during
photosynthesis and respiration, as dioxvgen reducers, as oxygen
carriers, and as cafa]yéts in the oxidation of iron in mammalian blood
(Bowen 1979).

High concentrations of copper in rock and soil are found naturally,
and there are many reports of copper loxicity to plants iu areas of
copper deposits (Gough et al. 1979). Plant species show different .

levels of resistance to copper, and this fact is often used as a
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geobotanical method of prospecting for copper. Usibg satellite fmagery,
areas in Norway have been i{dentified whefe soil concentrations are
as high as 7400 ppm and copper toxicity to‘ veggtation occurs
(Bolviken et al. 1971)ﬂ Copper s also found in high environméntal

concentrations arsund mines, vrefineries,” and smelters (National

Research Council 1977b).

- Copper toxicity to plants is severe. Agricultural usage of copper
is approx1mate1y 50.000,000 kg/y (Bowen 1973). A mixture. of copper
sulfate and lime (Bordeaux) is widely used as a fungicide in vinyards.
Because cbpper is highly toxic tq piant roots, but is ‘negligibly
translocated @0 aboveground plant parts, it is alsé widely used to
clear sé@er 1ine§ and septic tanks of encroaching plant roots.> Coppeﬁ
foxicity has been obsefved in crops grownlon,fieldg previously sprayed
with Bordeaux (a m{xture of copper sulfate, lime, and water) and 400 ppm
total‘copper in the topsoil (Westgate 1952). Bowen (1979).redorts 0.5
to 8 ppm in solut@on is toxic to plantsf

Copper is the mo§t common toxic metal found in aquatic organisms
(Gough et al. 1979). Its toxic concentration is inversely related to
water hardness, principally calcium content. Copper (sulfate) has long
been used as an algicide for municipal drinking water reservoirs. One
part per million of copper in the tob 0.5 m of water is sufficient'to
control algae (Mackenthun and Inyram 1967).

Bowen (1979) reports that 250 mg/d of copper is loxic to man, but
Hill (1977) states that copper toxicosis in humans and most higher
animals is a rare problem. Sheep appear to have a high ;ensitivity to

excess copper. Ingestion of as little as 1.5 g/d is fatal to sheep
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(Case 1974). Most incidents of copper poisoning of livestock are
éssociated with excessive consumption of copper-containing salts, use
of copper-containing drenches, and contamination of feeds with copper.
ExcessiQe levels of copper can build up in the livgr and central
nervous system, and the metabolic 1inability of the body to excrete

copper is the fundamental cause of Wilson's disease (Scheinberg 1969).

2.6.8.5 Mercury

Mercury is widely distributed in nature. it is commonly founa in
rocks at levels of 0.06 to 0.3 ppm and in sofls at levels of 0.01 to
0.06 ppm (vinograaov 1959; Waldbott 1978; Bowen 1979). Some volcanic
rocks containing large quantities of cinnabar (HgS) contain from 1 to
30 ppm mercury (Jonasson and Boyle 1971). Coal contains anywhere from
0.09 to 33 ppm, and it is estimated that 2.7 million kg are released
from coal combustion throughout the world each year (Joensuu 1971),

Mercury has many medical, agricultural, and industrial uses. As
early as 1500 A.D. mercury was used in the treatment of syphilis.
Today some orgenic mercury compounds are used as diuretics and topical
antibiotics. Mercury amalgam; are extensively used as fillings for
teeth. In agriculture, mercury compounds have ~been widely used as

fungicides. Inorganic mercury seed dressings were developed in 1914 in

‘ Germany and quickly came into widespread use throughout the world under

the trade names Ceresan, Argosan, and Upsulun (Novick 1969).‘ After
World War Il 1liquid alkylmercury compounds were introduced for the
treatment of wheat and bar1e§ seeds. Methylmercury seed dressings
marketed under the name of Panogen were extenéive]y used in Sweden.

Methyimercury is. one of the most toxic mercury compounds, and in 1968
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Swedish health officials warned againﬁt consumption more than once a
week of fish from fresh and coastal waters. In findustry mercury
compounds are -employed in prevention of mildew in paint and paper
préducts. Other applications include its use in electrolytic pro&uctidn

of chlorine and caustic soda. Mercury 1s used as a catalyst in the

manufacture of many plastics, including vinyl chloride, and it is also

widely wused in scientific instruments, thermometers, barometers,
switches, gauges; and in mercury lamps.

Mercury compounds include both inorganic and organic forms. The

latter forms contain a carbon atom covalently bonded to the mercury

atom. Inorganic mercury salts are fairly insoluble in water and, thus,
are poorly taken up from soil by plants. However, metal ﬁercury is
very volatile and can contaminate food directly from the air (its vapor
pressure approximately doﬁblos with evefy 10°C increase). Furtherﬁore;
metal mercury aerosols and mercury furngicide compounds are easily
absorbed by plants and translocated to other plant parts. Thus,
mercury-treated leaves of apple trees and potato 'plants can ‘1ead to
contamination of the respective fruits and tubers (Novick 1969). The
important organic forms of mercury are aryl mercury (e.g., phenyl
mercury), alkyl mercury (e.g., methyi mercury) and alkoxyalkyl mercury
(e.q., methoxyethyl mercury). These organ1C‘fofms are many times more
toxic to aquatic and vterrestrial animals tnan the inorgani; forms.
More importantly, inorganic forms of mercury can be transformed into
organic forms through the action of bacteria under anaerobic conditions

(e.g., in sewage sludges and lake sediments).
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Inorganic mercury compounds accumulate 16 the liver, intestinal
lining, and kidneys. 1In the kidneys, mercury damages the tubules that
are important in readsorption of salts and sugars from the urine {hence
its diuretic propefties). Mercury metal(répidly &iffuses through the
alveolar membrane and reaches the brain wﬁere it interferes with meﬁtal
functions and cocrqination, causing characteristic tremofs. Tne aryl

mercury salts when 1introduced into animﬁls break down 1into inorganic

mercury compouhds and behave in the body accordingly. The alkyl

mercury compounds, however,. do not readily break down and become fairly

uniformly distributed throughout the body (Grant 1969). Methyl mercury

readily penetrates the brain membranes and affectc the areas associated

with coordination and visual perception. Severe poisoning can lead to

disintegration of brain cells.

There are several instaﬁces of widespread mercury poisoninas from
environménta] sources.‘ In the early 19605 several 1nstances;of methyl
mercury poisoning occurred'in.l}aq. Gugtemala, and Pakistan (Bakir et
al. 1973). These incidents were all related io the use of mercﬁry

fungicides in treating wheat seeds which were coﬁsumed rather than

.planted. Between 1953 and 1960 2 total of 123 people living in villages

near Minamata Ray in Japan had symptoms of tiredness, irritability,

headaches, numbness of the limbs, difficulty in §wa110w1ng. and vision

problerms. The diseaseé became known as “Minamata disease." Eventually

46 people died. The cause was methyl mercury released from a plastics

manufacturing plant into the Minamata Bay. The local fishermen took'

their daily catch of fish from the bay home to their families. Fish

‘ from the bay had up to 100 ppm 'mercury with an average of 50 ppm
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(Lofroth and Duffy 1969). ,A similar incident was reported iJn 1965
in Niigata on the Japanese disland of Hon Shu. In 1972 the most
catastrophic epidemic of methyl mercury pofisoning qccurred in 1Iraq
(Bakir et al. 1973). In this incident 6530 people were admitted to
hospitals and 459 died. The cause was the use in homemade bread of
seed wheat, which had been imported from Mexico and had Seen treated

with a methy! mercury fungicide.

2.6.8.6 Manganese

Manganese is a widely distributed element found in concentrations
of 400 to 1500 ppm in rock and‘850 to 1000 ppm in soil (Vinogradov 1959;
Bowen 1979). It is an esSential\element fér both plants and animals.
Manganese enzymes function ‘in ‘photosynthesis in plants, and
manganese-activated enzymes in animals are important in cartilage and
bone formation (Bowen 1979). Manganese deficiency. in animals is
associated with retardation of growth, abnormal bone formation, and
ﬂ1sturbances in the reproductivé and central nervous systems
(Waldbott 1978).

Manganese 1s used in fertilizers, sfeel alloys, manufacturing of
dry cell batteries and glass, ue]dfng, and as an additive in gas and
oil. Releases to the environment occur in the vicinity' of steel
manufacturing plants and near manganese mines. Occupational exposures
to manganese dusts and fumes have resuited in pneumonia, nasal
congestion and nose bleeds, severe psychiatric disorders that can
resemble schizophrenia (locura manganica), &nd reurologic disorders
similar to Parkinson's disease (Waldbott 1978; Gough et al. 1979).

Chronic exposures mainly effect the central nervous system and result in
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memory and emotionai disorders. Bowen (1979) reports that 10 to 20 mg/d
of manganeselis toxic to rats.

Manganese occufs 1nlsoils at cqncentrations such that under low pH
conditions it can become mobilized at cqnéentrations_ sufficient to
produce toxicity in plants. Concentrations on the order of 2 to 8 bpm
in the soil solution have been reported as toxiq to potatoes and cotton
(Berger and Gerloff 1947; Foy et af. 1963). Generally, dry weight
concentrations on the order of 400 to 1000 ppm in plant tissue are

associated with toxicity.

2.6.8.7 Nicke) |

Nickel is a ubiquitous metal that constitutes about 0.008% of the
earth's crust (National Research Counc51 1975). Average‘concentrations
.pange from‘e to 12,000 ppm in rock (Vinogradov 1959) and frém 40 to
50 ppm in soil (Vinogradov 1959; Bowen i979). Nickel 1is resistant
to oxidation and corrosion 'and is used in the production of steel

alloys (primarily stainless steel) and white gold, electroplating,

nickel-cadmium batterieé, and electronic components. Releases to the '

environment occur primarily around mines, smelters, fabrication plarts,
'andl incinérators. Nickel :carbonyl. Ni(C0)4, is used in nicke)
plating, nickel refining, and in the petroleum industry. It can also
be produced during incineration of nickel-containing products. Nickel
ca?bonyl is the only organic nickel compo&nd that has been récognized
asla systemic human toxicant (Natiomal Research Council 1975). It 1; a
recognized carcinogen, and if inhaled, it can be extremely toxic or

lethal.
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Although nickel 1is essential for many plants, its toxicity to
plants can occur at relatively low concentratioﬁs. Soil solution’
conceﬁtrations as low as 2 ppm nickel have been reported by a number of
investigators as toxic (Gough et al. 1979). Bowen (1979) reports that
O.S'tq 2 ppm in solution is toxic to plénts. Ory weiyht concentrations
anywhere from 12 to 250 ppm in leaf tissue have been associated with
toxicity in tomato, corn, and tobacco (Sauchelli 1969; Soane and
Saupder.1959). |
Nickel 1s probably essential for animal nutrition, and studies of
nickel deprivation in experimental animals have produced growth and
liver abnormalities (Nationél Research Council 1975). The toxicity of
nickel to animals is re]atively low, but nickel salts can irritate the
mucosal 1ining of the stomach 1f ingested. Also, contact dermatitis
with symptoms of tiny highly itchy nodes or blebs is a common result of
skin contact with nickel (Waldbott f953). Nickel competes with calcium
in nerve and muscle tissue, strongly binds to. reactive proteins, and
generally prolongs action potentials of these tissues. In high doses,
inhalation >f nickel compounds has been associated with cancer of the
sinuses and lungs in nickel refinery and furnace workers in Wales,
Canada, Norway, and Russfa (National Research COuﬁcil 1975).- Ni;kel
has also been found to induce cancer in rats, mice, rabbits, guinea

pigs, and cats (National Research Council 1975).

2.6.8.8 Lead
Lead is by far the most widespread toxic metal contaminant of the
environment. It occurs naturally at average concentrations ranging from

“ay

3 to 24 ppm in rocks and from 8 to 35 ppm in soil (Vinogradev 1959;
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Haley 1969;‘Bowen 1979). At such ;oncentrationS’natural Jead poisoning
of plants and animals 1s extremely rare. However, man has been
responsihle for_ its global distribution. Murozum! et da1. (1969)
showed that global lead contamination significantly increased beginning
with the 1industrial revolution of the nineteenth century and
increased exponentially with the dintroduction of tetraethyl 1lead

additives to gasoline in 1923. World production of lead is estimated

at 3.2 x 109 kg/y (Dyrssen 1972), and until recently lead was added

to petroleum in amounts on the order of 3 x 10B kg/y (Bowen.1979).
Historically, lead has been used for water pipes, cooking vésselé.
in paint pigments, .and in fungicides. These uses have been linked
with the decline of the Roman Empire (Gilfillan 1965) and evenl the
deaths of the impressionist artists Goya and Van Gough (Niederland

1972). Leaded gasoline and paints have bean responsible for significant

contamination of urban areas. Lead can comprise up to 5% (50,000 ppm)

of roadside dusts and concentrations up to 2000 ppm in soils have been

found near houses with fiaking paint (Waldbott 1978).
Lead is fairly immobile in soils and the food chain, and toiicity

to plants has not been observed (Gough et al. 1979). However ingestion

of lead-contaminated soil by livestock or foods and feeds contaminated

by lead dusts and aerosols has led to many instances of lead poisoning
of animals and humans. Occupational exposures among miners, smelter
operators, automobile finishers and mechanics, traffic policehen.
foundry and storage battery workers, and painters have resulted in
numerous instances of chronic lead poisoning or plumbism. Children,

particularly inner city children, have been particularly susceptible to
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plumbism. Their habit of consuming soil, flaking paint, and plaster
("pica") and chewing toothpaste tubes and pencils leads to elevated
blood lead Tleveis often requiring treatment or special care. ' Bowen
(1979) states that 1 mg/d lead is toxic and 10 g/d is lethﬂ to man.
Lead accumulates in bones, teeth, and nervous tissuye where it
replaces calcium. Lead poisoning gives rise to blood dis&rders,.
including ‘anemia, nervous disorders, and kidney and heart problems. In
early stages of p]umbism anemia, headaches, and muscle pains are felt.

Later, kidney disorders, jaundice, and gout can occur. In more advanced

ctages nervous disorders, inciuding drowsiness, loss of balance, -

. lethargy, and epileptic convulsions can occur. - In the most advanced
stcses brain damage and blindness occur. Lead poison'inq of children

ma: result in learning disabilities and mental retardation.

?.5.8.9 Selenium A

Selenium is not a metal, but it occurs as a by-product in the
refining of copper, lead, nickel, gold, and siiver ores, and certain
selenium compounds (e.g., H',_,Se) are extremely poisonous. Selenﬂ)ﬁ: is
widely distributed with concentrations averaging 0.03 to 0.09 ppm in
rock a.nd averaging 0.4 ppm in soil (Waldbott 1978; Bowen 1979).
iigher concentrations of selenium can be found in vo.]cani; sulfur
deposits, carbonaceous sﬂtstqnes, and phosphate rock. Superphosphate
contains roughly 20 ppm selenium (Oelschlager‘and Henke. 1969), and its
application as a fertilizer tends to enrich agricultural soils with
selenium.

Selenium is essential to some plants and all veirtebrates {(Dowen

1979). It s nreressary for the fupction of light receptors in the
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retina, involved in decarboxylation processes, and important in fat
meiaboHsm. Naturally occurring selenium toxicity to plants has not
been obsezjved (National Research Council 1976), but excess soil selenium
(primarily in arid regions of the world) may prevent plants without
tolerance from growing on high selenium soils. Bowen (]9795 reports
that soil solution concentrations of 1 ‘to 2 ppm are toxic to plants.
‘Certain plants grow1'ng in high selenium soils may accumulate the element
to levels toxic to grazing livestock (Gough et al. 1979). Se]enium
poisonirg in the western United States has been widely reported. Gough
et al. (1979) repbrt that chronic selenium poisoning occurs in animals
consuming grasses vontaining 5 to 30 ppm selenium. Bowen (1979) reports
i to 2 mg(d selenfum (IV) 1s toxic to rats, and 5 mg/d selénium is
toxic to man.

Selenium toxicity resemb!es that of arsenic. Under occupational
éxposures to fumes containing selenium, victims. de?elop nasal
congestion, nose bleeds, dizziness, eye irritation, and eventually lung
fibrosis. Under chronic selenosis, symptoms include mental depression,
pallor, jaund1;e. weaknéss. nervousness, qizziness, gastroiﬁtestinal
disorders, dental caries, and excessive perspiration with a garlic-lik-
odor (Waldbott 1978). Eventually selenium toxicity adverse]y affects

"~ the kidneys, liver, and spleen.

2.6.8.10 Zinc

Zinc occurs in nature in trace guantities, usually in the sulfide
form (ZnS) associated with 1lead and iron. Average concentrations in
rock ranqe from 20 to 500 pom and in soil from 50 to 90 cpm (Vinogradov

1959; Bower 1979). 1t is an essential trace element in both plants and
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animals and functions in the synthesis of nucleic acids and proteins.
It is essential for growth and cell reproduction and plays a part in
the development of skin and skeleton. [Its uses include, primarily,
die-casting'alﬁoys and the galvanization of iron and steel, but also,
corrosion protection, plating, {paini pigments, wood preservatives,
algicides, fire retardants, dyes and glazes, antiseptics -and
astringents, electroplating, deodorants, and rat poisons (National
Research Counéil 1979). As an environmental pollutant itA is often
encountered in association with other qetals, including copper, iron,
cadmium, and lead near meta) mining.l refining, and fabrication
industries.

Natural zinc toxicity to plants hagl been observed, but often
effects of other metals in. association with zinc are difficult to
'distinguish (Gough et al. 1979). Most often zinc toxicity to plants
occurs in acid soils or contaminated areas near mine spoil areas,
indhstriaf areas, and waste disﬁosal sites (National Research Council
1979). ‘Bern (1979) reports 60 to 400>ppm in soil solution is toxic
"to plants. Dry weight 'p\ént tissue concentrations of zinc in excess
of 300 ppm afe often associated with toxicity (National Research
Council 1975). | ' |

There are no rétorded instances of zinc toxici}y to animals under
natural conditions (Gough et al. 197S). Zinc compounds are relatively
non-toxic to animals, especially mammals. However{ Bowen (1979)
reports that 150 to 600 mg/d of zinc in the diet is toxic to man.

Under occupational exposures ‘inhalation of zinc p%oduces a

malarigd-like illness that causes chills, high fever, depression, nausea,
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vomiting, and head and muscie aches. More serious pulmonary disease

occurs with massive inhatlation of zinc chioride by welders and military

personnel .using zinc smoke screen compounds. It is reported that the'

particle sjze of the zinc oxide and zinc chloride inhaled is responsible
for the type and degree of respiratory symptoms (U.S. Department of
.Health, Education, and Welfare 1968). Excessive fingestion of' zinc
(e.g., in acid drihks from galvanized containers) produces 1ntést}nal

disorders, including vomiting, diarrhea, and bowel disorders " (Brown

et al. 1964).
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3. ALTERNATIVE REMEDIAL ACTIONS FOR THE CLEANUP AND

RECLAMATIGN OF CONTAMINATED AREAS

3.1 TERRESTRIAL'SYSTEMS

Cleanup of hazardous contaminants on land may involve dispersal,
removal and storuige, stabilization, or treatment. Dispersal of fhe
contaminant (e.g.,.flushing > soluble contaminant from soi) with lafge
quantities of water) may alleviate a local contamination problem, but if
the contaminant is persistent in the environment, then dispersal merely

exacerbates a regional or globa)l problem. Removal of "the contaminant,

" usually by containment in barrels and storage in land fil]s,_may simply .

shift the' problem from one geographic location and time frame to
another. In both dispersal and removal/storage the hazardous chemicals

are made less of an immediate threat to health and environmental

ceffects, but additional management techniques may eventually be

necessary. Stabilization is a more permanent method for ultimately
handling hazardous materials. Stabilization involves engineering
methods to physically alter the hydro}ody of the contaminated area to

isolate the contaminant or to control its dispersal through resuspension

by wind and movement by water, thereby preventing subsequent transport

into the biosphere. Treatment, howevek, is the most environmeﬁtal]y
"friendly* approach to management of hazardous chemicals. Treaiment
involves biological, chemical, and physical approaches to detoxify .r
destroy the hazardous chemicals. The. following sections detail the

above options for cleanup and decontaminaiion of contaminated land.
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3.1.1 Cleanup by Dispersal
Moein (31978) reports that in the southeast United States (Region

Iv) almost 98% of reported spills of hazardous chemicals dinvolve

* transportation accidents and the largest number and volume of spilled

chemicals are water-soluble substances such as acids, bases, and salts.
Many of these shbstances. at the high concentrations usually associated
with a spill, can. pose immediate health risks and environmental

hazards. Often the response taken is dispersal of the chemical using

~water Jets or firehoses to dilute and remove it from the contaminated

area. Spills that contaminate streams or sewers often only require the

-application of a neutralizing agent to the water because dilution and

dispersal are a consequence of downstream transport. 5Spills on land

" can be dispersed by flooding the area with the proper flushing agent

(usually water) and monitoring seepage' subsequent to the flushing
through the use of shallow wells. Hrigﬁt and Caretsky (1981) maintain
that flushing of contaminated sofl is practical only when the depth of
contaminatidn is shallow and the area contaminated is small. The major
advantages to dispersal of o hazdrdous substance are that it is cheap
and easily ‘implemented. .The major disadvantage is that the substance
is spread over a larger area (Unterberg.et al. 198)) and possibly

transported 1o an aquatic environment.

3.1.2 Lleanup by Removal and Storaqge
el
the most common method of handling haszardous waste  and
ontaminated soil,  veqetation, and  struclures s placement of the

matertal in arums ard transportation to 2 Jdump site for long term or

. - e
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permanent storage (Tucker and Carson 1985). 1In 1979 the EPA estimated
that as much as 52 billfon kilograms of hazardous waste ére generated
in the Unfted States each year (EPA 1979). Approximately 80X of this

materiaj; is disposed of in nonsecure ponds, lagoons, and landfills.

. Many of these dump sites are now continuing sources of pollution of

groundwater, surface water, ajf. ana food and pose a potential for
direct poisoning of han and livestock because of poof Judgment in site
location, {improper design and operational practice, or failure to
monitor during operation or after closure (Kfang and Metry 1982).
Examples of improper storage,apd dumping of hazardous substances abound
(e.q., Love Canal, Kentucky's "Valley of the Drums,® the Lowell,
Massachusetts dump site, znd Stringfellew acid pits near Riverside,
California). It s be&ond the ;cope of this review to adeqgiately

address the problems associated with illegal or improper disposal of

hazardous material;. However, we will address proper disposal as an

cption for cleanup oi contaminated land.

Landfills operate on ‘iwo .principles: (1) Util{zation of the
absorptive capacity of 56115 to fsolate waste and (2) storage of wastes
to fs0late them from dfrect contact with man {Powers 1976). Federal and
state requlations govern the design and operation of secured landfills.
Aithough specifics cannot be dgtdiled in this report, each properiy

si?ed landt111 should have the following characteristics (Powers 1976):

* located in areas ot low population density, low alternative land use
value, and low groundwatler contamination potential,
* away from flood plains, natural depressions, and excessive slopes,

* protected from gnauthorised intrusion,
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* Jocated in soils with high clay content for reduced permeability and
high absorptive capacity, .

* near transportation routes,

* near the source of the hazardous material,

* far from water supplies,

* 1in areas with low rainfall and high evapotranspiration rates, and

* Jocated well above the groundwater table.

-Liners, caps, and encapsulation of the hazardous materials may be

necessary, depending on regulations or characteristics of the site.
S'eei drums (55-gallon), alone, wt.hA plaétic~ liners, or with
polyurethane foam coating are most commonly used to oncapsulate
hazardods substances prior to storage in secured landfills (Powers

1976); however, encapsulation in concrete, molten asphalt, or plastics

is also practiced.

Because of the numerous problems of environmen;él contamination

from landfiils, lagoons, and dumps, and the often unpredictable behavior

of hazardous substgnces in the Yandfill environment, it appears prudent

to use the storage option as: a temporary solution to cleanup 'and .

reclamation of contaminated land areas. The practice has ‘caused"
numerous environmental problems that are ameliorated only with-a great
deal of difficulty. Furthermore.' dumping hazardous chemfcals‘ into
landfills or waste sites is increasingly seen as an ineffective and
-expensive option when costs are examined over the long term (Piasecki
1984) . A better alternative .is to destrov, detoxify, ar recycle

L4
hazardous chemicals and remove tnem permarcntly frew the biosphere.
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3.1.3 Decontamination through Stabilization

Stabilization in situ of hazardous chemicals on land is a viable
method of preventing transport Lo subsurface areas and groundwater. It
may be the only practical alternative when the contaminated land areas
'ane large, and alternative methods of c¢leanup or deconiaminétion are too
costly. Such stébilization méthods fnvoive the control of wind and
water, which are the primary mechanisms of contaminant dispersal.
Control of dispersal may 1include surface water 'runoff control,
impermeable barriers, and capping or surface sealing (Wright and
‘Caretsny 1980).

Contfo].of'surface water runoff may include dfa1nage or diversion
channe)s, canals, cuﬁverts; and dikeﬁ; §tabiliiation with 'vegetation
or fine-jrained s2i1 cover; impermeable caps; and subsurface drains.
Surface water diversion may require construction of channels or canals

_to divert runoff water around ihe contaminated area. The Russian§
~apparently .employed this stabilization methed to a large area of 25 to
1000'km2 (exact area not known) in the eastern Ural Mountains after
the aréa was heavily contaminated with fission product radionuclides in
- tne ninter of 1957-1958" (Trabalka et. al. 1980). After 1958.-two,new
reservoirs and a network of canals and dams were constructed to divert
water from the Techna River around two contaminated‘ lakes, divert
drainage water away froh the contaminated landi.area. and preyent
- sediment from the contaminated lakes from entering the Techna River. |
Stabilization with surface sofil and veqgetative cover will not

prevent surface water runof f, but will reduce erosion and resuspension

of dusts. Wright and Caretsky (1980) maintain that a slope of 2 to 5%
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will ensure that 1incident precipitation will runoff to drainage
facilities with minimal surface erosion. Application of impermeable
clay, cement, or asphalt caps will prevent infiltration by surface
water. Any laﬁd “areas staﬁilized "via this approach would require
aqéquate drainage because the finished surface is iﬁpenetrable and
undercutting of soil at the edges by precipitation could threaten the
integrity of the cover’ (Smith and Lambert 1978). Subsurface drains
(e.g., perforated pipes) will intercept infiltrating precipitation
and divert ffow to a collection pond. Such drains should be located
- above the contamination zone, but be]ow the land surface (Wright anrd

Caretsky 1980).

3.1.4 Decontamination by Biodegradation

Biological. decontamination of hazardous chemicals is not a new

technology. Composting, a form of aerobic digestion, has been practiced:

for centuries. Today many municipal waste treatment planfs commonly

use a variety of biological decomposition processes for water and

sludge treatment, “including activated sludge.' trickling filters, .

aerated lagoons, waste stabilizatioh ponds, anaerobic digestors, and

composting. However, recent developments in biological decontamination '

methods include the genetic engineering of new strains of microorganisms
capable of rapidly degrading speéifac organic compounds.

The biolog1cal treatment of hazardous chemicals consists of
inoculating soil or other media with microorganisms capable of
metabolizing the contaminant into less hazardous products. This

process is limited to organic compounds, although inorganic compounds
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may be converted to less toxic forms (E.g.. valence change) or made
less available through their incorporation intuv the cell walls of the
microbes (Kiang and Metry 1982). Often, microorganisms capable of
performihg the decontamination process are already present in the soi’,
water, or waste product. The process of biological Qecontamination,
then, involves optimization of the microbe's environment to enhance
-degradation'rates. This optimization may include controls on oxygen
levels, addition of nutrients, and control of the mjcrobial bopulaiions’
(Kiang and Metry 1982). ‘ ,

Biological de;ontamination of hazardous chemicals may _ be
accomplished under either aerobic or anaerobic conditions. Generall&,
aerobic decontamination proceeds faster than anaerobic decontamination,
and . results 1in Jlarger quantities of microbes and migroﬁia1 waste

products. Oxygen is essential for the decomposition of long-chain

~ and aromatic hydrocarbons (Kiang and Metry 1982). -Under anaerobic

conditions only relatively 'simple organics, 1nélud1ng carbohydrates,
profeins, alcohols, and acids, can be decomposed.

The micrqorganisms‘ decompose orgapfcs through the process of
dissimilation or catabolism. Dissimilation 1is an exothermic (energy
producing) process that finvolves oxidation and hy“rolysis. Under
complete dissimilation, .the- end products are carbon dioxide and
water; under incomplete dissimilation, the end products are lower
molecular weight organics, alcohols, a!dehers. and. acids. fhe energy
requirements for b1plog1c$l decomposition of hazardous organic compoun&s
are modest. This is due to the fact that the carbon in the‘compounds

to be decomposed is the main source of energy for the microbes. Other
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essentials include water, nitrogen, phosphorus, sulfur, potassium,
caléium, magnesium, and essential micronutrients. . Often these
essentials are prasent in the sofl or Qaste ftself.

Many of the techniques to enhance the naturél ability of the soil

to degrade organics are derived from experience with composting. These

. ‘techniques 1hvolve the addition of ecsential nuirients and maintenance

of the proper carbon—nﬂtrogeh-phosphorus r;tio, pH and moisture control,
maintenance -of mixed, acclimated microbia) populations, and aeration of
the soil, Nutfients may be readily added ihrough addition of municipal
waste sludges, manure, and wood chips. ' If pH levels are kept
neutral—to—alkaiine. then toxic metals present in ‘the waste or
contaminatidn are likely to be present as oxide, hydroxide, or carbonate
precipitates (Kiang and Metry 1982). In solution, excess duantities‘of

toxic metals can inhibit microbial metabolism fates. but dnder proper

-compdsting conditions metal finhibition of microorganisms has not been

observed (Kiang and Metry 1982). Mixed, acclimated microorganism
cultures are more resistant to toxic metals.and more rapidly ¢egrad€
6rgan1cs compared with pure, unacclimated culturés. Thus, inoculation
of wastes or soils with microbial pobuYations from previously
contaminated'areas can speed Qp degradation rates. It is important to
maintain aerobic conditions, and, therefore, mixing of the soil through
‘plowing or disking is essential. Also addition of crushed lime or wood
chips can provide additional porosity to the soil. Moisture controi is
also important. Excess moisture restricts aeration, but too little
moisture can restrict microbial enzyme activity. Studjes on municipal

composting have established a moisture content of between 63 to 79% as
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optimum (Kiang and Metry 1982). Higher moist

fure contents can be

accommodated by adding porous media such as straw, wood chips, manure,

or crushed 1imestone.

3.1.5 Decontamination by Physical and Chemical Pn
The decontamination of contaminated lands by

processes involves treatments to detoxify, deact

ocesses
physical and chemical

ivate, or destroy the

contaminant. Such processes might include photodegradation, oxidation,

hydrolysis, and incineration.

3.1.5.1 Photodegradation
Photolysis or photodegr.dation fis the prog

bonds are broken by light energy. In the phot

ess whereby chemical

plysis reaction 1light

energy intercepted by the compound raises electrons to é higher energy

state, and the compound may 'then undergo a che¢
effectiveness of 1ight in degrading organic comp
the compound strﬁcture, 1ight wavelength and ener
which the photolysas reaction occurs. Accordin
(1982) the effectiveness of photolysis is dependd
()

elect-on transitions in the target molecule,

the radfation source must be sufficiently
(2)
absorbed by the‘target. anq (3) the breakdown
toxic than the parent molecule. ‘

Dioxin 1is readily destroyed by sunlight und

(Kriebel 1981). When 2,3,7,8-TCOD s suspended

organic solvent it is broken down by sunlight w

1ittle as an hour {(Crosby and Wong 1977). How

solvent is not present, photoulysis is dramaticaily

pmical reaction. The:
ounds is dependent on
gy, and the medium in
g to Kiang and Mefry
nt on three criteria:
energetic to produce

the radiation must be

products must bte less

er special conditions
in a thin film of an
th a half-life of as
if the organic

ever,

slowed or stoupped.
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3.1.5.2 Chemical treatment -

Chemical treatments to hazardous wastes and soils contaminated by
hazardous wastes are designed to physically or chemically transform
hazardous materials into less hazardous forms, - Such transformations
involve oxidation, reductfon. dech}orination (hydrogenation), or
degradation of the hazardous components of tﬁé waste or soil. The

techniqdes employed can range from'simpiy neutra]izing strong acids and

bases to complex thermal, electrochemtcal, o} microwave techniques. -

The simpier processes, such as acid or base neutralfization, are reau{1y
performed in the field as remediai action. The more complex processes
are of .limited use ig situ for reclamation of contaminated lands.

These proce%ses;wouid Fequire construction of special facilities on or
near the contaminated site. Such specially constructed facilities
would result in high cleanup costs in the near term. However,
treatﬁent offers the advantages of (1) permanently }emoving the
contaminant from the biospherg' and (2) eliminating remed1a1 action

costs in the long term should short-term 'fixes ‘fail to contain or

" isolate the hazafdous materials from the environment. Furthermore,

some toéts may be recovered if fhe tréatment products can be recycled
or soid. ‘ |

A1l of the following chemical treatments are primarily targeted at
organic materials, but also 1nc1u69r methods ts alter highly toxic
chromium VI fo less toxic chromium IIL1. The various methods include

the following (Tucker and Carson 1985):

1. neutralizzticn (adding acids to bases and vice versa),
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2. oxidation, 1including, wet oxidation, - ozonation, molten salt
combustion, microwave plasma oxidation, and electrochemical
oxidation,

3. reduction, including treatment. with formaldehyde and cétalytic
reduction with metal powder, |

4, dechlorination via catalytic hydrogenation and other techniques, and

5. hydrolysis.

A waste is considered corrosive if ft has a pH less than 2 or
greater‘ than 12 (Tucker and Carson 1985). Spills involving strong
acids [e.qg., hydrochloric (HC1), sulfuric (H,50,), nitric (HNO,),
phosphoric (H3P04), and hydrofluoric (HF)J or béses [e.g., ammonia
(NHB)' sodiﬁm hydroxide (NaOH), and potassium hydroxide (KOH)] are
almost always ameliorated in situ via the application of an appropriate
neutralizing ageﬁt to achieve . a near neutral pH. Compounds most
extensively used on acids include sodium hydroxide, 1lime (Ca0),
periclase (Mg0), and magnesite (MgCO3). , Hydrochloric and sulfuric
acids are most often used on strong bases.

wep oxid;tion processes ‘are used to déstroy or degrade hazardous
chemicals in solid‘waéies and in waste water streams. In wet oxidation,
compounds.are destroyed in aqueous solution under high temperatures (175
to 345°C) and pressures (bethen 2.0 x ?06 and 2.0 x 107 Pa) with or
w%thout thé aid of a catalyst (Tucker and Carson 1985). Often air or
oxygen is bubbled through the solution. The Cu2+‘ion is an effective

vcata]yst for destruction of a variety of organic compounds. Oxidation

products include carbon dioxide, alcchols, ketones, carboxylic acids,
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chloride, an& sulfates. The alcohols, ketones, and carboxylic acids
are easily biodegfaded. The chlorines and sulfates are derived from
chlorinated'hydrocakbons and sulfur compounds, respectively, and can be
recovered for future economic use. .

Ozone is a sfrong oxidart that can destroy carbon-carbon bonds and
aromatic rings. At sufficient quantities it cén oxidize any organic
hydrocarbon to ' carbon dioxide and water. Its wuses {include the
electrop}ating industry for destroyihg copper, nickel, and zinc
tyanides; sewage' treatment énd rendering plants for, destruction of
phenols and odors, and the paint and plgstics 1ndustr1e§ for reduc1n§
odors (Tucker and Carson 1985). Ozonation has also been used to
oxidize organic lead compounds ﬁn waste Wateré into their 1nsolub1§
oxide forms prior to filtration and removal. ‘Ozone is particularly
useful in destroying'é,3.7.8—TCDD (dicexin) with a reported ef€iciency
pf 97% (Tucker and c§rson 1985). UItréviolet 1ight rad1ation increases
the reactivity of ozone and can improve its oxidation efficiency.

. Molten sq]t combustion invoives oxidation of the hazardous compound
below the surface yof a salt such as sodium carbqnate' (Nazcos) or
sodiuﬁ sulfate .(Na2504) at temperatufesv between ‘806 and 1000°C.
The hazardous organic chemicals aid air are fed 1nt§ a chambér bg]ou the
Surface of the melt, and the heat produced during uxidation is usually
sufficient t6 maintain the molten state of the melt. The primary
oxidation products formed are czrbon dioxfde and water; Hydrochloric
acid and su]fur dioxide are alsp oxidation products thgt forﬁ during
¢xidation of <chlorine- and su]fur—containing compounds. These two

products, however, react with the sodium carbonate and are trapped in
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the molten salt. Tucker and Carson (1985) report that greater than
99.9% destruction efficiencies have been achieved with molten salt
processes for DOT, Malathion, chlordane, and mustard gas. |

Under acidic conditions fcrmaldehyde will reduce chromium VI to
chromium III. YUnder basic conditions it will convert free gyapide to
substituted acetates. Thus, formaldehyde is used extensively 15 the
fannefy and electroplating jindustries. However, formd]dehyde use is of
potential concern because of its reported carcinogenic properties.
Therefore, other reducing ageats, including sulfur dioxide ah& sodium
hydroxide. are commonly used to reduce ‘chromium Vvl to (“romium TII.
Metal péwders of aluminum, iron, and zinc can also be used to reduce
organic. compounds, 1including PCRs, chlordane, Kepone, ‘atrazine, and
N—nitrosodihethylamine (Tucker and Carson 1945).

‘Polychiorinated hydrocarbons may be made less toxic by replacing
.chlorine atoms with hydrogen atoms. This hydrogenatioh process can be.
achieved with certain metal catalysts‘at high temperatures ard pressures
and s effective for. treatment of PCBs and DOT (Tucker and Carson
1985). A mixture of molten scdium metal and polyethylene glycol in the
presence of ‘air or oxygen' will dechlorinate PCBs, DODT, Kepone, and
pentachlorophenol. l o

Microwave radiétion of oxygen results in a p1asma that can degrade
a varijety of substances. The plasma consists of free electrons that
disassociate molecular oxygen (02) into atomic o?ygen. ions, and
neutral species. The atomic oxygen reacts vigorously witn organic
cofipounus breaking carboh—'eron bonds Efficiencies of destruction of

greater than 99% have been reported for microwave plasma treatment of
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irochlor 1242 and 1254, phenylmercuric acetate, and Kepone
Carson 1985). Reaction products include carbon dioxide,
1dg. water, and chlorides and sulfates. j
hydr&lysis has been used to degrade a large numbcr of
te and carbamate pesticides. Tucker and Caison (1985)
ess of this process for Malathion, parathion, methyl

DOVP, and carbaryl. A 0.5 N sodium hydroxide solution

containin, 0.05% laundry detergent wi]l hydrolize captan, an imide used

as a fungici

3.1.5.% Inc
Powers.

uses combust

dioxide, we

de for seed corn.

tneration
(1976) defines incineration as "a controlled process that

fon to convert a waste to a less bulky, less toxic, or less

‘noxious matarial.® The principal products of incineration are carbon

ter vapor, and ash; minor effluents 1{include sulfur-,

rnitrogen-, 3and nelogen-containing products that may be of signifilant

environme:.tafi

hazardous b

scrubbers, a

cuncerr.  0*ten sécondary treitment of these potentially
y-producis 1s accomplished th.ough use of afterburners,

nd filters. Solid (ash) and liquid by-products of secondary

treatments aften constitute a hazardous waste, which must be properly

treated or

incinerators:

stored. Ottinger et al. (1973) 1li.t ten types of

* oapen pit |incinerators, which are used fer trush, tars  and sludges
npen _pit incins !

and provi

and fasse

de little control over atmospheric emissions of particulates
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open incineration, which uses no enclosures to contain the combustion
process, is used primarily for waste material on open land and
Gestruction of explosives, often results in incomplete combustion of
waste materials. and results in uncontrolled emissions of gasses and

particulates;

multiple chamber inc¢inerators, which provide primary combustionvof

wastes and secondary combustion of gasses;

myltiple hearth incinerators (4erreshoff (urnaces), which are
commoﬁly used for sewage, sludges, 1tars, solids, gasses, and
combu:tible Tiquids, provide for complete destruction of the waste,
and produce 1nerl,‘sterile ash;

rotary kiln incinerators, which are used for solids, liquids, and
gasses and provide for high efficiency destruction of wastes because
of the mixing proQided by the royation of the cylindrical combustion

chamber;

, fluidized bed incinerators, which use forced air Lo agitate 4 heated

sand bed, providing for complete combustion of wastes and minimal

production of nitrous and sulfur dioxides;

Tigquid combystors, which atomize liguids, heat them, and combust the
wastes in ya,eous form;

(dtatytic combustors, which are used to desiroy low concentration
comeust ble matertals in the gaseous state (see section 3.1.5.2);

1 comrhustors (or direct flame thermal incinerators), which are
rlveed to afspose of low concentration combustible gaseous waste;
and |

e comhystors,  which  have  been  gtilized  extensively in the
rtrolegm g0d ‘(H’!rr)( hemicg ] Ii"iu'.ir\.;-. to ’>Iur'1 ot £ combustible qasses
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‘Incineration is capable of destroying a veEy large variety of
organic compounds and degradisg some inorganic chemicals (Gttinger
et al. 1973). However, often secondary treatment techniques will be
necessary when the material contains inorganic salts, halogen compounds,
.sulfur compounds, and nitrogeﬁ cohpounds (Powers 1976). Also; solid
and liquid ‘acineration by -products will require additionar handling
and storaqe. However, recycling of combustion by-products and waste
heat offers the potential for some economic recovery of initial
investment and operational costs.

The end product gases, liquids, and solids of incineration are a
function of the material combusted and the Yncineration temperatures.
If the hydfocarbons combysted cqntain halogens, then\hydrofluorfc acid
(HF), hydrochloric (HC1), and chlorine gasses .may be produced.
Also, incomplete destruction of complex organic molecules .through
insufficient temperatures or incomplicte oxidation may lead to
production of - by-products that are mor:» toxic than the original

material, Furthermore, there {s a potent.ol for toxic compounds to

forh during incineration of highly compiex wastes. In Denmark it has-

been estimated that municipal incinerators are the major §ource of

dioxins ‘and furans entering the Danish environment (Conneft 198%).

3.2 GROUNDWATERS AND SURFACE WATERS
~Conlaminants cd4n enter both surface water and qroundwate? from

1 vartety of  sources. Surface water can receive input trom

domestic/muntcipal treatment systems; ir‘ustrial discharges; airborne

contaminants; erosﬁbn of pesticides, herbicides, and both natural and

- - -
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chemical fertilizers from agricultural land; and erosion of mineral

resources such as coal and toxicant-bearing end products such as flyash

(Pye and Patrick 1983).

3.2.1 Factors Influencing Contaminant Dispersion

The extent of transport and dispersion of contaminants in surface

waters depends, in part, on the flow in the rvce1v1nngatgr body. The

precipitation and amount of contamﬂnant-bearing. runoff entering the
surface water system and the'}echarge of groundwater from surface water
or from groundwater also 1{influence the 'availabilify of wvarious
contaminants. In uEban areas, stormwater drainage may mobilize a
variety of organic compounds such as polycyclic aromatic hydrocarbons
(PAHs) and depésit them in surface waters. If recharge from surface
waters occurs, contaminants in surface water may infiltrate groundwaier
aquifers, Unconfihed aquifers are the mast susceptip!e to cohtaminatton
because they are not overlain by jmpermeable matenia! and are fecharged
by material seeping through the s0il. Confined aquifers, however, may

become contaminated when they are tdapped for use, when contaminating

‘ activities are sited in their recharge areas, or when water ‘leaks into

the aquifer from a shallower unconfined aquifer or a deeper saline
aquifer (Pye and Patrick 1983).

Schwérzenbach et al. (1983) fc.nd that ‘a Switgerlanu surface water
recharqge of qroundwdter wds a major ééurce of 1roundwater polluticn.
These autﬁors found that volatile organic compou~ds  such ~as

hexachlorobenzene, chloroform, 1,1,1 -trichloroethane, trichloroey™ slene,

:
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and tetrachloroethylen: passed through the soil and entered groundwater

unchanged. Other compounds (C‘~C -benzenes, naphthalene, methy!-

4
naphthalenes, and 1-4-dichlorobenzene) were biotransformed during
“infiltration and reached groundwater at levels below detection limits.
Page (1981) found that Lhe patterns of contamination were very similar
in groundwater and surTacé-waters in New Jersey. Gfoundwater was found

to be at least as contaminated with toxic and carcinogenic substances

as were surface waters.

3.2.2 Factors Influencing Contaminant Availability

The proximity of chémical use and disposal to surface and
groundwatersl and the introduction onto and movement of chemicals
through the soil medium determines the availability of these chemicals
fof uptake and dispersion through water. The flow and volume of
surface waters determine the hydraulic residence time and greatly
influence the concentration of éhemical contaminants introduced either
from the land surface or directly into surface water by accidental
spills or retleases, Altenuation of contaminants ‘flowing in the
unsaturated zone {5 generally gqreater than below the water table
because there is more potential frr aercbic degradation, adsorplYon[
complexing, and iJon exchange of orqganics and i{norganics. The
availability of contaminants in both surface water and groundwaters in
bound and free forms determines the potential for land contamination

from various land and water use practices.
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3.2.2.1 Physical and chemical factors
After contaminants have reached groundwater, many physical and
chemical processes may operate to reduce their concentration in the

water. These processes include (Page 1981):

* dilution,

* buffering of pH, '

* precipitation by reaction of water with indigenous wastes or s&lids.
* precipitation due to hydrolysis,

* removal due to oxidation or redﬁction.

* mechanical filtration,

* wvolatilization and foss as a'gas.

. *J'
. e
lod biqlogical assimitation or degradation, o
~
* membrane filtration, and -
‘ &Y
* sorption. Y
g

-

- -

The rate of purification of groundwater is influenced, however, by the

rates of movement of both groundwater and the introduced contamin;nt.

s
PP

> T

which determine the amount of mixing and the extent of contart of the

.
RAPS
%

..
Ay

contaminant with geological material. ' Sorption of contaminants to

| . o

both geologic and. organic material affect the movement of contaminants =
BN

. : ' ~

and thus their rate of dispersion and potential effects (McCarty g;;
et al. 198%). f.;;;j
A : %@!
- 3.2.2.2 Biological factors >
Natural biodeqradation of trace organics in ¢roundwater may occur ;;E
rapidly; however, if sufficient organic materfal is not available to 'gﬂ
support microorganismz. the time necessery for biotransformation may ?::
. N

>
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range from a few days to a few years. (Mackay et al. 1985). While
biotransformation in groundwater may occur, there is no assurance that
the compounds hqve been converted to harmless or even less hazardous
compounds. Biotransformation of such compounds as PCE, TCE, and TCA
can risult in the formation of such intermediates as viny) ch]bfides.
.whicih cannot be further transformed under pfevailing conditions (Maékay

et al. 1985).

3.2.3 Remedial Measures

Various remedial measures have been or are being developed to
remove hazardous chemicals from surface water and groundwaters. These

include containment, removal, treatment, and in-situ rehabilitation.’

3.2.3.1 Surface waters

While both surface waters and groundwaters may remain contaminated
for long periods of time following the introduction of toxic metals or
toxic organic compounds, surface wateirs are more amenable to reclamation
or detoxification because, in part, the lociiion of the introduced
material is more accessible for sampling, the direction of finw of the
surface water 1s.known. and the rate of downstream movement and flow
rates are known.‘ Tox'ic contamihatedlsediments. where localized, may be

dredged from surface waters and deposited in approved land disposal

sites (Henningson and Thomas 1981). This process. is complicated by the

toxic nature of many compounds and tihe danger of resusnension and

downstiream transpori. Alternatives to this are in-place destruction or - -

in-place fixation. In-place destruction cou'd potentially involve use

of ultraviolet radiation/ozonalysis; biodegradation, chemical oxiation,
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gamma radiation, and electron beam radiation; however, most of these
methods are in the develobmental stage and are not currently suitable
for field application (Dawson 1981). 1In-place fixation has been used
in the marine environment where silicate-based agents were mixed with
bottom sediments to create a cement-1ike substance; however, information
is not yet available on the long-term stability or subsequent releasés
from these fixed sediments (Dawson 1981). 4
Floating contaminents may be removed from surface waters by
containing and removing them, destruction by biodegradation or
combustion, or by dispersal throughout thevwater column (Dawson 1981).
The method employed would depend upon the nature of the chemical and
which method would have the least environmental effect. Compounds
suspended throughout the water column may be reémoved by filtration or
by the addition of material that will sorb the chemical and then be

removed from the water body. In the case of the Kepone - contamination

¢f the James River, the proposed clean-up alternatives varied from

stabilizing sediments with molten sulfur, to drgdging. io using
retrievable sorbents. The huge estimated cost, in excess of $3 billion,.
coupled with the fact that almost any mitigation measures taken would
have severe biological impacts on the river, resulted in the decision
to let nature take its course (Huggett and Bender 1980). As long as
the substrate remains fairly stable and is not resuspended by extreme
flows or Ey dredging, contaminants such as PCBs, Kepone, DDT, mercury,
and djoxins become continually seguestered in the sediment and can

decrease in their effect and potential for dispersion over time.
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3.2.3.2 Groundwaters

Before contaminated aquifers can be restored, the contaminants
present, the source(s}) of coﬁtamination, and the Eate and extent of
movement of contaminants withjn‘the aﬁqifer must - be identified. The
investigation of ‘groundwater contamination 1is complex and ungertain
because the hydrogeologic environment is not easily observed ang'varies
both spatially and temporallx. The rate, directioﬁ, and pathways of
contaminant movement in groundwater cannot be described or predicted
with absolute confidence. 1In addition, there is uncertainty about
which contaminants are present, where they are moving, how.fgst they
are moving, and their concentration as they ‘move (U.S. OTA 1984)
(see also Secticn 3.2.2).

Information to help minimize the uncertainties assoéiat;d:witﬁ the
movement and presepce of contaminants 1§ obtained from sampiing wells.
In general, the greater the number of samplfng points, the less
uncertainty about the, }ate.. direction, and pathways of movement of
contaminants in the groundwater. 8ecause of differences in pattern: of
movement within aquifers and‘differences jn the binding'aff1n1ties of
different contaminants to organics, sampies must be taken at different
locations within the aquifer to get a clear picture of constitueats
présent.

Determination of the cpntamfnants present and their distribution’
will determine which methods may be used to efther restore the aquifer
or to minimize the spread of the contaminant(s) within the acuifer. The
qr2ater the extent of aquifer contaminat*on. the greater the potentiql

for introduction of the contaminants onto the land surfacef There are
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a number of corrective action alternatives that may be employed to

minimize contaminants in aquifers:

1. containment,
2. withdrawal,
3. treatment, and

4. in sity rehabilitation.

Within each of_these categories, there are a number of alternatives that
were summarized by The Office of Technology Assessment (U.S. OTA 1984).
Pumping groundwater frum a contaminated aquifer is the most widely
used and most reliable means of reducing the contaminant concentration
in groundwater. - If the area of ihe aquifer that s contaminated 1is
sﬁall, pumping may be an effective means of contaminant removal.
However, 1f the contaminant 1§ widespread or 1if the source of
contaminaticn hés-not been identified or e]iminated; the distribution
of the contaminant within the aquifer may be unaffected by pumping
(U.S. OTA 1984). The injection of steam, chemicals, or other additives
into the aquifer ras been done con an experimen;a] basis to enhance
pumping extraction of groundwatér; however, this technique.ﬁas proven
effective only for oil retovery. Use of enhaﬁced recovery techniques
for aquifgr restoration may result in the introduction of additional
chemical contaminanfs into grourdwater or volatiles from the aquifer
into the atmosphere (U.S. OTA 1984). Pumping groundwater to the
surface s a orover technology for the removal of contaminated
groundwater; however, once groundwater 1is pumped to the surface, it
must be decontaminated prior to disposal, Jse, or reinjection. The

primary means of decontamination is by filtration.
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Treatment of confaminated groundwater may involve physical means
sqch as.skimming floating contaminants from groundwater, filtration,
reverse osmosis, or either air or cteam stripping. Precipitation, ion
exchange; or either chemical or biological transformation may also be

used to treat groundwater. Use of these treatment methodS assumes that

. the groundwater has already been withdrawn from the aquifer. Treatment

can then take place at the source, at the site of contamination, prior
to distribution of the groundwater for surface use, or at the site of
actual use.

Filtration methods 1nvofve, physical retention and removal of

contaminants either'as suspeﬁded solids or as.dissolvgd solids, metals,

" hydrocarbons, and'othgr high molecular weight substancés.pasﬁed through

semiperme§b1e membranes. Dépending upon the characteristics of the
groundwater, pretreatment to remove substances such as fron and
magnesium may be necessary for filtration to be effective (Lamarre
et al. 1983). Stripbing involves the introduction of either air or
steam to volatilize organiés and such substances as hydrogen sulfide
(HZS) to the atmosphere (U.S. OTA 7§84). Some of thege treatment
methods (e.g., ultrafiltration, ion e*change, and steam Stripping) are
in developmental stages and lack performance data.

Many chemical methods {nvolve the introduction of additives to
coagulate, or sorb selected jons or compounds to the chemical additive.
The chemical additive along with the associated or sorbed contaminant,
must be removed from the water and placed in an approved land disposal

area (see also Section 3.1.2). Transfermation df contaminants to less
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toxic substances may be undertaken either by chemical or biological
agents or by incineration (U.S. OTA 1984) (see also Secticn 2.1.4
and 3.1.5.3). '

In-sity rehabilitation using chemical or biological degradation -
has been applied onlv in research situations and narrowiy defined site
conditions. Naturaf biological degradation of qroundwater is 11m1ted
by the ava11ab111ty of adequate nutrients as a primary orgahic substrate
to sustain microorganisms that feed' on secondary (contaminant)
constituents. There appears to be a minimum concentration to which a
single organic material can be decomposed under steady-state conditi&nsm
This concentration is a function of the growth and decay coefficients
of the bacteria, which in turn are dependent upon temperature, pH,
bacterfial species present, and the availability of electron acceptors .

(McCarty et al. 1981).

3.2.4 Engineering Measures for Containment
Containment 1is designed primarily to prevent contamination or

spread of contaminants in groundwater.

3.2.4.1 Diversions and trenches for ruroff control

Diversions and trenches are measures deéigned to limit contaminant
mobility and prevent thé further spread of contaminanis! Slurry and
sheet pile barrier walls are constructen in-placs, u§bally below the
water table, to 1imit the horizontal migraticn of contaminiants in the
saturated zone, facilitate withdrawal, or channelize groundwater flow.
The use of diversions and trenches for surface water runoff coﬁtro]'is

discussed in Section 3.1.3.
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Surface sealants are designed to 1imit the movement of contaminants
from soil either by surface water funoff. mobilization and trcnsport
frbm the site, or by surface water {infiltration into contaminated
soil. Surface sealants are designed to iimit contaminant mobilization
and subsequent transportvbf thé contaminants into gréundwater. Surface
sealants may be clay, concrete, asphalt, or silicon-based covers over

the contaminated soils (Wright and Caretsky 1980).

3.3 COMPARATIVE COSTS OF ALTERNATIVE MEASURES

The actual costs of contaminated land cieanup.will depend ﬁpon
the type (composition) and quantity of contamination; its geographic
location and extent, the features and accessibility of tﬁe contaminated
area; and the size.. expertise, and experience of the contractor
Iperforming the cleanup. In general, the costs per hectare of area
cleaned up will be higher for small areas compared with large areas
(Powers 1976). Costs will also be significantly higher for highly toxic
or hazardous'contaminégion'cleanup than for more'nmdergte1§ toxic or
-hazardous cdntamination (Cahill and Holman 1981); Costs will include

(Powers 1976):

* personnel,

* eqbipment and fuel,

* maintainence and repair,

* land rental or purchase,

* depreciation or amortization,

* materials,
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* administration and overhead,
* miscellaneous tools,
* utilities, and

*  {nsu.ance.

For landfills, wages are approximately 40 to soi of total costs, and
cover material, administration and overhead, and miscellanesus &mount
to approximately 20% of the total cost (Pouers'1976). Also included in
costs will be economic loss of the land. Smith and Lambert (1978)
estimate that the market value of farmland in the United States ranges
between $16C and $5200 per hectare. Ayerage economic losé per hectare
per year would be expected to be the following: $420 for crops, $6500
for coﬁmercial forests, and $770 for farmland (Smith and Lambert 1972).
These costs represent the average value of crops, timber, and farmland,
respectively. '

In general, cleanup Ly dispersal or removal and storage are less
than by‘chemical and physical treatment processes; Cahill and Holman
(1981) state that

*... technologies designed to destroy the waste (e.g.,

high-temperature incineration) are more expensive than those

that are, in actuality, no more than long-term storage

techniques (e.qg., secure landfilis). Thus it costs more

money to have the satisfaction of krowing there will be no

nightmares in the future."

Much of this additional cost for treatment is due to the high price
of capital investment in the tresatment fagility. For example, a
median-sized incineration facility may cost uvp to 310 mil]ioﬁ {Cahill

and Holman 1981). Additional costs would include uperation and fuels.
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Table 3.1 compares approximate costs for several methods for
cleanup of contaminated land that involve isolation or stabilization of
the contaminaiad Yand, By far the most inexpensive methods of in situ
treatment are fencing ¢ f the land and flushing or flooding with water.
Application of soil, asphalt, or plastic covers ére tiic most expensive
alternatives: Table 3.2 compares approximate costs icr removal and
* storage of contaminated soil and vegetation; various costs for
55-gallon drums and foam encapsulation of the material gnd drums are
also included. Table 3.3 compares approxim#te ¢'sts for vartous
treatments to deqradz or detoxify contaminated sofl and ‘vegetatjon.
The least expensive .optiun i; composting. Incineration requires the

greatest investment in construction costs.
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Table 3.1. Costs associated with in sity stabilization
of contaminated landd

Method of cleanup Average cost Range

($/ha) ~ (%/na)
Flushing/neutralizationd 1800 | 820-2800.
Fencing off land : | 2100 v 860-8200
Asphalt cover (0.16 cm) 2100 |
Asphalt cover (1.27 cm) ~ 13,000 ,
Chemical binder covers . , 490-69,000
Loam cover (10 cm) ‘ 3700‘8200A
Topsof1 cover (10 em) 8200-14,000

d8ased on Smith and Lambert ’1978)

b2.54-cm (1.0-1n.) depth assuned.

Reference:

Smith, C. B. and J. A. Lambert. 197R. Technology and Costs
.for Cleaning Up . Land Contaminated with _13_“
U.S. Environmental Protection Agency, Office of Radia

Programs, wWashington, D.C.

@
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Table 3.2. Costs associated w1£h removal of contaminated
, vegetation and soi) and subsequent storaged :

-

Method of cleanup Average cost Range

($/ha) . ($/ha)
Clearing/qrybbing:
non-wooded areas : 1200
sparsely wooded areas 3100
wooded areas 4900
201) removal and storage:
55-gallon drum 2
foam encapsulationt 23
Clay linerd : 2900
Asphalt 1linerd 15,000-30,000
Ribber or hypalon 1inerd . A , 21,000-54,000
PVC 1inerd , , 12,000 -24,000
Offsite disposal:
Noaretrievable . 310,000 210,000-470,000
Retrievable , 410,000 370,000-580,000
Federal repository 1.300.000 90,000-Y,500,000

38ased on Smith and Lambert (1978) unless 1ndicated

otherwise.

bCost per egch based on Puwers (1976).

SCost per based on Powers (1976).

dpowers (1976).

References: . ;

Powers, P. W. 1976. How to Dispose of Toxi¢ Substances and
Industrial wastes, Noyes OData Corporation, Park Ridge,
New Jersey, '

Smith, C. B. and J. A. Lambert. 1978. Technology 2nd Costs

“for Cleaning Up Land Contaminated with Plutontum,
U.5. Environmental Protection Agency, Offico of Radtiation
Programs, wWashington, 0 C.
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Table 3.3. Costs assocfated Q1th various types of treatments
to detoxify contaminated land@

Treatment method Capital cost Operating cost
(3) ($/M1)0
Compost ing€ | , o Mo
Wet oxidation 100,000 870"
Reductfon . 230,000 _ ' .570-760
Hydrolys{s - 320,000 | 75-110.
Ozonation T : 330,000 1.50-3.80

Incinerationd 10,000,000 : 50-1000

dKkjang and Metry (1982) unless otherwise 1nd1cated
bu1 < metric ton (1000 kg).

Clotal cost, including capital costs.

dcahil)l and Holman (1981). ‘

References:
Cahil), L. B. and W. R. Holman. 1981, "Siting waste
managrment  facilities,” in Peirce, J. J.. and

P. A. Vesilind = (eds.), Hazardous Haste Management,
Ann Arhor Science Publishers, lnc., Ann Arbor, Michigan.

Kiang, Y. H. and A. A. . Metry. 1982. Hazardous Waste
Processing 1lechnology, Ann Arbor Science Publishers,
Inc., Ann Arbor, Michigan. '
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4. ASSESSMENT OF POTENTL.\L LONG-TERM IMPACTS OF CONTAMINATED AREAS

4.1 NetDS FOR ASSESSMENT MODELS
There ére thousands of individual and many more combinations of
chemical compounds that comprise the 250 to 275 million metric tons

of hazardous wastes produced annually 1in the United States. The

ecotoxicological evaluation of each existing chemical and each newly -

produced chemical is an éxpensive and time-consuming process. Commercial
laboratbFies offer acute toxicity tests with aquatic vertebrates at
costs typically on the ordar of $1500. Costs increase by an order of
magnitude for relativély simple 1;boratnry bioconcentration studies with
aquatic vertebrates (e.g., $14,000 to $15,000 for BCF studies using
fish). Comparable costs ($%$20,000 fo $70,000) can be expected for
simple determinations of chemical toxicity to small birds (ducks,

quajl, poultry).  However, costs can 1{inc.ease dramatically for

bioconcentration tests with 1larger terrestrial vertebrates (e.g.,

ruminants and wildlife). The number of chemicals of environmental
concern, in combination with the expense involved in ecotoxicological
studies, precludes the pos§1b111ty of undertak1n§ comprehensive
research on the environmental fate and effect of alll chemﬂéal
constituents of hazardous wastes. c

In lieu of extensive field studies. computer simulation quel§ can
be déveloped to assess the potential environmental impact of a toxic
substance. Computer models can be implemented at a fraction of the cost

required to conduct site specific field investigations on contaminant

mobility in food chains and toxicological studies on contaminant effects
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in biota. Eschenroader et al(y(1980)-present an example of the level
of scphistication that can be achieved to describe contaminant fate and
effects by modeling. However, the authors point out _that there are
immense difficulties 1in satisfying the very large data requirements
of sophisticated environmental transport and effects models. ’ Bata
needed for large-sca - environmental modeling of a single compound

would typically iaclude measurements of photodegradation, oxidation,

hydrolysis, biodegradation. sorption to soil and'éedimeht. volatility,-

bioaccumulation, and elimiﬁation from biota (Mill 1980). Again, due to
costs. computer simulation models appear to be useful cnly for a lTimited
number of well-studied hazardous substances. Their pr1hc1pal value
would. be for the predistion of the amount of a chemjcal 16 a given
envirormental compartment (i1.e., air, water, or 5611) as a resuit qf
increased or decreased release rates to the environment.

Because of constraints on the testing and nmde}1ng-of potentially
hazardous chemicais. there has been ‘considerable viﬁterest in recent

years in defining'a set of minimum information required for assessing

the environmental impact of eiisting‘ or newly synthesized compounds.

Daniels et al. (1985) have recently identified six axiomatic pr1nciple§
of risk assessment based on experience with the Toxic Substances Control
Act (TSCA). The first principle deals with the types of data needed to
assess the environmental risk of a chemical substance. Three basic

questinons that must be answered iq the evaluation of risk are:

1. Hhatlis the chemical's direct exposure to living things?

(S

What is the «chemicazl's environmental fate .leading to indirect

routes of exposure?
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2. wWhat are the toxic effects of the chemical on 1iving things related

to their exposure?

The second principle states that an evéluation ~¢ the manufacturing
process “and ihe projected uses. of a chemcal are 1mporiant
considerations that indicate the extent of data requirgd for
environmental assessments. Less data are needed for chemicals produced
| or used in closed systems as gompared to chemicals intended for
public d1spersa1 through the commercial market. The third principle is,
"Risk gssessment is an 1nteract1§e and 1nt§rdisciplinary thought
process." This is also to say that the process involves considerable
common - sense in the formation of an informed judgement as to the
environmental risk of a chemical. Such judgements often form the basis

of preliminary hazard assessments.

4.2 AVAILAGLE SCREENING MODELS AND LIMITATIONS

There are th types of simple models currently in popular use for

preliminary assessment of the ecotoxicological hazard of a chemical
based on a minimum amount of data; they are the "benchmark" approach and
an approach using quantitative structure—ac-‘vity'(QSAR) relationships
(Haque et al. 1980).

The benchmark approach involves the selection of one or more
chemicals, for which considerable environmental data already exist, to
represent an important general class of chemicals. Risk assessment for

a newly synthesized chemical subst-nce then involves comparison with

the benchmark compound in the 'same chemical class and a prediction of

.
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environmental fate based on known beﬁfvior of the reference chemical.

Experience has shown that this appr
(1) data (toxicity, persistence, sol
used in environmental risk assessments
of variable quality) for individual ¢
rarely be placed in discrete groups,
other properties, for hazard assessment
As stated by Daniels et al. (1980) in
of risk asseﬁsment. *there are very

with regard to magnitudes of specific
fact, a classic example of the benc

classification of .1nsectic1dés in

ach s of limited use because
ubility, bioaccumulation, etc.)
{ are often highly variable (and
hemicals, aﬁd (2) chemicals can
based on chemical structure or
purposes (Daniels et al. 1980).

their sixth axiomatic principle
few similarities among chémicals
data values ...." Despite this
hmark approach is found in the

to environmentally persistent

organochlorines and nonpersistent organophosphates. It can generally

be expected that newly synthesized organophosphate insecticidgs will be

. quickly degraded based on a number of
organochlorines can be suspected
bioaccumulation in food chains.

Although intende. for a more limite

benchmark compounds, while atl

of persistence in sotl and

the QSAR approach has found wide application to the preliminary
; .

evaluation of environmental .isk from hazardous substances. QSAR is

based on correlation and the developme
between some empirical measure of bio
or bioaccumulation) and a simply measur
parameter 1ike lipophilicity. Table 4
that have shown correlations between

either bioaccumulation potential or env]

nt cf a predictive relationship
ogical activity (e;g.. toxicity
ed or calculated physicochemi.al
1 presents a summary of studies
physicochemical parameters and

ronmental persistence.

d Jse than the benzimark method, '
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Table 4.1 Correlation coefficients for quantitative structuré—activity
relationships between environmental and physicochemical parameters.

Environmental Physicochemical Correlation Number Reference
parameter parameter coefficient
Bioaccumulation
Ruminants Octanol:water 0.58 66 1
' 0.79 23 2
Water solubility -0.73 £3 1
. ' -0.82 23 2
Nonruminants = Octanol:water 0.59 56 1
Water solubflity -0.70 37 1
8irds Octanol:water 0.73 47 B
Water solubility -0.69 33 1
Fish Octanol:water 0.76 36 3
0.91 : 84 4
A © 0.78 - 100 5
Water solubility -(.66 50 3
o -0.81 n 1
) ' " Molecular 0.97 20 6
. connectivity :
Soil Persistence
Sorption Octanol:water 0.86 45 3
' 0.Nn 41 1
Water solubility -0.84 106 3
-0.72 64 1
Molecular 0.97 37 1
connectivity
Degradation Octanol:water - 0.32° 106 1
Water solubility -0.39 143 1

References: :
1. Garten, C. T., Jr. and J. R. Trabalka. ' 1983. “Evaluation of models
for oredicting terrestrial food chain behavior of xenobiotics,”
Environ. Sci. Technol. 17:590-595. ' '

2. Kenaga, E. E. 1980. “Correlation of bioconcentration factors of
chemicals in aquatic and terrestrial organisms with their physical

and chemical properties,"” Environ. Sci. Technol. 14:553-556..

3. Kenaga, E. E. and C. A. I. Goring. 1980. “Relationships between
‘water solubility, soil sorption, octanol-water partitioning, and

concentration of chemicals in biota," pp. 78-115, in Eaton, J. G.

P. R. Parrish, and A. C. Hendricks (eds.), Aquatic Toxicology, ASTM

TP 707, American Society for Testing Materials, Washington, D.C.
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"An evaluation of using partition coefficients and water solubfility
to estimate bioconcentration factors for organic chemicals in fish,*
pp. 116-129, in Eaton, J. G., P. R. Parrish, and A. C. Hendricks,
(eds.), Aquatic Toxicology, ASTM SIP 707, American Society for
Testing and Materials, Washington, D.C. ,

Tratalka, J. R. and C. T. Garten, Jr. 1982. (Development of
Predictive Models  for Xenobiotic Bioaccumulation in TJTerrestrial

Systems, ORNL-5869, Oak Ridge National Laboratory, 0Oak Ridge,
Tennessee. :

Sabljic, A. and M. Protic. 1982. “Molecular connectivity: a novel
method for prediction of bioconcentration factor of hazardous
chemicals,* Chem. 8iol. Int. 42:301-310. '

Sabljic, A. 1984. ‘"Predictions of the nature and strength of soil
sorption of organic poll:tants by molecular topology,® J. Agr. Food
Chem. 32:243-246. '
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Two physicochemical parameters thai are commenly wused as 'ﬁ'v
independent variables for QSAR are water solubility ‘ and the .
~octanol-water partition coefficient (Kow)' However, the empirical ?:i
. ! DINY -
nature of both these parameters limits their usefulness as independent RX .
1 - ¥ 3§
variables for making predictions about environmental fate based on oy -
.
. ' , . R
QSAR. Water solubility and Kow are. difficult to precisely determine 3;;
. - ' R
for hydrophobic chemicals due to tie effects of chemical purity, Fﬂj.

solvént purity, interactions with container surfaces, and differences
fn meaguremént techniques. Given these contraints, reported ‘water
solubility data may only be accurate within an order of hagnitude for
some chemicals (Trabalka ahd‘ Garten 1982). ‘ Octanol-water partition

coefficients have not been determined for many chemicals. However,

they can be predicted ffom correlations with w&ter solubilify (Kenaga
and Goring  1980) or calculated from cheﬁicai structure based on well ;.f;;
established techniqyes (Lep et al. 19’5; Hansch and Leo 1§79). However, »
errors in calculated values can arise because of difficulties in ' 'Eiﬁ
predicting the effects of some steric or electronic facfors based on
molecular, theory. Experimental determinations of Kow by standard
batch technigques are difficult for lipophiiic‘chemicals with log Kow
values'greater than 4 (Veith et al. 1979b), and this is one reason why
calculated and experimentaily determined values of .Kow for the same
chemical may vary by one to two orders of magnitude (Keﬁaga and Goring
1980; Gartep and Trabalka 1983; Sabljic ‘and Protic 1982). New
experfmental techniques for direct measurement of Kows for hfgh]y
lipophilic chemicals, however, have been introduc=d (Woodburn, Doucette

and Andren 1984).
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Low precision in the determination of octanol-water partitioning or
water solubjlity data, along wfth orders of magnitude variability about
predictibns based on regression equations, have been recognized ‘as
shortcomings to tné present QSAR approach for forecasting environmental
fate of potentially hazardous organic chemicals (Kenaga and Goring

1980; Kenaga 1980; Sabljic and Protic 1982; Garten and Trabalka 1983).

For example, actual anq predicted values of bioaccumulation based 'on_

ragressions against water solubility or octanol-water partitioning can
differ by approximately an order of magnitude or more (Kenaga 1980;
Kenaga and Goring 1980).

" The imprecision of QSAR when considering large numbers of
heterogeneous 1ind dissimilar chemicals ha§ led to admonitions’ a'g'ajnst
overdue ‘reliance on this approach, in 1lieu of traditional and well
established, although expens1ve,‘ methods for determining bioaccumulation
of organic chemicals in terrestrial vertebrates (Garten and Trabalka
1983). Caution must be exercised in the use of QSAR for prediéting the
environmental fate of organic chemicals that are f{onfzing, or the
bioaccumulation potential of organics, like methyl mercury or PAHs,
that covalently bind to proteins. The latter compounds exhibit
bioaccumu]afion factors that are subs,téntmﬂy higher or. lower than
those expected on the basis of their octanol-water partitioning. In
add%tion, their toxicological properties are not directly related to
bioaccumulation in animal fat, buf rather accumulation in other body
tissues. |

Problems witﬁ QSAR models may be reduced by thé. use of less

empirical parameters upon which predictions of bioaccunulation or
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activity are based. Sabljic and Protic (1982) have prorosed
of molecular connectivity indices for QSAR ir place of
ke Kow or water solubflity. Molecular connectivity
e based on molecular topology (the number and types of atoms
tal bonds). "The indices are calculatzdg for chemicals; thereby
g many uncertainties asscciated with measurements. Molecular
ty indices are reported to be highly correlated with soil
coefficients for nonionic organic chemicals (Sabljic 1984)
highly correlated with bioaccumulation of organics in fish
and Protic 1982).

Molecular connectivity is a promising

to circumvention of some precision problems associated with

présent QSAR methods.

The

1mbrecision" of regression equations between biocaccumuiation

factors and physicochemical properties has also led to an alternative

proposal
potential
classify
category,
accﬁracy
Trabalka

can be us

of screening levels' for determining the bioaccumulation

of organic chemicals. A screening level model is used to

and does not involve the same requirements of precision and

inherent in statistical models. For example, Garten and

1983) reported that a log Kow greater than or equal to 3.5

ed to identify compounds with high bioaccumulation potential.

In mammals and birds, compounds with a log Kow less than 3.5 de not

exhibit b

compounds

ioaccumulation factors in fat 'greater than 0.3. In fish,

with Tog KOw less than 3.5 exhibit bioaccumulation factors

(from water to fish) less than 1000 (Trabalka and Garten 1982). This

screening

Tevel does not successfully identify compounds such as methyl

a chemical into a nonhazardous or potentially hazardous
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mercury, which 4s an example of a *false negative® classification, or
wrongly classifyin_g a compound as nonbiocaccumulating. Methy! mercury
has a log Kow of 1.48 and an observed bioaccumulation greater than.
0.3 in braiﬁ. 1iver, and kidney tissue. Methyl mercury accumulates by'
binding to certain proteiﬁs. rather fhan by partitioning into lipids;
itherefore, an 1{ndex of Hpophﬂicity (Kow) does not reflec; its
actual bioaccumulation potential. Experience shows that the frequency
of “false positives" (wrongly classifying a compound as hazardous) is
approximately 20 to 40% with the adoption of a screening level for
bioaccu'mu'lation of. log Kow equal to 3.5 (Tratalka and Garten 1982;
Garten and Trabalka 1983).

The same screening level that will 1d‘entify compounds that
potentially bioaccumulate in mammals, birds, or fich will also 1d'entify
compounds that rr;igrate through soil. Schwarzenbach et al. (1983)
re‘ported‘ that persistent organic chemicals with log Kow values less
than about 3.7 exhibited rapid transport from river water into
groundwater. Nonetheless, the wuse of a single physicochemical
parameter td identify potential problem chemicals oversimplifie; the

many other aspects in evaluations of environmental nazard.

‘4.3 MULTIVARIATE MODELS FOR HAZARD ASSESSMENT

A screening level model for assessing potential ecotoxicological
effects based on a minimum set of several simple chemicai properties
has been suggested by Gillett (1983). Briefly, this model proposes
that testing requirements for a chemical can be determined by knowledge

of three properties: environmental persistence, bioaccurulation, and
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volatility. Major categorfes of ecotoxiciiogical hazard in Gillett's
screening | model are defined based on degradation half-time,
. octénol-water partitioning, and Henry'sllaw constant (Hc)' Chemicals
of serfous concern for persistence and bioaccumulation are those that
have the following combination of properties: 1log KOH greater 'than
3.5, persistence half-time greater than 14 d, and log "c less than
-2.86 (many chemicals with 1log Hc greater than 2 gre gaseous).
Persistent chemicals with Jlog Kow values less than 3.5 and log Hc
less than -2.86 may also be of roncern from the standpoint of mobility
in sofl and plant uptake. Compounds with persistence half-times lass
than 0.1 d or with log Kow values greater than 7 6r with log "c
values greater than 2 are classified as being of low ecotoxicological
concern (Gillett 1983).  This model dées not app]y to organometall{c,
highly 1ionized, gaseous, polymeric, aﬁd/or covalently reacting
chemicais. Beyond these limitations, Gillett's screening system can be
applied w1th minimum data requirements for the purpose of determining
if a chemicql is of ecotoxicological concern and what testing needs to
be considered in its hazard evaluation.

A shortcoming of all existing methads for hazard assesgment is
" that chemicals are evaluated as single compuunds independent of other
'substances in waste mfxtures. Although this approach overlooks the
pnssibilities of environmental problems resulting from reactions or
intzraciions of chemicals in soil and biota, current methods are not
soﬁhisticated enough to evaluate the ecotoxicological hazard of wastes
as mixtures. MNonretheless, in a chemical mixture, all other chemicals

have the potential to b2come variables affecting the ecotoxicological
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properties of a single constituent. Past research has shown that the
environmental behavior of single compounds can be modified by the
presence of other chemicals. For example, Stojanovic et al. (1972)
found that mixtures of pesticide formulations were more biodegradable
‘in so0il than single compoudds when qt Jeast one of the chemicals in
the mixtyre was rapidly degraded. Although ‘not  well studied,
ecotoxicological 1ntéra€tions between chemicals may be less frequent
than expected. For exampie, Nash and Harris (1973) tested 165
combinations of pes}icides fn sofl on oats and cﬁcumbers and found
that only 13 combinations indicated the occurrence of a phytotoxic
‘nteraction between chemicals on at least one of the plant species.
. More research is needed to determine the potential for {interactions
between chemicais in waste mixtures, the ecotoxicological consequences
of such mixtures, and to determine to what extent the environmental
behavior of single chemicals can be modified by the presence of other

chemicals.
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5. SUMMARY AND CONCLUSIONS

5.1 SOURCES OF CONTAMINATION

The annual production of nonradicartive hazardous wastes by
manufacturing industries in the United States exceeds 67 million metric
tons. Hazbrdous chemicals can contaminate {and. surface water, and
groundwater from -a variety of sources, including transportation
accidents or spills, domestfc and municipal waste treatment discharges,
fndustrial accident and routine discharges, erosion of pesticides,
herbicides, and chemical fertilizers from agricultural land, and erosion
of mineral reéources such as coal and toxicant-bearing products such- as
flyash. Many of the hazardous wagtes of current environmental concern
are orqganic chemicals.linc1uding pesticides, nitrosoamines, polynuclear
aromatics, halogenated hydrocarbons, aromatic phenols, amines, nitroles,
aromatics, and hydrocarbons (acids and esters). The types of releases

into the environment finclude:

1. accidents in storage and handling (e.q., PBB contamination of dairy
feed in Michigan),

2. findustrial accidents (e.q., the dioxin accident -at a chemical plant
nedr Seveso, [taly), |

J. illegqal or accidental disposal or dumping (e.g., dioxin
contamination of soils in Missouri from waste otl that was sprayed
on unpaved'roads and in dirt arenas to control dust), |

4. hazardous waste dumps and jandfills (e.q., Love'Canal'in New York),

5. land use of waste water and sludge,




6. agricultural uses, and
7. industrial products {e.g., polychlorinated biphenyls (PCBs) and

phthalic acid esters (FAEs)].

In tnis report several categories of téxic‘ contaminants are
constdered, fncluding  hexachlorobenzene  (HCB), po]ychlorinatéd
biphenyls (PCBs), polychlorinated dioxins and furans, polychlorinated
hydrocz=bon pesticides, polybrominated biphenyls (PBBs), and toxic

metals. Briefly, sources of these contaminants are ike following;

* Hexachlorgbenzene occurs as an fndustrial waste product in the

manufacture of ‘chlorinated solvenis and pesticides and is a fungicide

used on seed grains. It is globally distributed. .

* Polychiorinated biphenyls are industrial chemicals that are'widely

used for néat transfer fluids, protective -coatings, solvents,
dielectric fluids in transformers aﬂd rapacitors, and for improving
the res1stan§e of plastics, paints, and rdbbers. Séwége outfalls,
industrial disposal 1into rivers, ~and Jleachate frém dumps and
landfills are the majnr sources of PCB entrvy into the environment.
PCBs are globally distributea.

* polychlorinated dioxins and furans are toxic fmpurities that are

formed during the production cof commercial chlorophenols and
hérb1c1¢es. Thevy have been in use since the 1930s as bactericida’
and fungicidal ageats; wood, paper, and leather preservatives: and
sinitizing agents. Dioxin (TCDD) is a trace contaminant of"the

herbicide 2,4,5-trichiorophenoxyacetic acid (2,4,5 -T), which was one
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constituent of chemical defoliants widely used in Vietnam from 1962
to 1971. TCOD has also been found in the environment adjacent to

abandoned chemical dump sites, such as Love Canal in New York.

Chlorinated hydrocarbon pesticides (e.g., DOT) are ubiquitous in

the environment because of their former widespread .production and
agricultural wuse, as welf as their chemical stability . and
persistence.

Polybrominated biphenyls are used as fire retardants. In 1973, there
was a mixup in handling of the fire rgtardant *Firemaster” and the
nontoxic magnesium oxide feed additive “*Nutrimaster® at a Michigan
chemical company, resulting in the incorporation éf 225 to 450 kg of
PBBs into livestock feed.

Polycyclic aromatic  hydrocarbons consist of three or more fused

benzéne rings. Electric power generation by fossil fuel plants, in
addition to forest and agricultural fires, are the most sigw1f1c§nt
contributors to the global PAH inventory.

Phthalic acid esters are water insoluble, 1lipophilic, colorless
1iquids, with high boiling points (>200°C), which.aré commonly used
as plasticizers to promote the durability and fiexibility of plastic
products. Waste dumps and municipal landfills are a primary source
of PAE contamination of the environment because many plastics are

eventually disposed of in landfills,

* Arsenic can be found in naturally hjgh concentrations in some soils

in England, New Zealand, and Switzerland, but high concentrations in
soils and sediments are typically associated with smelting or lead

arsenate insecticide applications. Lead arsepnate applications to
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fruit orchards in the United States have rendered some soils
phytotoxic.

Cadmium occurs in nature ia associaiicn with sulfide deposits that
also contain copper, lead, and zinc;.therefore, cadmium contamination
often occurs near lead and copper mines, refineries, and smelters.
Cadmium 1is also used 1in electropiating, batteries, electrical
equipment, manufacturing of polyvinyi chloride blastics and
fertilizers, and in automobile engines and tires. It has been
estimated that incineration of scras steel, electrical equinmer:,
and automob®le parts is responsible for over'half of the cadmium

released to the environment in the United States each year.

Chromium is widely used as a metal plating because of its resistance -

to corrosion and its high Jlustre.. It is also ysed in producing
steel alloys and in cement. It is most commonly released to the
-environment from chrome-plating industries.

Copper is found in high environmental concentrations around mines,
refineries, and smelters. Copper thicity'to plants 1is sevére, and
-agricultural use of copper fis approxilﬁate]y 70,000,000 kg/y. A
mixture of.cbpper sulfate and lime (Bordeaux) is widely uséd as a'
fuﬁgiciae in vineyards. Because copper is negligibly translocated
to abovegqround plant parts, it is also widely used to clear sewer
lines and septic tanks «f enrroaching plant roots.

Mercury is widely distributed In nature. Approximately 2.7 miilion
kilograms of mercury are release‘d from coal combustion throughout
the world each year. Mercury has many medical, agricultural, a’nd

industrial uses. Mercury compounds. are wused as diuretics, and
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mercury amalgams are extensively used as fillings* 1n teeth. In
agriculture mercury cdmpounds have been widely used as furgicides
under the trade names Ceresan, Argosan, and Uosulan. Alkylmercury
compounds are used for the treatment of wheat and barley seeds.
Methylimercury seéd ﬁressiﬁés. marketed under the name of Panogen,
© have been.used extensively in Sweden. . '

Manganese 1is used in fertllizers.'stee\ alloys, ménﬁfacturing of dry
cell batteries énd.glass. welding, and as an additive in gas and
oil. Releases to the environmeﬁt accur in the vicinity of steel
manufacturing -plants and rear manganese mines. Manganese occurs in
soils at (natural) concentrations such that un&ei low pH conditiohs
it can ‘become mobilized at concentrations .sufficient to produce
toxicity 1n4p1ants.

Nickel is used in the production of steel alloys, including stainless
steei, white gold, electroplating, nickel-cadmium ‘bdtteries. and
electronic components. Releases tO‘ﬁhe environment occur primarily
around ’mines., smelters, fabrication plants, and incinerators.
Nicgel carbonyl, .Ni(C054, 1; used 1in' nickel plating, nickel
refining, and in the petrofeum industry. It can also be produced
during incineration of nickel-containing products.

Lead is by far the mos; widespread toxic metal'contam{nant éf the
environment. It has beén used for water’ pipes, cooking vessels,
in paint p1gm§nts. and in fungicides, Leaded gasoline and paints
have been responsible for significant contamination of urban areas.
Lead can comprise up to 5% (50,000 ppm) of roadside dusts gnd
concentrations up to 2000 ppm in soils have been found near houses

with flaking. paint.
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* Selenium occurs as a by-product in the refining of copper, lead,
' nicgel, gold, and silver ores. High concentrations of selenium can
be found in volcanic sulfur deposits, carbonaceous sfiltstones, and
phosphate rock. Superphosphgte contains roughly 20 ppm selenium,
and 1t§ application as a fertilizer tends to enrich agricultural
sofls with selenium.

* Zinc occurs in nature in trace qdantities associated with lead and
iron. Its wuses include, primarily, die-casting alloys and the
galvanization of 1{ron and steel, but also, corrosion protection,
plating; paint pigments, wood preservatives, algicides, fire
retardants, dyes and glazes, antiseptics and astringents,
electroplating, deodorants, and rat poisons. As an environmental
pollutgnt it is often encountered in association with other metals,
including copper, 1ron.4 c;dmium. and lead near metal mining,

‘refining, and fabrication industries.

5.2 HEALTH AND ENVIRONMENTAL IMPAC1S

Hazardous nonradiocactive chemicals are classified as toxic,
reactive, dr corrosive. Toxic hazardous chemicals are carcinogenic,
mutagenic, teratogenic, or lethdl and are é threat to humans and
wildlife because of their potential for bioaccumulation in food chains,
orvfheir persistence in soils, sediments, or water. Reactive hazardous
chericals may be explosive, flammable, or capable of undergoing
spontaneous reaction upon exposure to air, water, or other chemicals.
Corraysive wastes are either strongly aci4ic or basic. Hazardous wastes

typically involve complex mixtures of chemicals.
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The potential risk to man and the environment of tox{c substances
is a function of their concentration, environmental persistence,
inherent toxicity, and food-chain bi&accumu]ation pocential.
Persistence on land is dependent on volitility; leachabili?y, which:
deﬁends on soébing capatity of the soil, water solubilfty, and mpisture

regime of the area; and degradation rate. In aquatic systems,

. persistence depends on volatility; degradation rate; and volume,

mixing, and flow rate of the receiving water body.

Typically, persistence is measured in terms of the environmental
half-time, 11/2' or tpe time required for 50% of an initial amount of
chemical to disappear. Disappéarance of organic contaminantS‘from sofl
or sediment often procéedﬁ 'rapidiy in tﬁe first few days fo\1ow1n§
contamination due to vqlatil%zation and then more slowiy weeks following
contamination due to biodegradation of the material.

The factors that affect the persistence and fate of hazardous
organic chemicals in soil and sediment are the chemical's structure and
properties, including water -solubility, affinity for 1lipids, molecular
charge, and volatility; soil and sediment properties such as pH, percent
arganic matter, and clay content; the climate 6f the area, especially
temperature .and moistufe; the number and type of microf]éra and fauna,;
and the form of application. Structure and chemical properties
determine sorptfon. leachability, food-chain transport characteristics,
and degradation rates. Soil and sediment properties affect sorption
and degradation rates. Temperature affects wvolatility and both

temperature and moisture affect the rate of biological activity, which’
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results in degradation. Volatility fis a}so affected by the depth of |
placement. Granular forms of chemicals usually persist longer in soil
than liquid forms.

Organic matter f§s an important absorbant for many organic
chemicals in sovﬂ and sediment. Un—ioniied. nonpolar, and lipophilic
compounds can be adsorbed to varying degrees by sofl ofganic matter.
Phytotoxicity generally decreases and retention of fcreign compound§ ,
generally increases withlincreasing organic matter.

Electrical charge on a compound is one of the most importarllt
propeirties influencing the adsorption and deactivation of organic
chemicals in so1T. Positively charged or cationic organic"s are usually
ver& persistent in soils because of their strong adsorption to cl'ay and
organic matter, which have net negative surface cﬁarges.‘ I,n' the normal
soil pH range of 5 to 7, anionic organic chemicals (net negative charge)
are not strpngly adsorbed by sofl. These‘compounds are more Feadily
leached to groundwater. Such compounds exclude the organochlorines,
which are weakly adsorbed by soil organic matter but ére poorly leached
from soils due to their low water solubilities. For this reason
chlorinated hydrocarbons are among the most persistent of al]‘chemicals
in soil.

Microbial degradation fnvoives dehalogenation; oxidation,
reduction, hydrolysis, and ring cleavage.‘ Since these reactions are
biologically mediated, microbial degradat{on 1s'slowes£ ﬁn cold, dry
soil. High concentrations of hazardous organic chemicals in the soil
or sediment can alter the composition of microbfa] populations, favoring
the survival of one group err another. Metabolic ladaptation, by

induction of enzymes needed to metabolize a chemical, often produces an
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“enrichment" effect that results in a more rapid degradation of
subsequent applications of the chemical.

Organic chemicals that bhave the greatést 1ikelihood of being
bioaccumulated by plants are polar, water soluble compounds. Nonpélar
molecules tend to -sorb onto the root surface rather than pass into
the plant. Thus, plants do not bioaccumulate very nonpclar organic
compeunds such as chlorinated hydrocarbons beyond levels fodnd in

soil. However, it {is not necessary for an organic contaminant to

accumuylate in plant tissue via root uptake and translocation to "‘

aboveground tissues. Volatilization is an important pathway for the
movement of organic chemical compounds directly from the surface soil
to aboveground plant parts.

Bioconcentration or bioaccumulation of organic chemicals is

animal-specific because of dietary, béhavioral. and physiclogical.

differences among species. In general, predators are at the greatest
risk of bioaccumulating 1jpophilic organic contaminants through food

chains because of higher concentrations found in their diets. However,

tngestion of soil by grazing herbivores or animals that feed on soil.

invertebrates may result in significéni bioaccumulation of toxic
chemicals. Some foreign organic chemfcals are bioaccumulated in
animals in direct proportion to dietary intake, but some organics,
including some chlorinated hydrocarbons, bio;ccumulate' in. inverse
proportjon to intake. Given a constant concentration in the diet,
small animal species tolerate less of a toxic compound than 1arger
species. Gender can also be 1mportant.l Fat levels differ by sex, and

egg and milk production are contaminant-voiding processes.
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Bioconcentration of organic chemicals is also compound-specific,
but is related to the tendency of a chemical to dissolve in body fat.
This 1lipophilic property is commonly measured by the 'vgmctanolzwater
partition coetiicien, ch' Bioaccumulqtion factors for_ orgénic
chemicals in fat are negatively correlated with water solubility and
pos'itive1y correlated with Kow'

The health and environmental impacts of the cateéories of toxic

contaminants examined in detail are briefly summarized below.

* Hexachlorobénz_e_rlg_ is highly toxic 1in humans and produces a wide

variety of pathological conditions in aqimﬂs. Although HCB is
volatile and does not ‘persist on surface soil, it is known to
accumulate in bottom sediment§ of rivers, estuaries, .and marine
systems. Although HCB is slowly metabolized, it 1is lipophilic,
accumulates in animal fat, and exhibits bic;magnification in
food-chain trans.fers from fisﬁ to birds. Milk is the majo~ route
of HCB elimination in cows.

* Polychlorinated biphenyls have a low acute toxicity, compared to

organochlorine pesticides; however, PCB mixtures often contain
highly toxic impurities, such as chlorinated dibenzofurans. They
are environmentally persistent because of their chemical inertpess'
and low water solubility. The‘ more chlorinated forms’are more
soluble in lipids, more resistant to degradation, and less volatile.

* Polychlorinated dioxins and furans are highly toxic and have been

extensively used as herbicides. Toxicity generally increases with

the level of chlorination. The most infamous dioxin, %,3,7,8-7TC00,
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is highly chlorinated, persistent in soil, nonpolar, and devoid of
biologically 1labile functional groups. Its uptake by plants is
negligible, but TCDD bound to soil s bioavailable.
leg;jgg;gg hydrocarbon pesticides have beer responsible for the
reduced reproductive performance and populétion decline of certain
raptors. They are characterized by low water s-:lubility, long
persisfence times in sotl, and high bioaccumulatiec: in animal fat.

Polybrominated biphenyls are water .insoluble, lipophilic compounds

used as fire retardants. They do not bioa~cumulate to the sam

extent as PCBs in animal fat, but appear to have a gfeat affinity.

for avian fat. 'They sth negligible plant uptake and are extremely
persistent in soils and sediment.

Polycyclic aromatic hydrocarbons are aromatic hydrocarbons consisting

o} three or more fused benzene rings that are very enVironmental]y
stable, have variable 1lipid solupf!ities, and show some carcinogenic
and mutagenic properties. Both biological metabolism and photolysis
of PAHs result in production of carcinogenic, mutagenic, or toxic
, products. These metabolites and decomposition p}oducts are of
long-term environmental concern. PAHs are pnorly taken up by plants,
but‘surface—app]iéd PAHs readily penetrate into plants and dissolve
into plaqt oils.

Phthalic acid esters are water $nsoluble, 1lipophilic, colorless

1iquids, with high boiling pnints. PAE5 are of low acute‘toxicity to
animals and do not appear to be carcinogens. However, they appear
to be teratogenic and mutagenic at low concentrations and to reduce

reproduction rates in aquatic insects and fish. They are lipophilic
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and have potential to bioaccumulate in animals, but metabolism
rates for PAEs 1in terrestrial organisms are fairly rapid. Plant
uptake of PAEs from soil is negligible., In aquatic systeug they are
metabolized slowly and show long-term persistence.

Arsenic compounds are extremely toxic fo Qlants and animals.
The trivalent arsenftes are faf more toxic than the pentavalent
arsénates’. Additilonally, arsenic may " oe cércinogenic. _ High
concentratiovns fn soils and sediments are usually associated‘with
smelting or lead arsenate 1nsecti§1de applications. Plant uptake
of arsenic fis very tow. High concentrations of arsenic have been
reported in seafocd‘, and contaminated water is the most common form
of arsenic poisoning in man.

Cadmium is toxic to all body systems and functions of mammals, and
this toxicity is- likely associated with cadmium's ability to replace
zinc, and other esseﬁtiél elements in several sulfur—coht‘aining'
organic‘. radicals. Mammmals have no homeostatic mechanism fpr
elimination of cadmium from the body, so it accumylates in the Tiver
and kidneys. Cadmium {is fournd naturally in association with copper,
lead, and Zinc sulfide deposits. Thus, cad.aium con_tamination occdrs
near lead and copper mines, .refine.ries. and smelters. Excess cadmium
has been assoc'iated with arterial hypertension, renal tubular
dysfunction and soflten,ing.- of the bones ("itai-itai® disease),
teratogenic effects, and cancer.

Chromium is an essential element for sugar and fat metabolism and for

the action of insulin, and chromium deficiency produces diabetes-1like

symptoms, heart disease, and high b]ood' cholestercl. Chromium is
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found naturally in the trivalent form, which is stable and relatively

' nontoxic; the hexavalent forms are irritating, cérrosive. and Qery

toxid to plants énd animals. Chromium VI is also carcinogenic.

Copper is essential in trace quantities to bnth plants and animals.

Over 30 copper metalloenzymes are known,. and these enzymes function

in electron transport during photosynthesis and respiration, as
d¢ioxygen reducers, as oxygen carriers, and as catalysts in the
oxidation of iron in mammalian blood. Copper toxicity to plants is
severe, and it is widely used as a herﬂicidg and fungicide. Copper
is the most commonly found toxic metal in aquatic orranisms. Sheep
appear to nave a high sensitivity to copper, but fts toxicity to man
s moderate. Excessive levels of copper can build up in the liver
and central nervous system, and the metabolic 1hab11ity of the body
to excrete.coppér is the fundamental cause of Hiison‘s disease.

Mercury js d wideiy distributed toxic metal used in fungicides,
anaseptics, and diuretics. Mercury éohpounds inciude both inorganic
and organic forms. Inorganic mercpéy salts are fairly insoluble ﬁn

water and poorly taken up from soil by plants. Metal mercury is very

volatile and contaminates food directly from the air. 1lhe important

organic forms of mercury are aryl, alkyl, and alkoxyalkyl mercury,

which are many times more toxic to animals than 1n6rganic forms.

‘Inorganic mercury can be transformed into organic forms by anaerobic

“bacteria in -sewéqe sludges and lake sediments. Inorganic mercury

compounds accumulate in the liver, intestinal ltning, 5nd kidneys,
where it damages the tubules that readsorb salts and sugars from the

urine, In the brain, mercury interferes ‘with mental functions and
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coordination, causing characteristic t‘remors. Severe poisoning can
lead to disintegration of brain cells. '
ﬁanganegg is essentfal 1in both plants and animals. Manganese
enzymes function in photosynthesis 1in plants, and in animals they
are 1mporiant in cartilage and bone formation. Deficiencies in
animals are associated with retardation of growth, -abnormal bone
formation, and disturbances in the reproductive ard central nervous
systems. Releases to the environment occur in the - vicinity of
steel manufacturing plants and near manganese mines. Exposures to
manganese dusts and fumes can result in pneumonia, nasal congestion,
nose bleeds, and severe psychliatric and neurologic disorders. Under.
tow soil pH c'ondiﬂon_s h\anqanese. can become mobilized at levels
sufficien‘t to p~rodulce toxictty in plants. |
Mickel 1is carcinogenic and nickel carbonyl 1is recognized as a
systemic hdman toxicant that.’ if inhaled, can be extremely toxic, or
lethal. The toxicity of nickel to plants is severe, but to animals
fs relatively low. Nickel salts can 1rr1t§te the mucosal IHning of
the stomach if ingested and produce contact dermatitis on contact
witﬁ the skin. Inhalation of nickel compounds has been associated
with cancer bf the sinuses and ‘ltungs. N.;kel has also been found
to induce cancer in rats, mice, rabbits, guinea piés. and cats.

Lead is immobile in soils ang the food chain, and toxicity to plants
has not been observed. However, many 1nstdncé; of lead poisaning in
animals and man have been reported. It accumulates in bones, teeth,
and nervous tissue where it replacés calcium. tLead poisoning gives

risa to blood disorders, anemia, nervous disorders, kidney and heart
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problems, brain damage, and blindness. Lead poisoning of children
results in learning disabilities and mental retardation.

Selenium is essential to some plants and to all vertebrates for the
function of 1igh; receptors in the Eetina. decarboxylation processes,
and fat metabolism. Naturally occurring selenifum toxicity to plants
has not been 'observed, but excess soil selenium may prevent ‘the '
growth of'plants without tolerance in such areas. P1qnts growing
in high selenium soils may accumulate levels toxic to grazing
Tivestock. Selenium toxicity resembles arienic toxicity. Victims
can develop nasal congestion, nose bieeds, dizziness, eye irritation,
mental depression, palior, jaundice, weagness. nervousness,
dizziness, .gastrointestinal disorders, dental carie;. excessive
perspiration with a garlic-l1ike odor, and lung fibrosis. Eventually,
selenium toxicity adversely affects the kidneys, liver, and spleen.
Zinc 1s‘an essential trace element in both plants and animals and
functions in the synthesis of nucleic acids and préteins, growth and

cel)l reproduction, and development of skin and skeleton. Natural

.zinc toxicity has been observed in plants, but not in animals. Zinc

toxicity to plants most often occurs in acid soil§ or contaminated
areas near mine spoil areas, industrial areas, and waste disposal
sites. linc compounds are relatively nontoxic to animals, especially
~ammais. Under occupational exposures, inhalation of zinc produces
chiltls, high fever, depression, niusea, vom{tinq, and head and
nyscle  aches, fxcessive ingestion of zinc produces intestinal

araers, inciuding vomiting, diarrhea, and bowel disorders.
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In addition o the contaminants described above, there -are
thousands of individual and'many more combinations of chemical compounds
which comprise the 250 to 275 miliion metric tons of hazardous wastes
produceu annual1y in the United States. The number of chemicals of
environmental concern, in combination with the expense involved in
ecotoxicological studies, precludes the possibtlity, of ondertaking
comprehensive research on their environmental behavior and fate.
Thus, computer simulation models are used to assess the potential
environmental impact of these’ chemicals hecause they can be implemented
at a fraction of the cost required to conduct site-specific field

investigations on contaminant mobility in food chains and toxicologjcal

studies on contaminant effects 1in biota. The data needed for

these models typically 1nt1ude measuréﬁents | (or. estimates) of
photodegradation, oxidatioo, hydrolysis, biodegradation,‘ sorption to
soil and sediment, volatility, bioaccumulation, and elimination from
biota. Since this type of data 15 uiua)ly jacking for the vast majority
ot chemicals to be assessed, thrce aoproaches, based on minimum data

requirements, can be taken. These are the "benchmark.“‘ quantitative

'structuke-activity‘re]ationship (QSAR), and screening level approaches.

In the benchmark  approach one or more chemicals, for which
considerable environmentdal data already exist, are selected to represent

a qeneral class of chemicals. Comparison with the benchmark compound

‘ is then made to predict the environmental fate based on known'behavior

of ‘the reference chemical. This approdach is limited because chemicals
can rarely be placed in discrete groups, based on chemica structure or

other properties, and when they are, chemical properties dre as
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variable within a group as among groups. As a result ihe benchmark
approach allows for qualitative, rather than quantitative, descriptions
of environmental fate and behavior. _

The QSAR - approach ‘1s " based on correlation -and‘ predictive
rela'tionships between empiricai measurement§ of biological activity and
easily rlneasured physicochemical parameters. Twe parameters commonly
used as independent variables for QSAR models are wa.ter solubility and
the octanol-water partition coefficient (Kow)' Water solubility is
difficult to precisely &etermine for chemicals with very low solubility
and may be accurate only'mthin an order of magnitude. Octanol-water
partitioning can be calculated fron.\‘chemca'l structure or predicted
from correlations with water solubility. Experimeﬁtal determinations
of Kow by batch techniques 'are difficult for 1liphophilic chemi;als
with log KW greater than 4, and }experimentally Idetemined Kows for
a chemical can vary by ‘one to two orders of magnitude. Thus, low
precision 1in the determination of Kow or water solubility and
ordefs—of—magnitude variability about predictions based on regression
equations are shortcomings to the QSAR approach. o

A screening level model <classifies a chemical as either
nonhazardous or potentially hazardous. [ts use does not require
precise or accurate data; thus, danger exists in wrongly classifying a
chemical as not bioaccumulating ("false negative"), Methyl mercury'is
an example. A log KoQ equal to 3.5 identifies compounds with high
bicaccumulation potential 1{in mammals, fish, and birds, but methyl

mercuyry has a log Kaw of 1.48 and accumuylates in brain, Hyer, and

kidney tissue. Nevertheless, a screening level model was used %o
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predict the following qased on degradation half-time (TI/Z)'

octanol-water partitioning (kow)' and Henry's law constant (Hc):

* Chemicals that persist and bioaccumulate in animal fat
log Kow > 3.5,

T1/2 > 14 d, and

jog H < -2.85.

* Chemicals that are mobilel in soil and taken up by plants
ltg Kow < 3.5 and
0g Hc < -2.86

* Chemicals of low ecotoxicological concern

log K > 7 and

oW
11/2 < 0.1dor
log Hc > 2.

The model does not apply to organometaliic, highly {onized, gaseous,
polymeric, and/or covalently reacting chemicals. The frequency of
"false positives" or wrongly classifying a compound as hazardous is

approximately 20 to 40% with the screening level of log Kow equal to

3.5 to assess bioaccumulation.

None of the three tprs of mndels are sophisticated enocugh to
evaiuate the ecotoxicological hazards of chémica] mixtures. More
research is needed to determine the potential for interactions between
chemicals in waste mixtures, the ecotoxicological consequences of such
mixtures, and to determine ti what extent the environmental behavior of

single chemicals can be mod i f ied by the presence of other chemicals.
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5.3 COUNTERMEASURES AND COSTS
Cleanup of contaminated land and waters may include dispersal,

removal and storage, stabilization and containment, or treatment.

‘Dispersal may alleviate a loca1 contamination, but exacerbate a regional

or glopé] probiem. Removal and storage shifts the problem from one

geographic location and time frame to another. |In situ stabilization
or4conta1nment s a more permanent solution, and 1nvolyes engineering
methbds to alter local hydrology or 1solate and control contaminant
disbersal by wind and water. Treatment involves'biblogica1, chemical,
or physical detoxification or deétruction of the chemical. Surface
waters are more amenable to treatment than groundwaters because they
are more acressible anu flow rate and direction are known. Cleanup of
groundwater contamination 1is complex and wuncertain because the
hydregeologic environment is npt easily observed and varies both

spatially and tempordlly.

Spills of soluble substances on land or in streams may be addressed

through dispersal with wqter and neutralizing agents. The advantége is
that it is inexpensive, roughly $540/ha, and easily implemented; the
disadvantage {is that contamination is spread over a 1arger area and
potential ex1st§ for groundwéter..contamination. Compounds most

extensively used on acids include sodium hydroxidé (NaOH), 1ime (Ca0),

bgriclase (Mg0), and magnesite (chos). Hydrochloric and sulfuric

acids are most often used on strong bases,

The most common method of handling contaminated materials is

'p1acement in drums for transportation to and storage in landfills.

In terrestrial environments, collection of vegetation and soil s

o BRI ARSI,

S

)
-~

£

gd o
R Ay

I's

- 1l Ao

P
Ny

SRR T e | AN



137

accomplished through sweeping, scraping, grubbing, or bulldozing. In
aquatic environments, sediment may be dredged;  floating confaminqnts
may be contained and skimmed; soluble substances may be precipitated,
coaguléted. or collected via {on-exchange gels and filtered; and
suspended solids may be remerd by filtration or addition and collection
of sorbent material. Contaminants may be removed from small aquifers
by pumping and filtering groundwater. Injection of steam, chemicals,

or other additives into aquifers to enhance pumping efficiencies

"has been done experimentally for oil recovery. Enhanced recovery

techniques, however, may introduce additional chemical contaminants

into groundwater or volatiles from the aquifer into the atmosphere.

Landfills utfilize the absorptive capacity of soil to isolate waste '

and provide storage‘ to prevent direct contact. with man and the

environment. Properly sited landfills are

* 1ocateq in areas of low popula;ion density, low land use value, low
groundwater contamination potential, and low rainfail; '

* Jocated in areas where evapotranspiration rates are high;

* away‘from flood plains, natural depressions, and excessive slopes;

. * protected from unauthorf;ed intrusion;

* Jocated in soils with higﬁ clay content for reduced permeability and
high‘absorptjve capacity and well above the groundwater téble; |

* pnear transportaiion routes gnd the source of the material; and

* far from water supplies.
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. However, many landfills are not properiy sited. Numerous problems of

environmental contamination from landfills, lagqons, and dumps have
occurred because of the often unpredictable behavior of hazardous
substances in the landfill environment. Therefore, it seémé prudent to
use landfill storage as a‘témporary solution to cleanup and reclamation
of céptaminated land areas until a more permanent solution can be found.

Costs for clearing and grubbing areas prior to removal and storage
in landfills are'betweenlslzoo and $5000 per hectare. Fifty-five-gallon
&rums cost approximafely $2 each, and encapsulation of the material in
foam costs about $23/m3 of material. Landf111 1iners to prevent

leachate from contaminating groundﬁaters cost between $3000 and $54;000

.per hectare covered. 'Tpta1 costs for offsite disposal of contamfnated

materials Fanges between $270,000 andvsl.s million per hectare.

Lg‘ situ stabilization Aof ‘contaminated land - may be the only
practical alternative when the area 1hvo1ved is large and alternative
methods of :cieanup or .decontamination are too costly. Stabi]izatién

prevents transport to subsurface areas and groundwater through

“control of wind and water, which are the primary mechanisms of

contaminant dispersal. Contﬁb]' may include surface water runoff
control, impermeable barriers, and capping or surface sealing.

Surface water runoff control may include drainage canals, cu]vérts,
and dikes; stabilization with vegetatioun o} fine-grained soil cover;
jmpermeabTe caps and; subsurface'drains. Surface water diversion may
require construction of channels or canals to divert runoff water around
the contaminated area. Stabilization with surface soil and vegetative

cover will not prevent surface water runoff, but will reduce erosion and
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resuspension of dusts. A slope of 2 to 5% wiil ensure that incident
precipitation wifl runoff to drainage facilities with minimal surface
erosion. Application of impermeable clay, cemant, or asphalt caps will
preveht infiltration by surface water. Costs of these covers range from
$500 to $69,00C/ha for chemical binder covers, to $2700 to $13,000/ha
for asphélt covers, to $3700 to $14,000/ha,for soil covers. ‘

In situ biological degradation of organics and fixation of toxic

metals occurs naturally. However, this treatment process can be
augmented by optimizing the microbe's environment to enhance degradation
of the contaminant through controls on oxygen levels, moisture, and
additicn of nutrients. Oftgn, microorganishs capable of performing the
decontamination process arev.already present in the soil, water, or
waste product, but degradation rates can be sped up ihrough inoculation
of the contaminéted area with microorganisms that have already
acclimated to the contaminants.. '
Microorganisms decompose organics through dissimi!ation, which is
an energy proﬁucing process that involves oxidation and hydrolysis.
Food requirements are the organic contaminant, water, nitrogen}
phosphorus, sulfur, pétassium, calcium, magnesium, and essential

micronutrients. Under aerohic conditions, more. complex organics can

'bg treated, and decompositi~:. is faster and more complete than under

anaerobic conditions. ‘.erefore, plowing or disking soil or adding
crushed lime or wobd chips -to provide additional porosity enhances
degradation rates. Excess moisture restricfs aeration, but too Tittle
retards enzyme activity., A moisture cdntent between 63 and 79% is

optimum and can be achieved by adding muich, straw, wood chips, manure,
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ar crushed limestone. Soil pH should be neutral-to-alkaline so that
toxic metals will be in unavailable forms and not finhidit microbial
activity.

Physical and chemical treatments of contamninated land detoxify,
deactivate, 'or destroy the contaminant. These treatments include
pLotolysis. oxidation, reduction, dechlorination, hydrolysis, and

incineration. Such processes are impractical in the field and require

construction of special facilities on or near the contaminated site,

resulting in high initial cleanup costs. However, treatment permanently
removes the contaminant from the biosphere and eliminates potential

future remedial action costs. Some costs may be recovered if treatment

o

y-products can be recycled or sold. Briefly the treatments are

desfribed below:

* pPhotolysis or photodegradation"breaks chemical bonds by elevating
electrons to higher energy states, inducing a chemical reaction in
the target compound. Its effectiveness is dependent on the compound.
structure, light wavelength and energy, and the medium in which the
photolysis reaction occurs.

* Wet oxidation of compounds occurs in aqueous solution under high
temperatures and pressures with or wiliout the aid of a catalyst

2+ ion. Oxidation products include carbon dioxide,

such as the Cu
alcohols, ketones, carboxy]ic‘ acids, chloride, and sulfates. Wet
oxidation treatment p]ant; have been reported to cost $100,000 to
construct and operate at a cost of $870 per metric ton of waste.

Ozcnation can destroy carbon-carbon bonds and aromatic rings and -
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oxidize any compound to carbon dioxide and water. It will destroy
2,3,7,8-TCOD (dioxin) with an efficliency of 97%. Ozonation plants
have been reported to cost $330,000 to construct and operate at a
cost of $1.50 to $3.80 per metric ton of waste. ﬂgl;gg salt
oxidation’occurs below the surface of a salt such as sodium carbonate
(Nazcos) or 'sodiqm sulrate (Na2504) at temperatures between
800 and 1000°C. The primary products are carbon dioxide and water

with destruction efficiencies as high as 99.9% for DDT, Malathion,

chlordane, and ‘mustard gas. Microwave plasma oxidation breaks.f

carbon-carbon bonds with destruction efficiencies of greater than
99% for Malathion, Arochlor 1242 and 1254, phenylmercuric acetate,
and Kepone.

Reduction through use of aluminum, iron, and zinc powders can degrade
oréanic compoundsﬂ including PCBs, chlordane, Kepone, atrazine, and
N-nitrosodimethylamine. Under acidic conditions formaldehyde reduces
chromium VI to chromium I[I. Sulfur dioxide and sodium hydroxide
also reduce chromium VI tq chromium III. Treatment plants using
reduction techniques have been reported to cost $236,000 to construct
and operate at a cost of $570 to $760 per metric ton of waste.

Dechlnrination reduces the toxicity of chlorinatgd hydrocarbons.

The replacement of chlorine atdms with hydrogen atoms can be achieved
with metal catalysts at high temperatures and pressures and“is
effective for treatment of PCBs and DDT. A mixture of molten sodium
metal and polyethylene gliycol in oxygen will dechlorinate PCBs, DDT,

Kepone, and pentachlorophenol.
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* Alkaline hydrolysis has been used to degrade a large number of
organophosphate -and carbamaté pesticides, 1including Malathion,
parathion, methyl parathion, O00VP, and carbaryl. Hydrolysis
treatment plants have been reported to cost $320,000 to construct
and operate at a cost of $75 to $100 per metric ton of waste treated.

* Incineration utflizes combustion to compact, detoxify, and destroy
noxious material. The products of 1ncineration.are.carbon dioxidé.
water vapor, and ash and sulfur;. nitrogen-, and halogen-containing
products, which may require sécondary treatment via afterburners,
scrubbers, filters, handiing, and stofage. It has been reported
that initial capital costs for construction of an incinerator are
SI0,000.000‘and operating costs range from ssb to $1000 per metric
ton of waste 1hcinerated. However, recycling of 'combustion
by-products and waste heat offers the potentialAfor some economic

recovery of inftial investment ard operational costs.
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