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PREFACE
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The use of trade names in this report does not constitute an
off icial endorsement or approval of the use of such commercial hardware
or software. This report may not be cited for purposes of advertisement.
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except with permission of the Commander , Edgewood Arsenal , Attn :
SAREA—TS—R , Aberdeen Proving Ground , Maryland 21010; however , Defense
Documentation Center and the National Technical Information Service
are authorized to reproduce the document for United States Government
purposes. -
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EXECUTIVE SUMMARY

Although there are many well documented incidences of land
contamination due to burial or dumping of hazardous manufacturin g
wastes , we were not able to identify a single instance where an effort
was made to handle the problem by actually removing the contaminants
from the soil. In the vast majority of cases, land contamination is
manifested by leaching of toxic materials to ground or surface water .
This often represents a serious threat to public health , requiring
promp t ameliorative steps. The most common approaches have been to
condemn contaminated wells and provide a new water supply, or to divert
surface and ground water away from the contaminated area through the use
of trenches , barrier wells and pumps. Small areas of contaminated soil
have on occasion been dug up and reburied in a secure , lined sanitary
landfill. In cases where lateral migration of contaminants through the
soil have been shown to be negligible, the contaminated area is
frequently paved over with an impermeable material. None of these
alternatives permits return of the contaminated land to unrestricted use.

This report focuses on approaches for absolute removal of contaminants
from a land area half—a—square—mile in extent and 25 feet deep, the
approximate size of Basin A at Rocky Mountain Arsenal (RMA). Three general
types of approaches are considered : excavation and treatment ; in—situ
treatment ; and ground water treatment . Specific implementation methods
considered are listed below.

A. Excavation and Treatment
1. Incineration and revegetation
2. Wet chemical processing

B. In—Situ Treatment
1.. Soil Activation
2. Vegetational Uptake
3. Inoculation
4. Fixation

C. Ground Water Treatment
1. Upgradient diversion
2. Downgradient collection and treatment

A summary description of each method and its major characteristics
is given in tables 1—7.

The various methods are compared with respect to technical and
economic feasibility in table 8. Considering the state of the art
(R&D time required to fill in gaps In the data base and to firmly
establish technical f eas ib i l i ty) , costs , and chance of success , we
would recommend a combination of (1) downgradient ground and surface
water collection and treatment , with (2) soil activation. The first
method Is directed towards the critical problem of leaching to ground
water and should eventually result in removal of all leachable components

3
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from the contaminated land mass. If in addition reagents and/or
solvents were percolated through the land mass, using techniques
developed for solution mining, removal of all toxic components
could be accelerated . Simultaneously with ground water treatment , we
recommend stimulation of natural degradation processes via soil activa-
tion. While the degree of detoxification achievable cannot be predicted ,
there is a moderate possibility of success for relatively little invest—
tnent , and an added bonus in developing a strong and healthy soil for
subsequent growth of vegetation. The two processes are compatible ,
the one working on low—ly ing contaminants , the other working on the
upper 12 inches of soil. The one addresses the groundwater contamination
problem , the other the phytotoxicity problem , both of which are tangible
manifestations of land contamination .

_ _ _  ~~ -~~~~--~~~~ - ‘.~~~~~-
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Table 1. Incineration and Reve~eta tion

Process Desc ription

The contaminated area would be excavated , and the soil , after
coarse screening, would be fed into a rotary kiln incinerator , 16 ft. in
diameter and 300 ft long, with a capacity of 3000 tons/day. The incinerated
and sterilized soil would be returned to the teat site area , and restored
to a condition where vegetation could again be supported .

Characteristics

State—of — the Art Rotary kline used by the cement industry
have the necessary soils handling capability,
temperatures and residence t imes. Techniques
for revegetating sterile soils are well
known.

Depth of Soil Treatable No restrictions

Degree of Detoxification Complete destruction of organ ics
Partial volat i l izat ion of As ,Hg,Zn , and B
Will not remove Cr ,Mn , or Fe

Time for Treatment of 15 years
a 1/2 sq. ml. area ,
25 ft. deep
(Basin A analog)

Coats of Treating Basin A Capital investment — $10 million
analog Operating costs — $4.5 million/yr

Reveget ation coats — $120,000

Conc lusions

The method has potential for complete removal of organic contaminants.
A separate treatment step might be necessary to remove heavy metals.
The environmental impact of the excavation operation could be significant.
Emissions of HC1 from decomposition of chlorinated hydrocarbons , toxic
vapors and particulate ., must be controlled and could present disposal
problems . Costs are high and the project t ime is long.

S
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Table 2. Wet Chemical Processing

Process Descr iption

The contaminated area would be excavated , and the soil after coarse
screen ing, would be slurried with water and passed through a two—stage
chemical reaction and/or solvent extraction train . The treated slurry
would be d ewatered by thickeners and rotary vacuum clarification filters ,
and returned to the test site area.

Characteristics

State—of—th e Art The unit processes involved in ore
beneficiation and hydrometallurgy are
closel y analogous to those required for
wet chemical processing of contaminated
soils.

Depth of Soil Treatable No restriction

Degree of Detoxification Complete , in principal , but much R&D
would be required to develop specific
methods for detoxifying all contaminants
present .

Time for Treatment of a 15 years
1/2 sq. mi . are, 25 ft.
deep (Bas in A analog)

Costs of Treating Basin A Capital investment — SlO— 25 million
analog Operating Costs — $3.5 million , exclus ive

of chemical reactants and effluent
treatm ent train.

Conclus ions

The method has potential for complete removal of all contaminants ,
but specific chemical detoxification methods (e.g., hydrolysis , neutrali-
zation , oxida t ion, red uction , solvent extraction , etc.) for the contaminants
found to be present will have to be developed and tested . Water usage is
expec ted to be of the order of 7000 tons/day , and the effluent control
and waste disposal problems could be very severe. Costs are at least
as high as those for incineration , and project time is comparable. The
pro perties of the soil would be affected far less by wet chemical processing
than by incineration.

6
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Table 3. Soil Activation

Process Description

The properties of the soil (e.g., pH, oxygen content , moisture
content , organic content, and temperature) would be adjusted to maximize
its inherent capacity to degrade toxicants via chemical and biological
mechanisms.

Characteristics

State—of—the Art Natural soil degradation processes are 
- -

well documen ted for many contaminants.

Accelerated rates of degradation of a
number of pesticides have been achieved
by manipulation of single soil parameters.
The method has not been applied on a
large scale , and has not been tested for
soils contaminated with a wide variety of
chemical species.

Depth of Soil Treatable Probably only the top 12 inches , at most.

Degree of Detoxification Largely unknown. Organophosphates and
carbamates do degrade to non—toxic products.
Some contaminants may be converted to
equally or more toxic products

Time for Decontamination 5—20 years

Costs of Treating a 1/2 $1.4 million
sq. mi. area

Conclusions

Since the method involves stimulation of natural processes , the
environmental impact should be minimal. Laboratory and small field plot
tests will be necessary to determine optimum condi t ions for degradation
of each contaminant present, and to estab lish techn ical feasibil ity for
the particular contaminated area under consideration. If the me thod is
demonstrated to have real potential for converting the contaminants
present to non—toxic products, then it has the advantage of relatively
low implementation coats. The method , if it works at all , would probably
not be capable of degrading contaminants lying much below a depth of
12 inches.

7
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Tab le 4 .

Pro ce ss Desc r ~p~~~ n

Crops ca~ able of concentrat ins toxic residues from soil would be
repeatedly planted , harvested , and hauled away for disposal (most
safely by incineration).

Characterist irs

Sta te—of—the Art Root crops and soybeans have been shown
to concentrate residues of arsenic , lead ,
and a number of pesticides. The method
has not been applied on a large scale ,
or for multiple contamin ants .

Depth of Soil Treatable Removal is probably limited to the upper
twelve inches of soil , althoug h some
crops , such as alfalfa are much more
deepi s rooted .

Degree of Detoxific ation Largely unknown . A few field studies
have shown of the order of S~. removal
of c c r t  a in p est  ic  i d o  soi l  re~,i du,~s per
ha rv es t

Time for Decontamination At S~ r om~’v i l  per h a r v e s t , in d e p e n d e n t
of concentrat ions present . 60 harvests
would be needed to achieve 95i. removal
of the original contaminants present.

Cos t s  of T r e a t i n g  a 1 / 2  $60 , 000/harvest  ( e x c l u s i v e  of d i sposa l
sq. mi. area costs for the contaminated vegetation).

Conc los ions

It is very questionable whether a soil contaminated with a multitude
of toxic compounds could be cleaned up to any significant extent h~
p lanting and harvesting vegetation. Even for those contaminants that
would be taken up and translocated into the crops selected , time s of
the order of 60 years would he required for 95~ removal . Furthermore ,
it Is not highly likely that the most effective crops , from the point
of view of contamin ant uptake , will he Ideally suited for growth in any
given contaminated area . There are also environmental ricks in deliberate ly
growing contam inated crops. Promising candidates , such as sugar beets,
carr ots , soybeans and alfalfa , are used for food and forage by va r ious
domestic and wildlife species. The vegetables arc eaten by man. Thus .
he u t m o s t  care  would he required to .1 ssurc that harvested c rop~ are disposed

of properly, and are not ac ci dent,Ilv used as food for animals or man.
Although the costs of planting and harv,’sting are lower than for any
other alternative , the method also has a very low probabilit y ot success

_ _ _ _ _ _ _ _ _  ~~~~~~ - - -~~~- —_ - _~~~~~~~~~~~~~~~~ .—- - -—~~~~~- -
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Table S. Inoc ulat i on

Process Description

Large quantities of microorganisms with known ability to degrad e the
con taminanta of concern would be incorporated into the soil .

Characteristics

State—of—the Art Appropriate microorganisms are not known
for every contaminan t likely to be present .
Lab studies are few in number and generally
show slow degradation , often to products
that are still toxic . Field tests have
failed due to inability of the microorganisms
to Survive in competition with endogenous
species.

Depth of Soil Treatable Upper twelve inches

Degree of Detoxifica tion Unknown

Time for Decontamination Unknown

Costs Higher than soil ac t iva tion , since
app to pr iate microorganisms would have to
be isolated , and then incorpora ted into
the soil much as in the activation process.

Conclusions

The me thod is judged technically infeasible for the forseeable future.

9
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Table 6. U p g r a d i e n t  Ground and Surface Water Divers ion

Process Description

A bentonite slurry trench , barrier wells or an infiltration gallery,
and a surface drain would be installed to divert water from the contaminated
land mass or leachate source.

Characteristics

State—of—the Art The method has been applied and repre-
sents we ll establish ed t e c h n~- l o ~~-. .

Depth of Soil Treatable Not a treatment method , but only a
containment technique .

Degree of Detoxification Close to 100l~ eventually for the water;
zero for the land . Leaching of land
contaminants is prevented , but contaminants
are neither removed nor treated

Treatment Time Infinite

Costs of Diversion away Capital Investment — $1.2 million (with
from Basin A barrier wells)

— $2.2 million (with
an i n f i l t r a t i o n  g a l l e r y )
Operating Costs — $130 , 000/yr  ( w i t h  we l l s )

— $230 ,000/yr (with gallery)

Co n c lus ions

If the problem is containment of contaminated ground water , the
method could be implemented relatively rapidly, f o l l o w ing hydrogeological
a n a l y s i s , de termina tion of cross sec t ions , pumping tests , and dye studies.
Once a Sound data base has been obtained , the desi gn of a sys tem to do
the job should be relatively straightforward.

10 

—~~~“- -~~~~~~~~~~ - - --~~~~~~ -~~~~~-—
-- -~~



Table 7. Down gradie nt  Cround and Surface Water Collection and Treatment

Process Description

A barrier system would be installed to intercept contaminated waters.
Collec ted water would be pumped to a treatment plant , and clean water
would be recharged to the aquifer. A possible trea tment sequence migh t
inc lude filtration to remove suspended solids , c arbon adsorption to
remove organics, ~nd reverse osmosis to remov e inor ganic ions.

Characteristics

State—of—the Art Technology to design an appropriate barrier
syatem is available. Treatment of the
water and subsequen t recharge has been
talked about a lot , but has seldom been
implemented .

Depth of Soil Treatable From ground surface to top of the first
impermeable unit.

Degree of Detoxification Eventually, all leachable componen ts
should be removed . Leaching of insoluble
or strongly adsorbed con tam inants migh t
be promoted through use of appropriate
reagents or solvents (as in solution mining).

Time for Decontamination Unknown but probably of the order of 50 years.

Costs for Clean—up of Capital Investment — $5.9 million (with
Basin A barr ier wells)

— $9.7 million (with
an infiltration gallery)
Operating Costs: $1 million/yr .

Conclusions

Although this method is comparable in cost to incineration or wet
themital treatment , and the ~-roject lifetime is longer , it is the only
state—of—the—art method that can handle both organic and inorganic
contaminants. It also avoids the rather severe environmental impacts
that could be associated with an excavation operation in contaminated
soil. The preliminary lab and field test data required for imp lemen tat ion
is less than for incineration , and far less than for wet chemical treat-
ment. The degree of detoxification achievable through interception and
treatment of the groundwater should eventually approach that for treat-
rent of excavated soils, al though the times for de tox if ication would
be vastly longer.

11.
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I. INTRODUCTION

A. Scope of Work

On July 1, 1975 , Arthur D. Little , Inc. entered into a contract with
Ed gewood Arsenal to prepare a state—of— the—art  survey of methods potentially
applicable to restoring large contaminated land areas for unrestricted
use. Two tasks, as descr ibed below were carr ied out :

- 
. Task 1 — Identification of Methods

a. The literature was reviewed to identify methods of large scale land
reclamation.

b. Information was solicited through personal contact with experienced
indust ry,  government and university representatives.

c. Consideration was given to allied processes dealing with mining;
toxic and hazardous waste handling and disposal; reclamation of dredge
spoil ar eas; spill cleanup; and commercial handling of lar ge amount s
of soil like material (e.g.,  cement manufacture ’~.

d. A listing and description of potentially applicable methods was
prepared .

Task 2 — Classification of Land Areas for Decontamination

a. Arthur D. Lit t le , Inc . was provided with a description of contaminated 
4

ar eas by Edgewood Ar senal , with an emphasis on conditions prevailing
at Roc ky Mountain Arsenal (RNA) .

b. The technical feasibility of using the method s identified in Task 1
fo r various types of contaminated land areas was assessed .

c. Rough estimates of economic feasibility were prepared for the techni—
cally promising method s, and data needed to re f ine these estimates were
specified .

B. Nature of the Problem

Throughout history, waste products from industrial production and
other activities have been disposed of on land . Only relatively recently
has it been recognized tha t indiscriminate use of land disposal sites for
certain types of chemical wastes can give rise to a variety of adverse
environmental e f fec t s .  In the vast major i ty  of documented incidences of
improper land disposal , the pr oblem has been manif ested by leaching of
toxic substances to groundwater or discharge of contaminants to surface
wate rs. (1) The problem of land contamination is quite universal in
highly industr ial ized nations , and has been associated with industrial
p lants , commercial laboratories , public and private landfi l l  sites ,
commercial waste disposal facilities, etc.
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A historical survey of official data relating to the missions of
DARCOM installations suggests that large tracts of land may have become
contaminated over the years since 1942 with a variety of toxic substances ,
as a result of deliberate waste disposal procedures or as a result of
continuous functioning and field testing of weapons. A list of suspected
contaminants is given in Table 9. Levels are not known precisely but
probably range from one to 1000 ppm , with not every contaminant present
in every area . Such chemically contaminated areas were originally intended
to be permanently denied to civilian populations. There is now reason
to consider converting these areas to unrestric ted civilian use. Further-
more , some of the contaminated areas are in close proximity to shallow
aquifers and hence represent a potential threat to public water supplies.
This report provides a survey of the current state of the art of land
decontaminatiop , with specific reference to the applicability of existing
methods to DARCON problems .

C. Basic Approach

Adverse environmental effects due to contaminated land areas are
generally manifested in one or more of the following ways:

1. Groundwater contamination due to leaching from the land

2. Surface water contamination due to run—off from the land

3. Inhibited plant growth , if the contaminants have reached phytotoxic
levels in the so il

4. Uptake of contaminants by vegetation and transfer through the
food cha in

5. Air pollution due to evaporation , sublima t ion and wind erosion
from con tamina ted soils

6. Poisoning via direc t contac t

7. Fire and explosion

Due to the very complex and often slow mechanisms of transport and
degradation of contaminants in the soil, adverse environmental effects
may not become apparent until 40 or 50 years after the initial contaminant
deposition. Leaching, for example , may go on con t inuous ly ,  but it will
generally go unno ticed until the contamina ted leacha te has reached the
ground water . The rate of movement of leachate through the soil is a
func tion of the contaminants present , the soil type , ra in f a l l , temperature ,
etc ,; it cannot be predicted accurately. In contrast , the dispersion of
a contaminant in the air or water environment is typ ically quite rapid ,
and can be modeled reasonably well.

Clearl y ,  absolute physical removal of all toxic materials from the soil
would solve environmental problems that may have already developed , and
also provide complete safeguard against the possibility of such problems
devel op ing in the future. On the other hand , the process of digg ing
up the soil for treatment can in Itself create adverse environmental
impacts , such as noise’, dus t , and destruction of existing habitats.
Fu r thermore , if the treatment process selected removes essential sc’il
nutrients or microorganisms as well as undesirabl e contaminant s , the

18
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Table 9. List of Suspected Contaminants

Sillily Toxic Contact Hazards

Mustard L.wisite Oxide Levisite

VX GB White Phosphorous

Metals and Metal Salts

Arsenic Chromium Mercury
Boron Copper Sodium

Cadm ium Iron Zinc

Calcium Manganese Potassium

Insect icides . Pesticides

Aid rin Phosdrin Dicyclopentadiene (DCPD)
Chiordane Ciodrin Bicycloheptadiene

Dieldrin Bidrin Dibrom

Endrin Planavin Landrin
Nudrin Bladex (Formulate) Gardonal (Rabon)
Azodrin Vapona (DOVP) Nemagon

Other

Arsenic Oxide Phenolics
Chloride Diisopropy l me thy i phosphonate (DIMP )

Fluoride Sodium isopropyl Methyiphosphonate (SIMP )

High Salt Content as Result of the Above
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essent ial elements would have to be replaced before the soil could he
considered suitable for unrestricted use. Incineration , f or examp le ,
wou ld y ield a complete ly  s t e r i le  so i l .

As a prac t ical matter , immobilization of contaminants in the soil ,
detoxification in situ , and/or c l e m u p  of groundwater mig ht provide more
optima l alternatives to absolutc removal of contaminants. In other word s,
it may prove more cost effective to mitigate against the toxic e f f e c t s
of soil contaminants without actuall y removing the’ contaminants.

In the civilian sector , where there have been many repor ted  in c i d e n t s
of ground and surface water contamina t ion , ph ytot oxici tv , poisoning, air (1— ~
pollution , fires and explosions due to improper land disposal of toxic substances ,
we are not aware of any instances where an attempt was made to clean up the
land by actual physical removal of the contaminants. The most common
“decontamination ” approaches have inc l uded :

1. Digg ing up of the contam i nated soil and reburying it in a secure ,
l ined sanitary landfill (This is applicable o n ly  when small areas
are contaminated.)

2. Condemnation of contaminated wells and extension of public water
supplies into the area . (This amounts to abandonment of the
contaminated area.)

3. Diversion of surface and ground water away from the contamina ted
area . (This also is abandonment in a sense.)

4. Capture and treatment of contaminated ground and surface water.
(This must usually he done essentially forever , but s h o u l d
eventuall y remove all leachable contaminants from the soil.)

5. Paving over the contaminated area with an impermeable material.
(Th is can onl y he effective if there is no lateral motion of
contaminants through the soil , and of course does not return the
land to unrestricted use.)

Ba si ca l ly , there are three generic approaches with potent ial for
restoring contaminated land areas t o  unrestricted use. These are listed
below together with a number of specific variants.

A. Decontamination by Treatment of Excavated Soil

1. Inc inera t Ion and Res torat ion of Soil Propert i es

2. Wet chemical and/or Solvent Extraction Processes

B. Decontamination by In—Situ Treatment

I. Soil Ac tivation

2. Vegetationa l Uptake

3. I nocul at ion

4. Fixation

2 1)
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C. Decontamination of the Land by Capture and Treatment of Contaminated
Ground and Surface Water

1. Barrier wells or infil tration galleries and pumps
2. Water treatment facility

3. Percolation of solvents and chemical reactants through the
soil to promote release to the water treatment system.

The state of the art, technical and economic feasibility, and advantages
and disadvantages of each of these approaches is discussed in the sections
that follow.
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II. DECONTAMINATION BY TREATMENT OF EXCAVATED Soil.

Two methods  are cons idered  in this section for removing contaminants
from soil , following excavation. These are rotary kiln incineration ,
and wet chemical  t r e a t m e n t .  They are analogous to therma l processing and
hydrometal lurgical processing respectively in the mining, metallurg ical
and mineral industries. Both are fairly expensive with capital investment
requirements of the order of $10 m i l l i o n  f o r  a plant capable of treat ing
i x io 6 tons of soil per year. Minimum operating costs are estimated to
be in the  neighborhood of $4—5 m i l l i o n/ y r . The t h r o u g h p u t  t i m e  fo r  a
half square mile contaminated area 25 feet deep is estimated to be abou t  15 e-~rs .
Since incineration results in a sterile soil , microorg anisms and soil
nutrients would have to be restored to the treated soil in order to
render it suitable for the growth of vegetat ion (i .e. , for unrestricted
use).

A. Land Rec lanu t ion via In c  incrat ion

1. State of the Art — Incineration as a method of thermal destruction
of waste  s t reams c o n t a i n i n g  tox ic  and ha:~ardous organic compounds is well
established industrial practice. A number of companies w h i ch  have installed
incinerators to handle their own chemical wastes are listed in Table 1 (1 .
There are also a number of facilities which accept industrial wastes for
contract disposal via incineration. Some of these arc listed in Table 11.
In  a d d i t i o n , t h e r e  are many companies  in the  business of manuf acturing
i n c i n e r a t o r s  fo r  i n d u s t r ia l  p l an t s . Most of these incinerator manufacturer s ,
some of which are listed in Table 12 ,have test facilities for demonstrat ion
purposes. Additiona l information is provided in Reference 4.( 4 )A l l  of
these facilities handle hulk waste streams , such as liquid still bottoms ,
tars , resins , sludges , solids , etc. None have had experience in  detoxi-
fication of small concentrations of hazardous materials adsorbed in an
essentially inert matrix. Some types of incinerators , such as liquid
injection units would clearly not h~ applicable at all.

There are industries which thermall y process large qualities of soi l—
like material as part of a manufacturin g operation , but they are of
course not concerned with detoxification of hazardous waste.

The por t l and  cement i n d u s t r y ,  in p a r t i c u l a r , uses  therma l processing
equipment analogous to tha t which mi ght be applicable to incineration and
detoxification of large quantities of contaminated soil. In the United
States today , approximately 80 million tons of port land cement are
produced in 172 separate plants . The’ product is made by pvro—pr ocessing
approx ima te ly  150 million tons of crushed and f i tie I v  ground l imestone ,
clay , shale , and other raw material mineral species , in 43~ separate
rotary kilns. Thus , 1,000 tons per day of finely ground raw materi al is
processed in the average rotary kiln in the cement industr y today . 



Table 10. Industrial Companies Using Incineration for Detoxification of
Organic Chemical Waste . (partial listing)

Company type of Incinerator

Robe and Haas Liquid injection
Eastman Kodak Liquid injection

du Pont Liquid injection
General Electric Liquid injection

~~. F. Goodrich Catalytic
Dow Chemical Liquid injection; rotary kiln
Monsanto Liquid injection; pyrolysi.
Union Carbide Catalytic
3—N Rotary kiln
Georgta Pacific Catalytic
Eli Lilly Catalytic
General Motors Vluidi~ed bed
Ford Motor Co. Catalytic
Aa~erican Oil Fluidized bed

I
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Table 11 - Facilit ies Engaged in Contract Disposal via Incinerat ion
( p a r t i a l  l i s t i ng )

Facili ty T~pe of I n c i n e r a t o r

P o l l u t i o n  A b a t e m e n t  Se rv ices  L i q u i d  i n l e c t i o n

Ch et t —Tr ol  P o l l u t i o n  Services  L i q u i d  i n j e c t i o n

Hyon W a s t e  Man a gement  R o t a r y  k i l n ;  l i q u i d  in j e c t i o n

P o l l u t i o n  C o n t r o l s . Inc . R o t a r y  k i l n

Solven t Recov er y Services Open p it

H a z en R esearch  F luid iz ed bed

Sy s t o m s  T e ch n o l ogy  F lu i d i zed bed

24
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Table 12. Manufacturers of Incinerators for Industrial Management
(partial listing)

Company Type of Incinerator

Babcock and Wilcox Liquid injection

Prenco Liquid injection

Combustion Power , Inc. Fluidized bed

‘~orrax (Carborundum ) Pyrolysis

Surface Combustion Pyrolysis —

Eimco/BSP Multiple hearth; liquid injection —

Atomic. International Mol ten salt

Barber—Colman Wet ai r oxidation
Zi mpin Wet air oxidation

25
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The dimensions , and hence , capac ity of the rotary kilns used by the
cement industry varies over a wide range. The largest rotary k iln

• operating in the United States today is located at the Clarksville ,
Missour i plant of the Dundee Cement Company. This plant has a production
capacity of 1.2 million tons per year of cement , prod uced by a single
kiln which is 25 ft. in diameter and almost 800 ft. long.

The technology and equipment utilized by the portland cement industry
today certainly has a demonstrated capability which exceeds the actual
requirements for soil detoxification , and therefore constitutes a tech-
nically viable candidate process alternative .

The unit thermal energy , the maximum processing temperature , and the
residence time of raw materials in the rotary kiln in portland cement
manufacture are all considerably hi gher than presentl y appear necessary
for soil detoxification . Therefore , the throughput of soil to the kiln
would be significantly higher than indicated by its portland cement
produc t ive  capac i ty .  The d i f f e r e n c e s  are :

• Portland cement raw materials are heated to a maximum
temperature of 2800°F, compared with approximately 1800°F
for soil detoxification .

• The residence time of raw materials in a portland cement rotary
kiln is approximately 4 to 5 hours , comp ared wit h probabl y
onl y a few minutes necessary in the high temperature zone of
a soil detoxification operation .

• The chemical reactions involved in portland cement manufacture
are hi ghl y endo therm ic , and require approximately 5 to 7 million
Btu ’s per ton of cement produced . In contrast , soil detoxifica-
t ion probabl y involves sensible heat effects only, and should
require only about 1 million Btu ’s per ton of soil treated .

Among the incinerators which handles solids at all , only the rotary kiln
and fluidized bed are in widespread use for the treatment of hazardous
wastes. The gas flow requirements for the fluidized bed precludes its
economical use for contaminated soil , and hence the remainder of the
discussion centers around the rotary kiln .

2. Incinerator System Description — Figure 1 is a simplified
• schematic process flow diagram of a possible incineration system suitabl e

for pyro—processing of large quantities of soil. The soil would he tx —
cavated , using the appropriate combination of scraper—loaders , dozers ,
and front—end loaders. Scraper—loaders would excavate the soil and t r.lns-
port it to the processing plant. Dozers and front—end loaders would he
used to excavate and load trucks for transport. This could he done on
a contract basis , whi ii would simp lify the project and reduce the’ fixed
cap ital requiremen~~-~.

2 h
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The soil received at the processing plant would be dumped into a Hopper

feed ing a grizzley for removal of any material considered too large to
be handled by the rotary kiln (probably material within the range of 2—

12 inches). The coarsely—screened soil would next go to a covered stor—

age area. This probably would be necessary to prevent the wind from
producing a dusting condition. The storage area would feed one or more

feed bins from which the soil would be fed at a metered rate to the

rotary kiln.

A kiln 16 ft. in diameter and 300 ft. long, complete with attached
planetary cooler s would have a process ing capaci ty of 3,000 tons per day
of soil feed , and would be capable of heating the soil to a maximum
temperature in the range of 1800°F—2000°F. The total retention time in
the kiln should be approximately 45—60 minutes at 4.5% loading and
2 rpm kiln speed . The exact resistence time for complete combustion should
be determined empirically, since it will impact on the design of the ki ln ,
and hence on costs. There is not , however , any sing le rela tionsh ip between
retention time and project time or operating costs. A 6—inch standard brick
lining should be sufficient refractory for this application.

The k~ 1n would be fired with pulverized coal fuel. The fuel energy
requirements would be on the order of 1.1 million Btu ’s per ton of soil
fed . If it is necessary to pass the kiln exit gas into a stationary
incinerator , requiring additional separate fuel firing, then the total
energy requirements would be greater.

• The hot soil leaving the kiln would pass through the planetary coolers
attached to the kiln shell. This is a standard means of cooling in
the minerals pyro—processing industries. The soil discharged from the
coolers would be sufficiently low in temperature to be handled by con-
ventional equipment and transported back to the test site area for re-
placement. At this point , it may be necessary to add addi tional soil
f i l l, and possibly a minor amount of one or more soil stabilizing agents ,
along with top soil as described below.

The hot combustion gases should leave the kiln at approximately 400—500°F.
With no further treatment , they can go to an elec tro sta t ic precip ita tor
for dust removal . This dust would probably be contaminated , and in the
bes t case would be re in troduced to the k iln , perhaps al ong w it h a f l ux ing

-‘ agent such as coal ash , to encourage the retention of this dust by the kiln.

The dust—free gases, leaving the eictrostatic precipitator should next
be trea ted by a wet scrubbing sys tem , probably operating with a caustic
solution . If this system could capture and neutralize or chemically
destroy the harmful vapors and gases coming from the pyrol ys is and /or
vapor ization of the organic compounds contained in the raw soil , then
there should be no need for a stationary fired incinerator interposed
between the rotary kiln exit and the electrostatic precip itator Inlet .

The disposal of the spent scrubbing solut ion from this system cot~i -!
constitute a problem. The use of a stationary separatel y f ired In-

cinerator af ter the rotary kiln could relegate a wet scrubbing system 
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to a backup role only. This would then justify the use of such an
auxil iary incinerator .

3. Degree of Detoxification Achievable

(a) Organic Contaminants

In a TRW study ~ f the thermal degradation of military standard
pesticide forinulations ,~ ~ i t  was reported that the full roster of
pestic ides incinerated were completely destroyed at temperatures above
1845°F, with minimum residence time of 0.4 seconds, and wi th excess
combustion air in the range of 45—60%. Since the conditions of tempera-
ture and residence t ime for soil being trea ted in the kiln exceeds all
the min imum values for these parame ters , the probab ility is ex tremely
high that all of the organic compound s contained within the soil will
be thermally destroyed .

(b) Metals and Metal Salts

Probably arsenic , mercury, zinc and boron will fo rm oxides ,
chlorides , and f luorides in the hot zone of the kiln , and be volatilized
to a considerable extent. However, such ma terials as chrom ium, manganese ,
and iron will probably remain in the final cooled treated soil. Without
ac tual exper imen tal work on f ield samples , however , it is not possible to
pred ict the actual concentration of these metal values in the treated soil.

4. Process Economics — Cost estimates were based on treatment of a
half—square mile contaminated area, 25 feet deep , correspond ing roughly
to Basin A at Rocky Mountain Arsenal. The cost implications of incine-
rating smaller or shallower contaminated areas are discussed briefly,
but cost estimates should be carried out specific to such areas as they
are identified and prioritized .

(a) Fixed Capital Investment

The amount of soil (density 1.2—1.6 g/ml) contained in a half—
square mile area contaminated to a depth of 25 feet is approximately 15—
million tons. The fixed capital requirement for processing this material
in a rotary kiln incinerator with a capacity of one million tons per year
is of the order of $10—million . This excludes excavation and soil trans-
portation equipment. Excavation and transport are assumed to be done on
a con tract basis and hence , have been represented as an operating expense.
The fixed capital investment estimate is based on available data on the
size and mix of many pieces of processing equipment used in minerals
pyro—processing facilities.

(b) Operating Costs

Table 13 shows the estimated operating costs of the proposed
facility. The fixed capital and operating costs for the electrostatic
precip itator and scrubbing section s are estimated and included separately .
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lab 1 13.  Est irna t e d  c . t  -t Ill ,  r e  in~t K• ,t ar I S~- I • - -~~ Ii at 2~~ ii

~a llft v (RMA I

Phy s ica l  I nv e s tm e n t :  $10 ill
6Capac ity 1 x 10 T~ - Y~~• r ;  is x lo ht Tons Total

Opera t i ng  Factor  i Shif t s /it r , - .en Ia n
3-5 S t reaz  i l y~~,’ l i a I

Ton ~~~~it ~~~~n ~~~~ar

Var iable Co-i t~

Utili ties
Fuel (Coal) 1.1 lltu 0.70 0.77 797 ,0Ol~
Powet 0.10 104,0~ .

Soil (Excavation
6 Replacement) 1.00 l~ O35 ,O00

Seoi—Va r~ ab)e Costs

Operat ing Labor 2 ncr/shift $5/nan—hr 83 .000
Superv ision 1 Suplr- ~ n r  $ 16 , 000/y c. i r lb , 0~ 5
M a in t e n c c c e  5~. o f a r t v • : st c  .t n I - a r  502 051
Labor (h - r t e a i l  601 of l~~t - r  I r v . - ion £0 , C~~~

- Cnn:-

Plant Ov c h ~ ad 401 of labor I pern is~ cc 40 , 000
Depreciati •n 6.671 Pr: near 66~~, 005
Taxes & In su r a n ce  1.51 of : nv o s t r - - ~ 5 : / y t a r  150~ 003
lnterest 81 per yc.:r of p r i n c. l~ - . i

bal aocc 400 ,02.1

Ann ua l  00~~~ o c c l u d i n g  electrost atic pr e~ ip i t at o r
and scrubber 3,852 011

Annual  cost of electrostatic pci :pttat -r and scrubber ~~~~~~~
Tot al annual operating Co: t

15—year total p r o j e c t  c o s t  (1 575  d llarrl $66 ,780 ,000
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The individual items shown on Table 13 are  br ok en down only for the
f a c i l i t y ,  excluding the par tic ula te and gaseous emission handling systems.
The most important unit operating cost items are shown individually.

The main variable cost is fuel , which has been assumed to be coal in this
example. From a current issue of the federal power commission news, the
United States average price of contrac t coil , of all types , delivered
at steam—electric plants , is 70 cents per million Btu ’s and this is the
number that has been used in the analysis.

(c) Parametric Analys is

The base cost estimates in Table 13 are based on processing of 15
million tons of soil over a period of 15 years. Figure 2 shows the
variation of project costs as a function of quantity of soil to be
treated , for project lifetimes of 5 and 15 years .

Th e fixed cap ital investment was scaled from the $10 million base case
estimate , for the fifteen year total project life case , by apply ing an
exponential scaling factor of 0.6 to the ratio ot annual productive
capacities. For the five—year project life , an expon en tial scaling
factor of 0.6 was used for aanual capacities less than 1 x 106 tons/yr ,
and an exponen tial scaling factor of 0.8 was used for capacities greater
than 106 ton/yr. This is based on the assumption that any productive
capacity greater than the base case of one million tons/year would
require addit~ ona 1 processing lines.

The operating COS5~i were deve loped in the ~;amc way as shown in Table l3 ,
assuming that the I~ S would permit the fixed capital investment to
be depreciated ever a five—year period in that accelerated rate case.
The same interest rate of 8~ per yea r of the outstanding principal
was app l ie.l in order ~c’ deternine the total capital recovery cost.

Figure 2 5111;gests that as the total quantity of soil to be processed
becomt :: ii i r~ .~~ :-; i nglv nor econom~ : S o  process that soil

over pr ogress; i ye I’- she rter p~ r teds of t i m-~ . I l l e r e  is p r I s b I l  h! v minimum
pr~s c e - -;- l f l C  c,woc i~~s (fn t I n : 4 / v e a r )  for aiiv g iven  s~ ied job.

3 . Proble m Ar eas f cr R , D. and D - I n c i n o i - a t i o n  has in fact not
been used to treat soil:: containing relativel y low levels of adsorbed
Con t a m i n a i l t s  . Pr wr to any ~arge s-cal e implement al iea t h e r e f o r e , a
number  o f  ‘ ab or a t o r y ,  pllo r n- i d field studies should be done to verify
the esiim atc~ of tecitaical and economic potenti al p r e s en t e d  above . Some
of th e more cr~. ti c a l  s. t I I U V  a r eas include :

• ~ 1ln ~ nt1d LcsL Gi the tPr~perat U 1es dad residence  times
needed to the  i-ma de~~t~~~ or~~m ic con taminan t s  adso rbed
on soil. Tempe ratures of 180(’- —2000°F and residence t imes

II 
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of 45—60 minutes were assumed in the analysis above , based on
data for  thermal destruction of bulk hazardous materials. The
lower the temperature and the shorter the necessary residence
time , the lover the costs.

• Experimental test  of the fate of heavy metals in incineration.
We believe that arsenic, boron , mercury and zinc will form
volatile compounds that might be captured by an electrostatic
precipitation or baghouse filter . We think that chromium ,
manganese , and iron will remain in the treated soil. These
hypotheses must be checked experimentally , and supplemental
methods devised for handling heavy metals if removal by
incineration is insufficient. The efficiency of air pollution
control eq uipment for the removal of volatile metal compounds ,
as well as other toxic vapors and particulate matter, mus t
be checked experimentally.

• Analysis of the physical, chemical and biological properties
of the incinerated soil. While the soil af ter incineration
will be sterile and will not support vegetation , the steps
necessary to restore it for unrestricted use cannot be pre-
scribed until the texture , pH , particle size , and mineral
content of the incinerated soil are known .

6. Restoration of Incinerated Soil for Plant Growth

(a) Nature of Incinerated Soil

In the Denver, Colorado area the soil is bel ieved to be sandy ,
with crystalline silica probably constituting the main mineral. This
mineral should undergo no significant physical or chemical change during
the relatively mild pyro—processing treatment proposed and should leave —

the rotary kiln in essentially the same form that it entered . Probably
the second most important soil mineral present will be clay of various
species. Most or all of any kaolinite clay present will probably be
dehydroxylated during the pyro—processing.

The resulting amorphous alumina and silica might combine to form mullite
and other alumino—silicates. If the metal cations present in the con-
taminated soil are adsorbed oi~ the clay par ticles , it is possible that
these cations will be incorporated into this alumino—silicate structure ,
possibly rendering them inert to aqueous leaching. Howe ve r , this is
d i f f icu lt to predict  wi thout  at least bench—scale t e s t ing .

Probably the particle size d is t r ibut ion  of the soil will sh i f t  t oward
the f i ner end of the scale as a result of pyro—processing. This will
increase the soil’s propensity to become airborne by wind action .
Consequen tly, it may be necessary to add some soil stabilizing agents
to the uppe r layer as it is replaced into the excavated areas.
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For purposes of analysis , it has been assumed that following incineration ,
the soil will be completely sterile , powde ry in na tu re and devoid of
toxic contaminants. (Although it is not clear whether or not incineration
will remove the toxic metals , it is assumed tha t some me thod of removal
will have been employed before the material is considered for reusage.)
Tests need to be performed to confirm the assumption that the material
will be powdery in nature. Tests to determine the pH of the incinerated
material will also be needed.

(1,) Restoration Procedure

To enable the incinerated material to support vegetation , only the
top six inches needs to be treated. Therefore , the f irst step af ter
incinera tion is to put the material  back where i t  came from and grade
the area to eliminate steep slopes and basins . Once the mater ial  is
in place , the following steps need to he taken:

i) The proper texture  must be obtained by agglomerating
or pelletizing the material.

ii) The pH must be adjusted by the addition of FeSO
4 

or
limestone.

iii) Organic ma terial must be rep laced by adding sewage
sludge or cattle manure .

iv) Nutrients must be added by fertilization .

v) Vegetation must be established by seeding and
watering.

vi) Other treatments may be necesscry depending on
vegetation requirements and environmental conditions.

These steps are outlined in Figure 3 and discussed below.

i. A gglomerating or Pelletizing — In order to retain nutrients and the
correct amounts of air and water , and to mechan ically suppor t plan ts ,
the soil must be of a particle size ranging from coarse (sand par ticles
of var ious sizes) to very fine (clay particles).

Assuming that the incinerated materials will be powdery or highly
colloidal , the material would have to be ‘pelle t ized ’ or ‘agglomerated ’.
The addition of 3—4% Peneprime (a commerical asphaltie bitumen product
cut with white kerosene) will aid in formation of pellets which can then
be mixed with the original material. Another method involves watering
the soil and then raking the wet material to form small size agglomerates.
These agglome rates can be sprayed with  a commercial elastomer ic polyme r ,
such as Coherex or Soil Guard , to preserve their form. Both of the above
methods have been tried successfully on mine tailings by the Bureau of
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Mines.’ Other examples of agglomerates are portland cement , or any one
or combination of a large number of naturally occurring or artificially
produced pozzolanic materials (e.g. fly ash plus lime).

Cost figures are ava ilable only for  agglomeration with Coherex.
Cohe rex costs about 30c per gallon with about l5~ added for f re igh t .
At the recommended ra te of app lica tion , 0.18 gallons/acre , the Coherex
would cost about $55 per acre. The water truck , applying about l/4~water per acre and then the Coherex , would cost about $73 per acre .
(ADL cost es t imates  based on 1967 Bureau of Mines f igures . )

ii. Adj usti ng ph — For many plants , the pH of the soil , af ter the
addit ion of organic material and f e r t i l i ze r s, should be in the pH 6—7
range , a l though pH requirements  vary considerably wi th  par t icu lar
plants .  (Plants which have es tabl ished at RNA are tolerant  of the
slightly alkaline soil which exists there n a t u r a l l y . )

Acid—alkaline imbalances of the incinerated material , if any , may
be corrected by the addition of fer rous  su l fa te  (FeSO 4

) 2 to reduce
alkalinity, or the addition of crushed limestone to reduce ac id i ty .

The rates of application required will depend on the particular
pH imbalance . Rates involved in mine an~ other reclamation ac tivities
have ranged from 1—9 tons/acre of FeSO4 , and from ~.-3O tons/acre lime.
Additional benefits from FeSO4 include a reduction in chromate toxicity;
additional benefits from liming include a precipitation of some metals
and an encouragement of bacterial decomposition of organic solids. The
cos t of l iming, is about $9/ton , including the cost of limestone and
the equi pment and labor for spreading . A soil discing operation would
follow, costing about $1.50/acre . Costs of FeSO

4 
treatment might be

less , since FeSO4 is produced in abundance as a waste in acid pickling
of steel and titanium dioxide manufacture.

iii. Adding Organic Material — Organic matter must be added to the soil
in order to:

• restore active bacterial populations and provide
suf f i c ien t organi c energy sources to keep the pop ula tions
going un til more orga nic material can accumulate in the
soil from the decay of vegetatiotv

• increase the capability of soil to retain moisture ;

• increase the likelihood of seed germination by
improving the physical na tu re and mois tu re con ten t
of the so il subs tra te , and

• add trace elements , and some major nutrients.
1’4

Either cattle manure or sewage sludge can be added to the incinerated
material to accomplish the above objectives.
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Act iva ted  sludge has been proven effective in numerous land re-
clamation projects. Golden Gate Park in San Francisco was made f rom
activated sludge effluent placed on a sand dune. Dried sewage sludge
was used later for fertilizer . Sludge applied to two strip mines in
Stark County ,  Ohio in 1956 was found to support vegetation even in one
place where the soil was very acid (2.8—3.3). Apparently the sludge
was able to neutralize the acid to some extent.

The amount of sludge which should be applied to soil varies with
the end use of the area. Strip mines designated for use as sludge
disposal areas have accommodated up to 500 tons/a’~re/year. As a
fer tilizer for corn , about 5 to 15 tons/acre/year are applied . Any-
where from 10 to 40 tons/acre/year are recommended , depend ing on the
trace metal concentrations . “Averages” of some of the trace metal
concentrations for activa ted sludge are (in ppm):4

molybden um 16
boron 33
copper 916
zinc 2 ,500
manganese 134

Ac tivated sludge may be available from a nearby sewage treatment
plant (located about 4 miles from RMA). The costs for transporting
the sludge are not readily available. Costs of land spreading range
from $5—30/acre.4 The safety of the sludge in terms of pa thogens has
been studied extensively and the results show that no known outbreaks
of disease have occurred due to sludge disposal. However , long term
effects are not known. The “cost” of public hesitance about health
effects must be considered in addition to the monetary costs.

Possible long term effects from ground water contamination by
heavy metals may also be a problem. The extent of contamination seems
to depend on the rate of application and the nature of the soil
(ca lcareous soils for instance are more apt to retain the toxi c me tals
than acid soils) . The u n c e r t a i n ty  which surrounds this problem con—
t r ibutes to an overall hesitancy on our part concerning the use of slud ge.

Cattle manure as an alternative to sewage sludge as a soil additive
has some advantages. The application of cattle manure to farmlands
is a well accepted present day agricul tural  practice , especially on
small farms. Thus, existing machinery , expertise , cos t es timates , etc.,
are presently available , and the method can be applied without  fu r the r
testing. Equipmen t can be rented from nearby dealers ; no public
accept ance problem exists. In the case of RMA , the othe r major
advantage of using catt le  manure is that feedlots exist around the
pe rImeter of the arsenal.
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A nominal fee for  the  manure nay be involved : about $1.50 to 2.00
per ton. The maximum cattle manure which should be applied (considering
possible trace metal buildup) is about 20—30 tons/acre.5 A fron t end
loader and t ru cks would b e needed , along with a manure spreader rented
f rom a local ag r i cu ltu ra l  supply  dealer (at about $25—30/hr  inc lud ing
opera tor , operat ing at  about 506 ac re s/h r ) .

iv. F e r t il i z a t i o n* — Although cattle manure provides a good supply of
trace elements (see Table 1 4) ,its supply of major nutrients (nitrogen ,
phosphorous , and potassiun) is inadequate. Minor nutrients (sulfur ,
calci um and magnesiun~ may also need to be added , depending on the con-
centra tions found in the manure . Cultivation to incorporate the
nutrients , (along with soil additives from previous steps) is necessary
at this stage .

Commercial fertilizers can be added to the incinerated material to
attain the proper balance of major and minor nutrients. Mixed
f er til izers , containing various ratios of these nutrients , are readily
available . The particular concentrations and rates of application
depends on the needs of the par t icular  p lants  to be grown .6 (For
ins tances , grasses are stimula ted by n it rogen add it ions , wh ile legumes ,
which genera te n itrates from free n itrogen , are inhibited by nitrogen
additions.)1-

Supe r phosphate (phosphorous plus sul f u r i c  acid to increase
availability to plants) costs about $12 per 20 lb. unit. Potassium
costs about $1.85 per 20 lb. un i t , while ni trogen (ammonium n i t r a t e )
costs about $5.10 per 20 lb. u n i t .  Assuming about 40 lbs/acre of each ,
this  would come to about $38 per acre . The f e r t i l i z e r  would have to be
bulk spread at a cost of about $2.50/acre . Cul t iva t ion  would follow
(with a t rac tor )  at a cost of about $8/ acre.  Two or three cul t iva t ions
may be necessary .

v. Seeding and Watering — Grasses are the most amenab le to in t roduc t ion
in land reclamation projec ts  since in normal vegetation they are one of
the f i r s t  plants to penet ra te  most unvegetated open areas. Grasses are
highly productive and provide good cover for  erosion control .

At RNA , grasses which presently cove r uncon tamina ted areas incl ude
crested wheat grass and blue grama . Both these grasses have been used
successfully in mine tailing reclamation . Both are resistent to drouc,ht
and the blue grama does excep tionally well in sand or gravelly soils. 3

*The following discussion on fertilization seeding and watering reflects
standard general agricultural practices. Before proceeding w i t h  re—
vege tation a tt emp ts, de tails on the par ticular needs of the area sho uld
be obtained f rom local county agents  of s ta te  exper imenta l  stations.
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Table 14. Trace Element Concentrations of Fresh Manures
55

Element Minimu m Maxi mum Aver aLe

pç’~. 
dry—ma tter basis

Boron 4.5 52.0 20.2

Manganese 75.0 549~O 201.1

Cobalt 0 .25 4.70 1.04
Copper 7 . 6  40 .8  15.6

Zinc 4 3 . 0  247 .0  96.2

Molybdenum 0.84 15.83 2.37

Molybden um + 0 .84  4 .18  2 .06

* Da ta f rom 44 samp les of farmyard manure , represen ting fresh

cow , hors e, swine , sheep, poul t ry ,  and mixed manures and

cornposted cow and m ixed manures

+ With one exceptionally high value omitted .
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Since the present  establ ishment  of these p lants a t t e s t s  to their  ab i l i t y
to adap t to the surrounding tempera ture , r a in fa l l , and growing season ,
these plants should be used for revegetating the area.

To assure the germination of a sufficient number of seeds , about 10
to 20 lbs/acre of seed s would be necessary at a cost of $1/lb for either
crested wheat grass or~ blue grama . A tractor pulling a grain drill
w i t h  press wheels would have to be rented at  a cost of about  $ 3 . 5 0 / h r
for  7 days for one square mile (about $30/acre).

To encourage germination , water must be added after germination .
Probably only 1—3 waterings are necessary to assure sufficient germina-
tion. The capital costs necessary for even a temporary irrigation system
are very high (about $50/acre fixed annual cap ital cost). For a ‘one
time ’ operation , the use of a water truck is probably more effective even
though it is slower arid less even in its application. Renting and oper-
ating a water truck would pr obably cost about $60/acre for a 1/4”
app lication .

vi .  Other Addit ions — Sandblas t ing,  rap id evaporat ion of mois tu re , and
the ref lec t ion of sun ’s ray s onto p lants (which can ‘burn ’ very young
plants), are conditions which can develop with loose, sandy, light—
colored soils and low ra in fa l l .  Although the addi t ion of sludge or
manure will hopefully prevent these problems from developing, additional
soil treatment may be necessary if the problems are observed after seed-
ing and watering . The surface app lication of Coherex was found to be
effective in preventing sandblasting in revegetation tests on mine tail-
ings in McGill , Nevada . The treatment was also successful in decreasing
the loss of moisture through evaporation , absorbing heat needed for
germination, and preventing reflection of sun ’s rays onto plants. No
manure or slud ge was added in this test.1 Another method which has been
found to be successful is the addition of mulching material to the seeded
areas . About 1 ton of wood fiber/acre is needed. The mulching material
decreases the loss of moisture through evaporation and prevents the
reflection of the sun ’s rays onto plants.

To assure proper aeration a f t e r  the addition of Coherex or mulching,
bacterial  growth promoters  can be mixed in .  These compounds cause
f loccula t ion of topmost layers fa c i l i t a t i n g  the movement of air , w a t e r ,
and nutrients. Although these growth p romoters have been successfu l. ir~
the l abora to ry ,  past  experience in vege ta t ing  mine tailings has nr,t
demonst ra ted  the i r  success in the f i e l d .

(c)  Summary of Res to ra t ion  Costs

The to ta l  costs fo r  the conversion of the  i n c i n e r a t e d  m a t er i a l  is
g iven  in Table 15. This e s t i m a t e  assumes the  fo l lowing  conversion steps
are taken:  agg lomera t ion  of the soil t h r o u g h w a t e r i n g ,  d i s c i n g ,  and
spray ing with Coherex; pH adjustment with the app lication of limestone;
app lication of cattle manure ; fertilization with major nutrients; seed-
ing with a mixture of gra sses, and watering.

0 
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Table 15. S~ il ke t or at i o n Cos ts Folj~ x jn Ci f l erat ion

Operat ing Cost
Restorat ion Co~~onsnts (S/acr e)

AOGLOMERATING

water ing

water truck 36 .50

racking
t rac tor  with disc and labor 1.50

Cohere s app lication

Cohere s (0. 18 ga/acre @$O.kS/gai) .08

water truck and labor 36.50 74.58

pH ADJUSTMENT

h a n, equipment and labor for spreading
(purchased together) ($9.0 3/ton ~L0 Eons/acre ) 90.30

discing 1.50 91.80

ADDITION OF ORGASIC MATTE R

cat tle  manure ($4.00/con 910 tons/acre)
and transport for up to 5 miles 40.00

spreading ($30/hr @1/ b hr/acre) 5OO 45.00

FERTI LI
super phosphate ($12/20 lbs 060 lb/acre) 24.00

potassium (51.85/20 lbs 940 lb/acre) 4.00

NH..N03 ($5 10/20 lbs 940 lb/acre) 10.00

spreading 2.50

cult ivation ..L2Q 48 50

SEED ING
seeds (mixe d created wheat grass and blue grama )

$1/lb 915 lhs / .~~re 15.00

planting wi th  drill and press 30 .00 45.00

WATERING
wa t e r  truck and operator b0 00

TOTAL 364.68

Total Cost for  a Halt Square Mi le Ar .. (320 icr.,) 5116 .762.00

4~



B. Land Reclamation via Wet Chemical Processing

1. State of the Art — The mining , metals , and non—metal l ic  minerals
industry today extracts tens of billions of tons of rock and ore each year ,
for subsequen t processing and conversion to a host of commodities and
products. In the majority of these operations , the materials of value
are the minerals which constitute a minor fraction of the total

ore. The desired minerals are liberated by crushing and gr ind ing the
ore to a suitable fineness, thereby separa ting the mineral  grains f r om
the particles of host rock or gangue . This process is called beneficia—
tion. Much of the beneficiation practiced by these industries is done
in an aqueous medium using d i f f e rences  in the ph ysico—chemical character-
istics of the desirable minerals and the undesirable gangue .

The uni t  processes involved in the mixing of these large quan t i t i e s
of f inely crushed ore (which in many indust r ies  t ru l y resembles soil)
with water; agitation of the resulting slurry; pumping, filtr~it ion ;
sedimentation in thickeners , etc., are all w idel y prac ticed and commonly
used. These un i t  processes would be typ ical of the ones required fo r
detoxification of excavated soil by chemical treatment and/or solvent
extraction .

Although chemical methods have not been used in practice to remove
low levels of contaminants in excavated soils , they have been tested to
some extent for detoxification of bulk chemicals.

In a rev iew of methods of chem ical degrada tion of pes ticides and
herbicides , Denn is ,7 in 1972 , reported that no single chemical procedure
exists for degrading the entire spectrum of pesticides and herbicides.
He concluded tha t several appr oaches to chemical degrada tion will be
needed due to the great variation in solubilities and chemical structures
of these agents. He proposed four general methods for chemically degrad-
ing pesticides and herbicides , which he sugges ted might represent the
en ti re un iverse of necessary gener ic chem ical reac tions wh ich cou ld
e f f e c tively de toxif y any compounds.

These four general methods are :

• Hydrolysis — Hydrolysis appears to be the most practical
and reliable method of destroying organophosphorous and carbamate
pesticides.

• Dechlorination — The polychiorinated pesticides appear to
be best degraded by chemical dechlorination. Dennis believes that the
most effective and non—specific system for dechlorination u ses t—buty l
alcoho l , tetrahydrofuran and lithium or sodium metals. However , the
hydrogen produced from tile reaction of an alkali metal with tile alcoho l ,
plus the use of tetrah ydrofuran (which is flammable) results in an
inherent fire hazard . lie suggests that a promising alternative method
for dechlorination is a catalytic one, where he cites nickel oxide as a
candidate catal yst worth investigating; however , this method presently
appears conceptual.
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• Photolysis — Dennis believes that photolysis is par ticularly
usefu l  in degrading 2,4-D and 2,4,5—T. However , the ra tes of degrada tion
of pesticides and herbicides in both sunlight and ultraviolet light is
no t su f f i c iently well known , nor is an assessment of the toxicity of the
photo products.

• Oxidation — Dennis recommends that this last method is
worth stud y. 2 , 4—D and 2 , 4 , 5—T should be oxidized by chlorine dioxide ,
in an aqueous medium; however , at the time of his repor t, these reaction s
had not been investigated. He also states that oxidations of pesticides
carried out in non—aqueous or partly aqueous solutions are poorly
understood .

Whil e in principle chemical removal methods can probably be devised
for any specif ic  con taminant , in prac tice problems are likely to arise
due to the wide range of contaminants of different physico—chemical
proper ties tha t may be present in the soil at various ANC sites. One of
the most fundamental problems stems from the mixture of both water—soluble
and water—insoluble contaminants in the soil to be detoxified. Water is
the most convenient liquid medium in which to carry out chemical destruc-
tion reactions , but the en tire family of water—insoluble toxic agents is
not amenable to such treatment. Because of this, it is probable tha t a
chemical t reatm ent  system will consist of at least two completely dis-
tinct sections, demarked by the use of water as the solvent and reaction
medium in one section , and some non—aqueous solvent as the reaction
medium and chemical raw material carrier in the other section .

The chemical processing is comp letely heterogeneous since the toxic
compounds are present :

• as solids themselves,

• on solid carriers , and
• adsorbed , or in some way physically and/or

chemically attached to the individual grains
of soil.

Therefore , tfle reaction medium must be either a gas or liquid.
Although the use of a gaseous reaction medium migh t be necessary for  the
chemical destruc tion of one or more of the toxic compounds present in
the soil , the equipment necessary for  the appropria te con tac ting of
par ticula te sol ids , such as soil particles arid a gas , is usually more
comp lex and cos tly than comparable equipment for the contacting of par-
ticulate solids and a liquid medium . Therefore , the use of a gaseous
con t inuous phase for the reaction medium is to be avoided unless abso—
lu tely necessary.

In considering the roster of candidate liquid med ia as the reac tion
vehicle and carrier of the chemical reactants used in the chemical des-
truc tion processes , water is by far the most desirable. Any non—aqueous
solvent presents a contamination problem of its own , in proportion to
the residue of t h a t  solvent remaining in the  processed soil .  In addition ,
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the very high cost of organic solvents, and usual flammable nature of
these mate rials , combined with the probable high inventory volumes of
such a solvent required for a processing p lant of the size necessary for
treatment of one million tons per year of soil combines to mitigate
very strongly against non—aqueous solvents.

2. Wet Chemical Processing System Description — Fi gure 4 is a
simplified schematic process flow diagram of a possible chemical detoxi—
fication system suitable for processing large quantities of soil. Since
the various candidate methods for chemical destruction of the toxic
agen ts suspec ted to be presen t in the con ta mina ted soil are only incom-
pletely quantified at the time of writing , this flowshee t was developed
using the follow ing simplifying assump tions:

• Water is the only reac tion med ium and solven t used in the
system.

• Only one chemical reac tion step is necessary for
det oxification .

• The pr oduc ts of chemical de toxif ica tion are in themselves
non—toxic, and will not require a significan t effluent control system.

• A wet filter cake (of approximately 30% water content) of
processed soil and water is suitable for replacement into the excavated
area , obviating the need for a f inal drying step .

• The method and costs for the excavation , hauling , and
rep lacemen t of soil described in the above analysis of incinera tion is
directly app licable to this chemical processing scheme, and is therefore
included here by reference.

The con tamina ted soil would be excava ted , conveyed to the chemical
processing plant site , passed through a coarse screen , and conveyed to
closed storage in the manner desc ribed in Section A above .

The next processing step, as shown on Figure 4 , is that  o f chemical
reac tion , and/or solvent extraction . As described earlier , this is the
least well known processing step involved in this approach to detoxifica-
tion. Since the necessary solvent extraction and/or chemical reaction

• steps necessary fo r detoxif icat ion are not yet  known , we have based th is
analysis on the use of an aqueous solution onl y.

The soil would therefore be mixed with a sufficient quantity of
water to produce a slurry of s u f f i c i e n t ly low v i scos i ty  to per mit good
mix ing and pumping. These requirements should be met by a slu rry con—
tam ing approximatel y 30% solids by wei gh t .  A 3 ,000 ton/ day soil pro—
cessing facil i ty would therefore  require 7 ,000 tons/ day of wa ter (wh ich
is equivalent to about 1,200 gallons per minute of water flow).
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We have assumed that a one—hour residence time for this slurry in a
reactan t or solvent extract ion stage should be su f f i c i en t  to carry out
any reaction of pract ical  value . Based on the volume of water  only ,  th is
is eq uivalen t to approxima tely 70 ,000 gallons of reactor volume .

A total of fo ur agi ta ted  s ta in less—stee l  reactors  were selected fo r
the chemical reaction stage of this process f lowsheet.  Each of these
reac tors has an ac tive work ing volume of 35 ,000 gallons . Therefore , a
pair of these reactors operated either in series or in parallel (depend—
ing up on the residence time d i s t r ibut ion  appropr ia te  for  the
specific chemical reaction or solvent extraction to be carried out in
this stage) will constitute a one—hour residence time for a l,200—gpm
solution flow rate.

A second pair of reactors was included for an additional one—hour
reaction or solvent extraction step, since it is probable that at least
two separate reaction steps will be necessary . Each of these reactors
is equipped with a stainless—steel agitator , dr iven by a 60—hp motor.
These atmospheric pressure reactors are constructed comp le tel y of 304
stainless steel for corrosion resistance.

Four 30—hp, l,000—gpm , 35—psig head pumps move the slurry through
this stage of the process p lant.  Specif ic  provisions have not been
included f or makeup wa ter , nor chemical reactants , since these flowstreams
can be def ined onl y af ter the requir ed chemistry has been developed.

Af ter the chemical reactions have been completed in the reaction
vessels , the resulting product slurry must be physically separa ted in to
the remaining (b ut now de tox i f i ed)  soil par t ic les , and the water  (now
containing the products of the chemical detoxification reactions) which
is pumped from the reactors. It is common practice in the ore benefi-
ciation and m inerals pr ocessing industr ies to use thickeners , followed
by vacuum filters to perform such a separation .

For the flowra tes of slur ry  in this processing plant , two thickeners
have been used , in series , to effect the first and major stage of separa-
tion by counter—current decantation . Each of these thickeners is 215 ft
in diame ter , with a nine—foot—high sidewall , lined with a vinyl plastic
coating . Appropriately sized e f f l u e n t  surge tanks , repul p tanks , agi-
tators and pumps comp lete this section of the processing facility.

Two rotary vacuum clarification filters have been included in the
final filtration step for the ultimate separation of solution and
processed soil. These 304 stainless—steel filters are 10’ x 16’ in dr um
dimensions, which is equivalent to a 500—square—feet filtering area. A
single 45 ,000—gallon solution surge tank , of 304 s t a i n l e s s — s t e e l  c ô n st r u c —
tion , completes this final step .

4 (-I
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3. Process Economics

(a) Fixed Capital Investment

We have estimated the fixed capital requirement to be $10
million for the facilities excluding the excavating and soil transportation
equipment. This excluded equipment is represented as an expense item,
assuming that excavation and transportation will be done on a contract
basis .

Table 16 gives costs (in 1975 dollars) for all of the major pieces
of processing equi pment required for this facility, excluding any specific
chemical processing or solvent extraction equi pment which might be necessary
in addition to the two separate reactor stages included in the flowsheet
development .

Since thickeners are cons tructed a t the si te , and are analogous
to large concrete civil works , the thickener cost shown here is an installed
cost , with piping atte ndant to the thickeners represented as 50% of the
installed cost.

For the other section of the plant, items such as installa tion
cost, piping, electr icals, instrumen tation , etc., are developed as percentages
of the tot al purchased equipment cost , based on chemical process industry
capital cost estimating techniques which are common to estimates of this
order of accuracy. Engineering and construction costs were estimated at
25% of the physical plant cost. The contractor ’s fee was estimated as
8% of the direct plant cost , which along with a 20% of direct plant cost
contingency item adds up to $10 million for fixed capital costs in 1975
dolla rs.

This value, coincidentally, is essen tially the same as the estimated
fixed capital cost required for an incineration facility. However , this
fixed capital cost estimate is actually on the low side, since the specif ic
chemical processing steps have not been included , and have been represented
simply by general conceptual reaction stages. The ac tual chemical processing
or solvent extraction necessary for sat isfactory detoxif ication could
be significantly higher . Therefore , the actual fixed capita l cost for
a chemical and/o r solvent processing plant would be in the range of $10—
25 million , depend ing on the chemical processing steps , and the waste
disposal costs (waste treatment) actually necessary.

(b) Ope rat ing Costs
Table 17 shows the estimated operating costs of this facility.

Just as the fixed capital costs were dependent upon several major unknown
f actors which relate to the actua l chemical and solvent ext rac t ion  steps
necessary for detoxification , so too are the operating costs strongly
dependent on:

• The specific chemical reactions or solvent extraction
necessary for satisfactory detoxification. Following directly from this
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Tabl l e . E s t s ~~at e  ~o_~f~ Fixed c!21t0 : (~~st~~. c n l t i c a t i o f l

Equipment Cost

1 Soil Conveyor $ 165 ,000
1 Soil Storage Bin 776 ,000
1 Bucket Elevator 8,00()
1 Corv ev c ’ r Belt (t~~ digestors) 26 ,000
4 Sur ge Bins 10 ,000
4 Weigh Feeders 26,000
4 Air Locks 7 ,000
4 Reac tors  (35 , 000 gal. each — 30-. ss) 264,000
4 Ag itators (60 HP — ss const ruc t ion)  91,000
4 P ump s (30 HP - 1 ,000 CPM — 35 psi g heads) 15,000
2 Thickener Feed Tank (45,000 gal. — 304 ss) 63,000
1 Agitator (60 HP — 55) 21 ,000
2 Thickeners (216’ dla. x 9’ hi gh — vinyl lined)
1 Effl u ent Surge Tank (6,000 gal. — 304 ss) 18 ,000
1 Repuip Tank (6,000 gal. .. 304 ss) 18,000
1 Ag itator (5 HP Cs) 5 ,000
1 Feed P ump (30 HF — 1,000 GPM — ss) 4,000
1 Recycle Pump (20 HP — 400 Cr5 us) 3 ,000
1 Filter Surge Tank (15,000 gal. 55) - 26 ,000
2 Clarification Filters [10’ x 16 (500 i t )

rotary vacuum — 304 ss with accessories ) 201 ,000
1 Solution Surge Tank (45,000 gal. atmos. press . — 55) 63 ,000

Purchased Equipment Cost (PEC) 1975 dollar value
(excluding thickeners) 1 ,810 ,000

Inst allation (35% of FEC) 634 ,000
Pi p ing (65% of FEC ) 1,177 ,000
El ectrica ls (15% of PEC) . 272 ,000
Inst rumentation (15% of FEC) 272 ,000
Insulation (32 of PEC) 54,000
Painting (42 of FEC)

Physical Plant Cost (excluding thickeners) $4,291 ,000

Thickeners (IEC) 1 ,221 ,000
Piping, etc. (502 IEC)

Total Physical Plant Cost (PPC) $6,123 ,000

Engineering and Construction (25% PPC) u531.ti0(

Direct Plant Cost (DPC) $‘,654,000

Contra ctors Fee (8% DPC) ~12 ,000
Contingency (20% DPC)

Fixed Capital $9,7d’ ,OOO
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:..t.C V ~s sa t~~~~~~(prlat )~~~ Cust5
Chemi~~a S~~t 1 0 e t O X l f i c 5 t lo O F & Ci l l t V

Phys i ca l  investment :  $10 x ~O6

Ca ba c i t y  1 x 10 tons per yea r~ 15 x l0~ tons total

Operating Factor  3 siiif t s / s t re a o  day, 31.5 st-saw da y s/year s

~~~~~~~~~~~~ ~~~~it ~~~on 
~~~~~~~~~

Vari able Costs

Uti l i t ies
Fuel (Coal)
Power 30 kwh l.Sc/kvh 0.45 466.000

Soil (E~~ asat ion & ,Replacement) 1.00 1,035, 000
Chemical Reacta nt s~

Semi—Variable Costs

Operating Labor 3 men/shift $5/man-hr 125 ,000
Supervision 1 supervisor $16 ,000/year 16,000
Maintenance 5% of investment per year 500 ,000
Labor Overhead 60% of Labor 6 supervision 85.000

Fixed Costs

Plant Overhead 40% of labor 6 supervision 56 ,000

Depreciation 6 .67% of investment per year 667 ,000 - -

Taxes 6 insurance 1.5% of investment per year 150,000
lotetest 8% per year of principal balance 400,000

Annual cost of waste disposal and liquid
effluent treatment 2 —

Total annual operating cost

15—year total project cost (1.975 dollars) $52,500,000

1Not necessary unless the detoxified soil filter cake produced by this p lant

must be dr ied before replacement-

280t known without actual chemical treatment and/or solvent extraction conceptual

fl owsheet and exposition of the basic chemistry involved in the chemical process-

ing.
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is the effluent control problem. The costs attending this are a specific
function of the actual nature and quantity of waste product generated by
the chemical processing steps , and the techniques and equipmen t required
for  sa tisfac tory env ironmen tal protection .

• The physical nature of the processed soil commensurate with
sa t i s f ac to ry  rep lacement and land r ehab i l i t a t ion. The costs for trans—
por tion and rep lacement of the detoxified soil are strong ly dependent
upon the ph ysical na tu r e  of the soil produced b y th is  p l a n t .

— If a moist f i l t e r  cake is su itab le  for  replacement , then
the semi— solid , but  probabl y qu i t e  p las t ic , cake produced
from the final filtering step of the process schematic
f lowsheet  shown in Figure 4 can be t r a n s p o r t e d  b y t r u c k
to the replacement area.

— If it is necessary to replace the soil in a dry condition ,
then a drying step must follow the filtering step. This
would require additional fixed capital investment and a
significant unit fuel operating cost for dry ing. A rotary
dryer  would probabl y be the  best device for  th is  process-
ing step if necessary .

— If the  mo i s tu r e  con ten t  of the  soil be ing  replaced
presented no constra int  at all , then t r anspor t a t ion  and
soil replacement costs could conceivably be significantl y
red uced f r om truck haulage of f ilter cake by add ing some
water  to the f i l t e r  cake , repul p ing,  and simp ly pump ing
the resu l t ing  s lurry  throug h a pi peline to the  rep lace-
ment area. Suitable dike construction would confine the
s lurry  which should set t le  (probabl y aided by flocculants)
with  a recovery of the t ransport  wa te r  f rom the  w a t e r
layer collected from the top of the s e t t l ed  solids.
Proper logistics would perm it dry ing of older d iked areas
followed b y subsequent revegeta t ion .

For purposes of cost estimation , it has been assumed that
truck hauling of the moist filter cake will meet the
necessary c r i t e r ia  of soil rep lacement .  Therefore , no
unit fuel cost has been included in the operating cost
es t imate  shown in Table 17 .

These examp les have been cited to illustrate the rather wide spectrum of
possibilities involved at the conceptual  level in a wet chemical process-
ing scheme . Detailed design plans will be dependent not only upon the
spec i f ic  chem istry involved in the chemical detoxification , but also upon
site—specific criteria.

4. Problem Areas for  R , U, and U — A l t h o u g h c . ip i t a l  and o p e r a t i n g
costs fo r inc inera t ion  and wet chemical  proct’ssing arc estimated to he of
the same order of magn itude, considerabl y more rt’sc.irch and development
would be needed to design a wet chemical system.

_____________________________________________________________ —~~~~— ——-—--—-——. .—~~~



From the available l i t e ra ture, it appears hi ghly probable that  simp ly
heating the contaminated soil to a suff ic ien tly high temperature and main-
taining it in an oxidizing atmosphere for a suf f ic ien t ly long pe r iod of
time would thermally destroy most or all of the organic contaminants.
This basis provided essentially all of the important requirements for the
development of a conceptual process flovsheet, the desi gn and sizing of
all major pieces of processing equipment, and an es timate of the f ixed
capital requirements and operating costs of an incineration fac i l i ty .

Unlike the incineration of con t aminated soil which pe rmitted the
deve lopment of a single concep tual process flowshee t, the chemical and
solvent extraction method has no simple , single , unif ying process cr1—
ten on. The available literature indicates that the broad spectrum of
con taminan ts, embodied wi thin several dis tinc t and diverse gener ic groups ,
a re not amenable to chemical destruction or solvent extraction through
only one or two simp le chemical routes . In fac t, some of the chemical
techniques reported for the destruction of certain families of organic
contaminants may be too limited in app licability , and possibly too costly
to include in a large—scale chemical detoxification process.

In view of the relative complexity of the prospective chemical and
solvent extraction methods , the approach taken in the above analysis was
to develop a process flowsheet , equipment sizing, and fixed capital and
operating costs for  all of the physical and materials—handling operations
which are necessary regardless of the specific individual chemical proc—
essing steps actually required for the destruction of the toxic agents.

3 Prior to imp lemen tation , however , a more detailed site—specific analysis
will be requi red , based on the following kinds of experimen tal and f ield 

- -

3 data:

• Identification and quantitative analysis of the contaminants
to be removed

• Ident i f icat ion of potentially app licable wet chemical
detoxification methods (e .g . ,  hydrolysis , neut ralization , oxidation ,
reduc tion , solvent extraction , etc.);

• Laborato ry tests to determine the best method or series of
methods fo r detoxification , and to identif y operati ng parameters;

• Pilot test of the detoxification scheme worked out by the
laboratory ; and

• Design and test of a waste water  and/or  solvent recovery
system.
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IV. IN SITU TREATMENT OF CONTAMINATED SOIL

Decontaminat ion  based on inc inera t ion  or wet chemical treatment of
excavated soil is costly ,  involving capital costs of at least $10,000 ,000
and operating costs of over $3,500 ,000/yr. Furthermore , i t  would require
about 15 years to process the soil in an area the size of Basin A at
Rock y Mountain Arsenal , and the potential environmental impacts of exca-
vation itself could be quite severe . The excavation and treatment methods ,
however , do have the conceptual advantage of physicall y removing toxic
con t aminants .

While in situ methods have a lower probability of destroy ing
contaminants ti-ian the excavation and treatmen t methods , they are gener—
ally less costly and less destructive of the environment. In this chapter ,
four in situ decontamination methods are considered——soil activation ,
vege ta t iona l  uptake , innoculat ion , and f i x a t i o n .

A. Soil Act iva t ion

1. S ta te  of the Ar t  — ‘Soil activation ’ is used here to mean a
maximizat ion of the inherent  capac i ty  of the soil to degrade toxicants
by chemical and biological mechanisms . It involves an identification of
the  soil condit ions which promote the degrada t ion  of each toxicant , and
a mani pu la t ion  of t h e  soil environment  to b r i n g  about  these condit ions.
Although each toxicant in general  has a un ique  set of ‘ ideal ’ soil con-
ditions for degradation , for some toxicants these ideal conditions over-
lap and more than one toxicant can be the focus of soil manipulation at
one time . For other toxicants , however , the ideal conditions do not
overlap and are sometimes even con t rad ic to ry ; these toxicants must be
treated in series.

The manipulation of the soil environment to simulate the ideal set
of conditions for degradation is not receiving much attention as a method
of soil decontamination . Soil degridation itself , however , is a well
kn own , well documented route  of disappearance fo r  many toxicants , and
manipulat ion of sing le soil parameters , e. g . ,  increasing organic content ,
has often been done as the most logical , cheapest way to bring toxicant
concentrat ions below ph y t o t o x i c  levels .  To assess the current  s ta te  of
the  a r t  f o r  this  method is d i f f i c u l t :  i t  has been used repeatedly on a
small scale (in many cases without documented results) but has not been
t ried on a large scale with multip le toxicants and manipulation of mul-
t ip le soil condi t ions .

The one exception has been a field test conducted by Dr. Walter Farmer
at  the  University of California at Riverside. He f looded  a 1.5 acre f i e l d
which  was heavi l y con t amina t ed  w i t h  DUT , added o rgan ic  m a t t e r , and increased
soil t empe ra tu r e s .  His r e s u l t s  showed comp lete t r a n s f o r m a t i o n  of all  DDT
to DUD in 18 days.  In norma l s o i l , the t r a n s f o r m a t i o n  of at -i e q u i v a l e n t
amoun t would have taken ove r two s-ears .  Howeve r , D U D i s  abo u t 1/30 as
toxic  ~is DDT.
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1 .
)

-- - “ - - -



USDA personnel recommended soil act ivat ion as an approach to ANC
decontamination problems . Their basic approach , however , was to ‘ get the
soil going ’ by cultivation, e t c . ,  without  assessing the individual require-
ments of each toxicant . Their faith was strong that an active , heal thy
soil could detoxify most of the contaminants over a 5- to 20—year time
frame . I t  would appear that actual manipulation of the soil environment
to meet the specific requirements of the toxicants known to be present
should shorten this detoxification time considerably.

Degradation or loss mechanisms in the soil include phys ical processes
such as photodegradation and volatilization from the topmos t surface,
biological degradation by micro—organisms , and a number of chemical reac-
tions catalyzed by various soil components and chemical adsorption . Soil
activation as a method of decontamination -sts on the assumption that
these mechanisms , if actively promoted , are capable of d2grading more
contaminants, more rap idly. This assumption needs to .e investigated
before  implementat ion of this method , especially fot the phosp hona tes ,
CS, DM , and other relat ively uncommon soil con taminan ts, for  wh ich few
degradation data are available. The pest ic ide—rela ted contaminants need
much less investigation ; reviews are available on the mechanisms of soil
degradation fo r  many insecticides and herbicides .  Heavy metal  contami-
nants , of course , cannot be eliminated except by tranfiformation to vola—
tile forms . Soil reactions can t ransform them to less toxic forms or
make them unavailable to p lants. * Organic arsenic , for example , under-
goes two reactions in the soil——one to volatile arsines , and the other - -

to inorganic arsena te , which is strongly adsorbed by clay particles in
the soil.

I t  should be no ted  t h a t  soil r e a c t i o ns  can also act ivate  contaminants ,
i . e . ,  change them to more toxic forms , ot forms  which are equally as toxic .
For instance , in the soil , 2 ,4—dichlorop henoxyeth anol  su l f a t e  is activated —

upon its conversion to 2 ,4—D. This p o t en t i a l  fo r  ac t iva t ion  would need
to be considered in tI,e it~”estigation which  precedes the implementation
of t h i s  method.

One of the uncer ta in t ies  in soil ac t iva t ion  is the lack of in format ion
on che ex ten t  of u e to x i f i c at i on . This is pa r t l y due to the f a c t  t ha t  many
studies which have indicated soil degradation have merely tested for the
‘disappearance ’ of t h e  or i ginal toxican t , or have tested for initial ,
previous~ y i d e n t i f i e d , degradat ion p r o d u c t s .  Kearney , Plimer , and
Hell ing 1 s ta te  t h a t ,  in general , soil is able to degrade and de tox i f y
organop hospoates and c~irh amate s .  C a r b a r y l , f o r  example , is h y drolyzed
to ~—nap htho l , meth y lamine , and carbon d iox ide . The organochlor ines ,
however , may not be detoxified as readily as othe r contaminants. The
cyclodienes are oxidized to fo rm epoxides ( e . g . ,  heptacl i lor  is oxidized
to heptachlor epoxide) which  are themselves  i n s e ct i c i d a l  and t o x i c .  DUT

some question as to whether merely making undegradable toxicants
unava i lable to plants would he considered an acceptable form of the
detoxification to the Army . 
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I
is dehydrohalogenaced to DDE , or can be dech lo r ina ted  to form DDD. The
route of f u r t h e r  breakdown a f t e r  conversion to DDD has been difficult to
ascertain. In the soil, a number of ‘ polar  mate r ia l s’ which canno t be
recovered has been noted. The breakdown under anaerobic conditions of
DDT by Enterobacter aerogenes has been reported to yield reduced dechlor—
m ated compounds , as well as oxidized derivatives , and ultimately p ,p—
dichlorobenzophenones. Althoug h this route of degradation was determine-i
in vitro, it is likely that this route , or some similar route of degra—
dation , is presen t in the soil since in many areas which have app lica-
tions of DDT , DDT p lus the initial degradation products , DDE and DUD ,
have been shown to be lost from the soil.

2. Soil Activation System Description — Assuming that laboratory
and field investigations support the hypothesis that a significant number
of the toxicants presen t  in I)ARC OM s ii s can be degraded by natural soil
processes , and that activation to more toxic compounds will not be a
problem , the  imp lemen ta t ion  would proceed a c c o r d i n g ly to the following
steps:

• Determination of optimum conditions for each of the
contaminants;

• Integration of each set of optimum conditions into
an overall plan of action considering sequencing of
treatment process and the particular toxicants found
together in particular areas ;

• Manipulation 01 the environmental conditions (e.g., pH ,
oxygen , organic matter) according to the plan of action ; and

• Monitoring of toxican t degradation .

(a) Soil Conditions Which Promote l)egradation

Table 18 lists some toxicants b elieved to he presen t in Basin A
at Rocky Mountain Arsenal and the soil conditions which-i promote their
degradation . The toxicants listed (pesticides and heavy metals) along
with the environmental conditions shown are the result of an initial
literature search involving primarily pesticides (due to the availabi lity
of literature on these as opposed to other toxicants invo lved).

Tue I ollowing discussion addresses each of tite man ip u la t ions shown ill
Tabl e I ~ , i .e • , increasing organic mat icr , decreasing soil oxygen content ,
i nc reas ing  t em p e r a t  tir e , i ncr e a s i n g  s o i l  m o i s t u re , and i nc  r e a s i n g  and
decreasing j~11.

Increasing Organic Mat t c r — Organic mat t e  r can be added in t tie torn
of syn t h e tic comme r c i al  o r g a n  i i s , cat t Ic manur e , sewage slud ge , or crop
r e s i d u e s .  Comme rc i a I syn t tic tic organ! c s are expensive and the i r suit —

ab i i i  t ‘
~
‘ f o r  mi  c rob  i a I g r o w t h  i s  i n t e r  t a in , a I t  b o u g h t  t her have been used

as an en e r g y  source i n  s o i l  t e s t s  clone by t h e  Bureau ot Mine Rtc l ama t ion .
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Sewage sludge and cattl e manur e I r e  p r o b a b l y t he  l ea s t  expens ive  o rgan ic
supp lements availabl e- ; however , their use  f o r  t h i s  purpos e  is l i m i t e d  b y
the tact that they c oi tt a  i n  var i ab l e  q u a n t  i t  ic-s of t r a c e  e le m e n t s  w h i c h
may disturb tti e expected soil mechanism for degradation . Additional l y,
they contain populations of organisms which , although they are usuall y
en t er i c  and do no t  s u r v i v e  long in t h e  soil , may r ep r e~~e-1it  enough com-
p e t i t i o n  to  slow t h e  bu i  l d — u p  o t  t h e  dc-s i r c -d  so i l  m i c r o — o r g a n i s m s . I n
t h e  f i e l d  e x p e r i m e n t  done b y Dr .  F armer  ( r e f e r r e d  to p r e v i o u s l y ) ,  b o t h
c a t t l e  manur e  and a l f a l f a  meal  was used. He’ tound t h a t  8 t o n s/ a c re  of
a l fa l f a  meal was e q u a l ly  as effect lye in stimulating micro—organisms as
80 t o n s/ a c r e  of c a t t l e  m an u r e . D r .  Farme r sut~gested that c o n s i d e r a b le
energy source is removed in the di gestive tr~ict of th e cattle.

Plant material , such as alfalfa meal , is thie most conunon organic additive ’

in laboratory work showing the stimulation of degradatio n mec h a n i s m s  by
organics. Alfalfa meal can be obtained from conunerc ial animal feed
manufacturers for a fee of approximat el\’ $5.00 per 100—lb bag. A ssuming
t h a t  about 8 tons are required per acre , t h e  cost of the plan t material
itself will be about $800 per acre . Transporting t h e  material by truck
over a distance of (e.g.) 20 miles  would  cost about $2.00 per ton . The
plan t material would have to be spread over the area at a cost of about
$3—S per acre , followed by a discing operation at  i cost of $1.50 per
acre. The total cost , therefore , of adding tile p lant material would
equal about $820.00 per acre .

ii. Decreasing Soil Oxygen Content — Ti-ic onl y proven method of creating
anaerobic conditions in the field is that used hr 1)r. Farme r in hii~
e f t o r t s  to degrade DDT . i)r . F a r m e r  diked liii ’ 1.5 a c re  a r e a  i n t o  1/10
acre p l o t s .  The d ikes  were a b o u t  15” h u g h and abou t  18” w i d e .  Each
dike  segment had a depression covered w i t h  pol y e t h y lene wh ich served as
a wei r  to allow w a t e r  to f l o w  between p l o t s .  Wa te r  was pumped in to  a
d e p t h  of 3—6” in th l e  p lo ts  ( d e p t h  va r i ed  due to an uneven soil  s u r f a c e ) .
Anaerobic conditions we’re maintained throug hout the 49—day experiment ,
m o n i t o r e d  b y p H measurement.

D i k i n g  is a common a g r i c u l t u r a l  p r a c t  i ce  in a re as  where  rice ’ is grown
and in many areas of the United States where salt must be periodicall y
leached t rom the soil. A tool desi gned to do this is tite disk ridgc -r ,

bordering too l which can be purchased for $500—bOO. T u e  d i sc  r i d ger
is ti tt .tch ue d t o  a tractor and operated by one man , d ik ing about 2 acre’s/h u t.
Available soil is used f o r  dike material ; occas ionall y d i k e s  m u s t  be ’
r e p a i r e d  b e c a u se ’ of  t i t e  instahi l its’ of the ~h i ke ma t er i a i

The ’ size’ c i t  the ’ p h ot  s will depend on t h i t ’ s lop e  ot t h e ’  ground : p lo t s
will have to he snu ii e’r for uneven at t ’ , t ~ • ,-\ssum i ng a rc - ,isoiiabl v e ven
l and , however , p lo ts could lange’ I ron I /- C to 1/ 2  ic - i c  in si ;~c ’ . An i rt i—
gat ion s y s tem  could ~upp lv t tte ’ wat er. i-’i gtir hu g a th ik log te st of ,iht tti t

~h pe’r acre’ t o r  I /2— ,ie’ re’ p h i t s  , a m t u i i t t  enancc’ cost et about $8 per  a c re ,
and an i r r  i g it ion c - its t of about Sot) s - i it - r e ’, th~’ tot a l coo I t ci ma iii —
tam ing itiae’ r tt h ir &-o iud i t lotu s won id 1- , - iI ’ i t t Th~ p e t  ,I~~t e

________  --~~-- -..~~~—— —--—-
~~~~-
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Another method for decreasing soil oxygen content , which has not been
tried ye t in the f ield , is the add ition of wa ter through irriga tion wi th
a simultaneous addition of organic matter. It is Dr. Guenzi ’s* belief
that stimu lated microbial populations can decrease the ozygen content of
water more quickly than oxygen can be added from the water . However,
according to Dr. Farmer , this tends to prod uce onl y par tially anaerobic
condi tions , i.e., wide variations in oxygen content will occur among soil
pore spaces.

iii. Increasing Soil Oxygen Content — The quickest and cheapest way of
increasing the oxygen content is to aerate it through repeated discing.
Assuming about 25 discing operations would be required over a treatment
period , the cost per acre would be $37.50.

iv. Increasing Temperature — No literature has been found which documents
any attemp t , successf ul or unsuccessf ul, to significantly increase the
temperature of the soil in the field . Burnsidel4 suggested that black
plastic , asphal t, or some other heat—absorbing material  might be p laced
over the soil to increase temperatures and thus increase the rate of
detoxification of pesticides. Dr. Guenzi suggested that black PVC sheet-
ing be laid on the surface of the soil to decrease the reflective char-
acteristics of the soil surface . Fairly simp le f ield tes ts would need to
be done to de termine whe ther app lica tion of such ma terial to the surface
would increase the temperature enough to cause significant increases in
degradation rates.* Black PVC sheeting, 10 mils thick , can be ob tained
from WaterSaver Co. in Denver at a cost of 6.5c per square foot. The
sheet ing ,  which comes in a variety of sizes up to 101’ wide , can be
specified for any length. It must be applied with a front end loader
or similar vehicle and 6 to 10 men . (The sheeting, folded in an accordian
manner , is pulled off the loader as it proceeds and laid down by men
fol lowing behind the loader. Ten men can lay about 5 sheets a day . If
the sheets are to be sealed together , i t  can be done by hand or with a
hydraulic sealer , along with a team of 3 men . For this purpose , however,
the sheets could he weight ed down en the  c or n e r s  or edges w i t h  s o i l . )

The cost of the material would equal about  $2,831 per acre. The cost of
lay ing the material would be about $30 per acre , with about $5 added for
maintenance. After use , the sheeting could be disced into the soil at
a cos t of $1.50 per acre. The total cost of raising the  soil temperature

*The laboratory studies which have shown t h i s  inc rease  in degradat ion
with temperature have generally used a temperature differential of
20 °c. Dr. Wayne Guenzl at Colorado State University in Fort Collins
Is currentl y studying the effect s of temperature increases on the
degrada tion of DOT and he h at; Thown t h a t  degradatio~i rates continue
to increase w i t h  increases  In t e m p e r a t u r e  beyond 20° C.

57

- 
— - - -



- —-- -~- ~~—_ _ ——---- _ 
~“~1~~

would be about $2 ,870/acre. Because of this high cos t , it is very
important to cond uct field tests to thoroughl y establish the importance
of temperature (and ability of sheeting to significantly raise tempera-
ture) pr ior to imp lementation of any large—scale measures.

v. Increasing Soil Moisture — Probably the best method for adding
moisture is to use existing irrigation methods . Temporary irrigation
systems sui table for  this program cos t about $50 per acr e, f ixed ann ual
cap ital cost. Annual operating costs are about $l2—l5 per acre , and
assuming a two—year operation , this brings the cost to about $62—65 per
acre .

vi. Decreasing Soil pH — Ferrous sulfate (FeSO~) can be added to the
soil to decrease alkalinity. FeSOL1 is ava ilable from commercial sources
at a cost of about $24/ton when purchased by the carload (50 tons).
Fre ight cost over a 100—mile distance would be about $5/ton . Assuming
tha t about 5 tons/acre are needed , the cost per acre would be about
$145/acre.

vii. Increasing Soil pH — To increase alkalinity , limestone should be
added to the soil at a rate dependent upon the particular pH- to be
attained. The increased alkalinity of the soil that has a current pH
of about 7 to a pH of 8 or 9 would take around 15 to 25 tons per acre .
Since limes tone cos ts abou t $9 per ton (including the equipment and labor
f or spreading) , and since a discing opera tion would f ollow a t a cost of
$1.50 per acre , the total cost per acre will be approximately $158 to
$263 per acre .

(b) Possible Sequencing of Activating Measures

If the toxicants of interest  were those in Table 18, f or examp le ,
a possible sequence of ac t ivat ing measures to increase the i r  degradat ion
is illustrated in Figure 5.

The first steps taken should be those that are common to the greatest
number of toxicants . In this case, those steps are adding organic mate-
rial , decreasing oxygen , increasing tempera ture , and de creas ing pH (since
this is impor tan t to the organop hosphates in general). Logistically
lower ing the pH should come f i r s t, because the addition of ferrous sul-
fa te should be done before irriga tion mechanisms ar e put in p lace. The
organic matter  should be incorporated into the soil next , immediatel y
preceding the implementation of irrigation measures. These last two
should be done at the same time since the comb ined ac tion w ill help
produce anaerobic conditions. App lication of a PVC sheeting , of course’,
should come last.

These measures should be kept in operation for about two to th ree years ,
depend ing on the time necessary for significant degradation to occur.
Monitoring for the toxicants involved may indicate that a longer duration
is necessary . After the level of toxicants has reached an acceptable
level , conditions would be changed to degrade tile next set of con taminants. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~ _ - _ _ _



Table 19. Total  Cost for  Soil ? lan ipu lat i on

Decrease ph

FeSO
4 

at $24/ton
$5/ton transportation
at 5 t o n s / a c r e  $144/acre

Increase organi c content

Alfalfa meal at $100/ton
$2/ton transportation
at 8 t o n s / a c r e  $820/acre

Decrease oxygen content

D iking  at  $8 /ac re
Irriga tion at $60/acre $68/acre

increase  t e m p e r a t u r e

PVC sheeting at $2831/acre
A p p l i c a t i o n  at  $30/acre
Maintenance at $5/acre
Discing in at $1.50/acre $2867.50/acre

Increase soil mois ture
f i x e d  annual  c a p i t a l  cos t  f o r

ir r i gati on $50/acre
o p e r a t i n g  cc~st $12/acre $62/acre

increase oxygen content

25 d i s c i ng s  a t  $ 1 . 5 0 / a c r e  $37 .50/acre

increase  ph

limestone at $9 /to ti
20 tons/acre
D i s r i n g  at $ 1 . 5 0 / a c r e  $ 18 1 . 5 0 / a c r e

TOTAL COST $ 4 1 8 0 . 5 0 / a c r e

320 ac re s  (1/2—square m ile) Sl ,337 .’,u

59



~

1-

~~
i-

~~~~~~~:: ~~~~T 
~~~~~~~~~~

Soil pH and Orga~~~c Hatter ~~~~~~~Oxvg en C o n t e n t  
- 

T c r ~p c rat ur~

I

Soil and 0xy~ en

L II I : o~ t e n t
_j

.1
F~~ ure 5. P o s s ib l e  Sequenc~~~~ of So i l  M a n i p u l a t i o n

60

~

- -  - - - - - -~~ ---- - -~~~~~~~~~~~~ - - -— ~~~~~~~~~~~~~~~~~~~~~~



In th is case , this would involve measures to increase the degradation of
compounds like aidrin wnich need oxygenated soil and moisture . The irri-
gation measures can be kept in place , but the ra te of app lication of
water may need to be changed . Discing operations would proceed after
removal of the PVC sheeting. Although aidrin is degraded more quickly
at higher tempera tures , the addi tional cos t of rep lacing the pol yethylene
sheeting after discing operations may not be warranted.

Finally,  e f fo r ts must be made to decrease the availability of heavy
metals and other undegradable toxicants left in the soil, e.g., increas-
ing the pH of the soil with an application of limestone , although this
tends to be unreliable in areas of acidic rainfall.

3. Process Economics — Table 19 presents the total cost per acre
if all soil manipulations were carried out.

4. Problem Areas for R, D, and D — Soil act ivat ion as discussed
above Is primarily based on the results of laboratory experiments which
have indicated that degradation of toxicants is affected by a number of
parameters. Some , but not all, of these results have been ver if ied in
field operations . Combining the conditions which maximize degradation
into a purposeful effort to increase degradation has not been attempted
in the laboratory or the field . However, these ccndi tions are na turally
comb ined in the f ield in many agricultural soils and other soils which
have been shown to be capable of degrading a variety of toxicants . Since
soil ac t iva t ion  is essentially a method of enhancing na tura l  soil degra-
dat ion processes , it wil l  have few , if any , adverse environmental  impacts.
It is also not very cos tly. Thus, if even modes t benef its are demonstra ted
in pre l iminary  l abo r -it o ry  and f i e ld  tests , soil activation should certainly
be included as part of an overall land decontamination effort. In order
to develop an imp lementation p lan fo r  maximizing the inherent capacity of
the soil to degrad e the par ticular con taminants presen t, the following
experimental data should be obtained :

• Analysis (qualitative and quantitative) of the con taminants
present;

• Rates and produc ts of degradation of each contaminan t as a
function of manipulabl e soil parameters ;

• Rates and p roduc ts  of degradat ion  of mix tu res  of contaminants
as a f u n c t i o n  of soil paramete rs ;  and

• Ex ten t  of degradat ion  achieved under  f i e ld  conditions.

B. V e gLt at i on a l  Uptake

1. State of the Art — The use of resistant grasses is common in land
reclama t ion e f f or ts, but not as a contaminan t removal mechanism. It is
possible that certain types of vegetation will remove contaminants from
the top layers of the soil. Al though some work has been done on this

________ — - - - - - -~~~ .. s., _M.a,
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T a b1~ - S t a t e of  t h e  A r t  of ‘i~~st  ~ptak~ and Translo~ at P e s t  l~~ides

~~~~ounds Foun d Al t e r  T r a n s l o c a t  Ion
Ab sorbed T r an sl o ca t e d

I n s e c t i c i d e  _~y~ root  f r e e  ro o t  Pa ren t  ?~~tabeIlte

Aldrjfl Yes Ye~ Yes Yes

Dieldrin Yes Yes Yes Probable

Isodrin Yes Probable l~ probab le Yes

Endrin Yes Ye s ‘len Yes

Reptach lor Yes Ye~- Yes  Yes

Sept achior
eposide Yes Yes Yes Unknown

chlordan e Yes Improbable Unknown 5 Unknown

Endosultan Yes Ye s Yes Unknown

Toxa phene Probable Improbable Unknown Unknown

BHC Yes Ye s Ye s Yes

Lindane Yes Ye s Yes Yes

DOT Yes Probable Probable Yes

Diatinon Yes - Yes Yes Probable

Dimethoate Yes Probable Unknown Probable

Disulfoton Yes Yes Yes Yes

Phorate Yes Yes Yes Ye n

Parath~ on Yes Probable Probable Unknown

Chloroneb Yes Yes Yes Ye n

Arsenic Yes Yes Yes

Lead Yes Yes Yes ——

~5one , or has never been investigated-

(-t - ‘
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problem , addi t ional  pre l iminary  s tudies  must be comp le ted before
attempting large—scale treatmen t..

There is some evidence from residue studies that certain contaminants
in the soil will be taken up and translocated into growing plants.
Repea ted growth , harves t, and disposal of the p lan ts has the po tential
for even tually removing contaminants from the soil. There are , however ,
no known full— or pilot—scale applications. Some of the studies which
suggest the technical f eas ib i l i ty  of the me thod are cited br iefly below.

Edwards (1873)15predicted tha t  a root crop yield of 20 tons per acre
could remove f rom 0.01—0. 1 lb per acre of insecticide (less than 5%
removal).

Onsager , et al. (l970)~
-
~ reported removals of about the same magnitude .

Removal f rom the soil by sugar beets averaged 8.4% for dieldrin , 5.5% for
DDT , and 9.6% for clilordane .

On the other hand , Lichtenstein and Schulz (1965)1-7reported that
carrots grown in soil treated with dieldrin absorbed 37—64% of the applied
dose. Lichtenstein (i959~ ö , l96O~~~) previously reported on the uptake of
lindane , DDT , and aldr in and reported residues in carrots ranging from
0 to 7 . 7  times the residues found in the soil.

Obviousl y ,  removal is hi ghl y variable and depends on the so~ l type ,
the specific toxican t and level , and the crop used. Nash (l974)~~ 

rev iewed
plant uptake  of pes t ic ides  f rom soils. His results are summarized in
Table 20. Much research is needed to determine if this method is useful
for all of the toxicant ; present in a given contaminant and whether
sufficient amounts of contaminants car. be removed.

2. Vege taL i o l - L1 J Up take  System Descript ion — The f i r s t  steps in the
development of a system are as follows:

(a) Determine most effective _plant for the areas to be treated. —

Rod crops appear to be quite effective , although soybeans may
also concentrate toxic residues. Alfalfa is another possibility
wh i ch  shou ld be explored since the crop is deep ly rooted .

(b) Determine_ o1~~itnum soil condit ion s fo r  plan t growth .  — It is
like ly t ha t  i h e s e  condi t ions  are a l read y known , or can be
located in agricultural literature.

(c) Smal l—scale  fi e ld  tes t .

lmp lement3 t ir - n would normal l y r equ i r e  the following steps:

(a) Soil adjustment — The soil needs the adjustments suggested in
the p r e l i m i n a r y  s tud y (b above). Fertilizer will probably be
necessary , and pe rhap s ~ut tle manure applica tion and pH adjus t-
ment .  The cost . of fertil izing and cultivating would be approxi-
mately $SO /~tc rt - for one cultivation .

hi



(b) Seeding — After the soil adjustment , the area can be seeded
with the appropriate crops. The cost of seeding obviously
depends on the crop chosen , but would range around $20—35 per
acre .

(c) Watering — Irrigation may be necessary to insure  germinat ion
and growth .  Assuming onl y one app l ication , the cost of a wa te r
t ruck wou ld p robabl y be about $60/acre for a 1/4” app l icat ion .

(d) Harvesting and Disposal — Since the p lants  may conta in  toxic
residues , they must be harves ted  and disposed of in a s an i t a ry
l a n d f i l l , or by incineration . Costs for harvesting and trans—
port would be $40—65/ acre  for  sugarbeets  and about $ 12—l 5 fo r
soybeans for a distance of 20 miles .

Add i t i ona l  costs (of the order of $ 2 0 / t o n)  would be incurred
if i n c i n e r a t i o n  is used as the  disposal  me thod , bu t  these have
not been inc luded in the  cost es t imates.

The steps described above may be repeated until residues in soils
reach acceptable levels. Assuming a removal of 5% per harvest , independent
of contaminan t concentration in the soil , and one harvest per year , it
would take 59 years or harvests to reach a 95% removal.

= 0.05

ii = number  of years required

3. Process Economics — A summary of costs fo r  a sing le harvest
using sugarbeets as an example is given in Table 21. At the 5% level of
removal per harvest , the total cost for 95% removal could approximate
$3,500 ,000 over 59 harvests.

4. Problem Areas fo r  R , D , and D — Some of the  problems which
requi re  f u r t h e r  i nves t i ga t i on  inc lude .

• The costs and t echnica l  feasibility of obtaining optimum
cond itions for growth of the selected crop;

• The extent of uptake of the c o n t a m i n a n t s  of concern  by
various candidate crops as a function of contaminant concentration in
the soil; and

• The degree of movement of contaminants in t o  p l an t s  in
different soil types , which may hind or adsorb various contaminants
d i f f e r e nt ly.
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Table 21. Cost of Vegetation u ptake5 Using Sugarbeets

Cost/A (.ax.)

1. Soil adjust ment , f e r t i l i z ing ,  $ 50
and cultivating

2. Seeding 35

3. Watering to 1/4” 60

4. Harvesting 30

5. Transport 10

$185/acre

Total cost for treatment of 320 acres $59 ,200
(1/2 square mile)

5AIM. es timates
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C. lnoculation

1. State of the Art — ‘Inoculation ’ as a method of decontaninat ion
involves the use of large quantities of micro—organisms incorporated into
the soil in order to biologically degrade the toxic material . The organ—
isms used must have shown degrading ability, at least in the laboratory .

The following discussion b r i e f ly reviews some of the l i t e ra ture  on
microbial degradation. This review is not meant to be complete in any
sense; it is presented here to provide examples of the state of the art.
of this method in regard to var ious chlor ina ted hydrocarbons , organ-
ophosphates , and inorganic compounds.

Wedemeyer (1968)22 reported about 70% conversion of DDT in solution
to DDD by Aerobac ter aerogenes af ter overnight incubation . However , this
was a laboratory experiment without the use of soil as a medium , and DDD
is toxic.

Kearney , et al. (l969),
22 

found more rapid loss of DOT when soils in
the laboratory were inoculated with Aerobacter aerogenes under flooded
conditions. DDD was the major metabolite , but a net loss of DDT--ijDD
occurred in four weeks. The lost product could not be identif led and
was though t to be bound very tightly to soil particles.

The fungus Mucor alternans also can degrade DDT (Anderson , et al.,
1970) .23Cultures were treated with DDT and incubated for 6 days. After
2 days , only 42% of the app lied DDT was recovered from the cu l t u r e s ,
whereas 100% was recovered from the control (autoclaved mycelium). The
produc t was an unidentified water—soluble metabolite. Although degrada-
tion of DDT occurred in culture by this fungus , it was not ‘~hown in soil
af te r an 11—week incubation.

Dr. Philip Kearney (personal communication) at USDA laboratories in
Beltsville, Mary land , has conducted field tests inoculating several
pes ticides , including DDT , with mixed cultures of micro—organisms which
had been shown to degrade the pesticides in the laboratory . None of the
micro—organisms survived in the soil long enough to significantly degrade
the pesticides. The reason for the rapid die—off was apparently the
strong competition by existing populations of micro—organisms for energy
sources , nut rients , etc. (The existing populations are better adapted
to the par ticular ecolog ical parameters of that soil.)

Microbial degradation ha~4been observed for few other compounds of
interest. Tu, et al. (1968), screened 92 pure cultures for aidrin —

degrading activity in vitro. No one species dominated thL conversion of
aldrin to dieldrin . Of the f ung i, Trichodernia were the most active con-
verters. (Mucor was of minor importance.) It is of interest that some
strains of several species of fungi  including Trichoderma , Fusar ium ,  and
Aspergillus were able to metabolize dieldrin to other unidentified prod-
ucts. Some actinomycetes and bacteria also showed this ability. Unfor-
tuna tely, this degradation has not been shown in soil.
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Mucor alternans was tested for its ability to degrade in culture
and soil. In culture , 74% of the app lied dieldr in was recovered in 6
days , but no metabolites could be isolated. The addition of M. alternans
spores to a dieldrin—contaminated soil had no e f f e c t  of the degradation
of dieldrin (Anderson, et al., 1970). 23

Degradation pathways have been identified for other chlorinated
h ydrocarbons .  Some s t ra ins  of fungi , bacteria , and ac tinomyce tes ha~~
been shown to epoxidize heptachlor in culture (Miles, et al., 1969). In
addition , Matsumura , et al. (l971),26 reported the degradation of endrin
to ke tones and aldeh ydes by a variety of micro—organisms in culture .

Microbial degrada tion of the organophosphorus insecticides and the
phosphonates has not been extensively studied . Kaufman (1974)27 stated
that the role of micro—organisms in the initial degradation of organo—
phosphorus is unclear . According to Kaufman’s review (1974)27 hydrolys is
can be microb ially mediated under in vitro conditions , but has not been - -

~~

shown for any of the contaminants of interest .

Some of the inorganic compounds are also affected by micro—organisms .
For examp le , mercury compounds may prod uce free merc ury wh ich may be
methylated (Kaufman , 1974). 27 Unfor tuna tely, this is not a detoxifying
step . Inorganic arsenicals are often inactivated in soil due to the 28formation of insoluble iron and aluminum salts (Woolson , et al., 1971).
Under anaerobic conditions , arsenic may be lost as a gas (A. E. Hiltbold ,
personal communication). Apparently little other information is avail—
able concerning the influence of micro—organisms on the detoxification
of inorganics.

As this brief ri view indicates , most of the effort on microbial
degrada t ion  is c u r r e n t l y  being d i rec ted  at the pre l iminary  work of

iden ti f y ing the micro—organisms capable of degrading the toxins. Even

this preliminary work has not covered some of the toxins present at I)ARCOM
sites , and there is no assurance that micro—organisms can be found to
degrade all of them. Further , the preliminary work has shown that degra-

dation is often not comp lete and may y ield prod ucts wh ich ar e themselves
toxic.

The uncertainties indicated by this preliminary work , combined with

the f a i l u r e s  of the  l imi ted  f i e ld  work conducted , i nd i ca t e  tha t  t i ioeiu. l a-
tion with micro—org z~nisms is not a method 

which we feel is presently

v iable , or worth the large expenditures needed to exp lore it further.
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2. Technical Feasibility — Overall , there appear to be a number of
serious problems involved wi th  this method.  Our conclusion , a f t e r  a br ief  —

period of review , is that it should not be considered as a viable treat-
ment method for any contaminated site. Some of the major problems include :

• The time required for the completion of the necessary research
and preliminary work is too extensive to be useful in the near future.

• There is no reason to believe that appropriate micro-organisms
can be isolated to degrad e each possible contaminant.

• Degradation has been far from comp le te , even in the laboratory
studies. In many cases, degradation has not been to inocuous mater ia ’s .

• If the method worked at all, it would only be a surface
treatment. Other methods would have to be used for soils contaminated
deeper than about 8 inches.

• Most importantly ,  f ield tests with known degraders have f a i l ed ,
largely because the micro—organisms introduced cannot compete with the
indigenous populations .

( 8



IV. LAND RECLAMATION VIA HYDROGEOLOGIC TECHNIQUES

Introduction

The vast majority of documented damage incidents due to improper
land d isposal of tox i c ma ter ials have involved con tamina tion of ground
water. The leaching of contaminants from a landfill or dump is often a
very slow pr ocess , and in some cases groundwater pollution has only
been man ifes ted 40 or 50 years after the initial burial of the toxic or
hazardous waste.  Once the groundwater has become contaminated , however ,
particularly if a major aquifer or water supplyjis threatened , amelior-
ative action usually becomes a matter of considerable urgency . In the
civilian sector , action has taken three forms : (1) abandonment of the
con tamina ted area , closing of contaminated wells , and prov ision of a
new wa ter supp ly; (2) digging up of the contaminated soil and reburying
it in a sanitary landfill; and (3) use of barrier wells and pumps to
curtail the spread of contaminants , with or without provision for
collecting and treating the contaminated water. The first two options
are not likely to be either feasible or acceptable for contaminated
Army lands. The third option , which fal ls  generally into the ca tegory
of hy drogeologic techniques , forms the subject of this chapter.

Hy dr ogeolog ic techniq ues for reclaiming contamina ted land masses
and their accompanying groundwater regimes include two fundamental
concepts:

1. upgradient groundwater and surface water diversion ;

2. downgradient groundwater  and s u rfa c e  water  collection .

The first concept derives from the assumption that polluted
leachate from a contaminated land mass is generated as waters pass
through that mass. i)iverting waters away f rom the land ma ss isola tes
the mass and curtails leachate production. Use of impermeable materials
(e.g., bentonite , asphal t , polyvinyl chlor ide , hypalon , chlorinated
polyethylene) to either under—line or cap the contaminated zone further
enhances the first concept of isolation.

The second concept involves dow-ngradient collection of groundwaters
and surface waters which have already been degraded by the contaminated
land mass . The collected waters can then be treated to acceptable
levels of concentration , and either discharged to surface waters or
recharged to groundwaters. The concept is based on the ability to fully
intercept the contaminated waters downgradient of the land mass and to
employ long—term full—time treatment until the waste constituents being
cont ributed by the land mass have considerably declined .

State of the_Art

The use of barrier wells and pumps to curtail groundwater contam-
ination is reasonably well—established technology , although systems 
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must be de signed and eng ineered spe ci f icall y f or any g iven site and
contaminat ion problem.

At the Liangollen ref use l a n d f i l l  in Delaw are , a barr ie r w e l l
system was installed to intercept groundwater downgradient of the 56
acre landfill. The landfill had an average depth of 25 feet of re fuse ,
and the refuse , which was placed below the high groundwater table , was
contributing to contamination of a public water supply. Sorty well
points , 60—80 feet deep , al ong a 2 ,000 foot line were installed to pump
an average of 120 ,000 gallons per day . Each well has a capacity of
200— 250 gpm. I n f il t r a t i o n  galleries were placed within the landfill
site. Capital costs for the containment system alone were estimated
to be in excess of $2,000 ,000 with annual operating costs exclusive of
amortization in excess of $300,000 per year.29

A gasoline leak near the City of Los Angeles resulted in 250,000
gallons of gasoline seeping into the groundwater . Hydrogeologic techn i-
ques to reclaim the groundwater consisted of 70 wells skimming the
gasoline off the upper levels of the aquifer . Aside from the cost of
well dr ill ing and pump ing,  there is, of cRurse , the secondary cost of
losing a public water supply well field .3°

An industrial company had for many years disposed of arsenic salts
by land burial on their own property, leading eventually to groundwater
contamination . A pumping system was installed and had to be operated
continuously for five years before arsenic levels in the groundwater
began to show a measurable decline .

Hydrogeolog ic Systems Descriptions for Rocky Moun tain Arse nal

Land disposal of manufacturing and other wastes at Rocky Mountain
Arsenal from about 1942 to 1955 may have contributed to a groundwater
contamination problem.31’ 32 In 1955 , chloride contamination was
estimated to cover a 6.5 square mile area (see Figure 6).32 Mo re 

* **recen tly, low level concentrations of DIMP have been reported .34 ’
Because of the areal ex ten t o f groundwater contamination , hvdrogeologic
reclamation alternatives cannot be confined to the same area as land
based alternatives such as incineration and revegetation. Barr ier
systems of well points , infiltration galleries and bentonite slurry
trenches would have to either intercept downgradient contaminated flow
passing through former waste disposal areas (see Figure 7, basins A ,
C , D, and E) or intercept upgradient uncontaminated flow which would
po ten tial ly  flow through the disposal areas.

*personal (telephone) communication , Stan Robson , November 6, l97S and
December 3, 1975 , located at Denver ’s U.S.G.S. — (303)234—3815.

**persona l ( t e l e p h o n e)  c o m mu n i c a t i o n , Rober t  S h u k i e , (~~lorado PuhI Ic
Health Department , December 3, 1975 (303)388—6111.
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For prel iminary p lanning purposes , the U.S.G.S. hydrogeologic maps35 ’36
of 1975 were used to place the barrier systems. These maps show areas
where alluvium is either absent (bedrock outcrops) or unsaturated ( imper-
meable). These areas normally represent the boundaries of the groundwater
flow region. Water table contours (not shown) meet these boundaries
at ri ght angles. Corresponding stream lines representing the direction
of groundwater flow are drawn at righ t angles to the water table contours.
(See Figure 8) For the purposes of this stud y,  the area of “absent
or unsa tura ted alluvium” immediately east and north of Basin A was
not assumed a no flow boundary . Hence chloride contamination could
have flowed to First Creek in the 1950’s, and may be allowing DIMP
and pesticide derivatives to contaminate the Nbrth Bog (See Figures 6
and 8 through 11) presently.

Two alternatives are proposed to address the groundwater contamina-
tion problems of Rocky Mountain Arsenal.

The f irs t alterna tive involves upgrad ient groundwa ter and surface
water diversion to circumvent the contaminated area . Leachate production
from a contaminated land mass is a direct function of the amount of flow
allowed to pass through that land mass. Since most of the flow passing
through the contaminated ~-aste disposal basins comes from underf low
through the aquifer from outside the area and from surface runoff
from the unsaturated alluvium upgradient of the unlined ponds , upgrad—
lent diversion of these waters would virtually eliminate leachate
production.

The second alternative involves reclaiming the groundwater after
it has been contaminated . Barrier systems are placed downgrad ient of
the waste disposal basins to intercept the most highly contaminated
groundwater and treat the groundwater to acceptable effluent concentrations.

Figure 12 shows the location of the upgradlent elements making up
alternative I. The elements include:

• a 0.8 mile bentorsite slurry trench southeast of Basin A;

• a line of well points or an infiltration gallery immediately

upgradient of the bentonite slurry trench with discharge to the

First Creek channel;

• a 2.7 mile surface drain to collect surface water runoff from

the area of “absen t or unsa tu ra ted alluvium ” sou thwest of the

disposal ba sins , with drainage discharge to the northwest of

Basin E.
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Figure 13 shows the location of the downgradient elements making up
alternative 2 , and Figure 14 shows the process diagram for alternative 2.
The elements include:

• a 1.3 mile bentonite slurry trench across the First Creek flow
region north of the contaminated basins;

• a line of well points or an infiltration gallery immediately

upgradient of the bentonite slurry trench with discharge to a

treatment plant ;

• a 1.5 mile bentonite slurry trench across the flow region west

of Basins F and E;

• a line of well points or an infiltration gallery immediate up—

grad len t of the bentonite slurry trench with discharge to a
treatment plant;

• a 1.5 MGD (rough estimate based on hydrogeologie maps) waste—

water treatment plant containing facilities for degritting ,

filtration, activated carbon and reverse osmosis;

• treated effluent discharge to land immediately do~~ 0radient

of the bentonite slurry trenches.
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I D 5  o p t  L I ) f l u t j  u n i t s  sh own siii Figure 14 include C I l l I e ( t i O f l  O f  c r o I l t i d —
w a ter s  U~~~~~~I si i c i lt  1sf  the 1.- c s i t : i m i n at e d  zone , ad ~ustment ut tile waters ’ pH
to u n  i1  [(I c O I i d i t u L ) f l  r i i i d / o r  a d d i t i o n  of a s o l v e n t , and d i : n - l i s r p s -  of
L I i t - ’ -e a d j s t t - d  \ c u t e o - s to t h e  contaminated basin areas. The purpose  01
t h i s  o p t i o n a l m e a s u r e  is to e n c o u r a ge  dissolution and d e so rp t i on  o~
l l e u t V v  m e t i l s  :ind other chemicals from the basin soils , thereby accelera—
ting tie peri od of r ec lama t ion.  The optional measures are not included
in the cost est ina tes presented below. Further study is needed on the
type of solvent and acid feasible and the impact of these additives on
the treatment processes and treated effluent quality .

I’li :~rrnat ion for the dc’’elopment of well , trench , and pump costs
was p ru v ~~J e. I  by L u- u s Agui rri . Ron Halley and Ralph Beativ , respectively,
each f r om  the Denver a r e a  > h~ -‘ ~~ Well screen and “revert ” costs
ve re  p r o v i d e d  by \1 Sm i t h .  + I n s i gh t  on t h e  t e c h n i c a l  f e a s i b i l i ty  of t h e
p r op o s l a l t s - r i i a t u v c  -u s received from each of t h e  above s p e c i al i s t s ,
as we 11 as Thom ‘~s f .

Bentoni t o  s l u r ry  t r e u c i n s a re  r e co m m e n d ed in a l t e r n a t i ve  1 as
im p e r n i c - i b  le  boundari es block ing al l  groundwa ters f r o m  r e a c h  i ng  t i l e  w a s t e
d I spou- ;al :lre,1 s . Bentonite trenches in alterna t lye 2 dam the  g round—
waters and asi d nuL-u t the abilit y of the well s.’st em or infiltr at ion gallery
to intercept - il l flow. In both cases they provide a simple monitorin g
svste nl; 1.1 ., when the trenches overflow , the pump systems are not
fuoct Loning adenua tel V

Idi e r s - - s n i n i e i i I i e d  h I n t o u  Lie slurry trenches ext- end from the grosud
s u r f n - e  to the op of t he  impe rmeab le  c ilvsto n e bedrock , an average
de l*i h 0! -10 f e e t  . t h ey cross flow rcgioui. -~ hounded Dv areas where a] III’ _ ’i !am
is e I L t i e l  l l f l S . l t : i t 2 t s ’ .i or  : l l I s e n t  . Dtir ing trench d I gg i ig, u p p e r  p er t  iSI S
of t h l  ( i l Oj O - S I  l i l t  L i !  et - 5lLm en t are  r I m o v ed  f ly  s cr u s e r s :  once  t h e  w a t e r
t a b l e  i: r e t c h - U , I r a g i  i ceo ir e  used to remove t h e  r e m a i n i n g  p o r t  ion I l l

~ i c  lI II O l S O l  :( i a t ec l  sc4l  ifl~~fli . The width ot the trench w i l l  be a b o u t
5 1 “2  b e t  I ’ rout s-il by i t -  p a s s  of  4 — t o o t  w i d e  d rag i  tue  bu s - ke t . R e n t  on i~ t
s l t i r r ’ - , g en e r a l !  v ob ti ne - .! f rom l-u ’ - I nn Ing  for the D e n ver  region , is !sLIi*I j iI Il

i l l ’  the s Y s l’’ .1~~ed :iIs - l ;  ~i il the e:~c;i v i t -~I soil s (if ap p r o p r i a N- )  a r e
hackf ii i - I l  n t  c the sl,i rr-: . 11w- fin ;il t r e n c h  is :1 Di) l O t  i1~~C nIL I H I  I
155 1 nd a rv ~ g r O t I iI i . i t  or  1 ou~ ( complete ii rv  in g  of t n  - t r L -  us shos d not
he i i i  1 1w iI ! 

, 1 ‘ 1 1 5  sIc cii k ing may O C c U r ) .  1 -  : rt -i -li e :-, w i l l  net w- s l S \

is’ ci o s i  m t .  ‘i ll p r  his r ’ d ii I u n ]  t v  w i l l  be keeping the hole open no t  i i
the h - r i  on i t s  si cr y  0 I n  ic c  ted (when 1 1 ic i u p  a ci ~v s t ions 1 1 2 -] ow t In
w a t e r  I i i , - , w ’tL - r ;--ar !ne soils tend to sboagli i n to 11 t i l l s - i l).

* h r - S I - i l  I (te1~~~
1 - - e  c ’ P l f l h I l I i  i c at i o n , Ron l i i i  1ev , Pi~e~~jdt-~~i i t  I ! \ d  t rtid .

i , t :~it1.-l , I)I - I - S -I ’lI- , -r ‘1 , l~~7 , f ) en v s -r , Col ado Irs -ui , (101)9 1-, -- 7~ - t 7 7 .

** P r - l i s t  I ~t~ - i ~ 1D ’ i ie) - s :  : i i i n l c a l i o n , R i ] 1i1i Beitt\’ . I n  - i ! i i i t  1 7 1  k.il 1 i li

Re lt  nd As - c  - i t  i’s , i - - m I s e r  1 ) , 1 ii 7~~, L iver , Coler ido i i  i -a ( l o t )
23~ — 5 370

-+- 1~~~r~ n ll, 1 (t s - h-p hi ;i)c) I ‘rsrus l n i l - u It iOfl , A l  S m i t h , Ds - I - l - i ’ I l n - r  ]9 , ]1 ) , - ) , I~~ -~i t 1 -d

I t l i i a  st~ i D l v i : ;  “i , l i i i ye r sal 01 1 P r o d u c t s , St . l’au I , M l i i  ~s 0 ’  t i  , ((1 1 2

ii I t s —  3 1 ( 1 1

~I S -r s I ’n . l l  U s l t p l l - r & - )  - - o r - : i n j l - , i t  I s ; , ih om  L - ’  I , I h I I n i l s e i  l~~. 1 1  ) ,

- I I  00115111 t.~~i i 1 SOC i l t e  w i t h  I. UI l i i i ’  I tt’L s , ‘ l i t  H I  i s l i , t ! . I - - s . - hii -, -t t ~~

i~-i 3 ; — ]  ~ 1 - .
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Continual pumping of a well forms a conical drawdown curve of the
water table elevation with a circular area of influence determined by
the soil transmissivitv , the boundary condi t ions , type of aquifer system ,
and the ra te of pumping . A barrier well system is designed to allow a
series of wells with intercepting circles of influence to sufficiently
lower the water table so that no flow occurs between wells. The series
of wells would be spaced so that a hydraulic no—flow boundary would be
implemented ; the pumping rates of the ind ividual wells would be adjusted
so that their depression cones would balance at the mid—point . Because
pumping data are not available for the proposed barrier locations, we
assume a distance of 30 feet between wells. Each well will have a 5 foot
long well screen , with an average length of 35 feet of PV1 easing . The
me thod for  well pla cemen t curren tly used on Ar senal pr oper ty is recommended
here: a truck—mounted hollow—stem well auger which leaves a 5—6 inch
diameter casing In place.

The Denver area, including the Arsenal , has erratic soil conditions .
Soils consist of mixtures of sands, silts and clays. Soils within the
Arsenal’s contaminated zone appear to be very silty or clayey with low
permeabilities. There are sand lenses throughout the arsenal soils
which account for much of the groundwater flow. It is difficult to
intercept the sand lenses , and to insure that a barrier well system
will provide a hydraulic no-flow boundary. If , upon field investiga-
tion and pumping tests, the barrier well system appears infeasible ,
an infiltration gallery is proposed .

The infiltration gallery , like the bentonite slurry trench might be
excavated with scraper and dragline equipment to the top of the bedrock
strata. For excavation below t i t e  water  table , special steps wou ld have
to be taken to maintain side slope stability. Substances such as
“Rever t” used in the well drilling industry , might find application .
If th is drilling fluid additive proves suitable , it should temporarily
seal the trench and wash out within three days. After the trench reopens ,
a horizontal well screen could be laid , downward sloping to the pump ,
and the trench could be filled with gravel. At the collection point ,
a l ine s h a f t  v e r t i c a l  t u r b i n e  pump (p lus a s tandby  pump) might  be
placed within a vertical casing to lift the water to the surface and
pressure pump it through the filtration and activated carbon units.

Groundwater pumped from th:i - barrier systems would be directed to
a treatment plant consisting of filtration , camh oi5 iidsorptlon and
reverse osmosis units . The filtr ation system a l l o w s  For the  f i l t e r
med ia to trap su s p e n d e d  s o l i d s  w i t h i n  t h e  pore spaces .  A f t e r  the
f i l t e r  media  becomcs c 1 I -lggesl with so l ids , t h e  f l o w  d i r e c t i o n  is reversed
and the media is backwashed . A carbon a d s o r pt  ion  unit provides for
the remova l of dissolved -srgu;11 c const ituents of high molecular weight
onto  a carbon ad s o r b e n t  w i t h  h i g h  surface area . The unit must he
preceded by filtration because suspended solids would coat or clog
the adsorbent and decrease its efficiency . Reverse osmos i s provides
for the removal of dissolved inorg~a n i - s ;  I t  r e l i e s  upon membranes
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which are permeable to water and impermeable to salts. The filtration
unit might remove up to 92% of the influent suspended solids; carbon
adsorption might remore up to 90% of the chemical oxygen demand ; and reverse
osmosis might remove up to 95% of the total dissolved inorganics. Carbon

ad sorption can handle Influents with chemical oxygen demand s as high
as 300 mg/i ; while reverse osmosis can handle total dissolved solids
up to 5000 mg/i. Filtration units result in a clarified effluent and

a sludge obtained during filter backwash; carbon adsorption units result
in a relatively organic—free effluent and a spent adsorbent material
requiring regeneration (e.g., by thermal means in a multiple—hearth
furnace); reverse osmosis units result in an effluent nearly free of
dissolved solids and a low volume waste stream (brine) containing
high concentrations of the original materials and requiring evaporation
and ultimate disposal. Both the filtration sludges and the reverse
osmosis brines may be disposed in suitably engineered basins .

We recommend consideration of on—land discharge of treated effluent
immediately downgradlent of the bentonite slurry trenches so that natural
hydraulic processes will dilute and encourage micro—biological assimilation
of the contamination already existing off arsenal property.

Process Economic s

Tables 22 and 23 present capital and operating costs for Alternatives
1 and 2. Capftal costs for Alternative 1 (upgrad ient groundwater and
surface water diversion) are estimated at 1.2 million dollars if barrier
well s prove to be technically fea sibl e, and at 2.1 million dollars if
an infiltration gallery proves necessary. Annual operating costs are
expected to be of the order of $130,000/yr for the wells , and $230 ,000/yr
for the infiltration gallery.

For Alternative 2 (dow-ngrad ient groundwater and surface water
collection and treatment), estimated capital costs are 5.9 million
dollars with wells and 9.7 million dollars with an infiltration gallery.
Corresponding operating costs would be of the order of $1,000 ,000/yr
is) either case.
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Table 22 — Alternative I

Capital Costs Total 1975 dollars

- Excavation equipment utobilisation 53 ,000

— Excavation of trench 42.8 utile x 40 ft. x 5.5 ft.)
with scraper and dragline 120,000

— Wyoming b .ntonite slurry — installed 80,00C.

— Soil backfill into •lurry trench 25,000
— Excavation of surfac, drain (2.7 mile x 2 ft a

4 f t) with scraper 5 ,000
— A sphalt drain lining — installed 20,000
— Discharge pipe to First Creek — installed 120 ,000

— Site clean— n 15 ,000
— Field investigation and teats 10 ,000
— Engineering and Desi gn 30 ,000

Total  appl icab le  to alternative lÀ and lB $480 ,000
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T ab l e  22_ Continued

Capital Costs Total 1975 dollars

Barrier Wells — Alternative lÀ

Hollow ste m auger ing of 135 wells
(35 ft casing, 5 f t  well screen) 30 ,000

. Submers ible pumps — i net al la de  610 ,000
Engineering and design 40 ,000

$680 ,000

* assumes average depth of 40 It , although cheaper suction lift systems
may app ly for shallower depths

I nf i l t rat i o n  Gallery — Altern ative 18 -

— Excavation of t rench (0.8 mile x 40 ft  x 5.5 ft) 120 ,000
— Revert — installed 750,000
— Well screen (0.8 miles—type 304 stainless

steel) — installed 230 ,000

— Gravel Pack - installed 460,000
— 2—line shaft vertical turbine pumps

and casing (60 hp — 1000 gpm) — installed 15 ,000
— Engineering and design 90 ,000

$1,665 ,000

Total capi ta l  fo r  A l t e rna t ive  lÀ

480 ,000 + 680 ,000 — $1 ,160 ,000

Total capi ta l  for Alternative lB
480 ,000 + 1,663 ,000 • 2 ,145 ,000

86

_ _ _  _ _  _ _ _  ~~~~~~~~~~~~~~~~~~~~~~~~



.- -

HYDROGEOLOCIC TEC~WIQUES WI TH IAP.RIER
WELLS UPGRADIENT

Table 22 a — Alternative 1A

S/Year

Capital Racov ery (82 over 20 years) 120,000

Operating Cost of Wells (1.2c/Kwb , 86,000 /
parson year) 10,000

Total Aauwal Cost $130,000
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HYDROGEOL OGIC TEC)~UQUES WITH INFILTRATION
GALLERY UPGRADIENT

Lahle 22h — Alternativ e 18

5/Year

Capital Recovery (8% over 20 years) 220 ,000

Opera ting Cost of Gallery (l.2~ /Kwh $6,000/
person year) 10,000

Total Annual Cost $230 ,000
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DtMNGRAD LENT HYDROGEOLOG IC

TECHNIQUES

Table 23 —Alternative 2

Capital Costs 
_________________ Total 1975 Dollars

— Excavation equipment mobilization 55 ,000
— Excavation of trenches (2.8 miles x ~O f t a

5 .5 ft) with scraper and dragline 450,000
— Wyoming ben toni te s lurry — installed 290 ,000
— Soil backfill ioto slurry treneh 90,000
— Site clean—up 30,000
— Field investigation and tests 30,000
— 1.5 MGD mult imedia filtration processes 260,000
— 1.5 MGI) carbon adsorpt ion  and r egene ra t i on  610 , 000
— 1.5 MCD reverse Osmosis 1 ,360 ,000
— Discharge pipes and ground recharge 400 ,000
— Engineering and design 245 ,000

Total app licable to Alternatives 2A and 28 $3 , 820 ,000
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Table  23 — Continued

Capi tal Cos ts Total 1975 dollars

Earn er Wells — Alternative 2A

Hollow stem auger of 420 wells 75 ,000
(ave. 35 ft casing , 5 ft well screen)

Submersible pumps — installed ..,890 ,000

Engineering and design 130 ,000

$2,095 ,000

Infiltra tion Gallery

— Excavation of trenches (2.8 utile x 40 ft a
5.5 It) 450,000

— Revert — installed 2,670 ,000

— Well screen (2.8 miles — type 304 stainless
steel) — installed 750,000

— Gravel pack — installed 1,620 ,000

— 2—line shaft  vertical turbine pumps
and casing (60 hp — 1000 gpm) — installed 30 ,000

— Engineering and design 360 ,000

$5,840,000

Total cap i ta l  cost fo r  Al ternat ive  lÀ
3 ,820 ,000 + 2,095 ,000 — 5 ,915 ,000

Total capital cost for Alternative 28
3 ,820 ,000 + 5 ,840 ,000 — 9,650 ,000
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HYDR OGEO LOGIC TECHN IQUES WITh BARRIER
WELL S D0WNGRADIENT

Table 23a— Alternat ive 2A

1/Year

Capital Recove ry (8% over 20 years ) 600,000

Operating Coat

Barrier  Wells (electricity, labor) 20,000

Filtrat ion (e lectr ic i ty ,  labo r , mater ials ,
maintenance) 45,000

Carbon adsorption (slactricity, fuel, make—up
carbon , labor , mateni~ls , maintenance) 45,000

Reverse oamoeis (membr ~na replacement , power
labor , materials) 230,000

Total Annual Cost $960,000

91

_ _  _ _ _ _ _ _ _ _ _  _ _  _ - -~~~~~~~~~-~~~



HYDROGEOLOG IC TECHNIQUES WITH INFILTRATION
GALLERIES DOWNGRAD I ENT

Table 23b — Alternative 2B

$/Year

c!pital Recovery (8% over 20 years) 985,000

Qperating Cost

Infiltration Gallery 15,000
Fi l t ra t ion 50 ,000
Carbon adsorption 40,000
Reverse Osmosis 230 ,000

Total Annual Cost $1 ,320 ,000
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Problem Areas  for R, D, and II)

The barr ie r sys tems pr oposed above represen t prel iminary plans
derived without the benefit of field investigations , cross— sections ,
soil bor ings and pumping tests in the locations designated on Figures 12
and 13. We have no t proposed to collec t all con tamina ted groundwa ters
ans surface waters because the areal extent is too great. Rather we
have confined our plans to isolating and reclaiming areas reported as
having the highest concentrations of pollutan ts within the arsenal
property boundaries. We expect that discharging treated water near the
arsenal boundaries ‘iill allow natural hydra ulic pr ocesses to f l ush and
dilute the existing contamination found outside arsenal boundaries .

Additional compilation and review of existing information is
required for more definitive hydrogeolog ic p lans to be der ived . For
example , review of climatic and infiltration data is needed to determine
whether significant leachate results from precipitation on the waste
disposal area . For the foregoing analysis, it was assumed that most
leachate production comes from groundwater flow through the d isposal area
and from surface run—off recharging Basin C. As a result , no capping
of waste disposal areas with an impermeable material was proposed or
costed . Furthermore , the proposed placement of barriers was based on a
rev iew of hydrogeoligic maps. Additional review with U. S. C. ~~~ . water
resources personnel responsible for the solute—transport model3 is
essen tial , as well as dye studies to confirm the dispersion of seepage
from waste disposal areas.

Field investigations required include soil borings and pump ing
tests in the proposed barrier system location. Wells pumped for a
specified rate and time should be placed to observe drawdown of the
water table and estimate transniissivity and groundwater flow rates. If
technically feasible , a barr ier well system is to be favored over an
infiltration gallery due to the construction difficuities and additional
costs of the latter. Pumping tests would establish the feasibility of
the barrier well system In RMA ’s erratic soils.

Cross—sec t ions  of proposed b a r r i e r  loca t ions  are needed to d e t e r —
nine the true dimension of the systems and establish the comp leteness
of the barrier. Where the cross—sections show r e l a t i ve ly  short d is tances
to bedrock , suct ion  lift pump ing systems might be used to lower cost.
Our preliminary cross—sections , drawn for w o r k i n g  purposes at two barrier
1ocati~)(is, show that bedrock did not outcrop at the so—called groundwater
f l ow bou ndar ies o f ‘unsatur-ited or absent a l l u v i u m” . It is our impression
that these flow boundarie’4 , therefore , represent rt-lative l y impermeable
unconso l ida ted  sed imen t .  i f  t h i s  [mpre~~sion is  c o n f i r m e d , it may be
well to change the :~tr~~i~~~t line barciers now proposed to a horse—shoe
barrier.

Additional alternatives for constructing barriers should be
investigated and tested in the field. Methods ot driving sheet piles
and pressure—pump ing grout i n t o  t h e  soil may work to create an
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impermeable bar r ie r .  Hydraul ic  f r a c t u r i n g  should be explored fo r
improving groundwa ter yield .

To determine the capabilities for detoxification of the contamin-
ated grounds by water percolation and its subsequent collection and
treatment , it will be necessary to obtain certain data for estimating
the efficacy of the procedure , the size and type of the treatment
system and the length of time required for achieving detoxification .
The data which should be obtained as a minimum are:

1. Measurements on soil cores of the types of contaminants
and their concentration profiles within the area of
concern .

2. Leaching behavior of soil samples from the core location;
i.e., measurements of the rate and degree of detoxifi-
cation achievable by percolating water or other solvents
through the soil.

3. Assessment of the capabilities of alternative treatment
processes for removing the pollutants by tests on
leachate from Item (2) as well as samples of groundwater
f rom the area. The type of tes ts  selected would depend
upon the data obtained in (2). Foremos t among these
would be the development of activated carbon absorption
isotherms , p re fe rab ly  by column tests simulating the
probable contact times expected in a water treatment
plant. Other tests might encompass reverse osmosis,
biological systems or other physlo—chemical methods.

4. Pilot plan t or mini—plant operating experience directed
toward establishing final design parameters for a full—
scale plant.
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