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1 :., 	 EXECUTI VE SUMMARY 

I 
This document was prepared in response to Wo rk Assignment 

No. 168- 1L16 for the Charles Georqe Landfill. The spec ific 

subject of this task is the evalua t ion of chemical resistance 

characteri stics o f the flexibl e membrane (high density 

polyethylene ) and soil system as designed for the Charles 

Georqe Landfi ll. This cover sys tem was speci fied in a Record of 

Oechion siqned by the United States Environmental Protection 

Aqency (EPA) in July 1985. Construction of the flexible membrane 

cap with associated systems for leachate collection, surface water 

diveuion, and qaa collection and ventinq 11 anticipated to b eqi·n 

.._/ 	 in 1989. Chemical constituents of concern are thoae detected in 

qaa and leachate generated at the Charl es Ceorqe Landfill s i te. 

Thia evaluation ia baaed on a review of liner chemical reaistance 

literature and data from the Charles Ceorqe Remedial Inveatiqation 

(Ebaaco, 1988). 

The literature concerninq hiqh density polyethylene (HDPE ) and 

clay liner compatibility with l a ndfi ll l eachate has been 

comprehensively reviewed f o r the U. S . Environmental Protection 

Aqency (Shafer , 1988) . The review is appended t o this report to 

provide more detailed lnformation. 
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Chemical compatibility testing has not been performed f o r the 

proposed HOPE liner with the specific mixture of chemicals present 

in the Cha rles George Landfill gas and leachate. Wi thout 

site-specific information, conclusions drawn are based solely upon 

the existing literature. The litera ture rev iew performed for this 

s tudy i ndicates several o f the chemicals present at the Charles 

George Landfill can potentially affect the propos ed cover system 

if pre sent in high concentrations in the landfill gas or leachate. 

These chemicals, however, were detected in low concentrations 

during the Remedial Investigation and subsequent sampling, and are 

not believed to be concentrated enough to adversely affect the 

HOPE liner. Therefore, it is our opinion that the propoaed uae of 

the HOPE in the cover system for the Charlee George Landfill i s 

appropriate and we support ita use. It ia important to note, 

hovever, that if significant post-closure ..ttlement of the 

landfill occura, aiqnificant phyaical atreuea to the HOPE 

membrane could result. These streesea could make the liner more 

auaceptible to chemical agqression. The potential for 

post-cloaure settlement is beinq revi ewed concurrently. 
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l . 0 INTRODUCTION 

-r 
The design of the Charle s George Landfill site closure c ap 

incorporates a minimum 6- inch layer of select common fill between 

t he pre li minary grade and the HDPE membrane . In locations where 
i1\ 

~ "significant quant i t i es o f fill ma t er i al will be placed to atta in or n 
3~I 
H3~ 
z~:odesiqn grades , the HDPE me mbrane will be as much as 10 feet above H-<r 
<J>H01 
-<0<1>the landfilled was t e . :oz 
~...... ," 
H:I)O
<C:O 

... ,A leachate drain wi 11 be i nstalled above the water table at the "' "'" 
01 r r " 
" ~~ toe of the landfill slope to collect leachate seeping from the ozz 
:000o;::

waate material. A drainage net layer will be installed directly r 
r 

beneath and, where elope a are lese than 4H to lV, above the HDPE 

membrane to transport leachate to the toe drain and surface water 

to the collection sys tem, reapective ly . The aubqrade fi 11 

material , 6-inch beddinq layer , and drainaqe net are anticipated 

to tran1port and limi t direct exposure of the HDPE membra ne to the 

leachate . Ho\iever, becau•e the toe drain trench will be lined 

\ii th the HOPE flexible membrane liner ( FML) , leachate accumulated 

in the toe drain \till be i n direct contact with the liner and 

could potentially affect it . 

The recommended approach to designing a FML cover system is to 

perform chemical compatibility testing with the materials to which 

it will be exposed (EPA , 1983 ; H. E . Haxo, Jr ., et al. , 1985; 

McAneny , et al. , 1985 ; Schwope , et al. , 1985) . In these tests , 
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FML teat specimens are exposed to the leachate and gas emissions 

and be tested for changes in physical or mechanical 

properties . Based the resul ts of these tests, the liner is 

deemed compatible incompatible with the landfill emissions. 

This report first provides an overview of FML chemical compati 

bility. The discussion is then narrowed to those chemicals 

detected at the Charles George Landfill . A short discussion 

concerning the chemical compatibility of soil-baaed cove ra is then 

presented before conclusions are made. 

The l1 terature reviewed is listed in the reference• aection of 

thia report. A report prepared by the Army Corpa of Enqineera , 

.__,/ 	 which comprehenaively reviews much of the literature on thia 

aubject, ia appended. 
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2.0 CHEMICAL COMPATIBILITY OF FLEXIBLE MEMBRANE LINERS 

r 
The chemical resistance of an FML is e valuated by its behavior 

after exposure to waste materials. Generally, FML behavior is 

categorized by changes i n specific physical properties . These 
" 

chanc;res can be caused by a numbe r of reactione with the waste ~ "' or n n 

~~~ 

H~~


which can be affected by physical and environmental conditions 2~"
H-< r 
<J> Hf'1 

(Tratnyek et al. , 1985) . -<OU>
"z 
~ G> 
-<-< 1'1 
H)JO
<C" 

Chemical reactions can i nvo l v e de;radation of the polymer chain by "' "' "' -<1'1 
mrr 

a reaqent in the leachate. These reaction• alter the molecular n~~ 
" 
ozz 

chain and affect the propertiea of the material. The three moat 0~""" 
common chemical reaction• are solvation, plaaticization, and 

Solvation ia a reaction in which orqanic aolventa 

diaaolve the FML by breakinq the molecular bonds that 

hold the polymer chain toqether . Solvation can cauee a 

polymer to ewell when the solvent enters the polymer 

etructure . 

Plaeticization is similar to solvation , except that the 

attackinq solvent is not fully soluble in the po lymer . 

The chemical concentrat ions will affect chemlc a l 

reaction rates . This can affect the response time o f a 

FML to waste mate r i al . 
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I 
Hydrolysis (i. e ., t he r eac t ivity o f a ma t er i al with 

r wate r) c a n a lso affect chemic a l re ac tions and is a 

prob lem with FMLs when substa nc es such as a gg r e s s ive 

ionic compounds and organic chemicals are present and 

con t act a polymer . These compounds can be tran s ported 

through t he wa t er t o the polyme r chain whe re a r eac ti on 

c an occ ur . 

Chemical react i ons c a n al s o be affected by the envi r onme n t . 

Environmenta l conditions c an accele rate liqui d s orpt ion and 

chemical reactivity. Environmental condi tiona of concern include 

chanqea , e xposure to sunlight (ultraviolet 

irradiation). and. dimens i onal distress . A dimensionally c:Ua

treaaed membrane ia susceptible to environmental streaa-crackinq . 

Environmental streaa crackinq i nvolve a c hemical attack on a 

atreaaed. polymer by chemicals that have little effect on the 

polymer in 1 t a unstressed state . 

2 . 1 HIGH DENSITY POLYETHYLENE LI NERS 

HOPE is the d e eiqned FML for- the Char-les Geor-qe Landf i ll cover 

system . Currently HOPE membranes are generally produced without 

the addition of plasticizers and fillers which c an be attacked by 

a va r i ety of organic solvents . HDPE is manufactured by a low-

pressure pol ymerization process that yields a linear chain . HOPE 
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exhibits a high degree of resistance to oils, s olvents, micro

organ isms , permeation by water vapor and gases, and ultraviolet 

light when carbon black is added to it. HOPE materials have been 

in field service for approximately 25 years; however, there is a 

general l ack of definitive performance information concerning HOPE 

or other FMLs (Lyman et al. , 1983) . 

HOPE ia highly resistant to acids and alkalis, with the exception 

of oxidative agents. It exhibits a good resistance to other 

chemicals, but is susceptible to attack by some orqanic solvents. 

For example, in the presence of chlorinated hydrocarbona, HOPE can 

awell and loae atrenqth. At elevated temperature• (i.e., approx

imately l60°F), it can become soluble in the presence of chlorin

ated hydrocarbon• (e.g., carbon tetrachloride) (Richardaon et al., 

1987). HOPE ia not soluble in acetone, carbon disulfide, 

aliphatic alcohola, glycerine, or ether. 

HOPE materials have a higher coefficient of thermal expansion than 

other FML materials because HDPE is a crystalline polymer and HOPE 

aheeta are normally thermally extruded. Ourinq installati on, 

larqe-maqnitude temperature fluctuations can create significant 

stresses at the These stressed areas could be potentially 

exposed to reactive chemicals (i. e . soaps, surfactants, oils, 

deterqents , or organ1 c substances) and environmental stress 

crackinq could occur. 
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A study by Nelson et al. (1985) showed that in a specific appli 

cati on, physical properties o f an HDPE FML were altered after 4 . 75 

years of servi c e in the presence o f hi gh conc entrations ( greater 

than 50 par t s pe r mi l lion ]ppm ] ) o f aqueous o r gan i c chemic a ls 

( e. q ., chlorofo rm , ethylbenzene , methylene ch loride , tet r achloro

ethane , trichloroethane , toluene , 1 , 1 , 1-trichloroethane, and 

1,2-dichlorobenzene) known to be aqgreuive to HDPE . The study 

data, however, also indi cated little effect on the HOPE at l ower 

concentrations of these compounds. 

2.2 	 COMPATIBILITY OF HIOH DENSITY POLYETHYLENE WITH CHARLES 

OEOROE I.ANDFI LL CHEMICALS 

Exiatinq literature, FML manufacturer brochures, and data sheets 

were compiled and reviewed by Schwope et al. ( 1985). This 

reference provided the most comprehensive data qathered for the 

chemical resistance evaluation of HOPE . The information obtained 

from this document and two HDPE FML manufacturers was compared to 

the surface water and gas vent emissions mon i tored at the Char l es 

George Landfill a i te . Leachate and vent gas data were pre s ented 

in t he "Remedi al Inve s t igat ion (RI) and Feasibi lity Study (FS) 

Reports, Charl e s George Land Rl!lcl amation Trust Landfill Site, 

Tynqsborouqh, Massachusetts" (Eba sco, 1988) . Table 1 ldentlfles 

the compounds detected in the leachate and vent gas that were 

considered for compatlblllty evaluation . 
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TABLE 1 

CHARLES GEORGE LANDFILL 
VENT GAS AND LEACHATE CONSTITUENTS 

Vent Gas 
Co111pound Constituent 

benzoic acid 

K.aloaen Coi!Pounds 

1, 1-dichloroethane 
trana-1, 2-dichloroethene 
Mthylene chloride 1 

chlorofor111 

bro.ofor111 

vinyl chloride 
1 ,2-dicbloroethane 
trichloroethene 
tetrachloroethane 
1, 1, 2,2-tetracbloroethane 
1, 1-dicbloroethene 
carbon tetrachloride 
1, 1,2-tricbloroethane 

-., chlorobeuene 
/ br.a.etbane 

heptachlor 

Inorauic Gue• 

bydroaen aulfide 

Hydrocarbon• 

toluenel 

ethyl benzene 

zylene 

benzene 


4-..ethyl-2-pentanone 1 

2-butanoo.e 
acetoo.e 2 ' 1 

Hydroxl Co•pound s 

4 -~~ethy l pbeo.ol 

phenol 

7.88 . 50T 
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X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 

Leachate 

Co nstituent 


http:4-~~ethylpbeo.ol
http:acetoo.e2


TABLE l (continued) 

CHARLES GEORGE LANDFILL 

VENT GAS AND LEACHATE CONSTITUENTS 


Coropound 
Vent Gas 

Constitu~n t 
Lea chat~ 

Cons ti tu~ nt 

Sulfur Co11pounds 

carbon di s ulf id~ 
~thyl .ercaptan 
hydrogen aulfide 

Additional Orunic CO!Pounda 

tl!tnhydrofu ran 
ethyl ether 

Ratina• by Schvope, et al. , 1985. 

1 Schvope, et al., 1985; Table 13. 

2 At <301. acetone aqueoua aolutioa data available inferrioa aood reahtaoce. 

1 At <301. toluene aqueoua aolution data available inferrioa aood reshtaoce . 
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There is a lack of data concerning the chemic al compatibility of 

r HOPE with 18 o f the compounds listed in Table 1. Of t he 14 

compounds where qualitative or quantita tive data does exist , five 

of the compounds are quali t ative ly ra t ed as compatible with HOPE 

(benzoic acid ; 1.1-dichloroethene ; hydrogen sulfide ; 2 - buta none ; 

acetone); two of the compounds are qualitatively rated as incom

patible (bromomethane , c arbon disulfide); and seven of the 

compounds (chloroform, 1 , 2 - dic h l oroetha ne , carbon tetrachloride , 

chlorobenzene, toluene, xylene, benzene ) are qualitative ly and 

quantitatively rated incompatible with HOPE when it is exposed 

to pure compound. 

The reaulta of this compatibility analysis appear to indicate that 

the HDPE liner is not chemically compatible at the Charles George 

Landfill. This ia not necessarily true . The majority of t he test 

data ia from experiments conducted using pure chemicals. The use 

of this compatibility rating system for determining the compati

bility of an FML materi a l to a specific leachate is strongly 

cautioned by the authors (Schwope , e t al ., 1985) . They state that 

the intention of this rating system is to provide a reasonable 

basis on which to make a preliminary selection of the FML type. 

With respect to the HDPE cover system for the Charles Ge o rge 

Landfill. the HDPE liner is expected to be comp atible with the 

vent gas. 

11 
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It is also expected to be compatible with the leachate even i n -r areas o f direct contact (toe drain ) . Table 2 presents t he 

compounds detected in the leacha te dur i ng three different r ounds 

of sampling ; Phase I RI sampling ( 1984 ) , Phase II R.J: sampling 

(1988). and pos t - RI sampl i ng (1988) . Thi s table illustra tes t h a t 

contaminant concentrations in the l eacha te have decreased s i nce 

1984 . Except for the maximum concentrations detected in the 

Phase I Rl samplinq, the low-level concentrations in the leachate 

are expected to have little effect on the HOPE liner. In 

addition , three of the ma jor contaminants (acetone, 2-butanone , 

and benzoic acid} are compatible Yi th HDPE. 

It ie expected, however, that the leachate w(ll decrease in volume 

and increaee in concentration followinq installation of the HDPE 

cover . Under thia acenario, the leachate may approach the maxi mum 

concentration• detected in the Ph••• I RI samplinq. If thia 

occura, the potential exists for the leachate to alter the 

physical propertiea of the HOPE liner in the toe drain system. 

'!hi• scenario is considered unlikely; however , periodic leachate 

samplinq could be performed to assess changes i n leachate concen

tration with time. If potentially harmful concentration l e ve l s 

are reached , liner sampling and / o r replacement may be requ i red . 

To summa rize , the HOPE liner is e xpected to be compatible with t he 

Charles Geor ge Landfill vent gas a nd l e achate for the following 

12 

7. 88 . 50 

0015.0 . 0 


I· 
I 

_. I 
I 



TABLE 2 
CHARLES GEORGE LANDFI LL 

SIJHHARY OF ORGANIC COMPOUNDS IN TI!E 
LEACHATE SAMPLING EVENTS 

ORGANI C 
COI'lPOUND 

PHASE I RI 1 
SAMPLING 

HAXII11Jl1 AVERAGE 
PHASE II RI 2 

SAMPLING 
POST RI 3 
SAMPLING 

Acetone 
2-Butanone 
4-Hetbyl-2-pentanone 
Toluene 
Benzebe 
Etbylbenzene 
Total Xylenes 
1 ,1 , 2 ,2-Tetncbloroet bane 
1, I, 2-Tricblo r oetbane 
1,1-Dichloroethane 
Tricbloroethe:ne: 
Tnna-1 ,2-dichloroe:tbene: 
Vinyl chloride 
Cblorofor. 
Methylene: chloride 
Beo.zoic acid 
PbellOl 

---..., 4"ltetbylphenol 

~j ~!:~;!;~furan 
ltbyl ether 

22 ,000 
21,000 

1, 800 
700 

140 
160 
310 

25 
83 
24 

290 
250 

20 
7,200 

38,000 
3,000 

12,000 
0.12 

17,000 
16 , 429 

1,185 
631 

6 1 
143 
310 

25 
64.67 

24 
21 1 
152 
20 

2,960 
22,050 

2 , 075 
9,587 
0.09 

520 
38 

41 

1,200 
1,800 

2,000 
1,600 

76 
230 

88 
56 

140 

13 
7,300 

650 
2,600 

1,500 
200 

Note:: All concentratiooa are: ._.a/1 . 

1 Data fra. NUS 1984-1985 aa~~plina 
2 Dlta fra. E. C. Jordan sa~lina (landfill well JLF- 1) 
3 Data fra. EPA 1988 aa~~plina (aaxiau. of west laaoon sa~~p le #55661 or east 

laaoon aa.ple 163343) 
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the compounds in the leachate and vent qas are not pure 

and exist in lesser concentrations than those commonly 

used in compatibility tests; 

the HOPE liner, used as a cap, will have minimal contact 

with contaminated leachate and landfill qas because of 

the drainage net sy5tem and 6-inch bedding layer; and 

the HOPE liner, used as a toe drain, will have direct 

contact with the leachate; however, three of the major 

conati tuent• in the leachate a r e compatib le with HOPE. 

In addition, the present and future leachate coneen

tration• are not expected to achieve levele that would 

have a deleterious effect on the HOPE liner in the toe 

drain. 

14 
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3.0 SOIL-BASED COVERS 

Natural soil c over s a re another type of commonly implemented c over 

system and have been in serv ice f o r many decades . Al t houqh 

researc h i ndi cates that the permeabil i ty of clay soils is known. t o 

be affected b y pure solvents and c ommerc ial petroleum products i n 

h i qh concentration (Shafer, 1988) , no information was found in t h e 

11 terature to suqgest that dilute aqueous solutions (e . q. , 

leachate or landfill v apors) detrimentally affect clay soil 

liners . 

The United States Corps of Enqineers (COE) produced. a report 

antitled "Compatibility of Liner Systems with New Bedford Harbor 

Oreclqed Material Contatninants" . This report presents an excel lent 

eompariaon of the compatibility of both FML and natural soil 

liners with concentrated ...astes and low-strenqth wastes . Based on 

the information presented in this report , it appears that a clay 

liner would also be compatible with the l eacha te and landfill gas 

at the Charles Georqe Landfill . This r eport is i ncluded in the 

appendix of this technical memorandum. 

15 
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... 4.0 CONCLUSIONS 

I 
The Nelson et al. study (1985) indicated that, at low c oncen

trations, the o rganic compounds found i n aqueous l agoon wastes had 

little effect on an HDPE liner . Organic compounds , including 

those that are potent i a lly incompatible with HDPE , h av e been 

detected in leachate from the Charles George site , bu t at 

significantly lower concentrations than t h ose cited in the study. 

These detecte d concentrations at the Charles George Landfill 

indicate that the HOPE membrane should be compatible ...,1 t h the 

leachate. 

There ia a lack of literature data on the effect of chemical 

vapor• on !'MLa . Without specific chemical compatibility teatinq 

of HOPE with t he vapor to which i t would be exposed, a definitive 

evaluation of the compatibility with vapor constituents cannot be 

made . However , in view of the relatively low chemical vapor 

concentration• meaeured i n the emissions from the landfill and the 

incorporation of a venting system in the cover, the proposed HDPE 

membrane is expected to be compatible with the landf i ll gases . 

The report by the USCOE indic ates that a compacted c lay liner , i f 

properly i neta l led , would a lso b e expec ted t o be compatible with 

the leachate and l andfill gas at the Cha rle s Geo r ge La ndfi l l 

Therefo re , compacted clay c ould be a v 1able a lterna t 1ve cover 

materi al f o r u se during po st- c l osure landfill ma inte n ance . 

16 
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Based on these findings, it is our opinion that the Charles George 

Landfill HOPE cover system appears qualified to provide service in 

this type of application. The HOPE liner is not expected to be 

exposed to concentrations of either the leachate or landfi 11 gas 

constituents that could adversely affect the integrity of the 

liner . Howeve r , landfill settlement could physically stress the 

liner , thus making it more vulnerable to chemical degradation. 

17 
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PREFACE 

Thb atudy vas conducted u a part oi tha Acushnet River Es tuary Eagi

nurin& Fudbility Study (EFS) of Dndaing and Dredged Material Dispo..l 

Altun.ativu , Tha US Army Corps of Enatn..n (USACE) parfor1111ad the EFS fo r 

tha US Environmental Protection A&ancy (USEPA) , Rw:gion 1, aa a componant of · 

tha ca.prehanaive USEPA Fusibility Study for the Naw Bedford Harbor Superfund 

Site, Nav Bedford , MA. This raport , hport 8 of a aerial, waa prepared by tha 

US Aray !n&in..r Watarwaya !xparilllant Station (W!S) in cooperation with tha 

Haw Enaland Division (NED) , USACE. Coordination and unaaamant support vu 

provided by tha O...ha Diatrict, USACE, and dredatna proan• coordination vaa 

provided by tha Dndatna Dividon, USACE. Tha study vaa conducted batwean 

January and Juna 1987 , 

Project unaaer for tha USEPA. vaa Kr . Frank Ciavatthri. Tba NED project 

uaaaan vara ~~e..ra. Mark J . Otia aad A.lao lalldall. O..ha Diat'l'ict p'l'ojact 

MDaJ•n vera Ka..ra. levia Mayberry and Willi• loaaaau. Project •naaera 

for the W!S van Keaau. Jlor.an R. Prancinauaa , Jr., aDd Daaial !. A.varatt . 

Thia report vaa prepared by Mr. Richard A.. Shafer, Water Supply and Walta 

Traat..at Group {WSVTC). !aviroaaental Enaiaaarina Diviaion {!!D), !nviro...n

tal Laboratory (EL), WU. Tha report v.. adiud by Ha. J ..lica S. luff of tha 

W!S 1Dforut1oa Tacbnolou Laboratory. 

'l'ht ttudy vaa conducted uadar tba aenaral auparvilion of Mr. Norun R. 

Pranciaauaa. Jr • • Cbiaf. WSWTC; Dr. IAy.ond L. Kontaoaary. Cbiat. EED; and 

Dr. John Harriaon, Chief, EL. 

COL Dvayna C. L••• EN, vaa tba C~ndar and Director of WES . 

Dr. lobart W. Whalin vaa Technical Director . 

Thia report ahould ba cited aa f ollova : 

Sb.afar . Ricb.ard A.. 1988. "Nav Iedford Harbor Superfund Project, 
A.cuabaat liver Eatuary Enainearin& Faalibiltty Study of Dradgin& and 
Dradaed Material Dhpoul Alurnattv.. ; llaport 8, Coapatibility of Liner 
Sy.r:e .. with Nav Sadford Harbor Dndaed K.~tarial Conta•inanta," Technical 
Report EL-88-15 , US Array Enatn..r Waterways Experiment Station, Vici.abura, 
HS. 
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NEW BEDFORD HARBOR SUPERFUND PROJECT, ACUSHNET RIVER ESTUARY 

ENGINEERING FEASIBILITY STUDY OF DREDGING AND DREDGED 

MAT!RIAL DISPOSAL ALTERNATIVES 

COKPATIB ILITY OF LINER SYSTEKS WITH NEW BEDFORD RAR!OR 

DREDGED MATERIAL CONTAMINANTS 

PART I: INTRODUCTION 

1. In Auau•t 1984 , tha US EnvironMntal Protection AJ;ancy (US!PA) 

reported oa tha Feaa1b111ty Study of ReMdial Action .Uuruuv.. for tha 

Uppu Acu1hnat River Eatuary above the Cou..ball Str..t Bridaa, Nav Bedford, 

MA (MUS Corpontion 1984). Tha US!PA recdved ntandve c~nu on tha pro

poead r ...dial action altarnativea froa other Padua!, atata, ad local offi 

ciab, potentially r ..pouibb partial, ad iDdhiduala. leapoDdiDc to tb..a 

c~ate, the US!PA cbo•• to cODduct add1t1cmal 1tudiee to better dafiM 

available cluaup Mtboda. lecau11 dredatna vu aeaoci&ted vtth all of the 

re-.al alt.ruuv.. , tha US!PA requaeted the Nation'• dredataa ezpert, tba 

US 4lwy Corp• of !natueu, to conduct en En11Deeriq reu1b1Uty Study (US) 

of dred&iDI aDd diepoul: alternativea. A ujor ..,b..te of the US vu placed 

oa PaluaU.na tba potential for coat•iaant releaa" fro. both dred1111& and 

dbpoul operatioaa. 

2. The technical pba11 of tba !FS vaa co.pleud ia March 1918. However, 

•• part of Taak 8 of tha !PS, the raaultl of tha atudy van co.p1lad. in a aar

1" of 12 raporta, liaud balov, 

!• laport I, "Study Ovarviav." 

k· laport 2, "Sadl.aat and Coatui~Dt Hydraulic Trant~port 
Iaveatiaatioaa." 

£ • Report J, "Characterization and Elutriau Taat1n1 of Acushnet 
liver htuary Sad:laant." 

.!!• Report 4, "Surface Runoff Qua lity Evaluation for Confined 
Dilpoaal," 

.!• Report 5, "Evaluation of Laachate Quality," 

!• Report 6, "Laboratory Testina for Subaqueous Cappin1. " 

I • Report 7 , "Sett ling and Chaaical Clarification Teats." 

http:PaluaU.na
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Ih· Report 8, "Coapatibility of Liner Syatau with Nav Bedford Harbor 
Dndaad Haterial Contaminanta . " 

!· Report 9, "Laboratory-Sub Application of Solidification/ 
Stabilization T•c.hnoloay. " 

J.. Report 10, "Evaluation of Dndatna and DredJtna Control 
Tachnologiaa." 

! · Report 11 . "Evaluation of Concept ual Dndatna and Dradaad 
Hatarial Dbpoaal Altuna ctv.. . " 

! · Report 12, "!.xacutiva Su.ury." 

Thh report h Report 8 of tha aariaa. The r ..ulta of thh atudy vera 

obtained fro. conductina EFS t ..k 6, daunt 10 { ..a Report 1). 

3. Wban contaaiaatad dradaad aarertal b placed in a confined dbpoaal 

facility (CDP) , contuinated. lu.chata uy ba produced. Tha leacbina potential 

for lev Iedford Harbor aadiaent haa bean lav..uaatad under aaother al..nt of 

tba Irs aDd b dhcua..d in Iepore 5 of the ..rt.. . Pinal naulta fro. the 

luchiDI atud1.. aDd a detailed avaluatioa of dt.poeal altanath.. v111 

dataniaa 1f leachate ccmtrol •aaur.. ara coa.aidarad uc..ury for all or a 

part of tba coataatnated aadt..aat froa tha Acuaba.at liver Eetuary propoaed for 

place.nt u a CDr o 

4o L1o1q a diapoul facility uaad to coa.taiD coatainatad Jew Iedford 

Harbor dradaad utarial b oa.e potential contaainaat control ..uura for pra

vaatina tba aacapa of cootaainanta i nto adjacent aurfaca vatar aDd UDdarlylD& 

around vataro loth 1011 aDd aynthatlc ..Uraaa Unara han baea uaad to pra

•aat contaaiaant atarattoa froa landfillad vaauao With tba realization that 

hi&bly contaaiDatad vaataa can Mva dalat arioua affecta oa. liner aa.tarialao 

ccmc:an baa arovn 1a recant yean over the ca.pat1b1l1ty of liner aaterUla 

&Dcl contaainanu . Ba cauaa valta-Unar coapatlbility i a a relatively nev cOD

cern ia tba dbpoaal of haaardoua v..ta and cont•inaud dradaad aatariala, 

tba data baaa available to properly evalua te a vuu-Unar ayatn ia UaHad 

and 1a baaed prt..rily on qualitative abort-t am atudlaa. Tha ability to 

properly aalect a liner aatarlal for a apadf1c dbpoaal aita h Uai t ad fur

t her by t ha f ac t tha t aoat coapatib111ty at ud h a to data have bean conducted 

v ith concan r:r atad , nea t chaa i cala that, in .oat ca..a, do not rapraaant the 

' raal-vorld diapoaal acana rio of a low-concent r ation •ixtura of ..varal differ

ant cont aainanta . 

S, Co.pa tibility t aatin& of the propoaed liner ..u rial v ith the vu t a 
._,/ 

or l eachate that will ba 1a contact with t he liner hu been auaaaa t ad aa a 

http:place.nt
http:Acuaba.at


Mthod to evaluate the .theta of contaa.iMnU on liner ayateuo The aerobic 

and aMerobic l ..chin& data obtained froa contaainated Nav Bedford Harbor 

I 
v 

dndaad uterial indicate that tha leachate that vill contact the Unar ayatn 

baa lov contaaiMnt concentrationa ( le.. than 10 ppm in moat ca..a) o Thb 1a 

particularly true of tha polychlorinated biphenyh (PCBa) (<5 ppm) and other 

oraanica, vhich preaent 110at concern vhen evaluatina vaata-linar coapatibil 

ityo The ruulta of co•patibility teatina vith low-laval contaa.i.Mtion ara 

liaiud, 1D aa.a caaaa coatradictory and inconcludve, and aenarally baaed on 

abort-ten tuta (US!PA 1983, 1986; Petrea and Peal 1985) o 

6o The extrapolation of abort-tan. t ..t raaulta to predict lona;-tan 

affacta 1a auapacto Recant nudiu have alao indicated that laakaaa r..ultina 

fro. inatallation and CODIItruction of Unar ayatau uy exceed any probl... 

cauaed by vaata-linar contaa.inant 1nca.pat1bil1ty (aa.. , Lyua., and 'fratnyak 

19.,) o Por tbaaa raaaona, cODductina; an intanaiva, abort-tam. laboratory 

vuta•liur ccepat1b1l1ty proar• doaa not appear to ba juat1f1ad for avaluat

iq Uaen for propoaad cOilfinad dilpoaal of Nav Iedford &arbor aadt.ant o 

7 o Tb1a report vtll pr..ant available data on Uur-cont~t c.,ati 

bUity aDd. a raviev of problna ..aociatad vitb conatruction aDd Wtallation 

of 11Dar ayataao A raviev of tba coataiuata baina; laachad froa contaai• 

natad lev Iedford Harbor dradaed u.urial rill alao be praaantado 

I· 
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PART II : COMPATIBILITY OF LINERS WITH CONCENTRATED WASTES 

8. Tha cha•ical cot~patibility or rubtanca of a liner utarial refeu 

to ita ability to vithltand two primary t ypu of chea.ical attack: ruction of 

chaaicals with tha liner and absorption of chaaicals by tha liner, A liner 

aaterial with aood ruiatanca to a particular chaaical will neither react 

readily vith nor ab.orb ai&nificant eounta of tha chaa.ical vhila in contact 

with it . If a liner saterial hAl poor raahtanca, reaction with or abaorption 

of tba chaaical will occur, with r ..ultina daaradation of tha daairable phyd

cal proparti.. of tha liner. Failure of tha liner ..ceria! •Y than follov 

(Stewart 1978). Liner uterials conaiderad aa havina applicability for lin

in& a contaainatad drad&ed aaurial dhpoaal dta include fla:dble .-brane 

liDara (PKL) and aatural aoil (clay) Unan. 

9. Tba purpoaa of a liner in a vaata dbpoNl aita ia to prnaat trua

port of coataaiuata fro. the iapounded v..ta into adjacent arOUDd water or 

aurfaea water ayat.... Linen uy prevnt contaaiD&Dt truaport by tvo 

Mebui.. : 

!• 	Low-pemeab111ty ..tui&la .., tapada the flow of bachatea ud 
thereby liait the .,v...at of contaiunta into tha tubaoil 8Dd 
arouad vatu • 

.k• 	 Liner ..terlala ..,. abaorb or attenuata auapaadad or dlaaohed 
pollututa IDd reduce thdr coDCeatratlona ao that they fall 
vithia acceptable Uaita aat by raplatory aaaadaa. Tbla 
abaorptlve or attanuatlve capability 1a dependant laraely upon 
the chnical coepoa1t1oa of tba liner ..urial and 1u ..... 

Moat liner ..teriall function by both •chant.. , but to different dean•• 

depandia& on the type of liner ..tarial and the vaate liquid and ita conatit 

uaau. Kabraaa liners are the leaat par..abla of liner ..teri.ala but have 

little capacity to abaorb coataainaata fro. the vaeta. They can abaorb 

orau.ic aatariale but, due to their au.ll .... , their total abeorptlon capac

ity h ...u. M atated earlier, thia abaorption of veau c.onatituaata ..y 

lead to iac:o.patlbility probhu. SoU linara can hava a lara• capacity to 

abaorb u.tariala of different typaa, but they are aanarally c.onaidarad to ba 

~ra patwtable than aynthatic mambranaa. Hovavar, tha areatar tha thic:kaa.. 

of a aoU liner, tha lovu the flux throush tha liner (USEPA 1983). 
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Tutina method• 

10 . Flexible membrane linu1 au produced fr011. aixtun• of on1 or more 

b..e po lymen with additivu that may facilitate proculina, provide duired 

phyaical propertiu, and / or protect the bue pol)"'ller ( a ) fros the dhctl of 

expoaure to weather and 1011 burial . Except for hiahl y coapounded OO.a 1uch 

aa polyvinyl chloride, the base poly.er 1a the -in deterain.ant of cheaical 

nai.cance of a na.. Th1 chemical ruiatance of aay poly.er 11 priacipally a 

function of 1t1 cheaical etnactun, aolecular veiaht, cryltallinity, and 

deane of cro..-link.ina . Each of the.. facton abo influence• a poly.er'• 

phydcal propertiu . !ue poly.ers aoat co.-only used for FHL1 includl the 

follovtna. 

!• Chloduted polyethylene {CP!), 


l· Chloronlfon.ated polyethylene (CSP!). 


£· Riah-deuity poly.chylene (BDPE) . 


~· PolyvlDyl chloride (PVC) . 


11. A flutble ..Urue liner MY deteriorate by chnical interaction 

that reduce• the phydcal propertt.. of tbe na. to a point vbere failure 

occura UDder the atreaaaa preaent at the vaate atte or by per.ation of the 

vaate or ita ca.ponenta throuah the na.. The latter ..,. occur vttb little or 

DO ooUceable affect on tha phydcal properu.. of the liner Mtarial 

(Scbvopa, Coataa. and Lyun 19U). Tba deter.inatlon of chaatcal raatatanca 

reliea heavily on tha raaulta of pbyatc:al property teatlna of linar Mtariala 

follOViDJ abort-ten~ t..auton in neat chnicals. vaataa, or llachataa. Th.a 

reaulta ara than ca.parad vtth tha propu·Uea of an unaxpoaad apact.n. An 

axaple of ona co.pattbtltty tan 11 tha !PA Method 9090 t-Arlton teat (US!PA 

1987). Althouah a conaanaua hu not yat avolvad, aiptftcant chana.. tn ona 

or .ora of tha phyatcal charactarhttca ltatad below ara believed to ba 

tndtc:attva of a lack of c:haatca l ruiatanca . 

! · wataht . 


~ · Dtaanaions . 


£• Tea r atnnath. 


!· Tanaila at n nath. 


! • Percent alonaat ion at break. 
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!· 	Hodulua of elonaation. 

I• Hardnau. 

la addition, ..atcryatallina poly.an auch aa polyathylenu uy abo exhibit 

atuu c:rac:kins •• a lian of poor cha•ical raailtanc:e. Cornlationa batvaan 

chanau in thua physical propertin and c:hanau, if any, in the barrhr 

affactivenau of the FML have not b..n davdopad. Abo, the loac-t.r• dfac

tivanau correlation with ahort-tat'1a tastiD& haa not bean davdopad or vari 

fhd with field experhnca. 

12. In addition to the above phydcal property tuu, tha cheaical rub

tanca of FML utariab can allo ba aaaaurad by panaation taatina. Studiaa 

have daur.inad tha follovina principl.. (Schvopa at al. 1983, Surprenant 

et al. 1984): 

!• Cheaicab uaad to uka polYMric uteriab vill readily parMata 
dailar polYMric uteriab. 

~· For any &i..n cheaical, tha par.eation rata 1a a fuacttoa of 
tha poly.ric utarial. 

~0 	 Per.eatioa ratea for certain cbeaicah/PML paira c:a areat:ly 
exceed the ainta. parfor.ance leYela required for tba day-type 
linen. 

llo The -.:w..nt of a c:heaic:al tbrouah a noa.poroua pol,..ric: aheat oc:c:ura 

by a three-atep proce~ao 

! • Tba aorptioa. of the cheaical at oa.e aurfac:e of the abaat. 

!!,o Tha diffuaion of the c:ba.ical tbrouah tha ahaat:o 

~o Tha daeorption of tha cheaical i.Dto the •diu. ln coatac.t vith 
tha other aurfaca of the ahaato 

'Thia procaaa takea place on e .alac:ular bada in contraet to bulk flow throuah 

poroua Mdia auch aa aoila (Schvopa at al. 1983, Rax:o at al. 1914) o 

l4o Several teata have baen uaed in recant yaara to deteraine U.ner-waete 

co.pat1b111tieao The U..raion, tub, and pouch teate have been fou:Dd .oat 

uaeful in ••••••ina the effacta of the vaataa upon linin& uterlalao Proca

dur.. and aquipaant nquir...nta for th..e t ..ta ara &ivan 1n US!PA (1983) o 

15. In tha i_.raion tnt, apacific ...bran• Unar aaaplaa are ~raad 

in tha vaata, and the affects of the t..aaraion on physical proparr:i.. ara ..a

' aurad aa 1 function of i-araion ti... By t.aarain& the a..plaa totally in 

the vaata fluid, a aoaavhat accaleratad taat 1a aanaratad, Additional accal

aratlon can ba affactad by inc:raaaina tha taaparatura of tha vaeu, Rovaver, 

..,...;it h bal1evad that tha do..r tha tnparatura 1a to actual field coDditionao 
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tha acre reliable the ruulta wil l be (USEPA 1983). Abo, lonaar tnt padoda 

result in a better prediction of field perfor.ance . An exposure period of 

12 months or lonaar h deeirable . Sampl.. can ba withdrawn at 1, 2 , 4 (or 

mora ) oaontha to asuss tha effects as a function of time, 

16. I n tha tub test , a piece of the liner material is placed in a tub , 

and a aample of the waste is added. The tub is then exposed to the anvi ron

aent , and additional wute 1a added as requi red . The purpo.. of this teat h 

to evaluate a 00. under conditions t hat dJDUlate those that occur in actual 

aarvica. The a ffects of expoaura t o the waate and anviron~~ental conditione 

( sun, uapeutura, ozona, and other weather conditione) can be evaluated. The 

fluctuation of the vaata level ia particularly ai&nificant in that a ..ction 

of the liner h aubjected to both the w..te and weather . Thh alternatin& of 

condition• 11 ..pectally hanh on liner uteriall and uy ba typical of condi

tione encountered in the field. 

17. The pouch t ..t v.. developed to dauratna the par.eability of a poly

• ric M8brana liner uterial to vatu and dt..olvad conatituanta of the 

vaataa. Thll teat 11 liaited to ther110plaat1c and cryatalltne •abran... A 

...u pouch of the liner uterial 1a fabricated, vithin which a eaaple of the 

vena il ..alad. The pouch 11 then placed in diltilled or ddoniaad water. 

Heaaur..nu ara than ukan pariodically to deur.ine tha extent of leakaa• of 

tha vaate into the water or .ov..nt of water i nto the Mabrana and va1te . 

Chana.. in the liner utariala and their propertiaa are obaerved and aaaaurad . 

18. The coat of coapatibility taatina can be atpificant. The coaplata 

aet of taata to ..aaun chana•• in phyatcal propertiea, euch aa vetaht , dban

aion, taar and ten11le atranath, alonaation, and hardn..a, uy coat $1,000. 

In addition, tha waata fluid that will conuct the liner .u1t be obtained fro. 

the project lite or aanerated in the laboratory. Dapandina on the lan&th of 

tiae the coapatibility talt 1a run, tha DUIIber of rapUca t .. uaed, and hov 

often phyaical proparti.. an ....urad, tha coata f or ca.patibility taatina 

for one material aay eacalata rapidly. To run a 120-day compatibility teat on 

ona aatarial in triplicate and manure phyaical pr opertiu four times would 

coat in axe.., of S15,000. 

, Teats results 

19. AI dhcuuad pravioualy, most compatibility a tud iee have b..n con

ducted with concentrated neat chemicals . A recant study prepared for the 

...._;us£PA. coapilad known data on tha resistance of OO.a t o wasta cheaicala 
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(Schvopa, Coataa, and Lyun 1985). Tha atudy attaapud to develop a data ba.. 

of ell available qualitatin and quantitativa inforution on ch..tcal r..t. 

tanca of FHL-vaata chaaical pain. Rattnaa van than developed for aach 

chnical-uterial pair f or which data ware availabb. Thia included approxi

uuly 550 challicals and 23 t ypu of FMLa . Aa atatad in tha report, ''tha rat 

inca ara not appropriate, however, aa a baah f or aalaction or rejection of an 

FKL ainca thay do not taka into account tha intandad application, nor have 

tbay bean aub.cantiatad in field axpart.nce" (Schvopa, Coataa, and Ly.an 

1985). Thaaa ratinaa should ba u..d only aa a preliainary indicatiou of tha 

suitability of a particular liner material for a vaata ut.rial. Tha data are 

pruanted in tabular fora in Schwopa, Coataa, and Ly.an (1985). The 80at 

aouc..bla factor of FHL-cheaical c:a.patibility preaenud in thia atudy is the 

lack of data and tha nuaber of aapa in tha data bua, which a~~phaaiua that 

linar ca.patibility atudi.. are currently in tba developMntal atqa. Abo of 

intereat in th..a data 1a tba a.ount of taatiq that hu beea ,.dor.ad oa. 

BDPI ca.pand vitb other PML aauriala. 

Natural Soil Liner Co!patibiliti 

T..uy •thod.a 

20. Tbe current atata of knovlad&• on clay-ch..tcal iateractioD& ta c~ 

plicaud by the dtl---. of hov to ••aura tha par.aability chana•• that appear 

to ba cauaed by clay-cheated interactiona. The qu..tion of vhat typea of 

perM-tan atva valid •••una of clay-ch-.tcal co.patibility r ...tna aa 

ialportaat and controveraial iuua . llecauaa per.abtlity atudiu vith differ

ent fluida hava baan carried out vith varioua taat protoc.ola , teat davicaa , 

uul c.laya, quantitativa data coaparhoNI cannot ba aada. Ollly qualitative 

atat...ntl c.aa be aada raaardina tha behavior of certain c.laya in tha preaanca 

of several t ypes of fluids (USEPA 1986), A c.oas tant alavated preuure •thod 

that ia c.onsidared auitabla for parforatna C.OIIIparativa atudiea to avaluata tha 

potential influence of vaata leachatu on tba panMability of c.oapacud clay 

, aoila that are c.andidatu for uu •• Unara h pruanted in USEPA (1983 ). 

21 . It baa been known for aany yean that the peneability of clay aoila 

aay ba dr..tically altered by cheaic.ala pr..ant in the peraaatiDJ liquid. 

~ Much of thia knovlad&• vaa baud on dec.adu of axparianc.e r..ultina fro. the 

atudy of various che•Jc.ala on aaricultural aoib or on aeoloaic.al foraationa 
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t•portant for oil production. Th• potential effacta of c:aruia oraanic fluida 

on clay paraeability vue nc.oanized aa urly aa 1942, vhan MAcey' a expert

ment a with fireclay showed that the rates of flov for certain oraanic liquid& 

throush clay were "of an enormoully higher order than for vater" (Hacay 1942), 

Since Macey'• experiments, runy researchers have inveatigaud the effecta of 

oraanic: and inorsanic fl uid& on clays in an effort to explain and predict the 

c:auaee and chana•• in permeability, 

22. Chana•• in the permeability of clay aoill dua to chemical interac

tion• uy raault fr011 a number of phenoMna: 

!• Alterations in aoil fabric ate-t.aa from c:heaic:al influenc.. on 
the diftu.. double layer aurroundina; clay part1clea. 

!!• Di..olution of aoil c:onatituentl by atrona acids or baaaa. 

£ . Precipitation of solids in soil pores. 

~· Soil pore bloc:kaa• due to the arovth of aicrooraani.... 

Tba par.eability of a soil aay also be affected by tha pore fluid valocity; 

for au.pla, hiah valocitiaa caa dbplaca _.n partie!.. 1D the ao11 utrU:. 

Tba fluid flow velocity caa abo influanca cheaical iateractiou that dapaDd. 

em tha tt.& of contact between tha ao11 azul chaaical co.ponanta of tba par.e

atina fluid . Tbua. par.aability aDd fluid flow velocity ara intarralated 

characteriatiu of a .oU-parMaat fluid ayat• (USEPA 1986). 

23. Cbeaical influancaa on clay particle& are the reault of abeorbed 

vater within the clay particlaa baina displaced by a fluid vith a different 

dielectric conetant or electrolyte concentration. Tbia aay lead to a chana• 

in the interleyar apacaa of tha clay. Such chana•• can cauae tha claya to 

ahrinlr. aDd. crack, reaultina in tha for.ation of lara• c:onductina channel& 

throuah tha ao11 alona with draatic incraaa.. in par.aability. Dedccation of 

claye by certain oraanic fluids baa &lao b..n reported by Anderson (1981). 

24. loth atrona oraanic and inoraanic acids and strona bssas vill react 

with and diasolve alUIIinua, iron. and silica in the lattice of clay ainerala. 

Thia diaaolution can ruult in a ralc&ac of ainaral trapcnta that aay aiarau 

froa their oriainal poaition and leave anlaraad pora apacaa for conductina tha 

par.aant fluid throuah tha cby. The inc:raa.. in conduc:tina pore aha uy 

aiva ria& to an 1ncraa..d penaubility if the p&rticlaa aigrata throuah the 

clay aaaa. If the partic:lu lode• in a pora c:onatriction, c:loaaina the con

ducttna pore apacu, • dacreaaa in panubility aay ruult (Anderson and Jonaa 

1983) . Studiaa have ahovn that sulfuric ac id diaaolvaa 3, 11 , and 89 percent 
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of the dua.in1.111 pre..nt in kaolinite, illite, and smectite, reapactively (Paak 

~•nd Davtu 1945). Other atudies alao auaaut that kaolinite h leu aoluble 

chan ...ctitl in I trona acids (Grim 1953). 

25, The precipitation of solids in the aoil-atar ayatem ia controlled by 

ionic c.oncantration and equilibrium solubility, Gypewa or jarodte ..y pre

cipitate if tha concentration of certain ions .xc..de the aolubility Uaita. 

A decnue in permeability may result 1f the forution of tha.. prec1p1taua 

cloaa the pore apacu in the &oil utrix (Shepard 1981, Dunn 1983) . 

26. Tha pruence of aicroorganhma can affect the .ability of fluida 

throuah tha eoil. The attenuation of contaminanta in eoile uy abo be 

affected by aicrooraanieu. Apart froiD tha benditl of attenuation, tba phya

ical presence of the aicroorsanb1U u well aa the a•••• produced by procaaaaa 

involviq the aic:rooraaniau can causa blockaaa in the conductinl pore apacea 

vith1n aoib, reductna tha area for flow and decreadna per.eability. Thb ia 

particularly tt'\1& wbea tha panuant fluid 1a coadudve to the arovth of atcr~ 

oraan18u (Fuller 1974). 

Taat raaulu 

27. lluMroua atudiea have been parfor.ed to aaaaaa tba affacta of chaai

ala on clay eoib. "-ona tha claaaaa of co.pouad1 thlt heva b..a taatad ua 

aliphatic hydrocarbona, chlor1natad aliphatica, aroutic hydrocarbona, ale~ 

hob. alycola, ketoaaa, carboxylic acida, aiaaa, &Dd ar011at1c Ditro c~ 

powuta. Tradit1oul clay-chaaical ca.pat1bil1ty atudiaa have focu..d oa 

coacaatratad, aiqle-c:QIIPouad taat aolutiona, altbouah uny atudiaa hava 

racaatly bean coad.uctad udna coaplax chnical aiJI:tur... Alao, &OM c..ta 

hava involved actual vaatea or laachataa. The result& of &OM of the 110at 

a1p.if1cant par.eabiUty taata involvina oraanic aolvanta are praaented 1D 

Table 1. The raaulu of paraeability t ..u involvinc vaat.. ara praaanted 1a 

Tabla 2. 

28. All atatad previoualy and aaan in Tabl.. 1 and 2, .oat clay-ch..ical 

c:o.pat1b111ty atudiea to date have u"d pure, concentrated vaataa. Thai& 

studies have ahovn that certain pure , concentrated oraanic.a can draatically 

altar the pu•aability of clay aoils under the conditions of the laboratory 

teat . It ahould be aaphaaized that clay linera in diapoaal facilitiaa are 

.oat ofun in contact vith leachate having 1DUch lover oraanic solvent conc:an

~,rauon than tha teat solutions uaociatad with tha drutic pal'IM:ability 

~ncraaua aaan in -.oat laboratory atudiaa to data , Laboratory stud1•• 
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p.rfor.ed vit.h h .. concantrated t .. t eolutione (either ectual vut.. or 

hachat.. or dilution• prepared in the laboratory) do not app..r to produce 

hra• incre.... 111 pel'1Uabil1ty (Brovn, Thoue, aod Gr..n 1984). Clay

cheaical COIIpat1b1Uty vith lov-concentration v..te vill be dbcua..d in -are 

detail in the ••ctione that follov. 
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PART III: COMPATIBILITY Of LINERS WITH LOW-STRENGTH WASTES 

Flnible Hembrana Liner Ca~~patibilitr 

29. Flexible membrane liner-chemical compatibility data are prt..rily for 

concentrated, neat chem.ic:ah . Infonaa tion on tha reaiatance of linara to 

aolutiona or aixtures ia available from Kaya (1977) , USEPA (1978), and Auaun 

and Tatzky (1984). Quita of tan, these da ta ara refernd to in t ha literature 

aa abcdlanaoue cheaicah. In lllOat cu.. , hv details on the cheaical ca. 

polition of th..e typaa of w..ta are available, with only aanaral d..cripttoaa 

such aa "toxic phar.aceutical vaate" or " rubber and plaatic waeta" provided, 

JO, Sa.e perM&tion data for wdl-detind, .ultico.ponent aolutiona have 

b..n nporud (Auauat and Tatzky 1984) . Tha r ..ulta of ....urad perMation 

rata& for aach ca.ponent of an equipart, aili:-ca.ponant aolution tbrouah 1--

thiclr. BDPE b pnaanted 1D Tabla 3 . For co.parbon, tba pa~atiOD raua of 

tha e... cc.ponanta 1D neat fon an abo pre,.ntad. For the four chfticab 

with data for both neat and the .ulticoaponant aolutiona, the ratae aaaociatecl 

with the aaltico.ponant aolutione ara le,. than one aixth tha rata for the 

oat cbnical. It appaara that fot thia aulUco.ponant aolution, the inter• 

action• a.ona tha chnicala reduce their 1nd1v1clual aaara..ivanaaa toWard 

chnical attack and pa~ation (Schvopa, Coataa, and Lyun 198S). 

31 . Aquat and Tatzlr.y (1984) abo 1nv..uaatad the panaation of lov

aohant concentration (<5 percent) aquaoua aolutiona throuah aavaral typaa of 

liner ..tadab. The r ..ulta for HDPE are praaentad in Tabla 4. Aa an ••~ 

pla, the trichloroathylana penM:ation rata for a aolution havina 1/ 1,000 the 

concentration of the neat liquid 1a 1/25 of that for the neat liquid . Equal 

panaaticm rat.. vould have bean expected &inca the chaaical activity aradiant 

acroaa the aeabrana 1a the drivina force for penMation. In a aaturated aolu

tion, the activity of a ch..ical at aaturation h equal to the cbaaical activ

ity of that cha•ical in naat fona. Thua , the drivins fo r ce for peraeation 

ahould ba the same for both a saturated and a neat aolution, The lover rat.. 

,for the aaturatad aolution may be due t o poor mixing of t he eolution, auch 

that at the aolution/ poly.er· inte r face, t ha l ocal conc ent ration vas 1eaa than 

eaturated . The lover rataa c ould aleo be the ruu1t of aolida precipitation 

.....;t the aolution/ poly.ar interface . 
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32, A. large volume of compatibility dua h available from tha r ..tn -n

ufactureu. Hoet of then data are interpreted qualitatively and are ba..d on 

EPA Method 9090 (USEPA 1987) for waate-Unar C:OIIIpU1b111ty, The EPA 

Method 9090 is an immaraion tnt that evaluates tha changu in phyaical prop

art!u of the liner specimen. Several laboratory atudha by Gundle Linina 

Syatema , Inc . (1986) , tasted linar compatibility with waatu contdning con

taainanta dmilar to thoaa expected from New Bedford Harbor aediment&. Theu 

atudiu included a huvy metal leachate, a aaturated salt solution vith 10-ppa 

chlorinated hydrocarbon&, a cnoeota aauldon, a l G-pp• PCB waate, and others. 

In all tha t ...raton tuta that were conducted for 120 daya at 23' and so• C, 

"no dpificant lou ia physical propartiu" vaa detected. A aipific:ant lo.. 

vaa c:onaidered to be anatar than 10 percent. 

33. Liner aateriah are abo par.eabla to vatar in varyin& dear•••· 

Since vatar ia present in tha around, laac:hata, or vaata in -.oat Unar inatal

lationa. reaiataca to vatar aay be a factor ill Uur aalaction. Data that 

ban baan nor.aliud for thic:knaaa are pr..anted 1D Tabla 5 (Bu:o at al . 

1984). Ganarally 1pa•1t1q, tha olefin-baaed liner aauriah (i. a •• BDP! 

throuah !PI»t (athylana/propylana/diana terpolJMr)) are one to tvo ordara of 

u.pituda batter barriara to vatar (on a par u:nit thickll.eas baail) than tba 

c~n chloriDa-c:oatabiaa liner aatariall (i.a., naopraaa throuah PVC, vith 

tha exception of tha polyaatar alaato.ar). 

34. Tha inurpratation of abort-tara co.apatib111ty taatiq and tha 

aztrapolation of auch data to evaluate tha affecta of lona-tara expoaura an 

difficult . Bovavar, expoaura to lov c:oncantrationa of various chaaic:ala for 

aateriala auc:h aa HDPE baa indicated only liaitad c:hanau, if any, in the 

Hoar' a phyaical propertiaa. A recant atudy attnptad to aaaaa1 the dfac:ta 

of lona-ura axpoaura on an RDP! liner (Nalaon, Ru:o, and McClev 1985). s .... 

plea of a 100-ail HDPE liner vera recovered fro. a vasta laaoon in tha north

eaatern United Statu after 4. 75 yaara of aervica. Suplea expo11d to tha 

vaata vera raaoved fro. different deptha and tut ad to detanlina afhc:ta of 

tha asposura on the phyaical properties of the liner. The impounded waate 

liquid vaa pradoainantly aqueous and contained atanificant uounta of oraan

ics, particularly chlorinated hydrocarbon•, which incrauad in concentration 

vith depth • 

.._.,; 	 35. Tabla 6 pruenta data on the phyaical and che•tcal propartiu of the 

i!Spoundad vaate ..dt.ent in direct contact with the liner, while Tabla 7 
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preaanta ca.ponaata and c:har&ctariatica of tha aquaoua vaata that UJ' be 

' otantially aaaruaiva to tha liner. Hinuta a.ounu of tha PCB Aroclor 12.54 

van abo detected 1D tvo aaaplu. Table 8 pruanta tha propartt.. of tha 

axpoaad YDPE liner in C01lpu1aon vith an unexpoaad aupla. Tha axpoaed Uur 

..~le frOID tha lasoon bottom ahovad a ...11 amount of IIVdlina (about 3 par

cant) and a 10-percant lo.. in both tanlile atransth at yield and in tba .odu

lua of alaaticity . Tbaaa chancaa do not da.anatrata inca.patibility. but thay 

do 1Dd1eata that tha vaau at tha laaoon botta. had tha araatut iapact on tba 

liaar. The liner ahovad no cracking indicativa of aDViroa.ental atreaa

cracltin&. Tha liner lon 1n unaile atrenath at yield and 1D ultiaata tneila 

atrenath; however . it did not crack at felda or banda. No avidance vu found 

to 1nd1cata that tha RDPE liner lost 1u 1ataar1ty. All vidble •• 

ap,.ared aac:ure. The only evidanc:a of liaer daaradatioa waa Mc:banical ~ 

•a•• 1a. anu where tha liner bad b..n worked on with aart~i.D& equi,..nt 

durtDa r..o.al oparatioaa (Ndaon, Haxo, aad Mc:Gln 19.,) • 

lfatural Soil Liner CO!Fiatibility 

36. Studt.. of clay U11.er c:o.patibility with pure aolvaat ch..tcab, 

biaary aiaturea of pure aolvanta, c.,_rc:ial petrolaa products, arwt. aol..at

ricb iadutrial nata ha.va raaultad 1a par.ab111t1aa biahar by aa..ral ordara 

of ..pituda whaa co.pared vith waur . Hw.var, atudiea of clay lbar c~ 

pat1b1Uty with low-concentration aiatur.. , althouah few 1D auabar, offer 

ancouraatna raaulta for c:lay Unar-c:haaical ca.pat1b111ty. A atudy coDducud 

for the US!PA ataud that "tha hiahar par..ab1Uty to polar oraanic Uquida 

diainiabaa aa tha oraanica are diluted with vatu, auc:h that aixtur.. of ovar 

SOl ntar bahava Uka vatu" (Brown, Tha.aa, and Grean 1984). 

37. Coaflictta.a raaulta have alao baan reported naardina tha c:a.pat1

b11Uy of c:lay linen with oraanic liquida. Coapatibility atudi.. with 

oraanic adda ( acetic: acid) resulted 1a initial dacruaaa in aoU par.aability 

(USI!:PA 1983). Another atudy with a neutral polar oraanic (aca t ona ) r..ulted 

in tha a... initial deena.. in permeability (Green , Lae, and Jonas 1981). 

ta'ter atudi.. have indicated that these teata u y not have been run lona 

anouah to paaa a aufficiant voltma of parsaant to obaerve how the waste 

11uida will actually affect the pan~eability of tha clay liner. 'nih 
-.;I 
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indic:atu the illportanca of running lona-un~ atudiu if tha affacu of chaai

cal coapat!bility an aetna to ba datarainad by labontory procedurea. 

38. The data available for weak organic aixturu and clay linen are l1a

1tad ; hovevar, tha 1nforut1on available for inoraantc: waetu and clay liner 

C011p&tib111ty may be evan more li..mited. A faw qualitative atudiu have dater

•tned the efhcta of lnorganica on c laya . Dna atudy tutad tha affaC:ta of 

alactroplatlna wauu on the hydraulic conductiviti.. of four claya: pure 

ROnt.orUloniu, pure var.iculita, pun k.aolinita, and White Stone clay. AD 

tncreaaa in hydraulic conductivity vaa ob..rvad for the pure mont-.orillonita, 

vhih all other clays exhibited a dacreau (Cota 1981, aa cited in Pdrca and 

Pad 198S). Care should ba taken in inurpntln& Cola'• data dnca ht. aquip

••nt and procadu.re1 ware not vall refined. Tha dhct1 of ziac chloride and 

cbroaic acid on proca..ad bentonite and White Stone clay• van atudiad, and no 

dpificant chana.. in hydraulic conductivity van obaarvad (Konaarrata 1982, 

•• cited ill Pdrca aod Pad 1985). Hatal hydroddaa vara taated vttb four 

c:laya: W}'c:aiD& banton.1ta 1 Grolaa kaolin, vara1cul1ta 1 aDd White Stone clay, 

Tut raaulta ahovtid an incr..aa in hydraulic conductivi~y for tha baa.tonita 

axpoaad to dtaline panMuta, vhila. tha hydraulic conductivity of tha kaolin 

dacraa1ad upon pat"Mation with tha bade aolut1on1 (tulia 1983, u cited ill 

Peirce and Paal 198S). Two ailty clay 10111 vara tauad vttb a aynthatic 

acidic lead-aiDe ta1lin11 laachat1. lD all taat1, a llov dacraaaa ill hydrau

lic conductivity va1 obaarvad (Dwm 1983). Co...rcial laboratorial nportedly 

hav• coDductld a araat nuabar of t ..t• on different claya and laachataa. 

However, .,,t of tba tut raaulta ara not available bacau.. of conf1dant1al1ty 

concaraa o Tha pan~aanta ara typically reported to ba cocp1ax llixturu of 

ch•ical• o For ax.aapla, D 'Appo1on.1a, Inc. (1983), baa co.pilad a lanathy lbt 

of taat raaulta indicatint; a llilht chan1• in hydraulic conductivity in IOM 

ca..a; hovavar, no draatic chana•• hava baan ob..rvad. 

39o A .on recant atudy datarainad tha affacta of ferric chloride 

(SOO q/1) and nickel nitrate (SO and 300,000 q / 1) on thr.. fiald clay• 

(Whit a Stone, Hoytville, end Facaville) ulins both fixad- and flexible-vall 

penM...tara ( Peirce end P11l 1985 ) o The hydraulic conductivity ruults fro11 

thh 1tudy are preaented in Table 9 o Ninety-parcant confidanca intarvala van 

datan~ined fo r all the t .. ta in which .are than ona replicate w.. perfonMdo 

._,I Fro. Tabla 9 it can be 111n that no aianificant chana•• in hydraulic conduc

tivi t y occur red in any of tha claya aa a ruult of paraeation of the chaaical - ~ 
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aolutiona. The luchata paadna throuah tha clay aoib v.. abo analy~:ed to 

"'•tan~ina if c:haaical br..kthrouah had occurred. Tha analyaaa indic:atad that 

.10 breakthrouah occurred for the 500-q/1 ferric chloride or tha 50-•a/1 

nickel nitrate aolur:ionaj hovavar, c:haaic:al braakthrouah did occur with tha 

300,000-•g/1 aolution of nic:kd nitrate. No bnakthrouah vu expected or 

ob..rvad for tha lower c:onc.antrationa linea tha cation axc:hanaa c:apaci

ti.. (CEC) of the claya van not axcaadad. Savaral hundred pore volu.ea of 

the lov-conc:antration liquid• would have b..n nacaaaary to axcaad tha C!C of 

tha c:laya (Pdrc:a and Peel 1985), 

40, Salt concentrationa uy aho influanca tba panMabUity of clay 

aoib. Studt.. have ahovn that tha efhcta uy ba dapandant on tha type of 

day bdna u..d for tha liner o Ona atudy u.aained tha influence of hiah aalt 

concantrationa (3o1-percent NaCl + 3o6-percant Na2so4) on tha par.eabUity of 

two aiaabted clay linara conatructad of ...cutic claya (aodiua-aatunted arwl 

oraanic polJMr-treaud) &lUI a aandy aotlo The par.abllity of the oraanic 

polJMr-treated ..cute wu UDaffacud by tha concentrated Nlt eolution: 

bow•ar, tha aod.iua-uturatad ...cute (natural bentonite) uadarwnt a 100

fold par.eability incraaaa in 7 daya (Buahaa 19n) o Tha ult concantratioaa 

1ad in tba Bvahea atudy vera appro:d.utaly tvica tha concentration fOUDd 1D. 

tha lev Iedford aita vatarao 

41o Ill conclulioa, althouah the ca.patib111ty data available for clay 

Unar aDd lov-ccmcalltration vaau ara liaited and vhile atroqly ccmcantratad 

laachatea ..,. incraaaa a clay'• per.aability, no e:u.plea have beell foUDCI ill 

tha literature vhara vary dilute aquaoua aolutiona cauaed eubatantial per.a

ability iacrau.. in clay aoil linen (Andenon and Jonaa 1983)o Ona potaa

tial exception aay ba vatar that contain• lov concentration• of atrona 

aurtactantao Thaaa ca.pounda could incraaaa the (intdnaic) par.ability of a 

aoU by dacraaaina the aurfaca tanaion of water (Latay • Oaborn 1 and Valoraa 

1975). 
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PART tV: NEW BEDFORD HARBOR SEDIMENT/LEACHATE CHARACTERIZATION 

42. Contaminant rdeau tutl conducted on Nav Bedford Harbor ..diunta 

hava indicaud tha potential for tha releaaa of elevated concantrationa of 

•talt and aoma organics when compared with other contaminated dndaad uta

rial8 (Ha Report 5). Preliminary test ina of tha compodta sample baa pro

ducd leachatu vith total PCB concentrationa (Aroclon 1242 and 1254) of 

4.4 ppa for batch teatina and 0.018 pp• for parM;aaetar tutina. Additional 

oraanic analyu1 ttava indicated that all polynucl..r aroutic hydrocarboa con

c:antrationa van bdov dauctable limite, Analyaaa of inoraanic apaciu bava 

ahova nlatively hi&h concentration• of aa.e Mtala (a.J. • cadiua (Cd) • cbro

aiua (Cr). and lead (Pb)) whan coapared vitb otbn dudaed uuriab tbat bava 

uacleraou dailar c..una. Pnlillinary r ..ulta of anaerobic betcb leach t ..u 

alld per....ur t ..u are praaentecl in Table 10. 

43. Potential leacbete containanta for Nev kelford Barbor ae~U.aanu 

include PCI u.d a.e inoraao1c par...tan (Cd, Cr, and Pb). Dua to tb. devel

~a.ul etqa of tba work with chaaical aDd U.Der uurial ca.patibility, it 

vu difficult to fi.Dd a vuu tbet baa concentratiOilll of contuinaa.ta ailltlar 

to tbe ..v Iedford Harbor ..diaanu and b.. bean aubjected to liner and vute 

co.patibility atudiaa. Al.ao, the proprietary nature of .oat vuta aateria.la 

IUbjacud to ca.patlbility atudi.. by liner uaufacturera for tbdr clieau 

doaa aot allov tba publication of exact waata atn• charactari&ationa. 

lnataad, daacriptiona aucb aa "heavy Mtal hachate" or "pharaacautical vaata" 

an uaad in tba coapatibility product ahaeta of liner aaaufactunra. Labora

tory raporu by Guadla Linina Syatua, Inc. (1986), bava indicated that no 

ca.patibility probleaa raault when HDPE liner utarial ia axpoaed to to-p,_ 

PCI waata, Al.ao, dua to tha inuinaic inert catura of HDP! to inoraanic coa

pounda, no co.patibility problaaa would ba axpacud vith HDPE and inoraanic 

coapounda at concantraUona of SO pp11. * 
44. CoapatibUity data for clay Unara an evan aora liaitad, and vaata 

atraaaa that have contaminant concentration• aiailar to Nav &adford Harbor 

aadiaant leachate and have bean aubjactad to clay Hoar compatibility atudiaa 

ara not available , Hovavar, a study conductad by the USEPA indicatad that 

* 	Paraonal Co-..nication, 1987 , M. w. Cadwallader , Chaaiat, Gundla Linin& 
Syataaa, Inc , , Houaton, TX. 
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aixtur.. of oraaatc:e vtth ovu SO percent vater had no afhct oa clay (lrova• ... 
"nla.aa. aad Green 1984). A atudy for the Cheaical Manufactunu A..octatioa

I by Daniel and LUj..traad (1984) vaa conducted to duan.tna tha ethctl of 

dilute vaata llixtur.. on five clay aoib. One of the par.eanta vaa a liquid 

fro. an tnduatrial v..ta 1•poundMnt that had aiailar or anatar concentra

tiona of five inoraaaic apaci.. •• au.turd to tha Nev Bedford Harbor aadi.Mat 

laacbatt. Th..a Mtala and coountratiou ( to parte par aillioa) wra 

Cr (1.0), Cu (5.3), Pb (0.36), nlchl (Nl) (0.18), ADd dnc (Zo) (6,0) , Thlo 

..- liquid vaa abo tpilr.ed vith chlorofon (200 ppa) and trtchloroatby

lena (200 ppa} to at.ulata a landfill leachau coataainated vtth chlortnattd 

hydrocarboa.. Ia all cu... uat r..ulta tlldtcated that tbaea d1luta aU:turaa 

an DOt capable of cauatq atantficaat chaq.. to tba pameab111ty of a.atural 

clay Uoara (Daniel ud L1ljeetraad 1984) . 

45. leceuee of tbe naletuce of BDP! aad cley Uaer. to cltlute orauic 

ad tooraaatc wute W:turee, DO c_,aU.b111ty probl.. wovlcl be apec:ted wttb 

llev Iedford &arbor HdS.at beebate. U rill be clbcu...S ill the followtq 

Hctloa, 1aatal.lat1oa aDd operat10D&l factora for PKl.e ud clay liaera My be 

,f •r• a1p1f1uace to U.ur failure aad coa.ta.tDaat rdeaH thaa apoeura of 

tbe Uur to tiM leecbate upected vith clbpoaal of cont..tllated ... Wforcl 

Barkr aed1Mau. 

-
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PART V: OTHER PROBLEMS LEADING TO LINER FAILURE 

46. Savaral potential problema concerning the ins tallation of liner aye 

tau an common to bot h FML and clay linus. Problema luding to liner fa il 

ure uy r..ult from t he i mproper prepa ration of the foundation tha t wi ll 

aupport t ha liner, pla ce!Unt of the l i ner, and place~~~ent of backfill a a a 

protec tion f or t he liner (Ghauami at al. 1983 ). A a tudy prepared for the 

USEPA that auau ad liner uteriab expoud to IIUnicipal aolid vaata lea chate 

concluded that the 1110d..t affacu of the upoaura on tha liner uteriab did 

not indicate a coapatibility problem and "that d1fficult1.. , it they ariu, 

ara .ora likely to ba cauud by poor wori:aanahip in the dta preparation or in 

tha fabrication, by dauaa to tha liner durina inatallation, or by iaproper 

care durina tha operation of tha facility" (Buo at al . 1984) A dailar 

atat-nt can ba uda about tha axpactad leachate that vould r ..ult fro. dia

poaal of cont•inated New Bedford Harbor aadt.nta and a clay or ...-,rena 

liner with chnical r ..t.tanca and Mcb.anical propertiaa aiailar to HDPE. 

47. Tha ia.atallatiou of • Unar 1a. a naanhora aaviroa.ant aiailar to tba 

lit.. baiq couidared for dbpoaal of New Bedford Harbor aadiaeata praaaa"u 

additioul unique and difficult conuruction probl... . Tr aditional ..thode 

uaad to coutru.ct linara to control contaaJ.DaD.t ataration u y not directly 

apply or 1 at tha vary laaat 1 aay raquira extraordinary aDd coatly 1natallat1on 

afforta. The inatallation of e Mabrana or clay liner uy require devatarinc 

of a nearahora dta to anaura proper foundation conatru.ction , to provide a 

cleaa, dry environ~~~at for aaaaina with an FKL, or to achiava tha proper ca. 

paction vith a clay Unar . Dawatarina coata of a naanhora aita would ba aia

nificant dapand.ina on dza and 11ta-apec1fic condition.. Flexible ..abrana 

linara aay ba .....d on dry land or a baraa and than placed in tha naarahora 

diapoaal facility ; hovavar, dapandina on tha aha of the c0111platad U nar , thia 

operation u y raquira an ext raord i nAry coordinated eff ort of aan and ..chinaa 

to properly and aafaly place t ha 11nar. 

48. Linara fo r dika facu hav\1 b..n aa amad and i ns t alled fro• barau with 

var ying da a raea of auc cau . One attemp t t o place a liner direc tly on a 

riprap-protacted dike faca f r o• a barge ra aul t ad in t he liner beina punc t ured 
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by tha riprap.• Thh exp.rienca illuetnt.. tha requireMnt for a carefully 

prepared aubbaaa that uy require dawatarina of a a..uhore du , uaardlaaa 

f how the a..brana liner will ba placed. Tha chanatng anviron..nt unique to 

the neanhore dilpoeal dta , auch aa fluctu.Cin& vatu levda, tidal puap1na. 

and , ..-producing, oraanically rich bottom aad1llanta, uy alao place phydcal 

atnuu on both clay and aaabrane linen that uy jeopardize tha lin~r ' a 

inuarity. Tha followina ..c tiona dhcuu additional potential probl• an.. 

and axpartancaa with tha inatallation of FKI.a and clay Unau in upl&Dd 

auvironaenta . 

Flexible Ha111.brana Linen 

49. Failuru of Mabrana Unan uy ruult fro. vuu-linar i.aca.pati 

bility vban concentrated ortanic Uquida co. in coDtact with tha liner; bov

aftr, •ny other Mchan!... are .are likely to lead to a PML failure 1D 

actual field iutallatioa.. A atudy prepared for tha USEPA att..,tH to 

•••••• the nee••• or failure of FKLa 1D•tallad at 27 ait.. coutrw:tad 

batwn 1971 aDd 1983 (Baa•, Lyun, and Tratnyak 1985) . PaUura• duriq tba 

raoparational period vua ddined ae any collditicm of the tillar that required • 

nonroutiaa corncth'e •eeur.. to uke tba liner tuitabla for planned opera

tion, Pailurae duriq operation• vera defined u any coadit1oa of tba U.ur 

that eauaed (or thr..tanad to cau••> around-water contaaia.t1oa. Baaed oa 

th..e clefiDiticma, tha 27 fadliti" ,,.,..ad had a total of 12 failur.. at 

10 dtaa. Oa.ly one failure "" the r..ult of ""ta 1nca.pat1b111ty vitb a 

...tirana liner . 

SO, Other failure Mc.haDi... of i.mpounct.nte lined vith PMLe ..,. include 

failure of tha PHI. bec:au" of aanufacturina dehcta, vaatherina, or pbydcal

•chanical atre~aea. Defective inatallationa, due to !~~proper etoraae, r:rane

portatioa , p1ace•nt, or ..u.tnc of the FHL, aay alao r"ult in liner fail 

urea. Liner connectione, appurtenances, and lack of or iaproper place•nt of 

cover aateriab on the liner aay abo had to liner failur... Contact dauae 

aa a Uftult of puncture, vegetation , or ahocka uy lead to a type of liner 

f•ilure. !•proper 1ubarade preparation 11 an uaple of this type failure . 

• Personal C~nicetion, 1987 , John Dorkin , US Amy Enaineer Dietrict, 
...-/ Chic.aao, Chicaao, IL. 
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Gu and liquid da•aau to an FML uy reault fr011 a•• or liquid uplift 

and wind or wave action . Caotachnical probleu ludina to liner failure& u.y 

be dopa instability , cover utarial aloughins, aubddanca, or differential 

aattlaunt. Othu failure mac:haniams cuy ruult fr011 vandalilm or adaaic 

activity. A suuary o ( potential failure 1110du fo r a double- liner ayataa b 

pnuntad in Figure 1. 

51. Probleu related to the etoraaa and handling of FKL materiab uy 

ruult fr011 iapropar atoraga in a nonaac:urad ana; iaproper achadulina to j 
reduce tiM between delivery and placn1•nt of tha liner; uD.Dacaaaary foldina :J 
aDd unfoldina; and lack of or improper inapaction of uteriah to identify and 

correct probleu. 

52. Probleu a..octaud with tha phc.a..nt of tha liner include tha 

folloviaa. 

!• Placa..nt of panah in tha VTona confiauration (a,J., aa... on 
aida dopa• oriented parallel rathn than correctly perpendicular 
to tba aida) o 

!o Plac..a.ta that br1d&a a &•P bttveaa tvo aurfaee• (aolo, at 
penetration•) o 

~0 laproper anchorina <••lo, backfillina anchor traa.cbu before 
••aaina 11 co.plated) o 

,to 	 laproper ttaiDI (for axapla, plac..nt durin& 1Dcle•nt vaather, 
1Dclud1na vindy condition•) o 

!o 	 Plac..a.t of the 11Dar vith little clearaoce betvean it and the 
leachate collection pipu (thia 1a often unavoidable per the 
requtr...nta of the leachate collection •yatn, but any ruptured _
pipe could potentially puncture the liner) o 


Tbasa probleu uy ba avoided throuah the proper duip and atrict adherence 


to d..ip apac1f1cationa o lridgina uy be avoided by anauriaa ca.pleta liner 


conuct vith the 1upportina aoil and proper ca.pac tion of tha subarade around 


connactiona o Anchorina the panel adau vith aandbaa• before ..aatna and care
 8 
ful operation of aqui.,..nt durin& anchor trench backfillina can reduce liner 


daaaaao !xact nuabara of linen d...sed durina placa..nt are not available ; 


however, the problaa of vind da..aa durina placaaant operation• h reportedly 


vid..prud (Ghauaai at al. 1983). 


53. Saaaina is the moat critical operation in the inuallation of an FML. 


The follovins racton fo r aood uaaina practice a ay avoid comaon problaaa : 


a. Saaaina procaduru can vary for different Uaar aatariall a nd for 
._.; the , ......tarial produced by different aanufacturarao Tb..a 
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1, 	~~out TOMTTL-IIIT OI' C~IITI IIIUACHATICOLLICTION 
I YJTUI CIA '"'M IIIIIIIIGUUU'ITIU IN THI altclll401. 

1. IJNIJIO-.IfTAI,. 1"11-CIIIOOCKifoiG 01' U ...lll AT IINDI AN0 CllllAaa. 

!. ::.a~l.~~~:v~~~~DI=,:.:::=;.~, OP 
PIUC'TIC*.ftiiiJI .......AJoi.UOOIOII..L 


&. ,_\.I.,..._ \IIIIIOUI LOAD . 

.. ~IO'f'CU. 


T. U.OI'~OUITOWoWTII-ATIIIUT'I'. 

~TIA.l.,AIUJMIIIOOUOI' GIOTIXTIUI: 

t. ::=o=~~ T'O.....,.I IIICC.04TI..UT'I' lolA- TO 

.. C&.OMMIIIIOIIIIU.... OI' "I.Titlt-TIIIIAio.IY'MTICr.IIINTMIWAI'n 
le. TUIIIUSTMII~UIAO. 

11 , -~CW---AIIii ...TOntti ...T , L~TOCI.OQOIIIIQ. 

lt. LOIIOII"MJJ''IUJU . I..IAOIIIGTOIIIDUCID'UIIO'LO.. 
1S. COI......... CI'TNI-TIIIIIAUIUIIOIIII-..aTII..OAO. 

IIOfllfTIAL PAIL~ IIIOOU 01' 'LVTIC "'" 
1&. COI.I.M'II 01' "'" UI'OIOIIt LOAO, 'AIITICV........ I.Y lr 1-ATIIU •tnt...... 

Fipra l. Sc.hautic: dia,r• of a poly.eric. aaaa.abraaa/c.a.polita doubla
Uur ayau• and potential failure IIOdaa (after llu:o and Waller 1987) 

diffarencu ahould ba carefully noted •• plana for tha •••ina 
operation are deviaad. 

~· 	 !xperhncad labor, at laaat at tha fora.an level, ia necaaaary to 
adequately addraea unexpected probl... . 

f.• 	 Weather conditione ahould ba ca.patibla vith the aaaaiaa opera
tiona; in particular, axcaaaiva .aiatura, vind , and axtra..a in 
taaparatura ahould ba avoided. 

! • 	 Solvanu o r adhaaivaa, vhen the u are uaad t o aaka tha bond, 
ahould ba applied exac tly aa 1pacif1ad , Naithar too little nor 
an axcaaa provides adequate .... atranath. 

! • 	 Likaviaa, pruaura should ba applied to the seam in accordance 
vit h apacificationa . 

!• 	 Slack and v rinll.laa should ba ra.avad, u.capt thou included 
intantionally t o allow for thn•al axpanaion/contraction . 
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lI• 	 Once co.pleted, the 11au should be allowed enough u .. to 
develop strenath before being loaded• 

.!!.· 	 Spadal attention ahould be given to making connections 
batvaen the liner and atructuru. 

.!.• 	 Spacial precautiona are required when new cap uterial is 
seamed to old liner material . Thua include aneuring that I 

Ithe bottom liner and cap are compatible when seamed, removal 
of the aurface cure fr011 the bottOII Uoar uaing aolvanta and 
scrubbers, and repairing d&~Mga that the bottoa liner 
1ufhra when uncovered . 

The u.. of reputable inatallau, devalopMnt of clear and cone!.. spacifica

tione , and impl...ntation of a c011prehana1va quality aasuranca proar- are 

asaantial to conetructing adequate ,,.... A aood quality a..uranca prograa 

ahould include ch.c.k:ina to anaure propu podtionina of the liner panela, 

cl..aiq of ssaa anaa, proper overlaps, and suitable vear:har cood1t1ooe. 

Tear: aaau abould ba ude and uaud r:vica daily 1n ahaar &Dd peal. .Ul aeaaa 

1bould ba ta1ud nondaatructivaly over r:bdr full lenath. Su.plea of ae... 

1hould abo ba u.r:ed. dastructivaly daily &Dd tha 1.-pled. arau properly 

patched &Dd ••...d. 

,4, All •tboda for tba placaMnt of backfill oa a U.nar riak aOM d ...a• 

to tba undarly1DI lillar. Extra can -..at ba taken vhan placina backfill on a 

Unar to avoid dau.aa to tha Un1r. Con1truct1on survivability of tha liner 

1yat• hu baco. an taportant coaddaraUoe in recent yean. Tha ad.ditioul 

coat of uailla a thicker liner uterial auch u a 100-.11* liner vban coeparad 

vith • 60~1 liner 1a -..11, aDd tha added atranatb aod protection aaatnat 

puncture durina placeMnt and backf11Una operations 1a well worth the addi

tional coat.** Additional uranath aaai.Dat puncture uy ba obtained with the 

uaa of polyester fabrics uaad to underlay ltnar ..tariab and uy be required 

dependina on the aubbaaa provided. Thaaa fabrics also provide a clunar 

environMnt for aaaaina the liner utarial and an vall worth their axtreuly 

lov cost. Proper desip, uaa of clear and concise apacificationa, and an 

effective qualtty aaauranca prosru to enaure adherence to apecificationa are 

eaaential but not naceuarlly aufficiaat to install a properly functionin& 

backfill without liner da••&•. 

* 	 A table of factors for convartina non-SI units of •eaaun•ent to SI (..e
ric) units 1a pruantad on paaa 3 . 

** 	 Paraonal co-untcation I 1987 . Roy Leach I Civil Enatnaer. us Anay Engineer 
Watarvaya Expari•nt Station, Vicltabura. Hiaa. 
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SS. Althouah current knovledaa and tachnoloay are bdhved to ba auffi• 

c:hnt to properly conatruct and inatall a flexible ..abrana liner ayatn, uny 

potential failure .od.. , other than challlical 1nco.pat1b111ty, can jaopardtu 

tha 1ntaar1ty of an inatallad m ..buna liner ayataa . Whan conddariq vaatu 

with lov contaainant concantrationa, auc h •• c.ontaainatad Nav hdford Harbor 

..dialnu, axperilnca tndtcuu that l ..kaa• ruultina fro. tha coaatruction 

and inatallation of tha FKL woul d far axcud any probleu cauud by 11ner

cont•1nant inca.pat1b111ty. 

Natural Soil Linen 

S6. Sneral potential probleaa, other than v..u-liner coapat1b111ty , uy 

laad to failure aDd haltaaa fro. a dh poaal dta conatructad with a elay 

liner. Probl._ vith clay liner in1tallat1on are prlurily related to tvo 

ar..a. Tba Uret 1a tha 1ub111ty of laboratory per.abtUty uau to accu

rately predict field liller pezweab111ty. The aecODd probl• area. vb1cb U 

parU.ally reapouible for the first probln area. ia lack of proper iupectioa 

aDd quality uauruca durin& liner inatallation. 

57. Daaial (1914) alluded to a do..n caaea 1D. vhich tha field hydraulic 

coDductbity of clay liDera uaad to uta1D fraah or Nlt vatar raaaed frc-. 

10 to 1. 000 UMa araaur thaD antidpatad •••n thouah. iD .aat caaaa, the 

Uur vu daaipad udna par.eabiUty taata parfor.ad with a par.eaat that vu 

eiailar to the fluid ill the field. ID tha.. cuaa. par.ability teata with a 

per.arat (fluid) rapr..ant ativa of field coaditiona (cc.pat1b1Uty teatint) 

nn Dot auccaaaful 1D pradictina the parforunca of tha liner. Daniel (1914) 

concluded that 1nat allat1on aDd construction Mtboda aay have far .on iapac:t 

oa. liller perfor.anca than Uaar coapn1b111ty vith dilute vaata atru•. In 

th1a .... atudy, f ..tur.. c~n to clay liner proj ects vith blah laaltaaa 

rataa wra identified •• follows. 

!• All of tha U nara van r elatively thin ( leu than 24 1a. t hick) . 

! · Linera van aubjec t to soma daaiccation . 

£• Conatruction inspection va a not a a axtanaiva •• it ai&ht have 
bean . 

.S8. Tha da t a1la of conatruction of a clay liner an extn•a ly l.aportaat , 

Conat ruction should ba 1napactad t o enaura tha t dalatarioua aata riala ara aot 

.......,..,uaad , tha t co-,action vatar content end co.pac tiva effort an correct , tha t 
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lara• cloda of clay are properly hydrated and adequately broken down, and par

hapa aoat iaportantly, that tha liner !a not allowed to dry out after con

atruc.tion has b..n coaphtad. Without the proper ins pection and conatruction 

practical to al1.minac. these problau, desiccation cracks, fiuuraa, and other 

hydraulic defects uy result, which could lead to lu.Ju.ae rates IIIUC:h greater 

than thou ruulting from compatibility problema batvun the clay. liner and 

lov-.crenath wuta (Day and Daniel 1985) , Additional problt11s uy also axiat 

vbare in aitu claya an u..d. Failing to detect and re11ova dilcontinuitiaa 

fro. the clay, such aa aand or silt lenaea, roota, and roc:U, uy lead to 

leakaaa of the Unar. Similarly, where ncompactd aaplac:ad aoil Unu·a an 

uaad, inadequate protection of atockpilu froa contamination uy &lao r ..ult 

ia laak.&aa fro• the clay liner . 

.59. A auabu of ahortcoain&• bave bean idaatitiad vith reaard to tha uae 

of clay Uaan, a.DDJ which co•patibility with lov-concantratton vaata appear& 

to be relatively ainor. However, clay linen bava aavaral advantaaaa: 

!• Faver ttapa and partie& ara involved, and tba procedure& for c- 
platina iDatallation ara aiapler . 

!l· The &tat& of the art is 80r& developed due to conaidarable axpar
ieaca witb other aaotecbnical projacu. 

£• 	 Favorable oparatiDJ experience baa been achieved vitb sanitary 
landfill& aitad on native clay dapoaiu and froa liaitad aitaa 
lined with raco.,actad clay • 

.!!· 	 Faver catastrophic failur.. have bean axpariancad and, in addi
tion. clay baa tba ability to attenuata pollutant .taratton in 
case of failure. 

!• 	 Jecauaa of their araatar thickna.. , clay liner& have batter abil 
ity to r ..i&t ..chanica! dauae . 

60. A& vitb flexible •••bran• Unara, -ny problema exiat vith the 

!DI:tallation of a clay liner ayataa. Howevar. incoapatibility with a lov

contaaiD&Dt concentration aatari&l auch aa leachate froa New Bedford Harbor 

aadi.Mnta doea not appear ai&nificant when coaparad with other preble.. 

related to construction and installation of a linar ayataa, A& stated in a 

USl.PA atudy au..atna th• failuru and succeaau of lined wuta aitea (Baa& , 

L,.an. and Tratnyek 1985), tha "two uin alementa o f aucceu" at lined &ita& 

an conaidarad to be : 

! · A proper philosophical and conceptual approach. 

!!· The axtenaive uu of quality &Iaurance program& "in all facet& 
and ataa•• of a facility'• operation." 
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PART, VI: SutOfARY 

61, Tha characterization of Nav Bedford Harbor ..dt•nta and leachate 

indicataa that only lov eoncantutiona of contaainanta vill COM into contact 

Yith liner uuriab. Thh h particularly trua of thl oraanica, vhich are 

tha contaainant of .oat concern vhan vaau-11n•r coa_patibility h evaluated. 

Althouab aa.e inoraanic contaainanta are alavatad, axparhnca hu auuaatad 

that iaortanic uteriah do not pruant a coapat1b1Uty problea with clay or 

.oet na. uteriall. w..ra-Unar ca~~patibility s.-nion teats (120 daya) beva 

b..n conducted by ..nufacturen and othan, uaina HDP! and contaainanta in 

concantratiou aiailar to or araatar than thoaa axpactad in New Bedford Harbor 

aadS..nu. Tha.. r..ta r..ulted in no dp.if1cant cbanca in tha phydcal 

propercha of the UDer uterial. 

62. AltbCN&h c_,.ribility taata could ba ND on Nav Iedford &arbor aedi

MDU, thua cto.. DOt appur to be sufficiaat tachllical juetificatioa or Deed. 

Looa-tem c_,attbllity t ..ts would aot provtda addittou.l baaaficial data 

that are DOt natlable fra the literature. Ad.ditioaal data aaaarated by 

ahort-ten COIIIp&tibUity testa would be of liaited value iD avaluatiq: the 

loq-ten effecta of coataaiaaD.ts oa the liDir. 

63. Kaay liMr iDstallatiou ta uplaad eaviro....nts have bean plqued 

with fouDdatloa, fabrication, cc.pactlon, aDd protective cover probl._ that 

caa had to leaka and failures. Host of the probl... aaaociatad wttb tba coa

atnactioa of a liner syat• aay be prevented or controlled vlth the proper 

dea!&n ud axtanslva uaa of 1Dapactioa and quality a..uruce/quellty con

trol (QA/QC) procedures. Liner iutallatlon iD a nearshore environMat would 

provide slpificaat unique construction probl._ and physical atraaaaa oa the 

li.Dar ayat• durlna and after iaatallatlon. Devatariaa of tha dte vould 

probably be required in a n..rshora Unar installation. All of these problau 

are hr .ora likely to jeopardbe the inuarlty of a liner systn than tha 

inca.patibllity of a liner utarial with s lov-conta•inant concentration uta

rial such •• 1..chate trow. Nev Bedford Harbor sedt..nts, 

64, If s liner syste• is to be considered for the proposed project, tha 

dasip could incorporste dthar a clay or tlu:tbh membrana liner material. 

Tha dachion to uas natural aoil or FKL uteriab ahould ba baaed on coat, 

.,_, 	 availability, and practicality of installation depandtna on tha type, loca

tion, and dza of t ha propoaad dhpoaal aits . Tha choice of a 00. uterial 
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tbould bt b.,ed on avdlabh coapatibility t.,t r ..ulta with the apecific con

taiftant concentretiona • 11 dilcua11d earlilr in thil report o At 1 •1nt.u., 

the atnnatb of the FKL uurial should be aiatlu to or ar~aur than 100111 

HDPE. If a natural soil liner uurial 11 u..d. ths chy 1hould be coapatibh 

with the aaltv1ter environunt o hntonitas ara available that are r ..t.tant 

to 1altvater environment•; however. if netive soil• are u1ed. 1hort-terw ca.

patibility ltudt.. uy be advi11bllo 

6S . Rttid 1pecificat1on• should be followed for in1tallation of ftatural 

1011 or flaxtbll •abrana linen. A diliaant in1pect1on and QA/QC proaraa 

1hould ba inltitutd, bett.nnina with the fabrication. delivery. and atoraa• of 

the aatartal. vhather PML or clay. and ahould. continua throuah preparation of 

tba 1ubbaae and in1tallat1on of the liner o For a FKL, tha in1tallat1on of the 

final protective cover ahould ba conducted. uadar tba .... 1trict !Jlapectioa 

proar•. 
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Tabh 1 

luulta of Per.abilitY Tuta with Oraanic: Ch-icab 

Aliphatic and Aroutic Uydrocarbona 

Heptane 

Fixed-vall panM..atu una at high gradient vith four clays ahov1d rapid 
pat1Mability increaua and breakthrough . The incn..a in penMabilH:y vaa 
.an than J ordan of ugnituda in an illite clay . a..auna pn•aabUitiu 
ven ..ublilhad in tha .... auapb with 0 . 01 M calc iua aulfau prior to 
introducina tba rut aolution. (Andnaon 1981 ) 

Tha flov rau of bauua throuah fireclay .,.. of an anor.oualy hiabar order of 
aqnil:uda th&a. tha flow rata for vatu. (Kacay 1942) 

In a colu.n taat under a head of 701 ca, aiana of full penetration tbrouabout 
tbe clAy •terial vua obaernd after 36 daya ; 1D a aiailar colu.n vitb water 
aa tba ptl~t fluid, tbe liquid laval dr opped 1e.. tbaa 2.S4 c:a over a 
lOG-clay period. SUlpha van 91 c:a in beiabt and 2 . S4 ca in di-ter. (Per
aoul c~a.icatioa, 1976, l . Whita, Trinity £Daineeriaa Teatiaa Corporati~a. 
Corpua Cbriati, TX) 

rolloviq u tDttial decreaae in pemeability (ca.perad v1tb per.eability to 
deioaiaed vacer enablbhect 1D. a dailar aa.pla), total breaktbroush occurred 
on tbe eiahth day of teatina vhea Ranaer abale vaa expoaed to benzene 1D a 
fis:ed-vall per.e..ter uDder lov hydraulic aradient. {Green, Lee, nd Jon.. 
1979) 

a.n..ne did DOt penetrate coapacud Ca-.ont.arillonita tb.at v.. Urat aatu
nted vitb 0. 01 I calciw aulfata evan at hydraulic aradienta •• htab at 150. 
(Olivieri 1984) 

la flexible-vall cuta vith a Caoraia kaolinite I par1Mability dacn..ed until 
tha teata van tar.inatecl. The final value vaa approxiaataly 2 ordara of ..,... 
aitude lover than tha initial par.eability. {Acar at al. 1984) 

rollovinc an initial dacraaaa in pat'1Hability, total braakthrouah occurred on 
tba 2.5th day of teatiDI vh111 fireclay .,.. taatad in a fixed-vall par.....ur 
under lov hydraulic aradiant . In Ranaer ahale I a aliaht decru ae in per.a
ab111ty vaa obaarvad and naained steady until the tut vaa tu-.J.aated at 
40 daya . In Koaae kaolin•, • a liaht dec ruae in petllleability vu f ollowed by 
,an incraaae to about tha initial laval , vhic:b peuiated until the teat vaa 

Continued 
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Tabla 1 (Continued) 

Xylene (Continued) 

terminated at day 36; changes did not exceed half an o rder of maanituda. 
{Gnan, Lee, and Jonas 1979) 

In co lumn test s under vary low gradient , intrin81c parmaabilitiaa wan high.u 
than permeability to water by at least 1 order of m.agnitude in aampla a of t.ka 
Bottoa , Nich.ollon, Fanno, Ch.almar a , and Canalo claya. Parmaabilitiaa ware 
slightly hi&h.ar than for water in three other aoila . The u apl.. (5 . 8 c.a in 
di...tar and 5 cm in height ) vera pruaturatad with xy lene . {Schra.a 1981) 

Fixed-wall testa at hi&h gradient with four clays ahowad permeability 
incnaaaa and breakthrough followed by nearly conatant paraaabilitiaa rouahly 
2 ordara of magnitude hiaher than baaalina paraaabiliti... &aaalina par1U
abilitiu vera utabliahed in the aaaa aaapla with 0.01 N calc:iua aulfau 
prior to introducina tba teat aolut!on. (Andaraon 1981) 

In fixed-vall panuaaatar t ..ta at hiah aradiant, tha paruability of an 
unaaturaud llic:acaoua aoil va~ 4 ordara of uanituda hiahar vben expoaed to 
xylene than when ta.rad with 0 . 01 N calc:iua aulfata. {Brown, Tbo.aa, and 
Graan 1984) 

Xrlana/acatone 

In fixed-vall peraa... tar uau at high &radiant, the panuability of an 
un..turated Uc.acaoua aoil to aither pura acetone or pure xylana waa areatar 
than tha pan~&ability detanainad for aix.turaa of the tvo aolventa. The per• 
aaab111ty of a aixtura of 87 . 5 percent xylene and 12.5 percent acetone vaa 
lover by 3 order& of aapituda than tha paraaability ..aaund with pure xylana 
(thouah atill hiahar than the peraaability to 0.01 N calc.iU&I aulfata). Whan 
tba acetone coaponent vaa incraaaed to 75 percent, tha per.aability vaa 
approxiaataly the .... aa that datarained with pure acetone {i.e., about 
1.5 ordara of aaanituda araatar than tha paraaability to 0 . 01 N calciua aul
fata), (Brown, Thoa.aa, and Graan 1984) 

Kerouna {a aixtura of aliphatic.a and aroaatic.a) 

In c.olu.n tuta under vary lov aradiant, intrinaic pan~aabilitiea vara hiahar 
than panuability to water by approxi.aately 1 order of uanituda in •-plaa of 
t.ka Bottoa, Nicholaon, Fanno , Chalaera, and Canale c.laya. Panuabilitiaa 
wan diahtly hi&har than for water in thraa other aoila . The aaaplea (5.8 c.a 
in diaaater and 5 c111 in hai&ht ) ware praaaturatad with karoaana. (Sc: hr&AIIII 
l98l) 

In fixed-wall parma&aetar taats at hi&h aradiant, the permeability of an 
unsaturated micaceoua aoil increaaad by 3 t o 4 ordara of uanitude compared 
with tha paraeability detaminad with 0.01 N calcium aulfata. (Brovn, Theus, 
and Green 1984) 

(Con t inued) 
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Tha per·..abilitt.. of tvo c:laya (Na- and Ca-..turat ad -ant1110rilloaita ) to 
naphtha vera aruter by aavanl ordau of uanituda than their paraaabilitt.. 
t o vaur. ( Buc hanan 1964) 

Soltr ol c (a Uaht hydrocarbon liquid ) 

Intrinsic: par.abilitt.. f or ..apl.. t ..tad with the li&h t hydrocarbon ven 
atanific:antly hi&har than tha per11aabUiti....aaurad in aiailar ...pl.. 
axpoaad to vuer. (nn Schalk 19 70) 

Fixed-vall parwe...ter t ..u at hi&h &radiant with an w ..turatad aic:acaoua 
illite produced hi&hly variable data inconaiatant vith tha pattU''D of parwe
abiUty chana.. aaaa vitb other liquid hydroearboM , Parweability vaa araater 
by 1 to 2 ordan of uanttuda than tha per..ability ....und vitb 0.01 If cal
ciu. nlfata in a a1111lar aaple , (Jrova. , Th-.u, and Crean 1984) 

Paraffin oil 

In fixed-wall perM..ter taata at hi&h aradtent vitb a unaaturatad a1cacaoua 
tlUu, per.UUity vaa arutar by about 1 ordu of ..anttuda than the per. 
.b111ty Maaured vttb 0.01 I calctua aulfate ta a datlar Hapla. Kaxt.. 

•aluaa vera obtata.ed after the paaaaae of oa.e pore volu.a. (Brown. Th..a, 
aDd Crna. 1914) 

In fbad-vall parwe..ur una at htab andtaa.t vtth an waaturatad atcacaou.a 
1111ta, per.aab1Uty vaa araatar by 1 to 2 ordara of ..anttuda than the par.a
ab111ty Maaurad vtth 0.01 I calclua aulfata in a aiatlar aaapla . (lrovn , 
Thoua, aDd Crean 1984) 

In U.xad-vall par.a...ter taata at hiah &radiant vtth an unaaturatad atcacaoua 
UUta , par.aabiltty 1Dcrauad by about l to 2 ordara of u anituda aa 2 . S pore 
volu.aa of fluid ... ra paaaad throuah the a..,la. (lrovn, Thoau , and Crean 
1984) 

l aol1n1ta initially packed and parwaatad vtth wa ter vu pen~aetad v i t h 
anhydroua dioxane unt il co.plate diaplaca ..nt of the water va a achieved . 

(Continued ) 
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Tabh 1 (continued) 

Dioxane (Continued ) 

RaplacaMnt of water by dioxane vu accoapanied by about a 2o- to 30-parcant 
incru.. in intrinaic pu111ubility, Thia parmaabUity vaa -.u:h lower, how
ever , than the vduu dat&t'1111nad for kaolinite beda initially pr~pared with 
dioxane . (Hichaah and Lin 1954) 

In fixed-vall panMameter tuta und lov hydraulic aradient, tbr.. claya 
ahovad diJht dacreuaa in parmeabill. ty (ca.pand vith pazweability to 
deioniud vatu .. tablbhad in a d.ailar •••ple). All t ..u were concluded 
bdore 40 daya . La.. than 0.5 pore volu.e vaa pa..ad throuab tba aapla. 
(Crean, Laa, and Jonaa 1979) 

Flltad-vall par.ab1Uty t ..u at hiah aradient with four claya ahovtid 1A1U.al 
par.eabiUty dac:reaa.. followed by illcr..aaa ca.pared vitb b..au.na. la..una 
par.abiltti.. Wit'& aatabl1ahad 1D the • ._ u.pla with 0.01 I calci• nlfata 
pr1or to 1ntrocluc1Q& tha t ..t eolution. bteaeive abrinkiq aDd cracki.q ill 
tba eoila vera obaarvad after par.ation. (ADdareoa_19111) 

In fluibla-wall uata vith a Gaorai& kaoliatu. a S....d1ate decraau ill per
Mability vaa followed by an tacreua . the UD&l. 9&lua atahiliat.Da at appro•
ia&taly double the 1Dit1al pemeabiltty (Acar at al. 1984) 

Acatoaa (btp aDd lov coacantrat ton} 

AD 1ncraua over bualina panaab111ty (aatabliahad vttb 0.01 N calciua nl 
fata 1D dailar aa.plae) vea •••a ta aa uneaturatad atcacaou1 aoil for eolu
Uou vhara the acatona concentratioa vu H or 100 percent. Sa.plaa Uatld 
vith lover concantrettoaa of acetone did aot ehov appreciable cb&Jlaaa 1D par
•••b111ty coapared vith tha 0.01 N calctua aulfau. Tear:a vera carried out 1D 
fixed-vall pu.....tara at htah aradtant. (lrOVD, nu.aa, and Gr ..a 1984) 

Acetone (lov concentration) 

Penaabiltty dac.reaaad altahtly to a Caoraia Uolta.tta clay taetad in a 
flaxtbla-vall pa~...r:ar with a eolution c.onta1D1q a low coacentratioa of 
acar:ona (t.a., below 0 . 1 percant) prepared ia 0.01 N calctua aulfata. (Ac.ar 
et al. 1984) 

Alcohoh , Glyc.ola, Phenol 

Per.aab111ty dacruaed lli&htly (compared with per.eabtlity to deionized water 
utablbhed in a dailar au.ple ) when Raaaar ahala w.. axpoead to .. thanol 

(Continued) (Sh..t 4 of 7) 
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Tabh 1 (Continued) 

Methanol (Continued) 

under low hydraulic aradient in • fixad-vall per..... ter. The t .. t vaa tanai
nated after 30 days . (Crean, L.. , and Jones 1979) 

Fiud-vall pat1Mameter t ..ta at high aradiut with four claya ehowed ataady 
pUlllability inc rea..a coapared vith baaalina. Baaalina panHabiltti.. vere 
..ublilhed in the •-• ..apla vith 0.01 N calciUII aulfata prior to 
introductna the t ..t solution. E.zaatnatton of the •thcol-tnated aa.plae 
revealed davdop.~nt of lara• por.. and cracb. (Andaraon 1981) 

T..t r..ulta rith Lufkin clay 1D flaxibh-vall calla ahovad a..eatially DO 
chana• in parMability vith tiM vhan ..apl.. vera par.atad with Mtb.anol, 
Tha para~ability to ..tbanol vu virtually tha ,.._ aa vitb 0.01 N calctua 
aultata, (Daatal 1983) 

At ht&h hydraulic aradhnta, bol1D1ta vaa fouDd to have a bi&her ccmductivity 
to Mthallol than to vatu raaardlaaa of tha par....ter typ.. ; fixed-vall. 
flaxibla-wall. aDd cODaolidation per.-ure nre uaad. In tba fluibl....,.ll 
ad coa.aoUdatiOD par-...tan. kaolia.ita 1a about twice u par.able to 
Mtb&Dol u to vaur. {Pornan aad Daniel 1984) 

Ieopronl alcohol 

Ia. colu.l teata UDder vary lov aradteat. ia.trinlic pazweabi11t1.. wre biahar 
thea par.abUity to vaur by al..lat 1 order of ..,Dituda 1a ...,lea of 
Jicbolaoa, rumo. aad cando claya. Par.aab1Uty valuaa vera tba aiM or 
aU&btly hiabar tbu. baaaUa.a 1D fiva other aoUa. Tha a..,laa (!i .I ca 1D 
di-ter aDd 5 e. 1D hdaht) van pr..aturatad vitb the alcohol. (Scbr
1911} 

Per.aabUity dacr....d aliahtly (ca.pared vitb par.aab111ty to ddociud vatar 
..tabliabad in a aiailar ...,la) vhac Ranaer ahala vaa axpo..d under lov 
hydraulic ar&diant to alycarol 1c • fixad-vall par.a&Mtar. Tba teat vu 
tlrainatld lftar 36 daya. (Graan, Laa, and Jon.. 1979) 

Etbylana abcol 

Fi.xad-vall parM...ter t ..ta at hi&h aradiant ahovad panaaab111ty dacraaaaa 
ca.pared vith baaalina followed by incrua.. in three claya ; a a..ctitic. clay 
ahovad an initial rapid inc.ru.. followed by a alovar but conUnuoua inc:raaaa 
in per.aability . Baaalina parw.ubiUU.. vera aatabliahad in tha aa.. aaple 
vith 0 . 01 N c.alciu. au lfata prior to introducing the teat aolution (Arldanon 

• 1981 } . 

(Continued ) 
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Table 1 (Continued) 

Ethylene slrcol (Continued) 

In colUliiD teats under very low aradhnt , intrinsic pan.eabilitiu wen an 
order of cuanitude l over than pan~~aabilitiu to water in ChalJDera clay, Mohave 
clay, and River Bottom und. Values ware di&htly lover in Lake Bottoa, 
Nichobon , Cando, and Anthony clays and alightly hiaher in Fanno clay. Tha 
aaaplu (5.8 em in diameter and 5 c:m in hei&ht) van pruaturated with the 
athylana glycol. ( Schramm 1981) 

Phenol (949 q / 1) 

In c:olUIID tuu with a lac:uatrina clay (packed to dbchar&a 2 al/day), no lia
nific:ant effect on paraeab111ty w.. noted vhan deionized water vaa replaced by 
tha phenol aolution aa tha parmeant fluid . (SanU aDd Glof11& 1917) 

Pbanol {lov c:oncantntion) 

PU1M&b111ty dacr....d tUahtly in a Georaia kaolinite clay tuud 1a a 
flutbla-wall par.e...ter with a tolution conta1n.ina a low concentratloa of 
phaaol (i.e•• below 0.1 percent) prepared in 0.01 N calci• aulfata. (Acar 
at al. 1984) 

Pheaol (blab coaceacration) 

In flexible-vall t ..ca vitb a Gaoraia kaolinite aad a bi&h-atreqth pbeaol 
aolution, u. ~cliau deer•••• in pen~..bility vu followed by aa increue, 
the fiul •elu• atabili&in& at epproxiaatdy double the initial perMabiUty. 
(Acu ec al. 1984) 

Fixed-vall perMability t ..u at hi&h aradilnt vith four claya ahovad per.... 
ability increaa.. and braakthrouah. Baaeline par.abilict.. vere eatablbhd 
in the e... aaaple with 0 . 01 N calci1.111 aulfate prior to introdu.cin& the teat 
solution. Exunaive structural chana•• in the upper half of the aoil colu.:~a 
vere obaerved follovin& per-eation wtih aniline. The aaareaaud atrv.cture waa 
characterized by vbible poraa and craclr.a on the aurface of tha aoila. 
(Andanon 1981) 

Tha flow rata of pyridine t hrough f i r ec lay wu of an anormoully higher order 
of aaanituda than t he rate of flow fo r water (MAc ey 1942). 

(Continued) 
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Tabb 1 (Coac:ludd) 

Chlorinated Aliphaticar Carbon tatrachlorida 

Peraeability dacreaaed aliahr:ly (cO""..apand with panM:ability to ddoniud water 
utabliahad in a aWlar auph~ .tlen Raoaer ahala v.. r:uud under low 
hydraulic aradhnt in • fixed-wall panua..r:ar. Tha r:.. r: vu tanainatad after 
14 daya. (Crean, Lu, and Jonu 1979) 

Tric:hloroathrlena 

ParMability dacruud 8li&htly (co.pared with paraeability to ddoniud vaur 
..ubliahed in a aWlar •-ple) vhan f1rec:lay w.. r:..r:ed under low hydraulic 
aradient in a fixed-vall panMa..tar, Tha tut vaa tar.inated after 36 daya. 
(Crean, L.. , and Jonu 1979) 

~ 

Teatl at hi&h aradient in fixed-vall par..-tere 1howd coa.tiDuoua par. 
ab1Uty dacreaa.. to baaeliu in tvo claya. r ..u vtth ...ctttic ADd Ulita 
claya abowd per.eab111ty iDcreu.. altar lllitial dacrea..a. J&eaUna per.e
abilitiaa ven ..ubltlhed in tha •- .-ph with 0.01 I ealct• nlfata 

....._ 	 prior to 1Dtroduc1q tba teat eolu.tion. The per.ability decreaaaa vera 
attributed to partial aoil dbeolution aDd aiaratioa of particlee. which c.... 
porarily cloaaed the fluid-coDCiuctiq porea. Proaraealve eoil piplDa eventu
ally caueed the increaae ill perweabllity. (Aaderaon 1981) 

11trobenaeDe 

The flow rate of nitrobenzene throuah fireclay vae of u eaorwoualy hiahar 
order of ..p.itude than the flow rate for water. (Macey 1942) 

In flexible-vall teata with a C.oraia kaolinite. penMability decre..ed until 
the t ..ta vara tarw.inatad. The final value vaa approxtaately 2 ordera of 
..p.ituda lover than tba initial panaab111ty (Acar at al. 1984) 

(Shaat 7 of 7) 
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Table 2 

Ruulta of Par111ub1litY Tuta with Wa~tu 

o 	"Xyhna vaau" (paint aolvant containtna xylene with 25 parc:ant paint pia
manta and trace amounts of watar ) 

In fix..d-vall panaeamattr tests, the ptrtDubility of tbr.. day aoih, pre
aaturatad with 0.01 N calcium aulfata, incruud rapidly upon expoaun to 
xylene waata after the cuaulativa flow axc..dad 0.2 to 0,4 pore volu.e. 
Ptraaabilitiu van 2 to 4 orders of uanituda areater than pu..abilit1u 
aa..und with 0.01 N calciua aulfata. Hishut panMabUitiu ....ured on 
initially unuturatad 'uaplu van areatu by 1 to 2 ardara of uanituda 

than for ..aplea that vera initially uturatad with tha calciw aulfata. 

(Brovn, Graan, and Thoua 1983) 


o "Acetone 	vane" (a cheaical uoufacturina vaau conuininJ 91.7 parcaot ace.. 
tone , 4 parcaot banaana, and 0,6 parcant phenol) 

In fiaad-vall par..eMter t ..ta, the penMability of three clay aoila, pre
aaturatad vith 0.01 N calciua aulfau, initially dacrauad (ainiaua per.e
ability at approxt.ately O.S pore volu.e) aDd than atudily increuad. 
Pamaabilitiaa vera 2 to 4 ordara of ..pitude ar..tar thaD per.ab111t1aa 
....urad vitb 0.01 R calciua aulfata. Btahat>t per.eabi11t1aa ••aurad oa 
initially ua..turatad aaplaa vera anater by 1 to 2 ordara of Mpitucla 
thaD for aaapl.. that vera initially aaturatad vitb the caleta aulfata . 
(lrOVD, Crean, &Dd Th..a 1983) 

o Perchloroathylena vaata 

Than ia evidence that a parchloroathylaaa vaau, which for.ed a ..parata, 
danaer tbu water ph&.. , contributed to the failure of a clay 11Dar at a 
aurfaca iapoulldMnt. 

o "Acid prowl" (p..ticida v..h of vary lov pH; h1&har viacoaity than water) 

After aavaral daya of azpoaure to a lacuatrina clay pacbd in a fixed-vall 
colu.a, tha water r ..cted with the aoil to produce chlorine &••, Over a 
S-vaak period. the flow of liquid fro. the coluu. vaa irraplar due to cloa
&in& of pone by the au. (Everett 1977) 

o 	 "Acid vaah" (42 percent aulfuric acid vith about S percent oraanica: hiahar 
vhcodty than vatar) 

The per.eability of lacuatrine clay packed in ahrink tubin& increased by 
about 1 order of aaanitude over a period of 19 daye. Tha permubiUty vas 
lover 0 however, than values obtained when the eoU eamph vae exposed to 
vatar . (Everett 1977) 

(Continued) 
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Tabb 2 {Conclwlad) 

Jr 
 "Mother liquor" (u acid .,..h vir:h pH of 0.37: hiahn vbcoatcy thu vatu) 


Tha pu..ability of a lacuatrina clay packed in ahrialt tub - na vaa lovn than 
tha value obtained vhan tha aoil aupla vaa axpo..d to vatar. Tha .,..ta •Y 
have reacted with tha aoU, 11barat1DJ a•••• and tncreadaa pore pr.,.aur.. 
and cloutaa flow. (Everett 1977) 

o 	"Bydraa:o beauna" (33 percent •thanol, 12.8 pereant aodtua hydroxide. 
15 , 5 paruat aodiua foru.ta. and l . S parcant hydrouobanuna aDd uobanuna; 
aore viacoua than vatar) 

The par.eab111ty of a lac:uttrina clay packed in ahrtDit tubiDa ••• altahtly 
lover thu tba value obtained wbaa tha 11011 aa.ple vaa axpoaad to water. 
Taata were cerrted out for 34 daya under lov aradhnt (la.. thaD 100 c.) , 
(Everett 1977) 

o "Actd ntta" (100 .. BCl/1) 

Dua to r ..cUOQ with cerbour:.., ach biahar per.abtliu.. wra obnned 1Jl 
taeta vitb lacvatriM c!.y ca.parecl vttb per.ab1lit1aa dataNiaed witb 
deioata.. vatu. (Suka ud Gloyu 1977) 

o .....ic ••tar" (100 • hOB/&) 

Par.abiUtiea ia • lacuetriDI clay clecrauacl c-.-reel vttb tba Yalu11 •• 
aured vttb daioaiaed ntar. (SaaU IDd Cloyu 1977) 
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Table 3 


Pan~eation ll.at.. of Six C~n Solventa 


frotD a Sinale HultiCO!J)Onent Solution 


Throuah a 1. 0-- BDPE Liner 


Solvent 

Trichloroethylene 

Te~rachloroetbylena 

Xylene 

1-octane 

Acetone 

lletlwlol 

Concentration 
percent 

100 
16.7* 

100 
16.7* 

100 
16. 7* 

100 
16.7* 

Per.eation ll.ate 
s/ • 2 / hr 

6.3 
0.39 

2 . 5 
0.34 

1.3 
0.13 

3 ~·~~-3 

·0.06 

0.04 

Source: Auaut aDd Tauky 1914.
* M part of a .S.a-eo.poeent eolution of the liz ch.tc:all lbted. 

Table 4 


Pe~ation of C~a Solvente fro. tleat aDd Satu


rated Agueoua Solutiona Tbrouah 1.0~ RDP! 


Soh'ent 

Triebloro.thylene 

Toluene 

Xylene 

1-octane 

Concentration 
... % 

100 
0 . 1 (..tureted) 

100 
O. O.S (eaturated) 

100 
0,02 (aaturatad) 

100 
0 . 001 

P.~etioa Rate 
a/a2 /br 

6.25 
0 . 25 

1.67 
0.08 

1.33 
0.07 

,---------------------------------------------------'..,1 Source : Auau.c eDd Taulty 1984. 
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Table .S 

Water Par.atioa Throuah Plutbh H•brana Liner HAtertab" at 23' C aDd 	 .50-Percnt Relative Ruaiditv Cpu 

AS'IM E96 Inverted Cup 

Liner H.lterial Vatu.. , s••/ a 2•dar 
llut.ua

•·•l•2 •day 
Htah-dandty polyetbyt.na 0.01, 0 . 02 0.02 

Hi&b-dauity polyathyleaa - A 0 , 04 0.04 

Lov--dandty polyethylene 0,04 0.04 

Polybutylena 0.06 0.06 

!lutiebed polyolaftn 0.1 0.1 

!tbylene/propylana/dieae 0.14, 0 . 18, 0,29 0.29 

lutyl nabbar 0.02, 0.11, 0,33, 0,34 0.34 

leopreoe 0,16, 0.31, 0.43, 0.54 0.54 

Chloronlpbcfu.ted polyatbyleoa 0.2.5, 0.27, 0.39, 0.4, 0 • .5, 0.61 0.61 

0.22, 0.2.5, 0.29, 0.34, 0,62, 
1.11 

1.11 

PolJYiDJl cbloricla 1.24, 1.46, 1,47, 1 • .51 1.51 

2.1 2.1 

Po1JY1IIIJ1 chloride - ! 2.H 2.53 

PolrriDY.l chloride - 01 3.46 3.46 

litrtla rubber 4.2 4.2 

!pichlorohydrin rubber 23.5 23 . 5 

......,.tource : Buo et al. 1984. 
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Table 6 


Phydcal and Cbn.ical Propuu.. of Stdiaent S!!J!lu 


Collected fra. the l.aiOOn Site on 25-26 Jub 1983 


Point of S!!,211DJ 
Parameter Laaoon Suap B-2 c-7 

pH S. 4 8.6 10.3 

Flub point, •c 26 >60 >60 

Corroaivity Nonc:orroeive Noncotroeive Noncorroaive 

tpitabUity Ianitable Not ipitabla Not 1p1tabh 

Entray value,* 7,880 
BTU/lb 

Total ruidue , % 19,84 S6.83 7.89 

Source: Nehon, Buo, aDd McGlev 1985. 
* Dry-wtaht buia. 

Table 7 

c-3 
10.3 

>60 ,..,M 
ornNoncorroaive ~l>I 
~~]> 

Not llfl1table 3~~ 
"' ~ "'~OV> 
»Z 
]> " ~~ "' 
~ oo oIJ,l9 
< COO 

"' "' ~"'" 
"' r r "' O l> l> o zz 
00 0 0o;:: 

r 
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CO!pO!l!DU of the Agueoua Wute ud. Cbaracterbtica Potentially 


Ap;r..live to the Liner 1D the Wute La100D 


Waatt CO!I)O!ltDt or Characurittic 

Oraanic priority pollutaat, aa/1 

Chlorofozw 

!tbylbenuna 

Methylene chloride 

Tetrachloroethane 

Trichloroethane 

Toluene 

1,1.1-trichloro.thane 

1,2-dichlorobenune 


Other: 

Phenoh, q / 1 
Total oraanic carbon, q / 1 
Patroleua hydrocarbons, •&/ 1 
pH 
Flash point, •c 

5-rliy PoiDt Ud beptbl
c-l 

..l.&...!L 
E-3 1 

...!:..2..lL 
Lqooa Su.p 
....!:.l.J.L_ 

2.65 3.2 56.6 
3.30 9.6 1,080 

102 140 32S 
1.7 3. 8 182 

28,6 90.2 9,100 
10,4 24.5 522 
0.31 50,0 
0 , 96 1.89 lSI 

20 32 11 
6,9SO 8, 230 17,200 

26 . 0 27 .8 2,100 
9. 7 9. 6 9.8 

>60 >60 >60 

Source : Nelson. Haxo, and McGlew 198S. 
* Supl.. ve r a taken f ro• tha areateet depth• at three l ocationa in the 

.._1 laaoon . 
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ProrerUea of lmPI L!aoo! U.r Altar ApproaiiMub 4. 75 Jean 1D Santee 

........ S..hy Location to L!Joon and S-rh Nuaber 

Directt• 
....b of 

SlaU.ar 
leta.... 
....le,• 

Slope 
Top, llo. 

Sla,. 
Midwly Up, 

Slope 
Botta., 

Slope 
Botta., 

Prorrtr ...!!..1!!!_ ~~ ~ !:2:...!.:!!.!: ~~ 
AulyUul 

folatUaa, total lou, I 0.06 O.U 0.22 0.56 1. 00 2.26 

Onr daatceaat at so• C - 0,12 O.U 0.30 0.64 1.90 

la o•an for 2 hr 
at tos• c - o.ol 0.01 o.26 o.J6 0.36 

!xtracubt.. , I - o.oo 1.26 o . ao 1. 11 o.ao 

Pbyatcd 

Thtckna... •il 103.0 102.3 93.4 103.6 100.6 92.4 

Tandh at ytald, pai Kacbi.De 2,445 2,705 2,720 2,725 2,650 2,445 
TrannerH 2,440 2,700 2,835 2,700 2,665 2,440 

Elonaatton n yield, I Kachtae 20 17 UJ 17 IS lS 
TraaavarH 15 15 15 15 18 17 

Tendla at break, pat.. KachiiMI 4,635 3,530 4,810 4,510 3,605 3,110 
TraRPerM 4,445 4,065 4,355 4,885 2,735 3,885 

Eloqatton at break, I Kacht.De 1,025 715 96.5 92.5 760 810 
TranPerH 1,010 160 87.5 98.5 640 84.5 

(CoaUauaol) 

Source : Nelaon. Haxo. aDd Mc:Clev 191S. 
• 	 Sa.ple fr~ unuHd roll of liner left OIUI1ta. 

•• 	 A u b le of factora for coavertiq aoa-$1 ualta of ......r-.at to 5I (..tric) unite h preaented on 
p..• 3 of the -in teat. 
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I 
Tabla 9 

Bz:draul1c Coaducthitz Teat lenlta ~· 10-8 a£a•cl 

r •u.;J..waii Per.e...ter 

I 
sbort ..fen Lona-Ten 

White Stone Clay 

o.o1 N c.so4 2,3 t 0,3 1.6 t 0.1 

SOO ../1 PaClJ 3.7 t 1.0 6.2 t 2.0 

50 "Ill Kl(I03)2 2.1 t 0.6 3.0 t 0,5 

300,000 ..,. 2.2 t 0 , 5 ND 
K1(103)2 

Hoytville Clay 

0 , 01 • c.so. 1.0 t 0,3 1.6 t 2.1 

500 -.ft reca3 1.0 t 0,1 liD 

JO ..,. 11(1103)2 0.1 • 0.1 liD 

300,000 ..,. 0 . 1 1.•t liD 
11(103)2 

Pac..tlla Clay 

0.01 I ColO. 3.1 • o.1 5.2 t 1.3 

500 ..,, reca3 6.4 t 0.5 1.0 • 6.9 

50 .., ' (11(103) 2 4.3 t 2.6 11.0 t 6.0 

300.000 ..,, 5,1 t 1.9 ND 
(11(103)2 

..._/ Source: Pdrc:a and Peal 1915. 
• Mot deur.tnad. 

l!estbia-weii JenHaetar 
Lona-Ten~ 

2.8 t 1.6 1.6 ...2.1 

2.0 ND 

ND ND 

0,8 t 0.3 ND 

1.3 liD 

0,9 liD 

liD ao 

6,3 t 1.4 liD 

6,2 .. 
5.6 liD 

ND ND 
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Tabla 10 


Contaminant Concentration in Nav Iedford Harbor Anaerobic: 


Batch and -Pan~..aatar Leach Taata 


Paraaatar 

u ..ntc O. OlH 

Cad.aiua 0.0146 0.0029 

Olroaiua 0.356 0.375 

Copper 1. 060 0.017 

Load 0 . 396 0 .01 

Iiebl 0.565 0 .051 

ZlBc 1.130 <0.14 

Sourcat leport 5 • 
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