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conatBute endorsement or racommandation for uge. ° s or commarclal products does not

200374

000374



El
R

Foreword

EPA Is charged by Congrass to protect the nation's iand, alr and water systems. Untler a mandate of natlonal snvironmental
laws focusad on air and water quality, selld waste managemant and the control of toxic substancaes, pesticldas, nclse and
radiation, the Agsency strives to formulate and Implament actions which lead to 2 compatibla balance betwasn hurman
activities and the ability of natural systerns to support and nutture life.

The Rober 8. Kerr Environmental Research Laboratary (8 the Agency's canter of axpariise for Invastigation of the solt and
subsurtace anvirenmant. Personnel at the Laboratory are responsible for management of ragearch r;‘mgrﬁqms to: {2)
daternine the fale, franspon and transtormation rates of pollutants In the soll, the unsaturated and the saturated zones of
the subsutiace anvdronmant; (} datina the processes to ba usad In charasterizing the soll and the subsutface environment
as a receptor of pollutants; (g} develop techniques lor predfctln? ths effect of pollutanis on ground waler, soll, and
Indigenous organisms; ang ( r? detine and demonstrate the applicabllity and imitations of uging naturai processes,
ingigenous 10 sol and subsuriace enviranment, for the pratection of this tesaurcs.

The pump-and-treal process, whereby contaminated ground water Is pumped to the surface for ireatment, is ene of tha most
comman ground-water ramadiatian technologies used al hazardous waste siles. Howavar, racent research has idantified
complex shemical and physical Interactions bulween contaminants and the subsurtace medla which may Impoas limitations
on the extraction part of the procaess. This report was developed ko summarize the basic conslderations necessary o
daterming whaen, whare, and how pump-and-treat tachnology can be used alfectively to ramadiate ground-wataer

contaminatlon,
plistn Wt fubf

Clinton W, Hali
Director
Robert 8. Kerr Environmental Research Labaoratory

000375

2700375




Table of Contents

FOREWORD ...oven. .

INTRODUCTION rvenene

Purpose of repott
Format of report o

DATA REQUIREMENTS

Hydrogaologloal data ... i s
Conigminant data ..covviivennnn .
Data colleclion ...
Data Interpretation . .

neeranes

PR I T L L L LT T L T DT P PP L PP PP T R S Eafeearivargrsnsuttaneenneeesnnarey

Whan 1o select pump-and-troat systems ... .

Example of contaminant plume dedineation and pump-and-treat implementation

Galoulating the ostimated CleanuP tNG ... e s s s sss n st sscsos sesnsnaran
Limitations of pump-and-real SYsl8mMB ....ccmuivesirmsnsseninieas
Daslgn consldoralions ...
Detormiining wall spacings, pumplng ratas, and time required 1or ¢laanups ....ccuveveisisansns
Example of a gasoling splil woioniiviaren .

arcines resnans

OPERATION AND MONITORING......oorarsmnesrinsares .

Remaodlal actlon oblectives ... . . .
MODHOING <verriversonerrersrssssrsraressrssnassbenranasiane

Evaluatlon and modiilcation of sxlsting pump-and-treat systems -

REFERENCES ....c.mmiinenininininnnn, SR .
APPENDIX A - Ghemical Data .......
APPENDIX B - Pump-and-Trezai Applications ...

000376

L LY T ey N LT PP T PP T TP PT T RTE DY TR PATTTSSY FF PPYY ST SPPU IR T PR T TY POPRr o

-E

= <

BIAD DuALD ~m e

—h b e

Rosox

B-1

ng0376




SRS

T,

000377

List of Figures

1.

12,
13.
14.
15,

Example setting where a pump-and-reaf SYS1amM I8 USEU ... s s
Plan viaw of contaminant plume spreading by adveaction and dispersion (from Keely, 1988) ......civiiinsccnnonean
Trappad ofl &t residual saturation (from AP, 1980) i e st s eseass
Watar-oll rslative parmeabllity vorsus water saturation

S-Area sito, Niagara Falls, New Yark, showing proposed contalnment SYstem ........menminnscsnnoe
Dacislon-flow diagram for ground-watar contamination ......e.ee.e.e.
Docislon-flow diagram for soll contaminalion ........csii i s e s et
Eifects ol talling en pumping time (from Kagliey 61 al., 19B9)......cemiirimmnocimm s
Liquid partitioning limitatlons of pump-and-treat efiacliveness (from Kaely, 1988) ..o
Sorption imitations to pump-and-traat sffectivanass (from Kaely, 1989) i s
Effect ot geologic stratificalion on talling (from Keeloy et al., 1988) w...ciiviiienmiiinnmnsinisissssssssmessssssssnanig
Caiculated VOC invantory versus tima (from Ward ot al., 1987} ... i
Calculalad oxiraction well concentrations versus time (from Ward et al,, 1987}........... ebereere i ettt e s aaeae
Simulation to capiure front of the plume: 10 wells, 25 teat apan, pumpling at 2 goM 8aCH ...cvicicnirieecniiionins
Flowline pattam generated by an exiraction well {from Keely, 1989} ...c..ooviininmnenisininviinssssnonimin e
Reduction of residual contaminant mass by pulsed pumping (from Kasly, 1988) ...

vl

E

mmmmr\m-‘a-ﬁcto,—o_-g??;.“.-m



List of Tables

Pl I

&

Aspsecis of slte hydrogeology (U.S. EPA, 1988} ......cemremnn .

Data pertinent to ground-water contamination characterization {from Bouwer et ai., 198B) .....cieeiiicncrivnenns
Potential sources of Information (Krox et al., 19886)

Data collestion methods {refarances provided In text) ..

Favorabls and unfavorabls conditions for pump-and-treat tachRoloGiBs ....coevisiiivitiinenssssnie et siimrecstsstesesresresnens
Phasoe distribution of gasoling In sand and gravel (Brown et al., 1888) ....cc.coivecimcrnvncmsnnr s enmesissssronensianis

aomaag

-

Y]
000378



Introduction

Purposge of report

A comwnon means to contain and/or remediate
contaminated ground water lg exiracting the water and
treatlg It at the surface, which s referred to as pump-and-
treal lechnalogy. This tepont provides baslc guldance on
how to use avallable hydrogeologlcal and chemical data to
detormine when, where, and how pump-and-treat
technotogy can be used successiully 1o contaln and/or
remediate contaminant plumes. Ways to estimalte the time
required to achlsve a spacific ground-water cleanup goal
also are discussed. Finally, the repon addresses practical
limitations of pump-and-feat technology given cerain
combinations of hydrageslogical conditions and
geochamical properties. This report emphasizes the
*oumnp* portien of pump-and-treat technology. Estimated
discharge rates and cancentration loadings will affect the
aboveground traatment and associated costs. Treatmant
strategles and policy questions are not discussed but can
bo found In U.S. EPA {10873) and LL.S. EPA (1988a).

Pump-and-treat technology generally Is considered at
hazardous wasto sktes where significant levels of ground-
waler contamination exist. The report Is written for persons
consideting pump-and-iréat technology as a remedial
alternative to contain and/or clean up a graund-water
contaminant plurmie. R is assumad that the reader has
soms famiilarity with baslc concapts of hydrogeology.

Formaet of report

The report Is divided Into four main sections; {1) Overview,
(2) Data Requlrements, (3) Conceptual Design, and (4)
Opsralfan and Monltaring. Examplos and [llustrations are
provided to convey concapts. In additlon, a glossary
enablas the reader to review the meaning of technical terms
Introduced in the text. The first occurrence of terms listed
in the gloasary Is indlcated by bold type. Because thls
repott only provides basls infarmatlon and concepts on
pump-and-iraat technology, referencaes are provided for
more detalied Information.

The tirst secilon provides an Qvarview of pump-and-traat
technology. Data Bequirements [antifles the hydro-
geological and contarninant data needed for chemical
tranepor analysis. Included are discussions of data
tollecilon mathods, deta Interpratation, and handling teta
uncertaitios.

Pump-and-treat technology for containment and cleanup is
discussad In Concaptual Design. Faverable a'd
untavorable condlilons for using a pump-and-ireat system
are outllned. A dlsousslan of chemical and hydrogeciogleal
?gsnlm that affect the approptiatenass of pump-and-raat
teahinsiogy s presented. Mathads to datenmine wall

Ing ratas, and cleanup fime also are

' s,
. acusaad.pﬂémmglaa {lustrate which contaminants and
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hydrogeolagical environments can be treated successfully
with pump-and-ireat technology and those for which purnp-
and-treat systems need to be supplemented with other
remadial technolegies.

.

The tinal section, Operation and Monitoring, amphasizes
tha nsed for setling remediel actlon objactives and for
monitoring to ensure that thess goals are attalned. Once
the pump-and-treat system s [mplemented, adfustments
and modifications lavanably will be requlred. Ways to
avaluale the pump-and-treat system are discussed along 5
with typical modifications.

Appentices provide (1) dala on varisus chernicals that are
ralevant to pump-ang-ireat systems and (2) a summary of
obsarvations at sftes where pump-and-treat technology has
baen, or is presently baing, used.
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Qverview

Sources of ground-water cantamination can range from
leaky tanks, landlills, and spills, to the less obvious, such as
chemicals in the soil disselving from nonaqueous phase
liquids (NAPLs) or chemicals gesorbing fram the soil matrix.
Several options can be used to atternpt containment and/or
cleanup of ground-water contamination. First, however, a
distinction needs to be made between source removal and
the actual greund-water cleanup. Source removal yplcally
refers to excavation and removal of wrastes and/or

_ contaminzted soil. It also can include vacuum extraction.

Source conlainment includes chemical fixation or physical
ancapsulation; If affective, It Is similar to source removal In
thal ft eliminates the potential for continved chemicai
transpot from the waste source to ground water. Ground-
water containment/cleanup options include physical
containment (e.g., construction of low-parmeabliity walls
and covers), In situ treatment (e.¢., bioraclamation), and
hydrautic containment/ cleanup {8.g.. extraction wells and
intercapt trenches/drains). To eftact complete cleanup,
several methods may be combinad to form a treatment
traln. This report focuses only on hydraulic contalnmont/
clganup, In particular, pump-and-treat tachnology.

in a pump-and-treat system used for cleanup, contaminated
ground water or mobita NAPLS are captured and pumped to
{he surface for treatmant. This requires lecating the
ground-water ¢ontaminan! plume or NAPLs In three-
dimensiaonal space, determining aquifer and cherical
properties, designing a capture system, and installing
extraction (and In soma cases Injection) wells. Monitering
wulis/plezometers used to chack the elfecliveness of the
pump-and-treat system are an Integral component of the
aystam, Injection wells are used {o enbance the extraction
system by flushing coniaminants (including some in the
vadosa zons) toward extraction wells or drains. A pump-
and-treat system may be used in combination with other
renwdlal actions, such as low-permeablilty walls to Bkt the
arnount of clean waler flowing to the extraction walis, thus
reduging the volume of water t¢ be lreatad,
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Pigure 1 shows a pump-and-treat system operating at a
tandilll In a typlcal hydrologic setting. {n this cass, an
Injaction well Is used to Increase the hydraulic gradlent 1o
the exiraction wells. This can increasa the efliclency of the
extraction wells, reducing the time raquirad to reach a
Sleanup goal.

Pumg-and-treat techaology also can bs used as a
hydraulle barrar to prevent off-siie migration of
contaminant plumes trom landifls or residual NAFLs. The
basic principle of a barder well system is to lower ground-
water levels near a line of wells, thus diventing ground-
watef flow toward the pumping wslis.

Whether the objective of the pump-and-freat systerm Is to
reduce concentrations of contaminants o an acceptable
tavel (cleanup), or to protect the subsurtace from further
contamination (containment), the system components are:

sa set of goals or objectives,

«anginesred comrponants such as wells, pumps
and a traatmat facility,

soparational rules and manitoring, and

starmination criteria.

Each of thesa components must be addressed in the design

and evaluation of a pump-and-treat technology.

Pumg-and-treat tachnelogy is approptiate for many ground-
water contamination problems (Ziegler, 1989). The
physical-chemical subsurface system must aliow the
cantaminants 10 flov 1o the extraction wells. Consequeatly,
the subsurface must have sufficient hydraulic
conductivity (K) to altow fluid to flow readily and the
chemicals fmust be transpanable by the fluid, thus making
the use of pump-and-treat systems highly site specific.

Caaeg in which contaminants ¢annot readily flow to
pumping wells inzlude:

sHetaregonseous aquifer conditions where low-
permeability zones restrict contaminant flow

toward exiraction welts; Iy
*Chemicals that are sorbed or precipitated on the ©
soil and slowly desorb or dissolve back intothe

ground water as ¢hernical equilibrium changes in ¢
response to the extraction procass; or

«mmabile nonaquecus phase liqulds (NAPLS) that
may contribute to a mis¢ible contaminant plume
by prolongad dissalution (e.g., a separate phase
gascline at resldual saturation).

In thege cases, modifications to pump-and-treat tachnology
such as pulsed pumpling, may te appropriate. Pump-and-

|THEATIIED_H FACILITYI

BEDROGK  ¥LOY/ UINE
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WATER TAOLE
UNDER FISSRING
GONDITIONA

Figurs 1. Exampls wating whare 8 pump-snd-trast syatom Is used,




treat techmelogy also may be used In combination
{treatmant traln) with other remadial aiternatives, such as
vacuum axtraction and/or bioremediatlon. One should
realize thas no single technology is a panacea for
subsurfacs remediation unaér complex condltions.

The main #mitation of pump-and-treat technology Is the long
time that snay bo required to achleve an accepiabte leval of
cleanup.  Other potential Bmitations Include: (1) a design
that falls W contain the contaminani plume and atlows
cantinued migration of contaminants either horizontally or
vertically and {2) opsrationa! failures that aflow the loss of
containmant. Typical operational problems stem from the
tallure(s) of suriace equlpment, electrical and mechanical
control systems, and chemical precipltation causing
plugging =f weflls, pumps, and surtace plumbing.
le!tgtlonss are distusseod further in Mackay and Cherry
{1289).

The prablem of site ramsdiation is complicatud further if the
contaminants ccour as MAPLS such as gasatine, heating oit
or jet fual. In this case, some of the oily phase becomes
trapped In pore spaces by capillary {orces and cannot
roadily be pumped owl. This residual saturation can be a
significant source of miscibla contamination. Uafortunately,
tha residual NAPL may not be detectad by a monitoring wali
bacause only the dissoived fraction Is present in the water
withdrawn. Pump-arnd-treat removal is rate-limited by how
tast the NAPL compoaents can dissolve. Thus, for this
stuation, pump-and-treat rernoval may aeed ta be
combined with other remedial alternatives (e.g.. vacuum
extraction) that batter address residual saturation; and/or
hydraulic containmant rather than cleanup may be the
reallstic rernadial objactive.

Data Requirements

A eoncaplual modsl of the nature and scope of a ground-
water contamination problem I8 needed before an
appropriate remedial action can be determined. Data
collsction should be an jterative procass performad In

hases where daclslons concaming subsequent phasos are

ased on the results of preceding phages. This phased
approach need net lead ta data collection being a
discontinuaus process; data may wall be coilacted
continuously with the decision rasuliing In modtlications in
collection protocals. Thesa declsions should consider which
final and/or Intetirn remadial actions are to be implamanted.
A histary of the contamination svenis should bo prepared to
dafine tha types of waste and quantify thalr loadings to the
systaimn. This s necassary to holp design the data collectlon
program. The minimum data requlred to make Informed
decislona depends on the procasses controlling
contaminatton. Thase procesees and asscciated data are
discussed balow.

Hydrogeological data

Ona of the key atemants affecting pump-and-ireat system
dasign ls the characterization of the ground-water How
system. This includes: he physfcal parameters of the
contaminated region {8.g., hydraulic conductivity, storage
coefilcient, and aquiler thickness}; system stresses (e.g.,
recharge and pumping rates); and other system
characteristics (e.g., physical and hydraulic boundaries and
ground-water llow directions and rales). For long-term
pumping, the storage coefficient 1s less signilicant than the
hydraulie conductivity. By understanding where ground
water recharges and discharges (mass balance), the laws
govermning flow {o.g., Darcy's Law), and the geological
framework through which this flow occurs, it is possible to
determine these characteristics. It is impontant to portray
the flow systern accurately so the impact of installing a
pumping system can be properly analyzed. Table i lists the
information typically used to ldentily and quantity the
impartant charactaristics of a ground-water system. The
melthods tor coilecting these data are discussed in a later
saction.
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Because migrating miscible contaminants travel with
moving ground water, it Is important to ¢characterize ground-
water flow. Ground waler fiows from areas of racharge
{commanly via rairfall, surface watar bodies, or irrigation} to
araas of discharge {surface water or weils). Along the way,
subsurface helerogenaeities (such as fractures) Influance its
directicn. The rate of ground-water flow is controlled by ihe
porosity and hydraulic conductivity of the media through
which it travels ang by hydraulic gradients, which are
influericed by recharge and discharge (see Frasze and
Cherry, 1979 ar Faltar, 1980).

Pumping wells influsnce the fiow system. If contamination
is detectad In a water supply wel’, there has boen a
tendency to close the well. This alters tha flow system and
causes the contaminant’s plume 1o migrate elsewhere.
Depending an the site, It may be advantageous 1o install
well-head treatmant and keap the well on-fine to prevent
further plume migration. Conversely, it may be
advantageous to close the well if It is baelleved further
Fumplng might exacstbate spreading of the plume. Thig
ntertm remadial action may be consistant with and can
beceme part of 2 final pump-and-treat system.

it is Important to conduct a site characterization quickly;
howsver, ground-water flow systoms vary with tims.
Seasanal variations in water lavals, which ara ofton several
feet, can adversely impact remadiation. For example, at
ong slta, &n Intercapt drain was conatructed to collact
contaminated ground water but was deslgned bassd on
only one suvey of water levels. Subsequent monitoring
ravealed that the water lavals represented a gsasonal high.
Thus, for most of the year, the ground-water Intercept drain
was above the water tabls and did not collect ths
conteminaled ground water.




Tabie 1. Aspecta of Slte Hydrogaalogy (U.S. EPA, 1944).

Gigoloole Aspedls

< DR

Hydraulic Aspocts

1 Hydraulic properties of watar-bearing unit or aquifer (hydraullc conductivity, ransmissivity,

stotativity, potosity, Alapersivity).

Rechorge and dlscharge areas.

waler.

o or P

Ground:Watet Use Asoects

Pressure conditions {confined, Uaconfined, laaky confined).

Ground-water flow directions thydraufic gradients, both herizontal and veriical), volumes
{spacific discharge), rate {average finaar valocity).

Ground-watef or surfaca water inferactions; areas of ground-watar dischasge to surface

Type of water-beating unit of aquier {overburden, bedrock).

‘thicknass, areal axtent of watar-bearing units and aquiters.

Typs af porosity (primary, such as intergranular pare space, or secondary, such as hodrock
discontinulties, e.g., fracture of solution cavitiss).

Presancs of absence of imparmeable units or confining layars.

Dapths to water table; thickness of vadese zone.
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Seasanal varadons of ground-water conditions.

1. Existing or potantial underground sources of drinking water.

2. Existing or near-gite use of ground water.

Conteminent data

Contaminant information includes: (1) source charac-
terization, (2) concentration disirlbution of contarninallon
and naturally occurning chemicals, and (3) data associated
whh the processes that afiect plume developmer:. Source
charadterization consisis of the following: (i) the chemical
volume relsased, (2) the area lnfiltrated, and (3) the time
durailon of relpase. Often, the release eccuirad so lang
ago that Information is difficutt 1o obtain,

Chainicel date

Quantiiative characterization of the subsurface chemistry
includes sampling the vadoge and saturated 2onas to
determine the concantration distributions in ground water,
soll, and vadose water. Vadose zone monitoring s
diecusaad In Wilson (1881, 1982, 1993). A network of
monRorng wells ﬁalso necessa%for the hydrogaologie cata)
neods o ba lnatalied to collact dopth-dissrete ground-water
sampias (1.8, EPA, 1286a). Welis should be located in
arans that will supply Information on amblent (background)
ground-water ghamistry and on plums chamistry. Ata
inimum, soll and ground-watar samplas should be
analyzed for the mgtars of concarn from the waste

-strearm. A full priodty pollutant écan on the firet round

gwm information on pluse chomistry and may be ussiul
a ditferentlating plumes that hevs originated from a

different source. On subsequent rounds, the paramsisr Hst
may be tallored basad on site-spocitic considaratians. Far
gxample, the list may Inciude chemicals exceeding
environmmanial regulations and those causlng imponant
chamical reactions that aftact the mobility of the
contaminant or the pump-and-treat system (a.g.,
compounds producing iron preclipiiation In the surace
plumbing due to oxidation),

Aftar analyzing the samples, the resulting concentralion
data should be mapped in three dimansioas to determine
the spalial distribution of contaminatlon. Theas plume
dslingation maps and the results from aqulfer tests wiil
ylald estimates on plume movament and idontify iocations
for extraction wells.

Soluie transport data

Plurne movament of nonreactive disselved contaminants in
gaturated porous madia I3 eonirolled primarlly by advection

and, 1o a lesser axtent, hydrodynamic dlepsrslon (Figure
2). Advection Is a tunction of hydraulic conductivity gthe
aoil's restatance ta flaw) times the hydeaulis gradient (water-
tevel changes with distanca) divided by porealty. Hydro-
dynamic dispersion s the conbined effect of mechanical
mixing and molasuiar diffusion. |t is the apparent mixing
dus {6 unvedolved advective mavemant at scales finet than
those daseribed by mean advaction. Dispersion causes the




[ ADDITIONAL SPREADING GAUSED BY DISPERSION |

['TnAvEL BY ADVECTION ALONE
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Figute 2. Plan view of contemirant plume epresding by advection and dlapersion (frum Keely, 1509).

zone of contaminated Qround waler to occupy a greatsy
volume than & would under advection only. Advection

1 causes a plume to move In the directlon and at the rate of
‘ ground-watst tlow; hydmodynamis dispersion causas the
plurms voluma to incregse and iis maximum concentration
to decrease, T

Transporl of reactive contaminants Is Influsiiced by addi-
tianal procassas such 48 earptlon, desorption, and
chemical or blochemical reactions. The data requirerneats
1ar contamination charatierization are pregented In Table 2.
Barptlon-dasonption and iranstormation procasses are
Imporiant in controliing the migration rate and contentration
distributlons. Some of thase protesess tand to retard the
rate of contarninant migration and act as rechanlsms for
concaniration attanuation. Because of thair effects, the
plume of a reactive contaminant expands more stowly and
the concentration I8 leas than thet of an equivalent
nonreactive canteminact. Unfariunately, this ratarding
effect Increases the cleanup tme of a pump-and-traat
system,

} Chamical properties of the plume are neceasary (1) to

l charactorize e transport of the chamicals and (2) lo

| evaivate the feasibliity of a pump-and-treat system. The
i {oliawing propariles Infivence tha mobllity of dlssolved

} chamicals In ground water and should ba conaidered for
|

|

|

plume migration and claanup:

ubility: Determines the degree to
which the chemical will dissolve in water.
Solubliity Indicates maximum possible concen-
tratlons. High solublity Indicates low sorption
tendencles, g.g. mathylens chloride,

. High values may signify
volatilization from the aqueous phase as an
important transport process, 9.4, dichloroditiuore-
methane (Freon 12). Used In conjunstion with
vapor pressure,

DangRy: For high concentrations, the danslty of
the contaminatad fluld may be greataer than the
densly of pure watar, a.g. trichluroathylane (TCE),
This causes the downwand vertical movement of
¢ontartnants.

Qctaagbwater gadition coofficlent: tadicates &
chemicai's tendency to partition between the
ground water and the soll. A largs octanol-water
partition coefiiclont signities a nighly hydrophobic
tompound, which indicates sirang sorption, e.g.
DDT. This provides similar lnforcation to that
provided by sotubllity.

acosticlens: Anather indl

Oranls carkan panitic
cator of a chomical'a tendency to partition

000383
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Table 2. Gata parilasnt lo ground-water contemination characterizatlon (firom Eouwer st al.,

1988).

Genera; Category

Spacific Data

Site physical framework
Bistributions
Bystem sirgssos

Chemicalbiological framework

Observable responses

Estitnates of hydradynarnlc dispersion parameters
Effactive porosity distribution
Natural (background) aquifer constituent concentration

Fluld densily and relationship to concentrations

Pollution sourca focations
Pallutant reloasas

Minaralogy

Qrganic content
Ground-watet temperature
Solute propertias

Major lon chemistry

Minor ion chemistry
Eh-pH environment

Areal and temporal distributions of watet, solid, and vapor
phase contaminants
Straam tiow quality distributions over space and lime
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betwewn ground water and the soil. For certain
charmicals, it is directly relatad to the dlatrlbution
coatiiclent K, via the fraction of oiganic carbon
(foc).

6. Bladaaradabllity: This provides Information
- - -regarding the persistence of the chemical and
which, ff any, transformation products might be
axpaoted.

These parameters for many chemicals may be obtained
from relerences such as Lyman et al, (1982) or CRG
(1985). Some values are provided In Appendix A,

In addiilon to the data discussad above, other data rray
naad to Lo collected ralating to (1) In situ bisloyical
processes and (2) NAPL migration, For In situ biological
processes, the addiional data neaded may include: (1)
charactesization of organisms in the subsurtace, (2)
analysls for chemicals required for the biolegical process to
ocour, and (3) analysls for potential transtormation praducts
{degradation compounds). In situ blologlcal processes are
irportant In order to sstimate natural degradation and to
detarming If blorectamation (an lmproved purmp-and-troat
method) s a pousible remadial alternative.

NAPL dnta
Tho Jrenencs of a geparale nonaqueocus phase greatly

com@ll  tiho contandnant charastorzation. Movernent
of & eonminant a8 a saperats, immisciblo phase [s not

well understaod in éither the salurated or unsaturated
Zones. A nonaqueous phase maves In response to
prossure gradients and gravily. lts movement and, her
racavery, is influenced by Interlacial tension and by the
processes of volatilization and dissetution.

The additional aata requirements for NAPLs includa: {
tluid specitic gravity (dansity), (2) fluid viscosity, (3)
residual saturation, (4) relative permeabllity-saturation-
caplliary pressute relationships, and (5) NAPL thicknes
and distribution. Foltowing a spll! or raleass, fight NAP
tand to spréad over the walor table. Dense nonaquao:
phase fiquids (ONAPLS) tend 1o move below the water
untll reaching a low-pormaabllity barrler, such as a cor.
bed. Examplas of DNAPLs Inciude 1,1,1-trichlorastha’
caroon fetrachloride, pentachiorophencis, dichiorotan.
tatrachloroathene, and creosote; examples of LMAPL:
include gasoline, heating oll, kerasens, jei fuel, and av
gas (see Appendix A}, Gommanly, LNAPLg have a
viscosiiy lags than water, and DNAPLS have a viscoslt
greater than water {de Pastrovich at al., 1879). Folioy
apill, a product of low viscosky will penetrate more rap
Into the soll than a product with algher viscosity.

Resdual saturation, also known ag lrreducible saturat
the saturation below which vluld drainage will not accl
{Figure 3). The roasidual saturation depends mainly o
factors: (1) tha distribution of soll pore gizas, and (2)
gype of Imemisalble fluld Involved. Resldusl gatsration:

iftlicuh 10 astimate accuraiely and are subject to con:
able arror.




WATER
FLUSHING

FLUSHING WILL NOT REMOVE ALL OF THE TRAPPED PFUODUCT
BECAUSE OF CAPILLARY ATTRACGTION

Flgure 3. Trapped oll at reeldual ssturation (trotn APY, 1980),

The residual saturation of hydrocarbons has Important
consequences on soll cleanup, petroleum produdt recovery,
and ground-water contamination. As oll moves through a
soll, 1t laaves oll trapped at residual saturation, The amount
of oll retalnad [a the s0ll Is normally between 15 and 40
liters per cuble meter (Fussalt ot al., 1981). According to
AP (18803, thie trapped oll can last for many years as the
ofl slowly dogrades. Whils residual saturation has the sfiect
of deplating a plume of oll, thus reducing the contamination
impact of pure product reaching and migrating within the
salurated zone, ¥ has the detrimental eftect of providing a
tong-lemn acurce of misclble contaminants. For NAPLs
subjact to water-iable fluctuations, residual saturations can
ocour below the water teble. This has detrlmental
conseduences for a pump-and-troat system.

When mora than one fluld exlsts Int a porous mediumn, the
{lowing flulds compete lar pore spaca. The net result Is that
the mobllity Is raducad tar each fiuld, The reduction ¢an be
ﬁuamﬂiad y muitiplylng the intrinalc parmeabliliy by a
Imenaloniess ratio, knowin as relallve parmeablity, k.
Ralative permaabilily & the ratlo of the offective
parmesibiity of a fluld at a fixed saturetion to ihe Intrineic
permeabilty. Relallve permeabliity veries from zero to ane

and can be re‘rmonted ds & single-valued function of
ﬁmsatura on, 8. An axample of relative permeabilities
n & wetar-oll ayytem is shown In Figure 4.
~residual axluration, S, tha reepsdilve relalive permeabllity
“becaimes 2aro; that 16, iw ceases lo occur and product
-Facovery slops.

ote that at
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Although relative permaability data are avafiable for many
petroleum raseivair enginaaring applicationg, Yhese dala are
not generally available for liqulds tound at hazardous waste
gites. Data on waler and trichiorethytena {TCE) are the
excaption. Lin et al. (1982) made laboratory measurements
ol pressure-saturation retations for water-air and TGE-air
systems In homogenéaus sand colurmns. These data wars
later converted to iwo-phase saturalion-relative permeablity
data by Abriola (1983).

Data collection

Conducting a background date gearch teduces the amount
of Information that wilt have to be coflectad in the fiald, As
Indicated above, chemical-spacilic Information Is avallable in
handbooks. Varlous sources of general information en
specific sites are avaltabie as shown In Table 4. Othar
sources of Information are flsled n U.S, EPA {1988b).

Cnce the avallable data have been reviewed, It is poasble
to design an appraach to cellect the Inltial fleld cata.

Subsurface conditions can be atudiad only by Indirect
technlquee or by using point data. Table 4 liets comenon
data collection mathods, References on monltoring wells
Inelude Secalf ot al. (1981), Driscoll (1906), and Campbetl
and Lehr {1973); relaronces on geophysical techniques
Inciude Dobiin {1878), Keys and M ry (1971), Stowarl
el al. {1083}, and Kwadar (1988). Gholea of approprats
mathods dapends on the tvarali ecops of the project. A
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Figure 4. Water-oll reistlve permoability versus waior saturation.

Table 3. Polential sources of Information (Knox al al., 1988),

Problem Specific:  Fodaermi of stats geological surveys, university Rhraries, goology and enginearing
departments, stale hoalth depaitiments, propetty owner, counly frecords, watl
drillars.

Sha Spacific: Woesther bureaus, state water reaouross boamds, conaus treaus, 86d and wate:
conservation districts, employmant commisglons, colporation commissions,
Departmant of Agricuitre, Forast Sorvice.

Othar: Modlioal fiwarios, state o fadoral enviranmental proYaction ageacias, atato
allomey general's offica.
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Tabls 4. Dela sollsction mathiods (refarencss provided in text).

Commonly Used Advaniegos/

Calogofy Matheds Disadvantages
Qoapliysics Hlectromagnetics Bood for dedneation of
{Indirect dalu mothod) high conductivity plumas

Roelstivity Ueohs! in lacating fractures
Solamic { Imitod use in shallow studiss
Ground penatrating raugt Useful in vary shallow soll
ahxilos
Driling Augering Poor stasgraphic data
Augering with splil-apoon sampling Good soi samples
Alrawatet ratary Rock sampte inlormation
Mud rotiry Flllg fractures - noads
intensive devalopment
Coring Gomplate datalla on badiock
Jatingrdriving No subsutiace data
Ground-Water Babar Allaws ezcape of
sanmpling volatios (operatar
depandant)
GContifugal pump Gan produce tutbid samples
Increasing chanca of mis-
representad contarnination
Parigtaltiebladder pumps Givas more rapresantative
samples
Soll sampling 8ol boting Reastrictod ¥ ghallow dopths
Aquiler tasts Pysnp lyst Sampies a targo aquiler
agction
8iug test Doas nol requira fiquid
disposat

conceplualization of the gite and contamination problem
should be made and updalad as dala become avallabla,
Throughout the study. it Is essanilal to docurnant all well
construction delalls, sampling eplsodes, ate., In order fo
arrive al an dceurate evaluation of the entlre site. An
undeistanding of the hydrogealogy and extent of contami-
nattan are Important to a successiul fleld study.
Formulating adequate dasign plans ensures that wells are
alted 1o a proper depth and siratigraphic layar so the extent
of contamination ls not exacerbated by cross contamination.

Mathods for determining hydraullc proparties af subsurface
units primarity conslst of agutier tests (e.g., pump teats or
siug tesis). Ina pump test, a wsll s pumped and waler-
laval rosponses are maasured in surrounding weils. Solu-
Hons are avafllable for astimating aquifer parameteras based
on the stress (purmping} and the response (drawdown and
1 1y} (see, 9.0., Fartie ot al., 1982 or Knuseman and
% B!dga , 1978} The glug test method tvolves Inducing 2
repid water-svel change willin a well and meaguring the

fale the water {eval In the well relurns to it inltial tevel. The
Initial water-laval change can be Induced by elther
Inteoducing 6r withdrawing a volume of water or
displacement device inlo or out of the well. The rate of
recovery Is reiated to the hydraulic conductivity of the
surrounding aquiler material {Cocper et al., 1967;
Papadopulos et al., 1973; Bouwar and Rice, 1976). Tha
advantage of a slug test (unilke a pump test) is that litde or
no contaminated water will ba produced. Unfortunately,
slug tesia measure the rasponse in only a amall volume of
the permeable media, whereas aguiler tests maasure the
response In a much larger volums. More recenily, the
borehole . wmeter has basn used to examine the spatial
vartabilly v hydrauflc conductivity (aes, e.g., EPRI, 1989).

To determine flow dirscticns and vaitical and tiorizantal
gradlants, water lavels mual b mpasured and convertsd to
alavaiions nslallve to a datum, unyally maan sea leval.
Watar-lovel measurementy may be taken by esveral
difterent graana includipg (1) chalk and taps, (2) electrical
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water-lovel probe, and (3) pressure transducar. These
techniques are discussed In Acker (1974) and Strelisova
(1988). Hordzontal gradients are determined using water-
laval data from wo-'s that are opan to the same hydrolegle
unlt and/or a1 the same elevation but separated areally.
Vartical gradisnts are delermined using water-level data
from wells In the same location but open fo differant
elevalions. The gradiani Is the difference In water levels
divided by the distance between the measurement
locations. Because water [avels often yisld a complex
threg-dimensional gurface, care must be taken In computing
the hydraullc gradient. The gradient detarmines the
direction of flow. Ground-water velocity Is determined by
multiplying the gradient by hydraulic conductivity and
dividing by eflective porosity.

For fractured maedia and karst formations, site character-
Izatlon and remadiation designs are even mors difficult.
Techalguas such as fractura trace analysis (Lattman and
Panzek, 19684} and the use of geophysical instrumentation
may be useful for locating the more parmeable zones,
where contaminants are rmost likely to be lacated and, thus,
whare axiraction wells should be placed. Other charac-
terization technlques inciude continuous coring, aquiter
tests, and tracer lests {IAHS, 1988), For morae detailed
discussion on flow In the special heterogeneous conditions
of fractured media, see Streltsova {(1988); for karst
formations, see Bigli (1980}, IAHS (1988), and Quinlan and
Ewers (1985).

To ensure propar quality assurance (QA) and quality control
{QC) of greund-waler samples, strict protocols must be
followed In the fleld. The pH, temperature, and specific
conductance of a sample should be measured, Ideally,
befors a sample is gathered, water should be extracted
from the well until these parameters have stabllized. This
will help ensure that the sample is from the formation.

roper sample storage and shipmant to a qualified
laboratory Is also important. A sampling plan should
address lssuss such as sampling frequency, locations, and
slailslical relevance of samples (U.S. EPA, 1987b). For
more dalalls on sampling guldance, see Carwright and
Shater (1887), Barcelona et al, {1983}, and Barcelona et al.
(1685). For methads to detarmina partition ceefficlants
from cores, see Sundstrorm and Klel (1979); tar NAPL
characterizatlon, sae AP| (1989).

Dats interprstation

Unceralntias assoclated with hazardous waste problems
Includa: (1) contaminant source characterizatlon and (2)
extrapolating/ Interpolating subsutface palnt data. Inler-
pretation of point data begins by plotting the data and
viewing R from difterent perspeciivas. For exarmple, water-
Javal data tor spaclilc imas should be contoured to form
potentiomatric maps that are Interpretad with raspect to
ologls eections and information on hydratilc conductivity.
or & stoady tiow sysiam, & reglon of higher hydraulic
gradiem an the fmenﬂcmetric maps should corespandto a
ydraulic conductivity on the gealogic
section. Further graphlsal Interpretailan should ba made

using contaminant plume maps. Plume developmer
down-hydraulic-gradient direction should be noted.
Difterent data types shouid be used 1o support othe:
50 a conceptualization can be developad that is con
with all data.

For exampla, consider a site involving heavy metal ¢
tamination where the aquifer consists of 4 psrmaab
alluvium overdying a low permeability saprolite that i
permoable weathered badrock. Concentration data

on a map of the area shows an irregular shape diftic
Interpret, but that appears 1o Indicate a limited and ¢
conneacted contamination probiem, suggesting multiC0
plumas. However, looking at well canstrugtion data cgy
a differant picture. Wells constructed in the alluviun
waathared badrock show contamination while those
structed in the low-parmeabillity saprolite do not. At¢D
of contamination in the saprolite walls does not indic
clean saction; it anly Indicates that ths cantaminatio ©
seclion has not penetrated the low-permeability sap >
Reexamination of these data reveals that the conta:
probably conslsts of a plume In each permoable lay
more axtensive than was thought ariginally when ex
only a single concentralion map and zero values for
saprolite wells. The original Interp.. tation was mad
without considering stratigraphic effacis an the thre.
dimensiona! flow system. This amphasizes the imp

of examining all data, including well construction inf
tlon, when characterizing contamination and design
ramadiation.

The next step In data Interpretation is making scopi-
calculations such as using the hydraulic gradient, h:
conductivity, and porosity Int Datcy's squation to es!
convective transport. Next, one may cornpare thes
¢lty caloulations with estimates of maan plume mov
If the two are not comparabile, this could Indicate ur
tainty In the source reléase or location or that proce
such as sarption or transfatmation are impartant. 1
slstences among data need lo be explained. Reso
data inconsistencles assures an undsrstanding of t
and reduces uncertainty.

There are numearous toals that ¢an be used to Intar
data, Including:

. - Mathods guch as lon-
assoclatlon maodals cart be used to Interprat
chamical changes in the aquifer. Represantat
models include MINEQL {Morel and Morgan,
1972), WATEQZ (Ball ot al., 1979), EQ3 (Wole
1979}, and MINTEQA1 {U.S. EPA, 1987b).

Qeosiatistical analysis - Methods such as krig:
tan be used to quantily tha spatial varability
lnherant in the hydraulle conduaiivnéﬂeld of ar
aquifer (sse, e.g.. Joumal, 1978 or Englund ar
Spaixs, 1988). For uncartainty, kriging provid:
contldance Intarvals for the parametor of intare
.{Goopoat and istok, 1988a and b). Statlstical
mathods may be used to determine tho
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relationship among various pararmelers and help
aefine the statistical likelthood of a particular
accutrence (Davis, 1973 and Gilbert, 1987),

Mathematical medsling - Models such as the
thwoe-dimeansional, tinite-ditferance flow code
MODFLOW (McDonald and Harbaugh, 1984) and
{fee semianalytical flow code RESSQ (Javandel !
al.. 1984) can ba used 1o simulate flow patterns
and chianges resulting from the apetation of a
puamp-and-ireat system. Other models are
avallable to analyze contaminant transpoit {ses,
8.3., van der Heiids et al., 1985 or U.S. EPA,
1884c). To addrese uncettainty, one may use
discrete sensitivity analysis where a parameter s
varied and lis impact on the concentration is
asgessed.

Parameler uncertaintios are a consequence of the astima-
tias procedura and spatial and temporal variability la modal
paramaters, Varinus techniques are avaitabls to handle the
afiecis of parameter uncartainty in ground-water flow.
These tachniquas can be divided into two broad categories:
full distribution analyses, and first and second moment
analyses (Detlinger and Wilson, 1981). Full distribution
analyses requite a compiete spaclficatlon of the probabliity
funclions {pdis) of the random variables or parameters.
‘These pais are either known or assumed. The most
common full distribution techniques are the method of
darivad distrlbutions (Benjamin and Cornaell, 1970), the
Monte Carlo method (Kalos and Whitlock, 1986} and the
Latlin hypercube method {lman and Shontencarier, 1984).

Conceptual Design

Because of conplex site conditions, it rnay be necessary to
combing remedial actions into a freatment traln. Choosing
a remedial technalogy Is a function of the contaminant and
tis reactivity and mabliily, characleristics of the site {e.g..
hydrautis conductivity), and the lecation ot the contaminant
{e.g., above or balow the water iable). The sase with which
the contaminant moves through the subsurface determines
how extansive and how difilcult it will be 1o remaedlate the
contamination problem. For example, a formation must
have sulficlont hydrauic condugtivity to allow pumpage. it a
shatlow aquifar Is vary tight (low hydraulic conduclivity),
pumplng at a reasonable rate may cause the well to go dry,
creating a capture zone \hat is too limited, For such candi-
tions, an Intorcapt drain may be more ;ﬁ‘;,”“"”““" The
roactiviy of a contaminant, slther cha ty or blologically

l and lis ullimate fate determine whether an in shu treatment

progess can be used or whether containmant or physleal
ramoval is more gffactive. i 2 volatlls compound, such as
gasoline, Is above the water table, puniplng {or skimrming)
may recaver the petralaum produet, but will laavs a residual
proguct that & vacuum axiractlon {sofl venting) system

“might secover, Thus, pump-and-ireat tachiolegy may be
comibined with other technologles to complete remediation -
In the salurated and vadoss Zones,

A
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Pump-and-treal tschnology 5 appropriate fof many hydro-
geological conditions, waste types, and chamical propertias.
it may be necessary, hewevar, to combine a pump-and-
treat system with other technologles (e.g., bioreclamation,
soil venling) or 10 make system adjustments (e.g., pulsed
pumping). I Is important to be aware of the time frames
that may be requirad to achleve a padticular ramedial
objective {cleanup goal) before deciding on a pump-and-
treat remediation, -

There may be situations where pump-and-treat technoiogy
will not elfectively remove contaminants. An exampis s
dense nonaqueous phass fiquids (DNAPLs) at residual
saturation. Unfortunately, this is a very difficult problem for
which other remedial options may not be effeclive either. i
tha residual DNAPLs are shallow, then excavation may be a
teasonable option. [ they are too deep to excavate, than
pump-and-treat technology is a possible remedial action o
hydrauiically contain any dissolved conlamination. Contain-
mant may be required ualil a technolagy Is developed (e.g.,
enhanced oil recovery methods) that can treat or rerove
tha DNAPLs. An area where containment is belng Impls-
manted is the S-Area site in Miagara Falls, New Yark
{Cohen et al., 1987). Here, a combination of physical and
hydraulic barriers was proposed to contain DNAPLS {Figure
5). When confainment is selacted, seasonal or transiant
ground-water flow conditions rust be considered to insute
yoar-round containment.
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Qne way to evaluate the effecliveness of a ramsdiation is
through a study a ¢ase histoties. Lindorft and Gantwright
{1977) discuss 116 case hislories of ground-water
contamination and remediation. U.S, EPA (18844 and b)
prasents 23 case histarias of ground-water ramadiation.
More recently (U.S, EPA, 1989), ground-water exiraction
has beaen evaluated via case histories. The results of this
latter study are surmmarized in Appandix B,

When to select pump-and-treat systems

Figures 8a and 8b prasant decision-flow diagrams tar
ground-watar contarnination and soll contamination,
raspectively. For ground-water contamination, the first
declslon concerns wheiher a remedial action (G3) Is
negassary. If a risk assessmant shows the naed for a
remedial action, then the options shown in Figure 6a ars
containment (G4), in situ trealmant (GS) or pump and treat
(G6). ¥ G5 is selected, than athar dacisions ara nacessary
but not discussed hora. I G4 s seleciad, then the
containment ¢an be elther physical (Q7) or hydrauiic (GE).
Physical containment has genarally not werked well (Marcar
et al., 1887) and s st discussed further; hydraulic contain-
ment Is achlaved by pump-and-treal technologles {Gi11).
As indicated previously, if the sourcs of the ground-water
contamination lg not remaved, then containmeant may be
necessary as opposed 1o G5 or G8.

i pump and traat (GB) Is selacted, the naxt declzion s
whethar to use wells (G9) of drains (G10). ¥ the hydrautle
conduciivity is sufficiently high te allow flow to welis, than
welect wells, For law-parmeabllity malerlal, dralns may be
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required. After wells have been selected, a dacision must
be made concaraing whethar they are axtractlon wells
{G12), injectlon wells (G13), or a combination. Injection
walls will reduca the cleanup time by tiushing cantaminants
foward the exiraclion wells. For the &xiraction weils,
decislons nead to be made concerning cantinuous pumping
{Q18), pulsad pumping (G17), and/or pumpling combined
with contalnment. Continuous pumging malntains an in-
ward hydraulic gradient; pulsed pumping allows maximum
coniceniratlons to be sxtracted efiicienly; conlainment can
be ugad to limit the Inttaw of clean water that neads to ba
treated. The injected water can be treated water (G19); for
blodegradable contaminants, £ can contalr autdents andfo
etociron acceplors (G20) 1o enhance In sltu blodegrada-
tlon; ar, for NAPLs, it ¢an consist of anhanced oll recovary
{EOR) materials {G21). For further Information on EOR
techniques, seo Shah {1981), For problems invalving
ground-water contamination, some form of pump-and-treat
tachnology will almost aiways be used.

A gimiiar declslon procass can be followed tor soll contami-
natlon (Figura 6b).  Tha firat decision (2 no action/remed|al
actlon. For a remedial action, the choltss are excavation
{54), In situ treatraent (85), and/ar cap/asvar (56). Farin
situ treatment, the opilons are fixation (57), vecuum sxtras-
tlon (S8}, thatmal (59}, or bioremadiation (810), Vasuum
sxiraciion la ibla i the contaminanis are yolatlle, Gther
opliens may be avallable; however, soil cleanup is not the
amphasls here and, therefore, Is not given g atar discus-

sion,. kost contamination problems wiii Impact both sall and .

ground water. For such problems, a combination, e.g., G6
and 58, of aptions may ba raquired to achiave cleanup.

Example of contaminant plume deline-
ation and pump-and-treat implementation

This example Is based an a study at a facility that uses
many solvenis that are potential poliutants. Mo previous
ske-spacilic studies had been conducted; hance, the
axistence and extent of contamination were unknown, The
investigative work was periormed in three phases.

Phase 1

During Phase t, an evaluation was made of the site hydro-
geology and ground-wataer quality. Reglonal studiss wers
oblainad from the stale geological survey, the local water
authorlty, and Soit Conservation Sesvice; piior constructlon
Information was obtained from the company. A fist of all on-
site potentlal contaminant sources was prepared, Potential
prefarred flow paths ware idantifled by performing a fracture
trace analysis (ses, .., Laltman and Parizel, 1864) using
aarial photographs of the &ite, Water levals from existing
wells on-sita and Just off-site were used to davelop pre-
liminary ground-water flow directions.

The slie geology consists of avetburden undeniain by
intarbadded sandstones, silistones, and shales. Ground-
water fiow was consantrated In llnear fracture 2ones. The
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tiydrogealoglc system consisted of two aquiters: a contined
zone about 400 fest desp and an upper semicontinad zone
from the surtace te a depth of 200 feat. Flow diractions in
the deep 2one could not be determinad. Ground-water
levels revealed that flow was toward the northwest {in a
direction toward a local water supply well) In the shaflow
20ns. Using this Information and the geologicaihydro-
?eologk: framowork, monftoring walt locations were sited in
low paths that might contain contamination. Initially, three
monitoring wells were Installed downgradient of suspected
gaurca araas and an existing well was used for upgradlent
Information. OM-slie and on-site wells In the deep aquifer
shuwed no signs of cantamination; however, madarate
concenirations of the solvants trichlorosthene (TCE) and
totrachloraathene (PCE) weore found In a limited portion of
the shailow zone.

Phage 2

After ldentllying an area of contaminailon, a soll gas
aurvey (sae, o.g., Martln and Thompson, 1984) was
par{ormad to determine if the source of contamination stil
oxlsted. The soll gas survey reveated concentrated levels
of PCE and TCE in a limited area of tha overburden. Soll
contamination was verified through a sofl sampting program.
The contaminated sail was ramoved and replaced with
ciean fiil, Addftional monfioring wells were instalied 1o
deflne the plume boundaries and to provide water quality
data, These data were used to determine the areal and
vertical axtant of the coantaminant plume, which appeared to
be limited in extent and continad to the top portion of the
upper aquifar. To account {or seasonal variations, the wells
wara monitored for approximataly six more months, At the
ond of that time, the third phase was initiated.

Phase 3

Water quality and water-lovel monitoring showed that

—-yamaving the contaminated soils probably efiminated the
gource of the contamination. That Is, the piume rate of
movement was very slaw with decreasing concantration
with fire. The concern was the movement of dissolved
TCE and FCE Ia the ground water. Therafore, for this
phasae of ileld work, a serigs of slug and pump tests were
conductsd,

The slug test data provided estimates of the hydraulic
canduclivity of the aquitar Immediately adjacent lo the
bareholes, Pump tests were conducted using downgradient
wells in high-hydraullc conductivity zones (based on slug
tasts) to determino thelr areas of infivence. The tesis wero
analyzed to datermine hydraulic canductivity. Hydraulls
conductivities and porcslily estimates, along with he water-
laval data, wera usad to datermine canvactive plume
movemaent. Using thess analyses and data on the gaotoglc/
hydrogsalogle framewark, a pump-and-treat system was
Belacted wher:

1. Lacatlons of two extraction weils maximizing
Sapture of the plume horzonially and vertlcally
-W@ta chasan. -

2. The most efficient pumping rate of 20 g.
determined.

3. Purmping would not impact any ofi-site |,
weil.

4. Tha logation for injaction of the treatad \

chosen to complement the purping sys

A thrae-year lime framo was estimated to raduce
aguiter contamination to acceptable leveis basad
advective calculations. During this period, wategy
flow anaiysis continued on & quarterly basisto e
ctaanup. The pumiping systam derived the maj
flow from the fracture system. Onde pumping wen
nated, residual contamination femained i tha oy.-
gadiments that could migrate into the cleaned re
Therefore, monitoring was continued 1o vetily cleD

A phased approach providad time to refine data p
tachniques and concapts of the machanismaiproc
comrolling contaminant migration. The siow-mav
allowed time for adequate study. At the end of e:
thers wars sufliciont data to make decisions conc
next phase. Pump-and-treat remediation was apy
for this case and was efficient anly after 4 substac
portion of the scurce (contaminatad soil) was rem

Catculating the estimated cleanup -

Tha {gllawing example iflustrates a simple matnoc
sstimate the time required to achieve cleanup (Ha
Asaurme that an area of ground-water contaminati
acras; the aquifer is permeable and is 55 ft thick;
gtarage amounts to 30% of the aguifer's voiume, «
walar is contaminatad with a nonreactive solute. t
theae conditions, it would be possibie, with a prop:
designad pump-and-lreat system, to exchange on-
volume of water In this ten-acre plume in about a
a purping rate of 100 gal/min;

volurme af contaminant =
10 Aczes x 43,560 ¥acro X 55 ftx 745 gali* x 0.3 « A X 1T

Fumping rate 1o ramove this velume In one year a
gallons/365 days/1440 min/day = 102 gallons per ¢

In reality, howevar, it will be necassary o pump o
0na yaar to reach #n accaplable concantration dut
“lling" effect oftan observed with this remedial a
Taliing Is the asymptotlc decrease of contaminant «
tration In water that [ removad in the cleanup proc
{Fiqura 7). Cornpared to Ideal ramoval, talling req
lunger pumping tmes and greater voluras purpa
raach & gngclflc: cleanup concentration goal, Tallin
caused by several phonomena. For oxamgple, a i
soluble and meblla contaminant can migrata Ints &
parmeabls zones of the geologle material, Hera it
stowly exchange wiih the bulk watar flawlng In the 5
pernaable 2ones and will be removed less readily.
resull, It vl be negaseary to pump ground water th
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originally outside tho chemical plume 1o complete aquifer
cleanup.

For a mactive sorbuig compound, the tima requived to

rernove the contaminant by pumplng Is Increased.,

Conslder the pievicus and foliowing examptes (Hali, 1988).
- The contamlnated erea ls 10 acres {680 # by 800 ft). Hihe
. aquiler s 55 test thick and ground-waler flow I8 from one
slde af the cantaminated zane to tha other with a velume
discharge of 100 gpm and a poroshy of 0.3, then the
Interetitlal vaioolty of tha water would be approximately:

100 galimin & 1440 rinvday X 1 [/7.46 gal X 385 dayd/year +
{6a0 ft x 65 0 x 0.3) « 8458 tuyr,

o o e -

Hance, it wiil lake water approximatety one vear to trave
through the contaminated area.

i the bulk density of the goll i8 100 (b/AtY, the denslty of
water I8 62.4 1hvity, and ihoe linsar goll partition cosfilolent
18 0.75 {ratlo of mass concentralion on $0ikt phase to mags
concantration In tha aqueous phasv}, thon the time for the
contaminant to traverse the same distancs ls calculated
from:

enmaminant veiodly = waser veiocly/retandation ficuy

ratacdation fedor =
4 + [sch partiton cusal, % sol buik. denuliy/{nany denaity x poroaltyl}
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Thus, the contaminant would travel at 129 fyear and would
take tive years to Iravarse the length of the contaminated
area, The cleanup time Is thus Increased because of the
alowar contaminant movament toward the axtraction walls,
In addition, the talling effect is amplitied due to desorption,
That Is, as the ground-water plurng Is reduced In concen-
iratlon as a result of pumpling, the contaminant will degorb
frora the soll end malntaln the ratlo of the partition
coetficlant.

Limitations of pump-and-treat
gsystoms

Any lime exianzive ground-water tontamination extsts,
pump-and-treat systems shoutd ba consldered; thay
ahould be accaptoad, rejected, or combined wih other
ramadial technolagias baged on & slte-spacilic anslysis.
Pump-and-traat systama may be the only option when
deop ground-water contamination exists, Properly
deslgned and accurately located extraction wells are
sffective for containing end/or remedlating ground-water
contamination, but have [Imitatlens. For many contaml-
nants, teducing Egund»water concentratlons to Safe
Drinking Water Act or Land Disposal Restriction standerds
Is & ditfieult task. Faverable and unfavorable condlions

for the application of piimp-and-treat technalogy are
isted In Yable &, o .

-~
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Table 5. Favorable and unfsverable condltiona for pump-and-tréat tashnologles.

000394

Favorable Conditions Unlavorable Conditions
SOURGETEBM
Sourcs remavad NAPL: at reakiual saturation
GHEMICAL PROPERTIES
Mobiln chemlcals Chamicals sorbed of precipitated
HYDROGEOLOGY,
High kydraulic conductivity Very fow hydraullc conductivity
{ag., K 10t nvs) (8.9.. K< 107 emis)
Homogeneous Highly heterogeneous
Limliationg due to NAPLs mass o be dissoned o

For pump-and-treat tecihnology to remadiate an aqulfer in a
timely fashlor, the contaminant source must be eliminated.
This ls becauss unremoved contaminants will continue to
be added t3 the ground-water system, pralonging cleanup.
Excavatlon Is ona of saveral options available for source
rsmoval. NAPLs at residual saturation are one of the mcre
ditticutt sources of ground-water contamination with which
to deal. Of particular difficutiy are substances such as
halogenatad aliphatic hydrecarbons, halegenated ben.
zenes, phithalate esters and polychlorinated biphenyls
which, In thelr pure form, are DNAPLS. When NAPLS are
trappad In pores by Interfuctal tenslon, diffuelve liquld-liquld
patthloning controls dissolution. Flow rates during remedi-
atlon may be toa rapid to allow agueous saturation levels of
ganmonod contaminants to ba reached locally (see Figure

5. i nsulticiant contact ime [¢ allowed, the affedtad water
may bo advected away from the resldual NAFLs before
approaching chemlcal aquliibrum and Is replaced by water
from upgradient. Because ground-waler exiraction i3 not
ganerally afficlant at ¢cleaning up this type of sauice, some
othar remadial &ction may be required.

DNAPL example

Conslkdar a 1 m" volums of sandy 8oll with a residual
DNAPL content of 30 LUmY. Forthis éxample, ground-watar
fiows through tho sol! at a rate of 0.03 nvd, typical of
gmund-wmr condhiions in a sandy 4ofl (pased on a
ydraulie conductivity of 10° emvs, a hydraulle garadlant of
1% and a poroslly of 30%). Furthsermore, it [3 assumead that
DNAPLS digaolve Into the ground watsr to 10% of thelr
eolublity. For trichioroathens (denslty of 147 glomd and .
salublity of 1,100 ry), mx&mtaly 122 yaiys would ba

raquired to dissolve the

{36 L7 (1 %) {1.47 g/om™ {100 crvmy? {1109 mULY = 42
concentralion of solte = (10%]) (1,100 mg/L) » 110 mg.

aaag fux thraugh 1 m* ards = .
{0.03 mvd) {t m% (110 mgaL) (10 g/mg} {10* Limt) {0.3) « 0.

81 required to Glasolve «
(44,100 ¢) + (0.0 ¢/d) « 44,545 A4 (366 Yy = 122 ¥

These calculatlons indicate thal the time DNAPL, ¢t
can potentiaiv remaln In the subsurace Is measut
yaars to daecades or mare undar natural ground-wz
conditions.

Limiiations duo to sorption

As distussed praviously and sl 1wn In Table 5, mo
chomicals may be treated using pump-and-treat te
For sorbing compounds, howevey, the number ot ¢
valurmes that will naed ta be ramaved depends on-
soiptive tendencias of the contaminant aid the gec
materals thiough which it flows, as wall as the gro.
watar flow velocliias during remediation. if the vait
ara 100 rapld to allow contaminant levala to bulld y;
gﬂulllbdum concantratlons locally {(sae Figure 9}, ¢t

lected water may be advacied away bafore appr
squiliedium. Eftldlency In conteminant removal ma
and will tand 10 dacrease with aach pore volueme r¢

For linear sorplian, a distribution coefliclent can be

for many chemicais, This may be used to define a
totandation taclor as;

raterdasion taclor « 1 + ffstribution cosflicent i bulk derslly +
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The retardation faclor Indicates the speed of a conlaminant
telalive 10 the waler velocity. For example, dissoived
tatrachloroathane (PCE) was found te hava a distribution
coefticient of 0.2 mllg in a porous medium with a bulk
density of 1.65 g/em?® and a porosity of 0.25. Using the
atove formula, the velocity of the PCE Is approximately
40% of the water {low through the same porous madia.
Thus, sorption retards the movement of PCE. Unforiunate-
ly, for pump-and-ireat remediation, sorption increases the
time of cleanup. As Indicated in a later example, an almost
linear relationship exists between retardation and time of
remadiation for a specific cleanup level. For exampls, for
PCE, It would take 40% longer to reach a cleanup geal

compared 1o the cleanup time for a nonsorbed compound.
Thit assumes no degradation.

Limltations due to low hydrautic conductivily

The hydragaalogical canditions {avorable to pump-and-traat
technology are high hydraulic conductivily {(greater than
aboul 10 crvs} and homogeneity. Unfavorable conditions
Inchutie very law hydraulic conductivity and significant
heterggansity. I tha hydraulic conductivity Is taa low (lass
than about 107 cnvs) 10 allow a sustained yield to a wall,

ground-water exiraction via pumping wells {5 not fe:
Determining Jurnp-and-treat feasibiiity is site spoecit
hydrautic condudtivity range that warks at one site «
work at anothaer site. For example, if the plure is €
the natural hydraulic gradient is low, a pump-aid-ir
syslem pumnping al a very low rate in a low hydraub
canductivity unit may be teasibla. However, this sa
hydraulic conductivity may result in contalnn.aat fai
another site.

Far hetaragensous condltions (Figure 10), advacte
wili sweep through zones of higher hydraulic condu
removing contamination from those zones. Althowr
hsleregeneous conditions only are Mustraled in th

in Figure 10, they are ganarally a threa-dliceasion
phenomenon. Movement of contaminants out of 'y
hydraulic conductivity zones Is a slower process
advective transport In ihe higher hydraulic conducti
zonas. The contaminants either are slowly axchadc?
diftusion with the flowing water prasent In larger pae
maeve at relatively slower velocities in the smaller pc
A rute of thumb is that the longer tha site has been
cortaminatad and the moata lanticular (jayared) the
matarial, the longer wili be the talling effaci. The w.

]
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+Figure 10. Eltsot ol gealogh etratitiontion on lailing (fromKegiey ol aL,, 1269),
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contaminants raslding In the more permeabie zonas are
thosa first mobiitzed during pumping. Thus, pump-and-ireat
techaologies work In hetersgeneous media, but claanup
times wili ba longer and mars difficult 1o estimate than far
glmitar systoms In more homogeneous media.

Deslgn conglderations

I caslgning a pumg-and-troat system, thare are man
praciioal aspacis that must be eonskdered Including: (1)
walla, (2) pumps, and {3) plplng. Methods ol dillling, wall
dosign, and construciion are discussad in Drecoit {1886),
whareas well construction eifects such as partlal
pansdration, parial screenlng, and Incomplote dovelapmant
are giscussad In Keesly (1984).

When deallng with NAPLS, special care [s requirad ta avold
capiRary barrler problems In the well conatruction matarials.
lron of manganese may oxidize and cause clogging. Wells
should ba desiyned for ease of flushing screens and
treating clogglng problems. A long-term aquiler test
(greater than gaveral days) provides useful Information and
carn Selve as a prokotgpe botore the main pump-and-treat
system ls designed. Pumps are also discussad In Driacoll
{198€V; considaration should Include faliure rates, raaction
to contaminants, and ease of malatenance. Back-up
pumps shauld be avallable in the event of pump tallure.
For pipalines, clogging and freezing probloms should be
considered, as wall as 1echniques for monitoring flow ratss
{e.9.. llow meters). Be conservative when sizing pipas and
the Ureatment system [n case Increased pumpage is
requitad. Inciude provislons for lasuiation of piping to
prevent irgazing, particularly for systems with intermittent
oparallon. Aithough these aspaats of pump-and-treat
daslgn are Important, the amphasis hore is on anafysia
technigues tor perlorming site-speciic evaluation,

Detormining well spacings, pumping
rates, and time required for cleanups

Al many slites, 1t I advantageous 1o have multiple extraction
walls pumaing 51 small rates varsus one wall pumplng at a
large fale, Analylica! o numerical modeling technkpes ate
uged to avaluate altemallve designs and help delermine
optlmal woll spacings, pumping rates, and cleanup times
(s6e, v.g., U.S. EPA, 1985). For axample, a genark:
madaling study examining the effectiveness of varous
restoration schemas Is presented in Satkin and Bedian
(1988). Thero also are epproaches combining ground-
water madels with linoar and nonlingar opumization (see
e.g.. Qorelick et ak., 1984). Fluld pathlinas and travel Umes
In ground-watar systams also can be estimated fram
particle tracking codes (s6e o.4., Shafor, 1987). In addition,
there are numerous analytical sofutlons that may be used to
-agtimete pumping rates and well spacings oncs aqulier

are known. These solutions are iInclided In

atrls et &l (1982), Bontall (1963), Wallon (1970), and
~Jaceb (1850} In the foliowlny examplss, bath numeilcal

%:3 . TR ST ]

a8 sinks. RESSQroaleulates ground-water flow paths b the

and analytical models ware used 1o satimale woll spacings,
pumnpling ralas, and cloanup timas.

Usling & numerical model

A propoged gump-and-traat syetam lor 8 hazazdous waals

afle was ovalusted using a numencal modat and lg

describad by Ward ¢! al, (1987). The goal of ihe pump-
and-treal gystem was 16 ¢onialn and clean up contami-

nation. The results of tha transport stenutations are
aymmanzed In Figurs 11, This figura ahows the distrbution
Inventory of the masa of volattie organie sompounds (VOG)

at the slie ovet ima. At any givan Uimse, the Inlllai VOC 1~
mass ¢ ba disiributed in thres catagotias: (1) mass
ramalning in ground water, {2) rwag ramoved by the o
extraction syetom, and (3) mass leaving ihe domaln "\
tmramadiatad. The mass in ground water diminighsa with o
timis. Howavar, somse masa laaves the system vncaplurad

by the preposed corrective action. Thus, this pump-and-

traat system will fall to contain the contarnation. '

To assess 1ho oifest of insraasing dldcharge and injaction
tates on piume ~=pluda, simulailons wera petiornad in
which the teial axiraction and Injeclion rates were toublad.
The Incressed pumping rates decraasad the VOC mass left
In graund watar but sl lalted to contaln & pantion of tha
plume (Indicated by the dashed fine  Figure 11). Thus,
final purmping rates will aaed to be even graater. These
rosults show the fmportance of plume caplure analysie and
emphasize tha naed lor performance monitorng and th
use ol a modal in monltoring program dasign.

The analysis of the above pump-and-ireat system indicated
aaclining contaminant cancentration at the seven proposed
axtraction wells with time (Figure 12). Most wells exhibit 5
dagransing trand afler 4 faw wwaks of operation. Fer each
tantald increase in the time of gystem gperation, the
concentration of VOCs decraasss by a facior of ten. Some
walls exhib? 4 temporary fncrease i concentraiion ag
zonas of contarmination aro flushed taward the axtractcn
welis. The effect of sorplion alao waa examined wih tha
model. A newarly inear reiationahip ealsts batween
ratardation and time of remadiation lor a specific lavel of
contaminant,

Using an analylical modal

Tne praceding example Mustrates how a numercal madel
may be used to evaluate pumping rates and cleanup timas.
Other toola are availtble that sllow for simitar evaluations.
8coplng calculetions to astimate the purpage required to
eaplura a pluivgs In a confibad aguifer may be perfomad
using tha semlanalyticat model RESSQ (Javandal st ai.,
1984, and Javandal and Tsang, 1988). RESSQ &
applicable t iwo- Tmensional contaminant transport subjact
1o advection and sorpiion (no dispersion, diffusion, or
daypradation ¢an be tonsidarad) In a homogenaous,
{sotroplc, confined aquiler of unlform thickness whan
re?lnnal fiow, dources, and alnks sreate o sleady-state flow
fisld. Rechargo welis act as seurces and pumping wells as!

19
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aguie, tha [ocation of conlamingnt fronts around Sources
1 vancus tmas, and the vasialion in oonlaminant conden:
&ation with ime 2 sinka, An sxampls of how RESSQ can
e vded 10 Jetarming oplimum pumping raies And wel
&Pacings I8 presantad below.

Tha s2s i3 bosied W glaciai daposiia and conglsta o &
faaiing ‘nndil with sn asscciated puma (Figure 13). The
goal b lo design 2 eapiure well natwark for tha pluma. The
siie It morm co than the sonditions slmulated with
RESS0. Thore i & convorgant flow lold saussd, In pan,
by & sand lans (ped shown). This caveas the plumo o
nerrow with distancs from tho landiB. For thase scoping
aadouistions, tha Bow wyatam conaigared is at tho ironi of
o pluma, whers e wells an d. For this locslion, &
greund-waler voiecity of 0.205 id (78 waa gatimsled
wing Darcy's equation. The aquiior ta 30 {eetl thick and the
pluma wikh [s aporoximalely 800 {ast. The raglonal flow
rato ls; 400 i x 301 ¢ 0.205 fvgay = 3890 R¥day or 10.2
geen. Tha tolal pumping rale ot the wells will nead lo e
appozimately 20 gorm Lo caplurs the pluma. Uaing this

raie, flw fnos computed by REBSQ {3es Figure
13) will caplure the pluma.

Hoxi, thée maximwm pumping rate that s sustainadle wkhoy
hae walis golng dry muat ba datarmined. The compuiation
o drawdown ai & Gingls wol In a muitiple-well ingtalistion I§
hol procise whan @ single water-table aquiter of laflnkte
oxiont is assumad. For 10 wefle ing at 2 gpm each,
the maxénum drawdown i 2a utig the Thels
sohdion and supsrpochtion (2ee, a.9., Welten, 1670} ag 3:
fsct. This & an ovorasumate, a8 the laakags from tha
iaysrs below and other saurces (8.Q., delayad yleld) in the
vicinily & nol considered. Tharolore, 10 wells a1 2 gpmn s
Geomed aesepiable fram the sonsldarations of drawdown.

A opitmum well apacing of 25 h was deiermined based &
gmuolinu provided by Javendal and Taang {1988). o

bos reprosenting uniiorm regional llow wars .
genaraiad in the RESSQ timulations (Figure 18), The
straamiubes 17acs tha movameni 6f the comaminania in O
pluma by advective iransporl. To anaura that contaminari~
ao nol sacapoe belwasn a pair of wells, tha two alreamiube’
al tha middie of the plume wara dividad Inio B-lool wide
apagings. Tha ros cakuiations uaing RESSQ
confrmed that he proposed pumping systam would
elteclively caplure the pluma.

Lc_gummkm PLUME
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Example of a gasoline spilil

Brown et al. (1988) present an evatuation of the effective-
ness ¢! & pumg-and-lreat system jor remediating a gasoline
splil. Patroleum hydrocaons can exist In the subsurface
as: mabile free product, Iimmoblle resldual, vapor, and as
solits In ground water {disgolved phase). The disirfbution
of hydrocarbons undor thess differant conditlons Is a func-
tlon of thelr physical and chemical properties, and the
hydfogoubq{hgj and goochemical characieristics ol the
{ormatlon. distribution ecan be defined by: (1) the areal
axtent of contamingtion and the voluma of the subsurface
Impacied by a phase of (2) the anount of the contaminant
withln & phace, measured ag eithar total walght or
concentration.

Table 6 reprasonts the phase distribution of the gasoline
Il in a sand-and-gravel aquiler. In this ¢ase, both the sal-

ubsllity of the contaminant and the sorptive propertias of the
formatlon are low. Congequently, most of the contaminant
(914% of the amount spliled) Is light nonagueous phase lig-
ulds (LNAPLs). Howaver, becausa of tha low cancantration
and high moblity of the dissolved camponeat of gasofine In

round watar, tha areal extent of ground-water contamina-
tlon s greater than the LNAPLs. The dissolved phase,
howaevar, containg only a small fraction of the fotal mass.

Baveral observations ¢an be mads rom Table
and-lraat technology s effactive at recavaring
126,800 Jb or 91% of the mass was recaverad
this Is a sand-and-gravel aquiier, purping con
ground water witi be effective also. Howavar,
contaminant level (MGL) lor benzens, a comp. |}
pasoling, 18 & ugh. Tho ma frams to resch th
objective will be vary long becauge the solubllr E
at rasidual eaturation Is low. Tharefore, gofl ¢
{residual gasoline) represents & significant so
ground-water contamination. Brown et al, (1
the effectivenoss of pump-and-treat technarog
of residual gasoline using laboratary studies.
ghow that ground-watar extraction Is not sffoy
residual saturation. o

Purnping the LNAPLs removas rnost of the mD
eﬂactlveig. Pumplng the contaminated grou
affactive but is afficlont only i the eontanﬂna?é—)
(resldual gasoline} Is remediated. Pump-and-
tachnology Is not effactive at removing the res
Tharelara, once the moblle LMAPLSs are ramo
technology (such as seil venting ar bioraclam:
ugad for the contaminant source in the soil s¢
water extraction and cleanup can be accomp!
reasonable time.

Table 8, Phase disttibution of gasoline In sand end graved (Brown of si., 1088).

Extent of Mass
Contamination Distribution
Velunrie, % of Gone. %
Phaso cu yd Total fo ppm T
Frag phate* 780 53 126 800" - g
Rasidual 2,870 183 11,500 2,000 £
Dissotved $1,120 783 320 16 ¢

thchanl value tecovaad from site theough sumping




Operation and Monhitoring

Whagaever ramadiation systam s selacled for a particular
siia, tho following items nead to be describad clearly:

sramedial action objectives,
smonftodng program, and

sgoritingencies (maodiication to the existing
ramediation).

Remedial action objecilves are the goals of the overall
remadiation. To ensura that ihese are met, appropriate
moni#oring musi be conducied. I the monitoring Indicates
that the goals are not baing met, then contingencies must
be specilied concerning changes to the remediation systam
ihat will ensure that the goals re reached, or will specify

, alernale goals where original goals canne! be practically

‘ achlaved.

Remaedial acti.n objectives

According to Keely (1988), numarous monitofing criteria
and monltoring point locations ars used as periormance
standards. Monltoring criteria can be divided into three
categories: chemical, hydrodynamic, and administrative
control. Chemical monltoriag criterta are risk basaed {U.S.
EPA, 1986b) and Includs Maximum Contaminant Lavels
{MCLs), Alternate Concentration Lirnits (ACLs), detection
limits, and natural water quality. Hydrodynamic compliancs
criteria may include domonstrated prevention or minimi-
zation of Inflitrakion through the vadose zone, maintenance
of an inward hydraulic gradient &t the boundary of the
comtaminant plume, oy providing minlmun How to a sudace
watar body. Adminisirativa control monitoring criteria range
. from reporiing requirements, such as frequancy and

o charactet of operational and pust-operational rmonitoring, ta

L3 land-usa restrictions, such as drilling bans and other

accass-lmiting rastrictions.

Manitoring

Onee the remedial action objectives are established and a
remedial systom Is designed to maet these abjectivas, the
noxt step Is to deslgn a monitaring program that will avatu-
ate the succass of tha ramedial system. The monitaring
criteria will be Impottant In astablishing the tequired moni-
toring program. Water quality monitaring Is important;
water-level monitosing also ls Important and Is less
expensive and subject to less uncertalnty.

The lecation of monitaring weils I8 critlcal to a successful
monftoring program. For pump-and-fmit technology,
extraction and infecilon wells preduce complex flow patterns
locally, whare previpusly thars were different flow patterns
{Keely, 1888). In Figure 14, for example, waler moving
glong the tiowiing Wwading dinactly Inta arn exiraction wel)
from tpgiradiant roves most rapldly, wharaas water at the.
lateral iimits of the paphure Zone Movas more siowiy. The

000401

fesult is that certain paris of the aquifer are flushed rapldly

whils ather paris are remediated relatively poorly. Another
passibility is that previously ctean podions of the aquiter

may become contarinated. Thus, monitoring well locations
should be basad on an undersianding of the ilow system as =
it is modified by the pump-and-traat system. Modeling
techniques, discussed previcusly, can be used 1o help in
sfte-specific monitoring nelwork design.

To determine the {low systam generated by a pump-and-

traat systam, field avaluations must be made duting the
oparational phase. Consaquently, in addition ta data

callection ot site characterization, data naed to be callected
during and after pump-and-treat systam oparation, Post-
opsrational monitoring Is néeded to ensure that descrption ey
or dissolution of residuals does not cause an increase in the
level of cordamination afler aperation of the system has O
ceased. This monitoring may be requirad for about twolo
five years after system termination and will depand on site &S
conditions.

Evaluation and modification of existing
pump-and-treat systems

Because of the uncertainties involved in subsurface charac-
terization, a pump-and-treat systom may require modifica-
tion during ihe initiai operational stzges. Modifications may
rasult from improved estimales of hydrauli¢ conductivity or
more complete information on chernistry and loading ta the
treatment facility. Other modilications may be due to
mechanical fallures of pumps, wells, or surface plumbing.

A similar situation to that involving a low-permeability zone
may arise where a zone ol contamination Is not recoverad
by advaction due 1o that zone's hydrodynarnic isofation.
That Is, the complex fiow palterns establishéd by a pump-
and-ireat technology result in what are relerred fo in hydro-
dynamics as “stagnation zones.® Movemant of contami-
nanis oul of thesa z2ones is simlar 1o tha movemant out of
lowart hydraulic conductivily zones. Fortunatsly, this situa-
tlon is corrected by adjusting pumping rates andfor well
lecations,

Periedic review and modification of the design, construction,
maintenance, and aparation of the pump-and-treat system
wlil orabably ba aecessary. The perdormance of the system
should be evaluated anmually, or mare frequantly, 1o deter-
mine i the goals and standands of tha design ctitetia are
baing met. ¥ il is not, adjustment or madification of the
systom may be necessary. Modifications may aiso be
mada as one part of the contaminant plume bacomas clean
or when portions are not showing the dasired progress.
Adjusiments or medifications ean Includs relocating or
adding exiraction walls or altering pumplng ratas.

Switching from continuous pumplng to puised pumping Is
one modlfication thet may improve the eliiclency of con-
taminant recovary. Pulsed pumplng Is the Intermiitent
dperation of a pump-and-treat systeni. As shown in Flgure
15, tha time when the purnps ane oft can alow the
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comiaminants to difuse out of lese permeable zones and
Into adjacent highar hydraulic conducilivity zones untll
rmsimum concentrations are achleved In the latter, For
soroed contaminants and residual NAPLS, this nonpuanmping
peisod can allow suffieient Hime for equilibrium concantra-
tlons 10 be reached In local ground water. Buring the
subsaquant pumping cycle, 1he minimusm volume of con-
tamnated ground water can be removed at the maximurn
poaeiie concentration for the most efficiant treatmant. The
durstions of pumping and nonpurnping periede (about 1-30
days) are site speciic and can only ba opiimized through
triel-end-orror operation. By occasionally cyciing only select
waks, possible slagnation {zero or low low) 2onas may be
browght into active llowpaths and remadiated (Keoly, 1889).
it phume capture must be niaintalned, it will ba necessary to
maintain pumping on the plume boundarles and parhaps
only use ruised purmping on the Intatlor of the plurme.
Terzdnatlon of the pump-snd-reat gystem occurs whan the
claanup goals are met. In addition to mestlng concentration
goads, tarminailon also may oocur when optimum mass
ramwval ig achlaved and it ls not practical to reduce
contamlnant lgvals lucthar.
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Glossary

Adaamtion:
Adectlon:
Aguder:

Aguder tast:
Biodegradation:

Biotransiormation:
Bulk donalty:
Confined aquiter:

Consarvative solutes:
Darcy's Law:

Danshy:
Desorption:
Diffuslon:
Disperaion;

Distrivution coalilciont.

DNAPL:
Efecilve porosity:

EOR:
Extredilon well:
Fixation:
Fracture trace:

F3:
Heternganeous:

Adherence of ions or molecules in sokution 0 the surace of solids.
The process wharaby salules are tranaporied by the bulk maga of lowing tuld.

A geologic uni that containg suificient saturated permeable material o tranamit significant

quaniities of waler.

Bae pump test and slug test,

A subee! of biotransformation, It Is the blolegically mediated conversion of a compound to mote

gimple products.

Gharmical aliaration of arganic campgunds brought abaut by microorganisma,

The oven-driad mags of a sample divided its field volume.

An aquifer boundsd above and bglow by units of distinctly tower hydraulic conductivily and in
which the pore walter prassure Is greater than almagpheric pressure,

Chermicals that do not react with the soil and/or native ground water or undergo biclagical,
chemical, or radicactive dacay.

An ampirical law stating that the veloclly of llow through a poroua madium i direclly propertianal
lo the hydraulic gradiont assuming thal the llow I8 lardnar and Inedia can ba neglected.

Tha mass per unlt valume of & qubstance.

The raverse of gorption.

Mass transier as a resull of random metion of molecules; described by Fick's first law.

Sproading and mixing chemical tonstfiuvents in ground waler caussd by diffusion and mixing due
to microscapic variations In velocities within and batween pores.

The quantity of tha soluts, chemical, or radionuclide sorbed by the aolid per unit welght of soltd
divided by the quantlly digsalvad [n the water par unlt velume of watar.

Denserthan-water nonaqueous phase lquld.

The ratio, usualy axpressed as a parceniaga, of ihe tolal volume of voids avallabla for fluld
transmission to the total volurne of the porous mediun.

Enhanced oil recovery methods used 10 reduce Interdacial tension by some type of injection.
Pumped well usad o rermove tontaminated ground waler.
Mixing of contarninated solls with & chemical stabllizer, usually a cementatious grout compound,

Viskde on aerlal photographs, Iracture tracas are natural flnear-drainage, soll-tonal, and
topogrephic aflgnmenta that are probably the surface mantlegtation of undetlylng zores of

fractures.
Foaalbilly study.

A gacloglc unkt In which the hydralogic proparias vary from palint 18 paint.
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Homogeneous:
Hydraulic bartter:

Hydraulic conductivity:

Hydraulle gradlent:

Interstitfal velocfly:

intringle parmeabill'y:

Linear soll partitlon
canfficlont:

LNAPL:
Mischvte:
MCL:

MCLG:

Monftoring well:
NAPL:
Periitionlng:
Plazometer.
Poroshy:

Pulsed pumping:

Pump last:

Remadlai action
objective:

Hesldual saturation;

A geologic unit in which the hydrologic propsrties are identical everywhera,

Bamiar to tlow caused by system hydraulics, 6.¢.. & line of gecund-water discharge
causad by axiraction wells.

A maasure of the volume of water at the existing kinematic viscosity that will move in 2
unit time undet a unit hydraulic gradient through a unit area of medium measured at rigr
angles to the direction of flow.

Tiha change In head per unif dlstance In a given direction, typlcally In the principal flow
direction.

Rate of discharge of ground water par unlt area of the geolegic madium per percemag%o
volume of the medium accupied by volds measured at right angles o the direction of

flow. <
A mousure of thg relative aase with which a porous medium can transmit a liguid uncjenFr
potential gradient. Intrinsic permeability is a propeny of the maedium alone that is O
derandent on the shaps and size of the openings through which the liquid moves. O

Ratio of the mass concentration of a solute In solid phase to its mass concentration in ()
the aquesus phase.

Ligiter-than-water nonaquecus phase fiquid.
Abtla ta be mixed.

Maximum ¢ontaminant fevel. Entorceabla standards established undar the Safe Driaking
Water Act.

Maximum contaminani level geal: Non-enlorceable haalth goals established under the
Sate Drinking Water Act intended to pratact against known and anticipated adverse :
human heaith effects with an adequate margin of safety.

A tuba or plpe, open to the atmospherte at the top and lo water at the bottom, usually
aiong an Interval of slotted scraen, usad for taking ground-water samples.

Nonaqueous phase liquids.

Chemical equilibrium sendition whars a chemical’s concentratlon is apportioned batwesn
two differant phases according to the panition coslficient, which 13 the ratio of a
chemical's concentration in one phase to its concentratien In the other phase.

A tuba o plps, open to the atmosphers at the top and 1o water at the bottamn, and saalsc
along s lenglh, usad 10 measurs the hydrautk: head In a geotogic unit,

A measure of interstiliat epace contzined In & rock (or soff) sxpressed as the parcantage
ratio of vold spacs to the total {gross) voluma of the rock.

Pump-and-treat enhancement where extraction wells are perlodically not pumped to

. altow cancantrations In the exiracted watar to Increass.

Tasl for astimating the vatuas af varlous hydiegealogls parameters in which water &
continuously pumped from a well and the consequent effact on water levels In
surrounding plezametars or monitoring wells Is manitared.

A dascription of remedial goals for each medium of concern at 2 site; expressed in
torms of the contamination of concern, exposure routa(s) and receptor{s}, and maximum
acceptable axposure laval(a),

Saturation below which fluld dralnage will not oceur.
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Retandudion:
21 H
Slug teat:

doll pas suivey:

Sorplion:
Specly: gravity:
Storags coalliclent

Superposhion:

Talling:
Trealmant traln:
Vacuum exiraction:

Vadosa zone;
ViecosRy: -
Velatilization:
Water talilo;
Water-table aquifer:
Zone of caplure:

Zone of {nflusncu:

The movement of a sotute through a gecioglc medium al o veiootly lees than thel of the
flowing ground waler due to somtion or oiker rymoval of INg solTe.

Remedial investigation.

A 1ol tor astimating hydmull cunductlly valuas in which a rapld weater-leval shange s
praducsd kY a pistomaler & monltonag wol, ususlly by Iatrocualng &r withdrawing A
"alug” of waier or & weight. Tha rasuliant das or degiing in tha watar levat [d manfiend,
Tochniquo usad 10 oblain air from SudauAasy Saviiod (8.9, UiRg A aolt Jas proda); aoit
oampounts ia

gus sampls s angiyzad and vied ae an indicator of volalils organic
ground water o7

Proceasss Ihet ramove solutse (rom the fluld phase and sorgsntrate tham on the s030
phase of & madium,

Th? ratio of a substance’s denaly 16 he daneily of Soma #tencand subsiancs, vsually
watef.

The voluma of waler &n squiias ralossee lrom, or Lakes inlo, slorage per UnN autlace
ared of aquiter par unit ahange in the somponant of head nonnal to thet surtace.

Principle usad for fincar prodlama, such a8 sonlined ground-water flow, thal alows

aquation solutiond tc be addad 1o lonm asw seiulfons. For sxample, Il withi & well ok,

ggrnplng ratas of tha pumpad walls are kaown, the compasha drawdown at a peint gan
detonminad by summing the draweown cauded by aach Indivichual pumrpad woll

Tha slow, neary aaympiclic decraaae in comaminant concantration in wala? llushad
through eontaminated geologls matedal

Camblnation ol saveral mmadlal sctione, e.9., purmp-and-tragt epproach used lor
ground-waler contarnination, combined with vacuum exiraction for soll contamination.

inducing advedctive-vapor tranaport by withdrawing or Injecting air through wells scrennad
in the vadose Zons.

That region above the saturated tons,

The internal {riction within a fluld thet causas it 1o resist flowe.

The \ransfer of & chemical from Rcutd 1o the gas phase.

The surlace In an aquier al which pore wiiler pregawes i3 aqual 1o stmoaphenc pressurs.
An aquifer i which the water lable forme thw upper boundary.

Area sutmounding a pumping well that encompassos all argas or lealura thal supply
ground-water racharye to the well,

Area surmounding a pumping or recharging well within which the water tably or
potantiomelric surlace has been ehanged due 1 the wellfs pumplng of rscharga.
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Table A-1. tater Solubliity, Vepor Prowesrs, Berwy’s Lew Constant, ¥oc, and Kow Beta for Sclected Caeuiosls.
Water Vagor Wenry’s Lew
Satuilivy Precsure Conoeare [ =]
Chemicat Name GRS # PR (egfty Ref (e gl Ref (oom-sfifmol) Bef Gdjpd Bed Wi Rad
PESTICIDER _
Acrolein £2-Propensl} or-e2-8 M 2EEE.ES B 2500402 W f.4E-08 8. 1%-n 8
Alcdfosct [Temik] 116-06-3 T.80E-08 E S.00c-00 ¢
Aldrin 09-00-2 Be 1.00E-81 A &.WE-B6 A t.408-85 A SO A ZHEE0S A
Copta: 133-64-2 5.006-81 K G.ME-E A& 4. 1T5e-85 A BG.ABE0E § RMEWR K
Carberyt fSevinl &%-25-2 4.000«81 & S.00E-63 A A5 ¥ RNELR O 2202 &
Carbofuress 1583-64-2 £.Y5E2 5 2,085 6 1.406-08 X 2.%E-N P 2.2 ¥
Carbophenothion fTeithiond 786194 £.88848% ¥
Chlocdare ST-76-9 e 5. 60E-G% A V.00E-05 A 9.65-06 A .05 A R.O9ES
p-Chtorvand | fne S-Chiorobervrenamined 168-43-8 WL S.30Eed L oMW 8 C.408-0F X 30102 F .70 n
Entovabenz i late SI0-15-4 T.192+01 A& T ME-85 A 25648 & BGERG® B B MEWL A
Shtorpyrifos Ournbhang 2921852 F00E-00 & 1 IM-AS 3 2.872-05 ¥ VeSS E A5 P
e Erotoxypios {Ciodring s TS t.60e«08 E V.40E-05 J S.79e-09 x F.AEmemy ¢
) Eyelophosphaide 56-18-0 1.531+09 & 4. AE-02 B 4.00E-8 A
hand L -] F2-54-8 P O1.P0E-8Y A .BeE-ES A 7.958-06 A T.EDE A 5000 A
DoE 72559 wr L.00E-02 4 450806 A 8. ME-05 A 44008 & 1.0080F &
BOT 50-29-3 wr S.G0E-63 A 5.30-05 a 5. 15806 A 24 A 1558405 2
piaronin ISpectracided 3834413 L0000 E J.00E-08 O 1.488-86 X B.50E«0 P 105803 ¥
1,2-81bromo=3-chiloropropane  IDBZFY 95-12-8 1.086+08 & 1.00E-00 A 3. 1E-R A QB0 B J.0SE-2 A
1,2-Dichloropropene 78-87-5 PP 2. P58 A L. 208+01 A 2.31e-68 A S.MWEN & 1.00E2 A
1, 5-Bichtoropropene {Teloned S42-75-6 wep 2.80e40% A 2.508.07 X 1.5%e-0n & A B & V.00-02 A
Dichiorvos &2-T2-¥ 100006 £ V2B ) 3,508 -00 X 2.5a+00 £
Bletdrin 4a-37-1 e 1.958-83 & 1.J0E-67 A & .508 - & LTEES & 5.ME-8 &
Dinethoate 80-51-5 2.506+04 & 2.50E-02 & 3.008 -6F ) 4 5.%0c-01 E
Binoseb 55-85-T S.00e401 £ 5.00£-85 € 3. 16607 X 1.IGES2 B T.o0EeA2 ¥
K, -0 {phearryt st re 122-39-4 S.75E«01 R 3.ME-85 2 1.67e-07 A L7002 2 X ONEAS A
bisut foton 295-08 -4 2.508+6T B V.BOE-BL £ 2.608 -84 R 1.508+05
ot phia~Bodosut fary 195-29-7 NE 1.508-07 & V.00E-08 N 3.5%2-05 4 3.55648 »
eta-Encosst fan 115-29-7 we TO0E-0Z & V0805 B T.452-85 % 4178
Endogul fary il fate FEET-07-8 e 1.802-81 R L£.578«38 @
Enclrin T2-20-8 PR 2.0E-88 E  2.086-8T @ 4. 1TE-08 X 2.108e05 B
Endrin Lldelvwde 2984 [
Endrin Ketorw HSE
Behion S4%-12-2 2.008.086 £ 1.968-08 ) 3.0 -0F 2 9.348.8 g
Etheytane Oxide TS-21-8 1.008+86 & 1313 & 7.566-05 A 2200 B S.05-0 a
fonitrockion 12216~ S.00Ee1 £ S G0E-BS I 7. 30668 X 2.L0E-08 &
Heptochicr T6~44-8 WP 1.00E-0T A&  J.O0E-OC & 8.%e-84 2 1.E-gL A 2 SWEDL g
Hueptachior Epoxide 1024-57-3 e 35001 A X.GE-OS & &.50e-06 R 220502 A S.BEA2 &
ol pha-fiexachlorocyclobexens 319-84-6 WPr 1.63E+00 A& 2.3508-05 A 5.857¢-06 R Z805eG3 A T.i<ae0S &

Noteg: PP = Priocicy Pollutany; HSE » Hazardeus Substence Lint Pocsacter; BP9 = PP andd HSE Parasetera.
Acititional potes and deta references sre provided » end of tivis table.
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Table X-1. Water Sotubility, Vapor Pressure, Henry's Low Cormtant, Hoo, and Kow Data for Selected Chemdonin.
Water Vager Benry’s Law
Solubftity Pressuse Conatent Koc
Chewicel Nooe CAS # EPA  (mgrl)y Ref (om Bg) Ref (at-s3/faol) Ref (mlsgy Ref Kow Re?
buta-Hexachlorocyclohexane 319-85-7 PP Z.40E-01 A 2.BOE-OT7 A LATE-QT K J.B0E-3 A T.NEBS A
delta-Hexnchlorocyc| chexane 319-84-8 HPP X.14E+G1 A 1.TOE-O5 X 2.0TE-6T & G.50B«03 &k 1,.258+04 &
wamm-fexachiorocyctohexane [L indane) 58-89-¢ PP T.BOE+Q0 K T.60E-0L & 7.85E-03 & T.08E+A3 A T.9LEES A
Isophorone 78-5¢-1 KPP 1.20E+04 ® I.80E-01 # 5.73€-05 b S5.01E+IT #
Haporw 143-50-0 $.90E-63 A 5.50E«04 8 1.006+02 A
Leptophos 29509-90-5 2.40Ev00 E Q.J0E+Q3 E 2.026+06 £
Halathion 121-75-7 1456402 K 6.BOE-85 A 1. 20E-07 K 1.80E+03 F 7.76E+02 &
Hathoxyehtior T2-43-5 WSt 3.00E-03 E S.00E«04 E 4. TSE+X £
Hethyl Parathion 298-00-0 6.00E«0T A 9.TOE-08 & 5.50¢-08 A S.10E«03 F  B.13E+0T X
Mirex Dechlorsnel 2385-85-5 8.00E-0t €& 3.00E-01 C 3.59E-01 X 2.405¢67 € T.80E+D6 ©
. Mitratin 4726-%4-1 &.00E-01 E 9.30E-09 J 7.04E-09 X Q.606402 &
1 Farathion $6-38-2 2.40E«01 & 3.T8E-0S &.04E-07 X 1.07E+B4 F  6.45E+83 F
; Pherylures [Phecylcarbamics] 64~10-8 7.632¢01 B L.61ED0 #
(. Phorate [Thimet) 298-02-2 5.00e+01 E B.LOE-DL ) 8B40t~ 11 X 3.25E«03 ¢
. Phosaet 732-11-6 2.50E«0%Y E <1.0E-O3 6.7TE+02 E
L Ronrwl [Fenchliorphos) 299-84-3 6.00E+00 E 8.00E-04 2 5.64E-05 X 4. BAECDL E
¢ Strychnine 57-24-9 1.568+02 & B.S1ES0T M
2,3, 7, 8-Tetrachiorod ibenzo-p~dioxin 1746-01-6 2.00E-04 A 1.TGE-O06 A 3.60€-0% K 3308406 A 5.296+06 A
Toxsghene 800%-35-2 HeP S.00E-01 K 4.B0E-BT A £.352-8% A Q.SAEH02 A 2,00E+D3 A
Trichtorfon [Chiorofos] 52-68-6 1.54E+05 A 7.BOE-06 A 1.7TIE-14 A A.10EA00 B T.95E+02 X
RERBICIDES
Alschior 15972-60-8 2AZEe02 E F.P0E402 £ 4,.34E+02 F
Amatryn 834-12-8 1.85E+02 E 3.83E¢02 F
Amitirele [Amirotriazolel &51-82-5 2.80E+05 A L.40E+Q0 B 8.326-03 A
Atvazine 1912-24-9 3306401 & T.40E-D6 K 2.598-13 X  1.63Ee02 F 2. 12E4B2 F
Serfluralin [Benefind 1867-40-1 <|.DE+00 E 3.B9E-04 & 1.076+84 E
Sromocil 314-40-9 B8.20E402 P 7.20E+01 F  1.048402 ¢
Cacodylfc Aclid 75-63-5 5.306+05 & 2.40E«00 B 1.00E+0C A
L Thioramben 133-90-4 7.00E+02 E <7.0E-83 4 2.10E+0T E  1.308+D1 ¥
Ehlorpropham 101-21-3 B.B0E+0Y E B8.16E+02 F  1.16E+03 F
Dalepony (2,.2-Dichioropropancic Acidl H-99-0 5.026+05 E 5.70E+00 F
Diatlats 2303-16-4 1.60E487 A& 5.46E-03 & 1.65€-04 A 1T.90E«03 & S.37E+00 A
Dicsaba 1918-20-9 4.50E+0% E 2.00E-05 & 1.30E-09 X 2.206¢00 F 3.008+00 F
Dichlobentt 2 &-Dichlorobenronftriiel  T104-85-6 T.80E+01 E 3.00E-08 J 3.77E-08 X 2.24E+02 F T.BTE+0Z F
2,4-Dichtorophenoxyacetic Acid [2,4-D]  94-75-7 6.20E+02 A  4,00E-D1 A 1.88E-04 & 1.96Ee0T F 6.46E+02 A
Bipropetryne 47-5%-T 1606401 4 T7.50E-07 & 1.536-08 X 1.18E+03 ¢
Dluron 330-54-1 4.20E+01 E <3.1E-06 4 3.82E+02 F 6.50E+02 F
Ferwron 191-42-8 J.O5E403 £ <1.6E-04 X 42301 §  1.00E+01 E
Fluometuron 2164-17-2 2.006+01 & 1.75E+02 6 2.,20E+01 E
Notes: PP = Priority Pollutent; HSL = Hazardous Substance List Fzrameter; HPP w PP and HSL Parameters.
Additional notes and date references are provided at end of thitg table,
AR . NI S A A c} () £1 22
O 1
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’Ifr-'m A-1. Weter Solublilty, Vspor Pressure, Menry’s Low Constant, Koc, and Kow Buts for Selected Chemicels.
Water Vapar Herwy's law
Solutility Pressure Constant Koo
Ehemical Heme CAS # EPA (mgsly  Ref (mm fig) Ref Catm-mS/mol) Ref (mifg) Ref  Wor  Ref
PSPPI PR TR T T AR E R, L P e Awsuema AN AmN ENEERRsEee weR edEEewrE mue eEReeApANEAYR mEe EamwEmes ase A A o~ .-
F;.Emm 330-55-2 7.50E+0Y E  1.508-05 4 6.56E~88 X B.G3E+D2 F  1.54E+02 E
‘Methazote fOxydiazotl 20354-26-1 1.50E+00 £ 2.62E+03 E
Fetobeomuron 3650-89-7 3.306+02 E 3.00E-06 J 3.10e-09 X 2.T1E+02 F
150-68-5 2.30E+02 E 5.00E-Q07 I 5.652-10 K 1.83E+02 £ 1.33E+02 F
‘%m 555-37-3 4.80E+00 E 3.M1E403 F
i Tazom 19656-~30~9 T.00E-D% E <1.0E-06 o 3.246403 E
Paraquat A685-14-7 1.006+06 E 1.5584+04 E 1.00E+00 F
Phenylmercuric Acetate [PMA] b2-38-4 1.67E+03 R
et orem 1918-02-1 4.30E4+02 E  <6.2E-07 K 2.55E+01 F  Z,006+00 F
Prometryne T287-19-6 4.80E+01 E  1.00E-06 8.62E-09 X S.NEeH2 F
-Propachior 1?18-16-7 5.80E+02 E 2.5856402 E  S.00E+02 E
Propazine 139-40-2 B.60E4+00 E  1.6CE-OT K S.63E-09 X 1.538+02 F 7.856+02 E
N fﬂm [Fercpropl 93-72-1 1.A0E402 E 2.606+03 €
Simnzine 122-34-9 5.50E+00 E 3.60E-08 K 2.73e-09 X 1.38E+02 F B.B0E+0t F
Jerbacit 5902-51-2 7.10E+02 E 4.12E+8% F  7.BDE+DY F
£,48,.5-Trichiorophenoxyacetic Acid 93-76-% 2.386+02 E 8.018401 F 4.00E«00 E
':'lfrﬁc{apw 55335-06-3 4.30E+02 E 1.26E-06 9.89E-10 X 2.70E+01 £ 3.00E+00 E
Teiflurat fo 1582-09-8 6.00E-0T E 2.006-04 & 1.47E-04 X 1.376¢04 E 2.20E+05 E
. ALIPRATIC COMPOUMDS
Acotonitrile [Nethyl Cyeanidel 75-05-8 infinite A 7.40E+¢01 A 4£.00E-06 A 2.20B400 B 4.3TE-O1 A
Acrytonitrite [2-Propencnitritel 107-13-1 PP T.94E+04 A 1.0DE+D2 A 8.84E-03 A B.S6E-01 A 1.7BE/Q0 &
§Ts(2-chloroethoxy)methane 115-9%-1 KPP B.10E+04 | <T,0E-01 1 1.82E401
Breoodichioromethane [Dichiorobromometh] 75-27-4 KPP &.40E+03 & S.00E+01 H 2.40E-03 @ S.10E+01 Q@ 7.59E401 I
roaomethene [(Methyl Bromidel T4-835-9 PP 1.306+04 & 1.40E+03 G 1.396-82 [ t.266+01 |
J-8utadiens . 105-99-0 7.356+402 A 1.84E-03 A 1.786-01 A 1.20E+02 B 9.TTE+0Y A
Loroethene [Sthyl Chloridel 75-00-3 ¥ep S.T4E+03 € 1.00E+03 ¢ 6.956-04 ¥ 1.T0E+0fT C  3.50E+01 C
{orcethene [Vimyl Chioridel 75-01-4 HPP Z.6TE+03 A 2.66E+03 A 8.19€-62 K S5.70E+01 B 2.40E+01 A
{oromethane [Mathyl Chioride? Th-8T-3 HPP 6.50E+03 A 4.31E+03 & 4.40E-02 A 3.50E+0% B 9.50E-61 A
) en [Echanedinitritey 450-19-5 2.50E+05 A
fhromochioromethans 124-48-1 HPP  4.00E+03 @  1.50E+61 A _90E-04 @ B.L40E«DT Q@  1.23E+02 A
pichiorodifivoromethane (Fraon 121 5-71-8 2.80E+02 A 4.B7E+DR A 2.976+00 X S.80E«QT A 1.45E+02 A
1,1-Dichlorcethane [Ethylidine Chioride) 75-34-3 PP 5.50E¢03 A 1.82E+02 A 4.31E-03 A 300407 A S.MTECD1 A
1.2-0fchtoroethane (Ethylene Dichloridel 107-06-2 KPP B.52E¢03 R 6.40E+01 A 9.786-06 A 1.40E+07 A X _02E+01 A
1. 1-Dichioroethene [Vinylidine cthicridel 75-35-4 KPP 2.256+03 A 6.00E+02 A JA0E-02 A& 6.50E€01 A 6.92E+01 A
1.2-Dichtoroathene {cis) 546-59-0 3.50E+03 A 2.DBE+DZ A T.5BE-03 A 4.90E+O0Y B S.DVE+00 A
1,é-Dichiorocethene (trang) 540-59-0 HPP &.30E+0F A  3.246+02 A &.566-03 A 5.90E¢01 A 3.02E¢00 A
Dichioromethane [Methylene Chloridel 75-09-2 KPP 2.00E+84 A 3.62E+02 A 2.038-03 A B.BOS+00 K 2.005+01 &
Ethylene pibromide [EDB] 106-93-4 6. J0E+0F A 1,.17E+01 A &§.735E-04 & 4.408+01 & S 7SE+D1 A
Bexachiorobutadiens 87-568-3 HPP 1.50E-01 A 2.00E+00 A 4.5TE+00 A 2.90E+D4 A 6.02E+04 A
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Tabte A-1.

Chemfcal Neme

Henschiorocyclopentadiens
Hexachioroethane [Perchloroethanel
lesdorathane (Methyl lodide)
Isoprens

pPantachiorcethane (Fentelind
1.1,1,2-Tetrachtoroethane
1,1.2,2-Tetrachlorosthane
Earrachlioroethene [PERCY
Fetrachiorceethane [Carbontetrachiorids)
Tritromomethane {3romofoimd

1.3, 1-Trichicroethene Mathyichlioroform}
t.1,2-Yrfchioroethane IVinyltrichloridel
Trichioroethene [TCET
Trichtorefiuoromethane (Freon 11]
Trichtoromethane iChioroformd
%.1,2-Frichtoro-1,2, 2-triftuoroethane

v

AROMATIC COMPCUNDS
1, 1-Biphenyt Piphenyt)
Senzere
Bremobonzene fPheryt Bromide)
Chiorobanzene
4-chiore-m-cresol [Chiorocresoti}
é-chtorechenal [o-Chiorophanot}
Shiorotoluene [Beteyt Chioridel
m-chiorotoluene
o~Chlorotoluene
p-Chioretotuene
£resof (Teehnical} Methylphenol]
o-Crezol [2-Methylphenot)
p-Cresol Eé-Methylphenct}
Bibenzofuran
1,2-bichlorabenzens [o-Dichiorcbenzene]
t.3-bicklorobenzere fa-bichlocobanizene)
%, 4-Dichiorobenzena [p-Dichlorcbenzene!
2.4-Dicklorophenst
bichlorototuene [Benzal Chioridel
biertwlstiibestrol [DEST
2,4-fivathylphenot {es-m-Xylenol)
1. 3-Bintrrodenzene

kotes:

-

PP R o

000414

RS ¥

Tr-67-4
&7-72-1
TT-88-4
78-79-5
76-01-7
&30-20-6
9-34-5
127-18-4
56-23-5
T5-25-2
71-55-6
79-00-5
79-01-6
5-69-4
67-66-3
75-13-1

92-52-4
Ti-63-2
t08-86-1
108-90-7
59-50-7
95-57-8
100-64-7
108-41-8
95-49-8
106-63-4
319-T7-3
§95-4B-7
106-44-5

95-50-1
541-73-1
106-46-7
120-83-2
98-37-3
56-83-1
1300-71-6
29-65-0

"

EPA

e
p?

HPP
PP

HpP
tiep
HpP
Hep
P

#wp

HPP

HPP
HPP
HPP

HSL
HSL
HSL
HPP
HPP
HPP
HPP

[l

Water
Sotubitity
(ngfL)

2. 106+00
5.00E¢01
1.408404

3.70E+01
2.90E+03
2.906403
1.50E+02
T.5TE+02
3.01E+03
1.508+03
4.50E+03
1.10£+03
1.10E+05
8.20E+03
1.00E+01

7.506+00
1.75£+03
& 4SEVO2
&, 56E+02
3.85e+03
2.90E+04
T.308+03
4, B0E+01
7.205+01
4 .G0E+OT
I.10E+04
2.50e+04

% .00E+D2
1.238+02
7.90E+D1
& .60E+03
2.50E+00
9.505-03
4. 20E+03
4. TUE+D2
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1.23E+02
3.00c+01
5.79£+01
& .8TE+D2
1.51E+02
2.70E+02

6.00E-02
$.528+01
4. T4E+DD
$.17ELD
5.00E-02
1.80E+00
1.00E+00
4.60E+80
2.70E+CO
4. SOE+QQ
2.40E-81
2.43c-01
1.14E-41

1.00E+00
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Z.00E-01
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BPEDIREFRRIBEBROEN

T OOREIZERE QOFOMOFO0OPO»O

err - EL LT
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PP = priority Pollutant; HSL = Hazardous Substence List Parsmeter; HPP = PP and HSL Parameters.
hditional notes and data referencas are provided st end of this fable.
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Water Solwbitity, Vepor Presmee, dency’s Lew Constent, Koo, snd Kow Dats for Setectad Chemicals.

Kot
(mi/g) Ref

1.52E+02
5.60E+01
1.26E452
1.596+02
4.708+01

8. 508001
1.50E+02
3.30E+02
4.90E+02
& .00E+02
5.00E+D%
1.20E+03
1.60E+03
1.206+03
5.00E402
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9. 0CE+D2
5.92E+02
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Toble A-1, Weter Sofubility, Vepor Pressure, Henry's Law Constant, Koc, and Kow Dste for Selected Chemicals.
\
Hatey Vapor Henry's Law
Sotubiiity Pressure Constant Koc
Chemtcal Hme CAS # EPA  (mgsLl} Ref (am Hg) Ref (atm-m3/mcl) Ref (ml/g} Ref Kowm Ref
&.6-Dmi:ra-o~crmt 534-52-1 HPP 2.90E+02 A 5.00E-02 A 4 ,49€-05 A Z2.40E+02 A S.01E+02 &
2,4-dinitrophenot 51-28-5 HPP S.60E+C3 A 1.49E-05 A 6.458-10 A T.66E+01 A E.16E401 A
2, 5-Binicrototuene 602-01-7 3.10E+D5 & 5.50E40t @ 1.95E+02 A
2.4-Dinitrototuene 121-%4-2 HPP 2.40E+02 A 5.10E-03 A 5.09£-06 A &,50E+01 & 1.00E+02 A
2.5-Dindtrototuene 519-15-5 $.32E+03 A 8.40E+01 B  1.908+02 A
2.4-Einitrotoluens 505-29-2 PP 1.32E+03 A 1.80E-92 A 3,27E-06 A Q206407 K 1.008402 A
X,4-Dinttrotoiuehe 610-39-¢ 1.08E403 A 9.450E+0F B 1.95E+0Z 4
Ethyibenzene Phenytethane} 190-41~4 HPP 1.52E+02 A T.00E<00 A 6.43E-03 A 1.I0ECD3 A 1415403 A
Yexachioroberzere Perchlorcbenzens} 118-T4~1 HeP  6.80E-03 A 1.09E-05 A 5.81E-04 A S.906+03 A 1.TOEAS A
fexachitorophene [Dermadexi 70-30-4 4.00E-03 A 9.10E+04 B 3.4TE4OT A
Ritrobenzena 98-95-3 HPP  1.90E+63 A& 1.50E-01 A 2.208-05 G B.60E+01 R 7.08E+01 A
E-ditrophenol fo-Nitrophenall 28-75-5 upp  2.10€+03 # S5.75E+01 #
) &-Ritroohenol [p-Ritrophenot] t00-97-7 KPP 1.80E+04 & 8.13e+01 &
;‘ m-Nitrototuene Methylnitrobenzene] 99-05-1 4,956+02 & 2.92E+02
6 Pentachiorobenzens £08-93-5 $.35E-01 A 6.008-03 ¢ 1.308404 8 1.55E+05 A
o ‘ pPenatachluronitrobenzene [Quintozene! 82-68-8 7-11E-92 A 1.138-06 A &.18E-04 A 1.906+04 3 2.82E+0S A
pentachiorophenat B87-85-% HPP  T.40E+0t A 1.10E-04 A 2.7T5E-05 A S.30E+G4 A 1.008.05 &
phenal 168-95-2 HPP 9.30E+04 A 3.41E-01 A 4.545-07 A 1.42E+01 A 2.BBE+Q1 A
Pysidine t1t0-85-% 1.00E+06 A  2.00E+01 A 4.57E+D0 A
Styrene [Ethenylbenzene] 100-42-5 H3L 3.00E¢#02 R 4.50E+00 R 2.05E-67% X
1,2.3,4-tetrachlorobentene 634-64-2 I.50E+09 € 4.GOE-02 € 1.806+04 © 2.8BE+34 €
%,2.53,5-Tetrachlorchenzene 2.40E+00 ¢ 7.008-02 ¢ 4.786+04 D 2.8BE+04 C
t,2.4,5-Tetrachtorcbenzene $5-04-3 6.008450 A 5,40E-CF O 1.606+0% 5  G.6BE+04 A
2,34 ,6-Ttetrachiorophenot 58-90-2 7.00E+00 € 4.60E-03 C 9.80E+0T B 1.26E+04 4
Toluene {Methylbenzenel 108-88-3 HPP 5.35E+02 A  2.B1E+9% A 6.37E-0% A 3.00E+G2 A S5.3TE+02 A
1.2, 3 trichiorchenzene &7-61-6 1.20E+91 € 2.10E-01 ¢ 4.232-03 X 7.40+03 b 1.29E+04 C
1,24 ¥richlorobenzens 120-82-% HeP Z.00E+01 A 2.90E-81 A 2.31E-63 A 9.20E+D3 A 2.00E«04 A
1.3.3-Trichlorvbanzena 108-70-3 5,80e+00 € 5.B0E-81 C 2.392-02 X 5.20E+03 B 1.47E+04 C
£.#,5-Trichiorephenot P5-95-4 HSL $.19E+0% A  1.0GE+QC A 2.18E-04 A B.OGE+OY 8 5.295B+03 A
2,4, &-Trichiorcphenot 88-04-2 HPP 8.C0FE~82 A $.20E-02 A 3,70E-06 A 2.00E4G3 & T.41E+403 A
1.2.6-Vrimatt iberzens [Pssudoctieens) 95-63-5 S.76e+D1 G 2.03E+00 © 5.57E-03 X
Bylens (mixedh) 1330-20-7  HSt 1.98E+02 A  1.00E+0% & 7.04E-0% A 2.40E+02 8 T.B3E+03 A
a-Xytere {1,3-bizethwlibenzene] 108-38-3 1.30E#02 &  1.GGE+0T A 1.072-02 X ©.826+02 & 1.826+03 A
o-Xylene £1,2-Dizmethyibenzens} ¥5-47-6 T.75E+02 A 6.60E+00 6 5.10£-03 @ 8.30e+02 D B.9ME+02 A
p-Xviene [1,4-Dimsthyibenrane) 105-42-3 1.98E+402 A 1.00E+01 A 7.05€E-03 X B.70E+02 D 141640 A
POLYARTMATIC HYDROCARBONS
Acenaphthylene 208-56-8 HPP 3 9%E+00 A 2.90E-82 A $.4BE-03 A 2.50E+03 A 3.03E+03 A
Reetwpthene 8%-32-¢ HPR 3.42E+00 & 1.55E-03 A 9.20E-05 A 4.60E+03 A T.0CE+D& A
Anthracens 120-12-7 wep 4.50E-02 A 1.9SE-04 A 1.02E-03 A 1.40E+04 A 2.B2E+06 A
Rotes: BP < Priovity Foilutent; HSUL = Hazardous Substence List Parameter; KPP = PP and WSL Parameters.
Additiona! notes and date references are provided at end of this table,
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Table A-1. Water Solubftity, Vopor Pressure, Henry’s Law Constant, Koc, end Kow Dats for Selected Chemicels.

Chemicat Keme

Banzi{clacridine
Bensofa)anthracene
Berzofaipyrene
Banzo(bltlusranthene
Benza{ghiperylene
Benrolkjfivoranthens
2-Chloronapthalens
Chrysena
1,2,%,8-tibenzopyrens
gibenz{s,h)anthracene

7, 12-Dinzthylbenz{a)anthrecens
fluoranthene

Fiuorene [2,3-Benzidensel

{ndene
Irdena(1,2,5-cd)pyrene
2-Methytnapthelene
dapthatene {Nepthenel
T-Heapthylomine
2-Hapthylamire
Fhenanthrene

Pyrene

VTatracena [Napthacene)

AMINES AND AMIDES
2-Acetyteminofivorena
Aerylamide [2-Propenamidel

&~-aminchiphenyl fp-8iphenytaminel

anfiine [Benzenamined
e ne
Berzidine [p-dieminediphenyt?

2,4-Dimminotoluene [Toluenediamine]

3,37 -pichlorobenzidine
Diethanclamine
glethylaniline [Benzenamine]

biethytinitrasamine [Hitrosodiethylamine}

Dimethyl amine

Bimethyl arincazobenzene
pizethytnitrosanine
Eiphenylnitrosemine
Dipropytnitrosamine

225-5%-4
54-55-3
50-32-8
205-99-2
191242
207-08-9
91-58-7
218-01-9
189-55-9
53-70-3
57-97-6
206-44-0
86-73-7
95-13-6
193-99-5
91-57-6
?1-20-3
$34-32-7
P1-59-8
85-01-8
129-00-0
92-24-0

53-96-3
79-06+1
92-67-1
62-55-3
2465-27-2
92-87-5
95-80-7
91 --1
111-42-2
1-66-7
55-18-5
124-40-3
60197
62-75-9
85-30-6
621-64-T

HPR
HSL
HPP

Hep
PP

HSL
PP
(3

HPP
HPR
pe

Water
Solubility
[$.74%

1.40E+01
S.70E-G3
1.20E-63
1.40E-02
7.C0E-84
4.30E-03
&.TLE+D0
1.80E-03
1.01E-81
5.00E-04
4 .4OE-B3
2.06E-0°
1.69E+80

5.30E-04
2.54E+61
3.17E+0
2.35E+03
5.88E+02
1.00E+00
1.328-81
5.00E-64

6.50€+00
2.056+06
8.42E+02
3.66E+04
2.10E+00
4 .G0E=02
4. 7TE-04
4 .00E+09
9.56E425
6.70E+02

1.DOE+0&
1.36E+01
infinite

9.9DE+03

Ref
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Vepor
Pressure

1.00&-10

5.00E-08
T.10E-04

1.00€-10

2.305-01
6.50E-05
2.56E-04
6.806-04
2.568-04

7.00E-03
6.06£-05
3.00e-0¢

5.00E-04
5.80e-05
1.00&-05

5.00E+Q0
1.526¢03
3.30E-07
8.10E+0D

4 .00E-01

Henryfs Law
Constant

Ref (stm-o3/mol) Ref
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1.16E-06 A
1.55€-06 A
119805 A
3.34E-08 A
J.94E-05 A
4.27E-04 ¥
1.058-06 LY

7.338-08 A

6 .46E-06
6.42E-05

»>x

6.856-08

»

1.15€-03
5.21E-09
8.235c-08
1.59€-04
5.04E-06

> 3 e )

» ox

>

9.02E-9%
7.19E-09
7.90E-07

> >

6.92E-06
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Koe

{nisg) Ref

1.00E+03
1.386+06
5.50E+06
5.50E+0%
§ .60E+06
5.50E+05

2.00E+05
t.20E+03
3.30E+06
4.T6E+0S
3 .80E+0&
7.30€+03

1.60E+06
8.50E+03
1.306+03
&.10E+01
1.30E+02
1. 40E+D4
3.80E+94
6.50E+05

1.60E+03
$.0TE+02
2.90E+03
$.058+01

1.208+0!
1.556+03

4.35E+02
1.00E+03
1.00e-01

1.50E+01

e W m w M2 EOMN b I B -
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k.

3636404
3.98E+05
1.15E+06
1.156+06
3246408
11564046
1.32E+04
4 .OTE+D5
4. \TE+SS
6.31E+06
B.71E+06
T.94E+54
t.58E004
8.326+62
3. 16E+86
t.30E+04
2.T6E+0F
1.I7E+02
1. 47E+02
2.8BE+94
T.59E«04
&.00E+D5

1.91E+03

&.03E+02
7.00E+00
1.45€+04
2.00€+01
2.24E+00
3.16E+03
3.728-02
9.00E+00
3,02E+08
4, 17E-0%
5_25E+03
2.09E-M
3.72€+02
3. 16E+01
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Table A-1. Uater Solubilfty, Vepor Pressure, Henty’s Law Constant, Koc, and Kow Data for Selected Chemicals.
!
Water Vapor fenry*& Law
Sedubbtity ressure Constant Kee
themicol WName CAS ¥ EPA  (mgfL)} Ref (mm Hg) Ref (atm-s3/mofy Ref (ml/9) Ref Kow' ref
Kethylvinytnitrosamine 4549-40-0 T.60E+05 A 1.23E+0%1 & 1.836-06 A 2.50E+00 B S.B9E-01 A
w-itesaniline 3-Hictroanilire} 99-09-2 HSL B.90E+02 & 2.34E+01 M
w-#itroanitine 2-Mitrosnitinel 8874 -4 HSL  1.47E+04 7 G ATEC] %
p-Nitroeniline f4-Witroanilfne} 100-01-6 HSL T.30E+02 T 2.45e+01 N
k-kitrosodi-n-propytamine 621-64-7 KSL
Thicacetaaide {Ethenethioamide} 62-55-5 1.638+05 4 3ATE-OF A
o-Toluidine dydrochloride 636-21-5 1.50E+G4 A 1.00E-81 & 9.396-07 A Z2.20E+B1 B 1.956+401 A
o-Totutdine [2-Aminotoluene] 119-93-7 7.35E+0% A <1.0E+00 R 4.T0E+02 B 7.58E+02 A
Triethylamine 121-44-8 1.50E+06 6 7.00E+00 6 1.306+05 G
ETHERS AND ALCOHOLS
kttyl Alcohol [Propenot} 107-18-6 5.108+05 A 2.46E+G1 A 3.69E-06 A 3.20E+00 B 6.03-01 A
Anisole [NMethaxybenzene) 10¢-66-3 1.526«03 C 2.606+090 ¢ 2.43E-04 X 2.00E+01 €& 1.29E+02 C©
v Banzyi Alcohot [Benzenemethanol] 100-51-8 HSL 8.00£+02 S 1.10E-D1 S 1.95E£-85 4 T.266+01 o
v Bis(2-chioroethyl dether 111-64-4 HPP  1.02E+Q4 A& 7.T0E-0V A 1.51E-05 A TI9E«0T A 3U96E+01 A
~ Bis¢2-chloroiscpropyl Yether 108-60-1 PP 1.70E+03 A 8,508-01 A 1.13E-04 A 6.T0E+0Y A 1.266+02 A
. Bistchioromethyl)ether 542-88-1 2.20E+04 A T.005+01 A 2.06E-04 AR 1.20E+00 A 2.40E+00 A
4-Qromophenyl Fhemyl Ether 181-85-3 Hep 1.50E-03 1 1.91E+06 1
2-Chlorcethyl Vipyl Ether 110-75-8 §PP  1.50E+04 H  2.67C+0T W 2.506-04 a 1.00E+01 1
Chicromethyl Methyt Ether 107-30-2 1.00E+00 A
4-Chlcrophenyl Pheryl Ether 7005-72-3 Hep 3.306€+00 H  2.70E-03 1 2.19E-04 X 1.20E+04 &
Biphenylether (Phemyl Ether] 191-84-8 2.10E+DF R 2.13E-02 S 8.67E-29 X 1.52E406 M
Ethanot 64-17-5 infinite A 7.40E+02 & 4_48E-05 A 2.20B+00 B 4.79E-0% A
PHTHALATES
Bis(2-ethythexyl phrhatate ¥17-81-7 wep 2.85e-0% € 2.00E-@7 € 3.61E-07 X 5.90E+03 B Q.S0E+03 ¢
Butylbanzy! Phthelate 85-68-7 HPP 4.22E¢01 G 6. 31«04 H
Bi-n-octyt Phthalste 117-84-2 HPP 3_00E+00 H t.58E409 1
Dibutyl Phthalste 84-Th4-2 HPP 1.30E+01 A 1.00E-D5 A 2.B26-07 Ak 1.70E+05 A 3.9BE+05% &
Disthyl Phthalate 84-84-2 PP B.96E+32 A I.50E-03 & 1,14€-06 A 1,425+02 A J.T4E+02 A
Dimethyiphthalate 131-11-3 PP 4.32E+0F H  <V.0E-02 ¥ 1.326402 §
KETOKES AND ALUEHYDES
2-Bursnone iMethyl Ethyt Ketone] 78-95-3 HSL 2.68E+405 A2 T.7SE+01 A 2. 74E-05 A 4.50E+00 B 1.82E+00 A
2-Bexanone [Mathyl Buty! Ketonel 591-78-6 HSL 1.40E+04 R 3.00E+1Q R 2.82E-05 R
f-Methyl-2-Pentanone {(Esopropylacetonet 108-16-1 HSL 1.70E+04 §  2.00E+01 R 1.55€E-04 X
Acetone [Z-Propanone] &7-64-1 KSL infinite A 2.70E+«02 A 2.06E-05 A 2.208¢00 B8 5.75E-0% A
Formatdelyds 59-00-0 4.00E+05 A 1.00E«07 A& 9.87E-67 A 3.60E+0C B  1.00E+00 A
Glycidatdehyde 65344 1.708¢08 A T.O7EAOt A 1.10e-08 A 1.00e-01 8 2.8328-02 &
Acrytic Acid i2-Propenoic Acid] 79-16-7 infinite A 4.00E+00 & 1.35E+00 A
Hotes: PP = Priority Pollutamt; HSt = Hazardous Substance List Parameter: WPP = PP and HSL Parameters.
additional notes end data references are provided at end of this table,
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Table R-1. Uster Solubility, Vapor Pressure, Henry'e Law Somstent, Koc, sod Kouw Data for Selected Chemicats,
Water Vapar Henry*s Law
Solubflity Presgure Constant Koc

Chenfcnt Hame CAS # EPA  (mgsl)  Ref  (pm Hgd Ref (stm-eS/aol} Ref {al/g) Ref Kos Ref
- CARBLICYL FC ACIDS AND ESTERS [
Azeserine $15-02-6 1.386+405 A 6.60E+00 8 8.32E-0Z A i
Semzoie Acld 65-85-0 HSL 2.706+03 & T.4TE+0T H
Dimethyt Sulfave XS T7-78-1 T.245405 A 6.80E-01 A X.48E-07 A 4 TOE+GC B 5.75E-02 A
Ethwl Hathancsul fonate [EMS) 62-50-0 3.69E405 A 2.08E-01 A Q.12:2-08 A 3J.80E+Q0 B 1.62E+00 A
Formic Acid 56-18-6 1.00E+06 A 4.D0E+0T A 2.886-91 A
Ltesiocarpine 203-34-4 1.606+03 & 7.60E+0 B O.7TE«DD A
Kethyl Methacrylote 80-52-6 2.00E+01 A 3.70E001 A 2.43E-01 A B.ADE+G2 B 6.17+00 A
Vinvl Acetete 108-054 KSL 2.00E+04 J

PEBs
Argcior 1816 12674-1%-2 HPP 4.20E-0T ¥ 4. 0CE-04 I 2.A0E+04 ®
Arcctar 1221 11304-28-2  HPP 1.50E+01 I 6.70E-0F ¢ 1.236+04 H
Arpctor 1232 11141-16-5  HPP 1.45E+00 | 4.DSE-DF | 1.586+03 |
Aroclor 1262 53469-21-9 HPP 2.40E-01 G 4.10E-04 & 5.60E-04 3 1.29E+04 |
Aroclor 1248 12672-29-6 HPF 5.,40E-02 G 4,.90E-04 € 2.50e-03 G 5.62E+05 |
Arocter 1254 11097-69-1 KPP 1.20E-02 6 TF.70E-05 & 2.70E-03 G 4.25E+04 € 1.07E+06 I
Arccior 1263 11096-82-5 HPP 2.70E-03 G 4.T0E-03 @ 7.10e-03 G $.38E+07 I
Polychiorinated Biphenyle [pCRs) 1336-35-3 PP 3.10E-02 A T7.70E-05 A 1.07TE-03 A S.30F+05 A T.10E+06 A

EETEROCYCLIT COMPOLNDS
tiwdrosafrate 94-58-6 1.50E003 A T.80E+01 B 3.63E+02 A
1. 4-Dioxana [1,6-Diethylene Dioxide] 123-91-1 4.31E+05 A Z.99E+01 A 1.67E-05 A 3.50E+00 8 1.02E+00 A
Epichtorchydrin 106-69-8 6.00E+04 A 1.5TE+01 A 3.19-05 A 1.00E+0% B8 1.41E+00 A
Igosafrote 120-58-1 1.09E+03% A 1.60E-08 A 3.25e-12 A 9.350E+01 B 4.57E+0Z A
¥-tiftroscpiperidine 100-75-4 1.9CE+06 & 1,40E-0% & 1.11€-08 A 1.50E+0C B 3.246-01 A
K-Nitresopyrrol {dine 930-55-2 7.06E+06 A 1.10E-861 A 2.07e-09 A 8.00E-0t B 8.T1E-92 A
Safrote 24-5y-7 %.506+03 A 9.10E-04 A 1.29€-07 A T.BOEeD1 B 3.3I9E+02 A
Urecil Hustard 66-7T5-1 6.41E+02 A 1.20E4+02 B 8.13E-02 A

HYDRAZINES
1.2-Diethyihydrazine 1615-80-1 2.88E+07 A 3.008-81 B 2.09E-02 A
$.1-Dimethyihydrazine S7-14-4 1.A4E+08 A 1.57E+D2 & 1.00E-07 A 2.006-01 B 3.80E-035 A
1.2-biphenyihydrazine fHydrazobenzerel  122-64-7 PP 1.B4E+E3 A 2.60E-05 A 3.42E-89 A ALIBE+02 A T.94E+02 A
Hydrazine 3I02-01-1 JAIELDE A YLAO0E+DT A 1.73E-09 A 1T.DUE-0Y B B.32E-04 A

MISCELLARSOUS ORGANIC COMPOUNDS
Aziridine [Ethylieniminel 151-56-4 2.66E+06 A Z.55E+02 A 5.43E-06 A L.30E+00 B 9.77E-02 A
crrbors Bisutl fide 75-15-0 HSL 2.94E+03 A J.608+02 A §.23e-02 A 5.40E+0f B 1.00F+02 A
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Table &-1. Water Solubility, Vapor Pressure, Fenry*s Low Corigtant, Koc, and Kow Botz for Selected Chemicals.
Water Yaper Henry’s Lo
4 Solubiiity Pressure Constant Koc
] Chemical Name CAS ¥ EPA  (mg/L) Ret ¢mm Hg) Ref (otm-m3/mot) Ref (mifg) Ref Kou Ref
1 Diethy( Aveine 672-62-2 4ATE+02 A 3.50E+01 A 1.48€-92 4 1.608+¢02 & F.33E+02 A
bimethytearbamoyt Chioride T9-44-7 1.44E+07 A Y.95E+00 A 1.92E-08 A S.00E-Ot B 4.T9E-02 A
Mercucy and Compounds (Alkyt) 7439-97-6 P&
Methyinitrosourea 684-93-5 6.89E+08 A 1.00E-81 8 1.54E-04 &
Yusterd Sas {bis(2-chloroethy!)sul fidel 585-60-2 B.DOE+02 A 1.TGE-01 A 4 ,45E-0S A 1.10E+02 B8 2.34E+0F A
Phancbariitat 50-06-6 1.008403 A Q.8CE«D1 & & 45E-Q1 A
. Propylesimine 75-55-8 Q44E+GS A T.41E+02 A 1.12E-05 A 2.30E+00 B 3.31E-01 A
! Tetraethyl Lead 73-02-2 8.00E-01 A 1.50E-01 A 7.9TE-02 A 4.30E+03 8
P . Thicurea [Thiocarbamide} £2-56-6 1.726+06 A 1.60E+00 8 B.91E-D3 A
tris-8 E2,3-Dibromolprepanol phesphate} 126-72-7 1.20E+02 A 3.10E+02 B 1.32E+04 A
ENORGANECS
Aswonia T664-65-T 5.30E+05 A T7.8CE<G3 A 3.21E-04 A 3.10E+00 B t.008«00 A
b - Antimony and Compounds 7448-356-0  pP 1.008+00C A
- . Argenic and Compounds T460-35-2 BP 0.90€+00 A
: . Bariun and Corpounds T440-39-5
Berytliun and Compounds T440-4%-7 e Q.00E+0G A
Caduitm and Compourxds T748-43-9 PP 0.00E+00 A
chromium $J1 and Compounds T440-47-3 PP 0.00E+00 A
Ehremiug ¥ and Compounds T7446-47-3 PP 0.00E400 A
Eopper and Compounds 7440-50-38 PP O.C0E«DD A
Cyanogen Chioride 50774 2.50E+03 A&  1.00E+D3 & 3.24E-02 X 1.00E+Q0 A
Kydrogen Cysnide T6-90-8 infinite A 6.20E+02 A 5.62E-01 &
Hydeogen Sul fide r783-06-4 4.13E¢03 A 1.52E+D4 R 1.65E-B1 R
Leed and Compounds 7039-92-1 PP 0.005+00 A
ard Compounds ¢{Lnorganic) 743%-97-6 PP 5.00E-92 & Z2.00E-G3 A 1,10E-02 G
Nicket and Compounds T440-02-0 P 0.00E+00 A
Potassium Cyanide ¥£1-50-8 5.00E+05 A
Seleniun ared Compounds T782-49-2 PP 0.008+00 A
Sitver and Compounds T440-22-4 PP 0.00E+00 A
Sodiuen Cyanide 143-33-9 8.20E+05 A
Thattium chioride 791-12-0 PP 2.90E4+03 A O0.00E+03 A
Thattfum Suylfate 7446-18-6 PP 2.008+02 A 0.80E+00 A
Thatiium and Compounds T440-23-0 PP 0.00E+00 A
Zinc and Compourcis T440-56-6 PP 0.00E+00 A
Notes: PP = Priority Pollutant; HSL = Hazerdous Substance List Parameter; HPP = PP and HSL Parametess.

Additional notes and data references are provided at end of this tabte.
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Petroleus Product

Cruce Of1

Sesot ine

Yerosene

Hapthe

Ko, 18 Dlesel Fuel
¥0,2-D Dlesel Fuet
fio,6-D Diesel Fuel
Harine Diesei Fuel

Jot A Avietion Fusl

dot B Aviation Fuel

80 Grgde Aviation Gas
100 Srade Avistion fss
106 Grade Aviation Gas
Jet Fuet J4p-1

det Fusl J0-3

Jot Fuetl P-4

Jet Fuel JP-5

#o.1 Sas Turbine Fuel 0l
No.2 Gas Turbine Fueb @it
k0.5 Gaz Turbime Fustl Dft
¥No.4 8as Turbine Fuel OfL
Mo, 1 Fuel o7t

¥No.2 fuel QfL

Ho.& ¢5.ight) Fuet Ol
No.& Fuet OFY

Ho S (Light) Puel OfL
No.5 Fust 03l

Ho.5 Fuet Bil

Aere 9il Srade 160

aetro DIl Grade 120

Aero 0i! Grede 20W-50
Artation £it Grade 100
Avistion Gil Grade 120
SAE {0 Bocor Ofl

SAE 30 Hotor Oit

SAE £8 Rotor Git

SAE 50 Motor Oft

SAE 5%-30 Motor &l

SAT N30 Metor OFR

S&E 10846 Kotor 0§
SAE 13u-48 Moror BN

SAE 1S3-30 Kator Ol

SRE 20w-20 Motor Cit
hute Transmission Fluid
Yractor Nydraotis Fiuid

@15-25 deg.C. Refs
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2ecrclioum Product
Ariation Mydreulic Fiuid
Gracdes AR E
K2 fytraut tc Gil Grade 32
At Bvdreut fc O Zrede 46
A Wwiesulic @il Grade 68
A% gydrautic ik 6r, 100
W Bydreutic 010 G5r. 150
A% Hydrautic Oil Grade MV
Au Machine Oil Grade 18
A Machine Ol Grade 22
A Machine Ot Grade 32
Al Machine 8it Grade &6
A% Maching Oil Grede 68
AN #achine Oil Grade 105
AY Machine 0l Grade 150
At Mechine Oit @rade 220
A Hechine 011 Grade 320
tyi inder 07l Srade 469X
Cylinder DIt Grade 680X
Tylinder OfL Grade 1000
Edger Arbor D3t X
EP Industrial Oil &r. 48%
EPF Industrisl Ot Gr.100%
EP tmkstrial ©il Gr.156%
EP Bndtstriat 03t Gr.220%
EF Jncksteial 0§l Gr.320%
EP Prdustrial Oit Gr.460Y%
Lubricating 011 Grade 32%
Lubriceting @it 6r. 100X
Ltubricating Cil 6r. 305X
tubricating 04l Br. 462%
Turbine 0il Grade 32
Furiine Ol Grode &6
Jurbine OIL Grade &3
Turbine 8 Grade 100
Heat Trensfer Oif Grede 1
feat Tremafer Oit &r. 20
Narine Q1L Srade 150X
fisrine Ol Grade 2205¢
tutting Oit M3 Etuid ftR
Cutting OFL B¢ Fluid 310
Cutting 0f{ MW Fluid 210
Cutting OFF MW Fluid 31
Cutting cil KW Fluid 318
Cutting Ol M Eluid 3IC

"Eable A-2. Specific Gravity and Viscosity Dats for Selected Petroleum Products.

Specific - Kinematic Viscosity Values in Centistokes -~ Absolute Vigscosity Values in Centipoise -4
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Table A-2. Specific crevity and Viscosity Pata for Selected Petroleum Products.
f

Specific --«=~ Kinematic Viscosity Values in Centistokes ----- -- Absolute Viscosity Values in Centipoise -1
Grevity 210 a8 2¢ 8 40 @ 100 2 10 & 20 deq.

Petroleum Product 215-25 deg.C. Refs deg.C. Ref deg.C. Ref deg.C. Ref deg.C. Ref deg.C. Ref deg.C. Ref Vatuea C. Ref

tutting &if B Fluid 418 6.507 K f20. 65, 1 23. & 3.9 G e, * 59. *

Cutting Cit ¥4 Fluid 41D 06.91% K 170, ¢ 85. 1 0. & 4.8 G 155, % 7. =

Cuttfng Ofl M Fluid 41E 8.89F K 145, | A, i . ¢ 5.5 @ 150, ~ .

guttling Gl MW Flodd 418 0.898 K mw. ot 45, 1 1. G 3.9 G 9. * (11

Cutting Oil MW Fiuid 438 0.998 K 170. ¢ gs. 1 30. ¢ 4.8 & 154. = v *

cutting Oil M Fluid 444 $.894 K 55, f 8. 1 2%. @ 4.8 G 139. * 3.0

tutting Cil WU Flutd 45A 6.92% K 210, 1t 118, 1 3. G 5.0 & 194, & 6z, *

Cutting Ofl ¥ Fleid 438 0.936 K 508, 1 2%0. 1 67. G 7.8 & 468, * 215. *

Refrigecation 0il 6r. 32 0.89% G 190. 1 90. I 0. © 4.3 & 1o, * 4. -

Refrigerstion Oil Gr. 68 0.9 G 500, 1 250. 1 65. & 7.3 & 455. % 2u9. ¥

REM Chaln Bar 011 Gr. 153 1250. ? 525. i 139. G 2.8 6

RPH Chain Bar 0if Gr. 220 80, I 800. I 212, G 9. &

SAE TOM-90 Artic Gesr OfL 409, H 230, [ 1. 6 %5 G

SAE Grade 90 Gear Gil 0.888 ° <] i806. & 800. 1 213. G 18.8 & 1600, * 710, *

SAE Grade 148 Gear 04t .902 [ 4%00. I 900, & 452. G 3.3 G 44620, * tr1g. *

ML, Gear Lubricant 6r. 68 0.874 G 300, & 170. 1 63. G 0.0 G 252. % 149, *

ML Gear Lubpicant Gr. 100 0.876 G 650, I 310. 1 93. 6 1.0 G 569. * 2r2., ¢

Mt Gear Lubricant Gr. 150 9.896 [ 060, I 450. 1 152, & 143 & 8sE. % 403, *

WL Gesr Lubricent Gr. 220 5.3238 G 1800. 1 8., 1 201. 6 7.8 ¢ 1660, * 70, *

KL Geer Lubricant Gr. 320 0.893 G 3000, % 1306. 1 306. G 22.0 G 2680, * 1160, %

¥ Gear Lubricant Gr. £60 0.989 G 5000. 1 1990. ¥ 435, ¢ 27.5 ¢ 4650, * 76, ~

¥t Gesr Lubricant Gr. 680 9500, [ 3300, I 640. G 33.5 ¢

L Gear Lubricant 6.1200 12000, 4500, 1 935. & 53.2 ¢

L Gear bubricent Gr.i%00 22000, H 7500, 1 400, € 59.8 ©

NL Gear Lubrfesnt Gr.2200 2350. &

B L L L LT T L TR, e L L L b e LT I L L X Ty yeppup remmrassasanm e

R=ferences and otes:

A = CONCENE, &/79, Protection of Groundwater from Oil Pollution.

8 = Pmyme, J4.R., and C.R. Phillips, 1985, Petroleum Spills in the Marine Enviromment, Lewis Publishers, Chelsea, MI.

€ = Hetionat Ingtitute for Petrolewm and Energy Research, 1988, Personal communication.

B = grauel, A, 1981, Oil Spill Cteanup and Protectisn Techniques for Shoreiines and Karshltands, Hoyes Data, N.J.

E = Cole-Parmer Co,, 1989-1990, Equipment Catelog.

€ = SV, 1985, Annual Book of ASTH Stendards, Section 5, Petroleum froducts, Lubricants, and Fossi! Fuels, philadelphia.

G = Chevron USA, Inc., 1988, Product Satesfax Digest, Sen Francisco.

£ = Weast, R.C., (ed.), 1980-1981, CRC Hancbook of Chemistry and Physics, é1st Edition, Cleveland.

1 = Values coleulated using AST™ vicscosity-temperature charts for tiquid petroleum products (ASTH D 341-77).

4 = 8,5, Coast Guard, 1979, CHRIS Hazardous Chemical Data.

K = Chewron USA, Inc., 1989, Parsonal Communication.

L = Yark, 4.R., H. Sitar, end K.5. Udetl, 1988, wonagueous Phese Liquid Transport and Cleanup Y. Analysis of Mechansims, in Water Resources
Research, Vol.24, Ko.S, pp.1247-1258.

* x ¥alues calcuiated based on: Absclute Visceosity (centipoise) = Kinematic Viscosity {centistokes) X Specific Gravity,
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Table A-3, Density and Viscosity Data for Selected Chemicals.

Density Temp, Absolute Teunp. N
Chemical (g/cm3} C. Ref. Viscosity (¢cp) C. Ref. E
Aceta ldehyde 0.7780 20 A 0.244 20 A d
Acetic Acid 1.0492 20 A 1.314 15 A i
Acetic Anhydride 1.0811 20 A 0.971 15 A
Acatone [2-Propencne] 0.7908 20 A 0.337 15 A 3
Acetonitrile [Methyl Cyanide) G.7822 20 A 0.375 20 A -
Acetaphenone 1.0238 25 A 1.642 25 A o
Acetyl Bromide 1.663 15 A -z
Acetyl Chloride 1.105 20 A
Acratein [2-Propenal] 0.8389 20 A
Acrylic Acid [2-Propencic Acid) 1.0511 20 A M
Acrylunitrile [2-Propenenitrile] 9.8060 20 A 0.35 20 A od
Adiponitrile 0.950 20 A
Allyl Acetate 0.9256 20 A 0.207 30 A <I
Allylamine 0.7629 20 A 0.375 25 A o
2-Aninoethanol 1.0116 25 A 19.35 28 A
1-Amino-2-methy lpropane 0.7297 25 A 21.7 25 A O
AntTine 1.0217 20 A 4.400 20 A
Benza ldehyde 1.0447 26 A 1.321 25 A o
Benzene 1.8737 25 A 0.6028 25 A
Benzensthiol 1.0766 20 A 1.239 20 A
Benzonitrile 1.0051 20 A 1.447 15 A
8enzaphenone : 4.79 55 B
Benzay) Chioride 1.211 20 A
Benhzyl Acetate 1.055 20 A 1.399 45 A
Benzyl Alcohol 1.045 20 A 7.760 15 A
Benzyiamine 0.3813 20 8 1.59 25 8
Benzylaniline 2.18 33 B
Benzyl Benroate 1.1121 25 A 8.282 25 A
Benzy) Ether 5.33 20 B
Benzy) Ethyl Ether 0.9478 20 A
Bicyclohexsna 0.8862 20 A 3.75 20 A
| 813(2-chloroethy1)ether 1.2130 25 A 2.14 L A
\ Bis(2-athy Thexyi}phthslate 0.9643 20 A 81.4 20 A
i 81s(2-mathoxyethyl)ather 0,0440 25 A 0.981 25 A
| Bromine 0.995 19 B
[ 2-Bromoaniline [o-Bromoaniline] 1.578 20 B 3.18 0 B
| 3-Bremoaniline [m-8vomoaniline] 1.579 20 A 6.81 20 B
\: . 4-Bromoaniline [p-Bromoaniline] 1.4970 93 B 1.81 a0 8
! Bromebanzena 1.4882 25 A 0.985 30 A
I 1-8remobutane 1.2718 20 A 8.633 20 A
i 2-Bromchutang 1.255 20 A
| Bromedich laromothana 1.97 20 ] 1.71 20 )
1 Bromosthane 1.4708 15 A 0.418 15 A
I Bromnaathene 1.517 20 A
| 1-Bromohexane 1.176 20 A
| 1-Bromonapthalene 1.4834 20 A 5.99 15 A
| 1-Bromopropane 1.3547 15 A 0.539 15 A
| 2-Brasapropana 1.3222 15 A 0.536 i5 A
! a-Bremato luane 1.422 20 A
! 1-Butana) 0.8016 20 A 0.455 20 A
i 2-Butanal 0.7841 20 A
| 1-Butanamine 0.7392 20 A 0.881 20 A
2-Butanamine 0.7246 20 A
i 1,3-Butanediol 1.0053 20 A 130.3 20 A
Butanenitrile 0.7954 i5 A 0.624 20 A
! {-Butansthiol 0.84k6 20 A 0.501 20 A
i Butanzts Anid 0.9582 20 A 1.414 18 A
| 1-Butanal 0.800 20 A 3.979 15 A
3 2-Butanal 0.8088 20 A 4.210 20 A
‘; 2-Butanone {Methy) Ethy! Katone] 0.8047 20 A 0.423 15 A
| cig-2-Butene~1,4~dic! i.9740 20 A
' trans-2-8utene-1,4-din} 10883 20 A
-‘ 2-Butaxysthanel 0.8364 25 A 3.15 25 A
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Tabla A-..

Chamical

Buty? Acetate
Butylbenzene
sec-Buty lbenzene
tert-Butylbenzene
Butyl Ethyl Ether
Buty) Formate
Butyl Octyl Phthalate
Butyl Gleate
Butyl Stearate
Butyric Anhydride
y-Butylactene

D- hor

Carbon Disuifide
o~Chloroaniiine

Chlorobenzene

i-thlorobutane

2~Chlorabutane
1-Chloro-2,3-epoxyprapane
Chioroethane

2-Ehtoroethanol

Chlsromethane [Methyl Chloride]
1-Chloro-2-methy lpropane
2-Chloro-2-mathy Ipropane
1-chloronapthalene
1-Chloropentane

a-Chlorephenot [2-Chlorophenoi]
m-Chlerophenol [3-Chierophenal]
p-Chlorophenol [4-Chlorophenoi)
1-Chloropropane
2-Chloropropane
3-Chloro-1-propene
Chlarotoluene (Benzyl Chlaride)
a~Chlorotaluene
p-Chlorotoluene

1,8-Cineole

Cinnamaldshyde

o=Crasol

m-Cresol

p-Cresol

Crotonaldehyde {2-Butenal)
Cyc lohexanamine

Cyc lchexane

Lyc lohexano i

Cyc lohexanone

Cye lohexena

Cyc lohexy lbanzene

Cyc lopentane

p-Cymene
¢is-Decahydrenapthalens
trans~Decahydronapthalena
Dagane

L-Dacansl

1+Dacene

0ially! Phihalate
Dibenzylamine

Dibanzyl Eiher
1.,2-Dibromoathana (EDB)
¢is-Dibromcathene
trans-1,2-Dibromoethene
Dib=somathans

1, 2-Dibronotetrafluoroethans
Dibutylamine

Dibutyl Ethey

Oens ty Tamp.
c.

(g/cmid)

Ref.

5 w32 e Te e B Be D (% X I Be Lo Br T B 5 D De e e e D B e - S - T I o R B R S e el

Absolute
Viscosity (cp}

4.43
24.67
5.607

1.662
0.980
41.07
2.453
0.650
3.681
0.438
3.402
3.381
2.128
0.928

0.805
8.

am
i.4d0

0.12
0.45
0.502

Dargity and Viscosity Data for Selected Chemicals.
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Tabla A-3.

Bensity and Viscostty Data for Salected Chemicals.

Density Tamp.
Chemical (g/cm3) C.
Dibutyl Haleate 0.9950 20
Dibuty} Phthalate 1.0426 25
Dibuty} Sebacate 0.9324 25
1,2-Dichliorobenzene 1.3003 25
1.3~Dichlorobenzene 1.2828 25
1,4-Dichlorobenzane 1.2417 60
1,1-Bichloroethane 1.183% 15
1.2-0ichloroethane 1.2600 15
I, 1-Bizhlsroethens 1.22 20
1,2<Dichloroethene (trans) 1.2546 20
1.2-Dichloraethena {cis) 1.2738 25
Dichiloremethane (Methylene Ci-}  1.3348 15
L. 2-Bichloropropane 1.558 20
1,3-Dichlsropropane 1.185¢ 20
2,3-0ichloropropana 1.0912 20
Diethano lamine 1.0899 0
Dif2-ethylhexyl) Adipate 0.927 20
1.1-Diethyoxyethane 0.8254 20
Diethylamsine 0.7056 20
Bicthylantling 0.9351 29
Diethyl Cacbonate 0,9804 1£
Diethyl £ther 0.7193 15
Di{2-ethylhexyl) Phthalate 0.986 20
Diethyl Maleate 1.0637 25
Diethyl Malonate 1.0550 20
Diasthyl Oxalate 1.0843 15
Diethyl Phthalate 1.120 20
Diethyl Sulfate 1.1774 20
Dethyl Sulfide 0.0367 20
Ditedomethine 3.3078 25
Diisoany? Ether 0.7177 20
Difsodecy! Phthalate 0.965 20
Diisononyl Phthalate 0.969 25
Gt 1sopropy lamine 0.7153 20
Diisopropyl Ether 0.7325 25
1.2-Dimethoxybenzene 1.0818 25
1,2-Dimethoxyethare 0.8621 25
Oi{methoxyethyl) Phthalate 1.1 20
Dimethaxymathane 0.8665 15
¥.K-Dimathy lacetamide 0.9366 25
Dimathylamine 1.68616 15
K. H=-Dimathylaniline 0.9559 20
2.2-DimathyYhutane 0.6445 25
2.3-Dimethy lhutane 0.6570 25
2,2-0{zmethy =1 -butanol 0.9285 20
2,3-0imethyl-1~butsno} 0.8300 20
3,3-Dimathy1-2-hutangl 4.8179 20
N, N-Dimethy 1formanide 6.9445 20
Dimathyl Maleate 11513 20
2 J-Dimethylpentane 0.6951 20
2. 4-Dimathy lpantane 0.8727 20
DimethyIphthalate 1.1805 21
2,2-Dinathy Ipropsnn 0.5910 20
Oimathy} Sulfate 1.3322 20
Dimethyl Sutfoxide £.0958 25
Dlostyl Terephthalata 0.994 0
1, &-Dloxane p.0280 2%
Bipantyl Ether 6.7790 25
Diphanyl Ether 1.0661 30
Oipheny Imathans 1.0080 20
Dipropylaming 00315 20
Dipropy! Ether 9.7518  1f
Dodevans 0.18 20

Ref .

PR

B BRI R R BRI RO ARORRARCIERE DG DD D5 DD

Absolute
Viscosity (cp}

o 2 2 e 0 0

2,31

0.446
2.392
1.40
108.
12.
0.40
0.379
d.281
0.455

0.340
0.438
0.207
1.285
0.351
0.381

0.802
3.54

0.406
0.3861

0.303
1.998
83

1.430

0.922
1.158

0.5
0.448
1.508

S e e 3o (33 20 2 00T R - 3 v 2r T 03 D2 10 I T 3=

2 n X €3 3 e - e Be 3 3 D
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Table A-3. Density and Viscosity Data for Selested Chemicals.

Chemical

1-Dedecanc]
1.2-Egoxybutane
1,2-Ethariediamine
1.2-Ethanedio)
1,2-Ethanediol Diacatate
£thanol

Ethoxybenzene
2-Ethoxyethano |
2<(2-athoxyathoxy)ethanol
2-{2-athoxyethoxylethyl Acetate
2-Ethoxyethyl Acetate
Ethyl Acetate

Ethy) Acetoacetate

E£thyt Acrylate
Ethylbenzene

tthy) fenzoate
2-Ethyl-1<butanol

Ethyl Butyrate

Ethyl Cinnamate

Ethyl Cyancacatate
Ethylcye lohexane
Ethylene Carbonate
2,2'-(Ethylenedtoxy}divthanatl
Ethylenimine

Ethyl Formate
2-Ethyl-1-hexano}
2<Ethylhaxyl Acatate
£Lhyl Lactate

gthyl 3-Methylbutanocate
Ethyl Prapanoate

Ethy? Salicylste

F luorcbsnzena

o-F luorotoluens

~F iuorato luens
p-Fluoratoluens
Formamide

Formic Acid
2-Furaldshyde

Furan (Furfuran)
Furfuryl Alcoho?
Glycerol

Glyceryl Triacetate
Heptane

f~Heptanotl

2-Haptanol

}~Heptena

HaNadecana

-Hexadecanol

Hexaf luorcbenzane
Haxamethy Iphospharic Triamide
Hoxang

Haxanenitrile

Hexanole Acid

1~Haxano1

¢-Hexanal

3-Hexane!

| -Hexsne
d-Hydroxy-4-mathy1~2=-pantanone
Hydraz ine

lodobanzene

ludcathane

ledomethane
1-lodopitopane

Density Temp.

{g/emd)

c.

Ref,

T e P e bbbhPDI—h)}bﬂlhhbbﬂbPh)hh}}bP>>2'):-Phb>~bbb»hbhbhhk’bb?’bbb’bﬂbbbbh

Absolute
Viscosity (ep)

uuuuuuuuuuuuuu

a.41
1.54
26.09
3.13
1.078
1.364
2.05
3.71
2.8
1.025
0.426
1.508

0.678
2.407
5.892
0.672

Temp.

C.

Ref.

-4 PO PP D e 3 e e T e Em e X= I I 3= v > 2 2 o2 e B Be X e 2n 2 Br D

PP T B )

3 3= 3= 3> G3 X De
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Table A~3, Denzity and Viscosity Data for Selected Chemicais.

Density Temp.

Chemical {g/cmd)
2-1cdaprapane 1.702%
Isobuty lamine 0.7346
{sobutyronitrile 0.7656
Isoprapy! Anetate 0.8718
Isopropy lamine 0.6875
1sopropy lbenzene 0.9518
Isoquinoline 1.0306
Lactic Acid 1.2060
Hothacrylic Acid 1.0153
Hzthacrylonitrile 0.80C)
Mathanol 0.7866
Hethoxybenzene 0.9893
2-Hethoxyethanal 0.9646
2~{2-Hethoxyathoxy)ethanal 1.0167
2-Methoxyethyl Acetate 1.0049
K-Methy Iacetamide 0.92460
Methyl Acetate 0.9273
Methyl Acetoacetate 1.0747
Methyl Asrylate 0.9535
Hethyl Banzoate 1.0933
2-Hethylbutane 0.6197
4-Hethylbutanenitrile 0.8035
2-Hethylbutanoic Aetate 0.8719
3-Methylbutancic Actd 0.9308
2-Hethyl=1-butanol 6.8190
3-Mathyi-1-butanol 0.8103
2-Methy1-2-butanol 0.8080
3-Hethy)-2-butanol 2.8170
3-Methylbutyl Acetate 0.8664
Hethy) Butyrate | 0.8984
Mathy1 Cyanoacetate L.1225
Hathy loy leohaxane 4.7684
cis-2-Hathylcye lohexanol 0.9254
transg-2-Hethy leye lobaranal Q.9247
cis-3-Hethylcylohexanol 0.9168
trans-3-Hethy loy lahexanol 0.9214
¢is-4-Mathyleyclokexann) 0.9122
trang-4-Hathylgyc loheranal 0.3080
Methyleyc lopentane 0.7486
H-Hethy ifgrmamide 1.9948
Hathy? Formate 0.9742
2<Hathylhaxana 0.678%
3-Hethy Thexane 0.6871
Methyl Methacrylate 0.9433
Hathyl Oieate g.8%02
2-Hethylpentane 0.6532
3-Hathy Ipentana 0.6643
2-Methyl=1-pantanal 0.8242
3-Methyl-1-pentanal 0.8237
4-Mpthy1-1-pantano) 0.8130
2-Mathyl~2-pantano] 0.8136
3-Hethyl-2-pentanol 0.8291
4-Hathyl-2-pentana) 0.8076
2-Hathy1-3-pentanol 9.8239
3-Mathyl-3-pantanc) 0.8291
4-Hethy1-2-pantanone 0.8008
2-Hethylpropanamine 0.7348
2-Kathylpropanote Acid 0.9682°
2-Bathy1-}-propanol 0.7978
2-Hathyl-2-propanol 0.1812
E-Mathy lproplonantde 0.9303
Hathyl Propionate 0.9221
1-Hathydpropyl Acetate 0.8720

C.

~~~~~

Ref,

xR DR R DD o I e e D I e X0 In e 2n 0 Ie 3 2 O

Absolute Temp.
Viscosity {cp} €.
0.732 15
0.553 25
0.456 30
0.569 20
0.36 25
0.791 20
40,33 25
0.392 20
0.544 25
0.789 30
1.72 29
3.48 25
3.23 35
0.362 25
1.704 20
1.398 20
2.298 15
0.225 20
0.980 20
G.872 20
£2.731 15
5.50 20
4.81 15
5.48 15
3.51 2%
0.790 25
4,543 25
2.793 20
4.734 20
18.08 25
vl %
19.7 25
25.1 F4:)
6,247 25
0.385 25
0.507 20
1.85 25
0.328 25
0.378 20
0.372 20
0.632 20
4.88 30
0.310 20
0.307 25
4.074 25
0.542 25
1.213 25
3.a 25
3.316 k)]
5.215 25
0.477 15

000427
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Table A-3. ODersity and Viscosity Data for Selected Chemicals.

Chesaical

..............................

2-Hethy lpropy 1 Acetate
Z-Mathylpropy) Formate
2-Hathy lnyridine
3-Hethy lpyridine
4<Huthylpyridine
1-Mathy 1-2-pyrrolidinone
Mothy! Salicylate
Movpholine
Napthaiene
o-Hitraanisole
Nitrahenzene
Hitreethane
Nitremethane
1-Nitro-2-methoxybenzene
1-Nitropropane
2-Nitroprapane
o-Nitratoluene
m-Kitrataluene
p-Hitroetoluens
Nonane

1-honann 1

1-Nonene
1-0ctadecanol
Octane
Octanenitrile
Octanoic Acid
1-Qctanoi
2-0ctanol
3-tctanol
4-Qctanol

1-0ctane

041, Castor

0t1, Cottensead
01Y, Linsead

011, Light Machine
041, Heavy Machine
011, Olive

0i1, Soya Bean
Oleic Astid

2,2 -Oxybis{chloroethane)
2,2-0xydiethanol
Pentachloraethane
Pentadecane
cis-1,3-Pentadiena
trang-1,3-Pentadiene
2.3-Pentadiene
Pentana
2,4-Pentanediony
Pantananitrile
1-Pentanoic Acid
1=Pantanot
2-Pantanol
3-Pentano!
2-Bentanone
3-Pentanpne
1~Pentang
cig~2-Pantene
teans-2-Pantens
Penty) Acotate
Phano!
Phenylacstonitrile
D= {rang

L=P{nang

Density Temp.

(g/em3)

-------

0.8600

0.8590

c.

.....

Ref.

bhb&"hkahh’-b’-}b}"-bb&b’-}’mm'ﬂ'ﬂrﬂmmbhbhhb>7>hh>cﬂtﬁmbbb>b?bb)hﬁ-»hb}i’

Absolute
Viscosity (cp)

--------------

0.225

0.779
2.35%
3.347
2,780
3.308

0.474
0.24

0.924
4.078
1.93
1.8
1.41

000428

-----

20

.25
25
28

D - Xe 2= = == o0 OO B X o e = > >

& e e e e (B OO OO D OO0 O B

T TP

e e e o e

00428




Table A-3. Density and Viscesity Data for Selected Chemicals,

Chemical

Piperidine

1-Propanal

1.2-Propanediol
1,3-Propanediol
Propanenitrile

1-Propanol

é-Propanol

2-Propen~1-01 [A11y1 Alechoi]
Prapionic Acid

Propionie Anhydride
Proplonitrile

Propyl Acetate
Propylamine

Propy! Benzoate

Propytene Oxtde

Propyl Formate
2-Propyti-l-ol

1-Propynyl Acetate
Pyridine

Pyrrole

2-Pyrrolidinone

Quinoiine

Salicya tdehyde
Sutcinonitrile

Sulfolane

Styrena
1,1,2,2-Tetrsbromoethane
1,1,2,27etrachlorodif Jvoraethane
1.1,2,2-Tetrachioroaths &
Tetrachlorcethane (PERC)
Tatrachluronsthane [Carhon Tet.]
Tetradecane

1-Tetradecanol
Tatrahydrofuran
Tatrahydrefurfuryl Alcohol
1,2,3,4-Tetrahydronapthalene
Tatrahydropyran
Tatrahydrothiophene
1,1.2,2-Tetramathy lurea
Tatranitromethans
2-Thisbutane

Thiacyc lobutana

Thiacyc Iohexane

Thiacyc lopentang
2-Thiapantans
3-Thiapantane
2-Thiapropane

Thiaphane

Toluena

o-~Tolutdine

m-foluidine

p-Toluidine
Tribromomethans (Bromoform)
Tri-n-buty! Borate
Tri-n-butyl Phosphate
Trichloroacetonitrile

1.1, 1+Trichlorosthane
1,1,2-Trichloroathane
Telehlorcethene (TCE)
Trichloromethane [Chioroform)
1,2,3-Trichloroprapanc
Triorasyt Phosphate

Tr tdesane

Density Temp.

(g/em3)

C.

Ref.

A
A

ORI RRRER R RP IR E@PRr R e I eI

Absolute Temp.
Viscosity (cp) €.
1.362 25
0.317 20
56.0 20
46.6 20
0.624 15
2.004 25
1.785 30
1.486 15
1.175 15
1.144 20
0.454 15
0.585 20
0.353 25
0.327 20
0.574 20
1.68 20
0.952 20
1.352 20
13.3 25
4,354 15
2.90 20
2.581 50
10.286 30
0.751 20
9.79 20
t.21 25
1.844 15
1.932 15
0.969 20
2.18 20
0.55 20
6.24 20
2.202 20
0.764 25
0.971 25
0.373 20
0.638 20
1.042 20
0.440 20
0.269 20
0.654 20
0.552 25
5.195 15
4.418 15
1.587 60
2,182 15
1.776 20
3.39 25
0.303 15
0.118 20
0.566 20
0.5%8 15
80.0 20
18.834 20

= T X» Im Tn OO TP P X s X» I» v To 3= > T g Ir =P Xr X Xr 3> I 3> X» X» Im D>

Ref.

>3 e deXr =2l XeTe 2= D > = -
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Table A-3. Density and Yiscosity Data for Selected Chemicals.

Chemical

i-Tridecens

Trtethanclanine

Triathylamine

Teif luoroacetic Acid
1,2,3~Trimethy lbenzene
1.2,4<Trimethy lhenzens
1,3,5%-Trimethy ibenzene
2,2,3-Trimathy lbutane
cis-1,3,5-Trimathy loyc lohexane
trans-1,3,5-Trimathy lcye lohexane
2,2,3-Trimethy Ipantans
2,2,4-Yrimethy lpentane

Turpent ine

Undecane

1-iIndecanal

Vinyl Acetate

o-Xy lsne

=Xy lene

p-Aylene

e R R T 2 o TR R R0 L e D e e e R

References:

Density Temp.

(g/cm3)

C.

-----

Ref.

PP

P T A

Abso lute
Viscosity (cp)

______________

613.6
0.364
0.926

0.895
1.154
0.57¢
0.632
0.714
0.598
0.504
1.487
11.855

23.95
0.809
0.617
0.644

A Lange's Handbook of Chemistry, 1987, McGraw-Hill, Haw York.

B Weast, R. €., (ed.), 1972, Handbook of Chemistry and Physics, Sdrd Edition,

CRC Publishing Co., Cleveland, Ohio.

C Ashland Chemicals, 1985-1986, Product Catzlag.

E R o ok b O

X e ke Te

D Sckwilla, ¥., 1888, Dense Chiorinated Satvents in Porous and Fractured Media,
lLewis Publishers, Chelsea, MI.

E U.S. Coast Guard, 1978, CHRIS Hazardous Chemica) Data.

£ Chavron, 1988, Product Salesfax Digest.
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Appendix B - Pump-and-Treat Applications
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TABLE 5. SIREIEARY OF PUMP-AND-TREAT APFPLICATIONS

Wanticring Effoctivenesy/
Treatment Capebillties Limitations

TR RS TR T O

S0 weils & - Effoctive zone of cap-

plaz., monthly  ture developed within 6

WG from 36 montts.

wells for 34 « Lack of finer grained

YOCsplus ssds. iy aguifer tavors

Wis. extracion.

- Significant cecline in
cofconirations.

- Vadose zone con@mi-
nation may cause
lengthy remediatiorn

1 recovary well, totef ~ Chemical concentra-
pumpage = 36-50 ' tions in most monitor
gpm, screaned 1St wels have been o

25 it bis. duced significandy.

« Ovaroptimisticaily
dasigned 25 io 80 Jay
deanup not obtained,
but appears to be
making good progress.

« £ yo2es of extraction:
Beve reducad contam-
ination extent and levets
In upper aquifer.

- Data pot avaitabie i
2SSets desPor aguifer.

= In: operation for 7 yrs.

= Hydraulically succassiil.

* Chemical concentra-
tiois recucod 3 ordors of

maghitude it upper 3
aquiters.

= 90,0600 poun& of
sohents romovad.




Monitoring
Traatment Cupabilitios

cloaning wastes: No  Sinca 1984, 2 pro- Air stripping. 42 monitor - Periodie shutdown of
no PCE, TCE, 1,2-7- ducioe; wefls pumped weils, Fairly some producion welis
BCE a ol of 2,000 gpm. fimited sarmp- has aflowed main
1888, vapor extrae- fing program. plume 1o migrate
tion in vadose Zone Mostchemical  beyond zone of
initiated. data from capture.
purnping weds. - Chemicals adsorb to
fow permeabdity titf,
slow releases.
- Overail, definlte reduc-
tion of contarhinants at
woll haad,

TCA, FCE. Maxconc. Yes stipping Nearly 100 - 1678 through 1984
TCA = 9520 ppb. DMARL . monitoring ssmediation deemed
weills, Long successful.
history.

TCE amxt by products: 2 wells, each 15 gom
1,1-DCA, 1-1 DCE, or greader. Shutdown
MC, trans-1 2-DCE, 25% of vaar {(wintar).
1,1,1-TCA, VC,

Carbontet, chicroform, ENARL  Phased appioach. 4welissam- - Carbontet. conc,

PCE Inftizly 1 wel at 60- pled monthly.  reducod 80 10 90% In
&5gpm. /89,2 Hi 8 other wells 506 weils.
additional wells on sampled - Ratp of chemical
iver. Total extraction sporadically. removal has droppad
stift anly 70 gpm significantly.
(discharge permit - Significant quantities of
restriction). carbontet. suspected in

vadosa zona.

«May add mtormittent
pumping, soll vapor
extraction, or artificial
rechargs o improve
recavery in vadose
2008,

000433
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1
Site Nama o Aautfor Mnfor Remedlation Moritoring Effectivencss/

& Sty Raglon Proparties Contaminants AP, Dasign Trestrant Capablilties Limitations
Verona Wet Cincned Glaclal ostwash 1,1-DCA, 1,.2-DCA, Yes, 3-phaseapproach.  Carbonpre- Water quallty - Effectively biocked
Reld, M2 Central {sand. grave! and 1.1,1-TCA, 1,2-DCE, INAFL Tomoteci wefifield, 5  treatment (i fromS migration,

Retlor some clay locally) 1,1-DCE, TCE, PCE.  upto  oxistng production  nec) and air eitraction * Residual LNAPL slows
overlying a fractured,  Total VOCs > 100,000 6in.  wells pumped "at stripping wells. cleanup.
permeable sandstone  ppb, thick  minimum.” Onsfte, 9 (vapor-phase " Vapor exiraction has
aquifer. mostly water-table recovery  carbon ad- accalerated deanup,
Tour-  weils, total pumpage  sorption, if
ene =400 gpm. 22PVC  needed}.
based wellks for vapor Discharge
extraction. Battie Cr. Rv.
1BM Genoral Alturviad Allusial sand and Freon, TCA, DCE, Yes, Cver 23,000 cubie Motspacified.  Owver 350 » Reduced contami-
Products Div., Basin gravel, with siit and TCE. Complex Pred.  yds. of ssif and 65 monitoring nation concentrations
CA clay layers. Multinle  contaminant not buried storage tanks wolks. Maost onsite in shaliow
aquifer system distributon. ex-  romoved. 3 separate wells sampled  aguifer but litle change
fCompiax sia] {aquifors A-E), pianed. extraction systerms monthiy of it other areas.
Hetarogeneous. {source area, quarterty for - Qver 7,600 pounds of
boundary system, selectod sabvent rernoved by
offsite systern). 30 parameters. extraction system from
ttaf extraction wells, Over 25,000 10831087,
Complex sumping groundwater
[+~ schedule. samplas coll.

. w
Emerson Bloctric  Southeast  {Inconfined sand. Acotone, MEK, MIBK, No 5 surficiaf wells, total  Directly to Composite and  * Projected dleanup of 7
Co,FL Coastal Relatively Toluene, DCE, BCA, pumpage = 30 gpm.  municipal individual water months not obtained.

1 . Pldns homogencous., TCE, TCA, Benzene, sanitary sewer  qualiity samples - Most contaminants in
fOnly sits Ctromium network. from recovery  recovery wells redyced
designated as wolis, Conc. to BOL. after 20-22
“coart'} data from moné-  months,

toring wells not  * Site removed from
raportad. * State Action Site lsting
on 1/89.
- Inacequate monftoring.
General Millz, Glaciatnd  Glacial dritt aquifer TCE,PCE, TCA,BTX No  5recovery wellsin 3wells: alr Not dlear. - Significant concentra-
nc., N Ceriral undertatn by til and and organic degrada-  effort  water-fable aquifer, stripping then tion declines in 1988
Region savaral bedrock (SH,  tion byproducts to total pumpage = 370 discharge to but drought year.
S8, LS} aquifer. delact gpm. T recovery well  storm sawer - Hydrulic gradients
In doep aquiter at 20- I wells: (particularly vorticaf)
30 gpm. discharge not satisfactoily con-
directly to rolted; part of plumer is
storn sower. being missed.

v it s uniikaly cleanup
goals wit be achieved:
shallow < 270 ppb TCE,
deap < 27 ppb TCE.




Amphonol Corp.,  Glacied 200 fr pllowvial
Central

Reglon gravel wity some sitt
2nd clay. Relatively

[Feskasivaly fow
Infiizd VOO conc. } permaabis, hatero-

v-q

WA:ee.SHP Atanticend Sand, siit, day.
Gutf Coastal

000435

vdt;!ha'ndncmdaﬁa
ofgamics ard present.

VOCs, mosty TCE
and chioroform. Max
YOC concentration in

TCE, PCE, TCA

Design Frestrnent

4 offsite producdon  Alr stripper
wells pumped. 10 then discharge
points later raplaced o deop woll
by 2rec. wolls. Well  Injocion.
polnt “problems.” 4

deep barmisrweils: 2
shaiiorvs, 3 shaliow, 3

dsep - 25 gpm each,

3 desp - 50 gpm, ok
pumpage = 275 gom,

R recovery wells:
shaliow zone - 57 dschargeto
gom;, deap 20ne -

150 gpm. ver.

11 recovery welis, Air stripgping,
otal pumpage = 365 discharge to A-
gpem, limited by air 134 outfaff.
stripper dischame

pump.

kioniioring
Capabilides

Not clear

Effoctivensss
Limitstions

« Weil head protoction
objective achieved
better Gsan plurne
containment.

« ineffective capturing
shaliow plume migra-
tiory downgradient.

Alr stripping, Sampled 12-17 . Groundwater divide

weolls quarterly, successfully daveicped

“165 moni-
toring wedls
sampled in
1988

betwean pluma and
production wells.

* VOC concantrations
have been teducod
during 1 1\2 years
operation and fiuctuater
much less.

« Seasonal rechargs and
river fluctuations
strongly influence fiow
pattarns and may emp-
orarily modify desired
capture zones.

- Remediations status is
on schaduls, anticipate
5-10 years remediation.

. Downward migration
reduced.

. Only very slight reduc-

tion: [ny size and con-

centration of TCE

plurme over 3 years

rernediation.

. Expacted B take longer

than the projected 30
yoars lo remove 93% of
initial contaminants.
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Malor
Contaminants NAPL

Bernediatic=
Design

Effoctivensss’
timitstions

Konitoring

Traatment Capabiiities

ment Yard, (D Plaseces

Back and Glaciad

Deacter, NY Centrai
Reglcn

O Chomicale  Non-

DOE Rem g‘ﬂam
-Facily, KY Central
Reglon

indvideat lava flows  Creasote - mostly Yes
soparatod by Brits. Lowsobity, DNAFL
sediments. Vertical  low mobifity,

frachares infava.

Very haterogeneous.

Mﬁ!’hyerwemhg TCE, TCA, and No
fractured sandston byproducts DCE and
mshaiebadmdc_ vC.

Unconsolidated, T ether No
heterogoncaus bt (DCEE}

glacio-fvia  ether (DCIPE)

sedimonts Highly moblie.

fow permeabifity

Sow excavated. Two
stage approach. &
montty pifot program.
3 walls in upper
aquifor, Z2welis In
lowar axpifer, ol
pumpage = 25 gom.
Many problams with
coreenTations

igh

{slugs) of NAPL

extra-tion:

* reduced flow rate

- Incompatibie with
PVvgC

- clogging.

Sacond 6-mo. pliot
program went well
inte fult scale. 7 wells
i upper aquifor, totaf
pumpaga = 45 gom,
7 wolls in-lower
aquiter, total
pumpage = 143 gpm.

Initiafly tried one
bedrock recovery
well at 3.4 gpa.
Inadequate rate.
Used explosives to
create fracture zone
perpendicular to flow.
Pumping one
recovery well in new
fracture zone at t8.5
gom.

3 recavery wells
between plume and
Chia Rivar, totat
pumpage « 3000-
B0CO g,

“Treatod™ and Mot dlear. » Flow pattern has
reieased o successfully been
sewer system alteted, both areal and
or Snake vertical.
River. * NAPL is baing
recovered.
+ Difficult to datormine
ovarall succass dug i
chemical fuciuaions.
Not clear, 15 monitor * No significarit changes
walls sampled  in VOCs cbsanvad.
for VOCs. 2
monitor wells in
riew fracture
zone,
Used as Semiannual - No operational
process water, sampling of probiems noted except
blologically saveral monitor  B0-00% of extracted
freated at welis. water Is Induced fiver
onsite
activated- «in gsneta!
sludge concentrations have
wastewater daclinad in monitoting
treatment plarit wolls in & yoars.
and discharged [DCIPE]
through state 19684/127C ppb
PDES. 1938/300 ppb>
+ 5§ mew recovery wells
planned for 1989.
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