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Foreword 

EPA rs c:ilarged by Congress to protect the nation's land, air and water systems. Under a mandate of national environmental 
laws fcx:usea on air and water quallty, solid waste managemont and the control of toxic substances, pesticides, nclse and 
radiation. the Agency strives lo tormulale and lmplamenl actions which lead lo & compallble balance between human 
activities and the abfllty of natural systems to support and nurture Ufa. 

The Robert S. Ken' Envlronmenlal Research Laboratory Is the Agency's center of expertise for lnvastlgallon of Iha sol! a,id 
subsurface environment. Personnel at the Laboratory are responsible for managamant of research programs to: (a) 
detennlne the late, transport and transformation rates of pollutants In the aoll, the unsaturated and the saturated zones of 
the subsurface envtronment;f>\ define the processes to be used In characterizing the eon and Iha subsurface onvlronmenl 
as a receptor of pollutants; (o develop techniques for predicting the effect of ))oilutants on ground water, soil, and 
Indigenous organisms; and (dl deline and demonstrate the applicability and !Imitations of using natural processes, 
Indigenous to soil and subsurface environment, tor the protecilon of thls resource. 

The pUmj:)•and•treat process, whereby contaminated ground water Is pumped to the surface for treatment, Is one of the most 
commor, ground-water remediation technologies usacf at hazardous waste sites. However, recant research has Identified 
complex chemical and physical Interactions 6etween contaminants and the subsurface media which may Impose !Imitations 
on the extraction part of the process. This report was developed lo summarize the basic considerations necessary to 
dotarmfl\$ when, where, and how pump-and-treat technology can be used eftectlvoly to remedlate ground-water 
contamination. 

t/~Ld;t.df 
Clinton W. Hall 
Director 
Robert $. Karr Environmental Research Laboratory 

Ill 

L(\ 

r--
1<'\ 

0 
0 
c:-, 

000375



Table of Contents 
ew. 

FOREWORD ............................................................................................................................................................... . Ill 

FK3URES ........... .,. ................................................................................................................... *' ...................................... . vi 

TABLES _, ........ -, ....................................................................................................................................................... . vii 

INTRODUCTION ......................................................................................................................................................... . 1 
Purpose of report ........................................................................................................................................... . 
Format ol report .............................................................................................................................. , .............. . 

1 
1 '° OVERVIEW ....... - ........................................................................................................................................................ . 1 

,.... 
DATA REQUIREMENTS ............................................................................................................................................... . 

l:IYdrogeologlcal data ....................................................................................................................................... . 
Contaminant data ........................................................................................................................................... . 
Data oollectlon .............................................................................................................................................. .. 

3 
fl"\ 

3 0 
4 0 7 

Data lnterpratatlon ........................................................................................................................................ .. 10 0 

CONCEPTUAL DESIGN ............................................................................................................................................... . 11 
Wh&n to &elect pump-and•lreat &ystems ...................................................... : ................................................. .. 
Example of contaminant plume delineation and pump-and-treat lmplernental1on ............................................. . 
C!llouliitlng the estimated cleanup time ........................................................................................................... . 
Um!latloll$ of pump-and-treat systems .......................................................................................................... .. 
Oealgn COl"lskl8ratfans ..................................................................................................................................... . 
Oetormlnlll!l wall spacings. pumping rates, and time required for cleanups ..................................................... . 
Example of a gasoline splll ............................................................................................................................. . 

11 
13 
14 
15 
19 
19 
22 

OPERATION AND MONITORING ................................................................................................................................. . 23 
Re mod I al action objectives ................................................................................................... , ........................ .. 
Monitoring ...................................................................................................................................................... . 
Evaluation and modification of existing pump-and-treat systems ..................................................................... . 

23 
23 
23 

REFERENCES ............................................................................................................................................................. . 25 

GLOSSARY ................................................................................................................................................................. . 29 

APPENDIX A • Chamlcal Oata ..................................................................................................................................... . A·t 

APPENDIX 8 • PUIJ1)•and•Traal Applications .............................................................................................................. .. B-1 

000376



List of Figures 

1. Exall1)le setting where a pump-and-treat system Is used ...................................................................................... .. 

2. Plan view of contaminant plume spreading by advectlon and dispersion (from Keely, 1989) .................................. .. 

3. Trapped oil at residual saturation (from API, 1980) ................................................................................................. . 

4. Water-oil relath/e permeability versus water saturation ........................................................................................... . 

5. S•Area s1t0, Niagara Falls, New York, showing proposed containment system ....................................................... . 

Sa. Decision-flow diagram for ground-water contamination ........................................................................................... . 

6b. Decision-flow diagram for soil contamination ........................................................................................................ .. 

7. Elloota of talllng on pumping lime {from Keeley et al., 1989) ................................................................................... . 

s. Liquid partitioning limitations of puffiP•and•treat effectiveness (from Keely, 1989) .................................................. .. 

9. Sorption limitations to purnp-and-t<eat effectiveness (from Keely, 1989) ................................................................ .. 

10. Effect ol geologic stratification on tailing (from Keeley et al., 1989) ........................................................................ .. 

11. Calculalt.il voe Inventory vorsus time {from Ward et al., 1987) ............................................................................. . 

12. Calculat11d extraction well concentrations ve•sus time (from Ward at al., 1987) ....................................................... . 

13. SlmulaUon to capture front of the plume: 1 O wells, 25 feet apart, pump I% at 2 gpm each .................................... .. 

14. Flowllna pattern generated by an extraction well (from Keely, 1989) ...................................................................... .. 

15. Reduction of residual contaminant mass by pulsed pumping (from Keely, 1989) ..................................................... . 

VI 

, 
• 

. 
• 

,-!. 
11?
i(;'I 

p 
0 
cl"> 
1" 

1 

1 

2 

2 

2 

2 

2 

000377



List of Tables 

1. 

2. 

3. 

4. 

5. 

6. 

Aspects of site hydrogeology (U.S. EPA, 1988) .................................................................................................. 
Data pertinent to ground-water contamlna!lon characterization (from Bouwer et ai., 1988) ................................ .. 

Potential sources of Information (Knox et al., 1986) .......................................................................................... .. 

Data col!ectton methods (references provided In telCI) ......................................................................................... . 

Favorable and unfavorable conditions for pump-and-treat technologies .............................................................. .. 

Phase distribution of gasoline In sand and gravel (Brown et al., 1988) ................................................................. . 

filge 

4 

6 

8 

9 (X) 

16 r-
22 I"'\ 

0 
0 
0 

000378



• 

t 

lntrodutiiion 

Purpose of report 

A common means to contain and/or Nmedlate 
contaminated ground water Is extracting the water and 
treating h at the surface, which Is referred to as pump-and• 
treat technology. This report provides basic guidance on 
how to use available hydrogeologlcal and chem!Cal data lo 
determine when, where, and how pump-and-truat 
technology can be used successfully to contain and/or 
remedlate contaminant plumes. Ways to estimate the time 
required to achieve a specific ground-water cleanup goal 
also aro discussed. Finally, the report addresses practical 
!Imitations of pump-and-trGat technology given certain 
combinations ct hydrogeological conditions and 
geochemical properties. This report e~haslzes the 
•pump• portion of pu~-and-treat technology. Estimated 
dlschargo rates and concentration loadings will attect the 
abovegmund treatment and associated casts. Treatment 
strategies and policy questions are not discussed but can 
be found In U.S. EPA (1987a) and U.S. EPA (1988a). 

Pump-and•treat technology generally Is considered at 
hazardous wasto sites where significant levels of ground
water contamlnoUan exist. The report Is written for persons 
c:onslderlng pump-and-treat technology as a remedial 
alternative to contain and/or clean up a ground-water 
contaminant plume. It Is assumed that the reader has 
some famlllarily with basic concepts of hydrogeolagy. 

Format of report 

The report Is divided Into four main sedions: (1) Overview, 
(2) Data Requirements, (3) Conceptual Design, and (4) 
Opara1fon.and Monitoring. Examples and Illustrations are 
provided to convey concepts. In addition, a glossary 
enables the readtr to review tho meaning of technical terms 
Introduced In the text. The first occurrence of terms listed 
In the glossary Is Indicated by bold type. Because this 
report only provides basic Information and concepts on 
pump-and•trea! technology, references are provided for 
more detailed Information. 

Tho first section provides an overview of pump-and-treat 
technology. Data Requirements ldontttles th,, hydro• 
geological and contaminant data nooded for chemical 
transport analysis. Included are dlscussloM of data 
collection malhOds, data interpretation, and handling aata 
uncertalntlas. 

Pump-and-treat technology for containment and cleanup Is 
dlacu&8lld In Conceptual Design. Favorable a·1d 
unfavorable conditions for using a PUllll•and•treat system 
are outlined. A dlsousalon of chemical and hydrogeologlcal 
prop6rtloe that affect the approprlatenasa of pump-and-treat 
,techno!O!ly 1B precented. Methods to datennloo well 
epacfnga, pu!ll)lng rates, and cleanup time also are 
dllCUSllilkl Examplee Illustrate which contaminants and · 

hydrogeolagical environments can be treated successfully 
with pump•and•lreat technology and those for which pump• 
and-treat systems need to be supplemented with other 
remedial technologies. 

The final section, Operation and Monitoring, emphasizes 
the need for setting Nm&dlal action obJectlves and for 
monitoring to ensure that these goals are attained. Once 
the pump-and-treat system Is lmplementbd, adjustments 
and modHlcatlons invariably wlll be required. Ways to 
evaluate the pump-and-treat system are discussed along 
with typical modHlcations. 

Appendices provide (1) dala on various chemicals thal are °' 
relevant to pump-and-treat systems and (2) a summary of r-
observatians at sites whore pump-and-treat technology has t<\ 
baen, or is presently being, used. 

Overview 
Sources of g•ound-water contamination can range from 
leaky tanks, landfills, and spills, to the less obvious, such as 
chemicals In the soil dissolving from nonaqueous phase 
l!quids (NAPLs) or chemicals aosoibing tram tho soil matrix. 
Several options can be used to attempt containment and/or 
cleanup of yround•water contamination. First, however, a 
distinction needs to be made between source removal and 
the actual ground-water cleanup. source removal typlcally 
refers to excavation and removal of ;·,astes and/or 
contamina•ed soil. It also can include vacuum extraction. 
Source containment Includes chemical fixation or physical 
encapsulation; If oflecllve. It Is slmllar to source removal In 
that tt eliminates the potential for continued chemical 
transport from the waste source to ground water. Ground· 
water contalnmenUcleanup options include physical 
containment (e.g., construction of low-permeablllty walls 
and covers), In situ treatment (e.g., bloreclama!lon), and 
hydraulic contalnmenu cleanup (e.g .• extraction wells and 
Intercept tranchesidrains). Ta effect complete cleanup, 
several methods may be combined to form a treatment 
train. This report focuses only on hydraulic contalnmenU 
cleanup, In particular, pump-and-treat technology. 

In a pump-and-treat system used for cleanup, contaminated 
ground water or mobile NAPLs are captured and pumped to 
the surface for treatment. This requires locating the 
ground-waler contaminant plume or NAPLs In throe• 
dimensional space, determining aquifer and chemical 
properties, designing a capture system, and installing 
extraG1Ion (and In soma cases Injection) wells. Monitoring 
wefls/plezometers used to checil the effectiveness of the 
pump-and-treat system are an Integral comp011ent of thti 
system. ln!ectlan walls are used to enhance \he extraction 
system by Hushing contaminants (including some In the 
vadol!9 zone) toward extraction wells or drains. A pump· 
and-treat system may be used In combination wtth other 
remedial actions, such as law-permeability walls to limit the 
amount of clean water flowing to the extraction walls, thus 
reducing the volume of water to be treated. 
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Figure 1 shows a pump-and-treat system operating at a 
landllll In a typical hydrologlc setting. In this casa, an 
Injection well ls used to Increase th8 hydraulic gradient t~ 
th& ex11actlon wells. This can Increase the efficiency of the 
exuactlon wells, reducing the time required to reach a 
cleanup goal. 

Pu~and-treat technology also can be used as a 
hydraulic barrier to prevent off-site migration ol 
comamlnant plumes from landfills or residual NAPLs. The 
be.sk: principle of a barrter well system Is to lower ground
water levels near a line of wells, thus diverting ground
water flow toward the pumping walls. 

Whether the objective of the pump-and-treat system Is to 
reduce conoontratlons of contaminants to an acceptable 
level (cleanup), or to protect the subsutlace from further 
contamination (containment), the system components are: 

•a set of goals or objectives, 
-engineered corr.ponents such as wells, pumps 
and a treatme!1t facility, 

•operational rules and monitoring, and 
•termination criteria. 

Each of these components must be addressed In the design 
and ovaluatlon of a pump-and-treat technology. 

·m D'3 e~:m m ffl=t>-
Oll'dllJN>U IAN0 RLT Cl.AV Bk'DRO\ll< JI.OW UNI: 

Pulllf1-and-treat technology is appropriate for many ground
water contamination problems (Ziegler, 1989). The 
phy~lcal-chemical subsurface systom must allow the 
contaminants to flov• to the extraction wells. Consequently, 
the subsurface must have sufficient hydraulic 
conductivity (K) to allow fluid to flow readily and the 
chemicals must be transportable by the fluid, thus making 
the use of pump-and-treat systems highly site specttic. 

Cases In which contaminants cannot readily flow to 
pumping walls lncltHie: 

0 •Heterogeneous aquifer conditions where low-
permeablllty zones restrict contaminant flow <D 
toward extraction wells; t" 
•Chemicals that are sorbed or precipttated on the O 
soil and slowly desorb or dissolve back into the 0 
ground water as chemical equilibrium changes in o 
response to the extraction process; or 

•Immobile nonaqueous phase liquids (NAPLs) that 
may contribute to a miscible contaminant plume 
by prolonged dissolution (e.g., a separate phase 
gasoline at residua! saturation). 

In these cases, modifications to pump-and-treat technology 
such as pulsed pumping, may be appropriate. Pump-and· 

TREATMENl FACILITY 

-~ _J_
0

_ WitTEn TA0LI 
99 t.WDEH FIMl'INO 

CONOtnONIJ. 

Figure 1. Example Nlllng whara a pump.end-lrost 1v11om 11 uoe<I. 
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treat techmology also may be used In combination 
(treatment train) whh other remedial alternatives, such as 
vacuum elKlractlon and/or bloremedlatl?n. One should 
realize thGat no single technology Is a panacea for 
subsurface remediation unoer complex conditions. 

The main !Imitation of pump-,and-treat technology ls the long 
time that may !:>8 required to achieve an acceptable level of 
cleanup. Other potential limitations Include: (1) a design 
that falls 1G contain the contamlnan: plume and allows 
continued migration of contaminants either horizontally or 
vertically and (2) operational !allures tnat allow the loss of 
containment. Typical operational problems stem from the 
faliure(s) of surface equipment, electrical and mechanical 
control systems, a:id chemical precipitation causing 
plugging of wells, pumps, and surface plumbing. 
Limitations are discussed further In Mackay and Charry 
(1989). 

The problem of site remediation Is compllcati,d further If the 
contamln.wits occur as NAPLs such as gasoline, heating oil 
or jet fuel In this case, some of the oily phase becomes 
trapped IR pore spaces by capillary forces and cannot 
readily be pumped out. This residual saturation can be a 
slgnttlcant source of miscible contamination. Unfortunately, 
the residual NAPL may not be detected by a monitoring well 
because only the dissolved fraction Is present In the water 
wlthdra1in. Pump-and-treat removal Is rate-limited by how 
fast Iha NAPL compo,,ants can dissolve. Thus, for this 
situation, pump-and-treat removal may need to be 
combined with other remedial alternatives (e.g., vacuum 
extraction) that better address residual saturation; and/or 
hydraulic oontalnmant rather than cleanup may be the 
realistic remedial objective. 

Data Requirements 

A conceptual model of the nature and scope of a ground
water contamination problem ts needed before an 
appropriate remedial action can be determined. Data 
collection shocld be an Iterative process performed In 
phases where decisions concerning subsequent phases are 
based on the results of preceding phases. This phasEOd 
approach need not lead to data collection being a 
discontinuous process; data may well be collectad 
continuously with the decision msultlng In rnodlllcatlons In 
collection protocols. These decisions should consider which 
final and/or Interim remedial actions are to be Implemented. 
A history 01 th11 conta.mlr,atlon events should bo prepared to 
dtlllne the types of wasla and quantHy their loadings to the 
system. This Is necessary to help design the data collection 
program. The minimum data required to make Informed 
deolslona depends on the processes controlling 
contamination. Those processes and associated data are 
discussed below. 

Hydrogeologlcal data 

One of tho key elements affecting pump-and-treat system 
design Is the characterization of the ground-water flow 
system. This includes: the physical parameters of the 
contaminated region ie,g., hydraulic conduclivlty storage 
coefficient, and aqutter thickness); system stresses (e.g., 
recharge and pumping rates); and other system 
characteristics (e.g., physical and hydraulic boundaries and 
ground-water flow directions and rates). For long-term 
pumping, the storage coefficient ts less significant than the 
hydraulic conductivity. By understanding where ground 
water ~harges and discharges (mass balance), the laws 
govemmg flow (e.g., Darcy's Law), and the geological 
framework through which this flow occurs, It Is possible to 
determine these characteristics. II Is important to portray 
the flow system accurately so the impact ol Installh19 a 
pumping system can be prope~y analyzed. Table ·, lists the 
lnformatJon typically used to ldenttty and quantify the 
Important characteristics al a ground-water system. The 
methods for collecting these data are discussed in a later 
section. 

Because migrating miscible contaminants travel with 
moving ground water, it Is Important to characterize ground· 
water flow. Ground water flows from areas ol recharge 
(commonly vta rainfall, surface water bodies. or irrigation) to 
areas of discharge (surface water or wells). Along the way, 
subsurface heterogonelties (such as fractures) Influence its 
direction. The rate of.ground-water flow Is controlled by the 
poros~y and hydraulic conductivity of the media through 
which It travels and by hydraulic gradients, which are 
lnfluer,ced by recharge and discharge (see Freeze and 
Cherry, 1979 or Fetter, 1980). 

Pumping wells influence the flow system. If contamination 
Is detected In a water supply we1:, there has been a 
tendency to close the well. This alters the flow system and 
causes the contaminant's plume to migrate elsewhere. 
Depending on the site, It may be advantageous to Install 
well-head treatment and keep the well on-tine to prevent 
further plume migration. Conversely, It may be 
advantageous to close the well H It Is belle~ed further 
pumping might exacerbate spreading of the plume. This 
Interim remedial action may be consistent with and can 
become part of a final pump-and-treat system. 

It is Important to conduct a site characterization quickly· 
however, ground-water flow systems vary with time. ' 
Seasonal variations in water levels, whlc'1 are often several 
feet, can adversely Impact remediation. for example, at 
one site, an Intercept drain was constructed to collect 
contaminated ground water but was designed baaed on 
only ono survey of water levele. Subsequent monitoring 
revealed that the water levels represented a seasonal high. 
Thus, for most of the year, the ground-water Intercept drain 
was above the water table and did not collect the 
contaminated ground water. 
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'('able 1, A&peclo of Site Hydrogeology (U.S, EPA. tQ88). 

Goolooic Asoects 
1. Type of water-bearing unit or aquifer (overburden. bedrock). 
2. Thickness, areal extent of water-bearing units and aquifers. 
3. Type ol porosity (primary, such as lntergranular pore space, or secondary, such as bedrock 

diScontinulties, e.g., fracture or SOiution cavlHss). 
4, Pr81l8flce <If absence o1 lmpom1eable uniis or CQl\fining layem. 
5. Depths to water table; tt1lckness of vadose zo,10. 

HydrayUo Aapecis 

1. 

2. 
3. 

Hydraulic properties of water-bearing unit or aquifer (hydraulic conductivity, ltansmlsslvlly. 
storattvlly, porosity, 'llsperslvlty). 

(\j 

co 
I"'\ 

0 
0 
C') 

Pressure condlHons (confined, unconflnod, lesky confined). 
Ground-watet flow directions {hydraulic gradients, both horizontal and vertical), volumes 
(specific discharge), rato (aserage linear velocity). 
Recharge and discharge areas. 4. 

6. Ground-water or surla<:e water Interactions; areas of oround-wator di;,:harge to surface 
water. 

6. Seasonal variations of ground-water conditions. 

~ound-Water P•Q Aspects 

1. Existing or potential underground sources ol drinking water. 
2. Existing or near-site u•e ot ground water. 

Contaminant data 

CCnlamlnant Information Includes: (1) source charac
terization, (2) concentration distribution of contamination 
and naturally occurring chemicals, and (3) data 8/lsoclated 
wllh thai)l'oce&BGS that affect plume developmer.\. Sourc-a 
characterlzallon consists of the following: (1) the chemical 
volume released, (2) the area lnflltm!ed, and (3) the time 
durallon of release. Often, the release occurred so long 
ago that Information Is dlffleutt to obtain. 

Chemlcaldata 

Quantttatlvo characterlzatlon of the subsYrface chemistry 
Includes sampling the vadose and saturated zones to 
determine Iha concentration distributions In ground water, 
aoll, and vadoae water. Vadose zone monitoring ls 
dlecuaGedlnWUaon(1981, 1902, 1983). Anetwcrkol 
monllorlng wells (also nocessa,y tor the hydrogaologlc ~ala) 
needs lo be lnatalled to collact depth-discrete ground-water 
aamp)lls (U.S. EPA. 19888). Wells shOuld be located In 
lll1JIII that WIii 1upply Information on ambient {bael\ground) 
ground-water ottemlstry and on plume chemfslry. At a 
minimum. so!I and ground-water 811mplos should be 
analyzed for the pararnetel8 of concern from tho waste 
,.i19am. A full prfortty pollutant ecan on Me llrsl round 
~ lnformallon on plul'!le chemistry and may be useful 
In dllftl\lntlatlng plumea !hat have originated Imm a ·· 

different source. On subsequent rounds, the paramater list 
may be tailored based on stte-spocttlc considerations, For 
example, the fist may Include chemicals exceeding 
environmental regulations and those causing Important 
chemical reacttonij that attact the mobility of the 
contaminant or the pump-and-treat system (a.g., 
compounds producing Iron precipitation In the surface 
plumbing due to oxidation). 

After analyzing the samples, tho resulting concentration 
data should be mapped In three dimensions to determine 
the spatlal lllstrlbutlon of contamination. These plume 
delineation maps and the r11s11tts from aquifer teats will 
yield estimates on plume movamont and ldontlly locations 
for extraction wells. 

Solute transport. data 

Plume movamant of nonreactive d!ssolved contaminants In 
$aturatec porous media la controlled primarily by advactlon 
and, to a lesser extant, hydrodynamic dlapanilon (Figure 
2). Advect!on Is a !unction of h\•drautlc conductivity (the 
soil's resistance lo flow) t!n'llis lhlil hydraulic gradient (water
fevel changes with dlstanoo) divided by porosity. Hydro
dynemlc dispersion I& the combined effect of n11tc:hanlcal 
mixing and molecular dlffu1lon. It Ill the app!llllnt ,rdxlng 
du& to unreaoilled advectlve movement at scallle ftner than 
thoae described by mean arJvecUon, OlspQrslon causes the 
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ADDITIONAL SPREADING CAUSED BY DISPERSION 

. ,:., ·.., ::::.< ,, 

,trJi'':l!H~ 
-~,} · ..... ,, 

-~. ,,~;~~I·~~·.\::~::~;,{:). :C:, 
~ ... "= • .: .. ,. ( 
~ • -~•,~,,l.::: ~ 

··"'K~·fi:):•. 

Flguro 2. Plan view of contaminant plume eproading by advaollon and dlop,ralon (~om Keely, 1689). 

zone of contaminated ground water to occupy a greater 
volume than It would under advectlon only. Advection 
causes a plume to movo In the direction and at the rate of 
ground-water flow; hydrodynamic dispersion causos the 
plume volume to lncrea&a and Its maximum concentration 
to d8Cfeasa. ·--· 

Transport of reactive contaminants Is lnflusnced by addl• 
tkmat proceGSas such as e-:irptton, dHorption, and 
ch&mlcal or biochemical reactions. The data requirements 
for contamlnatlori charaoterlzallon are presented In Table 2. 
Sorpllon-<!esorpllon and transformation praceuses are 
trnportan• In controlling the migration rato l'lnd concentration 
.d(e!rlbutlona. so11,a of those procossas tend to retard tile 
rate of contaminant migration and net as m&chanlsms for 
concentration attenuation. Because of their effects, the 
p111me ot II reactlv11 contaminant expands more slowly and 
the eoncentretlon la leSll lhllll that of an aqulvalont 
nonreactive enntamlnant. Unfortunately, this retarding 
effect Increases the Cleanup time of a pump-ahd-treat 
system. 

Chemical properties ol tho plume are neceasaty (1) to 
et1111act111u:e the transport of Itta chemlcats and (2) to 
evaluate the feaalbUlty ol a pump-and-treat system. The 
tsliowinQ. p,>:>pertles lnfloonce tile mobility of dlasolved 
chemlcala In gmund water and should be conaloored for 
p1umt migration and cleanup: 

1. Aqueous solv~: Determines the degree to 
which the chemical will dissolve In water. 
Solublllty Indicates maximum possible concan
trallons. High solublllty Indicates low sorptlon 
tendencies, e.g. melhy/eno chlorldo. 

2. l:lenry"s Law constant: High values may signtty 
volatlllzntlon from the aqueous phase as an 
Important transport process, e.g. dlchlomdllluoro
methane (Freon 12). Used In conjunr.tion with 
vapor pressure. 

3. ~: For high concentrations, the density of 
the contaminated Uu!d may be greater than the 
density of pure water, e.g. trlchloroothylene (TCF.). 
This causes the downward vertical movement of 
contaminants. 

4. OctanoJ:.water nartltlan cooffl,;leot: tndlcatqis a 
chemical's tendency to partition between the 
ground waMr and the soil. A large octanol-wat0r 
partition coelllclenl slgnllles a highly hydrophublc 
compound, which Indicates atrilng sorptlon, e.g. 
DDT. This provides similar lnforrr.allon to that 
provided by solubility. 

6. ~!UilKlUUllwli: Nlother !mil• 
cator of a chomlcal'a tendenoy to partition 
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Table 2. Data pertinent to ground-water ct·mtemlnatlon characterization {from t.ouwer et -0.l. 1 

1988), 

Geeera; Category Specific Data 

Site physical framework Estimates of hydrodynamic dispersion parameters 
Ettectlve porosity distribution 
Narural {background) aquifer constituent concentration 

Distributions 

System str9S6'ls 

Fluld density and relationship 10 concentrations 

Pollution source locations 
Pollutant releases 

Minoralogy Chemlcal,'blological ftamewori< 
Organic content 
Ground-water temperature 
$~lute properties 
Major Ion chemislry 
Minor ion chemistry 
Eh·pH environment 

Observable responses Areal and temporal distributions of wal•r, solid, and va.,ar 
phase contaminants 

Stream flow quality distributions over space and time 

betwe~•n ground water and the soil. For certain 
chemicals, It Is directly related to the distribution 
coelllclent K, via thA fraction of organic carbon 
(foe). 

6. .ll]Qg,egrad~: This provides Information 
--- .regarding the perslst!lnce of the chemical and 

whl:ih, ff any, transformation prOducts might bo 
8X6)00ted. 

These parameters for many chemicals may be obtained 
from roleninces euch as Lyman et at. (1982) or CAC 
(1965). Some values are provided In Appendix A. 

In addition to the data dlScussed above, other data may 
neod to lHI collected relatlng to (1) In situ biological 
processoa and (2) NAPL migration. For In situ biological 
processea, the additional data needed may Include: (1) 
characterization of organisms In the sub.1urfaco, (2) 
anatyala tor chemlcals required for Iha blologlcal process to 
occur, and (3) aoalysle for potential transformation prooucts 
(dograd11tlon compounds). In situ biological procossos are 
lrrj'JOrtant In order to llstlm'l.te natural degrado.tlon and to 
determine H bloreclamatlon ( an Improved pur.ip-and-traat 
melhO<I) I& a pooslble remedial alternative. 

NAPLdota 

The ·i)Alft&nce of a separate nonaqueoua phaee greatly 
COll1!)ll . , the contan~nant charaAl!orlzatlon. Movement 
o/ a cor.,,..mlnant ae a oopllfllte, tmml8lllblo phaS!I Is not 

well understood in either the saturated or unsaturated 
zones. A nonaqueous phase moves In response to 
pressure gradients and gravity. Its movement and, hor 
recovery, is Influenced by lnterlaclal tension and by tho 
processes of volatilization and dissoIution. 

The addltional aata requirements for NAPLs include: ( 
fluid specific gravity (density), (2) lluid viscosity, (3) 
residual saturation, (4) relative permeablllty•saturatlon
caplllary pro~sure relationships, and (5) NAPL thlckner 
and distribution. Following a spill or release, light NAP 
tend to spread over the wator table. Dense nonaquao, 
phase liquids (DNAPLs) tend to move below the water 
until reaching a low-permeablllty barrier, such as a cor. 
bed. Examples of DNAPLs Include 1, 1, 1-trtchloroetha· 
carbon tetrachloride, pontachlorophenols, dlchloroben. 
totrachloroethone, and creosote; examples of LNAPL, 
Include gasoline, heating oil, kerosene, jot fuel, and a~ 
gas (soe Appendix A). Commonly, LNAPLs have a 
viscosity less than water, and DNAPLs have a vlscoslt 
greater than water (de Pastrovlch et al., 1979). Follov 
spill, a procJuot of low viscosity will penetrate more rap 
Into Iha soil than a product with nigher viscosity. 

Restdual saturation, also known as hraduclbla saturnI 
Iha saturatlon.bolow whlGh iluld drainage will not OC<.l, 
(Figure 3). The residual saturation depends mainly o 
!actors: (1) the distribution ol soil pore sizes, and (2) 
type of immlscible fluid lnvolv&d. R0sldl.!lll saturation: 
diHlcutt to estimate accurately ~nd are eubjoct to com 
able error. 
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WATER 
FLUSHING ""-~ OR 

'. _,..,""" ~-...:...i.,.. PUMPING 

~~..._.·~·· ;i/if· <·· './}/:{ '•" .:y/J 
FLUSHING WILL NOT REMOVE ALL OF THE TRAPPEO PF:.>OUCT 

BECAUSE OF CAPILLARY ATTRACTION 

Figure 3. Trappod oil at ruldual aatun&llon (from API, 1180), 

The realdual saturation of hydrocarbons has Important 
consequences on soR cleanup, petroleum product recovery, 
and ground•water contamination. All oil moves through e 
son, II leavos oil trapped at residual saturation. The amount 
of oll nitalned In the son la normally between 15 and 40 
l!lers per cubic meter (Fussell et al., 1981). According lo 
API (1980), this trapped 011 can last for many years as the 
all alowly oogrades. Whll& residual saturation has the eflect 
of depleting a plume ol oil, thus reducing the contamination 
I~ al pure product reaching and n\lgratlng within the 
saturated zone, • has Iha d&trlmantal el!ect of providing a 
long-term 1ource of m!lclble contaminants. For NAPLa 
subject lo water-table fluctuaUons, residual saturations can 
occur below the water table. This has detrimental 
concequences for a pump-and-treat system 

When more than one fluid exists In a porous medium, the 
flowing fluid& compels for pore apace. The net result Is that 
the mobUlty Is reduced for eallh flukl. The reduction can be 
(lUallllled by mullplytng the lntrlnalo pannNblllty by a 
dlmenalonleas ratio, known aa relative penneablllty, k,
Rela!lve permeability Ill the ratio of the oflectfve 
pal'll'l9tdllllty of a fluid at a nxed saturation to the Intrinsic 
i»rmeab!Uty. Relative penneablllty varies from zero to one 
and can Ii. mpreffnled u II etngie-volued function of 
ph8M aaturaUon, 8. An example of relatlve permeab!lllles 
In a water-on •Y111em 11 mown In Figure 4. Note that at 

0 1Nklual IIIUratloll, S, lite map&Cllve relative permeability 
,ba»mol zero; 11u11 Is, lluw C9IIU$ to ooaur and product 
·r.oov&IY l!Opa. 

Allhough relative penneabllity dala are avattable lor many 
pelraleum reservoir anglnoerlng appllcaliona, these data are 
not generally available for liquids found at hazardoua W8l!IQ 
sites. Data oo water and lrk:hlorethyleno (TCE) aw Iha 
exception. Lin et al. (1982) made laboratory meaaurementa 
01 pressure-saturation ralauons !or water-air and TCE•air 
systems In homogeneous sand columns. These data ware 
later converted to !WO-phase aaturalion-rslative permeallUtty 
data by Abriola (1983). 

Data collection 

Conduellng a background data search reduces the amount 
Of Information that wHI h11ve to b-0 collect11d In the field. M 
Indicated above, chemk;al-speclflG lnfonnatlon la avallable In 
handbooks. Various sources of general Information on 
specific sites are a,;aBable as shown In Tabla 3. Other 
sources of lnfonnatlon are Osled In U.S. EPA (1988b). 
Once Iha available data have been revlewed, ll la poaslbla 
to design an approach to collect the lnlllal field oata. 

Subsurface conditions can be studtoo only by Indirect 
techniques or by using point data. Table 4 Uets common 
data collection methads. ReterellC&G on monttortng wells 
Include Scalf at al. (1981), Drlscofl (1986), and Campbell 
and Lehr (1973); retemncea on geophysical techniques 
Include Dobrin (1976), Keya and MecCary {1971), $tawart 
et at, (lQ83}, and Kwader (1086). Ohotoo of appropriate 
math Ilda dependa on Iha overall acope of Iha project. A 
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Problem Spednc: 
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Table 3. Polel\Utl aour..,t ol lnlorrMUon (Knox ot al. 1988). 

Fedellll O< 81818 geologdcal llllV&yS. unlven,Uy librarles, gOOlogy Md en(jinoorlng 
!leplll1mell18, llale healll departmlk\18, p-openy owner, coonty reoords, WllD 
drllenl. 

Wealher bure&U6, llafe wator maaurceo boazda, censu,i b<lreaus, &oil and waler 
c:on&4l!Valloi1 dlslrld&, amploymena OOll'il11Ulooa. corpal3llon ccmmi881ons, 
Oepanment ol AgrtculllJre, Fot88t Service. 

Mad10al lllrailea, llafe a, federal erwftOM1811lal P,Ol&c&ln ageo,clee, l!alll 
1111o11111y gene<al's ofllce. 
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T1blt 4, DIii OOIIIICU0n m11hodt (rof•r•noe• provl<a<S In lnl). 

Osophyalal 
(ln41180I dala molhod) 

Comm0t1ly Used 
Melhod• 

l!klO!romagnel!ca 

Rotl&llvlly 
8Sllmlc 

AdvllnteQ9$/ 
OfaadYalltages 

Good lor dollnealloll ot 
high oonductivlly plumoo 

Usi,M In lclcallng fractUrea 

Qlound peneuaung re.<ln/ 
I /mlled UU In shallow elUdlei 
Useful In very shallow son 

atudtas 

Augeri/lg Ollling 
Augering with apl!l·8poo(l 18/llj)ling 
Alrl'Nall!f rotary 

Poo, a1tallgmphic data 
Good sod lafflfl/eS 
Rock Sil/l1lll0 inlmmatton 
Filla tracturaa • needs 

Glound•W&ll!f 
sampling 

Mud rotary 

Coring 
Jal!lr,gldrMng 

CenllifugaJ pump 

lnt8Ml\fa deVO!opmenl 
Complata delaJla o,, bedtock 
No subcurlaea data 

Anowaoacapeo1 
volal!IG& (pj)erolOr 
dej)andenl) 

PeristaJllclbladdar pumpa 

Can producAI rurbld samples 
Increasing chance of mi11-
r0pr....,!ed contamination 

Gives more mprasentanve 
samplea 

Aqulle< 111811 

$oil boling 

P\Jmpl8SI 

Slug test 

conceptullllzation of the sfta and contami1111tlon problem 
shGUld be made and updated as data become avanable. 
Throughout the study, ft le essential to document an well 
colllllrucllon details, sampling episodes, etc., In order to 
arrive at en aCGUrate evaluation of Iha entire site. An 
understanding of the hydrogeology and extent of contaml• 
nation are l11'4>ortant to a successful Reid study. 
Formufallng adequate design plans ensures that wells are 
1118d to a proper depth and stratigraphic layer so the extent 
of conlaninatlon Is not exacerbated by Gl'Osa contamination. 

Methods for determining hydraunc properties of subsurlace 
units prlmarly consist of aq1Jlfer lesta (e.g., pump teats or 
slug tuts). In a pu~ !&at, a well la pumped and water
level roaponsea are moaaurad In surrounding wells. Solu
lloll$ are available tor 11ethnallng aquffsr parameters based 
on the stress (pumping) and the reaponaa (drawdown and 
•~ (sea, e.g., Fems et 111., 1982 or l<lllseman and 
De Rid r. 1976). The slug taat methOd lnvofvlls Inducing a 
~ ?a!et-!avet chango wllhfn a well and ~urlng Iha 

Ras!rtctOd IO shallow dGplhs 

Samples a largo aquifer 
aeetion 

Does not rQ<\We ff quid 
disposal 

rate the water level In the well returns lo its inftial level. The 
Initial wa1ar-level change can be Induced by either 
Introducing or withdrawing a volume of water or 
displacement device Into or out of the well. The rate of 
recovery Is reuulld to the hydraulic conductivity ol tho 
aurroundJng aquHer material (Cooper et al., 1967; 
Papadopulos et al., 1973; llouwer and Rk:o, 1976). ThB 
advantage of a slug 10111 (unlike a pump test) Is that little or 
no contaminated water wffl be produced. Unfonunately, 
slug tests measure the reeponse In only a small volume of 
the permeable media, whereas aqulfer tests measure the 
response In a much larger volume. Mom recently, the 
borehole l\'m&ter has been used to examine the spatial 
varlabfffty ~1 hydraullc collductlvlty (aee, e.g., EPRI, 1989). 

To detennlna flow dlrecllona and venlcal and honzon1al 
gradients, willer levels mutt be measured and converted to 
111evatto111 rolallva to a dalum,,llllually mean aea level. 
Water-love! measuremenlll may be takon by several 
different \MW lnctUdl1)0 0 > .c~alk and tape, (2) electr1cal 
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water-level probe, and (3) pressure transducer. These 
techniques are discussed In Acker (1974) and Streltsova 
(1988). Hor12ontal gradients are determined using water
level data from w,,!s that are open to the same hydrologlc 
unit and/or at the same elevation but separated areally. 
Vertical gradients are determined using water-level dala 
from wells In the same location but open to different 
elevations. The gradient Is the difference In water levels 
divided by the distance between Iha measurement 
locations. Because water levels often yield a complex 
three-dimensional surlace, care must be taken In computing 
the hydraulic gradient. The gradient determines the 
direction of flow. Ground-water velocity Is determined by 
multiplying the gradient by hydraulic conductivity and 
dividing by effective porosity. 

For frac1Ured media and karst formations, site character
ization and remadlallon designs are even more difficult. 
Techniques such as fracture trace analysis (Lattman and 
Parizek, 1964) and the use of geophysical Instrumentation 
may be useful for locating the more permeable zones, 
where contaminants are most likely to be loc~ted and, thus, 
where extraction wells should be placed. Other charac
terlzation techniques ln<.iudo continuous coring, aquifer 
tests, and traoerlests (IAHS, 1!188). For mom detailed 
discussion on flow In the special heterogeneous cond~ions 
of fractured media, see Streltsova (1988); for karst 
formations, see B!lgll (1980), IAHS (1988), and Quinlan and 
Ewers (1985). 

To ensure proper quality assurance (QA) and quality control 
(QC) of ground-water samples, strict protocols must be 
followed In the field. The pH, temperature, and specific 
conductance of a sample should be measured. Ideally, 
before a sallllle Is gathered, water should be extracted 
from the well until these parameters have stabilized. This 
will help ensure that the sa~le Is from the formation. 

-------Proper sample storage and shipment to a qualified 
laboratory Is also Important. A sampling plan should 
address Issues such as sallllling frequency, locations, and 
atatlstical relevance of samples (U.S. EPA, 1987b). For 
more detalls on sampling guidance, see Cartwright and 
Shaler (1987), Barcelona et al. (1983), and Barcelona et al. 
(1985). For methods lo determine partition coel'lclents 
from cores, see Sundstrom and Kiel (1979); for NAPL 
characterization, see API (1989). 

Data Interpretation 

Uncertainties assoo!ated with hazardous waste problems 
11\clude: (1) contaminant source characterization and (2) 
extrapolating/ Interpolating subsurface point data. Inter• 
pretallon of point data begins by plotting the data and 
viewing ft from dlflerant perspectives. For example, water
level data for spaclflc times should be contourod to form 
polflllUometrfc maps that are Interpreted with respect to 
geologic aectlone and lnlonnatlon on hydraulic conductivity. 
For 11 ateady flow syslllm, a region of hlgher hydraulic 
gradhlnt on the potentklmetric mape should oorrespond to a 
region of lower hydraulic conductivity on Iha geologic 
88Ctlon. Furtlltr graphical lnlerpretallon should be made 

using contaminant plume maps. Plume devalopmer 
down•hydraullc-gradient direction should be noted. 
OH!erent data types should be used to support other 
so a conceptualization can be developed that is con 
with all data. 

For example, consider a site Involving heavy metal < 
tamlnatlon where the aquifer consists of a permeab, 
alluvium overlying a low permeability saprollte that i< 
perm&able weathered bedrock. Concentration data 
on a map of Iha area shows an Irregular shape diffi< 
Interpret, but that appears to Indicate a limited and < 
connected contamination problem, suggesting multiiCO 
plumes. However, looking at well construction data co 
a dnlorent picture. Wells constructed In the alluviun u-. 
weathered bedrock ahow contamination while those•· • 
structed In the low-permeability saprollte do not. Ato 
of contamination in the saprolite walls does not indi,

0 clean section; It only Indicates that the contamlnatlo 
section has not penetrated the low-permeability sap 0 
Reexamination of these data reveals that the conta, 
probably consists of a plume In each permeable lay 
more extensive than was thought originally when ex 
only a single concentration map and zero values for 
saprolite wells. ihe original lnterp .. talion was mad 
without considering stratigraphic ef1ects on the thre, 
dlmonsiona! flow system. This emphasizes the Imp 
ot examining all data, including well construction int 
lion, when characterizing contamination and design 
remediation. 

The next step In data Interpretation Is making scopi 
calculations such as using the hydraulic gradient, h: 
conductivity, and porosity In Darcy's equation to es1 
convective transport. Next, one may compare thes 
city calculations with estimates o1 mean plume mo~ 
If the two are not comparable, this could Indicate ur 
talnty In the source release or location or that proce 
such as sorplion or transformation are important. I 
slstences among data need to be explained. Raso 
data Inconsistencies assures an understanding ol t 
and reduces uncertainty. 

There are nu1110rous tools that can ba used to Inter 
data, Including: 

Geochemical analysis • Methods such as Ion
association models can ba used to Interpret 
Chemical changes In Iha aquHer. Representat 
models Include MINEOL (Morel and Morgan, 
1972), WATE02 (Ball et al., 1979), E03 (Wale 
1979), and MINTEQA 1 (U.S. EPA, 1987b). 

Geostatistical analysis.· Methods such as krig, 
can be used to quantify the spatial variability 
Inherent In the hydraulic conductivity field of ar 
aquttor (see, e.g .. Journal, 1978 or Englund ar 
Sparl<a, 1988). For unc1111alnty, ltrlglng provld, 
confidence lntarvals for the parameter of Inter, 

, (Coollflr and lstok. 1988a and b). Stallat!Gal 
methods may be used to determine tho 
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relationship among various parameters and help 
define the statistical likeUhood of a pJrtlcular 
=:urrence (Davis, 1973 and Gilbert, 1987). 

Mathematjcal modeljng • Models such as the 
ll'lll'ee-<limenslonal, finite-difference flow code 
MiODFLOW (McDonald and Harbaugh, 1984) and 
Iha semianalytlcal flow code RESSO (Javandel et 
al_ 1984) can be used to simulate flow patterns 
and changes resulting from the operation of a 
pump-and-treat system. Other mOGels are 
available to analyze contaminant transport (see, 
e.g., van der Heiidll et al., 1985 or U.S. EPA, 
19438c). To addrese uncertainty, one may uee 
discrete sensitivity analysis where a parameter ls 
valied and fts impact on the concentration Is 
assessed. 

Pata~er uncertainties are a consequence of the estima• 
tla.1 procedure and spatial and temporal vartablllty In model 
paramelers. Various techniques are available to handle the 
effects ol parameter uncertainty In ground-water flow. 
These toohniques can be divided Into two broad categories: 
full distribution analyses, and first and second moment 
analyses (Dettinger and WIison, 1981). Full dlstribulion 
analyses require a complete speclfleallon of the probablllty 
functions (pdfs) of the random variables or parameters. 
These pdls are either known or assumed. The most 
common lull dlstnbullon techniques are the method of 
derived distributions (Benjamin and Cornell, 1970), the 
Monte Carlo method (Kalos and Whitlock, 1986) and the 
Latin hypercubo method (Iman and Shortencarier, 1984). 

Conceptual Design 
Because of complex site conditions, It may be necessaiy to 
combine. remedial aellons Into a treatment train. Choosing 
a remedial lecnnology Is a function of the contaminant and 
Its reactivity 1111d moblllty, characteristics of the site (e.g., 
hydraulic oondur..1lv1ty), and the location ol the contaminant 
(e.g., above or below Iha water table). The ease with which 
the cornamlnant moves through Iha subsurfaco determines 
how extensive and how dlfflcult It will be to remedlate the 
contarnlnatlon problem. For example, a formation must 
have sufflclllnl hydraulic conductivity to llllow pumpage. II a 
shallow aqutter Is very tight (low hydraulic conductivity}, 
pumping at a reasonable rate may cause the well to go dry. 
creating a capture zone that Is too llmltad. For such condl· 
!Ions, an Intercept drain may be more l!j)proprlate. The 
reacUvlty of a contaminant, either chemk:ally or biologically 
and Its u!Umate fate determine whether an In situ treatment 
proces.s can be used or whether containment or physical 
removal ts more ettootlva. tt a volatile t:ompound, such as 
gasolbw, Is above the water table, pumping (or skimming} 
may ,-ver the petroloum product, but will leave a residual 
prodlklt !hat a vacuum exttacllon (soil venting) system 
-~ht l'\lOOVllr. Thus, pu~nd-treat technology may bG 
corm!ned with 0U1er toohno!ogle& to complete remediation 
In the saturated and vaooae zones. 

Pump-and-treat technology Is appropriate for many hydro• 
geological condttions, wa~te types. and chemical properties. 
It may be necessary, hi:wavar, to combine a pump-and• 
treat system with other technologies (e.g., bloreclamation, 
soil venting} or to make system adjustments (e.g., pulsed 
pumping). It Is Important to be aware of the lime frames 
that may be required to achieve a particular remedial 
objective (cleanup goal) betore deciding on a pump-and• 
treat remediation. · 

There may be situations where pump-and-treat technology 
wlll not affectively remove contaminants. An example is 
dense nonaqueous phase liquids (DNAPLs) at residual 
saturation. Unlortunately, this is a very diflicult problem for 
which other remedial oplions may not be effective elth&r. H 
the residual DNAPLs are shallow, then excavation may be a 
reasonable optior,. If they are too deep to excavate. then 
pump-and-treat technology is a possible remedial action to 
hydraulically contain any dissoived contamination. Contain• 
mant may be required until a technology Is developed (e.g., 
enhanced oil recovery methods} that can treat or remova 

. the DNAPLs. An area where containment is being lmple· 
mented Is the S-Area stte in Niagara Falls, New York 
(Cohen et al., 1987). Here, a combination of physical and 
hydraulic barriers was proposed to contain DNAPLs {Figure 
5). Whan containment Is selected, seasonal or transient 
ground-water flow conditions must be considered to insuro 
year-round containment. 

One way to evaluate the effectiveness of a remediation is 
through a study a case histories. Lindorf! and Cartwright 
(1977) discuss 116 case histories of ground-water 
conlamination and remediation. U.S. EPA ( t 984a and b) 
presents 23 case histories of ground-water remediation. 
More recently (U.S. EPA, 1989), ground-water extraction 
has been evaluated via case histories. The results or this 
latter study are summarized in Appendix B. 

When to select pump-and-treat systems 

Figures 6a and 6b present decision-flow diagrams for 
ground-water contarnfnation and soil contamination, 
respectively. For ground-water contamination, tha first 
decision concems whether a remedial action (G3) Is 
nooessary. If a risk assessment shows the need for a 
remedial action, then the options shown In Figura 6a are 
containment (G4), In situ treatment (GS) or pump and treat 
(GS}. If G5 Is selected. then other decisions are necessary 
but not discussed here. If G4 ls selected, lheo the 
containment can be ehher physical (G7) or hydraulic (GB). 
Physlcnt containment has generally not walked well (Mercer 
at al., 1987) and Is not discussed further; hydraulic contain• 
ment Is achieved by pump-and,traat technologies (Gl 1). 
As indicated previously, ff the source of tho ground-water 
contamination Is not removed, then containment may be 
necessary as opposed to GS or G6. 

II pump and treat (G8) Is selected, the next declalan Is 
whether to use wells (G9) or drains (010). ff the hydraulic 
condl.ldhlily la suiflclentJy high to allow flow lo wells, then 
uloot. wells. For low~rmeabllity material, drains may be 

11 

°' <X) 

I<\ 

0 
0 
(") 

000389



ground~water 
contamination 

~ 

After 

CLAY CAP~ 
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Flgur• 6b. Declalon•ttow diagram tor soil conlsmlnallon. 

required. After wells have been selected, a decision must 
be made concerning whether they are extraction wellS 
(012), lnjl.>Cllon wells (G13), or a combination. Injection 
w.ills will reduce Iha cleanup time by flushing contaminants 
toward th& extraction wells. For the extraction wells, 
decisions n88d ta be made concerning continuous pumping 
(G16), pulsad.pull';)lng (G17), and/or pumping combined 
with contalnment. Continuous puJ!1)Ing maintains an In• 
ward hydraullc gradient; pulsed puJ!1llng allows maximum 
co008ntrallons to be extracted ofllclently; containment can 
be usod to llmlt th& lnllow of clean water that needs to be 
t111ated. The !nJ8Cled water can be treated water (019); for 
biodegradable contaminants, tt can contain nutrients andlot 
el9Clron acceptors (020) lo onhance In situ blodegrada• 
tlon; or, for NAPl.s, it can consist of enhan0<1d oil recovery 
(EOA) matorlals (G2t ). For further Information on EOR 
techniques, see Shah (1981 ). For problems involving 
ground-water contamination, some form of pump-and-treat 
18Chnolagy wlll almost always be used. 

A etmUar doolslon process can be followed for soil contaml• 
na!lcn (Flguro 6b). The first decision Is no action/remedial 
action. For a remedial action, the cholees are excavation 
(S4l, In situ treatment (85), 81\d/or cap/cover (S6). For in 
attu treatment, the op!lons aro fixation (57), vacuum extrac
tion (S8), lham,al (S9), or bloremedlatlon (810). Vacuum 
&ldl'llllltlon la poaalbla II the conlamlnanta are volalll11. Other 
op!lonll may be avallable; however, soil cleanup is not the 
e~la here and, therefore, Is not given grc 11ter discus• -
alon. Moat contamination problems wlll lmpa,t both soil and 

ground water. For such problems, a combination, e.g., G6 
and S8, of options may be required to achieve cleanup. 

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

This axampl& Is based on a study at a faclllty that uses 
many solvents that are potep•lal pollutants. No previous 
stta•speclllc studies had baen conducted; hence, the 
existence and extent of contamination ware unknown. The 
Investigative work was perlorm&d in three phases. 

Phase 1 

During Phase 1, an evaluation was made of the site hydro• 
geology and ground•water quality. Regional studl&S were 
obtained from the state geological survey, the local water 
authOrlly, and Soll Conservation Service; pl1or construction 
Information was obtained from the company. A list ol all on
stte potential contaminant sources was prepared. Potential 
preferred flow paths were ldantttled by performing a fracture 
tra0<1 analysis (see, e.g., Laltman and Parizek, 1964) using 
aerial photographs of the stte. Water le..,ols from existing 
wells on-stte and Just off-she wore us&d to develop pre
liminary ground-water flow directions. 

The alto geology consists of ovelbUrden underlain by 
lnterbettded sandstones, slhstones, and shales. Ground• 
water flow was concentrated In linear fracture zone&. The 
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hydrogeologlc system consisted of two aquHers: a confined 
zone about 400 feet deep and an upper samlconfinad zone 
from the surface to a depth of 200 feet. Flow directions in 
the deep zone could not be determined. Ground-water 
levels revealed that ffow was toward Iha northwest (In a 
direction toward a local water supply well} In the shallow 
zone. Using this Information and tM geological/hydro
goologlc framework, monttorlng well locations ware stted In 
flow pa1hs that might contain contamination. Initially, three 
monttotlng walls ware Installed downgradlenl of suspected 
source areas and an existing well was used for upgradlont 
Information. Off-site and on-site walls In the doap aquifer 
ah11wad no signs of contamination; however, moderate 
concentrations of the solvents trichloroethane (TCE} and 
tatrachloroethene (PCE} ware found In a limited portion of 
the shallow zone. 

Phase2 

After ldentHylng an area o! contamination, a soil gas 
aurvey (see, e.g., Marrin and Thompson, 1984} was 
performed to determine ff Iha source of contamination still 
existed. The soil gas survey revealed concentrated levels 
of PCE and TCE In a limited area al the ovartJurden. Soll 
contamination was verffied through a son sampling program. 
The contaminated sol! was removed and replaced with 
clean flit. Additional monttorlng wells ware Installed to 
define the plume boundaries and to provide water quality 
data. These data ware used to determine the areal and 
vertleal extent of the contaminant plume, which appeared to 
b6 llmlted In extent and confined to the top portion ot the 
upper aquifer. To account for seasonal variations, the we!ls 
wem monitored for approximately six more months. At the 
end of that time, the third phase was Initiated. 

Phase3 

Water quality and water-level monitoring showed that 
-·--removing the conlamlnated soils probably eliminated the 

source of the contamination. That Is, the plume rate of 
muvemont was very stow wtth decreasing concentration 
with time. The concern was the movement of dissolved 
TCE and PCE In the ground water. Therefore, for this 
phase of lleld wort<. a series of slug and pump tests were 
conducted. 

The slug test data provided estimates of the hydraulic 
oonductivlty of the aqutter Immediately adjacent to the 
boreholEOS. Pump tests were conducted using downgradlent 
wells In high-hydraulic conductivity zones (oased on slug 
tests) to delerrnlno their areas of Influence. The tests wero 
anatyzoo to determine hydrautle conductivity. Hydraulic 
conductlvltllls and porosity estimates, along with the water
leval data, wem used to determine convectl</e plume 
movamant. Using these analyses and data on the gaologlcJ 
hydrogMloglc frarnework, a pump-and-treat system was 
selected where: 

1. Lacatlons of two extraction weils maximizing 
llllJ)lure of the plume horJ20n1ally and vertically 
Were chosen. • 

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

3. Pumping would not Impact any oft-she:. 
well. 

4. The location for injection of the treated 1 

chosen to complement the pumping sys 

A three-year time framo was estimated to reducE 
aquifer contamination ta ae<:eptable levels basea 
advective calculations. During this poriOd, wateN 
flow anaiysls continued on a quanerty basia to eJ:._ 
cleanup. The pumping system derived the maidr'' 
flow from tho fracture system. Once pumping w;r-, 
Mted, residual contamlna!lon remained in the ovh 
sediments that could migrate into the cleaned re~ 
Therefore, monitoring was continued to vertty cletO 

A phased approach provided time to refine data [°> 
techniques and concepts of Iha mechanisms1proc 
controlling contaminant migration. The slaw-mov 
allowed time for adequate study. At the end o1 e, 
there were sufficient data to make decisions cone 
next phase. Pump-and-treat remediation was ap, 
tor this case and was efficient only after a substar 
ponlon of the source (contaminated soil} was rare 

Calculating the estimated cleanup · 

The following example illustrates a simple metnoc 
estimate the time required to achieve cleanup (Ha 
A.sauma that an area of ground-water contaminat, 
acres; the aqultar is permeable and Is 55 It thick; 1 

storage amounts to 30% of the aquifer's voi~me; , 
wa10r Is contaminated with a nonreacuve solute. t 
these condttions, It would be possible, with a prop, 
designed pump-and-treat system, ta exchange on• 
volume of water In this ten-acre plume in about a : 
a pumping rate of 100 gal/min: 

votume 01 ooruamlnam ... 
10 acres x 43,560 ftt/acte x 55 ft x. 7.48 ga1Jlf x 0.3 • 5.4 x lC 

Pumping rate to remove this volume In one year• 
gallons/365 days/1440 min/day= 102 gallons per r 

fn reality, however, It wlll be necessary to pump lor 
one year to reach an accaptable concentra!lon du, 
"mlllniJ" affect often observsd with this remedial a 
Tallln(l lo the asymptotic decreasa of contaminant , 
\ration In water that I& removed In the cleanup pro, 
(Flguro 7). Comparod to Ideal removal, talllttg r&qt 
tonger pul'fl>lng llmlls and greater voturoos pumpe 
roach a specific cleanup concentroltlon goal Tallin 
caused by several phenomena. For example, a Ilic 
soluble and mobile cuntamlnant can migrate Into ki 
permeabt& zones ol 1h9 geologle material Here It , 
s!Owly 8Xllh8llfl8 wfth Ille bulk water flowing In the r 
pammllbt& zones and wm be removed less readily. 
r!suU, JI w~ ~,!laqssl\!lY to pump groun~ water 111 
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WATER FILLED AQUIFER VOLUMES 

Figure 7. Efftc!I ot te.llln; on pumpln11 tlmt (from K-.t.y et ti,, 1989), 

originally outside tho chemical plume to complete aquttar 
cleanup. 

For a mactlve sorti,,1g compound, the lime requlmd to 
remove th& contaminant by pumping Is Increased. 
Consider the p,-evlous and following OX&nlll&s (Hall, 1988). 
The contaminated area Is 10 acres {660 fl by 660 fl). H the 
aqutter Is 55 feet thick and ground-wator flow Is from one 
elde of the contaminated zone to Iha other with a volume 
dlacharge of 100 gpm and a porosity of 0.3, then the 
lnt61'8tlllal velocity of the water would be approximately: 

100 Q0!,\111n x 1440 mwaar x 1 ll!'n.4611111 • 366daVll\'Mt+ 
(eeo ft• 66 ft• o.s1 • 1146 ff/yr. 

Hence, It wlll take watar approximately one year to travel 
ihrough the contaminated area. 

ff tha bulk c!eMlty of the soil hi 1O0 lblft', the dGMlly of 
water Is 62.4 lb.'II', and the llnoar coll partlUon CO<tffllllent 
la 0.75 (ratio of mass concentration on IOlld phase to masa 
conce11tratlon In the aqueous ph8Sj1), then Iha time for the 
contaminant to traverse th, same dlstaMa la calculated 
from; 

canlRmJIIWII-IY •Wlilll'Vtlocity~

M~b.'ttDi'• 
I + [ll<lll J>MUIM cool, I adl t,,Jlk clol\tl1yl\VOlllf dtnaiff X llO<Oll\'1)1 

Thus, the contaminant would travel al 129 IVyear and would 
lake five years to traverse the length of the coutamlnated 
area. The cleanup lime Is thus Increased because of the 
slower contaminant movement toward the extraction wells. 
In addttlon, the talllng effect Is amplified due to desorption. 
That Is, as the ground-water plume Is reduood In concen
lrellon as a result of pu"l)lng, the contamlnanl wm daeolb 
from the aoll and maintain the rallo of thlfl partition 
coeff lclent. 

Limitations of pump-and-treat 
systems 

Any time extensive ground-water contamination exists, 
pump-and-treat systems should bll consldemd; they 
should be acceptlKI, refected, or combined wtth other 
remedial technologies basGd on a atta-tp&cfflc analysl&. 
Pl.Imp-and-treat systems rr,ay bll the only option when 
deep ground-water contamination exla1a. Properly 
designed and accurately localed oxtracllon wells are 
eff8lltlva for containing and/or ramedlallng ground-water 
contamination, but have !Imitations. For many <:ont&m!
nant&, reducing ground-water concontratlone to safe 
Drinking Water Aa or Land Dlspoaal Aestrlcllon standards 
la a d!lllcull task. favorable and untavomble condlllono 
for the aPOlleallon of pump-aoo,t,-at technology ill'6 
lllted In '!'able 6. · . 
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Table 5. Favorable and unfnorabl• condition• for pump-and•fff•I le<lhnologl••· 

Favorable Conditions Unfavotablo Conditions 

SQURQEIEBM 

Source removed NAPla at residual saturation 

CHEMIQAL RBPPEBTIES 
MoblltJ chemicals Chemkals aorbed ot precipitated 

HYOROGEOI oav 
High hydraulic conductivity 

(l\.g .• K,. 1o•onvs) 
HomogenaotJs 

Limitations due to NAPLs 

For pump-i.:>d-treat technology to remediate aa aqutter In a 
timely fas,hlor1, the contaminant source must be eliminated. 
This Is because unremoved contaminants wlll continue to 
be added Iii the ground-water system, prolonging cleanup. 
Excavation Is oni, of several options available tor source 
removal. NAPLs at residual saturation are one of the mere 
dH!leult sources of ground-water contamination with which 
to deill. Oi particular difficulty are substancet sucll as 
halogenated aliphatic hydrocart>ons, halogenated ben• 
2enes, phlhalate esters and polychlorfnaled blphenyls 
which, In their pure form. are DNAPLS. When NAPLs are 
trapp,ad In porM by lnterlaclal tension, dlfluelve llquld-llquld 
partitioning controls dlssolutlon. Flow rat88 dllrlno remedl• 
&lion may be too rapid to allow aqueous eaturatloll levels ol 
partltlonod contaminants to be reached locally (sea Figure 
a). It Insufficient contact time Is allowed, 11141 all8'lted water 
may be adVected away from the residual NAPl8 bsfore 
approaching chemlcal equftlbrium and la replaced by water 
lrom upgrarllent Becaullt) ground-water extraction la not 
gMerally efficient at eleanlng up this type o1 aoul'OG, some 
other remedial action may be raqulred. 

DNAPL example 

Consldar a 1 m' volume of aandy aoll with a residual 
DNAPL content ol 30 Lim•. For !hi& ex8111)1e, ground-watar 
!Iowa through tho aoll at a rate ot 0,03 mid. typical 4ll 
ground-water condttlo111 In a undy •oll {baaed on a 
hydraullc:: conductivity of 104 em's, a hydl'BUl!o gradient of 
1% 8/ld a poroslly of 30%). Furthermore, It la wumed Ihm 
DNAPLs dlaaolve Into the ground walllr to 1 O¾ ol lhelr 
IO!ubU!ty. For lrtch!Grootlien-11 (dllnslly of 1.47. g/cm4 l\nd . 
aofub!llty of 1,100 mg/I), app!'OXimataly 122 YGlllll would bCI 
requlrell to clliaOlw the DNAPl.8: 

Ve,y low hydraulic c.onductMty 
(&.g., K < 10' cnvs) 

Highly haterogenaous 

mau to oo dltsOIV&d • 
(M IJM~ (1 m~ (1.47 g/cm~ (IOO <mtm)' {1X104 m'II.) • •• 

conoenuauon or aolute. (10%)(1,100 mgJI.J. 110 mg 

n~u ftux through 1 m• area.. 
(0.03 nvd) 11 m~ 1110 mg,tJ 110• r;<moJ !10' Lim~ (0.3J. o. 

llmv required ro dissolve • 
(4-1,100 O) t(O,Q9 g/d) • 44,545 dt(365 <1/y). 122 y 

These cak.idatlons Indicate that the lime DNAP~ ct 
can potentlai.y remain In the subsurface Is moasur, 
years to decades or more under natural ground-w. 
condltlOns. 

Limitation• due to aorptlon 

As discussed prevlo~sly and st. ·1wn In Table 5, mo 
chomlcals may be treated using pu~and-troat te 
For aorblng cofll)ounds, howeve1, the number ot ~ 
volumes that wru need Ill be (emo·1ed depends on · 
sorptlve tendenc;as of the contaminant a11d the ge, 
materials through which II flows, as well ae th& gro 
watar flow wiocllles during remediation. If the velr 
are too rapid to allow contaminant lievela to bulfd u, 
equlllbrfum conoontratlons locally (s11e Figure 9), ti 
alfeGtlld water may be advected away before appr 
aqulllbllum. Eflk:Jency In contaminant romoYal ma 
and wlK land to decrease wtth aaGII pore volume r, 
For llnoar &Orptlon, a distribution coefficient can be 
for many ch11mlcals. Thia may be used to define a 
Ntardatlon factor as: 

- flolor • t • [d!alrlbU!lon oatffldentl bUlk·dr,illy • 
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The retardation factor Indicates the speed of a contaminant 
relative to th& water velocity. For eJlampie, dissolved 
tetrachloroethene (PCE) was found to have a dist<ibution 
coefficient of 0.2 mVg In a porous medium with a bulk 
density of t .65 g/cm3 and a porosity of 0.25. Using the 
above formula, the veloc"y of tho PCE Is approximately 
40% of the water flow through the same porous media. 
Thus, sorptlon retards Iha movement of PCE. Unfortunate
ly, for pump-and-treat remediation, sorptio n increases the 
time ol cleanup. As Indicated In a later example, an almost 
linear relatlonshlp exists between retardation and time of 
remediation for a specHic cleanup level. For exampl9, for 
PCE, It would take 40% longer to reach a cleanup goal 
compared to the cleanup time tor a nonsomed compound. 
Thll, assumes no degradation. 

Limitations due to low hydraulic conducti'lity 

The hydrogeologlcal condttion8 favorable to pump-and-treat 
technology are high hydraulic conductivity (greater than 
at>out 1 o·• cmls) and homogeneity. Unfavorable conditions 
Include very low hydraulic conductivity ar.d signlticant 
hoterogenatty. If the hydraulic conductivity Is too low (lass 
than about 1 O·' emfs) to allow a sustained yield to a well, 
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I 

ground-water extraction via pumping wells Is not ta, 
Determininr, .J~'.llp-and-traal feasibility is sit& specif 
hydraulic cond~ctivity range that works at on" stte , 
work at another site. For example, It the plume Is e 
the natural hydraulic gradient is low, a pump-and-tr 
$ystem pump)ng at a very low rate In a low hydraui, 
conductivity unit may b<l leaslble. However, this sa 
hydraulic conductivity may result In contalnn.ent fai 
another sito. 

For heterogeneous conditions (Figure 10), advecte 
wm sweep through zones of higher hydraulic condu 
removing contamination from those zones. AlthougJ 
hetorogeneous conditions only are Illustrated in !hi',... 
In Figure 1 o, they are generally a throe-dlioensiond' · 
phenomenon. Movement of contaminants out of ti'<\ 
hydraulic conductivity zones Is a slower procsss tb 
advectivo transport In the higher hydraulic conduct, 
zones. The contaminants either are slowly axchaiO 
diffusion wtth the flowing water present In larger Pi:t:"> 
move at relatr✓ely slower volocltles In the smaller p, 
A rule of thumb Is that the longer Iha site has been 
coNamlnated and the more lenticular (layered} the 
material, the longer wlll be the tailing effecl. The w 
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contaminants residing In the more permeable zooes are 
those first mobilized during pumping. Thus, pump•and•lrtat 
technologies work In heterogeneous media, but ctoanup 
tlmn wl!I be longer and more dHflOOlt to eatlme.te \he.n lor 
slmllal systems In more homOileneoua media. 

Design considerations 

In designing a pump-and-treat system, there are many 
pracllcal aapocts that must be considered lnoludlnQ: (1) 
wall&,, (2) pumps, and (3) piping. Methods ot drllll>'IO, well 
deslon, imd conatrucl!on are discussed In Orl&coll (l 986), 
whemas well construction effect& such as partial 
penelral\on, panlal screening, 81\d lnool'l'4)klla dovelopmant 
are dlSCussed In Keely (1984). 

When dealing wtth NAPLs, spoolal caro ls required to avoid 
capllaiy barrier problems In the well construction materlala. 
Iron or manganese may oxidize Md cause clogging. Wells 
should be designed for ease of flushing sGreens and 
treating clogging problems. A long-term aquHer lest 
(greater than several days) provides useful lnformallon and 
can serve as a prototype before the main pump-and..\feat 
system Is designed. Pumps are also dlscussod In Orlsooll 
(1 lllle~; consideration should lnctudo lallUre ratei, reaction 
to contaminants, and ease of maintenance. Back-up 
(lUfflP9 should be avallable In tho ovont ot pump !allure. 
For plpallnes, clogging and freezing problems should be 
considered, as well as techniques for monitoring flow rn:sG 
(e.g .• llow meters). Ba conservative when sizing pipes and 
the tre11tment system In case Increased pumpaga Is 
required. Include provlslons for lnsulallon of piping to 
prevent freezing, parucularly for systems with lntermlttenl 
operation. Although these aspects of PUJT4l·Bnd•trea\ 
design ore Important, the emphasis hare Is on anari;:O 
techniques for periormlng stte•specHIC evaluation. 

Determining woll spaclngli, pumping 
rates, and time required for cleanups 

At many sites, 111$ advantageous lo hav.i mulllpla extraction 
wells pumping Pl small rates versus one wen pu!ll>lng at a 
large rate. Analyllcal or numerical roooellnii te..---hnlques are 
uaed to evaluate eltemallve dosigM and help delermlna 
optlmal WGII spacings, pumping rate.s, and cleanup tlme.s 
(see, '-',g., U.S. EPA, 1985). For 8Xample, a genorJ.~ 
modeling atudy examining the effectiveness al various 
restoration schemes Is presented In Satkln and Bedient 
(1988). There also are epproaches combining ground
water ITl!ldele with linear and nonUnesr op.imllatlon (see 
e.g., GoreUck et al., 1984). Fluid pathDnas and travel times 
In ground-water systems also can be estimated from 
particle tracking codes (sos e.g., Shaler, 1987). In addlllon, 
there are numeroua analytlcal 11olutlons that me.y be used to 
-8811mate pumping ratea and well spllclngs once aquHer 
-~ aM known. fhWl solutions are Included In 

f'eirfs et al. (1962), 89ntall (1983), Walton (1970), end _ 
,lacob (1950). In tho toUowlng eKan¥>kl8, both numerical 

and analylk;aJ modell Y111re uHd 10 ettilllllle well ~
pumping rate.a, and Cleanup nmea. 

Ualng a 11umerlcal mOdel 

A propolfd pump-Ind-treat sy11a111 for a l\azar<10111 wul8 
llte WU IIVBIUMed U81ng a numer1Cal model and la 
de1crtbad by Ward 8\ at. (1987}. Tho goal Ol lllo Pllfl1P' 
llld•treat system wu 10 oontaln and clean up conta/111· 
nallon. Tlta raaulls ot Iha tranaport almulallon• 111e 
tummallzed In Flgure 11. Thia ngura •howa tile dtall1>ullon 
Inventory 01 the mu4 of volaltle organic aompound• (YOO) 
at the 1tt11 over llme. Al any glvan llm&, 11\e Initial voe r
mae& c.,n be dlatrlbuted In thrll4 oaIagot111s: (I) mus a, 
remaining tn ground water, (a) maea retn41/ed by Ille 
extraction ayotem, Md (3) masa leaving Ille d<:lmel11 "' 
Ul'lromedlated. The maaa In ground water diminlahea wllh 0 time. However, some l'Mil! leavea the ay11Iam uncaf)lured 
by the propoeed corraetiVe ac11on. Thus, 1h18 pump•and· 0 
treat system wlll lall lo contain the corrtamtnation. o 
To aasau the elle-:;t ot incroa&ing dl8chorge and lnjeclton 
ratee on plume •~tum, almulallona were performed 111 
whleh the total extraction and Injection ratea were dwblod. 
The Increased pumping rates decmaaed 11\e voe mus loll 
In grouttil water but eua le.lle<I to co~ln a portion ot 1118 
plume (Indicated by the dashed nne In Figure 11). Thua. 
final pu!ll)lng ra1oa will ne!ld to be even greater. Thate 
rnsutta show the Importance of plume ceplllre 11naly1i, and 
!l!mphaslze IM need lor perfonnanco monhOl1ng and Ille 
!UIS ot a model in monitoring program lleaign. 

The analylis 01 lh& above pump-end-treat system tndii:ated 
<!eellning conlaminant concen1rallon 111 thO seven proposed 
extraction wallll With \Ima (Figura 12). Moat weBs axhilil a 
!L"l:l'MS1!!Q •r9~1 att!!r a /,;w Y.1!<lks ol operation. For each 
tanfold Increase In tile time of syste,~ <llll!ration. the 
concenttation of VOCa decreases by a i8'10r ol ton. Some 
wells exhlba a tempora,y Increase In concentratioo a, 
zones of contamination are flushed toward the extraeliM 
wens. The effect of soipUon also Yla& examined with Ille 
model A n&llrly nooar relatk>nehip 1Ulsta t>etv.wn 
retardation and time Of remediation for a spedk; level Of 
contaminant. 

Using an analyUcal model 

Tne pr9GG<ll,\g example mustratss how a numerical mooel 
may be tn8d lo evaluate pumping ra!es and cleanup llmea. 
Other toola are avallt1ble that allow !or slmltar evaluattona. 
Scoping calctJlallons to esUmate tht pumpage required to 
C&lplure a plume In a conflMd aquifer may be performed 
using tho semlanel~I model AESSO (Javandel et at.. 
19M, anJJavanool and Tsang, 1986). RESSO Is 
applicable Ill IWO· -'.lmeMlonal contaminant transport subillCI 
to 1u.!vec::lion and aorpllon (no dispersion, diffusion, or 
00\'jfadatlot\ esn be considered) In a homogeneooo, 
laotroplc, confined aquKer of unHonn lhlciul888 when 
reglon111 flow, sourcos, and aklka create a study-state flow 
Held. Recltarga wells Bill as sources 611d pumping walls act 

·a& &Inks. R6880'<!81Gullltft ilf'OUnd,Water flow palha In Ille 
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-,il1t, tlle fOCllion Of OOIIIMllnllll IRJllla 8/0Ulld IOUJ'llllt 
• VIIIOul llmat, lftd lht VlllallOII Ill oon1wn1111 concon
lllllon WIii U/M et llnlul. Ari ewnple Of how RESSO C&tl 
1111 1111d IO d81811111ftl opllmulll pull!J)lnQ ralet Ind WIii 
.,.cinQI II pr.atlll&d below. 

1111 ••• II fooltad In glMlal Clllpoallj 111d conallll Of a 
INldnO IIWIIIII WIii II\ auoclalell plume (Flgutt \$). TIit 
- .. IO CMlfOl, • cap!U/8 wel notwolll for lllt plume. Tllo 
... le ffl0/8 0011111H 1111/1 Ult condlllona llmul&fld wlh 
FtUaQ. Tha/11 la • oonv1rgent now "8kl Ollllld, In part. 
111Jt t tand 11111 (net 1hown). Tlllt otutH tht plume 10 
11111ow wtlll dlalaMI from Iha llncllllL For 111118 aooptng 
GIIOulallona, tho 1111w ayatom 001111\dared la 111110 front of 
1111 plume. whtra Ille well 1111 Diaced. Fo, 111ft tcoauon. 1 
lfflllnd-Wllllr VIIOCl!y Of 0.205 11/d (75 llfYr) waa fllllm&lod 
1191nO Daloy'1 oqvlllon. Tha 8QUftor la 30 ieet thick 1111d the 
pun11 Wll:II! la AJ1P111lmaltly 800 leoL The raglonal flow 
rato rt: eoo 11 1 3011 x o.aos fl/day • asvo ft4/day or 10.2 
pn. The total f)l#llplllO 1118 Of the WIDI w!D noad 10 bl 
141Proxfml&91y 20 OPlll IO Olplure lhe ptume. IJtlnO 11111 
pumplnO 1818, flow lntt computaCI by AE8SO (see Flgun1 
18) wll Nplura lht plUma. 

CONT.A.MINANT PLUME 

Next, DIG lffllXlrnum pu~ rall lhal II lutlalnablt W"1!0L 
"" WIIIO IJOl:111 llry mu&I be dtlermlne<I. TIie COll'4)Uladon 
Of Cllawdown a1 • 1lna1t weft 1/1 a mu•-weO lllllallalion II 
IIOI proc;iaa Wllan a 1fno111 w111r-tabf• aqull1r of tnftnfte 
tXlllnl II asaumed. For Ill wella l!Uff'9itoQ at 2 gpm each, 
Illa mtUlmum dllWdown II c:aloullled utlng lhl Thais 
IIIIUtton Ind 1up11rpo111Jon (111, e.g., Watton. 1070) u 3: 
IN!. 1'llll ta an ovtrotll!Nle, aa Iha lelllaQt lrom 11111 
layall balow 11\d other IOUn:llll (e.g., delayed yleld) In lh• 
Ylclnlly • not oon11de11C1. Th111fo11, 10 welll at 2 gpm 11 
aaefflld &llll&pllble from Ula oonaklarationa of Urllwelown. 

All optimum well IPBClllO of 26 ft wu delermfned baaed tfiJ' 
Dukleftnlll provldacl by Javandal lftd Ttang (1988). c,,. 
ltruntuboa repr&MllllnQ unllonn raglonal flow were 
gene1111ed In Ille RUS0 1lmufa11ona (Figura 13). The I"\ 
&tratm1ubo1 trace lhe movement ol lhe con1am1nan11 In 110 
plume by Bdvecllve transport. To 011aure 11181 ccntamlna"b 
110 nol e,capo belwetn a pAlr of wellt, Ille IWO etreamlubo· 
al lho mkldlll OI Iha plulllli ware divided llllo 1-1001 wtdt 0 
tpaclngt. TIie ml!AlnO aalcul8Uon1 UlinQ RES8Q 
confirmed 111111 me proposed pumping eyetem would 
efltCllvely capture the plume. 

EXTRACTION WELLS 

flacn ta. Slmullllln Iii~ lronl OI lh,t plllHm ID ~-W~r,unllllAOat I il'IJl'I Wll'CII. 
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Example of a gasoline splll 

Brown et at. (1988) present an evaluation of the effective
nett ot a pump-and-treat aystem for remedlallng a gasollne 
ap(B. Petroleum hydtocamona can exist In the subs urtaca 
aa: mobile free product, Immobile realduel, vapor, and as 
aolutAI In ground water (dlaaolved phaa&). The dlolllbutlon 
of hydrooari>ons under theae dfffersnt conditions Is a func
tion of their phya!cal and chemical properties, and the 
hydrogeoloi;Jloal and geochemical char8018rl&llca 01 the 
formation. 'the distribution can be defined by: (1 l the areal 
extent or contamlnotlon and the volume of the subsurface 
hTpaclad by a phaae or (2) the amount ol the contaminant 
Whhln a phaPG, measured as either total weight or 
concentration. 

Table 6 reptesonta the phase dlstrlbutlM of the gasoline 
ll)lll In a sand-and-gravel aquHar. In this case, both the sol
uhlllty of the contl\l'l\lnant and the eorptlve properties of Iha 
formation are low. consequently, most of the contaminant 
(91 % of Iha amount apllled) Is light nonaqueous phase liq• 
uld& (LNAPLs). However, because of the low concentration 
and high moblllty of the dissolved component of gasoline In 
ground watar, the areal exient of ground-water contamina
tion Is greater than the LNAPLs. The dissolved phase, 
however, contains only a small fraction of Iha total mass. 

Several observations can be made from Table 
and-treat technology Is effective at recovertng 
128,800 lb or 91¾ of Iha mass was recovered 
this Is a sand-and11rave1 aquifer, pumping con 
ground water wlll be effactlve also. However, , 
contaminant level (MCL) for benzene, a comp. 
gasoline, la 5 ug/1. The 1lmo lrame to resch th 
objective wm be very long because the aotubllt 
at residual saturation rs low. Therefore, son c, 
(residual gasoline) represents a siQnfflcant so, 
ground-waler contamination. Brown et al. (1 ~ 
tho &ff8C11veness of pu~and-treat technolo 
of residual gasoline using laboratory studies. 
show that ground-water eXlractlon Is not effaG:;,
realdual saturation. 

0 
Putll)lng the LNAPLs removes most of the no 
effectively. Purll)lng the contaminated grou!\1-,. 
effective but Is effielenLonly H the contamlnatl'< , 
(residual gasoline) Is remedlated. Pump-and• 
technology Is not effective at removing the ref 
Therefore, one.a the mobile LNAPLs are remo 
technology (such as soil VGnting or bloreclam. 
used for th8 contaminant source in the sott sc 
water extraction and cleanup can be accompl 
reasonable time. 

Tobia e. Phou dlolllbutlon of gasoline In Mnd end g111vel (Brown ol 1L, 1988). 

Extent ol Mass 
Contamination Disllibuvon 

VO!ln'lle, ¾of Cone. ,. 
Phaso cuyd TOI.al lb ppm l 

Ft80 phaae' 780 5.3 126,8001 9 

lloslduSI 2,670 18.3 11,500 2,000 l 

Dl5aoivGd 11,120 76.3 3Q;Q 16 

'Acluol 'lalllQ ll!COYeled k<>m sil9 lt,r00Qh P\ll'llp!nQ 

._ .. _ 
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Operation and Monitoring 
Wha&Gver remodlatlon system Is selected for a particular 
stta, tho followlng Items need to be dascribild clearly: 

,rernedlal action obfectlves, 

•monhorfng program, and 

-colllingencies (modffication to the existing 
rernedlatlJn). 

Remedial action objectives are the goals of the overall 
remediation. To ensure that these are mat, appropriate 
monllorlng must be conducted. tt the monitoring Indicates 
that lhe goals are not being met, then contingencies must 
b& specified concerning changes to the remediation system 
that will ensure that the goals ,1ra reached, or will specay 
alternate goals whore original goals cannot be practically 
achieved. 

Remedial actl-..i objectives 

According to Keely (1989), nur113rous monitoring criteria 
and monttorlng point locations are used as perlormance 
standards. Monttoring criteria can be divided Into three 
calegOllas: chemical, hydrodynamic, and administrative 
control Chemical monltorl,1g criteria are r!sk based (U.S. 
EPA. 1986b) and lncluc!? Maximum Contaminaot Levels 
(MCLs), Allamate Concentration Limits (ACLsJ. detection 
limits, and natural water quality. Hydrodynamic compliance 
criteria may Include demonstrated prevention or minimi
zation of Infiltration lhrough the vadose zone, maintenance 
ol an Inward hydraulic gradient at the boundary of the 
contaminant plume, or providing mtnlmu:n flow to a surtaca 
water body. Adm!nlslralive control monitoring crtterta range 
from mportlng requirements, such as frequency and 
character al operatlonal and post-operational monitoring, to 
land-use restrictions, such as drllllng bans and other 
e.ooass-llmltlng restrictions. 

Monitoring 

Once the remedial action objectives are established and a 
remedial systom Is designed to meet these obJectlves, the 
next step ls to $Sign a monitoring program that wlll evalu
ate the success of the remedial system. The monitoring 
criteria wm be Important In establlsltlng the required monl
torlllg program. Water quality monitoring Is Important; 
water-level monitoring also Is lmporlllnt and Is lass 
expensive and subject to less uncertainty. 

The locailon of ll1llllit<1rfng Wei~ Is critical to a successful 
monitoring program. For pump-and•IMiil technology, 
extraction end Jnjacilon walls produce complex lloil patterns 
locally, wham provfously there ware different flow patterns 
(Keely, 1980). In Figure 14, for example, water moving 
along the !Jownne l!lladlng dlrootly Into 811 extraction well 
from upgfl!dlent moves most rapidly, whereas water at the
lateral llrnlts ot the !.laplure zone moves more &!Owly. The 

result Is that certain parts of the aquffer are flushed rapldly 
while other pans are remedlatad relatively poorly. Another 
possibility Is that previously clean portions ol the aquifer 
may become contaminated. Thus, monitoring wall locations 
should be based on an understanding ot the flow system as 
It Is mo<ii1ied by the pump-and-treat system. Modeling 
techniques, discussed previously, can be used to help In 
stte-spacttic monttoring network design. 

To determine the flow system generated by a pump-and-
treat system, field evaluations must be made during the 
operational phase. Consequently, In addition to data ..
collection for site characterization, data noed to ba collected 

0 during and altar pump-and-treat system operation. Post
operational monitoring Is reeded to ensure that desorption -.::1· 
or dissolution of residuals does not cause an incrnase in Iha 

0 level of contamination after operation of the system has 
ceased. This monftoring may ba required for about two to O 
five years after system termination and will depend on site 0 
condttions. 

Evaluation and modification of existing 
pump-and-treat systems 

8acause of the uncertainties involved in subsurface charac
terization, a pump-and-treat system may require modifica
tion during IM Initial operational stages. Modfflcations may 
result from Improved estimates of hydraulic conductivity or 
more complete Information on chemistry and loading to the 
treatment facility. Other modifications may b8 due to 
mechanical failures of pumps, wells, or surface plumbing. 

A similar situation to that involving a low-permeability zone 
may arise where a zone ot contamination Is not recovered 
by advection due to that zone's hydrodynamic isolation. 
That Is, the complex flow patterns astablis:-tad by a pump
and-traat technology result in what are relerreo to In hydro
dynamlcs as •stagnation zones.• Movement of contami
nants out of these 2ones is similar to the movement out of 
lower hydraulic conductivity zones. Fortunately, this sttua
llon Is corrected by adjusting pumping rates and/or wall 
locations. 

Periodic review and modification of the design, construction, 
maintenance, and operation of the pump-and-treat system 
wlll probably be necessary. The performance ot the system 
should be evaluatad annually, or more frequently, to deter
mine II the goals and standa!ds of the design criteria are 
being met. H It Is not, adjustment or modilication of the 
system may be ne<.'8ssary. Modlfleatlons may also be 
made as one part of Iha contaminant plume becomes clean 
or when portions are not showing the desired progress. 
Adjustments or modHicatlons c:an Include relocallng or 
adding extraction walls or altering pumping rates. 

Switching from aontlnuous pumping to pulsed pumping Is 
one modlflaallon thllt may Improve the etfk:lency of con• 
tarnlnant recovery. Pulsed pumping Is the Intermittent 
ope>atlon of a pump-and-treat system. As shown In Figure 
tS. the time when Ille purr,ps am ott can anow the 
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C0111tam~1ants to dHluso out of less permeable zones and 
11\!D adjacent higher hydraulic conductivity zones until 
ffillllllmum concentrations are achieved In the latter. For 
IOR.l6d contaminants and resldua1 NAPLs, thla nonpumplng 
pec!IDd can allow sufficient time for equlllbrlum concentra• 
llonoa to be reached In local ground water. During the 
auba&quent pumping cycle, the minimum volume of con• 
tll/lllllated ground water can be removed at the maximum 
po,l<Blble concentration tor the most efficient treatment. The 
dunillons of pumping and nonpumplng pellode (about 1 ·30 
da)'S) ere site epeclllc and can only be optimized through 
lr!Hnd•error operation. By occaslonally cycling only ael&ct 
WIiiia, possible alagnauon (zero llr low flow) zones may b9 
brought Into active flowpaths and remedlared (Keely, 1989). 
II plume capture must be maintained, It will be nece"ary to 
mablaln pumping on the plume boundaries and perhaps 
onjy use pulsed pumping on tho Interior of the plume. 
Teimlnallon of the pump-and-treat system occurs when the 
cl8MUp goals are met. In addition to meeting concentration 
gOds. tarmtnatlon also may occur when optlmum mass 
rom1111al 19 lll)hlaved and It Is not practl<:al to reduce 
cOl'llllmlnant levels further. 
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1 
Glossary 

Adl,grptlon: 

AM<rtlon: 

~r: 

Aqller test: 

BlodeOradallon: 

Blotransformelion: 

Bulk oonahy: 

Co/6\ed aqular: 

COll$81Vativo solutes: 

Darcy's Law: 

Del\Sly: 

Deeorpllon: 

Dflfualon: 

Olaperalon: 

• t Disl/butlon coelllclent: 

" ONAPt.: 

Effecllve porosity: 

EOR: 

Eldradlon wen: 

Flxat!on: 

Fracture trace: 

Adherence ol lollll or molecules In solution to the eutface of solids. 

The process whereby solutes are transported by the bulk man of flowing Uutd. 

A geologic unH that contalna sufficient saturated perlll681Me material to tr8Jlllmft slgnttic:anl 
quantities of water. 

See pump teat and aluQ \oat. ,-
A subset of blolranslormation. h la \he blologically mediated conversion ol a compound 10 more 0 
simple product4. oe:t 

Chemical al,aral!on of organic compounds brought about by microorganisms. 0 

The ovan-<lrted maas of a sample dlvkled ns field volume. 

An aquifer bounded above and below by untts of dlstlncuy Jower hydraulic conductivlly anu in 
which tho pore water pra&llure Is greater than atmospheric: pressure. 

Chemicals that do not react with the soil and/or native ground water or undergo biological, 
chemical, or radioactive dacay. 

An empit1cal law stating that the ~elocfty ol flow through a poroua medium ill dill)()lly propcrttonat 
lo the hydraulic gradlont aaumlng that the flow 18 Ian inar and Inertia can be neglected. 

the maea per unit volume of a substance. 

The reverae ol sorptlon. 

Maaa translor as a resuft of random motion of molecules; deacrfbod by Flck'a lirst la·N. 

Spreading and mixing chemical colllltftuents In ground water caused by dttlualon and mixing due 
lo microscopic variations In velocnles wilhln and between pores • 

The quanllty ot the solute, chemical, or radionucllde eorbed by the solld per unll weight of sond 
dlvldoo by the quantity dluotved In the waler per unit volume ot water. 

Denser•fhan,water nonaquaous phase liquid. 

The ral!o, usua.Ry expressed as a pen:entage, 01 1he total volume ol voids avallable for fluld 
llllllSmillsion to the total volume of tho porous medium. 

Enhanced oil recovery melhOds used to reduce lnterfac:lal tension by some type of Injection. 

Purrped wen uaed to remove contaminated ground water. 

Mixing of contaminated solla with a chemlcal stablllzer, usually a cementa\loua grout compound. 

Vlslble on aerial photographs. lracture traces are natural 0near•dralnage, son-tonal, and 
lopogr$1)hlc alignments that are probably the surface mnnffesta\lon ol underlying zones of 
fractures. 

Feaalbllhy study. 

A geologic unit In which the hydro log le properties vary from point 10 polnL 

0 
0 
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Homogeneous: 

Hydraulic bal'ller: 

Hydraulic conductivity: 

Hydraulic gradient: 

lnteretltlal veloclty: 

Intrinsic permeablll'y: 

Linear son partition 
conHlclent 

LNAPL: 

Mllelbte: 

MCL: 

MCLG: 

Monitoring well: 

NAPL: 

Partitioning: 

f'lezometer. 

Poroalty: 

Pula.ct pumping: 

Pump test: 

Remedial action 
~e: 

Reakfual uMatlon: 

A geologic untt in which Iha hydrologic properties are iden1ical everywhere. 

Barrier to llow caused by system hydraulics. e.g .. a line of grcund-water discMrge 
caused by extraction wells. 

A measure of the volume of water at fha existing kinematic viscosity that wiil move in a 
unit time under a unit hydraulic gradient thr~ugh a unit area of medium measured at rlgr 
anglea to the direction of flow. 

The ,:hange In head per unK distance In a given direction. typically In the prlncipal flow 
direction. 

Rate of discharge of ground water per unit area of the geologic medium per percentag'b:) 
volume ol the medium occupied by voids measvred at right angles to the direction ol 
flow. o 
A measure of Iha relative ease with which a porous medium can transmit a liquid unde;-:-
potentlal gradient. lntrlnslc permeability Is a property of the medium alone that Is 0 
dei:-andent on lhe shape and size of the openlngi, through which the liquid moves. o 
Ratio of the mass concentration of a solule In solid phase to Its mass concentration in n 
the aque~ua phase. 

Lighter-than-water nonaqueous phase llquk!. 

Able to be mixed. 

Maximum contaminant level: Enforceable standards astabUshed under the Safe Orinkln\ 
Waler Acl. 

Maximum contaminanl level goal: Non.anforceable heatth goals established under the 
Safe Drinking Water Act Intended to protect against ~nown and anticipated advers& 
human health effects with an adequale margin of safety. 

A 1Ub8 or pipe, open to the atmosphere at tha top and to water at the bottom, usually 
aiong an Interval of slotted screen, used !or taking ground-water samples. 

Nonaqueous phase liquids. 

Chamtcal equilibrium condition where a chemical's concentration Is apportioned betweer 
two dlflerent phases according to Iha partition coeHlr.lent, which l$ the ratio of a 
chemk.11rs concenlratlon In one phase to Its concentratlan In the other phase. 

A tube or pipe, open to the atmosphere at Iha top and to water at the bottom, and eeaIe, 
along Its length, used to measure Iha hydraulic head In a geologic unit. 

A measure ol lntellltdlal space cont2lned In a rock (or soil) expressed as tha perc&ntage 
ratio of void space to tha total (gross) volulllll of tho rOtlk. 

PulTl)-and-treat enhancement where extracuon wells am perfodlcally n~t purll)Qd to 
. allow concenlraUona In the a:.rtractlld water to lncreaaa. 

Teat for estimating the values of vartous h~drogeologlc parameters In which water Is 
con!lnuously pumped from a well and the cortSequent effect on water lovels In 
surrounding plozometers or monitoring wells Is monttored. 

A description of remedial goals for each medium of concern at a site; expressed In 
terms of Iha contamination of concern, expoaure routa(s) and rooeptor{s), and maximum 
acceptable exposure level(a). 

Saluratlon below whlc:b fluid drainage wm not occur. 
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81ug 1911: 

aon ea au,vey: 

Sorpllon: 

8pe* gravity: 

Stol!IQll coefficient: 

Superpoalllon: 

Talllng: 

Treatment train: 

Vacuum extraction: 

Vad0$8 zone: 

Vleco&ay: -

VolaWllltlon: 

Water taLlo: 

Water-teble aquffer. 

Zone ol capture: 

Zone ol lnfluenoo: 

The movtmant OI I aolult lllrougll a flotoolG mtdlulll II a YelNII¥ , ... ll!An lllll III lllt 
llowlnO gn,ultel Watel dv8 IO 1o,ptlon or Olltlr ,.,_., al 11111411111. 

Remedltl llwnll(lallOII. 

A tut lor Htllnallng llydllut'A; OIi~ VIIU81 Ill wlllell I rapid Wlltf•llvlf 11111119• II 
produced L1 a pl♦EO/Nlal Ci monllDMG wd, uatlllly by llllrOCIIIOIIIO or wllltdrawtno a 
-.1vg• ~ w.nr or I Wltgll(. ,,.. rRUllnl tiff er CIIGllnt III tlll lHllr tsvll I& fflOIIIIOfMI. 

Tacllnlquo ullld 10 Dblllll illr trom IUlllultua cravn•• 11.11 , IIZll'iO • toll a«• ptON); IOil 
ga, ■ample II IMIY%8d lltCI Ul&d U Ill tndlollot fl YOlilie O,vttliD OO/l1IOCIMI 1ft 
ground Wlltr or 1011. 

Prooe1111 11111 rafflOYI 10lula from Ille lluld p!l111 1111d oonoenlllla 1111m on Ille Mic! 
phua ol a medium. 

The rallo ol a au~lanat'a dtnaly to 1111 dalllfty of tome IIIIWltRI tlll:llllnlN. uaudy 
w1t1r. 

The volume of water an aquffer flllUH trom. or lakea Into, 11orag1 (Jlr unn 1utl1C1 
ma of aquifer per unit all&nQe In Iha compono111 or head no111111 to lhat autlaot. 

Prtnclllle UIOd tor nnoa, problfl1111, 1uc11 11 conllnell grolffld-wal6r now, th1il alloW'I 
equation IOfullon• IC be added ID 10ml MW tolullon&. For NIJT'C)II, ff~ a wen flllld. 
pumping ra1e1 of 11'18 pu~ wefll 11/8 lulown, Iha oompoalle drawdown 11 a polJII ,an 
be determined by ■ummtng Illa dnlWCIOWn Clll«G4 tJy lfM:I' lndMdull pull'flO(I woo. 

The tlow. neatly H)'111)1ollc clacreaa1 In conlMllllenl OOIKlll!lltllOn In w11111 lluthld 
through contaminated geofogtc material. 

Oom:ilnatton ol aeverat remedl«I Kttont, e.g., pump,,w1<1-1ru1 l.pp!llach u11d for 
ground-water contamlnatton, cornb4rled WAIi YIIGWi'II eXl/aalllln for ,on CQ/ltaml111Uon. 

llldUGlng adveGtlve-vapor lfanapon by wlhdrawlng or lnjacllng u throJJQh wella IQ!lilnld 
In the vadoae zone. 

That roglon above the saturated :?0119. 

The 1n1ama1 fr!Gtlon wllhln a Quid that eauua ft 10 11aJs1 flow. 

The 1ranalar ol a ,11 .. 1111ce1 from llquld 10 Illa oaa ph.Ue. 

The aurlace In an aqufter at which pore water pr&Gwi'a la equal to almoepherle preuuta. 

An equffer tn whlah the water tabl,i forme lllo upper bollnda,y. 

ma surrounding a pumping weU that encompaa1u all 1reae or leaMu lhat 1uriply 
111ound-water roohary9 IO the wen. 

Area surrounding II pulf4l{ng or recharging wen within which lhe water •Ible or 
pt,tenliom&lrlc aurlace haa been Changed :!Ue 10 !ht welrt pumping or rtehalga. 
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-·Heuc:blOf'OCYCI"'-- 11. lndanel 511•89·9 -T.80£+00 ,. 1.60E·04 A 7,8SE·IIS I( t.lltE+G3 A 1'.94E•03 A 
I IOllhorone 78•59•1 NPP l.20E+04 ff 3.801:-()t H 5.T5E·06 X 5.0IE•Ot H ...... 143·50·0 9.90E•&3 ,. 5.50e+04 8 1.00E•02 " Loptaphoo 21609·90·5 2.40E+OO E 9.30Eo03 e 2:.02E•06 e 
llalllthlon U1·75·T 1,45E+ll2: A 4.00E-05 A !.20E-07 r f .80E+03 f 7.76E•02 A 
Natlloxyclllor 72·43·5 HSL 3.00E-03 e 8.00E+04 e 4,T5E•04 E 
Methyl Parathion 298·00·0 6.00E+01 ,. 9.TOE·06 A 5.59E·lll! ;. 5.10E+03 f 8. t3E+01 A 
Klrex IDechtor-1 2385·115·5 6.00E·OI C 3.00E·Ol C l.~9E·01 M Z.'81:•0T 6 T.80E+06 0 
Nltral In 4726·14·1 6.00E·OI E 9.lOE·09 J 7.04E·09 X 9.60E+ll2 G 
P~lon 56·38·2 2.40E+01 G 3.78E·05 J 6.04E·01 X 1.0TE+04 F 6.45E•83 f 
Pllenylu""' men)'lc:a..-lclol 64·10·8 7.63E•01 f 6.6lE..00 " > l'horate ['l'~t ... tl 298·02·Z 5.00E+Ol E 8.40E•I){ J 8.49E·l1 X 3.26E•03 f 

• Phouet 732·11·6 2.50E+OI E <I.OE·03 J 6.77E•02 e 
N R_,.,l [Penchlorphosl 299·84·3 6.00E+OO E 8.00E·04 J 5.64E·05 l( 4.64E+04 E 

Strychnine 57·Z4·9 1.56E+llZ ,. S.51e•01 N 
Z,3,1,5•Tetr-lorodlbenzo•p-dl00<ln 1746•01•6 2.00E-04 A l • 1'0E • 06 A 3.60E·!B ,. 3.30E+06 A 5.25E+06 A 
TC>Qflhene 8001·35·2 IIPP 5.00E•81 ,. 4.00E-01 A 4.3'1a:·111 A 9.64£+1)2 A 2.00E+03 A 
Trichlorlon [Chtorofool 52·68·6 1.54E+05 ,. 7.80E·06 A 1.TIE·11 A 6. IOE+OO B 1.95E+02 A 

111:RSJCIDES 
AIIIC!rlor 1597Z·60·8 2.42E+02 E 1.91lf•02 E 4.34E+ll2 F -- 834•12•8 l.85E+02 E 3.8BE+02 F 
AafCl"Ole £AnrinotrfazoteJ 61 •82·5 Z.80E+OS A 4.40E+OO B 8.32E·03 A 
Atrazine 1912·24·9 3.30E+01 G 1 .,oe-06 K 2.S9E•13 X l.63E+ll2 F 2.12E+ll2 F 
lllnflur•Un ~In! 11161·40·1 <I.OE+OO e 3.89E·04 J 1 .07!:+04 E 
8roeocll 314·40·9 S.ZOE+02 p 7.20E+Ot f 1.04E+02 f 
iC'acodyl le Acid 75·60·5 !l.lOE•05 ,. 2.40E+OO B 1.00E+OO ,. 
CIilo......., 133·90·4 7.00E+02 E <7 .OE•03 J 2.10E+01 E 1.30E+OI F 
ehlorprapl\MI 101·21·3 8.80E+OI E 8.16E+l)2 F 1.\6E+03 F 
Dallp<ll'I CZ,Z·Dlchloroprcpanc,ic Acidl 75·99·0 5.02E+05 E 5.70E+OO F 
Dletlat• Zl0l·16·4 1.40E+01 A 6.40E·03 A l,65E·04 ,. 1.90E+03 G 5.37!:+00 A o,.,.,. 1918·00•9 4.50E+03 E 2.00E•05 G: 1.30E·09 X 2.20E+OO F 3.00E+OO F 
&lohtcbenl I £Z,6•Dlchlorobenzonl trl le! 1194•65·6 1.80E•01 E 3.00E·06 J 3.77E·08 X 2;.24E+02 f 7.STE+OZ F 
2,4•Dlchlorophenoo<yacetlc Acid !2,4•DI 94·75·7 6.20E+ll2 4 4.00E·Ot A 1.88E·04 A I .96E+Ot F 6.46E+02 /1. 
llipropetryne 47·51·7 1.60E+Ol J 7 .50E·07 J 1.53E·08 K 1.18E+03 f 
Oluron 330·54·1 4.20E+OI E <3.1E·06 J 3.8ZE+02 F 6.50E+02 F 
F...._.rcn 191·42·& 3.85E•O~ e <1.6E·04 ( 4.22E+01 F 1.00E•OI E 
Flumeturon 2164·17·2 ~ .001;•01 6 1.75E•02 G 2.20E•01 E 

Notes: PP • Priority Pollutant; HSL • Hazardous Substance List ~&.-o."M-ter-; KP? • PP andl Hst. P111t·ameters. 
Additional notes and data, r~fer"ences are provided at end (uf tt,,ie teb~e. __ ; ... , ~: ~-~~!':~ '+f<'tll, 
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':'rable A•T. Water Sohb-11 lty, Vapo!' Pt-ea,,..,e, Kenry•• LIIW Constom:, ICoc, and ICow llot• for S<!lected ctremlc.ls. 

CAS # 

~·········---~--------~----------------- ----------~-~1 .... ron 330·55·2 
'jlethaole (Ollydfnoll 2!1354·26·1 
)et- 3060·89·7 
](0r<lron 150•68·5 C"" 555.37.3 
, lazon 19666·30·9 
paraquot 4685 • 14• 7 

enytaercu.-ic Acetate i-J 62·38·4 
or,.. 1915·02•1 

_,_ 7287·19·6 
· opochlor 1918· 16· 7 

z lne 139·40•· 2 
sn.,.,,. tfencprcpl 9s-n-1 
1$1•zine 122·34·9 
llerb&cll S902·51·2 
.~,4,5·Trlchlor-ophenoxyacetic Acid 93·76·5 
'Trlc!opyr ~5335·06·3 
Wrlfturalfn t5S2·09·8 

, ALIPl!ATIC -S 
,Acatonftrlle lllethyt Cyanide] 75·05 ·8 
)lcrytonltrile 12•Propenenitri tel 107-13·1 
jlfs(2•chloroetho<y)aethane 111 ·91 • 1 
~rcaodlchlormoetllane IDichlorobr-thl 75·27·4 

i
,,_"'- lllethyl Brcmidel 74·1G·9 
J·lutacllene T06·99·0 
toroeth- [Ethyl Chlorldel 75·00·3 
loroethene tvlnyl Clllo,ldeJ 75·01·4 
lorOIIIO'th.,., Diethyl Chlorldel 74·Pll·3 

~on [EthanedlnltrlleJ 460·19·5 
,u-10,,,..,t11ane 124-48-1 
llid>IOl"Odifh,orom<>thane [Freon 121 75·71·8 
1, 1·Dichloroethane !Etliyl feline Chloride! 75·34·3 
1,Z·Olclllovoethane {Ethylt1'e Olehlorldel 107·06·2 
1,l·Dlchloroet~ene [Vlnylfdine Chloride! 75·35·4 
1,2•Dlclllo~ (els) 540·59·0 
·1,Z-Dichloroethene Ct•-> 540•59·0· 
Dlchloromethone [Methylene Chloride] 75·09·2 
Ethylene i>lbrcefcl.- Wl8I 106•93·4 
kxoc:!,lorobutedlene 87·68·3 

Waiter 
Sol<bllitv 

EPA (mg/I) Ref 

7.50E+OT 
I .50E+OO 
3.30E+02 
2.30E+02 
4.SOE+OO 
7.00E-01 
I .OOE+06 
I .67£+03 
4.30E+02 
4.80E+01 
S.80E+02 
8.60E+DO 
1.40£+02 
3.50E+OO 
7. TOE+02 
2.3SE+02 
4.30E+OZ 
6.00E•Ol 

infinite A 
PP 7.94E+04 A 
KPP 8.10E+04 I 
HPP 4.40E+03 Q 
KPP 1.30E+04 G 

7.35E+02 A 
HPP S.74E+03 C 
HPP 2.67E+03 A 
HPP 6.50E+03 A 

Z.50E+05 A 
HPP 4.00E+03 0 

2.80E+02 A 
HPP 5.50E+03 A 
HPP e.52E+03 A 
Hl'f' Z.25[+03 A 

3.50E+03 A 
HPP 6.30E+03 A 
HPP 2.00E+04 A 

4.30E+03 A 
HPP l.50E•01 A 

Vapor 
Pressure 
(.,. Kg) R~f 

l.50E·05 J 

3.0-0E-06 J 
5.00E·07 J 

<I.OE-06 J 

<6.2E•07 K 
1.00E•06 J 

l.60E·07 I( 

3.60E·08 I( 

1.26E·06 J 
2.00E-04 G 

7.40E+01 A 
!.OOE+02 A 
<1.0E•OI I 
5.00E+01 H 
!.40E+03 C 
1.84E·03 A 
1 .OOE+03 C 
2.661:+03 A 
4.31E+03 A 

1.50E+OI A 
4.87E+O! A 
I .82E+02 A 
6.40E+01 A 
6.00E+02 A 
Z.08E+02 A 
3.24E+02 A 
3.62E+02 A 
t.17E+01 A 
2.00E+OO A 

Henry's lw 
Constent 

Ott11-"'3fml l Rof 

6.56E·08 X 8.63E+02 f 
Z.62E+03 E 
Z.l'IE+02 F 
1.83E+02 f 
3. !1E+03 f 
3.24E+03 E 
1.55E+04 E 

3.!0E-09 X 
5.6Sc·10 X 

6.62E•09 X 
2.55E+01 F 
6.14E+ll2 f 
2.65E+02 E 
1.53E+OZ F 
2.60E+03 E 
1 .3SE+02 F 
4.121:+01 F 
8.01E+01 F 
Z.70E+OI E 
t.37E+04 E 

5.63E•09 X 

2.73E•09 X 

9.89E·10 X 
I .47E·04 lC 

4.00E-06 
8.ll4E·05 

2.40E•03' 
1.30E·02 
1.78E-01 
6. 15E·04 
8. 19E·02 
4.40E·02 

9.90E·04 
2.97E•OO 
4.31E·03 
9.78E·04 
3.40E·02 
7.SBE-03 
6.56E·03 
2.03E·03 
6.73E-04 
4.57E+OO 

A 2.ZOE+OO B 
A 8.50E·01 A 

0 6. IOE+OI 0 
6 
A 1 .20E+02 8 
)( 1.70E+01 C 
A 5.70E+OI B 
A 3.50E+01 B 

0 S.40E+01 Q 
X 5.80E+Ot A 
A 3.00E+O! A 
A I .40E+01 A 
A 6.SOE+OI A 
A 4.90E+01 B 
A 5.90E+Ot A 
A 8.80E+OO A 
A 4.40E+01 A 
A Z.90E+04 A 

'.)00413 

Ref 

1.54E+02 E 

1.3!E+02 F 

1.00E+OO f 

Z.OOE+OO F 

5.60€+02 E 
7.85E+02 E 

8.80E•OI F 
7.80E+01 f 
4.00E+OO E 
3.00E+OO E 
2.ZOE+05 E 

4.S7E·01 A 
1.78E+OO A 
1,82E+01 I 
7.59E•01 i 
l.26E+01 I 
9.77£+0I A 
3.50E+01 C 
2.40£+0! A 
9.50E•01 A 

1.23E+02 A 
1.45E+OZ A 
6.17E+01 A 
3.02E+01 A 
6.92E+OI A 
5.0!E+OO A 
3.02E+OO A 
Z.OOE+01 A 
S.75E+OI A 
6.02E+04 A 
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Tobl.e 11•1. llater SOhbillty, Vepo,- Press<re, ltenry's Lw Ccnstent, JCoc, ...t K.., ht1> foe- Selectod Chsicah. 

1/&ter Vapor Henry's Lw 
Sohblltty PrealUf'e tanstont tcoc 

Clleafcat - CAS ti EPA (ag/1) Ref Cm Hg) Ref (etot-.S/tlllltl Ref C■!/el ~ .. , ICOli Ref 
---------------------------------------- ------------ --- ---------- --- ................. . .................... ., -------- ...... ----·--- ...... 
~t...-ocyclopentadiene 17.47.4 HPP 2. IOE+OO A 8.00E-02 A 1.3l'E·02 A 4.IIOE+o3 A 1.10!:+05 I\ 
lle"8<:lll ,,..oetbane [P'ercMoroethaneJ 67·72·f ffPP 5.00E+ot ,. 4.00E-01 A 2.49E·03 A 2.00E+04 I\ 3.9SE+o4 A 
lcdoeethane [l!ethyl !odlclo} 17·88·4 1.4oe+o4 " 4.00E+02 A 5.34E·03 " 2.30£+01 B 4.90E+01 " !Sej)rene 18·79·5 4.00E+02 A 
Pentachlotoet~ane CPent~t in) 76·01·7 3.l'OE+Ot C 3.40E•OO C 2.44E·02 K 1.90£+03 D 7.76E+o2 C 
1,1,1,2•t&t,echloroethane 630·20·6 2.90E+03 A 5.00E+OO A 3.BIE·04 ,. 5.48E+01 II 
1r1.2,2•1etrachlon:,ethane 79.34.5 NPP 2.90f+03 A 5.00E+OO A 3.l!IE·O. A 1.1SE+02 A Z.45E>OZ A 
l.,tract,l""°"thefle !1'€RC! 127·18·4 HPP 1.50E+02 A l.?8E+01 A Z.59e·El2 A 3.641:♦02 A 3.9Be.OZ A 
ietracltl....,.,..tlw>e [~etn,cl,loride'l 56•23·5 HP? 7.57E+02 A 9.00E•O! A 2.41E·OZ A 4.391:+02 Q 4.37E+02 A 
trl~ (Broaofono! 75·25·2 KPP :S.OlE•O:S A S.OOE+OC A 5.5ZE·04 A. 1.\6E+02 I\ 2.S\£+02 ~ 
T, 1, 1·TrU,tcroetll2ne !Methy!chlorofom 71·55·6 HPP 1.50E+03 A t.23E•02 A I .44E·02 A 1.5ZE+02 ,. 3.16':+02 A 
1,1,Z·r,lchloroethone [Vinyltriehloridel 79·00·5 HPP 4.50E+03 A 3.00E•Ot ,. 1. 17E·03 ,. 5.60E+Ot A 2.95E+OZ A 
Tri<hloroethene CTCE! 79·01·6 HPP 1.10E+03 A 5.79E•01 ~ 9. !OE·03 A 1.261:+02 A Z.40E•C2 A 

> T~f<:htorofluorooaothane !Freon 111 75·69·4 PP 1.10E+03 A 6.6l'E+02 ,. 1.IOE·OI 0 1.59E+02 A 3.391:+02 A 
• 1aichl- !Chl<,l"Ofon,J 67·66·3 ffi>P &.ZOE..03 A t.51E+02 A 2.S73·03 A 4.7oe+OI C 9.33e.OI A 

,IS. 1.1,2•Tric:bt0f'0•1.2,2·trift~thane- 76·!3·1 1.00E•OI A Z.70e+02 A 1.00E+02 A 

-nc CCIIPOtJlll)S 
1, 1·Bipheny! IDiphenyll 92·S2·4 7.SOE•OO E 6.0CE•OZ G 1.50E·03 G T.5'E+03 E 
llen:<ene 71·'5·2 HPP 1.75E+03 A 9.52E+01 A 5.59!:-tll A 8.3:l£+01 " 1.32!a<-ll2 " Br<80bonzene !Phetr(I BcomlceJ 108·86·1 4.46€+02 E 4.14E+OO 0 L92c·03 X 1.soe+o2 p 9.0CE♦02 E 
Chlorobenzene 108•90·7 HPP 4.66e+02 A I. !7E+OI A ;;.nE-03 A 3.3!)f+02 0 6.9ZE.OZ " 4-Chtoro-e-cresot (Chtorocreso-tJ 59·50·7 lt?P 3.85E+03 C s.ooe-02 C 2.44E•06 X 4.90E•02 C 9.80E+02 C 
2·Chloro!)i,eoot [o·tMorophenoll 95·57·6 ffPP 2.90E+04 C 1.80E+OO C 1.0SE·OS X 4.00E•02 C 1.45£+02 C 
!:Morctc>lue,w, [9el'f%Yl Chl<>r;del 100·44·7 !l.30E+03 " 1.llOE.00 A 5.06£-05 JI 5.000•01 8 4.27'E•02 A 
..-a.t..-ot<>luene 108·41·8 4.80E+01 I) 4.60E+OO C l.60E•02 )( 1.ZOE•03 D 1.90E+03 C 
o-Chtcrototuer,e 95·49·8 7.20E+01 C 2.TOE+CO C 6.25E•03 X t.60E+03 a 2.60E+03 C 
p-Chlorctoluene 106·43·4 4.40E+01 D 4.SOE+OO C 1.70E·02 X 1.20£+!)3 0 i?.OOE+03 C 
Cresot CTeehnlcal) !Methylphenoll U19·77·3 3. IOE+04 A 2.40E•OI A 1.IOE•06 ,. 5.00!:•02 ,. 9.331:+fll A 
o-Cre>ol [2--Methylp!tenoll 95·48·7 HSL 2.50E+04 J 2.43E·01 0 1.SOE•06 X 8.91E+01 M 
p-Cl'eSOl [4·Methylphenoll 106•44·5 HSL 1.14E·01 0 8.5te+01 M 
Pibem:ofuran HSL t.32E+o4 N 
1,2-D!chto..-ene fo·O lch!orobenzenel 95·50·1 HPP 1 .OOE+02 A 1.00E+OO A I .93E·03 A 1.TOE+0l A 3.981:+03 A 
1,3-ll lchlo,ot>enzene la-Dichlo.-obenzeneJ 541·73·1 HPP t .23E+02 A 2.281!+00 A 3.59E-03 A 1.70E+03 ,. 3.9l!c+03 A 
1,4-D;chtorobenzere [p-OichlorobenzeneJ 106•46·7 ffPP 7.90E+01 A 1.181!+00 A ~-B'IE-03 A 1.70E+O:S ,,. 3.98E+03 A 
2.4·Dichlorcphenol 120·83·2 HPP 4.6.ie+03 A 5.90E·OZ A .l'SE•06 A 3.80E+02 ,. 'l'.'14E+02 A 
ll!chlorot<>luene caenzal ch!orid.>! 98•87•3 z.soe+OO t) 3.00E•Ot C Z.54E·02 X 9.9°"+o3 0 t.60£+04 0 
Pletllytetlibostrot fl)ES! 56·53·1 9.60E·03 ,. 2.IICE+Gi B 2.88E+05 A 
2,4-llimt~ylpnenol [IIS·a-Kylenoll 1300•71·6 KP? 4.20E+03 C 6.21E·02 ff 2.38E·06 X 2.22E+02 C 2.63E+OZ C 
l,3-Dlnltrobem:ene 99·65·0, 4.70E+02 A 1.5DE+02 II 4.17c+/11 A 

t:o,tes.: PP= Priority Pollutant; HSl = RazardoUs Substance List Psremeter; HPP ~ PP and HSL Para.-neters. 
Mlditlonat r\Ote: and da·ta refer-enc:~s are provided e·t end of this table. 
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i..bte l.·1. Weter So!lb!l lty, Vei:zor Pressure, Henry's Law Constant, (oc, and Kow Oat• for Selected Chemicals. 
i 

\later Vapor Henry's 1.aw 
Sol<bil ity Pressure Constant ICOC 

Chefflfce! N.,,.. CAS fl EPA (mg/!) Ref (nm Hg) Ref (etm·m3/mot) Ref (ml/gl Ref (ow Ref 

----·----------------------------------- ------------ --- ---·------ -------- --- ------------ -------- --- ----·--- ---
4,6-0inltr.,.o•crosot 534·52·1 HPP 2.90E+02 A S.OOE·02 A 4.49E·05 A 2.40E+02 A 5.01E+02 A 
2,4-Dlnltropnenot 51·28-5 HPP 5.60E+C3 A 1.49E·05 A 6.45E·10 A t.66e+Ot A ;. 16E+01 A 
2,J·Dlnitrotoluene 602·01·7 3.IOE+03 A 5.30E+Ot 8 l.95E+02 A 
2,4·Dlni trotoluene 121·14·2 HPP 2.40E+02 A 5.10E·03 A 5.09E-06 A 4.50E+OI A I .OOE+02 A 
2,S·D!nitrotol_,., 619·15·8 1.32E+03 A s.,01:+01 B I .90E+02 A 
2,6-&ln!trotoluene 606-20·2 HPP 1 .32E+03 A l.80E·02 A 3.27E·06 A 9.20f+O! A t.OOE+02 A 
3,4-l>initrotolu.,ne 610·39·~ 1.08E+03 A 9.40E+OI B 1.95E+02 A 
Etllytbenzene fPhenytethanel 100·41·4 HPP 1.52E+02 A 7 .OOE•OO A 6.•3E·03 A 1. tOE+O:S A l.41E+03 A 
aexacMarobeMeno tpercM orobe?\zene} 1'1!'.·74·1 lll>P 6.00E·03 A \.09lc·05 A 6.!11E·04 A 3.90E+03 A \ .70£+05 A 
lieJ<acMo.-opltene [Denoade•l 70·30·4 4.00E·03 A 9.10E+04 B 3.47E+07 A 
Nltrobenzene 98·95·3 HPP 1.90E+03 A 1.50E·Ol A 2.20E•05 G 3.60E+OI "- 7 .OBE+Ol A 
2-~!t•ophenol [o-Nitropllenoll 88·75-5 HPP 2.10E+03 H 5.75E+01 H 

l 
4•Nitr09henol (p·Nltroplle<10tl t00•07·7 HPP 1.60E+04 K 8. \3E+01 H 
.-Witrotoluene &rethylnitrobenzeneJ 99-0!l-1 4.96E+02 G 2.92E+02 M 

·, Pentechlor-oben·?ene 608·93·5 1.35E·01 A 6.00E·03 C t.30E+04 s 1.55E+05 A 
a, .Pentacht.:.iranitrobenzen.!- frJuintozene? 82·68·8 7 .1!E·02 A I. 13E•04 A f..18E·04 A I .90E+04 a 2.82E+05 A 

!'eotachioc-ojlllenol 87·86·5 HPP 1.40E+Ol A 1.10E·04 A 2.75E·06 A 5.30E+04 A 1.00E•OS A 
P!loiol 108·95·2 HP? 9.30E+04 A 3.41E·OI A 4.54E·07 A 1.42E+01 A 2.88E+01 A 
P)1'"ic!ine 110·86· l 1.00E+06 A t.OOE+OI A 4.57E+OO A 
Styrene !Etllenytbemes,eJ 100•42•5 HSL 3.00E+02 R 4.50E+OO R 2.05E·03 K 
1,2,3,4-tetrechlorobenzene 634·66·2 3.50E+OO C 4.00E-02 C l.80E+04 0 2.BBE+04 C 
1,2,J,S·Tetroehlo,-ober.zene 2.40£+00 C 7.00€-02 C 1.78E+04 [) 2.88E+04 C 
1,2 ,4 ,5· Tetrach lo.--obenzene 95-94·3 6.00E+OO A 5.40E·03 0 1.60E+03 s 4.68E+04 A 
2,3,4,6·Tetrechtorophenol 58·90·Z 7.00E+OO C 4.60E·03 C 9.SOE+OI B 1.26E•04 A 
rot....,., !Methylbem:enel 108·88·3 KPP 5.35E+02 A 2.81E+OI A 6.37E·03 A 3.00E+02 A 5.37E+02 A 
t,Z,3·Trichtocobenzene 87-61 •6 1.ZOE+Ot C 2.10E·OI C 4.23E·03 X 7.40E+03 D l.29E+O. C 
1,Z,4·Trlch!oroben?""" 120·82·1 H?P 3.00E+01 A 2.90E·01 A 2.:ne-03 A 9.20E+03 A Z.00E+04 A 
1,3,5·frlchtorobol-.zone 108·70·3 5.BOE+OO C S.BOE·O! C 2.39E·02 X 6.20E+03 D 1.41E+04 C 
2r4,5•Trl~hfor~eno( 95.95.4 HSL 1.19E+03 A 1.00E+OO A 2.laE-04 A 8.90E•01 8 5.15~•03 A 
Z,4,6•frichl<>rcphenol 88·06·2 HP? a.ooe~o2 A l.20E•02 A 3.90E·06 A 2.00E+03 A 7.41E•03 A 
\ ,2,4-lriaott.,lbe,a:e,,e E:>•21d?<:t....,.,) 95·63·6 5.761;+01 G 2.03E+OO 0 5.57c·Ol X 
ity!ene, cmxed) 1330·20·7 HSL ! .98E+Ol A !.OOE+Ol A 7.04E·03 A 2.40E•OZ 8 1.83E+03 A 
.,.Xylene !1,3·Di,..t:,Ylbenzenel 108·38·3 1.30E+OZ A l.OOE+O! A t .07E·02 X 9.82E+02 0 1.82E+03 A 
o·)Cyl- !1,2-Di..,thyU,eMenel 95-47-6 I. 75E+02 A 6.60E+OO G 5.10E·03 G 8.30E+02 D 8.91E+02 A 
;,-Xylene [1,4•Dlmethy!benzenel 106·42•3 t.96E+02 A \ .OOE+O\ ,.. 7.0SE·03 l( 8.70E•02 0 t.41E+O'S ,.. 

POI.YARtMATIC H'l'D!WCARBOIIS 
Aeempllthyl....., 208·%•8 HPP 3.1>3E+OO A 2 .90E·02 A 1.48E·03 A 2.50E+03 A 5.01E+03 A 
Aceuapthes ie- 83·32·9' HPP 3.42E+OO 11. l.55E·03 A 9.20E·05 A 4.60E+03 A 1.00E+04 A 
Antbracene 120•12•7 BPP 4.50E·02 A \.95E·04 A 1.02E·03 A 1.40E+04 A 2.82E+04 A 

llotes.: PP~ Pri«ity 9otlutent; itSl = Katardous Substance tist Parametev; HPP = PP and ttSL ?ar&meters. 
Addftiona! notes and' data references are provided at end of this table. 
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To!lle A·T. 1181:er Sotlbl! !ty, Vapor Pressur<f, Honry•s Law Constant, ICoc, and K0W l>ata for selected Cheo,iceto. 

water Ysp:oc- Heory's Law 
Soll.lbil ity Preasure Constant ICOC 

Clw,elcal 11_, CAS # EPA tmsf! l Ref (m K~l Ref (atm•cn3/mGll Ref (11(/9) Ref ICow Ref 

---··------~---------------------------- ------------ --- ---------- ----·--- --- ----------·- ______ ,_ --- -------- ..... 
8enz(c)ace!dlne 22S·S1·4 I .40E+O! A 1.00E+03 s 3.63E+04 A 
Benz:o(alanthrac""" 56-55-3 HPP 5.70E·03 A 2.ZllE·08 A 1.16E·06 A I .38E+06 ~ 3.98E+05 A 
B"""o<a)pyrene 50•52·8 HPP l.20E·03 A 5.60E·09 A 1.55E·06 A 5.50E+06 A 1. 15E+06 A 
Benzo(b)fluoranthene 205·99·2 HPP t .40E·02 A 5.00E-07 A 1.19E·05 A 5.50E+05 A 1.15E+06 A 
Bento(ghl )perylone 191·24·2 HPP 7.00E-04 A 1.03E·IO A 5.34E·08 A I .60E+06 A 3.24E+06 A 
Senzo(k)f!uoronthene 207·08·9 HPP 4.30E·03 A 5.10E·07 A 3.94E·05 A 5.50E+05 A 1.15E•06 A 
2·Chloronapthal°"" 91 ·58·7 HPP 6.74E+OO I 1.70E·C2 I 4.27E-04 X 1.32E+04 [ 

Cllrysene 218·01·9 HPP 1 .80E·03 A 6.30E·09 A 1.05E·06 ~ Z.OOE+05 A 4.07E+05 A 
1,2,7,B·Dibetlzopyrene 189-55-9 1.oie-01 ,. 1 .20E+03 B 4.17E+06 A 
eibem:(a,h)antheacene 53.70.3 KP? 5.00E·04 A 1.00E-10 A 7.:S3E·08 A 3.30E+06 A 6.3\E+06 A 
7,12·Dl...thylbenz(a)onthracer.e 57-97·6 4.40E·03 A 4.76E+OS A 8. 71E+06 A 
Fl tl0f'8nthene 206·44·0 HPP 2.06E·Ol A 5.00E-06 A 6.46E·06 A 3.80E+04 A 7.94E+04 A 
fluorene [2,3·Bemi-l 86·73•7 HPP \.69E+OO A 7. IOE-04 A 6.42E·El5 A 7 .30E+03 A 1.58E•04 A 

► 
lndene 95·13·6 8.32E+OZ " • lndenoCl,2,3·cd}pyrene 193·99·5 HPP 5.30E·04 A 1.one-10 A 6.S~E-08 A 1.60E+06 A 3.16E+06 A ... 2•Methytnapthalene 91 ·57·6 KSL 2.54E+01 E 8.50E+03 e 1.30E+04 E 
#aptholone INopthene) 91 ·20·3 HPP 3.17E+01 G 2.30E·Ot G 1.15E·03 G l.30E+03 C 2.76E+03 C 
f•ll"i)thylamloe 134-32·7 2.35E+03 A 6.50E·05 A 5 .ZIE-09 A 6.10E+01 B 1. t7E+02 A 
2·1lapthyl8"'inc 91·59·8 5.86E+02 A 2.56E·04 A S.23C·08 A 1 .30E+02 B 1.!7E+OZ A 
fltananthrene 85·01 ·8 HPP 1 .OOE+OO A 6.80E·04 A l.59E·04 A 1.40E+04 A 2.88E+04 A 
Pyrene 129·00·0 HPP 1.3ZE·01 A Z.50E·06 A 5.04E·06 A 3.80E+04 A 7.59E•04 A 
T!>tracene DiapthaceneJ 92·24·0 5.00E-04 E 6.50E+05 E 8.00E+05 E 

AMINES ANO AMIDES 
2•Acetylaminofluorene 5J·96·3 6.SOE+OO A 1.60E+03 8 1.9IE+03 A 
&cryleide C2·Propenamldel 19-06•\ 2.05E+06 G 7.00E-03 R 3.19E·10 X 
4·Aftllnobiphenyl lp-Blphonytamlne! 92-67-t 8.42E•02 A 6.00E-05 A I .59E·08 A 1.07E•02 B 6.03E+02 A 
Mil tr.e [II011Z..,...lnol 62·53·3 HSL 3.66E+04 G 3.00E·OI G 1.00E-06 X 7.00E+OO E 
Auraaine 2465·27·2 2. IOE+OO A 2.90E+03 8 1.45E+04 A 
-Senzldine [p-dirnlncdiphenyll 92-87·5 HPP 4.00E+02 A 5.00E•04 A 3.03E·07 A l.05E+01 A 2.00E+OI A 
2,4·Dloorinotoluene !To!uenecliominel 95·80·7 4.77E•04 A 3.aoe-05 " 1 .28E·10 A 1.20E+01 a 2.24E+OO A 
3,3•·0lchtoroben%idine 91•94•1 KPP 4.00E+OO A 1.00E-05 A 8.33E·07 A l .55E+03 A 3.16E+03 A 
Di ethenotemi nc 111·42·2 9.54E+05 G 3.72~·02 M 
Dletnytanil ine [llenzenamineJ 91-66·7 6.70E+02 E 9.00E+OO E 
Dlethy!nit=.,.lne [NitrosodiethylomineJ 55·18·5 5.00E+OO A 3.02E+OO A 
Dimethylomine 124-40·3 1.00E+06 A , .52e+03 A 9.02E·05 A 4.35E+02 F 4.17E·01 A 
DhoethylY!incazobenzene 60·11·7 1.36E+01 A 3.30E·07 A 7.19E·09 " 1.00E+03 8 5.25E+03 A 
Dl,..,thylnitro,;,..ine 62-75·9 HPP infinite A 8. \OE+OO A 7.90E•07 ~ 1.00E-01 A 2.09E•01 A 
~lphenytnitros.,.ine 86-30•6 HPP 3.7ZE+02 I 
Dipropylnltrosamine 621·64·7 pp 9.90E•03 A 4.00E·OI A 6.9ZE·06 A I .50E+01 A 3.16E+Ot A 
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Table A•I. '1ater Sottbitity, Vepor Pressure, H~nry's Law Constant, ~oc, af'd Kow Data for Selected Chemicets. 

"ate-r Vapor ~enry1 1 Lew 
Sr,ltbll!ty P':-essure Constant Koc 

th""'1cal Name CAS # EPA (mg/l) Ref (m Hg) Ref (atm-1113/mot) Ref (o,l/g) Ref Kow Ref 

------------·--------------------------- ------------ --- ---------- -------- -.... --........ --- ---.. ...... .. -- --------
l1ethy!v;nytnitrosB10lne 4S49·40·0 7.6DE•05 A t.23E+01 A l.83E·06 A 2.SOE+OO B 5.89E·O! A 
B-llitrooniline ll·MltroanilineJ 99·09•2 HSL 8.90E+02 G 2.34E+OI H 
o·l!it...,..,ll lne £2·111tro,,ni\ Ir.el 88•74•4 KSL 1.47E+04 T <!>.17E+Ol M 
p-Nltroenlline [4•NitroanilfneJ 100·0!·6 HSL 7.30E+02 T 2.45E+01 H 
••~itrosodi·n·propylamine 621·64·7 HSL 
:rhtoacetOl'llcle tEthlll"lethi oa.-.irlel 62·55-5 l.63E+05 J :S.47E·OI A 
o-,otuidine lfydroch!oricle 636·21·5 l.50E+04 A 1.00E·O! A 9.39E·07 A 2.20E+01 s 1.95E+01 A 
o-ioluidlne 12·AminotolueneJ 119·93·7 7.35E+Ol A <1.0E+OO R 4. tOE+02 8 7.58E+02 A 
irlethylomine 121-44·8 l.50E+04 G 7 .OOE+OO G !.30E+05 G 

ETNERS ANO ALCOffOlS 
Ally! ~tcohol CPrcpenc,ll 107-18·6 S.10E+OS A 2.46E+01 A 3.69E·06 A 3.20E+OO s 6.03E•Ot A 
Anlsole !HethoxybenzeneJ 100·66·3 1.52E+03 C 2.60E+OO C 2.43E·04 X 2.00E•01 C 1.29E+02 C 

> 8""2)"1 Alcohol !Benz..,..,.,thanoll 100·5!·6 RSl 8.00E+02 s t.10E·01 s 1.95E·05 X 1.Z6E•01 H 

•• Bis(2·chlor<>ethy\)ether '11·44·4 HPP 1 .02E•04 A 7 .10!:·01 ,. 1.31E·05 A 1.3'1E+01 A 3.16E•Ol A ..., 8is(2·chloroill"P"opyl)ether 1llll·60•1 KPP 1. 70E+03 A 8,SOE·O! A 1.13E·04 A 6.10E+01 A 1.26E+02 A 
ela(cMoromethyl )ether 542·88·1 2.20E•04 A 3.00E+01 A 2.06E·04 A 1 .20E+OO A 2.40E+OO A 
4-&•""'°!'l'envl ,henyl Ether 101•55·3 KPP I .SOE-03 I 1 .91E+04 l 
2·Clllor<:ethyl Vinyl Ether !10·75·8 HPP t.50E+04 ff 2.67::+0T ff 2.50E·04 Q 1.90E+01 l 
Chloromethyl !!ethyl Ether 107•30•2 1.00E+OO A 
4·Chlcr"!"'enyt Pl\enyl Ether roos-n-3 KPP 3.30E+OO tt 2.70E·03 l 2.19E·04 X 1.20E+04 tt 
9ipllenylether [Phenyl Ether] 101•84-8 2.10E+OI R 2. UE·02 s 8.67E·09 X 1.62E+04 M 
Ethanol 64·17·5 IMinlte A 7.40E•02 A 4.48E·05 A 2.20E+OO 8 4.79E·OI A 

PffTHALATES 
Sistt·ethy!Rexy!)phthalete 117-61•7 KPP 2.85E·OI C 2.00E•07 C 3.61E·07 X 5.90E+03 D 9.50E+03 C 
autylbon?.y! Phthalate 85·68·7 KPP 4.22E+OI (i 6.31E+04 ff 
Di·n•cctyl Phths!ate 117-84-0 HPP 3.00E+OO H 1.58E+09 I 
Oib!Jtyl Phthalate 84-74·2 KPP I .30E•01 A 1.00E·OS A 2.82E·07 A 1.70E+05 A 3.98E+05 ,. 
Dl•thyt Pltthalate 84·66·2 KPP S.96E•~2 ~ 3.50E·03 A 1.14E·06 A 1.42E+02 A 3.16E+02 A 
Dlaethy!phtltalate 1'31-11·3 HPP 4.32E+03 H <I .OE-02 H !.3ZE+02 I 

Kl:TOKES - ALDElM>ES 
2•Butmcne !Mathyl Ethyl ICetonel 78·1'5·3 HSL 2.68E+05 " 7.75E+01 A 2.74E·OS A 4.SOE+OO 8 1.82E+OO A 
2•!!exanone Ellet!lyl Butyl Ketone! 591·78·6 l!Sl 1.40£•04 ~ 3.00E+IO R 2.82E·05 R 
4~ ·2-Pentonono UsDl)rO!>'flacetonel 108·10·1 RSL 1.70E•04 s 2.00E+01 R 1.55E·04 X 
Acetone IZ·Propononel 67·64·1 HSL infinite A 2.70E+02 A 2.06E-05 II 2.ZOE+OO B 5.75E·OI A 
F.,....,!doltyde 50·00·0 4.00E•OS A I.OOE+Ot A 9.87E·C7 ,. 3.60E+OO B 1.00E+00 II 
G! ycld111!del,y\1e 765-34·4 1.70E+08 A 1.97E+OI A 1.1oe-os A 1.00E·Ot a 2.aze-02 " Aery! le Acid IZ·Propenoic Acldl 79·10·7 infinite A 4,00E+OO A 1.35E+OO A 

~es: PP~ Priority Pollutant; ttSt. = Hazardous Substance ti5t Porameter; MP?~ PP and ffSL Pnrameters-
.Additional notes end data references are pf"ovided &t end of this table. 
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Tobt& A·1. Y&tfi' Soitt.mHttY, vapor Pres.are,. Henry'tt Law Con&tant, IC.oe,, and Kow O&ta for" Selected Ch~ie&ta .. 

Water- Vapor Kenry•s Lil'lw 
Sotubll lty Pressure Constant Koc 

ChesfCII( iloloe C\S # EPA Cmqfll Ref (m Kg) Ref (ot••ll3/111C)t) R"1' (al/gl Ref K°" Ref 
--~------------------------~------------ ----------· .............. ............. --- ------------ -·- -----·-- --- -------· 

~t!C ACIDS A1C1 1:$11:RS _, ... 115·02·6 l.3ce+05 A 6.60E+OO 8 8.32E·OZ A 
BoftZolc Aclcl 65-85·0 HSL 2.70E+03 6 7.41E+01 II 
Ol•tl\vt Sulfate roim 77-78-1 l.24E+05 A 6.SOE-01 " 3.48E-07 A 4. tOE+OO 8 5.75E-02 A 
Ethyl "'°thannul fonate !EMS! 62-50-0 3.69E+05 A Vl6E·OI A 9.12E·08 A 3.80E+OO 8 1.62E+OO A 
fontfc Acid 64-18-6 1.00E+06 A 4.00E+Ot A 2.88E-01 A 
L651ocorpfne 303-34-4 1.60E+03 A 7 .60E+01 B 9. 77E+OO A 
Ketllyl iletioecrylote 80·62-6 2.00E+Ot A 3.70E+OI A 2.43E·01 A 8.40E+02 B 6.17"•00 A 
Yirr,l Acetote 108-05·4 KSL 2.00E+04 J 

l'tlls 
Arcclor !016 12674-11-2 HPP 4.20E·01 ff 4.00E-04 I 2.40E+04 H 

> Aroclar 1221 11104-28·2 HPP I .50E+OI I 6.70E-03 I 1.23E+04 H ... Aroelar 1232 H141·16·S HPP 1.45E•OO I 4.06E·03 I 1.58E+03 I 
C> Aroclo, 1242 53469·21·9 HPP 2.40E•01 G 4.10E·04 G S.60E·04 6 1.29E+04 I 

Aroclor 1248 12672·29·6 HPP 5.40E·02 6 4.90E·04 G 3.50E-03 G 5.62E+05 I 
Aroclor 1254 11097-69·1 HPP l.20E·02 G 7.70E·05 G 2.70E·03 G 4.2:iE+04 E 1.07E+06 ! 

I 
,\n,c:(or 1260 11096·82·5 HPP 2.70E·03 G 4.10E·OS G 7 .10E•03 G 1.38E+07 ! 
Polychlorh,stec! Biphenyls EPCBsJ 1336·36-3 HPP 3.10E·02 A 7.70E·05 A I .07E·03 A 5.30F+05 A t.10E+06 A 

IIETEl!OC'l'CLIC ceMPOUNl>S . 

C!r,,,drosafrole 94·58·6 1.50E+03 A 7.80E+01 B 3.63E>02 A 
1,4-()fo,w,e (1,4•Dlethylene Dioxide! 123·91·1 4.31E+05 A 3.99E+01 A 1.07E·05 A 3.50E+OO 8 1.02E+OO A 
Epich!o,,:,liydr!n 106·!!9-I! 6.00E+04 A 1.57E+01 A 3.19E·05 A 1.00E+01 8 1.41E+OO A 
loosafrote 120-58·1 1.09E+03 A 1.60E·Otl A 3.2SE·12 A 9.30E+01 B 4.57E+02 A 
li•N!troscplperidlne 100·75·4 1 .90E+06 A 1.40E·OI A 1.11E·08 A 1.50E+OO 8 3.24E·OI A 
N·Nltrosopyrrotldlne 930·55·2 7 .OOE+06 A 1.10E·OI A 2.07E·09 A 8.00E•Ol B 8.71E·02 A 
Safrole 94•5y•7 1.50E+03 A 9.10E·04 A I .29E·07 A 7.80E+01 8 3.39E+02 A 
llnell Mustard 66·75·1 6.41E+02 A 1.20E+02 8 B.13E·02 A 

ll'lllil:AZIIIES 
1,2·Dlethylh),draz!ne 1615·80·1 2.88E+07 A 3.00E-01 8 2.09E·02 A 
1,1-Diaethyihydrazina 57•14·4 t.~4E+08 A l.57E+02 • 1.ooe-07 A 2.00f-01 8 3.80E•03 A 
1,2·Dlphenylhydrazlne [H\,'Cirazobenzenel 122-66·7 pp 1.84E•03 A 2.60E·05 A 3.42E·09 A 4.18E•02 A 7.94E+02 A 
ttydf"eZ~!".e 302-01-1 3.41E+08 ,. l .40E+01 ,. 1.73E·09 A 1.00E·01 8 s:s2e-04 ,. 

M!SCSll.Ale:OIJS ORGANIC C'"1'0UIIDS 
Azirldlre [Ethyle,,i11fneJ 151·56·4 2.66E+06 A 2.55E+02 A 5.43E·06 A 1.30E+OO 8 9.m-02 A 
Carl>off 01 ... 1 fide 75·15·0 HSl 2.94E+03 A 3.60E+02 A l.23E·02 A 5.40E+OI e 1.00f+02 A 
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--- --- -- -- ---------- ---------

Table It-!. SJater SottbH tty, Vapor Pressure, fenry's t.aw Consttsnt, Koc, and Kow Dot& for Selected Chemicals. 

Water Vapor Renr-y's t.aw 
Solubility Pressure Constant Koe 

Cll..,,.cal N..., CAS # EPA (mg/l) Ref (mn Hg) Ref (atm-~3/root) Ref (ml/g} Ref Kow Ref 

---------------------------------------- ------------ ---------- -------- --- ------------ -------- .... --------
Diethyl Arsine 692•42·2 4.17E+0'2 A 3.50E+01 A I .48E-02 A 1.60E+02 8 9.33E+02 A 
Dimethytcart,amoyl Chloride 79-44·7 1.44E+07 A 1.95E+OO A I. 92E-08 A 5.00E-01 B 4.79E-02 A 
Mercury and~ (Alkyl) 7439-97-6 pp 
Methytnitrosoueea 684·93·5 6.89E+08 A 1.00E-01 B 1.54E-04 A 
!luster-cl 6"s Ebis(2•ohloroethy!)sulfic!el 505-60-2 8.00E+02 A 1.70E-01 A 4.45E-05 A 1.10E+02 B 2.34E+OI A 
Pheacber!>i tsl 50·06·6 t.OOE+03 A 9.80E+01 s 6 46E·01 A 
l'rop>1!e.;imine 75-55-8 9.44E+05 A 1.41E+02 A 1.12E-05 A 2.30E+OO B 3.31E-01 A 
Tetraffhyl ~ead 78-00-2 8.0GE-01 A I.SOE-OT A 7.97E-02 A 4.90E+03 s 
Th I ourea (Th i oearbemiclel 62-56-6 I. 72E+06 A 1.60E+OO B 8.91E-03 A 
Tr!s·S1> [2,3·Dibrcmo1propanol phosphate! 126-72-7 T.20E+02 A 3. 10E+02 B 1.32E+04 A 

INORGAlf!CS 
Al1WiXlie 7664-41-7 5.30E+05 A 7.60E+03 A 3.21E-04 A 3.10E+OO B 1 .OOE•OO A 

> ~i"""Y eJ:1d C"""""'1ds 744a-36-0 pp 1-00E+OO A 
• Arsenic and c-- 7440·38-2 pp O.OOE+OO A ... Sltri11>1lfY1C""'!)OUACls 7440-39-3 

Beryl! i u, and C"""°"""s 7440-41-7 pp O.OOE+OO A 
Cadniua "'1d CClllp()U'lds 7740-43·9 pp O.OOE•OO A 
Chr<!lll;ua 111 and C_.-,ds 7440-47-3 pp O.OOE+OO A 
t:1,...,..;ua VI 8fld C0llll)OU1ds 7440-47-3 pp O.OOE+OO A 
l:oppeF ard Compounds 7440·50-8 pp O.OOE+OO A 
Cyanogen Chlorida 5~<>·77•4 2.50E+03 A 1.00E+03 A 3.24E-02 X I .OOE•OO A 
Hydrogen Cyen! de "14-90-8 infinite A 6.20E+02 A 5.62E-OI A 
My-d,ogen Sulfide r783-06-4 4.13E+03 A 1.52E+04 R l.65E-OT R 
lead"'1dC_,nds 7•;19-92-1 PP O.OOE•OO A 
11ercu.-y and c"""'°'"'" (lno'i'K'icl 7439·97-6 pp 3.00E-02 ~ 2.00E·OJ A 1. IOE-02 G 
Nickel and C0ll\)0tl"lds 7440-02-0 p~ O.OOE+OO' A 
Potassl!.111 Cyonid!> 151·50-6 5.00E+05 A 
Selenica one! Cc,mpo<Jncls 7782·49·2 pp O.OOE+OO A 
Silver andC-..,cfs 7440-22-4 pp O.OOE+OO A 
Sodlllll Cyanide 143·33·9 8.20E+05 A 
Thall ita .:htoride 7791-12-0 pp 2.90E+03 A O.OOE+OO A 
Thatliia Sutfote 7446-18-6 pp 2.00E+02 A O.OOE•OO A 
Thalihnand~ 7440-28-0 pp O.OOE+OO A 
Zinc and C-..,ds 7440-56-6 pp O.OOE+OO A 

I 
Kotes: PP~ Priority Potlutant; KSL = Haz&rdous Substance List Parameter; HPP = PP and HSL Parameters. 

Additional notes end deta references &re provided et end of this tabte. 
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Tobie A-2. Specific Gravity end Viscosity Dat& for Selected Petroteun Products. 

Specific --··· k'.inema·tic Viscosity Value-$ in Centistokes ----- -- Absolute Vis.eosfty Values in Centipoise -
Gr~ity ii 10 a 20 a 40 il 100 a 10 a 20 deg. 

Petrol..., P,oduc::t a1s-2S deg.C. Refs ~.c. Ref cleg.C. Ref cleg.c. Ref deg.C. Ref deg.C. Ref oeg.C. Ref Value a c. Re 

I ---------------~-----·--- ------------- -...... -.. --- -------- --- -------- --- -------- ... -------- -------- --------
Cnd,t OIi 0.1 - T.O A 8 - 87 B 1.6-739. 38 D 
Gasoline 0.73-0.76 A,O 0.45 L 0.3 38 C 
1(- o.s, D 2.05 E 
llsptil& O.SS-0.97 I) 

l:o. HI lllnel Fuel 0.80·0.82 C t.3·2.4 F t.1·1.9 40 • 
l!b.2-& O!osel ~uel 0.85 C 1 .9·4.1 F 1.6-3.5 40 • 
!lc.4-11, Ill.set fuel 5.5-24. F 
Marine Diesel Fuel 0.83 B 10. 38 B 
.l<!t A Aviation fuel 0.77-0.84 F 1.0·1.5 38 : 
Jet B Aviation fuel 0.75·0.80 F 
80 Grlide Aviation Gels 0.70 G 
100 Grode Aviation G"" 0.70 G 
tl!Oi.l Srado Aviation Gas 6.71 G 
Jet Fuel JP• I 0.80 J 
Jet fuel Jl>-S 0.80 J 

> Jet Fuel JP•4 0.81 J 

• ~"t FeJel JP•S 0.82 J 
~ ""· 1 Iles YW"bine Fuel OH 0.850 F 1 .3-2.4 F 1.1·2.0 40 • 0 

11<>,2 Gas TW'bine Fuel Oil 0.876 F 1.9·4. I F t.7-3.6 40 • 
llo.3 Ga$ Turbine fuel Oil >5.5 F 
l!o.4 Gas Turbine Fuel Oil >5.5 f 
llo. 1 Fuel Oi ! 0.81-0.85 D,F ,s. 1.4•2.2 F 1.2·1.8 40 • 
llo.2 fuel OH 0.86-0.88 O,F,G 2.0·3.6 F S.92 E 1.7-3.2 40 • 
!lo.4 (l.ight) Fuel Oil 0.876 F 2-0·5.8 F t.7·5.1 40 • 
No., Fwl Oil 0.87·1 .01 o,s 5.5·24.0 f 1Z.6 t 4.6·24.Z 40 • 
llo.5 (l<IJ.~tl Fuel Oil >24.0·58 F 
No.5 fuel Oil 0.92-1.04 D,G >58-168 F 76. 5~ G 
ilo.6 Fuel Oil 0.94·1 .05 D,G 28000000 B 60.·!50. 38 A 
Aero Oil Snide 100 1400. I 650. 193. G 20.2 G 
Aero Oil Grode UO 2500. I 1100. 296. G 23.4 G 
Aero Oi I Grode ZGl/·50 3000. I 1200. 189. G 19. G 
A'rl&tlcn Oil Grade 100 2000. I 850. 224. G 19.1 ~ 
Alfi•tlan Oil Grade !20 3200. I 1400. 329. 6 24. G 
SAE 11)1,1 lloCor Oil 0.877 K 205. I 110. 41·43 G 7. G 179. • 52.3 E 
SAE 30 IIOtOI' OH 0.887 IC 950. I 420. !07·134 G 11-13 G 840. " 352. E 
SAE "6 tc<>t...- 01\ 0.89? K 1500. I 650. 11.7·188 G 15. (; 1310. • 570. • 
SI.E 50 ll<tto• Oi I 0.897 I( 2500. ! 1000. 2>4·250 G 19. G 2240. • 880. E 
SAE 511-30 Notor OH 220. I 145. 59. G 11 .9 G 
SA£ 1CW-30 ilo1:0I" Oil 0.869 IC 228. I 145. 64. G 11.7 G 190. • 130. • 
SAE 18W-~ Noto,- O! t 0.870 IC 430. I 245. 95. G 15.9 G 3~. • 2to. • 
SAE 1561-40 llc>tor 011 0.880 IC 800. I 400. 120. G 15.0 G 700. • 350. • 
SIii: ~58 Motor o; l 0.874 IC 650. l 350. 121. G 18.0 G 570. • l~il. • 
SAE 2811-20 Noto,- aH 0.683 IC 500. I 240. 73. G 9.0 G 440. • 210. • 
Auto iransnrission Fluid G.895 G 150. I 87. 35·36 G 5.9·7.1 G 130. • 80. • 
Tractor Kyd~aulie Ftuid 0.894 G 310. I 160. 54. G 7.7 G 280. • 140, • 

'.) 0 0 4 20 
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!abl& A·Z. Specific Gravity and Viscosity oa,a for Selected Potroleun Product$. ,., 

, ' 

! 
Specific ..... :. rc:inemtic Viscosity Values in Centistok.es ----- •· Absotute Viscosity Values 1n Centipoise -
Gravity i 10 a 20 a 40 a 100 o! 10 iii 20 deg. 

l-e.r<>l- ProciJc:t i15·25 clog.C. Refs cng.C. ~ef cfeg.C. P.ef cleg.C. Ref deg.C. Ref deg.C. Ref deg.C. Ref Value a C. Re 

---·---·-·--------------- ------------- ----- --------- -...... --- .. .... ------ -------- -------- -- . -------- ---- --
Avfet!Cll'I ltyd....,I le Fluid 

Gradea A II. E 8.873 G 13.5 G 
~ lly<!raut ie Oil &rode 32 0.863 G 150. I so. I 31.5 G 5.5 G 129. • 69. • 
(di !lydr""t le Oil Srade 46 0.867 G 250. I 130. I 44.0 G 6.6 G 217. • 113. * 
All Jl\,d!-iwllc Olt Grade 68 0.870 G 390. I 200. I 65.0 6 8.8 G 339. • 174. • 
WI llydrau\lc Oil Gr. 100 O.BSS G 650. I 310. I 96.0 G 1U) G 575. * 274. • 
!II tl';drl!U[i; OIi ~r. 150 0.886 G !000. I 470. I 1!6.2 G 14. 1 6 886. • 416. • 
All ff)'drau!lc OIi Gr- MV 0.884 G 125. I 70. I 30.0 6 5.9 G 110. • 62. • 
AN llacll!M Oi I Grade 10 0.871 G 32. I 20. I 9.6 6 2.5 G 28. • 17. • 
All l!acMne Oil Grade 22 O.l:l77 G 90. I 50. l 21. G 4.1 G 79. • 44. • 
llll 118Cbine OH Grade 32 0.877 G 150. I 80. I 30. G 5.2 G 132. • 70. • 
All !ladtine OH Grade 46 0.878 G 25f}. I no. I 43. G 6.5 G 220. • 114. • 
~ -I"" Oil Goade 68 0.878 G 390. I· 200. I 64. G 8.4 G 342. • 176. • 
All !lechine Oil Grade 100 0.88\ G 65~. I 310. l 94. G 10.8 G 573. • 273. • 
A!,1 ltsc:hine Oil Grade 150 0.883 G 1000. I 470. ! 140. G 14. G 883. • 415. • 

► 
All Machine Oil Grode 220 0.888 6 1850. ! 800. I 210. G 18.3 G 1640. • 710. • 

:• NI Maclllne OH Grado; 320 11.894 G 3000. I 1300. 1 305. G 23.4 G 2680. * H60. • ,.. Cy! I nder OH Grade 46CX 8.910 G 5200. I 2000. I 4-'.0. G 26.4 G 4730. • 1790 • • - Cyl !nder 011 Grade 680X 0.922 G 9500. I 3200. l 650. G 33.2 G 8760. * 2950. • 
i:yllMer OH Grode 10001: 0.922 G 17000. [ 5500. I 950. G 39.4 G 15700. * 507'0. • 
Edger Arbor Oi I X 0.906 G Z15. I 108. l 36. G 5.3 G 195. * 98. * 
£P ln<i,striat Oil Gr. '6X o.an G 250. I 130. I 44. G 6.5 G 215. * 113. • 
EP lndustrlat Oil Gr.1001! 0.878 G 650. I 310. l 95. G 10.7 G S" * 2n. • 
EP ii=strial Oil Gr.150X 0.883 G 1000. I 470. I 140. G 13.'I G BBJ. • 415. • 
EP !rdstrlal OH Gr .220X 8.889 G 1850. l 800. I 210. G 18.2 G 1640. • 711. • 
El' J"""5triat Oil Gr .32DX 0.903 G 3000. I 1300. l 304. G 23,2 G 2710. • 1170. • 
El' !l"Cl!Otria! Oil Gr.460X 0.900 s 5200. I 2000. I 440. G 28.5 G 4680. • ,eoo. • 
lt:bdcet Ing, .)ii Grade 32X 0.871 G 150. I 80. l 29. G $.2 G 131. • 70. • 
Lul>ricatfng Oil Gr. 100X 0.887 G 650, I 310. I 92. G rn.1 G 577. • 275. • 
Lralcating Oil Gr. 105X e.884 G 700. I 330. I 90. 6 10.5 G 619. • 292. • 
lubricating Oil Gr. 460X 0.8'12 G 5200. I 2000. I 440. G 29.5 G 4640. • 1780. • 
TU!'bine Oi l Grado 32 0.864 G 150. I so. I 31. G 5.4 G 130. • 69. • 
fu:b!ne 01 I &rado <G.; 0.875 G 250. I 130. I 44. G 6.6 G 219. • 114. • 
-iurblne 01 I G.-ade 6a 0.877 G 390. I 200. I 65. G 8.5 G 342. • 175. • 
yur1,;i,e Ci I Gr- 100 8.880 G 650. I 310. I 94. G 10.7 G 5n. • 273. • 
Beet irensfer Oil Grade I 0.882 6 230. I 120. I 42. 6 6.6 G 203. • 106. • 
lleet Tnnsfer Oil Gr. ZO 0.857 G 85. I 48. l 20.0 G 4.04 G 73. • 4\. • 
119rlne OH Grade 150X 0.928 G 2000. I 790. I 168. G 12.7 G 1860. • 733. • 
lbrlne O! l Grade 220lC 0.934 G 2400. I 960. I 2za. G 17. G 2240. • 205. • 
tutting Dlt MIi fluid HA 200. I 108. I 40. G 6.6 G 
cuttlne OH iii! Fluid 11D 0.829 IC 4.23 G 3.51 40 • 
tuttln& OH MIi Fluid 210 0.921 IC 180. 92. 31. G 4.7 G 166. • 85. • 
1:uttfng Of! MIi F!uicl 31A 0.891 K 92. 52. 21. G 4.3 G 82. • 46. • 
CUttlFIII Oil KIi fluid 31B 97. 52. 20 G. 3.7 G 
Cutting Oil MU Fluid 31C 0.916 K 200. 105. 35. G 5.3 G 183. • 96. • 
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Table A·2. Spoci~ic 6rwlty and Viscosity Data to, Selected Pet,o!eun Products. 

' 
Specific ----- Kinematic Viscosity Values in Centistokes ----- -- Absotvte Viscosity Value~ in C'entipoise • 
Gr .. ,rlty Q 10 Q 20 ii 40 ~ 100 i 10 

Petrotem Proooct illS·25 deg.C. Refs deg.C. Ref deg.C. Ref deg.C. Ref deg.C. Ref deg.C. Ref 

-------------------------
.......... ______ -------- -------- -------- --------

Cutting !Ii! MIi ~luld 418 0.907 I( 120. I 65. I 23. G 3.9 G \09. • 
cutting Oi I MIi Fluid 4t0 0.914 IC 170. I 85. i 30. G 4.8 G 155. • 
CUttlna OIi 1111 fluid 41E 0.897 t 145. I BO. I 31. G 5.5 G uo. • 
Cl.lttlr,g OIi MIi Flu!~ 41M 0.898 IC 77. l 45. ! 19. G 3.9 G 69. • 
CUttlng; Oil 1111 Fluid 438 0.908 I( 170. I 65. I 30. G 4.8 G 154. • 
tutting Oil 1111 Fluid 44A 0.894 lC 155. ! 82. I 29. G 4.8 G 139. • 
CUttlr,g Oil 1111 Fluid 45A 0.925 IC 210. I 110. I 38. G 6.0 G \9~- • 
euttl1111 Oil MIi Fluid 458 0.936 I( 500. I 230. I 67. G 7.8 G ~68- • 
Refrigeration Oil Gr. 32 0.894 G 190. I 90. I 30. G 4.3 G 170. • 
Refr!;eratlon Oil Gr. 68 0.910 G 500. I 230. ! 65. G 7.3 G 455. • 
RPI! Chain Bar Oil Gr. 150 1250. I 525. I 139. G 12.8 G 
Rffl Chain Bar Oil Gr. 220 1d00. I 800. I 212. G 19. G 
SAE ?SV-90 Artie Gear Oil 400. I 230. [ 91. G 14.6 G 
SAE Grode 90 sea, Oi l 0.888 G 1800. [ 800. [ 213. G 18.8 G 1600. • 
SAE Grade 140 Gear Oil 0.902 G 4900. I 1900. I 452. G 30.3 G 4420. • 
Nl,Gear Lubricant Gr. 68 0.874 G 300. I 170. I 63. G 10.0 G 262. • 
NL Gear t.ubricat\t Gr. 100 0.876 G 650. I 310. ! 93. G 11.0 G 569. • 
Ill Gear Lubricant Gr. 150 1).896 G 960. I 450. I 142. G 14.3 G 860. • 
NL Gesr Lubricant Gr. 220 8.888 G 1800. ! 800. ! 201. G 17.8 G 1600. • 
Ill. Gear Lubricant Gr. 320 0.893 G 3000. I 1300. I 304. G 22.0 G 2680. • 
Ill Gear Lubricant Gr. -60 8.989 G 5000. I 1900. I 435. G 27.5 G 44~0. • 
NL Gear Lubricant Gr. 680 9500. I 3300. I 640. G 33.5 G 
NL Gear Lllb,-icant s,.1000 12000. I 4500. I 935. G 53.2 G 
Ill Gear Ltmrlcant Gr. ~500 22000. I 7500. I i400. G 59.8 G 
NL Gear llbrlc•nt Gr.2200 2150. G 

Ac C'QiCA'UEr 4!79,. Protection, of Grotr.dwater- from Oit P-a.tlution. 
Ba: P..,-ne, J .. i~, and C.R. Phillips, 1985 .. Petroteun Spills in the Marine Envi:-omient, Lewis Publishers, Chelsea, Mt. 
C z tleti'onat Institute for Petroleun, and Ener-gy Resea-rch, 1988, Personal corrmunication. 
D c Breuet 1 A., 1981, Oil Spill Cleanup and Protection Techniques fo~ Shorelines and Marshlands, Noyes Oats, N.J. 
E • cote-PaMDei" ca., 1989·1990, Equipnent Catslog. 

ii 20 
deg.C. --------

59. 
78. 
72. 
40. 
77. 
73. 

10~. 
215. 
80. 

209. 

710. 
1710. 
149. 
272. 
403. 
710. 

1160. 
1710. 

f • ASTM, 1.985, AnnWtt Book of .\.STM Standard:s, Section 5, Petroleun Products, Lubdcants, e.fld fcc;.sil Fuel{., PhHadetphh. 
G • Chevron USA, !nc .. , 1988, Proc:fuct Se-tesfax Digest, San Francisco. 
B = -t, R.C., (ed.), 1980·1981, CRC Handbook of Chemistry and Physics, 61st Edition, Cleveland. 
t • V&tdeS calculated using ASTM viscosity--tempera·tu~e charts for tiqui:::f petrolei.rn products CASTP-f O 341-n). 
J = U,.S. Coe-st Guard, 1Y79, CHRfS H'azerdous Chemical oats. 
K = CheYFon lJ.$4 1 lnc., 1989, Personal Cor.'llUlication. 

Ref Value Q ----~---
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 

• 
• 
• ,. 
• 
• 
• 
• 

L • 1ewit, J.i.,. It .. Sitar,, end K.S. Udell, 1988, Monaqueous Phase liquid Transport and Cleanup 11. Analysis cf Mech&nsims, in Water Resources 
R-ch, Vol.24, Ko.8, pp.1247-1258. 

*•values- c:atcutated based on: Absolute Viscosity (centipoise) ~ Kinematic Viscosity (centistokes) K Specif Jc Gravity. 

900422 

deg. 
c. Re 
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Tab le A-3. Density and Viscosity Data for Selected Chemicals. 

Density Temp. Absolute Temp. Chem1ca 1 (g/cm3) c. Ref. Visco,ity (ep) C. Ref. 
--------~----------------------- -------.. --....... ~ 
Acetaldehyde 0. 7780 20 A 0.244 20 A Acetic Acid 1.0492 20 A 1.314 15 A Acetic Anhydride 1.0811 20 A 0.971 IS A Acetone [2-Propenone) o.>9os 20 A 0.337 15 A 
Acetonitrile [Methyl Cyanide] 0.7822 20 A 0.375 20 A 
Acetophenone 1.0238 25 A 1.642 25 A 
Acety 1 Bromide 1.663 16 A 
Acetyl Chloride 1.105 20 A 
Acroletn [2-Propenal) 0.8389 20 A 

t'\ Acrylic Acid (2-Propenoic Acid) 1.0511 20 A 
Acrylun1tr11e [2-Proponenitrile] 0.8060 20 A 0.35 20 4 N Adip,,nitrile 0.950 20 A 
Ally 1 Acetate 0.9256 20 A 0.207 30 A tj" 
Allylrunine 0.7629 20 A 0.375 25 A 0 2-Aminoothanol 1.0116 25 A 19.35 25 A 
1-Amtno-2-methylpropane 0. 7297 25 A 21.7 25 A 0 Aniline 1.0217 20 A 4.400 20 A 

0 Benza ldehyde 1.0447 20 A 1.321 25 A 
Benzene 1.8737 25 A 0.6028 25 A 
Benzeneth lo I l. 0766 20 A 1.239 20 A 
8enzonttrt le 1.0051 20 A 1.447 15 A 
8enzophenone 4.79 55 B 
Benzoyl Chloride 1.211 20 A 
Benzyl Acetate 1.055 20 A 1.399 45 A 
Benzy 1 A !coho 1 1.045 20 A 7 .760 15 A 
Beozylamine 0.3813 20 B 1.59 25 B 
Benzy lan i line 2.18 33 8 
8enzy1 Benzoate 1.1121 25 A 8.292 25 A 
Benzy l Ether 5.33 20 B 
8enzyl Ethyl Ether 0.9478 20 A 
Blcyclohexane 0.8862 20 A 3.75 20 A 
8 ls(2·ch loroethy l )ether 1.2130 25 A 2.14 is A 
81s(2-ethylhexyl)phthalate 0.9843 20 A 81.4 20 A 
Bis(2-methoxyethyl)ether 0.9440 25 A 0.981 25 A 
Branine 0.995 19 8 
2-Bromoani line [o-Brcmoani line] 1.578 20 B 3.19 40 8 
3-Br-ani line [m-8romoan11ine] 1.579 20 A 6.81 20 B 
4-Branoani line (p·Bromoant line] 1.4970 99 B 1.81 80 8 
Branobanzena 1.4882 25 A 0.985 30 A 
1-Branobutane 1.2758 20 A 0.633 20 A 
2-Bromobutane 1.255 20 A 
Br0n'Ald1chloromothane 1.97 20 0 1.71 20 0 
Bron<>ethane 1.4708 15 A 0.418 IS A 
Bromo-athene 1.517 20 A 
1-Dranohasane 1.176 20 A 
1-Bromonapthalene 1.4834 20 A S.99 15 A 
l•Br<mlpropane 1.3597 15 ,\ 0.539 15 A 
2·Bromopropane 1.3222 15 A 0.536 15 A 
o·Braootoluene 1.422 20 A 
l·Butano l 0.8016 20 A 0.455 20 A 
2-But.na 1 0.1891 20 A 
l-Butan&mh1e 0.1392 20 A 0.881 20 A 
2-Butanamine 0.7246 20 A 
I.3•Butanedio1 1.0053 20 A 130.3 20 A 
Butanonitr11e 0.7954 15 A 0.624 20 A 
1-Butanethtol 0.8416 20 A 0.501 20 A 
Butane fo A~ Id 0.9582 20 A 1.814 15 A 
l•Butano l 0.8091 20 A 3.379 15 A 
2•8utano 1 0.8069 20 A 4.210 20 A 
2•Hutanono [Methyl Ethyl ketone] 0,8047 20 A 0,423 15 A 
cta-2•Butblle•l,4•d1ol 1.0740 20 A 
trana-2-llutene-i,4·d1ol 1.0885 20 A 
2•8utoxyethano 1 0.8964 25 A 3.15 25 A 
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Tab le A-.: Oar.si'.y and Viscosity Data for Selected Chemicals. 

Density Temp. Absolute Temp. 
Ci-ical (g/cn.l) C. Ref. Viscosity (cp) c. Ref. 
~----~----~--------------------- --------------8uty 1 Acetate 0.8813 20 A 0.734 20 A 
Butylbenzene 0.8601 20 A 1.035 20 A 
sec-Butylbenzene 0.8621 20 A 28.53 20 A 
tert-Butylbenzene 0.8665 20 A 28.13 20 A 
Butyl Ethyl Ether o. 7495 20 A 0.421 20 A 
Butyl Formate 0.8917 20 A 0.704 20 A 
Butyl Octyl Phthalate 0.992 20 C 42. 25 C 
Butyl Oleate 0.864 20 A 
Butyl Stearate 0.8540 25 A 8.26 25 A 
Butyric Anhydride 0.9668 20 A 1.615 20 A 

<:::I' y-Sutylactone 1.1254 25 A 1.7 25 A 
0-Camphor 0.9920 20 ~ (\J 
Carbon Disulfide 1.2628 20 A 0.363 78 A 

s:::t o-Chloroanl line 1. 2il77 25 A 0.925 25 A 
Ch lorobenzene 1. 1063 20 A 0.799 20 A 0 1-Chlorobutane 0.8864 20 A 0.469 15 A 
2-Chlorobutane 0.8732 20 A 0.439 15 A 0 
l-Chloro-2,3-epoxypropane 1.1746 25 A 1.03 25 A 0 Chloroethane 0.0903 15 A 0.279 10 A 
2-Chloroethanol 1.2072 15 A 3.913 15 A 
Chloromethane [Methyl Chloride) 0.9159 20 8 0.449 15 8 
l·Chloro-2-methylpropar.e 0.8829 15 A 0.471 15 A 
2-Chloro-2-methylpropane 0.8414 20 A 0.543 15 A 
1-Chloronapthalene 1.1930 25 A 2.940 25 A 
1 ·Ch loropentane 0.8840 20 A 0.580 20 A 
o-Ch laropheno 1 (2-Ch loropheno 1] 1.2410 18 A 2.250 45 A 
m-Chlorophenol (3-Chlorophenol) 1.268 25 8 11.55 25 8 
p-Ch loropheno 1 [ 4-Ch loropheno i] 1.2651 40 A 6.018 45 A 
l ·Ch loropropane 0.8923 20 A 0.372 15 A 
2-Chloropropane 0.8617 20 A 0.335 15 A 
3-Chloro-1-propene 0.9376 20 A 0.347 15 A 
Chlorotoluene (Benzyl Chloride) 1.0993 2~ A I 400 20 A 
o-Chlorotoluene 1.0817 20 A 
p•Ch loroto 1 uene 1.0697 20 A 
1.8-Cinoole 0.9192 25 A 
Ci nnmna ldehyde 1.0497 20 A 
o·Cresol 4.49 40 B 
m-Cresol 1.0380 15 A 24.67 15 A 
p·Creso 1 1.0140 46 A 5.607 46 A 
Crotonaldehyde (2-Butenal) 0.8518 20 A 
Cyc lohexanamlne 0.8671 20 A 1.662 20 A 
Cyc lchexane 0.7786 20 A 0.980 20 A 
Cyclohexanol 0.9416 30 A 41.07 30 A 
Cyclahexanone 0.9462 20 A 2.453 15 A 
Cyc lohexene 0.8110 20 A 0.650 20 A 
Cyclohexylbenze11e 0.9427 20 A 3.681 0 A 
Cyclopentane 0. 7454 20 A 0.439 20 ~ 
p·C)fflene 0.8573 20 A 3.402 20 A 
cis·Oecahydronapthalene 0.8967 20 A 3.381 20 A 
trans·Oecahydrooapthalen• 0.8607 20 4 2.12s 20 A 
Decane 0. 7301 20 A 0.928 20 A 
l·Oecanol 0.8297 20 A 
l•llecene 0.7408 20 A 0.605 ?.0 A 
Oiallyl Phthalato 1.117 25 C 9. 25 C 
Dibenzyl111111ne 1.0278 20 A 
Dibanzyl Ether 0.9974 25 A 3.711 35 A 
l,Z--Olbromoetnana (EDB] 2.1687 25 A 1.490 30 A 
o1s•Dlbromoatheno 2.2484 ~o A 
trans-1,2-0lbromoethene 2.2306 20 A 
D11>"'..Jli0Cll\lthane 2.4921 20 A 
1,i•D1btomototrafluoroethana 2,163 25 A 0.72 25 A 
Dlbutylamlne 0.7819 20 A 0.95 20 A 
Olbutyl Ether 0.7648 25 A 0.602 30 A 
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Tablo A-3. Oessity and Viscosity Data for Selected Chemical,. 

Density Temp. Absolute Temp. 
Chemtca l (g/cm3) C. Ref. Viscosity (cp) C. Ref. 
•------~----~•----... •-----M-~•A•- --................. _____ ., 
Oibutyl Maleate 0.9950 20 A 5.63 20 A 
Dibutyl Phthalate t.0426 25 A 16.47 25 A 
Dibutyl Sebacate 0.9324 25 A 7 .96 25 A 
l,2·01chlorobenzene 1,3003 25 A l.324 25 A 
1,3-Dichlorobenzene 1.2828 25 A 1.04 25 A 
1,4-0ichlorobenzene 1.2417 60 A 0.720 10 A 
1,1-Dichloroethane 1.1835 15 A 0.505 25 A 
l. 2-D tch loroethane 1.26QQ 15 A 0.887 15 A 
1,1-Diohloroethene 1.22 20 0 0.36 20 0 
l,2·0ichloroethene (trans) 1.2546 20 A 0.404 20 A 
1,2·Dichloroethen• (cis) 1.2736 25 A 0.444 25 A I.{'\ 
Dlcl1 loromothane (Methy Jene C 1·) 1.3348 15 A 0.449 15 A 
l,2·Dichloropropane 1.558 20 A N 
l,3·Dichloropr~ne 1.1859 20 A <:j" 2,3·01chloropropano !. 0912 20 A 0.769 IS A 
Olethano !amine !.0899 30 A 380. 30 A 0 
Oi(2·ethylhexyl) Adipate 0.92) 20 C 1~.s 20 C 0 1,l·Oiethyoxyethane 0.8254 20 A 
OlethylaMine 0.7056 20 A 0.388 10 A 0 
01ethylanl11ne 0.9351 29 B 2.18 20 8 
Diethyl Carbon,te 0,9804 15 A 0.868 15 A 
Diethyl Ether 0.7193 15 A 0.l47 15 A 
D1(2·ethylhexy1) Phthalate 0.986 20 C 80. 20 C 
Diethyl Haleate 1.0637 25 A 3.14 25 A 
Diethyl Halonate 1.0550 20 A 2.15 20 A 
Diethyl Oxalate 1.0843 15 A 2.311 15 A 
Diethyl Phthalate 1.120 20 C 9.5 20 C 
Diethyl Sulfate 1. 1774 20 A 
Diethyl Sulfide 0.8367 20 A 0.446 20 A 
0 I lodomethcne 3.3078 25 A 2.392 30 A 
Ollsoamyl Ether 0. 7777 20 A 1.40 II A 
Ollsodecyl Phthalate 0.966 20 C 108. 20 C 
Diisononyl Phthalate 0.969 25 C 72. 25 C 
01\sopropylamine 0.7153 20 A 0.40 2S A 
Dllsopropyl Ether 0.7325 25 A 0.379 25 A 
I, 2·01methoxybenze11e 1.0819 25 A 3.281 25 A 
I, 2·Dimethoxyetha,o 0.8621 25 A 0.455 25 A 
Ol(methoxyethyl) Phthalate 1.171 20 C 53. 20 C 
Olmethoxymathane 0.8665 15 A 0.340 15 A 
N,H·Oimethylacetamlde 0.9366 25 A 0.838 30 A 
Olmethylill!llne 1.6616 15 A 0.207 IS A 
N,H-Dlmethylanlline 0.9559 20 A 1.28~ 25 A 
2,2·Dlmethylbutano 0.6445 25 A 0.351 25 A 
2,3·Dlmethylbutane 0.6570 25 A 0.361 25 A 
2,2·0i111ethyl•l-but•nol 0.8286 20 A 
2,3·01methyl•l•hutano1 0,8300 20 A 
3,3-01methy1-2·buta1101 0.8179 20 A 
N,N-Dl11W1thylfo....,oida 0.9445 20 A 0.802 20 A 
Dimethyl M&laate 1.1513 20 A 3.54 20 A 
2 ;-01methylpentane 0.6951 20 A 0.406 20 A 
2,4•bhoethylpontana 0.6727 20 A 0.361 20 A 
Dl..,thylphthalate 1.1905 21 A II. 20 C 
2,2-D1111<1thylpropanA 0,5910 20 A 0.303 5 A 
Di.,.,thyl Sulfate 1.3322 20 A 
Dimethyl Sulfoxide 1.0958 25 A 1.996 25 A 
Dloctyl TeraphthalatB 0.984 20 C 63 25 C 
1.4-Dtoxane 1.0280 25 A 1.439 15 A 
Dlpontyl Ether 0.1790 25 A 0.922 30 A 
Dlphenyl Ether 1.0661 30 A 1,168 30 A 
01i,hany~tt.an~ 1.0060 20 A 
Olpropyl11111tne '0. 7375 20 A 0.S:.14 20 A 
Dlpropyl Ether · ·Q.1518 I~ A 0.4-48. 15 A 
llodal!ane o.1◄ei 20 A 1.508 20 A 

~- ,, ·%.W.. . .. 
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fable A-3. Density and Viscosity Data for Selected Chemicals. 

Che!11ica 1 

1-0odecanol 
1, 2-Epoxybutane 
1,2-Ethanediamine 
1,2-f.thanedlol 
1,2-Ethanodiol Diacetate 
Ethanol 
Ethoxybenzene 
2-Ethoxyethanol 
2·(2•ethoxyethoxy)ethano1 
2-(2•ethoxyethoxyl•thy1 Acetate 
2-Ethoxyethyl Acetate 
Ethyl Acetate 
Ethyl Aceloacetate 
Ethyl Acrylate 
Ethylbenzene 
Ethyl Benzoate 
2-Ethyl-l•butanol 
Ethyl Butyrate 
Ethyl Clnnb!!late 
Ethyl Cyanoacetate 
Ethylcyclohexene 
Ethylene Carbonate 
2,2'-(Ethylenedloxy)dlcthanol 
Ethylenlmine 
Ethyl Formate 
2·Ethyl-l•hexanol 
2·Ethylhexyl Acotate 
Ethyl Lactate 
Ethyl 3-Methylbutanoate 
Ethyl Prop,noate 
Ethyl Salicylate 
Fluorobenzene 
o-Fluorotoluene 
111-Fluorotoluene 
p·Fluorotoluene 
rOl'l'llalllide 
Formic Acid 
2-Furaldehyde 
Furan (Furfuran) 
Furfuryl Alcohol 
Glycor-ol 
Glyceryl Triacetate 
Haptane 
l•Heptanol 
2·11eptanol 
l·liepten• 
llexadecane 
l•Hexadecanol 
Hexafluorobenzond 
Hexan..thylphosphoric Tri&mide 
Hoxane 
H,xenenltr\ le 
Hexanoic Acid 
l-l~xanol 
2•11exano1 
3•Hexan41 
1-l!&nne 
4•11ydroxy•4•"'6thy1·2·p•ntanone 
Hydrazine 
lodobonZl!lla 
llllloathllna 
lodoolothanu 
1 • lcdoprol)llne 

Density Temp. Absolute Te.Tip. 
(g/cm3) C. Ref. Viscosity (cpl c. Rtf. 

0.8343 
0.8297 
0 .8977 
1.1171 
l.1043 
0.7851 
0.9651 
0.9295 
0.9841 
1.00S6 
0.9730 
0.8946 
I .025 
0.9234 
0.8670 
1.0465 
0.8330 
0.8794 
1.0494 
1.0648 
0.1879 
1.3208 
I. 1235 
0.832 
0.3160 
0.8332 
0.8718 
1.0299 
0.8657 
0.8957 
1.1362 
1.0240 
1.0014 
0.9974 
0.9975 
1.1334 
I. 2141 
1.1616 
0.9378 
1.1285 
1.2582 
1.160 
0.6795 
0.8223 
0.8139 
0.6970 
0.7733 
1.4355 
1.6182 
1.027 
0.6594 
0,8052 
0.9230 
0.8162 
0.8144 
0.8185 
0.6732 
0.9341 

1.9307 
1.9358 
2.2790 
1.-1489 

20 
20 
20 
15 
1-0 
25 
20 
20 
25 
20 
25 
25 
20 
zo 
20 
20 
20 
20 
20 
20 
20 
40 
20 
25 
20 
20 
20 
25 
2C 
15 
20 
20 
17 
20 
20 
20 
25 
20 
20 
20 
25 
20 
25 
20 
25 
20 
20 
60 
20 
20 
20 
20 
25 
25 
20 
20 
20 
25 

20 
20 
20 
20 

A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
C 
A 
A 
A 
A 
6 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 

A 
A 
A 
A 

0.41 
1.54 
26.09 
3.13 
1.078 
l ,364 
2.05 
3.71 
2.8 
1.025 
0.426 
1.508 

0.678 
2.407 
5.892 
0.672 
8.7 
2.50 
0.843 

49.0 
0.418 
0.419 
9,8 
1.S 
2.44 

0.564 
1.772 
Q.620 
0.6li0 
0.606 
0,622 
3.764 
1.966 
1.49 
0.380 
4,62 
945. 
17.4 
0.397 

5.06 
0.35 
3,34 

3.47 
0,313 
LOU 
2.814 
4,592 

0.26 
2.9 
0.97 
1.774 
0.811 
0.518 
0.837 

20 
25 
15 
20 
25 
15 
20 
25 
20 
25 
25 
20 

20 
15 
25 
20 
20 
25 
20 

20 
25 
15 
20 
20 
25 

15 
45 
15 
20 
20 
20 
20 
25 
25 
20 
25 
25 
20 
ZS 

25 
20 
20 

20 
20 
25 
25 
25 

20 
20 
20 
11 
15 
IS 
15 

A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 

A 
A 
A 
A 
A 
A 
A 

A 
A 
A 
A 
A 
A 

A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
C 
A 

A 
A 
B 

A 
A 
A 
A 
A 

A 
A 
B 
A 
A 
A 
A 

'° (\J 

<:l' 

0 
0 
(."') 
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Table A-3. Density and Viscosity Data for Selected Chemicals. 

Density Temp. Absolute Temp. 
Chemic• 1 (g/cm3) C. Ref. Viscosity (cpl c. Ref. ~--~---~~~---~---~----·-----~--- --..... .., .............. _ ... 
Z·lodopropane 1.7025 20 A 0.732 15 A 
lsobutylamine 0.7346 20 A 0.553 25 A 
lsobutyronitrlle o.7656 25 A 0.456 30 A 
lsopropyl Ar.etate 0.8718 20 A 0.569 zo A 
Jsopropy lamine 0.6875 20 A 0.36 25 A 
lsopropylben1.ene 0.8618 20 A 0.791 20 A 
Jsoquinoline 1.0986 25 A 
Lactic Acid 1.2060 25 A 40.33 25 A 
Methacry 11c Ac Id J.0153 20 A 
Methacrylonltrtle 0.8001 20 A 0.392 2~ A r-Methanol 0.7866 '5 A 0.544 25 A 
Methoxybenzene 0.9893 25 A 0.789 30 A N 
2·Metho,yethanol 0.9646 20 A 1.72 20 A e::j' 2·(2-Methoxyethoxy)ethanol t.0167 25 A 3.48 25 A 
2·Hethoxyethy1 Acetate 1.0049 20 A 0 
N·Methylacetarntde o.9460 35 A 3.23 35 A 

0 Methyl Acetate 0.92i'3 25 A 0.362 25 A 
Methyl Acetoacetate 1.0747 20 A 1. 704 20 A C) 
Methyl Acrylate 0.9535 20 A 1.398 20 A 
Methyl llcnzoate 1.0933 !~ A 2.298 15 A 
2-Methylbutane 0.6197 20 A 0.225 20 A 
4·11ethylbutanenltrtle 0.8035 20 A 0.980 20 A 
2·Methylbutanoic Aetate 0.8719 20 A li.872 20 A 
3·Methylbutanotc Acid 0.9308 15 A 2.731 15 A 
2·Hethyl•l·butanol 0.8190 20 A 5.50 20 A 
3·Methyl-l·butanol 0.8103 20 A 4.01 15 A 
2·Methy1•2·butanol 9.8090 20 A 5.48 15 A 
3·Hethyl-2•butano1 {\.8179 20 A 3.51 2S A 
3-Hethylbutyl Acetate 0.8664 25 A 0.790 25 A 
Methyl 6utyrote 0.8934 25 A 0,543 25 A 
Hothyl Cyanoacetate 1.1225 25 A 2.793 20 A 
Hethylcylcohexane 0.1694 20 A U.734 20 A 
cls•2·Hothylcyclohe••nol 0.9254 20 A 18.08 25 A 
trans•2·Methylc,c1ohe•ano1 0.9247 20 A 37.13 25 A 
cts-3•Hethylcy1ohe,anol 0.9168 20 A 19.7 25 A 
trans-3-Methylcylohexanol 0.9214 20 A 25.l 25 A 
cis·4-Hethylcyclohexano1 0.9122 20 A 0.247 25 A 
trans•4•Hethylcycloha,3nol 0.9080 25 A 0.385 25 A 
Hethylcyclopentane 0.7486 20 A 0.507 20 A 
N-Me.thylfotmamlde 0.9988 25 A l.65 25 A 
Methyl Formate 0.9742 20 A 0.328 25 A 
2·Methylhe<ane 0.6786 20 A 0.378 20 A 
3•Methylhe•ane 0.6871 20 A 0.372 20 A 
Methyl Methacrylate 0.9433 20 A 0,632 20 A 
Methyl Oleate 0.8702 20 A 4.88 30 A 
2•Methylpentane 0.6532 20 A 0.310 20 A 
3·Methylpentane 0.6643 20 A 0.307 25 A 
2•Methyl•l•pentano1 0.8242 20 A 
3-Hethyl•l•pentanol 0.8237 20 A 
4·Methyl•l•P11ntanol 0.8130 20 A 
2•Hethy1•2•pentano1 0.81M 20 A 
3·Hethy1•2•pentanol 0.8291 20 A 
4-Meth,v1•2•pentanol 0.8076 20 A 4.074 25 A 
2·Methy1•3•pentanol 0.8239 20 A 
3·M•thy1•3•pentano1 0,8291 20 A 
4·Methyl•2•pantanon~ 0.8006 20 A 0.542 25 A 
2·M1thylpropan11111ina 0.7346 20 A 
2-Mothylpropanotc Acid 0.9692 20 A 1.213 25 A 
2•Methyl•l•propanol 0.7978 25 A 3.91 25 A 
2·Mathy1•2•propanol 0.7812 25 A 3.316 30 A 
8•Mathylpt'1lplonamlde 0.9305 25 A 5.215 25 A 
lf<lthyl Pro~tonat, 0.9221 15 A 0.477 15 A 
l·Matll),)propyl Acetate 0.8720 20 A 

'l\• 1"I 
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Table A-3. Oer.s1ty and Y1sco•ity Oata for Selected Chemicals. 

Density Temp. Absolute Temp. 
Ch,..1ca l (g/cm3) C. Ref. Viscos1ty (cp) c. Ref. 
------~-· ... ------~-------~~---~-- -----·---- ............ 
2-Methylpropyl Acetate 0.8745 20 A 0.697 20 A 
2-Methylpropyl Fonnate 0.8854 20 A 0.680 20 A 
2-~.ethylpyr1dlne 0.9444 20 A 0.805 20 A 
3-llethylpyr1dine 0.9566 20 A 
4-Methylpyr1dine 0.9548 20 A 
I-Mathy1-2-pyrrolid1none 1.0279 25 A 1.666 25 A 
Methy 1 Sa 1 lcylate 1.1831 20 A 
Morpholine I. 0050 15 A 38.27 15 A 
Napth41ene 0.9752 85 A 0.780 99 A 
o-N1troan1sole 1.2408 25 A co N1trobenzene 1.2033 20 A 1.634 20 A 
N 1 troethane 1 0382 25 A 0.661 25 A (\J 
N1trornethane 1.1312 25 A 0.595 30 A 

<::I" l-M1tro-2-methoxybentene 1.2527 20 A 
l-N1tropropane 0,9:,55 25 A 0. 798 25 A 0 
2-N1tropropane 0.9821 25 A 0.750 25 A 
o-N1troto lueoe l. 1629 20 B 2.37 20 8 0 
m-N ltroto luene 1.1571 20 6 2.33 20 B 0 p-Hltrotoluene l.1038 20 8 l.20 60 B 
Nonane 0. 7116 20 A 0.7160 20 A 
1-Nonanol 0.8280 20 A 
1-Honene 0.7922 20 A 0.620 20 A 
1-0ctadecano l 0.8123 20 A 
Octane 0. 7025 20 A 0.546 20 A 
Octa..anitrl le 0.8059 30 A 1.356 30 A 
Octanoic Ac1d 0.9106 20 A 5.828 20 A 
l·Octanol 0.8258 20 A 6.125 30 A 
2-0ctano 1 0.8207 20 A 
3-0ctanol 0.8216 20 A 
4-0ctano 1 0.8192 20 A 
1-0ctene 0.7149 20 A 0.470 20 A 
011, Castor 0.96 25 E 986. 20 8 
0 I 1. Cottonseed 0.922 20 E 70.4 20 8 
011, L1nseed 0.93, 20 E 33.l 30 8 
011, Light Machine 0.87 20 F 113.8 16 8 
011, Heavy Machine 0.89 20 F 660.6 16 8 
011, 011ve 0.915 20 E 84.0 20 8 
011, Soya Bean 0.922 20 E 69.3 20 8 
0lelc Acid 0.8906 20 A 38.80 20 A 
2,2'-0xyb1s(chloroethane) 1.2192 20 A 2.41 20 A 
2, 2-0Xyd1ethano 1 1.1167 20 A 35.7 20 A 
Pentachloroethane 1.6881 15 A 2.751 15 A 
Pentadecan~ 0.7605 20 B 2.81 22 8 
cls-1,3-Pentadleno 0.68S9 25 A 
trana-1,3-Pentadlene ll.6710 25 A 
2,3-Pentad1ene 0.6900 25 A 
Pentano 0.6214 2S A 0.225 25 A 
2,4-Pont•nedlone 0.9721 25 A 
Pent.non It rile 0.8035 IS A 0.779 15 A 
l-Pentano1c Acid 0.9392 20 A 2.359 15 A 
1-Pentanol 0.8112 25 A 3.347 25 A 
2-Pontanol 0.8053 2S A 2.180 30 A 
3-Pentano 1 0.8160 25 A 3.306 30 A 
2-Pontanone 0.809S 20 A 
3-P•ntanone 0.814( 20 A 0.470 20 A 
1-Pent•ne 0.6405 20 A 0.24 0 A 
c ls-2-Pentene 0.6556 20 A 
trana-2-Pa~tene 0.6-482 20 A 
Penty 1 Acothte 0,11753 20 A 0.924 20 A 
Phenol 1.0533 46 A 4.016 46 A 
PhenylacQtonttrt11 1.0125 25 A l.93 . 25 ,. 
0-Ple'll!a 0,8600 20 A 1.81 25 A 
L•Plnane 0.8590 20 A 1.41 25 A 
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Tab le A-3. Density and Viscosity Data for Selected Chemicals. 

Density Temp. Absolute Temp. 
Chemical (g/cm.3) c. Roi. Viscosity (cp) c. Ref. 
Q---•-a-•~---~-~-----------•---- ........... --·--~--
Ptperldlne 0.8613 20 A 1.362 25 A 
1-Propana l 0.7970 20 A 0.317 20 A 
1.2-Propanedtol 1.0364 20 A 56.0 20 A 
1.3-Proponediol 1.0538 20 A 46.6 20 A 
Propanenltrt le 0.1911 20 A 0.624 IS A 
1-Propano l 0.7995 25 A 2.004 25 A 
2-Propanol 0.7813 25 ·\ 1.765 30 A 
2·Propen· 1 -o 1 [Ally 1 A lcoho 1] 0.8551 15 A 1.486 15 A 
Prop Ionic Ac td 0.9934 20 A 1.175 IS A 
Proplontc Anhydride 1.0110 20 A I. 144 20 A 
Proplonitrt le 0.7818 20 A 0.454 15 A °' Propyl Acetate 0.8883 20 A 0.585 20 A N Pr~pyla,otne o. 7173 20 A 0.353 25 A 
Propyl Banzoate 1.0232 20 A "1' 
Propylene Ox tde 0.8287 20 A 0.327 20 A 

0 Propyl Formate 0 .9006 20 A 0.574 20 A 
2-Propyn-1 •a 1 0.9478 20 A 1.68 20 A 0 l·Propynyl Acetate C. 9982 20 A 
Pyrtdtne 0.9832 20 A 0.952 20 A 0 
Pyrrole 0 .9699 20 A 1.352 20 A 
2•Pyrro 1 id Inane 1.107 25 A 13.3 25 A 
Qui no ltne 1.0977 15 A 4.354 15 A 
Sal lcya ldehyde 1.1574 20 A 2.90 20 A 
Succtnot1itrtle 0.9867 60 A 2.591 60 A 
Sulfolane 1.2614 30 A 10.286 30 A 
Styrene 0.9060 20 A 0.751 20 A 
1,1,2,2-Tetrobromoethane 2.9640 20 A 9.79 20 A 
1,l,2,2Tetrachlorodlfleoroethane 1.&447 25 A 1.21 25 A 
1,1,2,2-Tetrachloroeth• e 1.6026 15 A 1.844 15 A 
Tetrachloroothane (PERC) 1.6311 15 A 1.93?. 15 A 
Tetrach\jro,nethane [Carbon Tet.J 1.5842 20 A 0.969 20 B 
Tetradecane o. 7628 20 B 2.18 20 8 
l·Tetradacanol 0.8151 SC A 
Totrohydrofuran 0.8889 20 A 0.55 20 A 
Tatrohydrofurfuryl Alcohol 1.0524 20 A 6.24 20 A 
1,2,3,4-letrahydronapthalene 0.9702 20 A 2.202 20 A 
Tetrahydropyran 0.8772 25 A 0.764 25 A 
Tetrahydrothlophene 0.9938 25 A 0.971 25 A 
1,1,2,2-Tetramethylurea 0.9654 25 A 
Tetranltromethane 1.6372 21 A 
2·Thtabutane 0.8422 20 A 0.373 20 A 
Thiacyc lobutane 1.0200 20 A 0.638 20 A 
Thlacyclohoxane 0.9861 20 A 
Thlacyclopentano 0.9987 20 A 1.042 20 A 
2-Thtapentana 0.8424 20 A 
3·Thlapentane 0.8363 20 A 0.440 20 A 
2•Thlapropane 0.8483 20 A 0.289 20 A 
Thlophene 1.0649 20 A 0.654 20 A 
Toluene 0.8323 25 A 0.S52 25 A 
o•Toluldlne 1.0028 15 A 5.195 15 A 
111-Toluldlne 0.9930 1S A 4.418 15 A 
p-Toluldlne 0.9538 60 A 1.557 60 A 
Trlbrc,na\'i8thane (Bromoform) 2.9035 IS A 2.152 15 A 
Trl•n·butyl Borate 0.8580 20 A 1.176 20 A 
Trl•n-butyl Phosphate 0.9760 25 A 3.39 25 A 
Trlchloroacetonttrtle 1.4403 25 A 
1,1,l•Trlchloroethane 1.3492 20 A 0.903 15 A 
l,1,2•Trlchloroeth•ne I. 4424 20 A 0.119 20 A 
Trlchloroethene (TC£) 1.4679 20 A 0.566 20 A 

i frlchlorll!!l<lthano [Chloroform] t.4985 15 A 0.598 15 A 
I l,2,3•Trtch1oropr~pano 1.3880 20 A I Trlcraoyl Phoaphate 1.173 20 C 60.0 20 C 

Trldeaane 0, 7G63 20 A 18,834 20 A 
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Table A-3. Density and Vlocoslty Data for Selected Chemicals. 

Deno lty Temp. Absolute Temp. 
Chemicol (g/cm3) c. Ref. Viscosity ( cp) c, Ref. 
----~·-~--~---·--~--------~----- ---------------1-Trldecene o.7653 20 A 
Trlethonolamine 1.1196 25 A 613,6 25 A 
Trlethylamlne 0.7281 20 A 0.394 15 A 
Trlfluoroacetlc Acid \,4890 20 A 0. 92ti 20 A 
1,2,3•Trlmethylbeozene 0.8944 20 A 
1.2,4-Trlmethylbenzene 0,8758 20 A 0.895 IS A 
1,3,S•Trlmethylbeazene 0.8652 20 A 1.154 20 A 
2,2,3•Trimethylbutane 0.6901 20 A o. 519 20 A 
cis-1,3,5-Trimethylcyclohexane o. 770: 20 A 0.632 20 A 
trans-1,3,5-Trimethylcyclohexane o.1789 20 A 0. 714 20 A 
2,2,3-Trimethylpentane o.71£0 20 A 0.598 20 A 
2,2,4-Trimethylpentane 0.6919 20 A 0.504 20 A 
Turpentine 1.487 20 B 
Undecane 0.7402 20 A 11.855 20 A 
1-Undecano\ Q.8324 20 A 
Vinyl Acetate 0.9312 20 A 23.95 20 A 
o•Xylene 0.8802 20 A 0.809 20 A 
m-Xylene 0.8642 20 A 0.617 20 A 
p-Xylene 0.8611 20 A 0.644 20 A 

~•----~~•-••••••~•-••---~----~--~•~~••••••••••-••~•-•~••••-••-••••••••••-n••~-,~----• 
RefertJnces: 

A La11ge•s Handbook of Chemistry, 1987, McGraw-Hill, !low York. 

8 Weast, R. C., (ed.). 1972, flandbook of Chemistry and Physics, 53rd Edition. 
CRC Publishing Co,, Cleveland, Ohio. 

C Ashl•nd Chemicals, 1985-1986, Product Cat•log. 

O Schwllla, F., 1980, Dense Chlorinated Solvents In Porous and Fractured Media, 
Lewis Publishers, Chelsea, Ml. 

E U.S. Coast Guard, 1978, CIIRIS Hazardous Chemical Data. 

F Chevron, 1988, Product Salesfax Digest. 
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TABI.EB-1. SUHW.RYOFPUr.!P-ANO-lREATAP!'UCATIOHS • 

........ - Aquifer l&jor Rem>d191!on Mc>n!IG<lng l!ltoell•-·- Bop F1ops:tfes ec.-.. l!O ..... C,,,,!gn T"'8!ment Cspobilllios Uml!a':lons 

0es--.,,,. as' .d fflg!ty permeabl<,, ..,. TCE 2nd t,ypr,-A:Jc!s: No 7 recavery WGll,,, Air S1rf;,per 60walls& • Elfective ZOil& of cap-
IA Cesl!rai ainl!nedSMC!ar.d l!l'IJ>&-1,2-0CE. vc. IDtal pumpage • 1300 piez, monthly IIJ'8 developed 'Mttli<> 6 

f!egic,I Sl""11li~- Max. C01'1C. TCE• gpm. WOfrom36 montt.s. 
1\-M 1..211eca1y ex:se,e. 8,957ppb wells lor34 • Lack of fioo grained 

- il:>ied! SS, $Ii. and LS VOCsplus 5""s. in aquilll!' favors 
lledrocl<,., 1fi3rs Wls. extraclion. 
bebo-. • Significant deciine in 

concentrations. 
• Vadose zone oootami-
nation may cause 
lengthy remediation 

Sl&A, SOIIII t 13'-cayrie aquit'e<, sole Mi::s1!y lmill-l<: !D upper No t recove,y well, ID!;>; Airstripper, 14walls • Chemical concemra--
Fl Co-astal & ~ -ce. Highly portlo:, of aq,..'ler. pumpago· - 30-50 discharge ID sampled6 tiQns In most mooitor 

l'!ai!I 96',t.a!te sand erd l?.enm!>e, ce. 1-1- gpm, SO'eened 15 ID city- llmesa,gr6 wells ha,e been ,e. 
~ lr,l8SIDl..a.latwaier ~ 25ft. bis. S)IS!em months clUced signlfican;fy. 
punej - l!anS-t,2-DCE, VC • Overoplimistically 

designed 25 ID 60 ;ay 11!1 cleanup not obtained, • - but a;,pea,s ID be 
makr,g good progress. ~- -- lJril Aclily, 121111 B !'CAP.CST No lni!ia!!y 2 ..-ells et 62.5 Omil&nd:Jst,la/ Approx.SO • 4 years of e.-'1rac!ion 

Ad.It. Gd!Coastaf sarl<l."'1<1-Cd,tf. !J)m eaoh. 2 wells bio--lrea!ment. "'8l1s,btJt llave lldlcedCO!l!am--
?ml Unil B """" is now addad lalerto iinpn:,v8 cl:s<ila!gadlo lfmttGd chem- ina!lon exte.,t and te....ls ...,_.,11:""'a,_., IO ~ effectiveoess. Mobi& P.iv&r. fcdda:a. 1n_.aqu1...-. 
~ 4 wells in liro&. • Data r.::-t availilbf& to 

essass deeper aq•ll<>r. 

ii'-.i - SOO-l!IOl.of Xy!on&,-.,, TCE. 0nm Included soil removal, Ai:-Sl~gor 40""""""Y • In operarion for 7 y,s. s ~: nb.li, Basin 0 rsyali.MDm. IPA, Ffeon.11:!. Max .,.- ,tunywolr 
- ollsite. wells sampled • Hydraulically su=issful. 

Co'!>.~ a.t&::;dbsya1em. conc.in~k sot~ -..1clfon, aqui!e, D!sd>argelO bol<eektf. 84 • Chemk:af ooncentra-
Aq:li(oo,JA-l>ar&&lind -~89,000,000 llollly bhfrlg, ln--&!!u soil CanoasCreek rnoMcr wells lio<ls """"'6<13 orders ol 

!!=I~ '• - _... &, aat All>. X)4ene - aoralion, snd pump vfaSan.Jose ""'"4>fod magnit'""'"'""""'~ -w4 bl'~ anc!&llyc:lay. 76,000,000 ;,pl>. e:,cllmat. as reoov-," Slomt- sporadoaiy. aquiloes. 
aie.111ca1s11a ... ...es pllas8d In. Total syst;,m.GAC • 90.000 potJllds of 
mfg,a18<1~am pampage >lt<lrted al 

used ff --
sot\.-ents l'OOlOY&d. ~- 1.= gpm from 1 wei. 

"""""",.. 1),20() gpm. 
ar.dhasSSlCeb<><»l 
r8<lJood lo 2. 100 !J)m. 
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a, 
• 

N 

S1!$NanN, ·-
~ Comer, 
WA 

Nichols Eng. and 
A;iiSZ!E dtCClp .• 
NJ 

GW 
Roglo,, 

AiklVial 
Basin 

Nongl.m
ale<ICen\'al 
Region 

Aqulfor 
l'loperl!M 

Oomw,antty glacial 
sand and gravel. 
&,m,, perc!lad zones. 
S1l-ong downwa<d 

- graclfen!, fafrty lle&uge.""-"<S. 
G<ola1dWa1erffows 
affac:led by septic 
lank d;;dage ~., 
production-
pumping. 

Santf wl'h c:11:y layers 
Olflf,-Y 
iop81 I I i83bl:& 
en.-ick shale 
bediock. 

Slralffled, per,nealll6 

glacial sar1d -
Ql1M!ll al'!I/ ,-....y 
knpeou,eet,I& 1111 and 
bedrock. 

~ 
shal9;nearvertlcal 
ftactires. 

Uofor Rema<llatlon 
Co1"11amt1111111s lW'l. 0..Slgn T""'trnent 

D<y cleanil'1g wasllls: No Since 1984, 2pro- Air Ollipping. 
no PCE. TCE, t,2-T- cltlcfion wells pm,ped 
DCE a !01al of 2,000 gpm. 

1988, vapor extrao-
lion In vadose zone 
initiated. 

TCA, PCE. Maxconc. Yes 13 shallow-, t AJtstlfpplng 
and mappl!ea
llon via spray 
imgallonand 
i,jedicn-. 

TCA-9590 ppb. lltWI. deep""'°· 

TCE in! by products: No 
1, 1-0CA. 1-1 OCE, 
MC, lran&-1,2-0CE, 
1,1,1-TCA. vc, 
~ 

carba11et, chlcn>!onn, ENl'l'I. 
PCE sus-

pacb! 
but 
oot 
found 

2wels,each15gpm Air~ 
or greaser. Shutdown 
25% o! 'Ja3l (w{nlaf). 

Phased appmach. 
lnll!alry , ... , at 60-
65 gpm. 1189, 2 
addllional wel!s on 
lh1&. Tolai e"1radlor, 
still only 70 gpm 
{cflSCharge permit 
rns!riction). 

Diract 
discharge 10 
HMVA. 

Monitoring 
C..peblllllos 

42 monl!oe' 
wells. Fairly 
fimi1e<! samp-
ffng program. 
Most chemk:al 
da!alrom 
pumping-.,;. 

Neis1)'100 
mcnfforfng 
wells.Long 
llislory. 

Bfocllv..,.,..., 
Umlmttons 

• Periodic shutdown of 
some production welts 
has allowed main 
pl..,,.. to migrate 
beyond zone of 
capb:Jra. 

• Chemk:als adso!b ID 
low permeability till, 
slow releases. 

• OVerall, de!inll& reduo-
lion of conlaminants at ---

• !978 through 1984 

--doomed sucxessful. 
• Conllnued monl10rlng -ccncenttaliofl 
iiaeasad after --• Additional pump and 
traat plamed lor plUme 
conlas,ment. 

16 monitDr " Under review. 
wells, sampled • Consu11ants suggest 
qual19rty. <40%reducllon lnplume 

ccntamtnants. 

4"'81fssam
pled mon1hly. 
8olherwels 
samplOO 
sporad!cally. 

• carbon1el. cone. 
reduced 80 II> 90% In 
-~Is. 

• Rate of cllemlcat 
removal has dropped 
signfficanlly. 

• Signillcant quantities of 
carbon19t. suspacUld In 
vados&znne • 

• May add inl9mlitlent 
pumping, soi! vapor 
extradlon. or artifidal 
recna,ge II> lmproVe 
recovery fn vadose 
ZOfle. 
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• 

8111e- GIii Aqu!tw lllajor Remed1&11on lllonltorfng ElfecUvenossl ·- lloglon Prop,~ ... Comaninont,, O<IS!gn T....,_.,t CepeblllU• Uml!rlllons 

vero..tWel Gb::lalocl Gladal 01,1wasl1 I, HlCA, l,2-0CA, Yes, S-phase approach. Cartlonpr&- WaJSrqu:allty • Ef!oottllely bloel<8d 
Flald, 11\!1 Cenlral (sand.grall8!and 1,t,1-TCA, 1,2-DCE, I.NAP!. To pn,tec:I wefflieid, 5 treatment fd from5 migration. 

Region some a,,., focaBy) l, I-DOE, TCE, PCE. upto existing pmduction nee) and air extraction • Residual LNAPL slows 
overlying a traolured, To1al voes > 100.000 6in. Wells pumped "at s!lipplng wells. cleanup. 

penneablo --
ppb, thick minimum." Onsl!e, 9 (Vapor-phase • Vapor extraction has 

IIQUl(er. rnosffy water-table recovery carbon ad- accelerated c:feanup. 
Tour- wells, total pumpage sorption, if - • 400 gpm. 23 PVC neededi, 
based Welisforyapor Discharge to 

extraction. Ballfe Cr. Rv. 

IBMGeneral Aluv!al AltrJial sand and Freon, TCA, DCE. Yes, Over 23,000 cdllc Not specified. 0-350 · Reduced contaml-
Produc!SDlv'., Basin gravel, with sift ancl TCE. Complex Prod. yds. of soa and 65 monitoring nation concentrations 
CA clay layers. Multiple c:onlamfnant not buried storage tanks wells. Most onsite In shallow 

aquifer syslem dis1rfbu1fon. ex• removed. 3 separate Wells sampled aquifer but li!lla change 
~ sllel (aqulle,s A·E). plained. e><traction systems monthly or in other meas. 

Helerogeneous. (source area. quarterly for • Over 7,600 poonds of 
boundary system, selec:1ed GOlvent removed by 
offshe system). 30 paramele<S. extraction system from 
to!al el<1raction wells. 0Ver25,000 1983-1987, 
Complex pumping ground\Yater 

CD ""'100Ute. samples coll. 
' .., 

EmersonE!eclrie So!l1heasf Unccnffnecl san<I. Aoetone, MEK, MtBK, No 5 surlidal wells, total Directly to Composite and • Projected cleanup of 7 Co.,Fl Coas1aJ Rela!lvely Toluene, DCE, DCA, pumpage o 30 gpm. munldpa! indi\lld\Jal water months not obtained. 
P!a!ns l'iomogeroo<Js, TCE, TCA, Benzene, sanitary sewer qualilty samples • Most contaminants in 

(Only site Ch:omlum "8tWO!I<. lrtlm,ecovery ,ec,:,,ery wells reduced clesl;Jnatedas 
-· Cone. 

to BOL after 20-22 
"d.>an"J data. from monl- months. 

toring wells not • Sfte removed from 
~- • S!ala Action Sit& lisUng 

on lill9. 
• lnaooqual9 monitoring. 

Geneni!Mlls, l"sllM Glacial dlflt aquifer TCE. PCE, TCA, enc No 5 recovery wells in 3wells: air Not clear. • Significant concentra-Inc., f,flj C6rllr.lt undellainby!IJland and organic degrada- effort watar-lable aquifer, stripping than tion decftnes In 1988 
Region several bedrock (SH, 1lon byproduclS. to total pumpage - 370 discharge to but drought year. 

SS, LS) aquifer. cletoct gpm. lm<xN8<y"'811 S10fmsewer. • Hydcaullc gradients 
In doop aqi lifer at 20- 3wells: (partfcufar!y verticzl) 
309!"". discharge not satislacto<i!y am• 

dlraaly to lfOlled; part of ptume is 
storms,mer. being missed. 

• It fs unlikely cleanup 
goals will be aohi8ved: 
shallow< 270 ppb rce. 
deep< 27 ppb TCE. 
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• 

........ GIii Aq,fiw .... Rai.wdidiun lllonllorlng B'foctfvulN&' ·- tJostoct Plopm'tJN -- ...... DNign T1Nt111H1t Capabilldes Umltallons 

-Ca,p..R. - Two oand arplers T-1.,2-llCE, TOE, VC, No 4 olfsl1e produdlon Alr611'fpper N'Otdear • Well head pro19Cllon 
Coas!al 

--by a l9el<y 
MC, CB. Olher we!lspoo,ped. 10 11""1 discharge objective achieved 

If CID 11111111 Plain clayaqullmd. \IOlalle end IIOOl/dade polnls lalrill" replaced ID deep well -itfanplume 
- a 111 1 ""'81...,,..-. 0111!>'lic:s 1119 present by 2 J8C. walls. Well Injection. oontalnment 

point "problems." 4 • Ineffective c:ap1Urfng 
deep bam&rwells: 2 shallow plum& m!gra-
shallow, 3 shallow, 3 ttorr downgradien~ 
deep- 25 gpm -
3 deep- 50 gprn, IDl 
pumpage • 275 gpm. 

Aa.ij21 .. .,, c.,,p, C"...Jao!Fd El ~ 2DOlt.lllwfal VOC6. mosUy TCE No 219<:0Ye,y wsffs: Air S1rlpping, 5ampied 12-17 • GroundwaB" divide 
IN - --- end chlatuforih. Max. shallowzone-57 ~ID wells quanerly. sua:essfully developed 

Regiorl gravel-some&ll! VOC """°"'1tral!on In gpm, deep zone - SUsquahanna belween plum& and 
ardclay.R-.eiy --329ppb. 100gpm. River. producUon W811s. 
pm11wabf&. ~ • voe cmcsntraticns -- haV& been r&duced 

during 1 112 years 
operation and !luduali> 
much less . 

• Seasonal recharga and 
ID rive< flue!Uations • strongly Influence flow .i,.. 

pallBmS and may lemp-
orarily modlly desired 
capture zones. 

• R..-nedialions status Is 
on schedule, anticlpa1B 
S-10 years remediation. 

Mi Alee, SRP, -- Sand, sit. day. TOE, PCE, TCA No 11reccve,ywalls, A"lr Slripping, "165mon~ • Downward migration 
SC Gu!Coaslal ·-.. -- IDtal-•395 discharge to A- 1Dring wells reduced. 

Pf2ln Dawnwardv8ftical gpm, liml1ed by air IJ4 outfalf. sampled In • Only very slight r&duo-
-alslle. stripper clischalge 1988." lion In size and con-

pump. centratlon of TCE 
plume aver 3 years 
rornedlalfon . 

• EJCpecled ID take longer 
lhan th& pro/seed 30 
years ID remove 99% ct 
lnili'll contaminants. 
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---------- - -- ----- - ------- ----------t ,, 
' , •· :'!. 

j; if 

-- GW ....-. .... !!emediet!o,, lllonllollng --·- RelJlon ~ Conlamlnan!S """' Design T,_tment CapablllU.., UrnilllttoM 

IJ!ahP:Mat-and Cotlmtila --- C."80S0fe - mostty Yes SoC excavaled. Two "Trealed" and Not dear. • Flow p,,ll8m has 
Ugt,tPcle-. Lava --b,- PAHs. I.ow sott>iily, .,__ 

S!ag9 approach. 6- mfeasadlD sua:essfully been 
mentYard, IO Plalear, _181,ls. Ver1ical low mobill!'f. monlh pilot program. sewersyst&m aJli,red, both areal and 

fra<:aJras in lava. 3 wells in upper or Snake venfcal. 
Very~roga,,eous. aquifer, 2 wells In River. • NAPLlsbafng 

lower aquifer, tolal nx:overod. 
~-25gpm. •Olffk:ult!C>de1Str111n& 
Many problems will> overall success due IC> 
lligh """""'1lra chemical flucllJa1ions. 
(slugs) of NAPL 
extr?-:Uon: 
• reduced flow rata 
• Incompatible with 

PVC 
• dogging. 
Second 6-mc. pilot 
program went welt 
Into lull seakl. 7 wells 
In upper aquifer. total 
ptlmpaga • 46 gprn, 
7 wells In lower 

If, aquffer,lolal 
C 0, pumpage - !45 gpm. .. • eiackend • en Glacial9c! Toa, Ill layerOl/8f1'J!ng TCE, TCA, and Na lnm,,lly tried one Not clear. 15 monitor • No significant changes 
0 Dac:l<ar, NY Ce!t1rnl tac:llimd6"MS1Dne byp,odudsDCEand bedrock recovery wells sampled 1n voes obse!Vod. < .. Region andshalebadroc:lc. l,C • well al 3.4 gpm. !co-VOCs. 2 .. 
" lnadequal& rate. monitor wells In 
" Used explosives ID new fracture .. 
;z 

create !rac:ture zone zone . .. .. perpendicular to flow . 
:! Pumping one 
:z ,-y W&ff in new .. 

liacOJre zone al 18.5 

" gprn. "' 
0 

OlinChlWnlcals .. ifon.. llrlc:onsolldal, Ok:hlatoett,y:&lher No 3 rec:ovO<y wells Used as Semiannual • No operallonal .. ,1:XlERem glacfs'5d MfBIO\j81190USoot (DCEE) between plume and process water • sampling of problems noted except .. 
Faclly,KY ft Central hi!tl'/~. ~ Ohio RiVef, tot>! biologically several mon!m< 80-00"k ol extraded - Region glacio-ftWf,t 8111er(DCIPE) pumpage • 3000- lrealed al wells. water Is Induced river -.. _,_overtytng Highly mol>fe. 60C0gprn. onslle recharge. • 

" rc,., pe,moablllty - • In general, I 
~ 

,,_I& __ 
sludge a>nc:en!rations have .. 
was19Water declined In monitoring • 

' treatment plant wells Ill 4 years. -- and discharged (DCIPE) • .... lhrotlgh Slate 1984/1270 ppb .. .. PDE$ • 1989/300Pflb • 
• 5 !WN rGC:0118ry we!ls ~ - planned laf 1989. 
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