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CRITICAL EVALUATION OF TREATMEJ'liT TECHNOLOGIES WITH 
PARTICULAR REFERENCE TO PUMP-AND-TREAT SYSTEMS 

STEPHEN G. SCHMELLINGI, JACK W. KEELEY2, A1'.1) CARL G. ENFlELDl 
1) Uniterl States Environmental Protection Agency, 2) Dynamac, Inc. 

Robcn S. Kerr Environmental Research Laboratory 
P. 0. Box 1198, Ada, Oklahoma, 74820, USA 

ABSTRACT 

Ground-water extraction and treatment, or pump and treat. 1s the most commonly use<l 
technology for remediaring contaminated ground water at hazardous waste sites in the U nite<l 
States. There are major limitations to using this technology for restoration of aquifers to 
drinking-water quality in a reasonable time frame. The major limitations to pump-and-treat 
technology, which arc connected with the difficulty in extracting of contaminants from the 
subsurface, can be explained in terms of the basic processes controlling subsunace 
contaminant transport and fate. The same processes that limit the effectiveness of pump and 
treat limit most other aquifer reJ:DCdjation technologies, as well. It is imponant to understand 
and account for these processes when designing aquifer remediation projects. Research is 
being carried out by the Unite<l States Environmental Protection Agency and other 
organizations to reduce some of the limitations and improve the efficiency of pump-and-treat. 

INTRODUCTION 

Slightly O\<:, a dc,·.1-.:,· ..:,;0 tb:rc Y.c'IC rel;.;:i\C:) f.:v- '",;;\c cffons to rectify kno..,.n c;i,e, 

of ground-water conr:aminauon. lndee<l, it was only at this time that early effons were being 

made to estimate the extent and magnitude of ground-water contamination problems. By now, 

the number of hazardous waste sites on the United States Environmental Protection Agency 

(EPA) National Priorities List (NPL) exceeds t ,cro, and estimates have been made that the 

number could grow to 2,000 The United States Congressional Office of Technology 

Assessment (OTA) estirnate<l that the list could reach 10,000, requiring remediation activities 

well into the 21st century [ 1 I. 1ne most common area of concern at sites on the EPA 

Superfund list is ground-water contamination (2). 

During the early days of ground-water remediation, pump-and-treat systems were the 

leading, if not the only, technology available. Pump and trcal was based on a common-sense 

idea. If, as a result of aqueous samples from monitoring wells, the ground water was known 

to be contaminated, all that had to be done was to pump the contaminated water from the 
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aquifer and treat iL However, the results of the typical pump-and-treat remediation project 

were often discouraging. The sysiem would initially remove a large mass of contaminant with 

a concomitant~ in the cooccntrarion of the contaminanL However, after a relatively 

shat time, the concentration of the contaminant lcvclcd off at a value well above the design 

goal of the system The system kept pumping and O"Caring. but the contamination lingered. 

even with continued pumping. It was much like Lady Macbeth trying to wash the blood from 

her hands·· "Out, damned spot! Out, I say!" [3]. Pumping at a higher rate caused the 

coocemralioo of the contaminant in the extracted water ro diminish, but. if the pumps were 

turned off for some period of time, the water being brought to the surface would once again 

have increased levels of contaminants. 

As a result of such field experience, and concurrent laboratory studies, scientists and 

engineers began to question the effectiveness and efficiency of such systems. During the last 

several years 1bey also began to examine the causes of the problems and to look for ways to 

improve the situation. 
The major difficulties with pump and treat are related to the "pump", or extraction, 

portion of the process. There are fundamental rea~ons "'hy ii is difficult to extract 

conuminams from the subsurface. These fundamental reasons, which are discussed in detail 

below, also limit the efficiency of many other aquifer remediation technologies. Surface 

treatment of the extracted water, the "treat" portion of pump and treat, has its own set of 

engineering problems, but in general, surface trc.atmcnt is a much more mature technology and 

is nOl the limiting factor in the successful use of pump and trcaL 

The purpose of this paper is to briefly discuss: (1) some of the reasons why the removal 

of ground water for remediation docs not always lead to the desired results, (2) the contaminant­

transpon processes responsible for this behavior, and (3) possible schemes to help overcome 

some of these problems. There is also a brief discussion of ground-water exrraction systems in 

co:i~en with other technolof:e< 

Keely [ 4) identified four factors which affect the efficiency by which ground-water 

extraction removes contaminants from the saturated subswface. These arc: 

I) diffusion of contaminants into low permeability sediments, 

2) hydrodynamic isolation (dead spots) within well fields, 

3) desorption of contaminants from sediment surfaces, and 

4) liquid-liquid partitioning of an immiscible contaminant as a result of the presence of a 

separate non-aqueous phase liquid (NAPL) 

The fir.a two factors might be combined under the general heading of hydraulic inefficiencies. 

Equally import.mt to the success of any aquifer remediation is the need to adequately 

characterize the site and the contaminant characteristics. Without an adequate site 

characterization it will be highly unlikely thai the remedial action will be well designed, and it 

will be almost impossible 10 determine whether or not it is acrually cleaning up the site. 

http:import.mt
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In order 10 better understand the influence of these factors in pump-and-treat systems, it 

may be helpful to define a simple hydrologic scenario against which each can be tested This 

scenario, depicted in Figure I, consists of a 4 bca.arc area of ground-water contamination with 

a saturated thickness of 17 meters and an effective porosity of 30 percent of the aquifer 

volume. 1bc example includes the assumptions that the aquifer has sufficient hydraulic 

c.onductivity to allow pumping at any reasonable rate without adjusting the hydraulic gradient. 

the aquifer bowtdaries arc constant, and there is an infinite source of water. 

--"T Extraction Well 

land Surface 

Aquifer 

Impermeable 
Aquttard 

+--- 226 m ~ 

figure l. Idealized remediation s,cr...1: ,u 

Linder these ideal conditions, and with an ideal exrracuon well system, it ought 10 be 

possible, pumping at 400 Umin, to exchange the water in this 4-hectare plume in abour one 

year and remove the c.ontamination from a soluble contaminant (e.g. chloride) at low 

concentration. In reality, however, it may be necessary to pump for rwo or three or more years 

to reach an acceptable contaminant concentration due 10 the .. tailing.. effecr often observed 

under even these simple conditions. 

HYDRAULIC l!\'EFFICIENCIES 

As shown in Figure 2, tailing is the slow, almost asymptotic decrease in contaminant 

concentration as contaminated water is extracted from the aquifer and fresh water taJces its 

place. When compared to the theoretical or more ideal concepLS of removal, tailing can require 
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significantly longer pumping times even when dealing with the simple conditions outlined in 

this scenario. 

Reival with Tailing 
0.5 

0.0+--------+---...:::::..-----
0 1 2 

Water Filled Aquifer Volumes 

Figure 2. Example of u1hng d:.ir,n.,: pc.r.:~'-anJ-1r,..,: 1,';1,~c:1.111,,r. 

Subsurface heterogeneity, as shown in Figure 3. is one cause of tailing. In the simplest 

case of a highly soluble contaminant such as chloride, tailing results when the contaminants 

t4-- Average 
__.....,.._ Velocity 

Convectl.2n 
ij]j.ijio.11. 

Convection 
............................................ 
····················· :-:-:-:-:-:-:--c·,·a~·.·-:-:-::.-.: 
············-----··· ...................... ..................... 
·····················-

Vertical Section Velocit\·/H \draulic Dominant 
Through Aquifer Con·ductivit~· Flow Process 

Figure 3. Example of subsurface heterogeneity 

diffuse into low penneability sediments over a long period of contamination and slowly cuff use 

back out during a pump-and-treat remediation. Under a uniform hydraulic gradient, the velocity 

of water varies directly with the hydraulic conductivity of individual layers, and field 

measurements have demonstrated that. even in relatively homogeneous aquifers. the hydraulic 

http:ij]j.ijio.11
http:Convectl.2n
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conductivity can vary by a factor of 10, or more, over distances on the order of tens of 

centimeters. When water is pumped through the aquifer, contaminants in the regions of high 

pcnncability arc removed relatively efficiently. Contaminants in the zones of low pcnncability 

arc only slowly removed by diffusion to the bulk of the flowing water in the :zones of high 

pcnncability or by advcction at much slower velocities through the roncs of low permeability. 

A rule of thumb suggests that the longer a site has been conlmlinatcd and the more layered the 

geologic material., the longer the effects of miling will be present. Even when these zones of 

low permeability arc stressed by pumping wells.. the time required to purge contaminants is 

likely to be extensive. 

A simple example can demonstrate the effect of the variability of hydraulic conductivity 

on the removal of a soluble contaminant, such as chloride. 1bc example assumes an aquifer 

with twO equally thick layers -- one layer having 10 times the hydraulic conductivity of the 

other, and both having an effective porosity of 30 percent. If it is assumed that the initial 

chloride concentration is the same in both layers, and that there is no diffusion between the 

layers. the time of remed,a,ion u,i~;:,' >:~..:;,· :·,c~ ;:r0Jr,c...,. -,1~r .-_,n be ~stim:ucd. 

Figure 4a shows a curve of relative concentration (concentration relative to the initial 

concentration) at the extraction point versus time for an assumed flow rate. The relative 

1.0 

0.8-~ 
Q.. 
=0.6... 

I 
8 
~ 

... 0.4• 

~ 
=0.1: 

o.o I 
0 5 10 15 20 

Time 

Figure 4a. Effect of variability of hydraulic conductivity on removal of a miscible contaminant 

concentration remains at unity for a shon period of time then drops off and reestablishes a new 

concentration where it remains for a considerable period of time. The shape of the curve is 

typical of field observations and has also been demonstra1ed in the laboratory. 

If the pumping rate is incrca.1,ed by 50 percent (Figure 4b), the concentration drops off 

more rapidly and stabilizes at the same plateau. The net result of the higher pumping rate is to 

reduce the ovc:rall time required for remediation while the plat.cau concentration is dependent on 

the relative hydraulic conductivities of the sediment layers and the portion each of the layers 

contributes to flow through the system. However, for a surficial aquifer.increasing the 
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pumping rate will change the shape of the free water surface, often isolating a portion of the 

contamination from the flow path. When the pumps are turned off and the aquifer is allowed to 

stabiliz.c, the concentration of contaminants in the ground waler may rcrum to the original level. 

1.0 
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Zones of hydrodynamic isolation (dead spots) within well fields both down gradient of 

extraction wells and up gradient of injection wells [ 4). are an inevitable consequence of the 

natural hydraulic gradient and the gradients created by the pumping and injection wells. Like 

zones of low permeability, the movement of contaminants from these zones occur.; primarily 

by diffusion, and the removal of contaminants from these zones will be inefficient during 

remediation using pump-and-treat systems. 

SORPTIOl'i 

As discussed earlier, highly s0luble contaminants such as chloride are dissolved in the 

liquid phase and, at low concentrations, are essentially transpone.d along with the moving 

ground water in most soils. Most other contaminants, however, tend to partition, or be 

distributed, between the liquid, solid, and vapor phases which comprise the subsurface matrix. 

In the ground-water zone of the subsurface, the relationship between the concentration of the 

contaminant in solution and the mass sorbed on the aquifer solids depends on the chemical 

characteristics of the contaminant. the chemical properties of the ground water, and the 

properties of the geologic matrix. In many cases, the relationship berwcen the mass of 

contaminant sorbcd and the concenrration in solution is approximately linear. In such cases the 

extent of sorption can be describe in terms of a partition coefficient which is the r.itio between 

the amount on the solid phase and the amount in the liquid phase. As a general rule, highly 

hydrophobic organic compounds are much more strongly sorbcd than more soluble organic 

' 
0 
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compounds. Sorptioo of metals and other ioniz.able contaminants is a more complex 

phenomenon and is dependent on pH and other system parame~ that may be highly variable 

(5). 

Sorption must be accounted for when estimating lhc contaminam mass to be removed. 

Because of sorption. the mass of the contaminant adscrbcd 0010 the aquifer solids may be as 

gn:.at or gn:.atcr than the mass in solution. When there is significant sorption, estimates of 

contaminant mass based only on ~-ater samples will seriously underestimate the mass to be 

removed. When dealing with highly insoluble compounds like DDT, PCBs, or dioidn, almost 

all of the matc:rial will normally be associated with the solid phase and very linle will be 

associated with the water phase. The best way ro estimate the mass of sorbcd c.ontaminants is 

by collecting aRS of the aquifer material and measuring a partition coefficient 

Sorption reduces the efficiency of pump and treat. Sorbed contaminants can only be 

extracted if they arc desorbe<l and in solu11on. When con:aminants are strongly sorbed. only 3 

small fraction of the tocal contaminant mass is removed with each pore volume pumped. 

Alt.cmarively, the average velocir:y of the sorbed contaminant may be viewed as retarded relative 

to the average vclocir:y of the ground water or highly soluble contaminants. In either case, 

additional pore volumes will have to be pumped to remove the sorbcd contaminants. The 

inaea.se can be from a factor of slightly greater than one to 10 or more. This can increase the 

time required to remediate the aquifer from a few years to tens of years. 

Research has shown that the release of many c.ontaminants from the solid phase can be 

exceedingly slow (6). This slow desorptive release ac1s much like diffusion from zone of low 

permeability. Acting together, these two processes greatly accentuate the tailing effect. 

Depc:nd;ng upon the nature of I.he i.:on;~ounos, !.he sJo,.. de!>orpuon of conr.arrnnanLS from 

sedimenr surfaces often results in a profound tailing effe{;t when attempting to remediate 

1.0 
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Figure 5. The effecr of sorpnon. in :.tdc1t1C1r. to subsurface heterogeneiry. Cir rhe rern0\';1l C1f ;i 

soluble contaminant 
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ground-water by pumping. The more a contaminant preferentially associates with the solid 

phase, the more difficult that contaminant is to remove. 

The partitioning of a contaminant bctwccn water and aquifer material is commonly 

proponional to the amount of organic material present in lhe aquifer sediments. Frequently 

there is more organic carbon and therefore great.er partitioning to the finer sediments. If the 

example discussed in Figure 4a were altered to include a partition coefficient of unity in the 

layer d high hydraulic conductivity (the amount associated with the solid phase is equal to that 

associatrd with the liquid phase), and a partition coc:fficicnt of 5 in lhe layer of low hydraulic 

conductivity, it would take longer before lhe initial decline in relative concentration (Figure 5) 

and much longer before complete remediation could be rcali.zed. The relative concentration a1 

the plalcau remains the same as in the eumple of Figure 4a. It can be seen that the magnitude 

of this plateau or tail is independent of the partition coefficients of the individual layers and that 

the effect of panitioning is to incruse the amount of time required to achieve remediation goals. 

IMMISCIBLE FLL1ID PHASES 

When an immiscible fluid, or non-aqueous phase liquid (NAPL) is released into the 

unsaturated zone a fraction of it will volatilize and be released to the atmosphere, and the 

remainder will swt to move downward toward the water table under the influence of the force 

of gravity as shown in Figure 6. If the original soun::e of contamination is removed, capillary 

forces will immobilize pan of the separate phase liquid as discontinuous blobs trapped within 

the pore spaces as shown in Figure 7. This immobile material, which can occupy from five to 

Figure 6. Release of a NAPL from an underground storage tank 

http:great.er
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40 pcn:cnt of the pore space [6), is referred 10 as "residual saturation" or "residual phase" and 

cannot be removed in any substantial quantity by pumping. 

Figure 7. Residual saturation remaining after removal of original source of contamination· 

Gasoline is an example of an immiscible fluid with a specific gravity less than one, 

commonly referred to as a light non-aqueous phase liquid or (l.NAPL). Because they are less 

dense than water, LNAPLs remain near the water table. 1bc soluble components of the 

LNAPL will partition into the moving groWld water and contaminate it This partitioning 

appears to be greatly enhanced if the water table fluctuates. LNAPLS, primarily gasoline from 

leaking underground storage tanks, are a leading cause of ground water contamination in the 

United St.ates. 

Of even greater concern, from a remediation standpoint, are dense nonaqueous phase 

liquids (DNAPLs) such as coal tars or chlorinated solvents which have specific gravities 

greater than one. If enough D1'APL volume is released to the subsurface to overcome capillary 

forces, the DNAPL will continue to migrate vertically through the saturated z.one until it 

enc.ount.en a relatively impermeable layer where it may form a perched DNAPL pool. In 

addition to accumulating in DNAPL pools, residual DNAPL will be trapped in pore spaces 

within the saturated z.one as well as in the vado~ zone, dissolve into passing ground water, 

and be transponed in the direction of ground-water flow. 

The rate of contaminant partitioning from NAPLs into ground water, and the evenrual 

concentration reached is dependent on the characteristics of the contaminant and the location of 

the residual phase v.'ith respect to the flowing ground water. If the residual phase is a complex 

fluid such as gasoline, the rate of contaminant partitioning from the NAPL into water will be 

different for the individual constiruents of the non-aqueous fluid. As a result the composition 

of the non-aqueous fluid will change with time 

http:enc.ount.en
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It is apparent that if rcmcdi.ation is dependent on allowing the DNAPL to dissolve into 

grouod waler and pumping the aqueous phase contamination lO the surface, the remediation 

process will require a very, very long time. To remove one lit.er of a common and relatively 

soluble oonwninant such as trichloroethylcne (I'CE) from the ground water would require 

pumping 1,400 liters of ground water contaminated at l, l 00 mg/I, the aqueous solubility level 

ofTCE. 

If the immiscible phase can be located il should. as a rule, be pumped directly and 

removed. However, the relative importance mforoes that control the rate, di:rcction, and 

ultimate fate of DNAPLs is different than for the diSU'ibution of dissolved phase plumes. 

DNAPL movement is more strongly controlled by bolh large and small scale geologic 

heterogeneities than by the movement of ground water. As a result, the disoibution and 

movc:mcnt d DNAPI...s is difficult to determine, even at sitcS of relatively homogeneous 

geology with a well understood DNAPL source. Even if the fn:e-phasc DNAPL can be located 

and pumped. residual saturation will remain and continue ro contaminate ground water as the 

contaminants partition into it. The kinetics of this panitioning, whether from free produc1 

DNAPL or from residual saturation. c3n rnwe deceptive when aaer.1rtin~ 10 remove 

contaminants using pump and treat. 

The contaminant cannot be removed faster than it is released from residual saturation or 

pools of immiscible fluids, or than it can diffuse from regions of immobile water into the 

passing ground water. The result is similar to that described earlier for the kinetics of diffusion 

from zones of low permeability or desorption. The concentration may initially appear to be 

reduced, or even eliminated, by dilution when bringing larger amounts of uncontaminated 

water into play, or by dropping the water table below the source of contamination, or both. 

However, if the pumps are stopped for a period of time, the contaminants will again panition 

or diffuse into the moving ground water and their concentrations will retw,, to their previous 

leveis. Without an understanding or 11,o~ pro.:e,~e, pu.-np-:rnd-:rea1 sys1e11:s wil! prob:ibly Ix· 

poorly designed and will likely contaminate more fresh water than would be the case if no 

pump-and-treat remediation were attempted. 

Nonetheless, pump and treat can be of considerable use in reducing the extent of the 

dissolved phase plume, and this action can be of considerable value in the overall plan of site 

remediation. Control of the aqueous phase plume by pumping can prevent funher 

contamination of down-gradient ground water. It can also reduce the mass of contaminant to 

be dealt with in funher remedial activities. It should also be noted that there is a great deal of 

research underway to enhance the effectiveness of pump and treat in dealing with DNAPLs. 

Some insight into the effect of NAPLs on remediation time can be gained by returning to 

the scenario developed for the removal of chloride in Figure I. If.rather than chloride, the 

constituent is toluene dissolved in the residual saturation of a gasoline plume, it would be 

necessary to pump at a rate of 400 Umin for about 1,500 years to reduce the initial amount of 
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toluene by 80 percent if the residual saturation amounted to only 10 percent of the aquifer voids 

and oo ocher processes of transformation were occurring. Even if the configuration of the 

plume and the hydrology of the aquifer would allow increasing the pumping rate to 4,CXX) 

l.Jmin without dewatcring the contaminant plume, it would still require 150 years to reduce 

toluene by 80 percent Almost certainly a system such as this would result in the contamination 

of a pal deal of msh ground water by moving it through the area of contamination. Evm if 

the aquifer would allow unlimited pumping. it is imponant to ~itt that there is a point 

beyond which the rmx>val of oonauninants would not increase because of the limitations 

imposed by partitioning and diffusion raICS. 

IMPROVING THE SITUATION 

The acknowledged problems with pump and crcat, along with the recognition that it is 

often the only available aquifer remediation technology for many siruations, have led to 

considerable discussion and research on \1,ays to make it more effective. Moreover, since 

many of the problems of pump and trt:Jl Jbo 1Im11 the cf1.:..:11\·t:nes~ of otha aquifer remc.d1Jllo1·, 

technologies, steps taken to improve pump and a-eat will have benefits for other technologies as 

well. There ~ steps that can be taken to use existing knowledge to improve pump and treat, 

and steps for which research and new knowledge are required. 

Site Characterization 

There is gcnaal agreement that one of the most important pans of any pump-and-treat 

remedial action is a good site characterization. The subsurface can be an extremely complex 

environment whose characteristics change clramatically over small horizontal and vertical 

distances. The ability to design remediation systems and make an estimate of their 

effectiveness is proportional to the amounr of infonnation availahle ah0ut a number of factors 

including: 

1) the location and disaibution of contaminants, 

2) the identity and quantitative values of hydrogeologic parameters, flow paths, and 

other influences such as pumping wells and streams, 

3) quantitative measurements of contaminant partitioning between liquid, solid, vapor, 

and NAPL phases, 

4) the effect of remediation activities on flow paths and interactions between 

contaminants and subsurface solids. 

Obviously, the more complex a site, the more intense the effon required 10 obtain these 

types of information. In some cases the technology required 10 obtain the information is 

available, in other cases it is theoretically available but its use is not routine, even for relatively 

homogeneous sites, and in other cases the technology is still the subject of research. Among 

the tools which are available and being used by experienced ground-water scientists are depth­

specific clusters of monitoring wells which can be used 10 locate areas of water miscible 
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contaminants and can sometimes be use.cl to suggest the locations of immiscible contaminants. 

Extensive oore sampling can (a) assist in the determination of permeability distributions and 

therefore JJR(lominant flow paths; (b) provide infonnatioo concerning the location, 

disaibution. and IDtal amount of contaminants; and (c) allow estimates ID be made of 

contaminant partitioning bctwccn the liquid, solid, vapor, and immiscible phases. Standard 

hydrologic IICStS arc rcqu.ircd to provide information on the hydrogeology of the system, while 

geophysical teehniques can sometimes be used to reduce the number of samples required. 

h is not always apparent where to locate sampling points or how many points will be 

required to adequately characterize a site. As the geology and the parame~ discusse.d above 

become more complex. the more sample points are required for characterization, and the more 

difficult the interpretation of infonnatioo becomes. As the hydrology of a site and the nature of 

lhe contaminants becomes more complex, the confidence in any remediation technology is 

dccreasod. In fractured and karst media, which underlie many hazardous waste sites, the 

technology available to characterize water and contaminant movement is largely undeveloped. 

Slurry Walls 

The use of slurry of cut-0ff v.Jll~ in conjunction with pump and treat can be used to 

improve the effectiveness of pump and treat. A slurry wall pl.iced in front of an advancing 

plume can greatly reduce the amount of water extracted and requiring trcaonent This ~rill also 

reduce the amount of uncontaminated water that would otherwise become contaminated using 

an extraction system alone. If a slurry wall surrounds a contaminant source and plume, ground­

water extraction could maintain a negative head at the site. The slurry wall will reduce the 
amount of fresh water being contaminated by the remediation, and reduce the amount of water 

requiring treatment to the leakage rate of the barrier wall, plus that due to infiltration and any 

water applied at the site to accelerate the remediation. 

Research 

Tht: LS EPA and o,her orpr.,;:;;:;::ins X'e conduc1i:-1f re~earch 10 im;:rove the 

effectiveness of pump and treat. One effon is the EPA 's Subsurface Cleanup and Mobilization 

Processes (SCAMP) research program which is looking at ways to enhance the effectiveness 

of pump and treat and for sites contaminated by DNAPI..s. SCAMP research is focusing on 

two major applied research areas: (I) improved site characterization, and development and (2) 

evaluation of means to enhance the effectiveness of pump and treat SCAMP is also funding 

some of the necessary basic research on the fundamental transpon and fate processes nCC{!ed 10 

suppon the two applied areas. 

Research on site characterization that is being carried out under SCAMP is presently 

composed of two activities. The first is to develop a manual for use by practitioners for 

characterizing sites contaminated by DNAPI..s. This document is expected to: (a)summarize the 

current state-of-the-an for characterizing sites suspected of DNAPL contamination; (b) 

summarize likely near-term improvements; and guide funher EPA research on site 
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charactt:rmuion. SCAMP research is also investigating methods which combine field 

measuremc:nts and modeling to characterize fractured rock sites, keeping in mind a realistic 

esrirnate of the resources available for site characterization at a typical hazardous waste site. 

Future work will be aimed at direct methods for the detection and quantification of DNAPLs 

and tneaSW'CUlCOt of multiphase parameters such as relative pem,cabilities. 

SCAMF Jt.SCaJch on the development and evaluation of tcehnologics to improve pump 

and bT.81 is aimed at ovcn:oming the problems identified earlier. A modeling study, using the 

opportuniry for more realistic simularion~ offered by supercomputers. is investigating the 

benefits to be expected from novel pumping schemes. 'These include vertical pumping to force 

water through layers of low pcnneability, and pulse pumping to potentially reduce the amount 

of water to be trutcd.. In theory pulse pumping can be useful in breaking up zones of 

stagnation discussed earlier and changing the dirtttion of flow to improve the efficiency of 

removal when contaminants must enter ground water through slow partitioning or diffusion. 

However. there has been little field v-0~~ or 0ther C\ idc"nce h1 e\·31:J:ire the effects of pulse 

pumping. 

Other work under the SCAMP research initiative is investigating the use of chemical 

additives in an attempt to improve pump and treat. Chemical additives such as surfactants and 

solvents are among the most promising shon-tenn approaches for enhancing the effectiveness 

of pump and treat Surfactants have the potential to improve the effectiveness of pump and 

treat in two ways. The first is by increasing the solubility of hydrophobic contaminants in 

ground water. Increasing the solubility will generally reduce the extent of sorption to the 

aquifer solids, and has the potential to reduce the number of pore volumes, and time, required 

to remove sorbcd contaminants. The effect of surfactants on sorprion kinetics is less clear and 

is pan of the research. Increasi:if. t!._ , .. ,:_:,;!;:) ,o;:\~ :i!,c :rc~e~~e :he extent of diss0lu1ion 0f 

residual or free-phase NAPL. The second way that the use of surfactants can potentially 

enhance the effectiveness of pump and treat for NAPLs is by reducing the interfacial tension 

between the NAPL and water, making it possible to mobilize the residual saturation. 

SCAMP research on the use of surfactants for increasing the effectiveness· of pump and 

treat is being carried out at the laboratory-bench scale and through the use of a large physical 

model aquifer at RSKERL. The large physical model will be used to simulate an enhanced 

pumirand-trcat scenario to remcdiate a DNAPL spill. In addition to investigating the 

effectiveness of surfactants for enhancing pump and treat, the research is also paying close 

anention to the characteristics of surfactants that will make them acceptable to the public for 

injection into potential or actual sources of public drinking water. 

Extensive laboratory work at RS KERL, and other institutions, has shown that miscible 

solvents such as ethanol can increase the solubility of hydrophobic contaminants in water (9). 

Ethanol has relatively low toxicity and probably would be acceptable for addition to the 

subsurface. Work is currently unde:-1.>.3: on a ~mall field project to test the effectiveness of 
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ethanol in improving che efficiency of extracting a mixture of aviation gasoline and 

iettachlorcthane (PCE) from a shallow aquifer in the s1a1e of Michigan. 

Additional research, sponsored by the EPA and other US federal agencies, is 

concenttating 011 the use of physical agents such as steam or hOI water to increase the 

cffcctivcncss of DNAPL removal This technology, like the surfactant and solvent work, is an 

an.empt to adapt tcchniqucs used for enhanced oil recovery to the remediation of haz.ardous 

waste sites. Diff~nccs in the objectives and conditions under which the work is carried out 

make this adapmtiOll DOIi-trivial. 

It is often possible, indeed desirable, to use ~and-treat remediation systems in 

conccn with other tcchnologics. For example, to be effective, pump and treal of contaminated 

ground Wal.Cr mus1 also be combined with efforts 10 remove comarrunanl.5 from the vado,e 

wnc. Bioremcdia.tion of contaminated ground water may be thought of as a pump-and-treat 

system in which ground water is extracted, supplemented with necessary nutrients to stimulate 

biodcgradarioo, and reinjccted into the aquifer. Efforts to improve pump and treat, panicularly 

with regard to site characterization and subswface fluid movement, will almosl certainly benefit 

bioremediation as well. 

CO~CLCSIOJ\ 

It is important to understand the processes that limit the effectiveness of pump-and-treat 

technology in order to develop more efficient and effective remediation projects. Research has 

the potential 10 improve the technology available 10 characterize the system, 10 control the 

movement of fluids in the subsurface, and to influence interactions between the various 

contaminant phases and the subsurface matrix. It is also imponant to have realistic 

expectations about what can, or cannot, be accomplished with pump and treat. With research 

and additional experience in building and operating pump-and-treat systems, the situation v.ill 

improve, but 11 will be many ye;,r,. ll(.>','-c•er, before pump-anci-l:'c:.i1 te.:hnolog:,. is a1 a kh'. 

where effective and efficient reme<li;,Lion systems can be routinely designed and implement for 

even moderately complex subsurface problems. 
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