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Introduction 

Three lines of evidence are used to support natural 
attenuation as a remedy for chlorinated solvent contami* 
nation in groundwater, documented loss of contaminant 
at field scale, geochemical analytical data, and dinact 
microbiological evidance. Tha first Ene of evidence 
(documented loss) involves using statistically signiflcant 
Wstorical trends in contaminant concentration in corv 
junction with aquifer hydrogaological parameters (oucli 
as sMpagd valocity and dilution) to show that a raduc­
tion in the total mass of contaminants is occurring at the 
site. The second line of evidence (geochemical data) 
involves the use ot chemical analytical data in mass 
balance calculations to show that decreases in contami­
nant concantrations c^n be dIrMitly corratatad io In­
creases in metabolic byproduct concentrations. This 
evidence can be used to show that concentrations of 
electron donors or acceptors In ground water are suffi­
cient to facilitata degradation oi the dissolved contami­
nants (i.e., there is sufficient capacity). Solute fate and 
transport models can bo used to aid the mass balance 
calculations and to collate information OR degradation. 

Microcosm studies are often used to provide a third line 
of evidence. TTie potential for biodegradation of the contami­
nants of interest can bo confirnisd usnig of unciouofite 
through comparison of removals in the Nng traatments 
With rsmovals in the controls. Microcosm studies also pemut 
an ^3solute mass balance detemiination based on biode­
gradation of the contaminants of interest Furttiar, the ap­
pearance of daughter pioducts In the mkirocosms can be 
used to confimi biodegradation o< the parent compound. 

VVhen To Us§ Microcosms 
Microcosms hav« two fundamentally diffsrent applica­
tions. First, tfiey are frequently used in a qualitative way to 

illustrate tha Important processes that controi the fate of 
organic oonli:tminanu>. Second, they are used to estimate 
rate constants for biotransformation of contaminants that 
can be used tn a site-specific transport-and-fate model of 
a contaminated ground-water plume. This paper discusses 
the second appHcation. 

Microcosms should be uaed wtien there is no other way 
to obtain a rate eenstant for attenuation of contaminants, 
partioularly whon ostimating the rate of attenuation from 
monitoring wejl data in ths plume of concem is impossi­
ble. In some'sltualions, there are legal or physical im­
pediments to the comparison of concentrations In 
monitoring wells along a flow path, tn ntany landscapes, 
tho directionof ground-water flow (and water-table ele­
vations In monitoring wells) can vary over short periods 
due to tidal influences or changes In barometric pres­
sure. Changes In the stage of a nearby river or pumping 
wells in the vicinity can also affect the direction of 
Qround'vyater flow. These changes in ground-water flow 
direction do not aliowsimple "snapshot* comparisons of 
concentrations in monitoring wells because of uncertain­
ties In identtf)(ing the flow path. Rate constants from 
mierocoems can be used with average flow condltlona 
to estimate attenuation at some point of discharge or 
point oi compliance. 

Appi^sat Ion o  f M i c r o c o s m  s 

The primary objective of microcosm studies is to obtain 
rate constants applicable to avarage flow conditions. 
These average conditions can be determined by con­ i 
tinuous monitoring of water-table elevations in the aquî  
fer being evaluated. The product of. the microcosm 
study, and the continuous monitoring of water-table ele­
vations, will be a yeariy or seasonal estimate of the 
extent of attenuation along average flow paths. Remov­
als seen at field scale can be attributed to biological , 
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ewstivity. If fcmovale in the microcosms duplif^ata removal preseni as a nonaqueous-phase liquid (NAPL) or in 
at field scale, the rate constant can be used for risk solution. A total petroleum hydrocartjon (TPH) analysis 
assessment purposes. will reveal the presence of any hydrocarbon-basad oily , 

materials. The water-filled porosity, a parameter goner-
Select ing Material for Study ally ii.'se'd to extrapolate rates to the field, can be calcu­

lated by comparing wet and dry v/eights of the aquifer 
Knor to choosing material for rniutucosm studies, the material. 
location of major conduits of ground-water flow should 
be identified, and the geochemical regions along the To erisure sample integrity and stability during acquisi­
flow path should be determined, The important geo­ tion, it is important to quickly transfer the aquifer material 
chemical regions for natural attenuation of chlorinated into a Jar, exclude air by adding ground water, and seal 
aliphatic hydruuciibuiis are regions that are activoly tho jar without headspace. The rnaterial should hH 
methanogonic, exhibit sulfate reduction and iron reduc­ cooled during transportation to the laboratory, then incu­
tion concomitantly, or exhibit iron reduction alone. The bated at the ambient ground-water tenperature in the 
pattem of chlorinated solvent biodegradation varies In dari< before the constmction ot microcosms. 
different regions, vinyl chloride tends to accumulate 

At least one microcosm study per geochemical region during "reductive dechlorination of tricWoroethylene 
should be completed, if the plume Is greater than i(TCE) or ffitrachloroethylene (PCE) in methanogenic 
kilometer in length, several microcosm etudiae per geo­regions (1,2); it does not accumulate to the same extent 
chemical region may need to be constmcted. in regions exhibiting iron reduction and sulfate reduction 

(3). In regions showing iron reduction alone, vinyl chlo­
Geochemical Characterization ot the Site ride la conoumed but dechlorination of PCE, TCE, or 


dichloroethylene (DCE) may not occur (4). Core material 
 The geochemistry of tha subsurface affects the behavior 

must be acquired from each geochemical region in ma­
 of organic and inorganic contaminants, inorganic miner­

jor flow paths represented by the plums, and the hydrau­ als, and microbial populations. Major geochemical pa­

fc conductivity of each depth at which core material is rameters that characterize the eubeurfaco includo 

acquired must be mc^n^ured. If possible, the micro­ alkalinity. pH, redox potential, dissolved constituents (In­

cosms should ba constmcted with the most transmissive cluding electron acceptors), temperature, the physicai 

material in the flow path. and chemical characterization of the solids, and micro­


bial processes. The most important of theae In relation 
Several characteristics of ground water from the same 
to biological prqqesses are alkalinity, redox potential, the interval used to collect the core material should be 
concentration of electron acceptors, and the chemical detBrmined, including temperature, redox potantial, pH, 
nature of the solids. and concentrations of oxygen, sulfate, sulfide, nitrate, 


ferrous iron, chloride, methane, ethane, ethene, total 

Alkalinity 
organic cartjon, and alkalinity. The concentrations of 


compounds of regulatory concem and any breakdown 
 Biologically actwe portions ot a plume may be IdentHled 
products for each aits must bo dctennined. The ground In the lield by their increased alkalinity (compared with 
water should ba analyzed for methane to determine background wella). caused by the carbon dioxide result­
\wtieth6r methanogenic conditions exist and for daughter ing from biodegradation of the pollutants. Increases In 
products ethane and ethene. A comparison ot the both alkalinity and pH have been measured In portions ground-water chemistry Irorii the Interval in which the of an aquifer contaminated by gasoline undergoing ac­ooroe wore acquired with thatlp neighboring monitoring 

tive utilization of tho gaoolino cont^onenta (8). Alkalinity wells will demonstrate whether the collected cores are 
can be one of the parameters used to Identify where to representative of that section of the contarrtinant plume. 
collect biologically active core material. 


Reductive dechlorination of chlorinated solvents re­

quires an electron donor lor the process to proceed. The p  H 

electron donor could be soil organic matter, low molacu* 
 Bacteria generally prefer a neutral or slightiy alkaline pH 
tar weight organic compounds (e.g., lactate, Qcotate, metha­ level, with an optimum pH range tor most microorgan­
nol, glucose), Hg, or a co-cohtaminant such as landfill isms t>etween Q.O and 8.0; many mlcroorganiema, how­
leachate or petroleum compounds (5-7). tn many instances, ever, can tolerate a pH range of 5.0 to 9.0. Most ground 
the actual electron donor(s) may not be Identified. waters In uncontaminated aquifers ara within these 
Several qharacteristics of the core materia! should also ranges. Natural pH values may be as tow as 4.0 or 5.0 
be evaluated. The initial concentration of the contami­ In aquifers with active oxidation ot sulfides, and pl I 
nated material (In micrograms per kilogram) should bo values as high as 0.0 may be found in carbonate-buff­
identified before constructing the microcosms. It is niRO ered systems (9). pH values as low 4is 3.0 have been 
necessary to detemnina whether the contamination is measured for ground waters contaminated with municipal 
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wdSte leachatea. however, which often contain elevated 
concentrations of organic ridria (10). In ground waters con­
taminated with sludges from cement manufacturing, pH 
values as high as 11.0 have been measured (9). 

Redox PotontJal 

The oxidation/reduction (redox) polenlial of ground 
water ie a measure of electron activity that indicates the 
relative ability of a solution to accept or transfer elec' 
trans. Most redox reactions in the subsurface are micro­
bially catalyzed during metabolism of native organic 
tirdller or uuiila(ninarUb. Tlie only elements that are 
predominant participants in aquatic redox processes are 
carbon, nitrogen, oxygen, sulfur, iron, and manganese 
(11). The principal oxidizing agents in ground water are 
oxygen, nitrate, sulfate, mangane3e(IV), and iron(|||). 

Biological reactions in Ihe subsurface t>oth influence and 
are affected by the redox potential and the available 
electron acceptoro. The redox potential ohahgoe with, 
the predominant electron acceptor, with redudng condi­
tions increasing through thie sequence oxygen, nitrate, 
iron, sulfate, and cartjonale. The redox potential de­
creases in each sequence, with metl(anogeiiiu (caitran­
ate as the electron acceptor) condltians being most 
reducing. The interpretation of redox potentials in 
ground water, is difficult (12). The potential obtained in 
ground water is a mixed potential that reflects the poten­
tial of many reactions and cannot be used for quantHe­
tive InterprAtflHon (11). The approximate locafion of the 
contaminant plume can- be ideritified in the fleld by 
measuring the redox potential of the ground water. 

To overcome tiie limitations imposed by traditional redox 
measurements, recent work has focused on measuring 
itiuleuuluf liydrugeii tu uu:uralely describe the predonii­
nant in situ redox reactions (T3-1S). The evidence sug­
gests that concentrations of H? in ground watar can be 
conelated with specific microbial processes, and these 
concentrations can be used to identity zones of 
methanogenesis, sulfateroduction, and iron reduction in 
the subsurface (3). 

Electron Acceptors 

Measuring ti^e available electron acceptors is a critical 
step in Identifying the predominant microbial and geo­
chemical processes occuning in sHu at thetiRie of sam­

. pie collection. Nitrate and sulfate aro found naturally In 
most ground waters and will subsequently be used as 
electron acceptors once oxygen is consumed. Oxidized 
forms of iron and manganese can be used as electron 
acceplyrs before sulfate reduction cornirieiivea. Iron 
and manganese minerals, eolubilizo colncidently with 
sulfate reduction, and their reduced fomns scavenge 
oxygen to the extent that strict anaerobes (some sulfate 
reducers and all methanogens) can develop. Sulfate is 
found in many deposllionat environments, and sulfate 

reduction may be very c6mnv>n in many contaminated 
ground waters. In environments where sulfate is de­
pleted, cartxjnate becomes the electron acceptor, wiffr 
methane gas produced as an end product. 

Temperature 

The temperature at all monitoring welis should be meas­
ured to determine when the pumped water has stabi­
llred and Is ready for collection. Below approximately 30 
feet, the temperature in the fiiihfiiirfaRe is fairly oonsis­
tent on an annual basis. Microcosms should be stored. 
at the average in situ temperature. Biological growth can 
occur over a wide range of temperatures, although most 
microorganisms are active primarily between 10'C and 
35'C (50«F to 95«F). 

Chloride 

Reductive dechtorination results in the accumulation of 
inorganic chloride, in aquifers with a low background of 
inorganic chloride, the concentration of inorganic chlo­
ride should increase as the chlorinated solvents de­
grade. The sum of the inorganic chloride plus the 
contaminant btAog degraded should remain relatively 
consistent along the ground-water flow path. 

Tables 1 and 2 list the geochemical parameters, con­
taminants, and daughter products tiiat should be meas­
ured during site characterization (or natural attenuation. 
The tables include the analyses that should be per­
formed, tho optimum range for natural attenuation of 
chlorinated solvents, and the interpretation of the value 
in relation to biological processes. 

Tabl* i  . Q«oeli«mt««l P«r«im«t«r« 

Analyais 	 Rang« ln»rpr»latlon 

Ftedox pot«nfial 	 <50mV Reductlvo pathway posstbts 
against Ag/AgCl 

Sulfate < 20 mg/L ' 	 C«irp«(«s at hlgh«r 
ooncentialions with reductiva 
pathway 

NItnata < 1 mgA. 	 Comp«l«9i<tli igtnit 
concentratkxw w«h reductive 
pathway 

Oxygen < 0.5 mg/L 	 TclBraiad; toxic to reductive 
pathway at hlgtw 
ccjncenlrations 

Oxygen 	 >  1 mgA. Vinyl chloride oxkSzed 

Iron(ll) 	 >  1 rtig/L Reducttvo'pattway possible 

Sulflda 	 > 1 mg/L ReductivB pathway posslWo 

Hydrogen >  1 nM 	 Raductiva pathway possible; 
vinyl chlOfWo may 
accumiiate 

Hydrogen 	 < 1 n  M Vinyl "cWofide oxidized 

pH 	 5 < pH < 0 Tolerated ranga 
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7«ihi<» •>. Contaminnnta and oauglitar Products 

An i l yc i  c	 IntArftratatlon 

PCE 	 Matenal spiiiM 

tub 	 Matarial spilled <7r ilaughtur product ul 

perchloroathylene 


1.1.1-Trichlorofl thane 	 Material spilled 

Cfe-OCE 	 Daughter product of IricWoroethylena 

(ons-OCE 	 Daughter product of trichloroathylena. 

Vinyl chloride 	 Daughter product of dichlaroethylend 

Ethene 	 Daughter product of vinyl chloride 

Ethane 	 Daughter product of ethene 

Methane 	 Ultimate reducBve daughter product 

Chionde 	 Daughter product of organic chlorfria 

Cartxjn dloxids 	 Ultiniate oxidative daughter product 

Alkalinity 	 Results from Interaction of ca'rbon 

dioxide with aqulter mmBrais 


Microcosm Construction 

During conslnjcliyti ul the iniciocosms, manipulations ^ 
should take place in an anaerobic glovebox. These 
glovelDoxes exclude oxygen and provide an environ­
ment in which the integrity of the core material may be 
nnaintained, since many strict anaerobic bacteria are sen­
sithra to oxygen. Stringent aae i^ precautions ore not 
necessary for microcosm construction: maintaining the 
anaerobic conditions of the-aquifer material and solu­
tions added to the microcosm bottles is more important. 

The microcosms should have approximatfily the same 
ratio of solids to water as the in situ aquifer material, with 
minimal or negligible headspace. Most bacteria in the 
subsurface are attached to the aquifer solids. If a micro­
cosm has too much water and the contaminant is pri­
marOy in the dissolved phase, the bacteria must 
consume or transform a great deal more contaminant to 
produce tha same relative change in the contaminant 
concentration. As aresult,tl le Kinetics of removal at field 
scale will t)Q underestimated in the microccsnrvs. 

A minimtim of three replicate microcosms for both living 
and control treatn^nts should be constructed for each 
sampling event. Microcosms aacriflced at each aam­
pling Interval are preferable to microcosms that are re­
petitively sampled. The compounds of regulatory interest 
should be added at concentrations representative of the 
higher concentrations found in the geocfiernit^l rtjyion 
of the plume being evaluated, and ehould be added as 
concentrated aqueous solutions. If an aqueous solution 
is not feasible, dioxane or acetonitriie may be used as 
solvents. Carriers that can be metabolized anaarobically 
s h o u l d be a v o i d e d , pa r t i cu la i l y a l coho l s . If p o s s i b l e , 
g r o u n d w a t e r f r o m t h e s i ta s h o u l d be u s e d to p r e p a r e 

d o s i n g s o l u t i o n s a n d t o r e s t o r e w a t e r loot f r o m the c o r e 
barrel during sample collection. 

A l t h o u g h n o m e t h o d is p e r f e c t , au toc ls iv ing is the pre^ 
lerred sterilization method for long-term microcosm 
studies, and mercuric chloride is excellent for short-term 
studies (weeKs or months). Mercuric chloride complexes 
to days, however, and control may bo loct ae it is oorbed 
over tima. Sodium azide is effective in repressing meta­
bolism of bacteria that have cytochromes but is not 
effective on strict anaerobes. 

The microcosms should be incubated in the dari( at the 
ambient temperature of the aquifer. Preferably, the mi­
crocosms should be Inverted In an anaerobic glovebox 
as thoy incubate; anaerobic jare ar^ aleo available that 
maintain an oxygen-free environment. Dry redox indica­
tor strips can be placed in the Jars to ensure that anoxic 
conditions are maintained. If no anaerobic storage is 
ttvullttble, the inverted tnlciocosms can be immersed in 
approximately 2 inches of water during Incubation. Tef­
lon-lined butyl rubber septa are excellent for excluding 
oxygen and should be used if the microcosms must be 
stored outside an anaerobic environment 

The studies should last from 12 to 18 months. The 
residence time ot a plume may be several years to tens 
of yeara at field scale. Ratoa ol tranoformation that aro 
slow in terms of laboratoiy experimentation may have a 
considerable environmental significance, and a micro­
cosm study lasting only a few weetcs to months may not 
have the resolutioii lo delect Hiluw ctiangas that are of 
environmental significance. Additionally, microcosm 
studies often distinguish a pattern of sequential biode­
gradation of the contaminants of interest and tiieir 
daughter products. 

M ic rocosm In terpre ta t ion 

AS a practical matter, t>atch microcosms witii an optimul 
soTids/water ratio that are sampled every 2 months In 
triplicate for up to 18 months, can resolve biodegrada­
tion from abiotic losses with a detection limit of 0.001 to 
0.0005 per day. Rates determined from replicated batch 
rrdCTocosins are found to more accurately duplicate fleld 
rates of natural attenuation than column studies. Many 
plumes show significant attenuation of contamination at 
fleld-caltorated rates tiiat are slower than the detection 
limit of microcosms constmcted with that aquifer mate­
rial. Altfiough rate constants for modeling purposes are 
.more a p p r o p r i a t e l y a c q u i r e d f r o m f i f i l r i -scata Rtudlas, 
agreement between rates In the field and rates in tine 
laboratory is reassuring. 

The rates measured in the microcosm study may be 
faster than the estimated field rate. This may not t)e due 
to an error in tne iat>oratory study, pani.cuiariy if estima­
tion of the field-scale rate of attenuation did not account 
for regions of preferential flow in the aquifer. Tha regions 
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of preferential flow may be detemiined using acdown-hole 
flow meter or a geoprot>e method for determining hydraulic 
conductivity in 1- to 2-foot sections of the aquifer. 

Gtatistical comparisons can determine whether remov­
als ol oontaminants of cnnrfirn in the living treatments 
are significantly different from zero or significantly differ­
ent from any sorption that is occurring. Comparisons are 
made on the first-order rate of removal, that Is, the slope 
of a linear regreeelon of tha natural logarithm ol the 
concentration remaining against time of incubation for 
botii the living and control microcosm. These slopes 
(removal rates) are compared to determine whether 
tliey are diflereiit and, if so, the extent of the difference 
tiiat can be detected at a given level of confidence 

The Tibbetts Road Case Study 
The Tibbetts Road Superfund site In Bari'ngton, New 
Hampshire, a former private home, was used to store 
drums of various chemicals from 1944 to 1984. The 
primary ground-water contaminants In the overburtfen 
and bedrock aquifers were TCE and ben7ene, with re­
spective concentrations of 7,800 ng/L and 1,100 ;ig/L. 

nguim 1. TRE eencentnitlons In the mbet ts Raid mterofiosm
study,

POE 

High concentrations of arsenic, chromium, nickel, and 
lead wore also found. 

Material collected at the slta was used to construct a 
microcosm etudy evaluating the removal of benzene, 
toluene, and TCE. This material was acquired from the 
waste pile near the origin of Segment A (Rgure 1). the 
most contaminateci source at tfie site. Microcosms were 
iiicubaied for 9 iTtunthii. Tlia aquifer material was added 
to 20-milliliter headspace vials; dosed with 1 milliliter of 
spilting solution; capped with a Teflon-lined, gray butyl 
aibber septa; and sealed with an aluminum crimp cap. 
Controls were prepared by autoclaving the material 
used to construct the microcosms overnight. Initial con­
centrations for ben/ene. toluene, and TCE were 380 
ug/t, 450 ng/L, and 330 ^g/L, respectively. The micro­
cosms were thoroughly mixed by vortexing, then stored 
inverted in tiie dari< at the ambient temperature ol io*C. 

The results (Figures 2 through 4 and Table 3) show that 
significant biodegradation of both petroleum aromatic 
hydrooarbona and the chlorinated solvent had occurred. 
Significant removal in the control miciocosms also occuned 
for ail compounds. The data exhibited more variability 

TMIB ^/Vbtta) 

 Rgure 2. Benzene concentrations In the Tbi^etu Road micro­
 cosm study. . 

Figure 3. Toluene concentrations In tha Tibbetts Fload micro- Figure 4. location of waste piles ant) flow path sagmants at 
cosm study. ihe TIPtjens Road superfund site. 
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Tibl9 3. Coneonlratlons of TCF., Ranrcina. and ToluAnii In tha Tibbetts Road MIcroRAisims 

Compound 

TCE 

Mean ± stanoard deviation 

Banzena 

f«laeû  1 standard deviatien 

Toluane 

Mean ± stantJard deviation 

Time Z*fo THYIO Zaro 
Microcosms Controls 

328 337 

261 394 

309 367 

in«±34.s 

366 396 

280 462 

.340" 4,^3 


329 J. 44.1 430 ±33,1 


" 443 460 
342 SS7 
41t S02 

399 ± SI .6 506 ±49.6 

in the living microcosms than in ths control treatment, a 
pattem that has heen obfservad in othar microcosm 
Studies. The removals obsen/ed in the controls are prob­
ably due to sorption; however, this study exhibited more 
sorption than typically seen. 

The rate constants determined from the microcosm 
study forthe three compounds are shown in Table 4, The 
appiopnate rate constant to be used in a model or a risk 
aeeossmont would be tho first-order removal in the living 
treatment minus the first-order removal in the control. In 
other words, the removal that is in excess of tha removal 
in the controls. 

The first-order removal 'm the living and control micro­
cosms was estimated as the linear regressbn of the 
natural logarithm of concentration remaining in each 
microoosm In each treatment against time of Incubation. 
Student's t distribution with n -2 degrees of freedom was 
used to estimate the 95 percent confidence Interval The 
standard enor of the difference of the rates of removal 
In living and control microcosms was estimated as the 

woAk^n Wsalc 23 WMIC 43 yfjcaki7. 
Microcosms Controls Microcosms controls 

1 180 2 363 
12.5 116 2 64.S 
8.46 99.9 2 42.3 

7.32 a: 5.83 132 £42.4 2.0 I 0.0 44.4 ± 9.V!/ 

201 . 236 • 11.1 148 
276 180 20.5 105 
ZZ.8 152 11.6 133 

167 ±130 180 ± 4S.8 14;* ± 6.ao 130^21.9 

228 254 2 136 

804 185 2.5 92 
19.9 157 10.6 115 

184 + 147 1R9 + 499 7.03 t 8.29 114 ±22.0 

square root of the aum of tho squares of the ctandard 
errors of the Tivino and control microcosms, with n - 4 
degrees of freedom (16). 

Table Z presents the concentrations of organic oom­
poiinds and thfiir metabolic products in monitoring wells 
used to define line segments in the aquifer for estimation 
of field-scale rate constants. Wells in this aquifer 
showed little accumulation of rrans^DCE, 1,1-DCE, vinyl 
chloride, or ethene. although removals of TCE and cis-
DCE were extensive. This can be explained by the 
obsen/ation that "iron-reducing bacteria can rapidly oxi­
dize vinyl chloride to carbon dioxide (4). i-iiterat3le iron 
accumulated In ground water in this aquifer. 

The extent of attenuation from well to well (Table 5) and 
the travel time between welis in a segment (Figure 4) 
were used to calculate liist-order rate constants for each 
segment (Table 8). Travel time between monitoring wells 
was calculated from site-specific estimates of hydraulic 
conducfivily and from the hydraulic gradient. In the area 
sampled for the microcosm study, the estimated Darcy 

Itable 4. Ftrstorder Rate Constants for Rsnfoval of-TCCI, Benzene, and Toluene In the Tibintts fload Microcosms 

Parameter,' 

TCE 
98% conCderKe Interval 
MWmum rata slgnltlcant at 95% confidence 

Banzane 
96% eonfidaoco interval 

MhimwTi mte slonlflcant at 95% confldecKS 

TWu^na 
95% confidence interval 
Minimum rate signlflcam at 95% confidence 

Uvmg 
MIcrocoanw 

6.31 
±2.50 

3.87 

t1.9S 

5.49 

±2.87 

Autoclaved 

Controls 


First-Orctor Rata ot Ramoval (pit year) 

2.62 
±0.50 

1.51 
10.44 


1.86 


± 0.45 


Removal Atjove 
Controls 

3.69 

±2.31 
1.38 

2.36 
ii1.SS 

0.S3 

3.63 
±2.54 

0.99 
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Table 6. C«ncentration of Contaminants and MiStahollc Byi i roducts in Monitoring Walls Along SeginerHS In «h<» Plume Used To 
Estimate Field-Scale Rats Constants 

Parameter Segment A 

Monitoring well 80$ 

Upgradient oO. 

TCE 200 

c/a-OCE 740 

(raru-DOE 0.41 

1. 1'DOE 0.99 

Vinyl OhIoHda «.1 

Dheno <  4 

Bentene 010 

Totuena 10,000 

©-Xylono 1.400 

m-Xylsne a.$oo 

pO<yl«ne L'l 00 

Elhylbenzena 1.300 

Methane 353 

Iron 

793 

Downgradient g/l. 

13.7 

10.9 

<;1 

t l 

* 1 

* 4 

8.3 

•<1 

8.4 

<^ 

22 

0.7 

77 

Taoie e. nrst-crder Rate Constants m Segments ot (tie 
Tibbetts Road Ptume 

Compound 

TCE 

6b-00E . 

Benxena 

Toluene 

o-Xylene 

#n-Xy(ei\e 

p-Xytana 

Elhylt>«>ttene 

Plow Path Segments In Lengttt and Time of 

Ground-Water Travel 


Segment A Segment B Segment C 

130 taat = 80 feet B 200 teet c 

6.4 years 2.4 years 10 years 

nrat-Oidw Rats 1 CciiAMttv bl S t ^ i M i K i uMi ytMt; 

0.41 

0.05 

0.82 

.»1.42 

0.79 

>i.eo 

0.64 

1.16 

0.09 0.S4 

Produced Q A  i 

0.04 * 0 . 0  2 

0.3O ><isa 

0.00 > Q i  a 

a 4  5 >0 .£9 

0.31 vO.70 

o.ee fcO.sa 

Segment 3 

70S 


UpQradlent q/L 


TIO 

220 

0.& 

< i 

• «;1 

7 

493 

3,OS0 

C40 

380 

1,100 

TSO 

8 

S2S 

Downgradiant gA. 

«T 

270 

0.3 

i .a 

•<:1 

^ 4 

420 

eoo 

71 

59 

320 

310 

3 

Segment C 

70S 

Upgradient q / l . 

710 . . 

220 

O.S 

<:1 

•«:1 

7 

493 

3.0C0 

£40 

360 

1,100 

780 

8 

SSS 

Downgradient o/l­

3.1 

2.9 

< 1 

<^ 

< l 

<:4 

« 1 

•<1 

- :1 

< 1 

•«1 

< 1 

< 2 

27,000 

f low was 2.0 feet per year. Wi th an est imated porosity in 

this particular giacinl till of n . 1 , this oonresponds to a 

plume velocity of 20 feet per year. 

Summary* 

Table 7 corrpares the first-order rate constants estimated 
from the microcosm studies with the nate constants esti­
mated at field scale. The agreement between the inde­
pendent estimates of rate la good, indicating that the rates 
can appropriately be used in arisk assessment. Tha rates 
of biodegradation documented in the microcosm study 
could .easily account for the disappearance of TCE, 
tricWoroethylene, benzene, and toluene observed at Ueld 
ecale. The i^ee eetlmatod from tiio mlorooccm etudy arc 
several-fold higher than the rates estinnated at field scale, 
which may naflect an underestimation of the tnje rate in 
the field. The estimates of plume velocity assumed that 
the aquifer was lioniyyeneous. No attempt was made in 
this study to correct the estimate of plume velocity for 

Table 7. Comparison of First-Order Rate Constants in a Microcosm Study and in tlie Field at tlia Tibbetts Road NPL Site 

Microcosms Corraoted (or Controls Field Scale 
Paramater 

Average Rate 
Minimum Rate Significant 

at 95% conrKtence 
Segment 

A 
Segment 

B 
Segment 

c 
Mrst-order Rate c 

TrIcWoroetttytene 3.69 1.38 0.41 059 0.54 

Benzene 2J8 053 0.82 0.04 >0.62 

Toluene • 3.63 0.99 >1.42 0.36 >0.83 

27 
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the influtjnce uf ^Jreferential flow paths. Preferential fiow 
paths with a higher hydraulic conductivity than average 
would result in a faster velocity of the plume, thus a lov\/er 
residence time and faster rate of removal at field scale. 
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