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FOREWORD 

EPA ~s charged by Congress to protect the Na~ion's land, 
air and water systems. Under a mandate of national environmental 
laws focused on air and water quality, solid .. aste management and 
the control of toxic substances, pesticides, noise and radiation, 
the Agency strives to formulate and implement actions which l~ad 
to a compatible balance between hum~n activities and the ability 
of natural systems to support ~nd nurture life. 

The Roberts. Kerr Environmental Research Laboratory is the 
Agency's center of expertise for investigation of the soil and 
subsurface environment. Personnel at the Laboratory are respon
sible for management of re~earc!l programs to: (a) determine the 
fate, transport and transformation rates of pollutants in the 
soil, the unsaturated and the saturated zones of the subsurface 
environment; (b) define the processes to be used in characteri
zing the soil and subsurface environment as a re~eptor uf pol
lutants; (c) develop ter.hniques for predicting the effect of 
pollutants en ground water, soil, and indigenous organisms; and 
(d) define and demonstrate the applicability and limitations of 
u ;in<) natural processes, indigenous to the soil ai1d subsurface 
environment, for the protection of this resource. 

Tnis ~cport presents a systematic approach for the design 
of in situ bi0remediation of hydrocarbon contamination in ground 
water from the determination of the total quantity of hydro
carbons in the aquifer to the utilization of that information in 
an actual fielct bioremediation demonstration. 

Clinton W. Hall 
Directo:: 
Roberts. Kerr Environmental 

Research Laboratory 
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I~ TRCOI) CT i ON 

This report presents a systematic approach for the design of 1n situ 

biorerne.:Jiation of hydrocarbon contamination in ground water frcm the 

determination of the total quantity of hydrocarbons in the aquifer to the 

utilization of that information •nan actu3l field bioremEdiation dem0n

stntirm. 

Biorer,ediation of ground water contaminated with hydrocarbons such 

as gasoline is an en-site treatment technology that is both potentially 

technically fedsible and more cost-effective than "pump and treat" 

technclog1es which involve pumping of conta~inated ground water to the 

surface and removal of the conta~inant by air-stripping or carbon adsorp

tion. In situ bioremediation us~ally consists of modifying the environ

~ent of an aquifer by the addition of 0xygen and other inorganic nutrients 

1n order to enhance t~e activity 0f native microbial populations in 

degrading contaminants. ~ioremediation is especially promising with 

hydrocarbons which are potentially biJd~gradable by native subsurface 

bacteria under the right environmental conditions to harmless by1,roducts. 

Successful b1oremediation 1s dependent upon a number of factors, 

,~cluding the hydrogeology at the site and the availability of cr1tic~l 

nutrients in the aquifer. The primary limiting fac~0r with hydrocarbon~ 

i~ t~e availabilt) of oxyge~. If sufficient oxygen is not p1esent 

naturally, then oxygen must be provided by circulating oxygenated water 

through the contamndted area until degradation is complete. 

The primary factor which determines how much oxygen and nutrients 

mwst be suppl 1ed to a hydl'Ocarbon leak and how long remediation will take 

is the quantity of the hydrocarbon at the sit~. Normally, the amount of 

th~ le•k 1s not ~row~ and av31la~le methods to determine the amount of 



contaminant at the sit~ and it's location are not acceptable. 

Almost al I techn ques that have been applied for the analysis of 

oily contan11:,ants in aquifers emphasize the compounds of regulatory 

interest, and f2w a-e appropriate for both solids and water. All too 

frequently, the 0r·ly inforination a'lailable from a leak site is the 

concentration of selected organic contaminants in water from wells. 

Such informat10:1 1s inadequate for determining the total quantity of 

hydrocJrbons 11 the aquifer. Therefore, it is 1mposs1ble to dete•~1ne 

how much oxyg-!n and nutrients must ~e del•vered to the aquifer to support 

suffic1en: m·crobial activity tc d~gr~de all of the contaminant to harm

less byprodL-::s. 

This r·!port explains wh~, tne total quantity of hydrocarbo,1s ,nan 

aquifer car only be determtne1 by collecting cores. A procedure to 

acquire co,·es frcm a cor.t;,m,n 1ted aquifer is dt:scribed. Before the 

procEdure was develoofd, it was very d1ff1cult to recover good-auality 

cores of ~nconsol1dated •andy material fro~ below the water table. The 

report also describes two oroc2dures to determine how much contamination 

the cores contLJin. Results of the two procedures are in good agreement, 

even t~ough they arc based on different principles. 

The two techniques were developed and evaluated by scientists at 

th~ Rrbert S. Kerr Environmental Research Labor~tory ~s part of a 

large biore~ediat1on research program. An oil-and-grease method was 

adapted tc estimate total hydrocarbons in core samples. A second method 

w;is adapted "rom tec'iniq,1es for the analysis of fuels that de~erm1nes the 

total c~ntent of hydrocartons as well as the s~ec1fic content of indivi

dual co~µounds of interest. 
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Bas1c~lly, the oil-and-grease method uses infrared spectroscopy 

to measure the absorbance of carbon-hydrogen chemical bonds. Quant1tat1on 

1s sensitive to the type of hydrocarbon but 1s relatively insens1t1ve to 

the particular organic constituents of the fuel. ln the fuel carbon 

techn 1 q,.e the hydrocarbons are extracted rnto methylene chloride, 

then separated and quantified by gas chromatography. Representative 

peaks are selected, and the quantity of total hydrocarbons 1s calculdted 

by comoaring the area of the representative peaks in a standard sample 

of the fuel to the area of the same peaks 1n the extract. The method 

works well if the standard i~ representative of the material being analyzed. 

!f the propff cal1brat1ons are done, the cor,centrations of compo1Jnds of 

regulatory interest, such as the alkylbenzenes, can be determined 1n 

the sa~e aralyt1cal run. The techniques for core analysis and their 

perfornance 1s discussed 1n Section III of this report. 

Tne procedures described 1n the report were field-tested 1n designing 

a demonstration of the b1oremediat1on of an av1at1on gasoline leak. 

The perfcrma~ce of the demonstration was consistent with the expected 

perform?nce bJsed on the prel1m1nary site characterization us:ng the 

described procedLJres. 
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SECTICN I. � SITE CHARACTERIZATION FCR IN SITU BIOREMEDIATIO~ OF 

HYDROCARBON ~EAKS FROM UNDERGROUNn STORAGE TANKS 

Undergrc~nd storage t3nks have been installed ,n almost every possible 

geolcg,cal lithology; however, many of the known leaks from underground 

storage tdnks occur in unconsolidated material. 

There are severdl reasons for this. Many of our inland cities are 

built on floodplains or river terraces because they are flat and near 

water. ~~jor portions of our coastal c1t1es are built on Qld beaches or 

glacial OLltwash. Because these materials are transmissive, releas?s from 

underground storage tanks drain readily into the water table. Ground-water 

flow in these areas 1s usually rapid, and plumes of contam1nat1on can 

spread ever wide areas 1n a short period of time. Unconfi~ed aquifers 

1n sandy unconsolidated materials are commonly used for domestic water 

supply. When there 1s a high den;,ty of wells, dete~t1ng a release is 

much ~ore l1fely. 

The patterr of contamination from a leak 1s complex (Figure 1). 

As the release drains through the unsaturat~d zone, a portion 1s left 

behind trapped by cao1llary forces. If the released material is volatile, 

a plume of ~apors soon forms in the s0il a,p 1n the vadose zone. If the 

release 15 a light hydrocarbon, 1t will drain down to the water table, 

and then spread laterally. Gro~nd water moving through the aquifer comes 

1n contact with the release, and leaches out the more water-soluble 

components. As a result there are three d1st1nct regions or "plumes" 

formed at the leak site: a plLl~e of volatile fumes in the soil air, a 

ground-water plume, and the region primarily 1n the unsaturated zone 

tnat co~ta1~5 the 01ly-phuse ma~rr1al which serves as a source area for 

both p1~me~. 
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In practice the source area 1s usually the object of remtdi~l a~t1v1

t1es. 7here 1s l1ttl2 point 1n treating the ground w~ter or vapors 1f 

the so~rce area 1s left to spre~d more contam1na:1on. Therefore, t~e 

first step 1s to remove any leaking tanks, tr1nsm1ss1on pi~es, ar·d the 

most v1s1bly contaminated fill-material around the tank. Although necessary, 

sue~ practices usually do not remove all of the source. The material 

trap~ed 1n the earth solids beneath Lhe tJ~k will remain dnd will ~erve 

as a continuous source of leachir.g contaminants for many years. 

To 1ntell1gently remed1ate such a site using in s1tJ b1oremed1at1on 

requires a detailed understanding of the three-d1m(ns1onal d1str1bution 

of the source area in the subsurface ard good 1nformat1on on the quantity 

of contaminant 1n the source area. 

Unless we know hew much contaminant has escaped into the subsurface, 

and where 1t 1s located, there 1s no sensible way to locate 1nject1on and 

extraction wells, or to optimize pumping rates and concentration~ of any 

amendments. Further, ther~ 1s no way to detenn1ne how much time a rem~dial 

action will take, or how much it will cost. 

Conventional monitoring wells can accurately define the geometry cf 

the ground-water plume, b~t often they cannot d1stingu1sh the s0urce area 

from the rest of the plume. In fresh spills, d1fflrential sorpt1on 0f 

1ndiv1dual components of the plump to the aquifer solids car, result 1r 

chromatographic separation of the components and alter the ratio of their 

concentrations 1n water from well~ distant from the source area. However, in 

clc~r soills, whose plumes have come to sorptive equ1libr1um with the aquifer, 

the concentration of contaminants dissolved in the ground water is similar 

1n the source area and in the plume, although the total amount of contaminant 

in the source arcJ 1s much greater. 
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For exilffii:,le, Section IV or this report demonstrates hoi. i..omparisons 

of ground water analyses vs. core analyses at an aviation gasoline spill 

site 1n Michigan showed thJt the ground w~ter analyses underestimated the 

amount of toluene in the aquifer significantly. Further analysis showed 

that the core contained petroleum hydrocarbons that sorbed most nf the 

tuluene. If the data from the monitoring well hod been used to design a 

remedy, the effort and expense required to restore the aquifer would have 

been underestimated by a factor of six. 

Obvio~sly, the d1str1but1on of the source area and the extent rf 

contamination can only be characterized by collecting and analyzing 

cores, because they sample the entire aquifer, not just the ground water. 

Very precise information is needed on the vertical extent of contamination, 

particularly for 1n situ b1orestorat1on, The injected waters are \ery 

expensive, and water injected into a clean part of the aquifer 1s wasted 

(Figure 2). If injected water moves undernedth the conta~1naterl interval 

and breaks through 1n a monitoring well, 1t can also give the false 

1m?ress1on that the region of aquifer between the two wells 1s clean. 

Accurate techniques for dnalyzing cores to determine the total 

quantity of petroleum hydrocar~ons 1n the aquifer and the concentration 

of 1nd1v1dual r.~npound~ of regulatory concern are necessary not only for 

est1mat1ng the ultimate demand for oxyg~n, ~ut also for docu~enting at 

the end of the remerl 1 at10~ that the clean-up 1s complete. 

7 �
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SECT!CN I;. PRCCEDURE FOR ACQUirl!N~_CCRE 5A~PLES 

PROR~EMS ~!TH UNCCnSOLIDATED SEDl~ENTS 

Trad1t1onally, unccns0l1dat~d soils or sediments are sampled through 

a hollow-stem auger with a split-spoon core barrel or a conventional th1n

wal lt,d sample tube (Figure 3). The hollow-stem auger acts as a tempora:-y 

casing to keep the borehole open until a s~~ple can be acquired, A borehole 

1s dr1 l lcd down to the depth to be samplec. Then the core barrel 1s inserted 

through th2 a~nular opening 1n the auger and driven or pushed while rotating 

t~~ auger into the earth to collect the sa~pl~. These tools work extreme!y 

well 1n both unsaturated and satur~ted cohe,1ve materials. Unfortun3tely, 

they work poorly ,n nc~cohes,ve aau1fer material~, suLh as unconsolidated 

sands. 

There are two techn1c~l challenges to sampling noncohes1ve material 

belcw the water table. The first challenge 1s to keep aquifer material out 

of the annular area of the hollow stem auger. During augering, the annular 

area oF the holle~-stem auger 1s plugged with a solid drill head that pushes 

the ~.pJ out onto the au~er flights. Tc sample, the drill head 1s removed 

a,,J repl.1ced with a core barrel. when the cnll head 1s pulled out of the 

auger 111 consolidated sands, pressure on the aquifer sediment 1s r~duced, and 

wacer and Fluid1z·~d sand rush into the annular area of the a,,\Jer. This 

1nconven1ent pheno•2non 1s commonly referred to as "heaving." The core barrel 

~ust push through (and sample) this heaved material 1ns1de the auger before 

•t reac~e; the undisturbed sediment underneath. when the core 1s recoiered, 

1t 1s usJally ,~possible to determine h~w much of the core 1s the fluidized 

material and how much 1s an a~thent,c sample of the aquifer. Occasionally 

t~e amount oF sed1me~t 1r the aJger •s su great that the core barrel cannot 

be pushed, and no SdTple can be acquired. 

9 
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F:gur: 3. Hollow-stem auger containing a pilot assembly. 
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The second challenge is to keep the sample 1n the core barrel while 

it 1s being retrieved to the syrface. ~hen the sa~pling tool 1s pulled 

out of the aquifer, the pressure holding the sa~ple 1n the tool is reduced. 

Noncches1ve sediment will often flu1d1ze and dribble out of conventional 

core barrels. 

SP~CIAc PISTO~ SAMPLING 

Conventional practice to keep sediments out of the hollow-stem of an 

duger 1s to fill the nollow annular column with drillinr mud. As the borehole 

,~ Jjv~nced, the weight of the mud stabil1zts the hydraulic pressure of the 

aquifer. The use of drilling mid 1s not acceptable in g€l'chem1cal assess

ments oetause fluids or chemicals introduced into the borehol~ can drain 

into the aquifer and alter the geochemistry of the pore water or contaminate 

the sa:nple with foreign microorganisms. Such compromised samples cannot be 

used to assess prospects for bioremediation, and there 1s a strong possibility 

of microbial alteration of the sample during s~ipment or storage. 

The staff of RSKERc h1ve developed and tested new tools and protocols 

that consistently provide sa~ples of the quality needed to characterize 

soil ls from underground storage tar.ks (Leach et al., 1988). The tools and 

protocols are mod•f1cat1ons of techniques pioneered by others, principally 

researchers at the Institute for Ground Water Research, University of Waterloo, 

Ontario, Canad,! (Zapico et al., 1987). 

Instead of drilling mud, t~e RSKERL protocol protects thf annular open

1~9 of the auger with 1 h1rigi><l cap (ce,monly call.,c. a clam-shell) that folds 

dcwn and covers the open face of the auger (Figure 4). When the auger has 

be~n advance<! to the desired depth, the sampling tool 1s inserted into the 

hollow a~ger supported by the attached drill rod, until 1t makes contact 

wit~ the clJm-shell. ~s the sa~pler 1s lowered, a wireline cable attached to 

11 
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Figure 4, Cl am-Shel 1 Fl tted Au~er~ Head 
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a'l 1 1,~e:-nal p1stor. ,n the saTplrng lool is kept slack so the piston will 

r::mJ,n ,n iL, starting p0s1t1cn. The augers are then lifted vertically with 

d ,eparate w1rel1nt abcut 25 cm to open tt,e clam-shell doors, allowing the 

sampler to fall into ccnt1:t with the ~ed1ment to be sampled before heaving 

can occur. Tile c'!.!";C•:'. are held in place with an auger fork to keep them from 

slipping back down the borehole and bind1:09 the sampler. 

It 1s not presently possible to c,ose the ,:~~-shell doors once they 

have ~een ope~ed in the subs~rface; therefore, 1f detµ~r samples are 

desired, the entire flight of au~ers is carefully removed f,::n the 

borehole. If the augers are rotate< after the clam-shell is opened, 

the device will be destroyed. After retrievll, the augers and the clam-shell 

are thoroughly cleaned before reuse. The borehole can be backfilled to the 

surface wit~ cuttings or cle3n sand and then redrilled to the next desired 

sampling depth. In some situations it is better to move the drilling rig a 

few feet and start a new borehole. This process is slower than conventional 

sampling, however, it is necessary to remove the augers 1n order to ci~an 

all heave material fro:n the interior of the augers, prc,perly close the clam

,hell doors, and back•ill the borehole. If the borehole 1s not backfilled, 

ar.d a deeper sample 1s attempted in the same borehole, the clam-shell will 

open prematurely during auger1ng and be destroyed. 

Zao1co et al. (1987) rec2ntly described a sa~pling device that effectively 

retains unconsolidated sands inside a cannister fitted inside a core barrel. 

A sliding piston inside ~he cannister maintains an air-tight seal on the 

core, Vacuum and friction keep the core in place. This device was modified 

to ~ect the special requirements of the qsKERL protocol (Figure 5). 

lhe piston contains a series of neoprene seals which are mechanically 

compressed, crcJt1ng a po5itive seal of the piston inside a standard thin 

13 �



Up;:,cr. Drive 
l'ead wich Left 
Th::,,actcc' PJ.n 

Ha:c!cncd �
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Figure 5. � Waterloo Aq~ifer Pistor. Core 8drrel-Schc~atic 
(Zapico, 1937). 
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walled core harrel (Figu,e 6). The wireline attached pistcn is positioned 

at the er.r of the core barrel that wi1i be 1n contact with the sediment. 

The w1reline 1s pulled taut after the piston equipped core barrel has been 

lowered to the bottom of the borehole. The cable holds the internal pistor. 

stationary while the core barrel is driven into the sediment, creating a 

vac~um on the sample. 

The core barrel is driven by reciprocal per..:ussion. A trip ha,r.11er 

moun~ed on the drill rig strikes a heavy steel rod that extends from the top 

of the core barrel to the ,urface. This rod 1~ installed in sections ,s the 

Jugers are drilled into the subsurface. Driving by percussion is preferable 

to push1nJ the core barrel with a hydraulic ram. Percussion uses the inertia 

of the sample to forte it into the core barrel while a hydraulic ram forces 

the sample into the tube against its natural mechanical resistance. A core 

barrel driven by a ram tends to push unconsol;dated materials out of the way 

instead of into the barrel. 

The conventional tool for retaining cores in a barrel is a core retainer 

basket. This device consists of a series of flexible steel tabs that fold 

flat ~ga1r.st the core barrel while the bar•·el accepts the sample, then fold 

out and int~rcert the core if it starts to slip out durir,g retrieval. 

01,rinr, field evaluation on the difficult, unconsolidated, sanrly matenal 

at Traver~P City fSECTIO~ IV), the piston core barrel worked very well, but 

o~lJ ~hen J core retainer basket wa~ used. The piston core sampler without a 

core ret~iner basket often lest h~lf or more cf the sample before it could be 

recovered. A conventional core 0arrel with a core retainer basket recovered 

no sample at all. The combinat.cn of the two consistently recovered more tha~ 

95~ of the cored rnternl (I? b<;rchole~, fl'O,·<' tliail 50 C:)res). 
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If the piston moves while the sample 1s being recovered, there 1s a 

s1yn1f1can~ chan~e of ~ull1ng air or water through the sample and spo1l1ng 

1t. A11 5JJ11ples are retr'l'!,ed using the cen::er rod; no tension 1s placed on 

the w1rel1ne to the )lstcn during retrieval. 

After the piston core barrel 1s brought to the surface, the en~ of the 

sa~pler 1s quickly covered with a plastic bag and tightly sealed to m1n1m1ze 

aeration of the exposed core. The sampler 1s then quickly disassembled by 

removing the drive cap and manually pulling the piston free from the top of 

the saraple tube. ihen one enc of the core barrel 1s connected to a hydraulic 

ram r,ounted on the rig, and the core 1s extruded. Tne cores are collected in 

w1ie-mouth canning jars. If possible, each jar ,s entirely filled with 

5arnple. The seal on the lid of the canning jar effectively excludes oxygen 

and prevents loss Jf volatiles. 

FIELD GLOVE BOX SA~PLING 

If the cores are to be used for treatab1lity stud:es to evaluate the 

prospects for b1oremed1at1on, the)' m:ist be protected from contamrnat1on 

by foreign m1croorgan1sms. If naturctlly-occurrrng m1crob1al processes 

are to be evaluated, they must Jlso be protected from the atmosphere because 

many anaerobic m1croorgan1sms are killed by oxygen. 

To protect from fore19n m1croorgan1sms, a core 1s collected by extruding 

a small portion of the core, breaking off a small section to reveal an 

uncontaminated face, then installing a sterile paring device onto the end of 

the sample tube. This tool peels away the outer contaminated wall of the 

core ~s the material 1s extruded {Figure 7). 

To protect the sample from the atmcspr.~re, the sample 1s extruded 1ns1de 

a n1trugen-f1lled glove box (Figure 8). lhe core barrel 1s introduced 

into the glove box through an 1r1s port that makes a tight seal around 
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Figure 8. Field Sampling Glove Box. 
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-----

the barrel. The dimensions of the box are 60 X 90 X 120 cm. The box is 

flushed with 1200 liters of nitrogen over a thirty minute period, Quality 

as~urancc tests were conducted by analyzing a series of 1.0 ml samples of 

the ~as vented from the box w1th a Varian Model 90-P gas chromatograph 

equrnped with a ther,nal conductivity detector. The concentration of 

oxygen fell below 0.02%. 

The glove box is prepared for samp 1e collection by filling ,t with the 

desired number of sterile canning jars and sterile paring devices, sealing 

the box, and then purging it with nitrogen gas. To prevent oxygen 

contam1nat1on when the jars are opened to receive lhe core 11• the field 

glove box, the ,jars ai·i: filled with nitrogen before they are b,o~ght to 

the field. They are passed ,nto a laboratory anaerobic glove box, 

opened, then sealed air-tight. A slight positive pressure of nitrogen is 

ma1nta1ned in the box during extrusion and collection of the cores. 
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SECTION Ill PROCEDURES ro DETERMINE THE CONCENTRATION OF CONTAMIN~NTS 

OIL AND GREAS~ METHOD 

EXTRACTION OF ANALYTICAL SAMPLE FROM A CGRE FOR OIL-ANO-GREASE ANALYSIS 

Cores are stored in glass jars with 3n inner diameter that 1s very 

close to the dlillneter of the core. The depth of sediment 1n the jur 1s very 

s1m1llr to tne le,gth of core 1t conta, · In the laboratory, subsamples 

for analysis ar~ taken frJm the sample jar with a paste sampler (American 

5c12nt1f1c Products, McGaw Park, I1l1no1s) mod1f1ed with a teflo~ gasket 

to prevent sample loss (Figure 9). The paste sampler ta~es ~ cumpos1te 

of all the material from the top to the bottom of the jar, and 1s 

representative of the depth interval 1n the aquifer from which the core 

was extracted. Depending on the depth interval saw.pied, tne subsam~les 

weigh from 5 to 12 grams. 

t<.1ch Sui.>Scmple 1s extruded into a tared 50-ml culture tube with a 

teflon-l1ned screw cap. Freon-113 1s used to extract ~he petroleum 

hydrocarbons. Because 1t has no carbon - hydroyen bonds, 1t 1s trans

parent at the wavelengths of infra-red light used for spectroscopic 

analysis of the petroleum hydrocarbon~. Freon-113 1s added to cover the 

sample. Anhydrous magnesium sulfate (a~ amourt equal to the weight of 

the subsam~le) 1s ad~ed to bind any free water. Heat 1s given off wh~n 

water combines with anhydrous magnesium sulfate. S0T.et1mes there 1s 

enough heat to boil the Freon-113 which may cause loss of some volatile 

organics. After m1~1ng, the culture tube 1s completely filled with 

Freon-113 and the cap 1s screwed on tightly. After ten to t~enty tubes 

have been prepared, they are secured 1n a rolling mill and tumbled slowly 

end over end for 1( to 24 hours. The t11mbl 1ng act ion of the tube provides 

the ag1tat1on necessary to eff1c1ently Prtract hydrocarbon~ from the sediment. 

20 �
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Then the ~ample~ are centr1fu3ed at 2,000 rpm for 10 to 15 minutes. 

The volume of the Freon-113 extra~t 1 s mea~ured in a graduated cylinder, 

to allow calculation of the quantity of pet~oltum hydrocarbon~ in the 

subsa~ple from the concentration of fuel hydrocarbons in the extract, as 

dete~mined by infrared spectroscopy. If the extract cannci be analyzed 

immediately, it 1s stored in a via1 in a refrigerator. 

INFRARED SPECTROSCOPY (i~) 

A portion of the extract is transferred into a 10 rm, calcium fluoride 

IR cell. The sample ce11 and a refer<?nce cell containing Freon-113 are 

placed ints the appropriate cell holders of an IR Spectrophotorieter (Perkin 

Elmer ~ocel 521). The instrJrnent is scanned from 3200 cm-1 to 2600 cm-1 

wavenumber (see Figure 10). The spectrum for aviation gasoline has one 

strong absorption peak at 2955 cm-1, while that for JP-4 jet fuel has two 

strong peaks at 2955 and 2925 cm- 1 
1 • The absorption peaks at 2955 and 2925 

crn- 1 correspond to C-H stretching vibratio~s in -CH 3 and -CH2 ~esoectively. 

The one absorption peak at 2955 c~-1 is indicative of aviation gasoline 

which co11s1sts ;.;o,tly of brc~•h<?d alkanes, while the two absorption peaks 

at 2955 and 2925 cm-1 ~re characteristic of JP-4 jet fuel, which co~sists 

cf branched and straight-c·:a1ned dlkane5. 

If an extract is concentrated enou0h ta deflect beyo~ct 1.0 absorbance 

units, it is rescanned ~sing al mm calcium fluoride IR cell or diluted with 

Frec~-113 until the absorbance is below 0.6 units. 

Q~ANT I TAT IO'I 

Star,cfarus ue prepared by ad:lin9 measured aliquots of pure aviation 

gasoline or JP-4 jet fuel obtained from d r~finery to Freon-113 in a 100 

ml volumetric flask, concentrations ranging from Oto 3500 mg/L for the 
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Figure 10. Infra-Red Spectrum of Aviation Gasoline and JP-4 Jet Fuel. 
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1 mm IR c,ell. Cdl1brat1on curves for dhsorbance versus concentrat,on are 

prepared using the standards. Two sets of calibration curvPS are developed 

for JP-~ jet fuel; one for absorbance at 2955 cm-1 and the other at 2'J25 

cm-1. Sample cal1brat1on curves are shown in Figure 11. 

The fuel cnntent is calculated as follows: �

Fuel Cor.te~t = C(mg/L) x V(L) x (!COO g/kg) = �mg of extractable material 
w~ ( g) kg of wet aqu;rer materiar 

where C(rng/L) is the concentration of fuel in extract (determined
from absorbance and cal1brat1on curve), 

V ( L) is the volume of extract 1n liters, and 
~t(g) is the weight of wet \ample 1n grams. 

FUEL CARBON ANALYSIS 

EXTRACTION OF ANALYTICAL SAMPLE FROM A CO~E FOR FUEL CARBON ANALYSIS 

In the 1dbcratory, core Subsamples for dnalysis are taken from the 

S3mple jar ~,th a paste sampler ((1gure Q) modified with a teflon gasket 

to prevent sample loss. The suosample is extruded into a tared 20-ml 

headspace vial tnat c~nta1ns 5 ml of organic-free WJter. The vial 1s 

sealed with a teflon-l1ned septum tap. Tnree milliliters of pest1cide

res1due grade methylen2 chloride is injected through the septum. The 

v1~l 1s shaken on a rotary vibrator for 15 minutes, then son1cated 1n an 

ultrason1= bath for several minutes to break-up any emulsion. At least 

one mill1l1ter of the solvent phase 1s passed through a ~icro-column of 

~n.~ 1drous sodium sulfate. The eluant is collected 1n a 2 ml vial, capped, 

and stored Jt 4"C for subsequent analysi~. 
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SAS CHROMATOGRAPHY 

One m1crol1t~r nf the dried extract 1s injected 1ntc a gas chrooiatograph 

e~u1rp~d with a w1de-bort capillary column (J &WSc1ent1f1c DB-5, 15 m x 

.53 rm, ,.d., 1.5 :nm film th1ck;1css). The 1nject1on 1s done 1n a s;il,tless

mode with a solvent purge at G.7 minute~. Both the injector and the 

flame 1or1zat1on detector (FID) are kept 1 t lOO"C. The carr1~r gas 1s 

h1gh-~ur1ty hel1t.m suppl1e~ at 9 wl/ntn~te, Tne make-up gas for the FIO 

detector 1s h1gr.-purity nitrogen s :•>;• 1e'.l at 21 ml/mint.te. The GC :-ven 

1s cooled cryogen1cJlly by l1qu•d n1trcgen. The temperature program 1s 

l0°C for 3 ra1nutes, then J :,near increase cf lO"C/m1nute to 225°C, then 

22s 0 c for 2 minutes. 

:JUA!, TI TM ION 

JP-4 jet fu~l and av1at1on gasol,~e obtained frcm a refinery are 

used to prepa,·2 standards by a1d1ng measured al1quo~s of JP-4 j~t fuel or 

av1at1on gascl1ne to methylene chloride, .ll. cal1brat1on cc1rve 1s prepared 

b_v aralyzin:i the standc1rds and summing the areas o' the major peaks for 

eac~ standard concentra~1on, Sample curves are shown 1n Figures 12 and 

13. 

o~ 

Retent1Jn t1xes of the major peaks used 

sample analyzed are determined. 

for earh cal1Lrat1on sta~dard 

:OMPARlSGN OF THE METHODS 

The fuel c,1rb0n method a~d the 011 and grease method compare fa·.-orably, 

~v~n t~cug~ th~y are ~~s2a on entirely different pr1nc1ples (Powell et 

ai., 1983). r:1c fuel carbon analysis 1s prcterred at R.S. Kerr 

Laboratory because 1t also provides 1nfor~at1on on the conce~trat1on of 

a1ky 1':,e,zen2s 1n W3Ste oils. 
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SECTICN IV. FIELD DEMO~STRATION OF SAMPLING AND ANALYTICAL PROCEDURES 

IN DESIGNING A BIOREMEDIAT!ON 

In 1969, a spill of aviation gasoline from an underground storage 

tank at the U.S. Coast Guard Air Station at Traverse City, Michigan, 

contaminated a shallow, sandy, water-table aquifer. Ground water mo·11no 

through the spill produced a large plume that eventually moved off the 

base and ruined a large number of domestic water wells in a residental 

area (=igure 14). The spi 11 contained at least 25,000 gallons of aviation 

sJ;oline, which drained to the water table 16 feet below land surface, 

then spread laterally in the capillary fringe to contaminate a section of 

a~uif~r about 80 yards ir. diameter {Figure 15). 

DESIGN OF THE EXPERIMENT 

In 1988 the U.S. Coast Guard and the U.S. EPA installed a pilot 

scale study of bior~mediation in thE: area of the original spill. The 

alkylbenzenes are the object of the regulatory concern, and the bio

remedi ~t ,an wi 11 be finished when thE:ir con cent rat ion is brought below 

5 ug/liter, as spec•fied in a consent decree between the Michigan Depart

ment of Natural Resources and the U.S. Coast Guard, 

Cores were a~quired fr001 the source area to detennine the vertical 

and horizontal extent of ccntaminat1on, the concentration of total hydro

carbons 1n the contJ/Tlinated interval, and concentra~ions of 1ndiv1dual 

alkylbenzenes. The aviation gJsoline was composed primarily of branched

cha1r, alkanes. The material spilled at Traverse City was 38% 2,2,4-tri

met~ylpenta~e; 15% 2,2,5-trimethylhexane; 141 2,3-dimethylpentane; l~I 

2,4-dimethy!hexane; 71 2,3-dimethylhexane; and 51 2,4-dimethylpentan~. 

'lnly 10% of the original spi i l was alkylbenzenes. 
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1 

The gasoline was confined to a narrC'w interval oeweer l'> and 17 feet 

belo1; the land surface (Table 1). This rnterval corresponds ciosely with 

the seasGna: high and low water table at the site. 

---- ··------------------------
Table l. Vertical cistribution of contamination �

50 feet dcwn gradient from the 1njection wells �

Ce'J~h rnte~val ruel Hydrocarbor1s �
'feet' be l uw si..~~ ace) (mg/~g aquifer) �

15.l 15.5 ,11 �
15.5 lb.b 39 �
15.8 - Hi.? 23 70 �
16.2 - 16.5 8400 �
16.5 - 17.2 S2J �
; 7. 2 - 17. 5 <13 �
18.0 - 18 .3 (ij �

This information was u'.>er! to icentify the rnost-conta,r.inated flow path 
jtr.rough the spill. A ser1es of miniatur~ mon1torins wells was installed 

' along and below tfie mo,t-contamnated flow ;iath (Figt:re 15). These wells t 
were constructed of 3/8 inch stainless steel tubing connected tn a i 

'I 
stainless-steel ~:reen that was 5.0 inches lor.g. The screens were 

constructed fr()!n "t_;i1nless steel wire with a me'.,h w1dth of 0.5 ,rm. I 
\ 
I 

The wells were connected to cylindrical s5mple tr·aps w1Lh a volume of l 
! . 

j 
300 ml, During samplin;, a iacuum was aµplie1 to th~ trap~. At least l 
2.0 'iters of ·,1acrr were ,·xtracted throt•gh the l<'"!l' and trap to comp 1ete1y I 
flush them, then a v~l,e was closed be!ween Lh? weil and trap, and the 

tr3p d•ained into tne sa~ple container through a sec~nd valve. 

A set 'Jr 1nt11tratirn wElis ~as 1nstalled to perfuse the contam•nJted 

area ,fl ':h m1.-,e•a1 r,utrients, ar,d rixyge:1 or hydrogen perox rde. This water 
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ar,J 190 mg/1 it.:!r pctassiu11 phosphJte. The ten'.perature was 11-12" C, and 

the pfl near neutrality. The flow cf cht,nically-amended water was 

10 gallons/minute. Clean water from another part of the aquifer was 

1nfi ltrated at 30 gal lons/;;11nute ,n 3 ,1eeper set of wells. Th1s water 

was not amended with nutrients or oxygen, it merely served to steepen 

the hydraulic gradient and 1ncrea~e the seepage v~locity of the amended 

water through the contaminated interval. 

The seepage velocity of the injected water in tne aquifer averaged 5 to 

9 f~et per day (Table 2). Tracer tests were conducted for each monitoring 

well to determine the actual seepage velocity along the flow path to that 

particular well (see Figure 17 for typical breakthrough rlata of chloride 

as a tracer). 

Table 2. Seepage v'"loc1t_v of oxygen, all1fT1on1um 10n, phosphate, and �
chloride ~n ,non1toring wells. �

\.le l l Tracer Depth on Figure 7. Derth #2 1s ,n tr2 most �
contaminated interval. �

1 2 3 4 5-------------------------·----
---------- Apparent velocity (ft/day) ---------------

SJ31- 31 feet from 
1nf1ltrat1on wells 

Chloride (03/f,3) 5.5 5.5 8.9 �
Chloride (12/88) 8. ii 8.0 not done �
Oxygen (03/88) NBT* 4.4 9.2 �
~,mmon I a (03/88) 3.9 3.9 6.2 �
Phosphate(83/8S) 3.6 3.7 6.;' �

BO 508- 50 feet from 
infiltration wellc, �

Chloride (03/3q) 4.3 6.0 5.5 9.2 12.6 �
Chlor1de (10/33) NBT 7 .5 8.9 16.0 18 .4 �
Oxygen (03/'38) NBT NBT NBT 9.2 1?.6 �
~.:ii'1LGO ~ J i('I')\ ,~..,, .'nf')vJ ?.3 2.1 3.3 6.0 10.0 �
Phosphate(03/8S) 1. 5 2.1 2.9 6.0 9.2 �

* Erea~thrcuoh not observed during the tracer test 
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Notice thdt the velocity of water 1n the most cuntaminJted interval 

(level 2) 1s much less than the velocity in the cleaner part of the 

dqu1fer only a few feet beneath (le\el 4 anJ 5). Also notice that 

ammonium ion and phosphate move at about half the velocity of wdter 

in this aquifer. 

Injection began the first week of March, 1988. The system was first 

accl1mdted to o~ygen, then sw1tcred to hydrogen peroxide. The schedule 

cf application of OKygen and hydrogen pero11Je 1s presented 1n F13ure 18. 

The concentraticn of hydrogen pero~1de was increased slowly, to al1ow time 

for microbial accl1rnat1on to concentrations of hydrogen peroxided that are 

generally toxic to most heterotrophic bacteria. 

ES1 I1'1ATE OF OXYGEN DEM.AND REQUIRED FOR REMEDIATION 

The concentration of total petroleum hydrocarbons in the most contaminated 

interval near the infiltration well5 wJs near 3CO mg/kg. ThE highes~ measured 

concentration of total hydrocarbons nedr a monitoring well 31 feet down 

gradient from the injection wells 1s 8,400 mg/kg (core 50AE4 in figure 18 

and 11). Tre highest measured concentration 60 feet down gradient 1s 

6,500 mg/kg (core 50!14 1n figure 19 and 20). The average of cores 50AE4 

and 50114 (7,500 mg/kg) was taken as the best estimate of the concentration 

of total petrole~m hydrocarbons 1n the most-contaminated interval between 

the ~on1tor1ng wells at 31 and 50 feet. The interval between the injection 

wells and the mon1tor1ng wells could not be cored because acr!ss was 

blo~ked by a sanit3ry sewer line, The most conservative esti~jte would 

consider the entire interval between the 1nject1on wells and the monitoring 

well at 31 feet to be contaminated a~ 7,~00 ~g/kg, The most liberal 

estimate would consider the interval to be contaminated at 300 mg/kg. An 

ar~itrary intermediate est1m~te we'd average 7,500 and 300 mg/kg. The 
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oxygen demand al:.,~ ti·-_ m0st contamin,:1ted -interval was calculated for all 

three estimates. 

lhe empirical c~emical formula for aviation gasoline is CH2.2 (Powell 

et al., 1988). The empirical formula for the alkylbenzenP fraction is 

CHl.1· The oxyge~ dema~d for microbial respiration of total fuel h~drocarbons 

was estimated assuming the tollo1<1ing stoichiom~try: 

f.H2.2 + 1.55 02 • CO2+ H2.201.1 

The oxygen d~mand of the alkylbenzene frJct,on alone was estimated fr~n: 

CH1.1 + 1.28 02 + CO2 ~ 0.55 H?O 

The theoretical oxyge~ demand for aviation gasoline is 3.5 mg/mg, the 

demand of the alkylbenzene fraction is 3.1 mg/mg. 

To calcul3te the theoretical oxygen demand of the hydr0carbons in a 

segment of a flow path, the hydrccarbon content (mg hydrocarbon/kg 

aquifer) was ,,1ultiplled by the bulk density Jf the sedi~ient (2.0 kg/liter) 

and divided by the porosity of the aquifer (0.4 liter pore space/liter total 

volume) to determine the quantity of hydrocarbon exposed to each liter of 

pore water in the segment. The quantity of hydrocarbon was multiplied by 

its oxygen demand to estimate the quantity of oxygen that must be delivered 

to each liter of pore ~ater in ~~e segment. 

The interval from the injection wells to the monitoring well 31 feet 

down gradient was considered one segment. Tht demand in the flow path to 

the mor11toring 1<1·el I 50 feet down gradient was estimated as the weighted 

av~rage of the denond in the segment from the injection wells to 31 feet, 

a~d in the seg~ent from 31 to 50 feet. 
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PERFORMANCE OF THE DEMONSTRATION 

The interval between the injection wells and the mon1tcr1ng wells was 

considered remediated when detectable oxygen broke through and 3Jkyl

benzenes disappeared, Compare Figures 21 and 22. The interval to the 

monitoring well at 31 feet was remed1ated after 220 days (Julian Date 

281), a~d the interval to the monitoring well at 50 feet was remediated 

after 270 days (Julian Date 331). 

The seepage velocity (as determined by the tracer tests) was multiplied 

by the concentration of oxygen or hydrogen peroxide~~ the injection wells 

(Figure 18) to determine the instantaneous flux of oxygen or hydrogen peroxid~ 

along the flow path. T~e cumulative flux at the time of remediation was 

considered the act,1al oxygen demai1d for remediation {Table 3). 

The aquifer w~s purged of alkylbenzenes very quickly. Aviation 

gasoline is composed pr1m~r1 ly of branched-chain alkanes. Only 10% of 

the original spill was alkylbenzenes. The quantity of oxygen and hydrogen 

with the projected oxygen demand of the alkylbenzenes alone (Table 3). 

This may, to some extent, be fortuitous. Some of the alkylbenzenes 

~ust have been washed from the source aree by si~ple ~hysical weathering. 

Some of the alkylbenzenes may have been removed by anaerobic biological 

processes before the front of oxygen swept through. ~ater from anaerobic 

regions of the demonstration contained significant corcentrations of volatile 

fatty acids and was visibly turbid with microo,gan1sms. In any case, the 

t~e flow pJths to tre monitoring wells at 31 an~ 50 feet from the inject1cn 

wells were remediated when a small fraction of the oxygen demand of the 

so1ll had been supplied. 
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Table 3. � Est1mat~d and ~ctual oxygen demands of the most contam1nated 1nterval 
1n the av1at1on gasol1ne sp1ll at Traverse C1ty, M1ch1gan. 

Oxygen or Hydrogen Perox1de D~mand along Flowpaths 
to Mon1tor1ng Wells 31 and 50 feet down gradient 

of the infiltration wells 

Conservative Mod... rate LibPral 
Est irnate Estimate Estimate 

31 50 31 50 31 50 
feet feet feet feet feet feet 

~ 
CTI 

---(mg oxygen/liter pore water)---
Estimated demand based on: 

Total Fuel Hydrocarbons 130,000 130,000 68,000 92,000 5,000 53,000 

Alkylbenzene content only, 
when sampled in 8/87.* 10,000 10,000 5,000 7,000 400 4,000 

Alkylbenzene content on1y, 1,100 1,100 593 800 45 460 
when sampled in 3/88 just 
before the start of th~ 
demonstration.** 

Actu~lly del1vered by 10/88. 3,000 3,000 �
Corresponds to Julian Date 300 �

*based on analysis of core 50Il4 (Table 5) assumin3 7,500 mg/kg total hydrocar~on 
**bdsed on analysis of core 50T3 (Table 5) assu~,,ng 7,500 mg/kg total hydrocarbon 



This selective removal of alkylbenzenc,s may rE.sult fr0111 their 

rel~tively high water solubility. If the syste~ follows Raoult's Law, 

tht e~pected concentration of an inQiv1dual hydrocarbon ir. water 1n 

equilibrium with the gasoline ran be estimated by multiplying its water 

S8lub1l1ty by its mole fraction 1n the gasoline. 

The expected cor.centration of toluene in water 1n equilibrium with 

t~e fJel was 15 mg/liter. As shown in Figure 23 the measured concentration 

0f toluene ~as been as high a~ 32 mg/liter. The expected conce~tration 

'of 2,2,4-trimethylpentane is onl; 0.2 mg/liter. Actual measured concen

tr3t1ons are in the anaerobic zone of the demonstration area range frcr; 

o.~~ to 0.07 my/liter. The alkyloenzenes may have been more availabl~ 

to t~e microorganisms. 

CO~TRIBUTION OF WATER WASHIN; 

A significant fract1or of the alkyltenzenes may simply be washed 

out of the demonstrat;on ~rea by the fiow of water, instead of being 

Gestroyed by biodegradat,on. The significance of this physical weathering can 

be evalua•ed by comparing the retardation factor of each alkylberzene 

in the most-contaminated interval to the nu~ber of pore volumes of water 

that have been delivered to a particular point. 

T~e ratio of the seepage velocity of water to the aoparant 5eepage 

velocity of an individual alkyibenzene is termed the retardation ratic. 

This retardatior, r"tio 1s equal to l.O plus the ratio of the mass of the 

aikylbenzene in irn,obile gasoline to the mass in the flowing water. 

The dislr1hut1on of the a·~ylbenzene between gas0iine and water in the 

aquifer 1; esti~atea fru~ Raoult's Law, by divi11ng the di;tribution of 

the alkylbenzene between the pure ccmpound and wJter (its spec1f1c gravity 
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civ1ded by its water solubility) by the ratio of water to ~as0line in the 

aauife~. These calculaticns can be done a number of diffe·ent ways. For 

conven,ence, we will expre~s units as mass of organic camp11und per unit 

voltme nf the phase that contains it. 

If the most-contaminated interval contains 7,500 mg/kg total 

petroleum hydrocarbons, and its bulk density is 2.0 kg/liter, then 

the most-contaminated interval contains 15,000 mg petroleu~ hydrocarbons 

per liter of aquifer. (Note: The proper unit for volume _hould be cubic 

decimeter. In rormal usage the liter is a unit for capacity). The 

~p~c1fic gravity o' the g~soline is 0.76 (Smith et al., 1981), therefore 

che ~ost tuntaminated interval of the aquifer contains 20 ml gasoline 

ppr liter of aquifer. The porosity of the aquifer, as determined by 

~e,ghing Lores and then measuring the weight loss on drying, 

1s 3SJ mi pore space per liter of aquifer. If 20 ml of the pore space 

in ea(l1 !iter of a~~ifer is gasoline (Figure 24), the remaining 360 ml 

must b~ occupied by water. The volumetric ratio of wat2r to gasoline is 

360 to 20, or 18 to 1. 

This ~pproach for comuputing retardation can be evaluated with data 

from a colum~ test (Bouchard et al., 1989). Core material from the demon

stration area was pac<ed into a column, washed with water to remove 

all the alr.y1benzenes, ~na then a pulse of alkylbenzenes in solution was 

flusheG through the column. The core ~aterial used to construct the 

column contained 1,340 m~/kg total"petroleum hydrocarbons, corresponding 

to a ~ater to gasoline ratio of 112 (vol/vol). 
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Table 4. � Predicted retardation ratios for selecttd hydrocarbons in a tolumn 
study {Figure 25) and in the field demonstrat1or1. 

ISpecific � Volom, Watec ] Predicted 
Compound Gr·avity Solubility Volume Gasoline + 1.0 .= Retardation 

L(g/liter) (g/l lter) Ratio 
1n 1n � 1n in 

A9u1fer Co1umn Aguifer Column 

Benzene 878 1. 78 @ 200c 18 112 28 5.4 

Toluene 867 0 .4 7 @ 16oc 18 112 103 17. 4 

_£-Xylene 880 o.175 @ 20°c 18 11? 280 46 

.2_-Xyl ene 864 0.167 @ 2s 0c 18 112 290 47 

.!!1_-Xylene 360 0 .198 @ 20°c 18 112 240 40 

Ethylbenzent:! 867 0.142 @ 1s 0c 18 112 340 56 

1,2,4-Tri- 830 0.057 18 112 860 140 
methyl benzene �

Specific Gravity and Solubility from Verschueren (1983) and Smith et al. (1981). �

The retardation ratios (Table 4) predicted for the column study 

(17.4 for toluene 46 for E_-xylene, 56 for ethylbenzene, and 140 fer 

1,2,4-tri~ethylbenzene) are 1n acceptable agreement with the laboratory 

data (Figure 25). There is some justification to using tne predicted 

retar~nt1on ratios to estimate the relative contribution of watP.r washing 

and b1orestoration in the field scale demonstration. 

Based on the chloride tracer test, 3.6 days were required to move one 

pore volume of water frcm the injection wells to tne monitoring well 31 

feet down grad~ent, and 6.7 days to rnove one pore volume to the ~onitoring 

well 50 feet dcwn gradient. By October of 1983 (Julian Cate 300 in 

Figures ?1 and 22), 67 pore volumes had moved past the monitoring well 

31 feet down gradient, and 3S pore volumes had moved past the monitoring 

well 50 feet down gradient. 
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After co1np3r10q the numbPr of pore vc!u::-,.:s of water dehvertd alJng 

the most conta~inated interval tc the predicted retardJt1on ratics of 

indniduJl alkyl benzenes ,n the :1eld demonstration (Table 4), it :s 

evident that benzene could easily h3ve been removed by wate . • ashing, Jnd 

thdt a fraction of the toluene may have been removed, but hardly any 

removal of the xylenes, ethylbenzene, or trimethylbenzene can be expected. 

:ONFlR,''IATION OF REMEDIATiON 

The soill was cored in August 1937 to provide information to design the 

demonstration, thtn cored again in March 1988, just before the demonstration 

began, to define the initial conditions. Compare cores 50!14 ar.d SOT3 in 

Table 5 and Figure 19. The proportion of alkylbenzenes in the spill 

declined modestly over the time interval. This was probably due to 

anaerobic microbial degradation as discussed earlier. 

Shortly after the breakthrough of oxygen in monitoring well BD 31-2, 

the area near the monitoring well was cored and analyzed for alkylbenzene. 

and total fuel hydrocaruons. Compare cores SOAE4 and SOAFS in Table 5 

and Figure 19 to rares 5073 and 50!14. The aliphat;c hydrocarbons remained 

at their initial concentration, but the alkylbenzenes were below the 

analytical detection limit (Table 5). It 1s not surprising that the 

non-aromatic fraction of the spill remained in the )qui!:er. A very minor 

fraction of their oxygen demand had been supplied when the aquifer was 

cleansed of alkylbenzenes (Table J). 

~hen the reg10n near BD3!-2 was cored in ~arch of 1989, almost 

all the petroleum hydrocarbons had been removed, including the branched

chain alkanes. Compare core 50AQ3 to SOT3 and 50114 1n Table 5 and 

Figure 19. 
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Table 5. � Changes in concen~rat1rns of alkylbenzenes and totol fuel 
hydrocJrbon in core ma:eria1 during bioremediation of an aquifer
contaminated with avitc_i_o_n_g~a_s__o_l_i_ne_._____________ 

Date Oil and Fuel Ethyl-
Grease Hydro- Benzene Toluene benzene Xylenes

Core Nt.,11ber Carbon 
----------------------mg/kg wet sample-------------------

Background conditions in an unweathered part of the spill area. �
June, 1988. See FiJure 3 for location. �

50~6 12,150 1.0 107 57 218 �

50R7 5,220 1.0 170 24 100 �

Preliminary s;,.mpl mg used to design the bioremedi,3tion proj~ct near �
monitoring well SD-31-2, August 1987. See F;gu~es l~ and 20 for location. �

50A3 4,310 5,590 0.6 235 33 121 �

50! 14 ~. 130 6,500 0.3 544 12 48 �

SOD18 1,130 2,500* 0.7 112 11 39 �

Sampled after four months of perfusion with mineral nutrients and oxygen, �
June, 1988. �

50T3 3,330* 1.4 1 7.3 23 �

Sampled after eight months of perfusio;, with mineral nutrients and oxyger·, �
October, 1983. 

50AE4 8,400 <0.3 <0.3 <0.3 <0.3 
50AE5 2,370" <0.3 <0.3 <0.3 <0.3 

Sampled after 12 m,,nths c.,f perfusion with mineral nutrients and oxygen, 
Ma,·ch, 1939 �

:iOAQ3 9 <0.3 <0.3 <0.3 0 .1 �

Sampled after 12 months of perfusion with oxygen and mineral n~trients �
March, 1989. Oxygen hdd not reached this part of the a~uifer. �

SOAR4 3,100* 1.5 <0.3 9.2 36 �

*these cores included some uncontaminated ~aterial. �
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A core taken from a region in the demonstration area where oxyger 

was depleted showed an 1ntere~t1ng ~attern. Toluen~ is depleted 1n 50AR4, 

e~en though significant quant1ties of benzene and ethylbenzene remain. 

It 1s d1ff1cult to rationalize the selective remcval cf tolue"e through 

some nurely phys,cal mechar.1sm. 
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16 A~~THACT 

lhis report presents a systematic approach for the design of in ~itu bioremediation 
of hydrocarbon contamination in ground water from the determ'nation of the total 
quantity of hydrocarbons in th@ aquifer to the utilization of that information in an 
actual field bioremediation demonstration. fhis report exnlai~s why the total 
quantity of hydrocarbons in an aquifer can only be deter;nined b_v collecting cores. A 
procedu;-e to acquire cor@s from.-: contaminated aquifer is described. lhe procedures 
described in the report were field-tested in designing a demunstration of thE: 
b1oremediation of an aviation gasoline leak. The prrformantR of the de~onstration was 
~onsistent with the expected perfor~ance based on the preliminary site 
rharacterization using the described procedurPs. 
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