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FOREWORD 

T his primer is intended for people 
interested in DOE environmental 
prob lems and in their potential so lutions. 

It wi ll spec if ical ly look at some of the more 
hazardous meta l and rad ionucl ide contam
inants found on DOE lands and at the 
possibi li t ies for using bioremediation 
technology to clean up these contaminants. 1 

Bioremed iat ion is a technology that ca n be 
used to reduce, eliminate, or conta in hazardous 
waste. Over the past two decades, it has become 
w ide ly accepted that m icroorganisms, and to a 
lesser extent plants, ca n transform and degrade 
many types of contam inants. These transformation 
and degradation processes vary, depend ing on 
phys ica l env ironment, microbia l communit ies, and 
nature of contaminant. Thi s technology includes 
intrinsic bioremediation , wh ich rel ies on natura ll y 
occurring processes, and accelerated bioreme
diat ion, w hich enhances microbi al degradation or 
transformat ion through inoculation with microor
ganisms (b ioaugmentation) or the addition of 
nutrients (biostimu lat ion). 

Over the past few years, interest in bioreme
diation has increased. It has become c lea r that 
many organic contam inants such as hydroca rbon 
fuels can be degraded to relative ly harm less 
products like C02 (the end result of the 
degradation process). Waste water managers and 
sc ienti sts have also found that m icroorganisms ca n 
interact w ith metals and convert them from one 
chemica l form to another. Laboratory tests and ex 
situ bioremediat ion app li cat ions have shown that 
microorgan isms ca n change the va lence, or 
oxidation state, of some heavy meta ls (e.g., 
chrom ium and mercury) and radionuclides (e.g., 
uranium) by using them as electron donors or 
acceptors. In some cases, the solubil ity of the 
altered spec ies increases, increas ing the mobility of 
the contam inant and allowing it to more eas il y be 
f lushed from the environment. In other cases, the 
opposite w ill occur, and the contam inant wi ll be 
immobi l ized in situ, e.g., prec ipitated into an 
inso luble sa lt in the sed iment. Both of these kinds 
of transformations present opportuniti es for 
b ioremed iation of metals and rad ionuclides-

either to lock them in place, or to acce lerate their 
removal. DOE's goal is to reduce the risk of 
groundwater, sed iment, and so il contamination at 
Department of Energy fac i I it ies . 

Subsurface bioremediation of metals and 
rad ionuclides at the site of contamination (in situ 
bioremediation) , parti cularly of contam inants 
found in mixed waste, is not yet in w idespread 
use. However, successful in situ app lica tions of 
bioremediat ion to petroleu m products and 
chlorinated solvents prov ide exper ience from 
which sc ientists can draw. Taken together, the 
accomp lishments in these areas have led sc ientists 
and eng ineers to be optimistic about apply ing th is 
techno logy to the mi xtu res of meta ls and radionu
c lides that are found at some of the most contam
inated DOE sites . 

Thi s pr imer examines some of the basic 
microbial and chemica l processes that are a part of 
bioremed iation, spec ifi ca ll y the bioremed iation of 
metals and radion ucl ides. The primer is div ided 
into six sect ions, with the in formation in each 
bu il ding on that of the previous. The sections 
include fea tures that highlight topics of interes t and 
provide background information on spec ific 
b iologi ca l and chemica l processes and react ions. 

The first section bri efly examines the scope of 
the contam ination prob lem at DOE fac iliti es. The 
second sect ion gives a summary of some of the 
most common ly used bioremed iat ion technologies, 
including successfu l in situ and ex situ techniques. 
The third d iscusses chemica l and physical 
properties of meta ls and rad ionuclides found in 
contaminant m ixtures at DOE sites, including 
so lub ili ty and the most common oxidation states in 
which these materia ls are found. The fourth sect ion 
is an overview of the basic microb ial processes 
that occur in b ioremediat ion. The f ifth section 
looks at spec ific in situ bioremediation processes 
that can be used on these contaminant mi xtures. 
The primer concludes with a hypothetica l case 
study of a composite DOE site w ith pol luted 
groundwater containing some of the Department of 
Energy's most reca lc itrant contaminants. 

1. DOE's Office of Sc ience has a bioremediation resea rch program entit led Natura l and Accelerated Bioremediation Resea rch 
(NABIR). NAB IR is responsible for the development of thi s primer. NABIR focuses on the in situ bioremediat ion of meta ls and 
radionuc lides in the subsurface be low the root zone. However, th is primer discusses a broader range of remed iation technologies 
than the program supports, giv ing its readers an overa ll contex t fo r bio remediation technology. 
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SECTION I: 

w H ¥ IS IT NECESSARY TO CLEAN UP DOE SITES l • 

e:>uR NATION's CoLD WAR LEGACY 

For more than 50 yea rs the United States 
has used nuclear energy for both peaceful and 
military purposes. Thi s use resu lted in the 
creat ion of a vast network of facilities across the 
nation engaged in resea rch, deve lopment, 
production, and testing of nuclear materials. 
Since most of this nuclear material has been 
re lated to weapons, this network is referred to 
as the nuclear weapons complex . The U.S. 
Department of Energy (DOE) and its 
predecessor agenc ies (the Atomi c Energy 
Comm iss ion and the Energy Resea rch and 
Development Agen cy) have primary responsi
bility for the nuclear weapons complex. A 
c iv ili an agency has always been responsible for 
this nuclea r weapons network. 

With the end of the co ld wa r threat in the 
ea rl y '90s and the subsequent shutdown of all 
nuclea r weapons product ion reactors in the 
United States, DOE has sh ifted its emphas is to 
remed iation, decommi ss ioni ng, and decontami-

nation of the immense vo lumes of contaminated 
water, sediments, and the over 7,000 structures 
spread over 7,280 square kilometers . The 
Department must characteri ze, treat, and 
dispose of hazardou s and rad ioactive waste at 
more than 120 sites in 36 states and territories . 
This includes 475 b illi on ga ll ons of contam
inated groundwater in 5,700 distinct plumes, 75 
million cubic meters of contaminated 
sediments, and 3 million cubic meters of 
leaking waste buried in landfill s, trenches, and 
spill areas (Linking Legacies Report, j anuary 
1997). The f irst few years of th is act iv ity, up to 
1995, have mainly involved cataloging and 
prelimi nary characteri zati on. Thi s alone has 
cost the Department more than $23 billion. 
Budget projections for these activ it ies just for 
the next 10 years exceed $60 bi ll ion. The DOE 
cl eanup of the Co ld War Legacy is the largest 
program of its kind ever undertaken by the 
United States. 

OVERALL ENVIRONMENTAL RESTORATION 

DOE's Office of Environmental Management 
(EM) has the major responsibi I ity for this 
enormous clean-up effort. EM has four major 
objectives for its science and technology 
investments (EM Research and Development 
Program Plan, October 1998): (1) meet high
priority needs; (2) reduce th e cost of EM's major 
cost centers (a reas w here DOE has its major 
cl eanup investments); (3) reduce EM's techno
logica l ri sk; and (4) acce lerate technology 
dep loyment. To meet these objectives, EM has 
sought the ass istance of the basi c resea rch 
programs in DOE's Office of Biologica l and 
Environmental Research, espec iall y the Natura l 
and Accelerated Bioremediation Research 

(NAS IR) program. In addition, EM has established 
ten Site Technology Coord ination Groups (STCGs) 
to coordinate technology assessments at the main 
hazardous waste sites in the DOE complex . (See 
" Bioremediation Web Sites" at the end of this 
primer for a link to the STCG web sites.) Each 
STCG maintains a dynamic li st of its sites' highest 
priority sc ience and technology needs for 
effect ive cleanup. This li st is updated annuall y. 
From this li st, EM has identified five major 
env ironmental restoration needs (EM Research 
and Development Program Plan, October 1998): 
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(1) The most cost-effecti ve remediati on p lans 
require a complete and accurate understand ing 
of the inventory, di str ibution, and movement of 
contaminants in the vadose and saturated 
zones . Im proved analyti ca l too ls, in situ 
monitoring dev ices, understanding of 
permeabi I ity pattern s, and too ls to pred ict 
groundwa ter fl ow and transport are required to 
characteri ze and quantify these contaminants. 

(2) The abi l ity to contain or stabili ze leaks and 
buried waste hot spots in situ requ ires 
reso lution of problems in several areas. 
Improved surface barrier systems are needed to 
prov ide effecti ve containment of leaking 
landfills, trenches, tanks, and high-concen
trati on plumes. M ethods are needed to 
stabi I ize buried w astes in situ to prevent 
leaching and contaminating of the vadose 
zone. Cover systems that prov ide robu st w aste 
iso lat ion over a range of c limatic conditions 
and extreme events for peri ods of over 100 
yea rs are necessary for many appli ca tions. 
Finall y, in situ treatment barriers need to be 
deve loped to provide effecti ve remediation of 
di spersed contaminant p lumes . 

(3) The ab ility to treat or destroy mobi le contam
inants in situ is dependent on resolut ion of 
problems in several areas . Bioreactive 
trea tment methods are needed for remed iation 
of low to moderate concentrati ons of organic 
so lvents in sed iments and groundwater. 
Chemica l trea tment techno logies to destroy or 
immobilize highl y concentrated contaminant 
source terms (metals, radionuclides, explos ive 
residues, and so lvents) in the vadose and 
sa turated zones are requ ired to increa se 
remediat ion rates. Finall y, improved deep 
drilling techno logy is needed to prov ide access 
to deep contaminant plumes for sampling, 
retri eval , and deli very acti v it ies. 

(4) H ighly rad ioact ive, explosive, and pyrophor ic 
wastes pose unacceptable ri sks to remed iat ion 
workers during retr ieva l and trea tment. The 
ca pabi I ity for on-s ite characteri zation and 
remote retri eva l of these hot spots th at are not 
amenable to in situ trea tment must be 
developed. 

(5) In order to obtain regulator and stakeholder 
acceptance of contaminant, stabili zation, and 
treatment techno log ies in remed iation plans, 
methods to va lidate and verify containment 
and treatment system performance and 
integrity must be deve loped. 

Lfi lrlE fOCUS ON RADIONUCLIDES AND METALS 

The NABIR program addresses a large number 
of DOE's env ironmental resto ration needs by 
conduct ing bas ic resea rch on natura l and 
acce lerated b ioremediat ion, espec iall y as it relates 
to radionucli des and metals in subsurface 
environments. The research being funded by the 
program spec ifi ca ll y focuses on one or more 
components in each of the above f ive need areas . 
The necess ity for bas ic research to focus on 
radionuc lides and metals is further illustrated by a 
rev iew of DOE contaminants by waste site and 
faci li ty (Riley et al ., 1992). This rev iew of DO E 
chemica l contaminants and mi xtures for the 
Subsurface Science Program is one of the few 
comprehensive comparison s of DOE contaminants 
ever done. This report show s that more th an 50% 
of the fac i li t ies and 35% of the w aste sites have 
radionuclide and metal contaminat ion. In so i ls and 
sed iments, radionucl ides and metals are the highest 

frequency classes of contamination by waste site 
and the 3 rd and 4th highest frequency classes by 
fac ili ty (F igure 1.1 ). However, the first two cl asses 
by fac i I ity (fuel and chlorinated hydrocarbons) are 
techno logicall y further advan ced in the 
development of cost-effective and effic ient 
so lutions. Therefore, remediation of rad ionuclides 
and metals currently requi res grea ter research 
emphas is to support technology development. 

Conta minants in groundwater at DOE fac i l ities 
are also dominated by meta ls and rad ionucl ides, 
w ith more than 60% having these types of waste 
(Figure 1.2) . M etals and radionucl ides also are the 
highest frequency compound cl ass by w aste site, 
w ith more than 50% havi ng these contaminants. 
The onl y contaminant th at exceeds the frequency 
of metal and radionucl ide contamination in 
groundwater is chlo rin ated hydroca rbon s, for 
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whi ch there are already a large number of 
potential so lutions. 

The need for basic research to focus on meta ls 
and rad ionuclides is further underscored by the 
recognition that radionuclides are a uniquely DOE 
problem. Because nuclea r production was carr ied 
out by the DOE at DOE sites, it has not received 
the research attention or fund ing by other 
government agencies that so lvents, fue ls, and a few 

of the meta l contam inants have rece ived. A 
thorough understanding of subsurface mob ilization 
and immobi li zat ion of rad ionuclides and meta ls 
w ill allow us to man ipu late, stab ili ze, and predict 
long-term stab ility of these contaminants and their 
re lative risk . Th is research will not on ly fac ili tate 
ou r overa ll understanding of our environment, but 
also potent iall y save DOE milli ons if not billions of 
doll ars in li fe cycle costs of cleanup of the Co ld 
War Legacy. 

Soils/Sediments 
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80 80 

70 70 

60 60 

50 50 

40 40 

30 30 

20 20 

10 10 

Compound Classes 

Figure 1.1. Distribution of compound classes in so ils/sediments at 18 DOE facilities and 91 
waste sites (Ri ley et al., 1992). 
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Figure 1.2. Distribution of compound classes in groundwater at 18 DOE facilities and 91 
waste sites (R iley et al., 1992) . 
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WHAT IS 

8 IOREMEE>IATION'l 

INTRODUCTION 

Bioremed iat ion techno logy uses microor
ganisms to reduce, eliminate, or contain 
contaminants. It is not a new techno logy, 
however. Compost ing, sewage treatment, and 
certa in types of fermentat ion have been 
practiced by humank ind since the beg inning of 
recorded history, and all of these uti l ize 
microb ial processes. Evidence of kitchen 
middens and compost pi les dates back to 6000 
B.C. And the more " modern" use of b ioreme
d iat ion began over 100 yea t·s ago w ith the 
open ing of the first bio logical sewage trea tment 
plant in Sussex, UK, in 1891. Yet the word 
" bioremed iation" is fairly new. Its f irst 
appea rance in peer-reviewed sc ienti f ic 
l iterature was in 1987 (Hazen, 1997). 

The use of th is techno logy is ga ining 
popu larity. The last ten years have seen an 
increase in the types of contaminants to wh ich 
bioremed iat ion is being app lied, inc luding 
so lvents, po lycycl ic aromatic hyd roca rbons 
(PAH s), and polychlorin ated b iphenyls (PCBs). 
Now, microbi al processes are beg inn ing to be 
used in the clean up of rad ioactive and metallic 
contaminants, the most recalc itrant components 
of haza rdous waste, and the two most often 
found components of mi xed waste at DOE 
sites, as discussed in Section I. 

This primer looks at the poss ib ili t ies for in 
situ bioremediat ion of these types of contam
inants.1 Featured are eight elements that 
const itute some of the most prevalent meta ls 
and radionucl ides found in DOE waste: cesium, 
chromium, lead, mercury, plutonium, uran ium, 

• 

strontium, and technetium . A ll are meta l li c 
elements and very toxic. In add it ion, ces ium, 
plutonium, stront ium, technetium, and uranium 
are extremely radioactive. (See the inside front 
cover for a periodi c tab le th at highl ights these 
elements.) In situ bioremediat ion of these 
contam inants, parti cu larly in contam inant 
mi xtures, is not yet in w idespread use. 
However, successfu l in situ app lications of 
bioremediation to petro leum products and 
chlorinated so lvents are a resource from wh ich 
the sc ientific commun ity ca n draw. The 
accompl ishments in these areas have led 
sc ienti sts and engineers to be optimistic about 
apply ing this techno logy to the m ixtures of 
meta ls and rad ionuclides that are found at 
some of the most conta minated DOE sites. 2 

Many remediation technolog ies ex ist to 
treat hazardous waste. One of the most 
common has been pump and treat (extract ion 
and then treatment by va rious processes). Pump 
and trea t is often app lied in the remed iat ion of 
industr ial so lvents such as tri chloroethylene 
(TCE), w hich is used to degrease metals 
(includ ing nuclear target elements and 
computer components), dry-c lean clothes, and 
even decaffeinate coffee. 

Extract ion processes do have some major 
d isadvantages. Subsurface sed iment and rock 
formations are heterogeneous. Th is lack of 
un iformity ca n cause uneven f low patterns. So it 
can take a long time to f lush contam ination out of 
areas where water f low is slow. M any contam
inants also tend to adsorb (stick) to m inera l 

., . This contamination often exists in the fo rm of contam inant plumes. See the feature on page 14 fo r more information on how 
the subsurface is structured and how these plumes move. 

2. Although organic components are a part of mixed waste at DOE sites, they are not the focus of this primer. However, certain 
organic compounds play a central ro le in determin ing metal and rad ionuclide bioremediation strategy. The synthetic chelators 
EDTA (ethylenediaminetetraaceti c acid) and NTA (nitri lotriacetic acid ) were common ly used as cleaning agents during industrial 
process ing of nuclear fuels at DOE and have fann ed stable, soluble comp lexes w ith certa in heavy metals in the subsurface. 
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surfaces of clays or to organi c materi als. Thi s can 
slow extraction, and it often takes decades before 
enough contaminant is removed to make a site 
safe. A lso, br inging the contam inants up to the 
surface can increase hea lth and safety risks for 
cl eanup workers and the pu blic. 

Bioremediat ion is an alternati ve to trad it ional 
remediating techno logies, such as landfi lling or 
inc ineration. It works by either transform ing or 
degrad ing conta minants to nonhazardous or less 
hazardous chemica ls. These processes are ca lled, 
respecti ve ly, b iotransfo rm ation and biodegradat ion. 

Biotransformat ion is any alterat ion of the 
molecular or atom ic stru cture of a compound by 
microorganisms. Biodegradation is the breaking 
down of organic substances by microorganisms 
into smaller organic or inorganic components . 
Mineral ization is the complete bi odegradation of 
an organic contaminant into inorganic constituents 
such as carbon d iox ide and water. Under 
anaerobic conditions, the ultim ate product of 
biodegradation may be methane. Th is complete 
degradation of a compound is the end result of 
numerous b iodegradat ion steps. These transforming 
and degrad ing processes occur as a resul t of 
m icroo rganisms us ing the contaminants as a source 
of nutrients or energy, changing them through 
va rious metabolic reactions. 

Unfo rtunately, meta ls and radionucl ides cannot 
be b iodegraded. However, microorganisms ca n 
in teract w ith these contaminants and transform 
them from one chemica l fo rm to another by 
changing their ox idation state.3 In some cases, the 
sol ubi I ity of the altered spec ies increases, 
increas ing the mobi l ity of the contaminant and 
allow ing it to more eas ily be f lushed from the 
env ironment. In other cases, the oppos ite w i ll 
occur, and the contaminant w ill be immobi lized in 
situ, thus reducing the risk to humans and the 
environment. Both kinds of transfo rmat ions present 
opportun it ies for bioremediation of meta ls and 
radionucl ides- either to lock them in place or to 
acce lerate their removal. 

A lthough bacteria are usually the agents in 
most types of b ioremediation, fungi and algae also 
can transform and degrade contaminants. 
Bioremed iat ion depends on the presence of the 
appropri ate microorganisms in the correct amounts 
and combinations and on the appropr iate environ
mental cond itions. O pt imum env ironments for 
grow th of microbes typ icall y consist of temper
atures ranging between 15 and 45°C;4 pH va lues 
between 5.5 and 8.5; and nutrient rat ios (C:N :P) of 
120:10:1. Atmospheri c compos ition and wa ter 
content may also influence microbial growth and 
activ ity. In add ition, the conta minants must be in 
c lose enough prox im ity to the microbes and in a 
form that the m icrobes can util ize. 

WHICH BIOREMEDIATION TECHNOLOGY SHOULD B E US E D? 

Webster 's D ictionary defin es in situ as " in 
place; in the natural or original pos ition or place. " 
In situ bioremediat ion refers to below-ground 
methods app lied at the site of contamination . 
Webster's defines ex situ as " in a position or 
locat ion other th an the natural or original one," but 
thi s usually refers to above-ground b ioremediation, 
w here the sediment or water has been extracted 
from the subsuface. 

There are a number of ex situ and in situ 
bioremed iation methods currently avai lab le. Ex situ 
methods have been around longer and are better 
understood; they are eas ier to contain and control. 
However, in situ b ioremediation has several 
advantages over ex situ techniques. It offers a way 
of treating contaminants th at are w idely d ispersed 
in the env ironment, present in d il ute concen
trations, or are otherwi se inaccessib le. It is more 

3. M icroorgan isms can do much more than alter oxidation state. They are also capable of influenc ing contam inant behavior in other 
ways. Examples include changing the ac idity of the system in the immed iate v ic inity of the contaminant and alteration of the form of 
organic compounds that influence rad ionucl ide and metal mobi li ty. Although important, these factors are not the main focus of this 
primer. 

4. A lthough recently it has been discovered that petroleum bioremed iation in the Arctic and Antarcti c ca n occur at nearly the sa me 
rates at nea r zero degree temperatures (0 C) as are seen in more temperate climates. 
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cost effecti ve than ex situ techniques because no 
pumping or excavation is required. Al so, in situ 
bioremediati on may be less haza rdous, as there is 
no exposure to the contaminant during treatment. 
This is a consideration because of the mixing of 
metals and radionuclides with orga nic contam
inants at DOE sites. Thi s mixing has resulted in 
modification of the contaminants' transport and 
toxic ity properti es, which often imposes an 
increased hea lth risk. 

Next is a brief overview of several ex isting 
bioremediation strategies. As Fi gure 2.1 
demonstrates, these methodo logies are not 
mutually exclusive and, depending on the type of 
contaminant problem, ca n be used in combination 
with one another and/or with more traditional 
remediati on techniques. 

Biostimulation and Bioaugmentation 

These two bioremediati on techniques ca n be 
used together or separately. They ca n occur either 
above ground (in stirred tanks ca ll ed bioreactors) 
or below ground. Biostimul ation is the add ition of 
nutrients, oxygen, or other electron donors and 
acceptors to increase the number or act iv ity of 
naturall y occurring microo rganisms ava il abl e for 
bioremediation. These components ca n be added 

liquid Phase 
(Biologically Assisted Soil Washing) 

in either liquid (so il washing) or gas (so il venting) 
form. Biosparging is a type of so il venting where 
air or oth er gases are injec ted be low the ground 
into saturated sediments. 

A ll microorganisms need ca rbon. Carbon 
usuall y comes from an organic source (e.g ., 
glucose or meth ane), but also ca n be prov ided in 
disso lved inorganic form s such as ca rbon diox ide 
(C02) . Sometimes the contaminant is a ca rbon 
source, as in the case of gasoline contaminants 
such as benzene, to luene, and xy lene. Waste 
products from plants and other microo rganisms 
also ca n provide carbon . Some of the other most 
common microbial nutri ents are nitrogen, 
phosphoru s, and sul fur. Nitrogen and phosphorus 
are found both organica ll y and inorganica ll y, and 
are often present in so il , sediments, and 
groundwater . . 

Bioaugmentati on is the addition of microor
ganisms that ca n b iotransform or biodegrade a 
parti cular contaminant. To date, bioaugmentation 
has not been consistentl y effecti ve in a subsurface 
environment. However, bioremediati on ca n be 
enhanced by the continuous additi on of microor
ganisms to a bioreactor fo r the above-ground 
treatment of contaminated groundwater. O rganisms 

Gas Phase 
(Biologically Assisted Soil Venting) 

Figure 2.1. Bioremediation treatment strategies. 
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prod uced in on-site b ioreactors may also be added 
to ex situ trea tments such as engineered so il pil es, 
or they may be injected into the subsurface for in 
situ treatment. 

Ex situ bi oaugmentation is a common 
techno logy at munic ipa l wastewater treatment 
fac ilities . Commercial inoculants o f enri ched 
cultures consisting of one or more m icrobi al 
spec ies have been successfull y used to co lonize 
new tri ckling bed filter systems and to rapidly 
recolonize systems where the intrinsi c microb ial 
community was vi ctim to a system upset. 

Researchers are beg inning to investigate 
geneti cally engineered microorganisms (GEMs) for 
use in bioaugmentation. Geneti c engineering is the 
manipulation of genes to enhance the metabo li c 
capab iliti es of an organism. In situ bioaugmen
tati on with GEMs is stil l in the preliminary tes ting 
ph ase in fully or partl y contained systems. There is 
a great dea l of interest in the in situ use of GEMs 
for the treatment of hazardous was tes . Successful 
agri cultural fi eld tr ials with GEMs (e .g., nitrogen
fi x ing bacteri a) and geneti ca lly altered p lants (e.g., 
herb ic ide-res istant soybeans) are widespread. 
O rga nisms w ith enhanced ca pabilities to degrade 
hydrocarbons, aromatic compounds, and 
halogenated compounds have already been 
deve loped. 

Theoreti ca ll y, o rganisms could also be 
developed to degrade or transform heretofore 
reca lc itrant compounds such as those conta ining 
metals and radionuclides. How ever, the app li cation 
of genet ic engineering technology for use in the 
environment remains controversial. This is part ly 
due to the concern that GEMs are not " natural" 
and may persist in the env ironment, potentially 
causing an environmental upset like the rabbit 
introduction to Australi a. Yet, the use of GEMs may 
be w arranted w hen they are the only microor
ganisms that can transform or degrade a parti c
ularl y hazardous contaminant. 

Through its Bioremediation and Its Societal 
Implications and Concerns (BASIC) program, DO E 
addresses question s and concerns surrounding the 
f ield testing and release of microorganisms for 
environmental c leanup. Thi s is being accompli shed 
through communicati on and coll aboration with all 
relevant stakeho lders- community leaders and 
representat ives, engineers, sc ientists, and lawyers, 
to name a few. 

Intrinsic Bioremediation 

Intrinsic bioremediation occurs in situ and 
relies on the already-ex isting naturally occurring 
bio logica l processes . It is also known as natural 
attenuation . Intrinsic bioremediation was first 
noti ced a number of yea rs ago at sites of petroleum 
hydroca rbon contaminati on. The pollutants were 
being b iodegraded by the natural ly occurring 
microorgan isms at rates fast enough to stop or 
reduce contaminant spread. In order to establi sh 
th at intrinsi c bioremediation is actually occurr ing at 
these rates, plume size and metabolic activ ity must 
be measured over a per iod of time. 

At present, intrinsic bi oremediation is mainl y 
accepted for petro leum hydroca rbons and to a 
limited degree chlorinated hydroca rbons such as 
TCE. However, promising results have been 
obtained w ith intrinsic b ioremed iation of selenium
pol luted agri cultural drainage w ater in marsh lands. 
A lso, it is possibl e that sc ienti sts cou ld take 
advantage of rapid ly developing information on 
microbial processes in the subsurface, such as iron 
and su lfur reducti on, to assess and perhaps reduce 
the need for the appl ica tion of more costly and 
di srupti ve accelerated bioremediation technology. 

Phytoremediation 

Phytoremediation is the use of pl ants to 
remediate contaminated soi ls in the rhizosphere, 
w hich is the soi l that surrounds and is influenced 
by plant roots and their associated microbia l 
commun ities. Two forms of phytoremediation are 
phytoextraction and rhi zofi ltrat ion . Phytoextraction 
is the use of metal-accumulating plants to remove 
tox ic metals from soil. Rhizofil tration is the use of 
pl ant roots to remove tox ic metals and radionu
clides from contaminated waters. The plant root 
system serves both as a mea ns for effective soil 
colonization and as a ready source of nutrients, 
with the resu lt th at microbi al activ ity in the 
rhi zosphere is greater and more easi ly sustained 
th an in nonrhizosphere so il. In add ition to uptake 
and transformation of organic compounds, many 
plants bioaccumulate metals and 1·ad ionuclides. 
Hyperaccumulation of heavy metals (greater than 
1% of dry we ight) is common for p lants that are 
accl imated to so ils with h igh concentrations of 
cobalt, copper, chromium, lead, ni ckel, and zinc. 

Phytoremed iation technology has several 
advantages. It is inexpensive compared to conven-
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tiona ! technology and should prove cost effective 
for soi ls in which near-surface contamination is 
dispersed over broad areas . 

Landfarming, Soil Piles, and Composting 

Landfarming is the mixing of w aste with 
surface so il over a tract of land . This technique has 
been used extensively to treat sludges from 
domesti c sew age and industri al processes. The 
wastes are applied to soi l surfaces as sludges or 
aqueous slurries, and the mixture is aerated 
through til ling. Optimal soil-water content is 
maintained and supplemental inorgan ic nutrients 
(N-P-K) added to stimulate microbial growth. 
Supplemental microorganisms may also be added. 
Although land farming has been an effic ient and 
cost-effective means for treating a variety of wastes, 
adverse environmental effects sometimes have 
resulted, and this original landfarming method has 
been largely discontinued in the United States. A 
modified form of land farm ing has been adopted to 
comp ly with revised environmental regulations. 

Thi s modified form consists of sed iment 
biopi les, or prepared beds, constructed above 
ground w ithin contained treatment ce lls. This 
allows control of vol atilization, leaching, and 
runoff. A vapor control system is constru cted to 
ensure th at vo lati le organic compounds (VOCs) are 
ca ptured or destroyed. Current methods include 
adsorption to activated ca rbon for VOC disposa l or 
destruction offs ite. 

Composting is a process app lied to so il 
sed iment biop iles that controls and util izes heat 
generated by aerobic microbial metabolism. The 
material being composted serves as a source of 
nutrition for the microbes. Bu lking agents, such as 
wood chips or straw, are often added to enhance 
air movement through a pile. This self-contained 
system generates and retains heat, eventually 

raising the temperature of the compost pile. 
Composting has been used to biotransform 
explosives and propell ants, in whi ch the sed iment 
piles are amended with manure or mo lasses to 
supply additional organ ic nutrients and microor
ganisms. 

Land farm ing, prepared beds, biopiles, and 
composting ho ld a number of possibi li ti es for 
bioremediation of radionuclides and meta ls by 
degrading o rganic chelating agents, alter ing pH, 
redox potentials, and production of biosurfactants. 
Any of these processes could be used to either 
mobilize, immobilize, or biotransform radionu
clides and metals. 

Slurries and Sediment Washing 

Slurry b ioreactors and sediment-washing 
equipment are commonly used to treat excavated 
sed iment to which water is added. Slurry 
bioreactors are stirred tanks within wh ich biodegra
dation or biotransformat ion takes pl ace in an 
aerated environment. Sediment washing, whi ch 
ca n be used in conjunction with the slurry process, 
is primari ly a means of reducing the vo lume of 
contaminated sediment by so lubili z ing readi ly 
desorbed contaminants. It ca n be perfo rmed w ith 
or without accompanying b io logica l treatment. 
Through rinsing, excavated sediments are screened 
to remove large debris, such as pipes, bricks, and 
concrete. Screened sediments are further d ivided 
by size into readily trea table material, such as sa nd 
and fine gravel, and silt-s ized and co llo ida l 
mater ial known as fines. The fin es ca n be stored as 
contami nant w aste or biotreated in a slurry reactor. 
The so lubili zed contaminants may be biodegraded 
or biotransformed in the initial washing or, alterna
tively, the now-contami nated wash w ater ca n be 
passed to a seco~d reactor where biodegradation 
or b iotransformation takes place. 
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CONTAMINANT PLUMES: 
MIGRATION OF HAZARDOUS WASTE 

IN THE SUBSURFACE 

Contam inant plumes are zones of pollu tion extend ing downstream from sources of contamination. 
Contam inant types can vary in their rate of movement and distribution. Therefore, if more than 
one contaminant type has been re leased into the subsurface, multiple plumes can form with 

different distributions. A lthough a contam inated site can have a number of plumes with different 
contam inants o r contaminant combinations, here we wi ll exami ne the characteristi cs of a si ngle 
"composite" contaminant plume (see Figure 2.2). 

A source of contam ination may be a single-point source such as a leaking tank. Or, the plume may 
have spread out from contami nation of a large area, such as nitrate contam ination of a water source 
caused by the genera l use of fertilizer on farm land . Point sources are frequently spills, treatment 
lagoons, and disposal sites such as cribs, trenches, landfills, and underground storage tanks. 

O nce a contam inant is released into the environment, the plume can spread into soil s, unconsol
idated sed iments, rock formations, groundwater, and surface water. The contaminant itself may be in 
gaseous, liqu id, or so lid form, or a combination. Depending on the geology and hydro logic conditions 
at the site and the solub ili ty of the contaminant, the plume may stay close to the source or be 
transported long distances by groundwater or rainwater inf iltration events.1 In some cases all of the 
contam ination is caused by a sing le spi ll or leak. In others, the source of contamination may continue 
for decades- such as at an active waste d isposa l site - or when natural infi lt ration by rainwater or 
other surface water percolates down through the zone of contam ination. 

In the groundwater, the shape of a plume wi ll depend on the rate of migration, which is largely 
contro lled by groundwater flow directions and ve locity, the geo logic setting, the physical and chemical 
character istics of the contam inant, and the presence of a continuing source. If the source has been 
stopped, the entire plume may migrate away from the original location, eventually becoming less 
concentrated through the transport processes of advection, d iffus ion, and dispersion, as well as 
chem ica l and bio logica l reactions. These factors are briefly described below. 

Advection is the transport of d issolved solutes w ith the bu lk flow of water in the vadose zone 
(above the water table) or in groundwater. For highly soluble contaminants that do not undergo 
chemica l or biological reactions with the geo logic materials, advection is the primary mechanism 
influencing the fate and migration of the contaminant. Diffusion is the bulk movement of solutes 
result ing from thermally driven molecular motion of solutes. Through this random molecular motion, 
contam inants move from areas of high concentration to areas of lower concentration . Diffusion is 
thought to be particularly important when a geologic formation has a very low permeability or is very 
heterogeneous, such as a layered sequence of sand and clay. Dispersion is the mechanica l mixi ng of 
solutes that occurs as the solutes are advected through the groundwater system. 

1. Geohydrology and biogeochemistry in the vadose zone (unsaturated zone above the water table) are parti cularly important to 
DOE since some high-level radioactive waste (HLW) storage tanks at DOE sites have leaked over the last 40+ years. The leaks 
have been sporadic, and the composit ion of the waste in the HLW tanks has changed over the yea rs. The pH of the solution in 
the tanks(> 12), the temperature (>90°(), the presence of complex organics, the presence of mu ltip le radionucl ides w ith different 
valences and solubili ti es, and pumping activities in the tank can have extreme effects on the mobi li ty and transport of contam
inants and the activity of microorganisms in the vadose zone. Thus, the waste and waste-site activities can also have an extreme 
influence on the heterogeneity of contaminant plumes in the vadose zone. 
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Bio logica l and chemica l reactions also 
affect the size and shape of the plume
mostly by slowing or prevent ing m igration of 
the contaminant. If the contaminants adsorb 
onto the geo logica l mater ials, the rate of plume 
movement w ill be retarded (relative to the rate 
that water itse lf moves). Sometimes, however, 
contaminants adsorb onto very small part icles, 
ca lled co llo ids, that may themselves move w ith 
groundwater f low, thereby transporti ng the 
contaminant. Stud ies in the DOE's Subsurface 
Science program show ed that both co llo ids and 
microorgan isms accumulate at air-water 
interfaces. 

In some cases, higher densit ies of microbes 
and higher concentrations of contaminants are 
observed at air- w ater interfaces, espec ially 

SECTION 1/: WHAT IS BIOREMEDIATION? 

capillary fr inge zones in the vadose zone 
immed iate ly above the water tab le. Water tab le 
fluxes can thereby cause unexpected concen
t ration phenomena. Chem ica l and bio logical 
interactions also can resu lt in prec ipitation of 
the contaminant into a solid phase that is no 
longer mobil e. O rgan ic contaminants also can 
be degraded into simp ler mo lecules. Some of 
these are no longer tox ic, but in some cases the 
so-call ed daughter product may be more tox ic. 
Rad ioactive contaminants w ill spontaneously 
decay into their daughter products, w hich w ill 
have their own set of transport properti es and 
reactiv it ies. These decay products may fo rm 
so lid-, liquid-, or vapor-phase contaminat ion 
products of their own, w hich must be factored 
into any remed iation strategy. 

Figure 2.2. Sample contaminant plume consisting of mixed waste resulting from percolation from leaky tanks, landfills, 
bas ins, and t renches, as well as being fo rmed through direct injection. 
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METJ\t 
RADIONUCLIDES 

T his primer looks at ways microbi al 
processes can be used to help remediate 
so il s, sed iments, and groundwater 

contam inated w ith metals and radionuclides. 
Section II provided a general introduction to 
bioremediation and an overview of the var ious 
bioremediation technologies . In this section, we 
describe several of the metals and radionuclides 
of most concern at many Department of Energy 
sites. These contam inants are the radionuclides 
cesium, plutonium, strontium, technetium, and 
uranium; and the metal s chromium, lead, and 
mercury. Figure 3 .1 illustrates th eir frequency of 
occurrence in groundwater, and in so il s and 
sed iments at DOE faciliti es. 

RADIONUCLIDES 

Radionuclides in the environment can be 
present in many form s, depending on the 
nature of the surrounding environment. Th ey 
form complexes with natural organic li gands 
such as humic substances . Th e so lub ili ty of 
these complexes va ri es with the pH of the 
natural aquifers. For example, compounds w ith 
hydroxides are common at high pHs. 
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These metals and rad ionuclides are all 
waste products of nuclea r fu el production, 
nuclea r resea rch, and nuclea r reactor 
operations at DO E fac ilities. M any of the metals 
are also found in industri al and/or agricultural 
waste products. This sect ion looks at how their 
transport propert ies and toxic ity are influenced 
by their oxidation states, 1 so lubil ity, and 
so rption processes. Transport and toxic ity are 
both affected by contaminant form. One fo rm 
or spec ies of a meta l or radionuclide may be 
harmless, whi le another ca n be extremely tox ic. 
In addition, one spec ies may be extremely 
mobil e because it is water so luble, w hile 
another is immobile because it is in a so li d 
phase or adsorbed to a mineral surface . 

Radionuclides also ca n form complexes w ith 
inorga nic materi als such as carbonate and 
sulfate. Some radionuclides are assoc iated w ith 
co llo id s. At DOE sites, radionuclides such as 
uranium, plutonium, and strontium were found 
in some cases to be d isposed of with organic 
substances such as organic acids, complex ing 
agents (such as EDTA), and so lvents, all of 
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Figure 3.1 . Frequency of occurrence of selected metals and radionuclides in groundwater and soils/sediments at DOE faciliti es 
(adapted from Riley et al., 1992). 

1. See the fea ture "Oppos ites Attract: Va lences, Bonds, and Redox Reactions" on page 23 . 



which can influence radionuclide geochem ica l 
behav ior and subsurface transport. 

Uranium and stront ium have been reported in 
groundwater at more than 50 percent of DOE 
fac ili ties, and along with tr itium are the most 
frequent radioactive constituents in DOE 
groundwater. In DOE so il and sed iments, uranium, 
plutonium, and ces ium have been c ited as the most 
common radioactive w aste components (Figure 
3. 1 ). 

Cesium (Cs) 

Cesium is a relatively rare, silvery white metal, 
found in the Earth 's crust. Cesium has only one 
naturally occurring isotope- 133 . However, 20 
radioactive isotopes have been created, with 
masses ranging from 123 to 144. The most 
hazardous and most frequently identified is ces ium-
137, whi ch has a 30-yea r half-life. 

Ces ium-137 is a primary const ituent of stored 
nuclea r w as te. Large quantities of ces ium-137, 
along with strontium-90, w ere produced during the 
nuclea r fue l cycle, specifica lly during the 
generat ion of plutonium and emichment of 
uranium for use in nuclea r w eapons. When the 
fissi le weapons materi als were then extracted from 
the fuel rods and processed as hazardous waste, the 
ces ium and strontium w ere also extracted and 
processed, and the conta minants stored in waste 
storage tanks on DOE lands. 

Ces ium-1 37 and strontium-90 have been found 
in large quantities in fall out from the 1986 acc ident 
at Chernobyl in Ukraine. Because of ces ium 's 

Pu (Ill) 
Pu(IV) 
HCI0

4 Pu(Vll) 

Figure 3.2. Plutonium in +3 to +7 oxidation states in colored 
solution, from left to right: Pu(lll), Pu(IV), Pu(V), Pu(VI), and 
Pu(VIl). 

similari ty in chemical propert ies to potass ium, Cs-
137 is taken into the body in the sa me manner, and 
ca n result in whol e-body radiation. In addi tion, the 
beta particl es it em its are particularly toxic to bone 
marrow. 

The ces ium ion has only one ox idation state: 
+ 1. It gives up its electron very eas il y, form ing ionic 
bonds w ith nea rly all the inorgan ic and organ ic 
anions. Cesium eas ily loses electrons when struck 
by I ight, so it is used extensively in photoelectr ic 
ce lls and te levision cameras to form electronic 
images. The ces ium-1 37 isotope is also useful in 
medica l and industrial rad iology. Ces ium hydroxide 
(CsOH) is the strongest base known. In soi ls and 
sed iments, ces ium is known to sorb strongly to 
clays. 

Plutonium (Pu) 

Plutonium is a silvery metal th at takes on a 
yel low tarni sh in air. It is the second of the artifi
c ially produced transuranic elements (neptunium 
being the first). Fifteen iso topes ex ist, and all are 
radioactive poisons because of the ir high rate of 
alpha emi ss ions and their absorption to bone 
marrow. Permitted leve ls of exposure to plutonium 
are the lowest of any element. 

The f irst iso tope di scovered was Pu-238 (ha lf
li fe of 86 years), which was produced in 1940 by 
deuteron bombardment of uranium in an 
acce lerator. The most important isotope is Pu -239, 
with a half-life of 24,100 yea rs, which is produced 
in extensive quantities in nuclear reactors from 
natural uranium. 

Plutonium has five ox idat ion states (+3, +4, +5, 
+6, and +7) . The more insoluble form of p luton ium 
is the Pu (IV) polymer, a hydrous plutonium ox ide. 
However, in groundwater, the presence of 
complex ing inorganic or organ ic spec ies strong ly 
influences the so lubility of Pu(IV) . For examp le, 
EDTA, a contaminant often found with act in ide 
waste, is known to enhance so lu bility of Pu(IV), 
even in the polymer. Plutonium ca n also be present 
in groundwater as a number of other compounds, 
includ ing plutonium ca rbonates, plutonium 
hydroxides, and pluton ium sulfates . In anoxic 
w ater, water-so lub le plu tonium occurs as the Pu( lll ) 
and Pu(IV) spec ies, whereas in oxygenated w aters, 
Pu(IV), Pu(V), and Pu(VI) may coex ist. Pu(V) is 
known to predom inate in seaw ater and oxygenated 
lake w ater. 
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Strontium (Sr) 

Strontium was first found in stronti anite 
(SrC03), a ca rbonate mineral. Its other natural ore 
is ce lestite (SrC04) . It is an alka lo id meta l w ith one 
ox idat ion state: +2 . Chem ica ll y, strontium is simil ar 
to calc ium and barium. 

The four naturally occurr ing isotopes are: Sr-88 
(82.56%), Sr-86 (9.86%), Sr-87 (7.02%), and Sr-84 
(0.56%). Approximately 16 artifici al radio isotopes 
have been produced by nuclea r reactions, of 
wh ich the longest lived and best known is Sr-90 
(w ith an approx imate 28-year half-life). 

A long w ith cesium-137, strontium-90 is 
produced in large quantities during the fi ss ion 
process, so it ex ists in high concentrations in stored 
nuclea r waste. It is also considered the most 
dangerous constituent of radioactive fallout (see 
ces ium, above). Because it is chemica ll y similar to 
ca lcium, strontium-90 ca n repl ace some of the 
ca lc ium in foods and ultimately become concen
trated in bones and teeth , where it continues 
ejecting ions th at ca use radiation injury. 

Technetium (Tc) 

Technetium w as the first artificial ly produced 
element. The isotope technetium-97 (w ith a 2.6-
million-yea r half-life) was discovered in 1937 in a 
samp le of molybdenum that had been bombarded 
by deuterons. Technetium is a si lvery-gray meta l 
that tarnishes slow ly in moist air. N ineteen Tc 
isotopes are now known, w ith atomic masses 
ranging from 90 to 108. A ll of them are 
radioact ive. 

Technet ium can assume all ox idation states 
from +7 to 0 . However, oxidation states +4, +5 , 
+6, and +7 have the strongest potential to exist in 
the environment, with Tc(VII) and Tc(IV) 
dominating. The Tc(VII) pertechnetate ion (Tc04- ) 

is high ly stab le in water under ox ic conditions and 
may represent the spec ies that is most mobile in 
groundwaters under these conditions. Less so lub le 
su lfide, carbonate, and oxide forms of Tc( IV) 
represent the most dominant species under 
anaerobic conditions. 

Technetium-99 (w ith a 212,000-yea r half- li fe) 
is produced in kilogram quantities as a fi ss ion 
product in nuclea r reactors. It is derived from 
uranium and plutonium fi ss ion, and is used to 

absorb slow neutrons in reactors. It may enter the 
env ironment via several avenues, such as through 
the separat ion and enri chment of uran ium, and 
thus is present in stored wastes at a number of 
DOE sites, including Hanford, Paducah, and 
Portsmouth. These rad ion uclide wastes, or iginall y 
stored in lagoons and bur ial p its, leaked into the 
subsurface and formed plumes in th e sa nd aquifers 
be low the vadose zone. The Tc-99 in these p lumes 
is believed to be in the form of Tc04- . 

Pertechnetate can be mob ile in groundwaters and 
biologically ava il able, and thus const itutes a 
significant part of the potential radioactive dose to 
humans at these sites. This factor, coupled with the 
long half-life of Tc-99, makes the presence of this 
radioisotope a great concern. 

Technet ium-99m, not to be confused w ith Tc-
99, has a short half- li fe of just over 6 hours. It is an 
important tracer rad ioisotope in nuclear med ic ine. 

Uranium (U) 

Uranium, w ith an atom ic number of 92, is the 
heav iest known natura l element. It is dense, hard, 
meta lli c, and si lvery w hite. Uran ium occurs in a 
number of minerals, including ca rnot ite and 
uraninite, a dense b lack va ri ety of w hich is ca ll ed 
p itchblende. Uranium is not all that rare, be ing 
more p lent iful in the Earth's crust th an mercury and 
silver. 

Uranium has four oxidation states: +3, +4, +5, 
and +6. Uranium(VI) ex ists in a so lu ble state and is 
very mobile in groundwater. Uranium(IV) ca n be 
stab le in reducing conditions and is highly 
inso luble, and as part iculate matter ca n be inhaled 
into the lungs. The ions in the +3 and +5 states are 
not as stab le. Weathering of rocks converts 
uranium to the +6 state, w here it forms th e uranyl 
ion (UO/+) . Most uranyl compounds tend to be 
soluble in groundwater, although the phosphates 
are qu ite insolub le. When uranyl ions encounter a 
reduc ing agent such as organ ic matter, U(IV) is 
prec ip itated (separated from so lution) as uraninite 
and coffini te. 

Al l uranium isotopes are radioactive. In its 
natural state uranium consists of a mi xture of U-
238 (99.27%), U-235 (0 .72%), and U-234 
(0.006%), w ith half li ves of 4.5 billion , 7.13 
million, and 247,000 yea rs, respecti ve ly. 
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Natural uran ium is used in the generat ion of 
nuclea r fuel, specifica ll y in converter and breeder 
reacto rs. Uranium-235 is one of the two fissil e 
materi als used for the production of nuclea r 
w eapons, and in some nuclea r reactors as a source 
of energy. The other is Pu-239, which is v irtuall y 
nonex istent in nature and is made by bombarding 
U-238 w ith neutrons in a nuclea r reactor. Because 
of its importance in the f ission process, uranium is 
found in large quantities in stored nuclear waste. 

The ioniz ing radi ation from uranium (as w ell as 
other radioactive elements) can break chemical 
bonds, thereby destroying or damaging living ce lls. 
The most common routes of uranium contami
nation are through handling, ingesting, and 
inhaling. Inhaling and ingesting increase the risk of 
lung and bone cancer. Uranium is also chemica ll y 
toxic at high concentrations and can cause damage 
to internal organs, particu larly the kidneys. 
Uranium may also affect reproductive organs and 
the fetus, and may increase the risk of leukemia 
and soft tissue ca ncers. 

Uranium mining to obtain yellowcake is a 
major source of contamination by uranium decay 

METALS 

Chromium (Cr) 

Chrom ium in its 
naturally occurr ing form 
is found mainly in 
chromite. Th e mineral 
chromite is composed of 
iron, chromium, and 
oxygen (FeCr20 4) . It is 
formed in the deep 
subsurface, which gives 
thi s mineral a stable 
crystalline structure and a 
res istance to high temper
atures and pressu res. 
Chromium is an essential 
trace element and has a role in glucose 
metabolism 2 

products. Yellowcake is a ye llow or brown uranium 
ox ide powder that is processed to obtain uranium 
dioxide (U02) and uranium metal for use in 
reactors and nuclea r weapons production . 
Conventional mining techniques generate a 
substantial amount of mill tai lings, wh ich are in the 
form of thorium-230 and rad ium-226. These waste 
products have a half-li fe of about 75,000 years and 
1 ,600 years, respectively. They can leach in to 
groundwater, and water samples near tailing pil es 
have shown levels of some contaminants to be 
hundreds of times the government's acceptable 
level for drinking water. In addit ion, miners at these 
sites have died of lung cancers, which ca n be 
linked to inhaling uranium decay products. 

Enrichment is another freq uent sou rce of 
uranium contamination . Enri chment increases the 
amount of uranium-235 in natural uranium for use 
in reactors . Uranium hexafluoride (U F6), an interim 
prod uct of the enrichment process, contai ns the 
soluble U(VI) ion and is highly radioactive and 
toxic. It reacts readily with moisture, releas ing 
highly toxic hydrofluoric ac id. Enr ichment fac ilities 
have had a number of accidents invo lving UF6 . 

Figure 3.3. This computer image 
shows that chromium is present in 
highly localized chemical hot spots in 
the soil. The color scale ranges from 
blue, which indicates no Cr present, 
to red-orange, which indicates a 
concentration of one picogram per 
micrometer. The image was 
generated on the x-ray fluorescence 
microprobe beamline at Lawrence 
Berkeley National Laboratory's 
Advanced Light Source. (Courtesy 
of Tetsu Tokunaga.) 

Chrom ium is found in three oxidation states 
(+2, +3, and +6), although in a few stab le 
compounds it also ex ists in the +5, +4, and+ 1 

2. To lea rn more about the chemica l and phys ica l properti es of chromi um and other elements, vis it Br itannica On line, at 
http ://www.eb.com/ (Encyc lopedia Britanni ca, 1998). 
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states . The most commonly found ox idation states 
are +3 and +6, with +6 being the most toxic. 
Triva lent chrom ium is an essential nutrient required 
in sugar and fat metabolism, and in the act ion of 
in su lin. Hexavalent chromium is toxic and 
ca rc inogenic. 

Chrom ium w astes are assoc iated with reactor 
operations, fuel fabrication, and irrad iated fuel 
processing at DOE fac ilities, and the toxic and 
soluble Cr(VI) form is reported in so ils and 
sediments on DOE lands. Chromium(VI) can also 
enter the environment in effluents from metal 
plating and through exposure through handling 
and inhalation, and in industrial or municipal 
waste treatment plant discharges. 

Chromium(VI) is highly soluble; i.e. , it ca n 
dissolve eas ily in water and move through the 
subsurface environment. It has been found to 
cause throat and lung cancer, and long-term toxic 
effects may include shortened I ife span, 
reproductive problems, and lower fertility. 

Chrom ium(VI) dissolved in groundwater is 
typi ca ll y found in the form of Cro/- at neutral and 
high pH. Under ac idic conditions it occurs as 
HCr04- . Di sso lved Cr(lll) occurs as Cr(OH) 3 at 
neutral and alkaline pH, and Cr(OH) 2- under 
ac idi c pH. Other inorgan ic and organic complexes 
with Cr(lll) also occur. So lubili t ies of Cr(lll) spec ies 
are generally very low. Chrom ium(lll) is reox idized 
to Cr(VI) through redox reactions with Mn02. 

Chromium precipitates occur primarily as Cr(lll ) 
compounds. Reduction of Cr(VI) to Cr(l ll) in 
sed iments and groundwater can be due 
to organ ic compounds (including 
natural organic matter), ferrous iron 
[Fe(ll)], and sulfides [5(-11)]. 
Chromium(lll) sorbs strongly 
onto Fe and Mn oxides, 
clays, and other mineral 
surfaces. Chromium(VI) 
also sorbs onto Mn, and Fe 
oxides. Biotransformation 
of Cr(VI) to the less toxic 
and mobile Cr(l ll) presents 
an opportunity for bioreme
diation of chromium. 

Lead (Pb) 

+4, and is tox ic in both. It is bluish-white with a 
bright luster in its elemental state. 

Lead(IV) is generally the more so lu ble ion. 
Pb02 is a lead ox ide th at is so luble in w ater. 
Lead(ll) is generally inso luble in groundwater. Lead 
ca rbon ate [Pb(C03)] and lead su lfate [Pb(S04)] are 
inso luble Pb(ll) compounds. Lead(ll) monox ide 
(PbO), in the forms of litharge and mass icot, is also 
inso luble in w ater, but readily dissolves in ac id. 

Lead wastes are assoc iated with reactor 
operations and lead ions are found in high concen
trations in groundwater at DOE faci lities. Lead is 
also used extensively in industry. Great quantities 
of lead, both as the metal and as the dioxide, are 
used in storage batteri es. Lead is used in 
ammunition and in rad iation shields. Lead 
poisoning, also ca lled plumbism, is caused by 
repeated exposure to the metal , resulting in its 
accumulat ion in the body t issues. Lead affects the 
intestines and central nervous system and ca uses 
anem ia. 

Children are espec ially susceptible to lead 
poi soning as the blood- brain barr ier has not yet 
fully developed. Therefore, lead ca n more eas il y 
enter the brain. At lower leve ls of exposure, 
children ca n experience behav iora l changes and 
dec reases in intelli gence. At high levels, children 
ca n suffer severe brain damage and die. 

Environmenta l concern with lead po isoning 
has resulted in the elimination of lead from 

gaso line and paint products. Although elementa l 
lead and some lead compounds are 

not absorbed by human tissue 
and are, therefore, not toxic, 

\ any soluble lead 
\ compound is toxic, with 

toxicity increas ing as 
solubility increases . 

Mercury is the only 
elementa l metal that is 

liquid at room 
temperature. Mercury is 

very volatil e, meaning that 

Lead has two 
ox idation sta tes, +2 and 

Figure 3.4. Lead is usually found with su lfur 
in the mineral ga lena (PbS). 

it ca n readi ly vapori ze at 
relatively low temperatures. 
In its so lid form, it is si Ivery 
white, slow ly tarnishing in 
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moist air, and freez ing into a soft so lid li ke tin at 
about -39°C (-38.2°F). It alloys with most meta ls. 
Mercury's princ ipal ore is the red sulfide, c innabar 
(HgS). 

Inorganic mercury ex ists in three ox idation 
states: 0 (e lemental mercury);+ 1 (mercurous 
mercury); and +2 (mercur ic mercury). M ercury 
compounds contain either the Hg(l) or Hg( ll ) ion, 
although Hg(ll ) compounds predom inate . All th ree 
oxidation states are toxic. The most vol atile form, 
meta lli c Hg(O) vapor, is li pid so luble and readily 
absorbed via the respiratory tract. Less volatile, 
water soluble methylmercury (CH3Hg) is read ily 
absorbed via the gastro intestina l tract, and also by 
inhalation . Water-soluble Hg(ll) is modestly 
absorbed from the gastrointestinal tract because of 
its low lipid solubility. In general, mercury is a 
cumulative tox in, with all forms tending to excrete 
very slow ly once fixed in a tissue. 

Common anthropogenic sources of mercury 
include nuclea r fuel production at DOE fac ili t ies as 
pa rt of the uranium pur ification and isotope 
separat ion process (U-235 and U-238), industri al 
mining, burning of foss il fuels, and pestic ides. 
Sewage treatment fac i I itates are a w idespread 
source of both inorganic and organic mercury 
compounds (Hg(O), Hg( ll ), methylmercuric 
chlo ride, and d imethylmercury) . 

The major form of mercury in the atmosphere 
is elemental mercury, whi ch is highly vol atile. 
Burning of fossil fuels contributes to this 
atmospheri c contam ination. Even though elemental 
mercury, Hg(O), is the least react ive of the three 
ox idation states, it is sti II po isonous because it is 
readily ox idized to the most react ive form, Hg(ll), 
by both b iotic and abiot ic processes. This mercuric 

ion ca n then enter aquatic environments. Mercury 
in the form of Hg(ll ) also enters aq uatic 
environments from industr ial and nuclea r fue l 
product ion wastes, and agri cultural runoff waters . 
These pollutants then settle into river and lake 
sed iments. 

The mercuric ion read ily adsorbs to these 
sed iments and other part iculate matter. Anaerobic 
sul fate- reducing bacter ia, wh ich commonly inhabit 
sed iment, ca n methylate thi s ionic mercury, 
forming methylmercury (CH 3Hg). Because it is both 
lipid and water soluble, methylmercury readily 
enters the aquatic food chain . Fish contam inated 
with methylmercury have been found in freshwater 
from Japan to the Great Lakes. Methylmercury is 
about a hundredfold more neurotox ic than ionic 
mercury [Hg(ll)] and can be concentrated a 
millionfold in fish . Additional methylation by 
microorganisms produces dimethylmercury 
(CH 3HgCH 3), which is even more vo latile and lipid 
so luble, but which must be partially demethylated 
before it can react with tissue prote in s. 

Although methylmercury is highly toxic, 
bacteria have evo lved genes that convert it to a 
much less tox ic form. Thus, methylmercury is a 
suitable ca ndidate for bioremed iation . A lternative 
strateg ies, such as vapor extract ion fo ll owed by 
co ll ection of the vol atile methylmercury, wou ld 
require elaborate conta inment. This would be 
difficult for dry land decontamination or lake 
sediment remediation. Demethyl ating microbes are 
often found in sediments containing the 
methylating su lfate-reducing bacteria. Their 
demethylating act ivit ies could be en hanced by 
severa l interventions, incl uding but not limited to, 
amendment with native or non-native demethy
lat ing microbes or by phytoremediation. 
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OPPOSITES ATTRACT: 

VALENCES, BONDS, AND REDOX REACTIONS
1 

A toms bond to achieve stabi lity. Chemical bonds are formed through the giv ing up, receiving, or 
shari ng of electrons by the outermost region of an atom, ca ll ed its valence shell . The va lence
she ll electrons are the least tight ly bound to the nucleus and therefore can be removed the 

most eas ily. 

The oxidation number of an atom is the net charge on an atomic species. And the atom's oxidation 
state (a lso known as its va lence) is the number of electrons an atom ca n give up or rece ive to achieve a 
bond. The oxidation state of any atom is indicated by a roman numeral fo llowing the name of the 
element. Thus, iron(lll), or Fe(! II ), means iron in an oxidation state of +3. The uncombined Fe(lll) ion is 
simply Fe3+. 

Two of the most important bond formations for bioremediation, particularly of meta ls, are ionic and 
cova lent. In ionic bonds, a complete transfer of electrons occurs from one atom to another. This creates 
two ions with opposi ng electr ic charge. The transfer is generally f rom a metal to a nonmeta l. The metal 
loses one or more electrons and becomes a positive ion, a cation, and the nonmeta l w ill receive the 
electron or electrons and become a negative ion, an an ion. Most meta ls eas ily comb ine with oxygen to 
form meta l ox ides, and many ores consist of meta l ox ides. Oxygen in its ionic state has a va lence of -2. 
Electrostatic attract ion between the ions of oppos ite charge ho lds them together, creating a compound. 

When atoms of two elements of about the same electronegativity react, they form bonds in w hich 
the electrons are shared about equa ll y between atoms. Bonds fo rmed by the sharing of electrons are 
cova lent bonds. Cova lent bonds between ident ical atoms (such as H 2) are nonpolar, or electr ica ll y 
uniform, whereas those between unlike atoms are polar, that is, one atom is slightly negative ly charged 
and the other is slight ly positively charged. This partial ionic character of cova lent bonds increases w ith 
the difference in the electronegativities of the two atoms. 

Ox idation-reduction, or " redox," is a chemica l reaction in wh ich there is either a complete transfer 
of electrons (creating an ionic bond), or a sharing of electrons with other atoms (creating a covalent 
bond). This changes the ox idation state of the atoms invo lved in the reaction. The atom that loses an 
electron is oxid ized, and the atom that ga ins an electron is red uced . The distinction between ionic and 
covalent bonding is not abso lute. Covalent bonds have a partia ll y ionic character. Compounds often 
include both ionic and cova lent bonds. 

1. To learn more about th is topic, see General Chemistry: Principles and Structure (Brady, 1990) . 
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SECTION IV: 

A LOOK AT 

MICROBIAL 
METABOLISM 

M icroorganisms are the most abundant 
life form on earth- both in the 
number of species and quantity and 

weight of living organisms. They have a history 
spann ing over 3.5 billi on years and have 
evolved to adapt to a w ide range of environ
mental conditions and to survive with diverse 
sources of carbon and energy. Microorgan isms 
are so named because they are usually too 
small to see with the naked eye (which is about 
a tenth of a millimeter). 

In a typica l gram of sed iment, there are 
thousands of species of microorganisms and 
bi llions of individua l organisms. In so il s and 
sediments, microbes play a key rol e in the 
degradation of stems, leaves, and roots of plants 
-leading to the endless cyc ling of carbon and 
nitrogen between the atmosphere and terrestria l 
biosphere. Microorganisms are also present at 
great depths below the land surface. Recent 
stud ies have shown that aqu ifers and oil 
reservo irs are inhab ited by a diverse assortment 
of microorganisms that have lea rned to li ve in 
harsh conditions where it is hot, sa lty, and food 
is in short supply. 

Microorganisms span the three domains of 
I ife : Bacteria, Eukarya, and the recently 
recognized Archaea. These three domains are 
divided accord ing to the structure of their ce ll s. 
The cells of higher animals and plants are 
eukaryotic and have a true nucleus. The 
ancestors of multicellular organisms are 
eukaryotic microorganisms. Eukaryotic microor
ganisms include algae, fungi, and protozoa. 
Bacteria and archaea, however, do not have a 
d iscrete nucleus and are ca lled, co ll ectively, 
prokaryotes. Most prokaryotes are one-cel led 
organisms, whereas eukaryotes may be one
ce lled or more complex, multi ce llular 
organ isms.1 

Microorganisms also can be categorized 
according to their respiratory metabolic 
processes and sources of nutrition . This classifi
cation can be used to characteri ze their 
bioremediation potential. Some microor
ganisms, aerobes, require oxygen to grow, 
while others, anaerobes, are able to grow in 
environments devo id of avai lable oxygen. Some 
organisms wi ll grow on the simplest sources of 
carbon such as methane, while others wi ll only 
grow on more comp lex ca rbon substrates. In 
sed iment and groundwater systems, there is a 
large divers ity of organic mo lecu les that can 
provide a source of carbon for microbia l 
growth . In addit ion to carbon, microorganisms 
also need electron donors and acceptors . Some 
meta ls and radionuclides ca n act as these 
donors and acceptors. Enzymatica ll y cata lyzed 
transfer of electron s (by ox idat ion and 
reduction reactions) between donors and 
acceptors releases energy for ca rrying out 
biochemica l reactions. M icrob ial metabolism 
can play an important part in transformations of 
meta ls and radionuclides, changing the form, or 
spec iat ion, of these contaminants. 

Bioremediation is a technology that uses 
metabolic processes to degrade or transform 
contaminants so that they are no longer in a 
harmful form. In some cases the contam inant is 
a primary part of the metabo lic process, acting 
as the mai n source of carbon and energy for the 
ce ll. In others, it is transformed wh ile a second 
substance serves as a primary energy or carbon 
source. This cometabolism process may be 
purely fortu itous, and the microorganism gains 
nothing from the process. Contaminant 
degradation may result in daughter products 
that can be metabolized or in ones that persist. 

Transformation of metals and radionuclides 
proceeds somewhat differently. A lthough they 
cannot be sources of ca rbon, meta ls and radio
nucl ides can provide energy, and they can also 

1. For more information about how scientists identify microorgan isms, see the feature "Who's Out There? Identifying 
Microbial Species that Live in the Subsurface" on page 29. 



be transformed ind irectly in the energy transfer 
process . Metals and rad ion ucl ides can be 
transformed directly through changes in valence 
state by act ing as electron donors or acceptors, or 
by act ing as co-factors to enzymes. They can also 
be transformed ind irectly by reducing and 
ox id iz ing agents produced by the m icroorganism 
that ca use changes in pH or redox potential. 

Transformation may also occur when m icroor
gani sms produce chelati ng agents that bind the 
meta l or rad ionucl ide o r degrade the chelating 
agent, or when the microorganism produces 
surfacta nts that desorb metals from sed iments. The 
goal of th is sect ion is to introduce the reader to 
some of the bas ic metabo lic processes involved in 
b iotransformat ion of metals and radionuclides. 2 

BASIC MICROBIAL METABOLIC PROCESSES 

Metabolism co ns ists of the sequences of 
b iochemica l reactions, or pathways, in an organism 
that result in activ ity, growth, and reproduction . 
These include degradative (catabo lic) and 
constructive (anabo li c) processes. Catabo li c 
processes break down larger mo lecules into 
simpler components, producing energy for 
microbi al growth and reprodu ction . Contaminants 
can be transformed into less harmfu l forms or 
degraded completely (minera lized) to inorganic 
components through these catabo li c processes. 
Some of the most important components of 
catabo li sm are nutrient and energy sources; 
microbia l resp iration; basic respiratory 
ox idation-reduction reactions, which generate 
energy and transfer electrons from electron donors 
to electron acceptors; and enzymes, which serve as 
cata lysts to these reactions. 

Nutrient Sources 

Carbon, nitrogen, and phosphorus are the 
major nutr ients needed by the ce ll . This is beca use 
they are the basic elemental components of the 
proteins, sugars, and nucleic ac ids that comprise 
the ce l l. Organisms that req uire an organ ic or 
complex source of carbon are ca lled heterotrophs. 
Those that use inorgan ic sources of ca rbon li ke 
carbon dioxide (C02) are ca lled autotrophs. 

Most microorganisms need nitrogen because it 
is a major constituent of proteins and nucleic acids. 
N itrogen can be found in nature in both organ ic 
and inorganic forms. However, the most abundant 
forms of nitrogen in nature are inorganic- either 
ammon ia (NH 3), nitrate (N03-), or nitrogen gas 

(N 2). Most microbes ca n use either ammonia or 
nitrate as their so le nitrogen source. Nitrogen-fix ing 
bacteria ca n use N2 gas as a nitrogen source, fixing 
it directly from the air. 

Microorganisms also need other nutr ients, 
although to a lesser extent. Production of ATP 
(adenosine tr iphosphate- the pr inc ipal energy 
ca rrier molecule of the ce ll ) and synthes is of 
nucleic ac ids and phospho lipids req uire 
phosphorus, which occurs in nature in the form or 
organ ic and inorgan ic phosphates (P04

3
- ). The 

amino ac ids cyste ine and meth ionine require 
sulfur. Most sulfur or iginates from inorganic 
sources, usuall y sul fate (SO/- ) or hydrogen sul f ide 
(H 2s- ). Severa l enzymes need potass ium, includ ing 
some that are involved in protein synthes is. 
Potass ium occurs in nature inorganica lly in the 
form of salts. Magnesium stabi l izes ribosomes, ce ll 
membranes, and nucleic ac ids. Ce l ls need iron in 
large amounts as it p lays a major ro le in ce l lular 
respirat ion- it is a key component of the 
cytochromes and iron-su lfur proteins invo lved in 
electron transport. Most inorganic iron is highl y 
inso lub le, so many organisms produce spec ifi c 
iron-b inding agents ca ll ed siderophores, which 
so lub i lize iron salts and transport iron into the ce ll. 
Iron is found inorganica ll y as Fe( lll ), Fe( ll ), and 
Fe(O) (e lemental iron). 

Energy Sources 

Microorganisms can use two sou rces of energy 
other than organic compounds - li ght and 
inorganic chemica ls. Those that use l ight are 
phototrophs, converting that light energy to 

2. To learn more about microb ial metabolism, see Brock Microbiology of Microorganisms (Mad igan et al., 1997). 
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chemica l energy through photosynthes is; those that 
use chemica ls are chemotrophs. A lthough many 
organisms obta in their energy from light, most 
microbes are chemotrophs. Microorganisms that 
use meta ls and radionuclides as primary sources of 
energy are chemol ithotrophs, that is, they use 
inorganic chemica l compounds as an energy 
source. 

Microbial Enzymes Acting as Catalysts 

Enzymes are proteins that catalyze chemica l 
reactions in the ce ll. O ne of the most important of 
these reactions is ox idation- reducti on (redox) in 
catabol ic metaboli sm. These redox reactions 
transfer electrons and release energy from a 
substance . The substance that an enzyme acts 
upon is ca lled the reactant, or substrate. Thi s is 
often the contaminant in bioremediati on. A specific 
enzyme-catalyzed reaction is usually onl y one of 
many of the reactions in a catabo lic or anabo li c 
pathway. 

For a react ion to even occur, mo lecules must 
first reach a reactive state in order fo r chem ica l 
bonds to be broken. The amount of energy 
required to bring all mo lecules in a chemica l 
reacti on to the reacti ve state is ca ll ed the acti vat ion 
energy. O nce acti vation has occurred, the reaction 
ca n then proceed. 

Catalysts are the substances that acti vate 
reactants. They do this by lowering the amount of 
act ivation energy needed to initi ate a reacti on. 
They also increase the rate at w hich a reaction will 
occur. However, they are not themselves changed 
by the reaction. Enzyme-cata lyzed reactions occur 
very quickl y. Enzymes ca n increase the rate of 
chemica l reactions from 1 08 to 1 020 times what 
would occur spontaneously. 

Some enzymes are highly spec ifi c in the 
react ions or groups of reactions they catalyze. In 
an enzyme-cata lyzed reaction , the enzyme (E) 
temporarily combines with the reactant, or 
substrate (S), in an enzyme- substrate complex. The 
reaction occurs and the product (P) is released. 
Thi s produ ct is the transformed - ox idized or 
reduced - substrate. Then the enzyme returns to 
its ori ginal state: 

The combination o f enzyme and subs trate 
usuall y depends on weak bonds to jo in the 
enzyme to the substrate. To catalyze a reaction, an 
enzyme must b ind the correct substrate and 
pos it ion it correctly on the enzyme's active site. 
Thi s pl aces a strain on spec ifi c bonds in the 
substrate, whi ch causes the substrate to break into 
component products. The result of thi s 
enzyme-substrate complex fo rmation is a 
reduction in the acti vation energy required to 
make the reaction occur and transform the 
substrate . Enzymes are named for the substrate 
they bind or the chemica l reaction they catalyze, 
denoted by "ase" at the end of the name. For 
example, ribonuclease is an enzyme th at 
decomposes ri bonucleic acid . 

Oxidation-Reduction 

Microorganisms obta in nutrients and energy 
for ce llular processes and growth through 
ox idation- reduction reactions, w hich are cata lyzed 
by spec ific enzymes . Ox idation- red uction, or 
redox, reactions invo lve the transfer of electrons 
from one reactant to another.3 This transfer occurs 
through the donation of one or more electrons 
from an energy source (substrate), ca ll ed the 
electron donor, and accepted by the electron 
acceptor, lead ing to changes in the chem ical state 
of both donor and acceptor. In a redox reac ti on, 
the electron donor is ox idized and the electron 
acceptor is reduced. Because electrons can not 
ex ist alone in so lution, but onl y as parts of atoms 
or molecules, an ox idation ca nnot occur w ithout a 
subsequent reducti on. 

In biochemistry, redox react ions often invo lve 
the transfer of not just electrons but hyd rogen 
atoms. When the electron is removed, the 
hydrogen atom becomes a proton (or pos itive 
hydrogen ion, H+). 

In the ox idiz ing half-reaction H2 ~ 

2e- + 2H+, the electron donor, hyd rogen gas (H2), 

is ox idi zed as it releases two electrons and two 
protons. 

In a second reduci ng half-react ion, the 
oxidation of H 2 ca n be coupled to the reduction of 

3. See the feature "Opposites Attract: Va lences, Bonds, and Redox Reactions" in Section Ill. 
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Table 4.1. 
Microbially Significant Half-Reaction 

Reduction Potentials 

Redox Pairs 

+ 1.229* 

+ 1.208* 

+0.77* 

+0.20* 

o.ot 

* t Oxtoby et al., 1994; Tinoco et al. , 1985. 

the electron acceptor 0 2. 

The net ox idation- reduction reaction is balanced: 

The tendency fo r a substance to donate or 
accept electrons is expressed by its reduction 
potential (E0). Substances w ith large positive 
reduction potentia ls read il y accept electrons. 
Substances w ith lower or negative reduction 
potentia ls readily give up electrons. Table 4.1 lists 
the reduction potentials for some of the most 
important redox half-reactions for bioremed iation 
of metals and rad ionuclides. 

In soi l and groundwater systems with abundant 
carbon and nutrients for microbial activity, there is 

MICROBIAL RESPIRATION 

Respiration is a fundamental metabo li c process 
whereby microorganisms obtain the energy needed 
to grow and reproduce. There are two bas ic 
d ivisions of respiration: aerob ic and anaerobi c. 

a well -defined sequence of redox reactions th at 
occurs (Spos ito, 1989) . First, near ly all of the 0 2 

is consumed by the reac ti on described above. 
When the 0 2 is nea rl y depleted, nitrate (N0 3- ) is 
reduced to N0 2- , NH/, N 20, and N 2 by 
reactions such as: 

Complete reduction of nitrate to N2 is 
commonly referred to as denitrification . 
M anganese reduction, leading to the di sso lut ion 
of sol id phase magnes ium oxide, can begin 
whi le nitrate is present, by the reaction : 

After nitrate is dep leted, disso lution of Fe3
+ 

minerals to aqueous Fe2+ occurs by reactions 
such as: 

Finally, when the potential drops even lower, 
sulfate reduction becomes the predominant redox 
process, leading to the formation of reduced forms 
of sulfur such as HS-, H 2S, and S20 3 - . Under even 
more highly reducing conditions, methane is 
generated by microb ial reduction of C02 and 
organic ca rbon. Because of the ubiquitous 
occurrence of these common ea rth elements, redox 
reactions invo lving contaminants must be viewed in 
light of where they lie in this redox sequence and 
how they compete o r combine with these species 
for electron transfer reactions. Fortunately, as 
described in Sections V and VI , the reaction 
products of these major earth elements ca n also 
react with some radioactive and metal contam
inants to form stab le mineral phases. 

Aerobic resp iration occurs when the terminal 
electron acceptor is 0 2 . Anaerobic respiration is 
the use of inorgani c compounds other than 0 2 as 
terminal elec tron acceptors. 
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WHo's OuT THERE? 
MICROBIAL SPECIES THAT LIVE IN THE SUBSURFACE 

ne of the problems that has plagued sc ientists in bioremediation is how to identi fy and charac
teri ze the microbi al communities that live in a contam inated site. Through culturing, microbi
ologists have been ab le to grow, at most, one percent of the microbes in a community. Yet 

even when organisms can be cul tured, they ca nnot always be identified. Over the last few years, 
however, scientists have deve loped ways of identifying microbes and assessing the microbia l 
communities in the subsurface. 

A community can be assessed directly by isolating DNA and after amplification (see below), 
determining the sequences of specific genes. After identification, the sequence can be compared to a 
large database comprising 165 rRNA sequences of previously cultured organisms. The patterns obtained 
from the fatty ac id methyl esters (FAME) of organisms grown under carefully controlled conditions can 
be used for culture identification. Analogous to the FAME analysis, by carefully identifying specific lipid 
molecular classes 1 and focusing on the fatty ac ids of polar phosphate-containing lipids, the community 
can be further characteri zed . The total microbi al community can be examined, but no one method can 
furnish a complete analysis . Along with cu lturing, however, each of these approaches provides a piece 

Figure 4.1. Culture of Pseudomonas stutzeri on a 
plate. Image courtesy of F. Blaine Metting, Pacific 
Northwest National Laboratory. 

of the puzzle. 

Culturing Microorganisms on Growth Media. Culturing 
is a trad itiona l method of identifying a microb ial species 
(F igu re 4.1 ). First a microb ial strain representi ng a single 
species is iso lated from a mixed culture and grown in a 
ster ilized medium in a temperature-controlled incubator. 
Sugars and am ino acids may be added to the med ium, as 
well as some kind of so lidifying agent, like aga r. 
Researchers then perform a number of phenotypic tests to 
identify the cultured organisms by species. With bacteria, 
the fi rst test will often be a gram stain. This staining is 
based on a differentiation in ce ll-wall structure and 
chemical composition. Gram-negative organisms stain red 
and gram-positive organisms stain purple. Then the 
microorganisms are put through further tests, the nature of 
which depends upon whether they are gram positive or 
negative, until they are identified by process of elimination . 
Their FAME patterns and RNA sequences can be used for 
further confirmation. 

16S rRNA Gene Sequencing. This identification method can be used with archaea as well as 
eukarya and bacteri a. It is based on determining the phylogenetic position of the unknown microbe 
among known microorganisms. This determination is based upon a particular DNA strand - its 165 
rRNA gene sequence. This sequence is considered the best for these evolutionary measurements 
because it is highly conserved. 

1. Lipids are the organic solvent-extractable, water-insoluble components of ce lls. These organic mo lecules are composed of 
fatty acids and a sugar molecule, usually glycero l. 

.......... m 



a, 

b. 

c. 

TIIAAC 
~ --AAC 
AIIAAC 

__ , 
_, 

CAACAAAAC T g TT a gcAcGG 

Figure 4.2. (a) RNA sequences are separated by gel 
electrophoresis. (b) Sequencing results are color coded by 
base type (adenine - green, guanine - black, cytosine -
blue, and thymidine- red). (c) Alignment of four 
sequences, color coded to denote matching bases. Images 
courtesy of Tamas Torok, Center for Environmental 
Biotechnology, Lawrence Berkeley National Laboratory. 

Obtaining the 165 rRNA sequence is 
accomp lished in a variety of ways. One of the most 
common and effect ive is PCR (po lymerase cha in 
reactionL 2 which replicates the 165 rRNA strand . 
This amplified material is then sequenced. Next, the 
sequenced 165 rRNA is compared to the sequences 
of other microorganisms that have been placed in a 
database created by Carl R. Woese and Gary Olsen 
at the University of Illinois (the Ribosome 
Database). Drs. Woese and Olsen have structured 
all three classes of organisms into relationships with 
one another based on the differences between the 
nucleotides in their 165 rRNA strand (F igure 4.2). 
Pairs of sequences from different organisms are 
aligned, and the differences in their nucleotide 
sequences are counted. The number of differences 
form a basis for measuring the evo lutionary 
distance between organisms. (See the inside back 
cover for a phylogenetic tree based on the 
Ribosome Database.) In add ition, knowing the 
phylogenetic position of an unknown, uncultured 
organism can sometimes allow inference of its 
physiological properties, which in turn can suggest 
culture cond itions that allow its isolation. 

FAME (Fatty Acid Methylester) Analysis. This 
approach is used to identify unknown bacteria 
through characterization of the fatty ac id 
compos ition of the lipids in the ce ll membrane. For 
the FAME analysis, bacterial ce ll materi al is 
hydro lyzed, and then saponified in sod ium 
hydrox ide. The material is then ac idified with 
hydrogen chloride in methanol, causing the fatty 
acids to be methylated to form methyl esters. The 

fatty-acid-methylated esters are then extracted with an organic solvent, and injected into a gas 
chromatograph. After obtaining the gas chromatogram profile of an isolate, with peak identification by 
mass spectrometry (Figure 4.3), its FAME profile can be compared to those of known organisms in the 
FAME database using similarity indexes. The higher the similarity, the more likely the organism matches 
the database sample. There are only a few thousand species in this database, so identification is limited. 
However, the database is growing, and as new organisms are cultured their FAME patterns are added. 

Signature Lipid Analysis. This approach is based on extraction of the lipid components of the cells. 
Extraction results in both a purification and concentration. Of the different lipids extracted, the charged 
polar phosphate-containing lipids provide insight into the extant community. All living ce lls are 
surrounded by a membrane formed of polar lipids. This is the water-resistant barrier between the outside 
world and the ce ll . The ce lls maintain this barrier by constant chemica l activity, and when the ce lls die 
enzymes in the cells rapidly degrade these lipids so that they lose their charge. Consequently, the total 
polar lipids are a measure of the living ce llular biomass. These polar lipids consist of a three-carbon 
alcohol glycerol with two fatty acids. The phosphate and other components occupy the third position. 

2. A new technology that can now enzymatica lly amplify minute quantities of specific gene fragments millions of times. 
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The structures of these po lar lipid fatty ac ids (PLFA) have a great dea l of chemica l complexity. 
Therefore, their patterns ca n be uti l ized, both in the identification of individual cultured iso lates and for 
characteri z ing the tota l microbial community of a given environmental sample. Since most of the 
organisms in the tota l sample cannot be cultu red, most of the organisms cannot be ident ified as to 
species. However, major classes of o rganisms can be quantitati ve ly identified. The purple sta ining gram
positive organisms have a PLFA pattern much d ifferent than the red sta ining gram-negative bacter ia. 
Certa in groups such as the actinomycetes, the Archea, and the sulfate-reducing bacteria can be 
identified by their distinct patterns. H igher microbes, such as algae, protozoa, and fungi can also be 
identif ied. From shifts in spec if ic lipid patterns induced in cultured organisms by stresses such as 
starvation, imbalance in nutrients, presence of sublethal tox icants, loss of oxygen, etc., 
phys io logica l/nutritional status can be determined. Consequently, PLFA analys is provides the viable 
biomass, composition, and nutriti onal/physio logica l status of the community. A ll of these allow investi
gators to ask not on ly who is out there but what the condit ions are at the site where bioremediation is 
to be done. In using PLFA analys is we are "asking the microbes" if the various manipulations are 
effective. We can then utilize shi fts in their ecology as a comprehensive and integrated monitor fo r 
tox ic ity assessment. 

Recently, the signature lip id analys is has been expanded in research supported by NASIR by 
ut ilization of liquid chromatography/mass spectrometry. Thi s adds much greater spec ific ity and three 
orders of magnitude in sensitiv ity. W ith this techno logy it is now poss ible to detect m icrobes in one wel l 
(and at limi ts of only a few microbes) that were first injected into another wel l. This w ill be essential in 
manipulations involv ing augmentation by bacteria to enhance bioremediation. 

Figure 4.3. FAME 
chromatogram showing 
chromatographic column 
retention times and peak 
heights of a microorganism 
isolated from subsurface 
rock cores at Idaho 
National Engineering and 
Environmental Laboratory 
INEEL-10 test site. The 
1.593 (far left) peak is the 
solvent peak. Remaining 
are carbon fatty acid peaks. 
All of these constitute a 
unique profi le that can 
then be compared to those 
in the FAME database. This 
organism has a high 
similarity index to Bacillus 
atrophaeus. Image 
Courtesy of Tamas Torok, 
Center for Environmental 
Biotechnology, Lawrence 
Berkeley National 
Laboratory. I 
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Aerobic Respiration 

Aerob ic resp iration is very efficient because 0 2 
has a very positive redox potential, lead ing to a 
large di ffe rence in net reduction potentials 
between the pr imary electron donor and terminal 
electron acceptor. Thi s mea ns a greater release of 
energy and the synthesis of more ATP. 

Aerobi c chemol ithoautotrophs can use ca rbon 
dioxide as their so le ca rbon source but also 
generate energy from inorgan ic compounds 
(electron donors) with oxygen as an electron 
acceptor. In aerobic resp iration, compounds such 
as reduced iron (Fe2+), ammonium sulfide (NH 4)2S, 
or molecu lar hydrogen (H 2) , can act as electron 
donors. These reactions hold promise for bioreme
diation as they ca n determine the fate and 
transport of rad ionuclides and other meta ls. For 
example, when d issolved Fe2

+ is oxid ized to Fe3
+, 

hydrous iron-oxide minera l precipitates are 
formed. These prec ip itates provide surfaces for 
reactions with other meta ls and rad ionuclides, 
all owing complexati on to occur with contam
inants, and thereby changing contam inant 
mobility. Thi s will make the con taminant less likely 
to enter groundwater. 

Anaerobic Respiration 

Th e reactions co ll ective ly known as anaerob ic 
resp iration are defined by their electron acceptor. 
The majo r modes of anaerob ic respiration are 
denitrification, sulfate reduct ion, and ferric iron 
reduction .4 The processes of methanogenes is and 
fermentation may also be important in anaerob ic 
environments. Some of the microorganisms that 
use these compounds as electron acceptors can 
also use metals and radionuclides (such as 
chrom ium and uranium) as terminal electron 
acceptors. However, because none of these 
electron acceptors have as large a reduction 
potential as the 0iH 20 couple (Table 4 .1 ), less 
energy is released when they are used. 

When ino rganic compounds such as nitrate 
(N03- ), sulfate (SO/-), and ca rbon dioxide (C02) 

are reduced for use as nutrient sources, they are 
said to be ass imilated, and the reduction process is 
ca lled ass imilat ive metabo li sm. When they are 
used only for energy metaboli sm as electron 

acceptors, th is process is ca lled di ss imilative 
metabo li sm. In ass imilative metabolism only 
enough of the compound is reduced to sa ti sfy the 
nutritional needs, and the reduced atoms are 
converted to ce ll mater ial. In dissimi lative 
metabo li sm, a relati ve ly large amount of the 
electron acceptor is reduced, and the reduced 
product is excreted into the environment. The 
focus of this section is on diss imilatory processes. 

Nitrate reduction (Denitrification). Basica ll y, 
denitrification is the diss imilative reduction of 
nitrate (N03- ) to nitrogen gas (N 2), which the 
microbes couple to oxidation of a substrate to ga in 
food for growth. This is a two-step process . The 
first step is the reduction of N03- to nitrite (N02- ). 

This is catalyzed by the enzyme nitrate reductase. 
The next step is the reduction of N02- to N 2 . This 
is ca talyzed by nitrite reductase and follows one of 
two paths: either through nitri c ox ide (NO) or 
nitrous ox ide (N 20). 

If oxygen is removed from a system and nitrate 
is present, denitrifi cation will occur to the 
exclusion of most other metabo li sms. 
Denitrifi cation provides microbes w ith a relatively 
high amount of energy, and microbial growth rates 
are consequently high compared to other 
anaerobi c metabolisms. 

Under some conditions, the first step in the 
redox reaction (reduction of nitrate to nitrite) is 
faster than the second, and this disparity may 
cause the buildup of nitrite, whi ch is inhibitory to 
many bacteria. Thus, denitrifiers may be important 
to biological treatment of metal s and radionuclides 
by inhibiting the activ ity of dissimilatory iron 
reduction or sulfate reduction, causing an increase 
in pH or depleting substrate. Denitrifiers can be 
integral to an in situ biological treatment approach 
if nitrate is one of the contami nants . 

Most den itrifiers are facultative aerobes, th at is, 
they ca n sw itch to denitrification when 0 2 is no 
longer ava il ab le as an electron acceptor. The 
bacteri a Pseudomonas fluorescens, Pseudomonas 
stutzeri, and Pseudomonas aeruginosa are three 
such den itr ifiers. 

4. Many of the microorgani sms in vo lved in anaerobic resp iration are extremophi les- they ca n ex ist at extremely hot temperatures, 
in sa lty bodies of wa ter, and in environments w ith extreme va riations in pH. For more informati on, see the fea ture "Extremophiles: 
Microscopi c Exotica" on page 34 . 
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Iron reduction. The reduction potent ial of 
Fe3+/Fe2+ is very electropositive (Tab le 4.1 ). Several 
microorgan isms are able to couple oxidat ion of 
hydrogen or organ ic compounds to the reduction 
of Fe3+ and ga in energy for growth. These bacteri a 
include spec ies from several genera, including 
Ceobacter, Desulfuromonas, Pe lobacter, 
Shewanella, Ferrimonas, Ceovibrio, Ceothrix, and 
Bacillus. These organisms have a broad spectrum 
of other metaboli c capabi I ities as well . For 
instance, Shewanella spec ies can use oxygen, 
nitrate, uranium, manga nese, and iron as electron 
acceptors. 

The use of Fe3+ and other metals by certain 
microbial groups as termin al electron acceptors for 
anaerob ic resp iration is of particul ar relevance to 
bioremediation of heavy metals and radionuclides. 
Dissimilatory iron reducers and other microor
ganisms ca n reduce mineral-assoc iated iron to 
produce reactive sites within the minerals or to 
directly reduce contaminants, such as uranium and 
chromium. A number of spec ies are able to reduce 
stru ctural iron, even in amorphous minerals such 
as ferrihydrite, and crystal I ine iron oxy-hydroxides, 
including the minerals hematite, goethite, and 
magnetite. 

Sulfate reduction. Sulfate (S04 
2

- ) is the most 
common sulfur compound used as an electron 
acceptor in dissimilative su lfate red uction. Su lfate 
reduct ion produces much less energy, however, 
than 0 2 or N03- (Table 4.1 ), and growth yields are 
lower. The first product of su lfate reduction is 
sulfite (SO/ -). The end product is hydrogen su lfi de 
(H 2S) . Usually, organ ic carbon compounds are the 
primary electron donors in su lfate reduction. But in 
some cases hydrogen gas (H 2) can be an inorgan ic 
electron donor. Sulfate-reducing microbes that 
grow using H2 as an electron donor are 
chemolithotrophs. However, most sulfate-reducing 
organisms are chemoorganotrophs, using various 
organic compounds as electron donors, including 
the fermentation (see below) products lactate, 
acetate, and ethanol. 

The metabolic act ivity of su lfate reducers is not 
limited to the reduction of sulfate; other meta ls ca n 
be reduced by these organisms. Furthermore, 
sulfate reduction and the direct red uction of iron 

ca n occur simultaneously, depending on how 
ava il ab le the iron is to microbi al reduction. 
Desulfovibrio desulfuricans is a well -known 
sulfate-red ucing bacter ium that ca n also use iron, 
uranium, or chromium as an electron acceptor. 

Methanogenesis. Methanogenes is is the 
microbial production of methane (CH 4) through the 
reduction of C02 (Tab le 4.1 ). Carbon-dioxide 
red uction is coupled to oxidation of hydrogen, with 
hydrogen gas (H 2) being one of the most common 
electron donors. Organic compounds such as 
acetate, formate, and trimethy lamine can also be 
electron donors. M ethanogens are archaea. These 
microorganisms are present in most anaerobic 
environments, including water logged sediments, 
marshes, ri ce paddies, and the gastrointest inal 
tracts of some animals. The microorganisms in 
cows are pro I ifi c meth ane producers. Although 
these reactions probably do not directly impact 
metals or radionuclides, they may have an indirect 
and possibly adverse effect by compet ing for 
substrates with di ss imilato ry iron reducers or sulfate 
reducers (which ca n cata lyze reactions that affect 
inorganic contaminants). However, under many 
conditions relevant to in situ treatment of meta ls 
and rad ionuclides, the dissimi latory iron-red uc ing 
and sulfate-reducing microorganisms can 
successfully out-compete methanogens fo r the 
substrates. 

fermentation. Fermentation is an anaerobic 
process in w hich energy generation occurs by 
redox reaction and in which an organic substrate 
serves as both electron donor and electron 
acceptor. The organic compound, such as a sugar 
or amino ac id, is broken down into sma ller organ ic 
molecules, wh ich accept the electron s that were 
released during the breakdown of the energy 
source. A lthough metals and radionuclides are not 
directly affected by fe rmentation, it can be an 
important step in the production of substrates used 
by dissimilatory iron-reducing and su lfate-reduc ing 
bacteria, which are the primary cata lysts of 
reactions that affect inorganic contaminants. In 
add iti on, there is evidence in sediments that 
fermentat ion products ca n serve as meta l 
complex ing agents, increas ing metal contaminant 
mobility. 
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EXTREMOPHILES: MICROSCOPIC EXOTICA 

ife can be found almost everywhere on this planet. Much of this life exists in the form of microbes. 
And the most exotic microorganisms, extremophiles, can live in niches where no other organisms 
are found. Thermophiles characteristically grow at temperatures greater than 45°C (113°F) . 

Hyperthermophiles can live in environments with temperatures of 80°C or higher. Some extremophiles 
can tolerate pH levels less than two or greater than ten . And halophiles exist in saturated saline. A 
number of these microbes belong to the newly defined domain of life, the Archaea. Scientists first 
believed extremophiles were predominantly archaea, but now they are starting to see bacteria in these 
extreme environments as well. For example, samples taken from Yellowstone Park's Obsidian Pool 
showed the ratio of thermophilic bacteria to archaea as 50 to 1 (Pace, 1997). This hot-temperature 
environment is high in hydrogen sulfide, iron, hydrogen, and carbon dioxide. 

Extremophiles can be a boon to bioremediation. Many extreme environments are anaerobic, so 
these microbes do not need oxygen. They can survive environments that are similar to toxic waste sites 
and would poison or kill other organisms. Proteins from some of these extremophiles are presently being 
isolated and characterized in the hopes of learning how they function in such extreme environments. 
Hopefully, this information will be helpful in re-engineering other microorganisms so that they can 
tolerate extreme conditions. 

Below are profiles of several interesting extremophiles. 

Methanococcus jannaschii was the first archaeon whose genome was sequenced (Bult et al ., 1996). 
It was first isolated at the base of a Pacific thermal vent off the coast of Baja California in 1983. M. 
jannaschii possesses a small (about 1.66 Mbp) genome. It is a methanogen (methane producer) and a 
thermophile. This microbe normally lives at about 8,000 feet below sea level, where the pressure equals 
about 230 atmospheres (3,380 pounds per square inch). It is strictly anaerobic and autotrophic. 

Bacillus infernus (the "bacillus from hell") is a newly identified species of bacteria (Boone et al., 
1995). This is the first-known strictly anaerobic member of the bacterial genus Bacillus, which prior to 
this had always been described as aerobic. This thermophile was obtained from a depth of about 9,000 
feet below the land surface. Microbes at this depth have been in isolation from the surface for millions 
of years and have evolved very exotic metabolisms and slow rates of reproduction. 

Deinococcus radiodurans species can withstand exposure to radiation levels up to 1.5 million rads 
(500 rads is lethal to humans). At that point its chromosomes shatter into hundreds of fragments. It is 
believed that 0 . radiodurans has a more active DNA-repair mechanism than other microorganisms 
because the conditions under which it is able to survive are so damaging to other species. It isn't exactly 
clear how 0 . radiodurans obtained its remarkable radiation resistance. It was first observed in the 1950s 
in cans of meat that had been exposed to supposedly sterilizing doses of radiation. The microbe has 
certain possibilities for bioremediation . Conceivably, a strain of D. radiodurans modified with genes 
from other organisms having bioremediation ability could be used to treat highly radioactive waste. 
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Figure 4.4. Methanococcus species. K. 0. Stetter, 
Universitat Regensburg, Faculty of Natura l Sciences. 

Figure 4.5. New species Bacillus infernus, "the bacillus 
from hell ," magnified 50,000 times. Transmission 
electron micrograph taken by Henry C. Aldrich, 
University of Florida. 

Figure 4.6. Deinococcus radiodurans, magnified 60,000 
times. Taken by john Battista and Peggy O'Cain of 
Louisiana State University. 

MICROBIAl CONSORTIA 

Microb ial biotransformation and biodegradation ca n 
occur onl y if microorganisms are present that can 
metabolize the contam inant. In particular, there must be 
microbi al enzymes that ca n act as cata lysts for the 
ox idat ion-reduction react ions that w i II degrade or transform 
the compound. However, knowing and capitalizing on the 
relat ionship of the organisms to the substrate is on ly one 
aspect of bioremediation . Another aspect is understand ing 
the interrelationships of the microorganisms in the microbial 
commun ity, or consortium . A consort ium is a relat ively 
stab le but loose-kn it assoc iation of microorganisms in an 
env ironment. Microbe-to-microbe interactions are comp lex, 
and may run the gamut from symb ios is to predator-prey 
relationships. 

One type of microbia l consort ium is a biofilm (F igure 
4.7). Biofilms are created by groups of microorganisms 
adhering to a sed iment particle or other surface and 
releasing exopo lysaccharides. In fact, this phenomenon may 
create sma ll "stagnant" areas in the sed iment pore spaces 
w here all of the oxygen is dep leted, even though the fast 
grou ndwater flow path areas and therefore the bu lk 
envi ronment are saturated w ith oxygen or are aerobic. 
These biofilms also allow organisms to come into juxtapo
sit ion so that a var iety of complex relat ionships, as 
di scussed below, ca n develop. 

In symbiosis, two spec ies fo rm an association w hereby 
the indi v iduals of one or both spec ies are benefited. Two of 
the most common symbiotic re lationships are commen
sa li sm and mutuali sm. Commensa li sm is a symb iot ic 
relat ionsh ip in which a one-sided assoc iation is formed 
between two spec ies. The indi v iduals of one provide 
sustenance to those of the other. Ne ither group, however, is 
harmed. In mutual ism, both spec ies benefit from each 
other's products. 

Syntrophy ("mutual feeding") is a we ll-known form of 
mutualism in wh ich members of two spec ies are 
nutritionally dependent on one another. In a syntrophic 
relat ionshi p, the organisms together ca n degrade a 
substance that neither ca n degrade separately. For example, 
in the coupled reaction of ethanol fermentation with 
methanogenes is, a syntrophic relationship is formed 
between an ethanol fermenter and a methanogen. The 
ethanol fermenter produces hyd rogen (H 2) and acetate, but 
the energy yield from that reaction is low. The methanogen 
then consumes the H 2 from the fermentat ion half reaction to 
produce methane w ith a relative ly high energy yield. The 
coupled reaction produces a higher energy y ield for the 
fe rmentation half reaction. Therefore, the ethanol fermenter 



utilizes more of the ethano l in the coupled reaction 
than it would without the syntroph ic relat ionship 
with the methanogen. And the meth anogen gets 
the H 2 it needs to produce the methane. 

In predator-prey relationships, the first microbe 
consumes a substrate, and then the second 
microbe consumes the first microbe. The 
interact ions of bacteria and protozoa (unice llular 
eukaroyti c microorga nisms) are an example of such 
a relationship. Protozoa that consume bacteria and 
excrete material that is readily utilizable by the 
same or other bacteri a in the biofi lm can have a 
dramatic effect on the rate and type of biodegra
dation/bioremedi ation . High rates of protozoa 
predation at sites being bioremed iated by injection 
of bacteria cou ld decrease the effectiveness of the 
treatment. However, other sites may benefit from 
high rates of predation by increas ing turnover rate 
and thereby the biodegradation rate of the 
contaminant. High rates of predation may also 
lower the overall numbers of bacter ia, even though 
the activity has increased. Th is gives the fa lse 
impress ion th at bacteri al densities have decreased 
and therefore the bioremed iat ion of that subsurface 
environment has dec l ined . Other relat ionships 
between two spec ies ca n also have both positive 
and negat ive effec ts on bioremediation. 

In most situati ons, the microbes capab le of 
metabolizing the contaminant are already present 
in the targeted area. However, if the contamination 
is recent or if the contaminants are complex, 
anthropogenic compounds (xenob iotics), or 
compound mi xtures, there is a greater chance that 
capable microorganisms will not be present. And 
even if the ri ght m icrobes are present, there may 
not be enough for a successful cleanup. This ca n 
be due to env ironmenta l conditions unsuitab le for 
microbi al pro l iferat ion and act iv ity w ith in the 
des ired time frame to comply w ith government 
regulations. 

If that is the case, commercia lly ava il ab le 
microb ial inoculants can be added through bioaug
mentation (discussed in Section II ). lnocu lants 
usually cons ist of a samp le of this microbia l 
community that is extracted and cult ivated in the 
laboratory. Condit ions are then manipulated ex situ 
to encourage the growth of the suitab le microbes, 
and then the conditions are dup lica ted in the field. 
In this w ay, organisms that are dormant or are in 
insuffi c ient quantit ies but are spec if ica ll y sui ted for 
the b ioremed iation of a part icular contaminant ca n 
be se lected. One of the major chall enges to 
bioaugmentation is surviva l of the introduced 
microorganisms in the contaminated env ironment. 
Native or indigenous microbes may out-compete 
the introduced organisms for I im ited nutr ients. 
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Figure 4.7. Mature biofi lm. 
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SECTION V: 

MICROBIAL PROCESSES 
AFFECTING THE BtOREMEDIATION OF METALS AND RADIONUCLIDES 

I 
n Sections II through IV we described the 
bas ic ingred ients for the bioremed iation of 
metals and rad ionuc lides- microb ial 

metabo li sm, chemica l spec iation and va lence 
status, and transport processes. Here we 
describe how scientists and engineers believe 
these ingredients can be combined to 
b ioremediate contaminated sed iments and 
groundwater. However, because bioremediation 
of metals and rad ionucli des rel ies on a comp lex 
interp lay of these processes and our 
understanding of them is just developing, our 
desc ri pt ions are often more qua li tative than 
quantitative. Over the next decade we expect 
to ga in a fundamental, mechanisti c 
understanding of the coup ling between 
microbi al metabo li sm, chemica l react ion, and 
transport - and how th ese work together to 
bioremediate meta ls and rad ionuclides . 
However, for now resea rchers are bu il ding on 

BIOACCUMUlATION AND 

M icroorgan isms ca n phys ica lly remove 
heavy metals and rad ionuc lides from so lut ion 
through either bioaccumu lat ion or biosorpt ion. 
Bioaccumu lation is the retention and concen
tration of a substance by an organism. In 
b ioaccumu lation, metals are tran sported from 
the outs ide of the microb ial ce ll , through the 
ce ll ular membrane, and into the ce ll 
cytop lasm, w here the meta l is sequestered and 
therefore immobi le (F igure S.l .a). 

Biosorption does not consume ce ll ular 
energy. Positively charged metal ions are 
sequestered - pr imarily through the 
adsorption of meta ls to the negative ionic 
groups on ce ll surfaces, the po lysaccharide 
coating found on most forms of bacteria, or 
other extrace ll ular structures such as capsules 
or slime layers (Figure S.l.b). Binding sites on 

processes that can be understood and observed 
w ith the too ls currently ava il ab le. 
Bioremed iation of meta ls and rad ionuclides is 
achieved through b iotransformation. Like 
b iodegradat ion of organic components, it 
invo lves the break ing and creating of chemica l 
bonds that alter the molecular spec ies of the 
contaminant. This leads to changes in the 
solubility, sorpt ion characteristi cs, transport 
propert ies, and toxic ity of the meta l or 
radionuclide. There are at least three categories 
of microbial processes th at can influence the 
toxicity and transport of metals and radionu
c li des: biosorption and bioaccumulation; 
b io logica ll y catalyzed redox reactions th at lead 
to immobil izat ion; and biologica ll y cata lyzed 
solubi lizat ion. Each of these provides the 
potential for either mob il iz ing or immob il iz ing 
metalli c and radioact ive contaminants in the 
environment. 

BIOSORPTION 

Metal ions 

a. Bioaccumu lation (cellular uptake) ) 

b. 

)Z 

Intracellular accumulation of meta ls via 
specifi c membrane transport proteins 

Biosorption (electrostatic attraction) 

cd+ cd+ cd+ cd+ 
cd+ - - --

c d+ -

-
cd+ -

cd+ 
-

- Cd+ 

-
Cd+ cd+ 

c d+ - - - cd+ cd+ 
Cd+ cd+ cd+ 

Figure 5.1. Accumulation of heavy metals and radionuclides by 
bacteria. (a) Metabolically active ce ll s that express meta l transport 
proteins can sequester metal ions intrace ll ularly. (b) Negatively 
charged bacterial surfaces electrostatically attract meta l cations. 
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mi crob ial ce ll surfaces usuall y are carboxy l 
res idues, phosphate res idues, S- H groups, or 
hyd roxy l groups . The amoun t of meta l 
bi osorbed to the exterior of bacteri al cell s often 
exceeds the amount predicted using in fo rm at ion 

about the charge density of the ce ll surface. 
Sc ient ists have demonstrated th at charged 
functional groups serve as nuclea tion sites fo r 
deposition of various metal-bea ring prec ip itates. 

BIOLOGICALLY CATALYZED REDOX REACTIONS THAT l EA D 

TO I MMOBILIZATION 

Meta l-reducing m icroorganisms can reduce a 
w ide va riety of mu lti va lent metals th at pose 
env ironmental problems at many DO E fac i lities. 
The heavy metals and rad ionuc lides subject to 
enzymat ic reduct ion by m icrobes include but are 
not limited to uranium (U), chromium (C r), and 
technet ium (Tc) . Direct enzymat ic reduction 

invo lves use of the oxid ized fo rms of these 
contaminants as alternate electron accepto rs. The 
oxidized fo rms of these three meta ls are highl y 
so lub le in aqueous med ia and are genera lly the 
most mob ile spec ies in aerob ic grou ndwater, w hile 
the reduced spec ies are highly inso lub le and 
prec ipitate from solution . Direct enzymati c 

Electrons from organic compunds 

e-
U(VI), Cr(VI), Tc(VII ) 

----~ ( (ox idized, soluble, mobile) 

~------- U(IV), Cr(l ll ), Tc(IV) 
(reduced, inso luble, immobile) 

Figure 5.2. Direct enzymatic reduction of soluble heavy meals and 
radionuclides by metal-reducing bacte ria. Nonhazardous organic 
compounds, such as lactate or acetate, provide electrons used by these 
microorganisms. Note, however, that if complexed the reduced species 
may become mobile. 

Figure 5.3 This image demonstrates the abi lity of Shewanella putre faciens, 
a bacterium isolated from the deep subsurface, to enzymatica ll y reduce 
and precipitate technetium (dark regions on the ce ll su rface indicated by 
ar rows). This phenomenon offers potential for in situ treatment of radionu
clides at DOE sites. Image taken by J. A. McKi nley and A. E. Plymale as part 
of a project led by R. E. Wildung a nd Y. Gorby at Pacific Northwest 
National l aboratories. 

reduct ion of so luble U(VI), Cr(VI), and 
Tc(VII) to insoluble spec ies has been 
documented and is ill ustrated in Figure 
5.2. Extrace llular prec ip itation of enzym at
ica lly reduced Tc by Shewanella 
putre faciens is ill ustrated in Figure 5.3. 
Stud ies have also found th at bioreduction 
of hexava lent chromium ca n occur 
through ae robi c and anaerobic cond it ions. 
A number of Cr(VI)-reducing m icrob ial 
strains have recently been iso lated from 
chromate-contami nated w aters, soil s, and 
sediments, includ ing Oscillatoria sp ., 
Arthrobacter sp. , Agrobacter sp., 
Pseudomonas aeruginosa 51 28, 
Chlamydomonas sp . (algae), Chiarella 
vu lga ris (algae), Zoogloea ramigera, and 
anaerob ic sulfate-reducing bacteria . 

Metal-reducing organ isms red uce 
uranyl ca rbon ate, which is exceed ingly 
so luble in carbonate-bea ring groundwater, 
to highly inso lu ble U(IV), wh ich precip
itates from so lution as the uran ium ox ide 
mineral uraninite. Recently, sc ienti sts have 
had success in m icrob ial binding of U(V I), 
w hich is then converted by the li v ing ce ll s 
to U(IV) and prec ipitated intrace ll ularl y. A 
w ide range of bacteri a, includ ing 
Enterobacter cloacea and all known metal
reducing bacteria, reduce the highl y 
so lub le chromate ion to Cr(l ll ), w hich 
under appropr iate cond it ions prec ip itates 
as Cr(OH)3 . Metal-reducing bacteria also 
reduce ox idized technetium, Tc(VII ) (which 
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... , 
ca n be found in solub le sodium 
pertechnetate) to Tc(IV), form ing the Tc 
oxide mi neral Tc0 2. 

a . 

. (inso lu ble, unmobile) 
Fe

3
+ )( u4+ c r3+ Tc4+ 

A lthough some microorganisms ca n 
enzymatica ll y reduce heavy metals and 
radionucl ides directly, ind irect 
reduction of so luble contaminants may 
be more feas ible in natural sedimentary 
and subsurface environments. This 
ind irect immobilizat ion could be 
accomp li shed by meta l-reducing and 
sul fate- reducing bacteria. This ca n be 

Metal-reducing bacleria + e-

Fe
2
+ u6+ cr6+ Tc7+ 

(so l ~bl e, ~ob il e) 

b. 

achieved by coupling the oxidat ion of 

u6+ 

(

(soluble, mobile) 

u4+ (uo2) 
(inso luble, immobi le) 

organic compounds or hydrogen to the 
reduct ion of ferri c iron [Fe( lll )], Mn(IV), 

Figure 5.4. Indi rect mobilization of heavy metals and radionuclides by (a) 
metal-reducing and (b) sulfate-reducing bacteria. 

or su lfate (SO/ -). lron(lll ) is reduced to 
iron(ll ), manganese(IV) to manganese (II ), and 
SO/- to hyd rogen sulf ide (H2S). The reduced form 
then chem ically interacts w ith the contaminants 
and forms separate or mu lt icomponent inso lub le 
spec ies. 

The most reactive of these reduced fo rms are 
Fe( ll ) and H 2S. Ferrous iron [Fe( ll )], w hich is 
generated by the enzymati c act iv ity of iron
reducing and some fe rmentat ive bacteri a, ca n 
reduce mu ltivalent metals such as uranium, 
chromium, and techneti um (Figure 5.4.a). The 
reduced forms of these metals are inso luble and 
can either prec ipitate as reduced ox ide or 
hydrox ide m inerals or coprec ip itate w ith Fe( lll ) 
minerals that fo rm du ri ng the reox idat ion of Fe(ll ). 
In coprec ip itat ion, elements become incorporated 
in metal oxide m inerals as they prec ip itate from 
so lut ion. A lthough the use of Fe( ll ) as an electron 
donor fo r redu ct ion and prec ipitati on of mu lt iva lent 
metal contaminants has been exami ned in the 
laboratory, f ield tests evaluating its potent ial as a 
remediation techno logy have not been conducted. 

Sul fate-reducing bacteria also may be 
st imulated to produce a chemica ll y react ive redox 
barri er (Figure 5.4 .b). Hydrogen su lfide generated 
by su lfate-reducing bacteria could chemica ll y 
reduce the contaminant d irectly, or ind irectly in the 
case of sulf ide minera ls such as pyri te that would 

be chemica ll y stable for extended periods of t ime. 

Syn thet ic chelators such as EDTA and NTA can 
form stable, soluble complexes w ith heavy metals 
and were common ly used as c leaning agents 
during industri al process ing of nuclea r fuels 
throughout the DO E complex. Meta l-chelate 
complexes have entered the environment and may 
m igrate f ree ly in groundwater. W hen conditions 
necess itate immobi li za tion of the contaminant, one 
approach fo r li m iting the migrat ion of the metal is 
to biodegrade the organic ligand (Figure 5.5) . The 
resulting free metal ions are likely to adsorb to 
mineral surfaces or fo rm ox ide mineral prec ip itates 
that w ou ld transport poorl y in groundw ater. A 
number of EDTA- and NTA-degrad ing organi sms 
have been identif ied. However, I itt le is known 
about the enzymes that ca talyze the degradation 
reactions and how these reactions proceed in the 
environment. In one stud y, m icrobial degradation 
of EDTA by the environmental iso late BNC1 was 
influenced by the comp lexed metal. Cobalt(II)
EDTA, cobalt(III)-EDTA, and nicke i(II )-EDTA 
complexes w ere not degraded, whereas copper(II )
EDTA and zinc(II )-EDTA complexes were. Sim ilar 
fu ndamental research focusing on the mechanisms 
of enzymatic degradat ion of syntheti c chelators is 
expected to prov ide useful informat ion fo r 
includ ing these enzymes in engineered bioreme
d iation techno logies. 
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BIOLOGICAL LY CAT AL Y ZED REDOX REACTIONS THAT LEAD 

TO SOLUBILIZATION 

So lub ilization of b iosorbed and coprec ip itated 
metals also can occur by d irect or ind irect 
microb ial processes. How ever, the so lub il ization of 
tox ic heavy metals and radionucli des from 
coprec ip itates requ ires at least pa rti al so l ub i I izati on 
of the ox ide m ineral itse lf . Bacteri a ca n catalyze 
the di sso lution of iron ox ide minerals by d irect and 
indi rect mechanisms. As previously desc ribed, 
metal-reducing bacteria enzymat ica lly reduce and, 
under proper env ironmental cond itions, solub il ize 
ox ide minerals. Su ch d isso lut ion reactions have 
been shown to release cadm ium, nickel, and z inc 
into solution during reduction of goeth ite (a form of 
iron ox ide) by an anaerob ic Clostridium spec ies . 
D irect reduct ion of iron ox ide prec ip itates by 
metal-reduc ing bacteri a has been shown to release 
so luble rad ium from uranium mine tai lings . D irect 
enzymat ic reducti on of iron ox ides prov ides 
potential for releas ing a wide range of heavy meta ls 
and radionuclides that w ere coprec ipita ted and 
immobilized in subsurface sed iments. However, 
not all metals have been tested and more resea rch 
is needed in th is area . 

Metal-reducing bacteri a also ca n promote the 
mobilizat ion of inso lub le fo rms of some heavy 
metals. For example, Pu0 2 ex ists as a so li d in 
contaminated environments. It has been 
demonstrated that meta l-reducing bacteria 
so lub ili zed Pu0 2 in the presence of the synthet ic 
chelator NTA. It is thought that the bacteria 
reduced inso lub le Pu (IV) to Pu (lll ), w hich was then 
comp lexed by NTA. Th is process may prov ide a 
means of mob iliz ing Pu from contam inated so il s 

and sediments. This could be a step in the remova l 
of th is highly tox ic rad ionucl ide from the 
environment. However, thi s approach has not been 
tested in the f ield . 

O rganic ac ids formed by the metaboli c acti v ity 
of microorganisms ca n lower the pH of the system 
to va lues that interfere w ith the electrostatic forces 
that hold heavy meta ls and rad ionuc lides on the 
surface of iron or manganese oxide m inera ls. 
Disp lacement of cat ions by hydrogen ions may 
lead to the so lu bi lizat ion of the su rface-associated 
metal. In some cases the organic metabo lites also 
serve as chelating agents that can form so lub le 
metal- ligand complexes. These chelat ing agents, 
such as di ca rboxyl ic ac ids, pheno li c compounds, 
ketog luconic ac ids, and sa li cyli c ac ids, have been 
shown to promote the d issolution of a w ide range 
of heavy metals and rad ionuclides, inc lud ing Pu02, 

and copper, uranium, thori um, and nickel ox ides, 
and ca n accelerate the movement of metals in so il s 
and sed iments. 

Metal/chelate complex 
(so luble, mobi le) 

Free metal ion 
(inso lu ble, immoble) 

Figure 5 .5. Immobi lization of radionucl ides and heavy metals 
by enzymat ic degradation of organic chelato rs, such as EDTA 
and NTA. 
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SECTION VI: 

A CASE STUDY 
OF IN SITU STABILIZATION OF METALS AND RADIONUCLIDES 

T he pri mer concludes here with a case 
study of a hypothet ica l site. Th is study 
ill ustrates one type of contam inant 

prob lem occurr ing on DOE lands and presents 
a methodology that can be used to stabi I ize 

SCOPE OF PROBLEM 

Contaminants Present: A complex 
contam inant mixture of uran ium (U), chrom ium 
(Cr), and technetium (Tc) has entered an 
unconfined aqu ifer (an aqu ifer connected to the 
surface) as a result of nuclea r fuel reprocessi ng 
and other operat ions at the site. Underly ing a 
vadose zone of 10 meters from the ground 
surface (F igure 6.1), the aq uifer is approx imate ly 

some of the more mobile contam inants on this 
site. The hypothetica l site is representat ive of 
U.S. Department of Energy sites contaminated 
with complex mi xtures of metals and rad ionu
clides . 

5 mete rs thi ck and consists of sandy gravels 
interspersed with sed iments contain ing si lts and 
clays. The contaminant plume, migrat ing at a 
rate of 0.3 meters per day, contains suffic ient U, 
Cr, and Tc to be of regulatory concern . It also 
discharges to a river that const itutes an aquat ic 
resource and drink ing water suppl y. The water is 
aerobic (8-1 0 ppm oxygen), and the contam-

Injection of 

Nutrients, Electron Donors 

I Surface 
~--~--~~tt=~~==~~~~--~=-~= 

Water Table 

Reduced Zone 
Hydrologic Gradient 

Vadose Zone 

Oxidized Aquifer 

[02, Fe(lll) Oxides) 

Mixing Zone 

~ Fe(ll) 

._.....,.....,......, ............................. ..-.__.-=-==.....,....._.;....;.;....;,._-........_;....;,.;;.;,....,~ Cr(VI) + Fe(ll) ~ Cr(OHh + Fe(lll) 
mobile immobile 

Fe(ll) + 0 2 ~ Fe(lll) 

Figure 6.1. In situ stabilization of metals through accelerated bioremediation. 



inants are present in ox idized states as U(VI), 
Cr(VI) , and Tc(VII ). The plume is 80 meters in 
width, and the site thus qualifies for immediate 
remed ial act ion to protect the river. 

Present Technology: The baseline technology 
for groundwater at the hypothet ica l site has been 
pump and treat, followed by disposal or reinject ion 
of treated water. This process ca n be costly and 

METHODOLOGY 

The Alternative: Create a permeable treatment 
zone in the aquifer that removes the metals and 
rad ionuclides from the groundwater before they 
impinge on sensit ive water supplies. If the 
groundwater is below approx imately 15 meters, the 
treatment zone must take advantage of in situ 
processes, as it becomes impractica l to excavate 
and place barrier materi als be low these depths. 

A Role for In Situ Bioremediation: Unconfined 
aquifers are often oxidizing environments in wh ich 
elements such as U, Cr, and Tc are mobi le in their 
oxidized form s. Yet, microorganisms that normally 
operate in the absence of oxygen may occupy 
niches in these environmen ts. They may also be 
encouraged to alter the form of these elements so 
that they are retained on minerals w ith in the 
sed iments and removed from the groundwater. 

For examp le, a group of microorganisms 
known as iron red ucers are able to conserve energy 
for growth and reproduction by converting 
oxidized iron [Fe( lll )] to reduced iron [Fe(ll)] . These 
organisms could directly immobi lize metals and 
rad ionuclides and enzymatica lly convert them to 
chemica lly reduced states. The contaminants then 

inefficient because of d ifficulti es in removing all of 
the contaminated water and contaminants sorbed 
on mineral surfaces. Removal and aboveground 
treatment of radioactive w aste are also very 
hazardous. In addition, pump and treat can take 
decades and d isposa l of the contamination 
removed from the groundwater will st ill be 
necessary. 

wou ld become assoc iated with sed iments and 
therefore would also become less mobile in 
groundwater. Or, iron redu cers may indirect ly 
immobilize these contaminants through the 
reduction of Fe(lll ) in mineral structures to Fe(ll). 
Thi s, in turn, chem ica lly reduces the metals to less 
mobile forms. The indirect method is probably the 
most des irab le for in situ technolog ies because it 
produces a relatively stabl e reactive solid phase 
that may ex ist for many yea rs in groundwater 
environments, forming a long-lasting permeable 
barr ier to further transport of the contaminants. 

The Challenges: Taking advantage of native 
popul at ions of microorganisms for in situ 
treatments to remove metals and radionuclides 
from groundwater is very cha ll enging. Obstacles 
must be overcome by innovative science and 
engineering, making use of the disciplines of 
microbiology, geochemistry, hydrology, and 
geophysics. However, the potential benefits are 
immense because use of indigenous microor
ganisms may eliminate the need for pumping and 
treating, particularly in situations that require 
immediate action. 
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IMPlEMENTATION AND MONITOR I NG S TE PS 

1. Facilitate the growth of iron-reducing 
organisms: This might be accompli shed by 
supplying readi ly ava i lable organic ca rbon to 
nat ive heterotroph ic microo rganisms that use 
up oxygen in the water, thereby supplying 
electron donors. Bioaugmentation could also 
be put into play by concentrating nat ive 
organisms from the groundwater and reinocu
lat ing them into groundwater at the subsurface 
barri er locat ion. 

2. Estimate biotic reduction of subsurface 
minerals: Thi s w ill requ ire an understanding of 
the m ineralogy of the subsurface and the effect 
of iron-reducing m icroorganisms on surface 
iron and structural iron.1 W hen surface iron is 
reduced to Fe(l l) it w ill be re-adsorbed into the 
treatment zone or the ox id ized zones 
dow ngradient from the trea tment zone. (In thi s 
scenario, stru ctural iron w ill se rve as the 
pr imary long-term reducing agent. ) Th is step 
w ill also requ ire an understand ing of the 
interactions of the ox id ized contam inants w ith 
bio log ica ll y reduced minerals and the ab il ity to 
predict the duration of immob il izat ion under 
groundwater cond itions. 

REW ARDS 

Th e fu ndamental knowledge needed to use 
bio logica l processes for in situ treatment of metals 
and radionuclides and predict ing the effects on 
groundwater systems is formidable. However, the 
ab i I ity to effect ive ly stabi I ize contaminant 

3. Deliver microorganisms, carbon sources, and 
electron donors: Major chall enges ex ist in 
creating an in situ treatment at a spec if ic 
location in the subsurface, w hich ca n only be 
vi sib le remotely through the narrow w indow of 
observat ion offered by dril li ng. Deta iled 
hydrolog ic models coupled w ith geophys ica l, 
geochemica l, and bio log ica l process- leve l 
information and models must be used in an 
integrated way to establi sh treatment 
conditions in time and space. 

4. Monitor and evaluate results: Challenges 
simi lar to those th at ex ist in des ign and 
implementation of the treatment process also 
occur in eva luating the results of treatment. 
The long-term effectiveness of the treatment 
and potential im pact on natural microbia l 
commun it ies must be determined . Key 
questions that must be answered incl ude : How 
effective was reduced iron in removing the 
contaminants? When w ill structural iron be 
completely ut il ized and retreatment needed? 
Wh at is the l ikelihood that a pu lse of 
contaminant w il l be re leased from the barri er 
as the system reox id izes? 

movement in the subsurface w ith a m inimum use 
of energy and chemica ls offers a new and perhaps 
cost-eff ic ient too l for situat ions w here the ex isting 
base l ine techno logy is not acceptable. 

1. Structural iron is assoc iated w ith the crysta ll ine mineral. Amorphous iron fo rms a coat ing over the minera l. Because structura l iron 
is an integral pa rt of the mineral itse lf, it serves better as a long-term reduc ing agent than amorphous iron, wh ich may be d isso lved 
and eventuall y los t in the groundwater . 

................................................................................................................................. _ 



GLOSSARY 
Absorption: The process of tak ing up, of absorb ing 
m of be ing absorbed. 

Accelerated Bioremediation: B ioremed iat ion 
acce lerated beyond the norm al act ions of the 
naturall y occurring microb ial communi ty and 
chemica l and geo log ica l condi t ions, usuall y by the 
add iti on of nutri ents or spec ialized microbes . 

Actinide: A radioact ive element in the seri es of 
elements beg inning w ith act inium (89) and end ing 
w ith lawrenciu m (1 03) . 

Actinomycetes : A heterogeneous group of gram
pos it ive, generall y aerob ic bacteri a. They have a 
fil amentous and branching growth pattern resul t ing 
in an extensive co lony, or myce liu m. The 
myce lium in some spec ies may break apa rt to fo rm 
rod or cocco id-shaped forms. Many genera also 
fo rm spores. 

Adsorption: The ad hes ion of mo lecules (in a thin 
layer) to the surfaces of so lid bod ies m liquids w ith 
w hich they are in contact. 

Advection: The process by w hich so lutes are 
transpmted by the bul k mot ion of the flow ing 
groundwater. 

Aerobic: Li v ing, act ive, or occu rr·ing onl y in the 
presence of oxygen. 

Algae: Photosynthetic euka ryoti c unice llul ar and 
simple multi ce llular microorganisms. 

Anabolism: The sequences of enzyme-catal yzed 
reacti ons by w hich mo lecules are fmmed in I iv i ng 
ce ll s from nutri ents; also known as biosynthes is. 

Anaerobic: Living, act ive, or occurring in the 
absence of free oxygen. 

Anion: A negat ive ly charged ion. 

Aquifer: Stratum of permeab le rock, sa nd, or 
grave l that ca n store and supp ly groundwater to 
well s and sp rings . 

Archaea (formerly, archaebacteria): A group of 
prokaryot ic single-ce ll ed microo rgan isms that 
const itute the recentl y recognized Archaea 
phylogenet ic doma in. Ar·chaea ca n be dist in
guished from bacteri a in that their ce ll wa ll s do not 
have murein, a pept idog lycan-conta ini ng muramic 
ac id . Another unique feature of archaea is the 
presence of isopranyl ether li pids in their ce ll 
membranes. The Archaea domain inc ludes the 
methanogens, most extreme halophiles (need ing 
sa lt fo r growth), certa in sul fate red uce rs, hyperther
mophil es (opt imum growth temperatur·e of 80°( or 
higher), and the genus Thermoplasma. 

Assimilative Metabolism: The reduction of 
inorganic compounds fo r use as a nutrient source . 

AlP: Adenos ine triphosphate, the prin c ipa l energy 
carr ier of the ce ll . 

Autotroph: Organism ab le to utili ze ca rbon 
d iox ide as a so le sou rce of ca rbon. 

Bacteria (formerly, eubacteria; singular 
bacterium): A group of proka ryot ic single-cell ed 
microorgani sms that const itute the Bacteri a 
phylogenet ic domain. Unli ke archaea, their ce ll 
wa ll s have murein, a pept idog lyca n-conta ini ng 
muram ic ac id. Bacter ia may have sphe ri ca l 
(coccus), rod- li ke (bac illu s), or curved (v ibri o, 
sp irillum, o r sp irochete) bod ies. They inhab it 
v irtuall y all env ironments, inc lud ing so il , water, 
orga nic matter, and the bodies of eukaryotes. 

Bioaccumulation: Intrace llular accumul ati on of 
environmenta l po llu ta nts, such as heavy meta ls, by 
I iv i ng organ isms. 

Bioaugmentation: The add ition of microorganisms 
to the environment. 

Bioavailability: The access ibility of chem ica l 
compounds in the environment to an orga ni sm or 
mganisms. 



Biodegradation : The breakdown of organi c 
materi als in to simp ler components by microor
ganisms. 

Biomass: The amount of li ving matter present in a 
parti cular habitat. 

Bioreactor: Vessel or tank in wh ich who le cell s or 
ce ll-free enzymes transform raw mater ials into 
b iochemical products and/or less undesirab le 
byproducts. 

Bioremediation: The use of microorganisms to 
biodegrade o r biotransform haza rdous organic 
contaminants or biotransform haza rdous inorganic 
contam inants to env ironmentally safe levels in 
so il s, subsurface materials, w ater, sludges, and 
residues. 

Biosequestration: The conversion of a compound 
through biologica l processes to a form that is 
chemicall y or physicall y iso lated or inert. 

Biosorption: Sorption of a molecule by an 
organism. 

Biostimulation: Addit ion of nutrients, oxygen, or 
other electron donors and acceptors so as to 
increase microb ial activ ity and biodegradation . 

Biotransformation: Alterat ion of the stru cture of a 
compound by a li v ing orga nism or enzyme. 

Bond: An attractive force that ho lds together the 
atoms, ions, or groups of atoms in a molecule or 
crystal. 

Carcinogen: A substance or agent that ini t iates 
tumor formation. 

Catabolism: The b iochemica l processes invo lved in 
the breakdown of organic or inorganic compou nds, 
usuall y lead ing to the production of energy. 
Important for bioremediat ion because contaminants 
are transformed or degraded by microorgan isms 
during catabolism. 

Catalyst: A substance th at activates a chemica l 
reaction and is not itself changed in the process. 

Cation: Positively charged ion. 

Cell Membrane: The permeable membrane 
surrounding the ce ll 's cytop lasm; also call ed 
cytop lasmic membrane. 

Cell Wall: The layer or stru cture that lies outside 
the ce ll membt·ane, supporting and protecting the 
membrane and giv ing the ce ll shape. 

Chelate: Any of a cl ass of relatively stable coord i
nation compounds consisting of a central metal 
atom attached to a large molecule, cal led a liga nd, 
in a cyclic or ring structure. 

Chelator: An agent that cau ses formation of a 
chelate. 

Chemolithotroph: An organism that obta ins its 
energy from the oxidation of inorga nic compounds. 

Colloid: Microscopi c particles suspended in a 
li quid med ium, usuall y between one nanometer 
and one micrometer in size. 

Cometabolism: Biodegradation of a substance 
(po llu tant) by an organism that uses some other 
compound for growth and energy. 

Commensalism: A one-s ided type of symb iosis 
w here organisms from different spec ies live in close 
proximity to one another, in wh ich the members of 
one are unaffected by the relationshi p and the 
members of the other benefit. 

Complex: A type of compound in which a central 
meta l ion is surrounded by a numbet· of ions or 
molecul es, ca ll ed ligand s, th at ca n also ex ist 
sepa rate ly; also known as a coord ination 
compound. A chelate is a type of complex . 

Complexing Agent: A d issolved li gand that binds 
w ith a simp le charged or uncharged molecular 
spec ies in a liquid so lut ion to fo rm a complex, or 
coordinat ion compound . 

Consortium: A group of organisms that interact 
within a given environment. 

Contaminant: Harmful or hazardous matter 
introduced into the environment. 

Coprecipitation: The incorporation of elements 
into other compounds, such as meta l oxide 
m inerals, as they prec ipitate from so lution. 
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Covalent Bond: A nonionic chemica l bond fot·med 
between atoms by the sharing of electrons. 

Cytochrome: Pt·ote in in the ce ll membrane that is 
invo lved in the transfer of electrons from a 
substrate to a terminal electron acceptor. 

Cytoplasm: Cellular contents inside the 
cytopl asmic membrane. 

Cytoplasmic Membrane: Th e permeab le 
membrane surrounding the ce ll 's cytopl as m; also 
ca ll ed ce ll membrane. 

Denitrification: the formation of gaseous nitrogen 
(N 2) or nitrogen ox ide (NOm N20) from nitrate 
(N03- ) or nitrite (N02- ) by microorga nisms. 

Dense Non-Aqueous Phase Liquid (DNAPL): 
Liquid contaminant th at is relatively inso lu ble and 
heav ier than water. 

Deoxyribonucleic Acid (DNA): Th e molecu le that 
encodes geneti c informat ion. DNA is a doub le
stranded mo lecule held together by weak bonds 
between base pa it·s of nucleot ides. The four 
nucleot ides in DNA conta in the bases adenine (A), 
guanine (G), cytos ine (C), and thym ine (T). In 
nature, base pairs form onl y between A and T and 
between G and C. Therefo re, the base seq uence of 
each single strand ca n be deduced from that of its 
partner. 

Diffusion: The natural tendency of molecules to 
move out of areas of high concentration into areas 
of low concentration until a so lution or gas has a 
uniform concentration of the molecules . 

Dispersion: The distr ibution of a so lute throughout 
a so lvent, as in sugar in water; the mechanica l 
mixing of solutes th at occurs as the so lutes are 
advected through the groundwater system. 

Dissimilative Metabolism: The use of an inorganic 
compound (such as nitrate) as an electron acceptor 
in energy metabolism ; that is, the compound is not 
used to satisfy nutritional needs. 

Electron: A stab le atom ic partic le that has a 
negat ive charge. 

GLOSSARY 

Electron Acceptor: Sma ll inorgan ic m organ ic 
compound that is t·educed in a metabo lic redox 
t·eaction. 

Electron Donor: Small ino t·ga nic or m ganic 
compound that is ox idized in a metabol ic redox 
reac ti on. 

Element (Chemical Element): Any substance that 
ca nnot be decomposed into simpler substances by 
ordinary chemica l processes . 

Enzyme: A complex protein that acts as a catalyst 
in li v ing organisms, regulat ing the rate at which 
chemica l reactions proceed without itself being 
altet·ed in the process. 

Eukarya : The phy logenie domain consi st ing of one
ce lled and multicell ed organisms ca ll ed eukaryotes 
th at maintain their genome w ithin a defined 
nucleus. 

Ex situ: In a pos ition or locat ion other than the 
natural or original one. 

Exergonic Reaction: A chemica l reacti on th at 
releases enet·gy. 

Extremophiles: A group of m icroorganisms whose 
growth is dependent on extreme environmenta l 
conditions. 

Facultative: Used to indicate th at an env ironmenta l 
facto r is opt ional. For exa mple, a facultative 
anae robe normall y grows in the presence of 
oxygen, but in its absence ca n grow w ithout 
oxygen. 

Fermentation: Cataboli c react ion in w hich organic 
compounds serve as both primary electron donor 
(substrate) and term inal electron acceptor, and in 
wh ich ATP is produced by substrate-l eve l phospho
ryl ation . 

Fission: A nuclea r react ion in which an atomic 
nucleus, especiall y a heavy nucleus such as an 
isotope of uranium, splits into fragments, usuall y 
two fragments of comparab le mass, w ith the 
evo lution of from 100 million to several hundred 
million electron vo lts of energy. 
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Functional Group: A character istic react ive unit of 
a chemica l compound, espec iall y in orga nic 
chemistry. 

Fungi: Spore-producing eukaryoti c organisms that 
lack chlorophy ll ; examp les of fung i incl ude molds, 
rusts, mil dews, sm uts, mushrooms, and yeasts. 

Gene: The fundamenta l uni t of hered ity consisting 
of an ordered sequence that codes fo r a pa rti cular 
po lypeptide chain (mo lecular chain of amino ac ids) 
o r RNA sequence. 

Genetic Engineering: The use of in v itro techniques 
in the isol ation , manipul ation, recombination, and 
express ion of DNA, w hich inc ludes the reintro
duction of the affected genes into ce ll s of the sa me 
or d ifferent spec ies. 

Genome: The sum of all chromosomal genes in a 
ce ll. 

Genotype: A ll o r part of the geneti c consti tution of 
an indi v idual or group. 

Groundwater: W ater found benea th the Ea rth 's 
surface that fill s pores b tween materi als, such as 
sa nd, so il , or gravel; supp lies well s and springs . 

Half-Life: Th e time required fo r half of the atoms of 
a radioacti ve substance to di sintegrate . 

Heavy Metals: M etalli c elements w ith high 
mo lecul ar we ights. Such metals are often res idual 
in th e env ironment, ex hibit bi o log ica l accumu
lat ion, and are generall y tox ic in low concen
tration s. Examples include chromium, mercury, and 
lead. 

Heterogeneous: Consisting of diverse or di ss imilar 
constituents. 

Heterotroph: An orga nism th at uses an orga nic 
source of ca rbon. 

Humic: Relating to humu s, w hich is a materi al 
1·esul ting from partial decompos ition of pl ant or 
animal matter that fo rms the organic portion of so il. 

Hydrocarbons: Any of a large cl ass of organic 
compounds contai ning onl y carbon and hyd rogen. 

Hydrolysis: The sp li tt ing of a bond by a react ion 
w ith wa ter, spec ifi ca ll y the add iti on of the 
hyd rogen cation and the hydmx ide anion of wa ter. 

In situ: In the ori ginal pos ition or p lace. 

Inoculant: Material introduced in to another 
medi um or env ironment; in bioremed iati on, a 
microorganism. A lso inoculum . 

Inorganic Compounds: Chemica ls that do not 
contain ca rbon, w hich is usuall y associated w ith 
life processes; for example, metals are inorganic. 

Insoluble: Inca pab le of be ing di sso lved in a liquid. 

Intrinsic Bioremediation: Bioremed iation at a given 
site as a function of the natu ra ll y occurring 
m icrobial populati on and naturall y occurr ing 
chemica l, bi o logica l, and geo log ica l cond itions. 
A lso known as natu ra l attenuati on w hen dominated 
by bio log ica l pmcesses, or natural b ioremed iation. 

lon: An atom or gmup of atoms that ca rri es a 
pos iti ve or negati ve electr ic charge as a 1·esult of 
hav ing lost m ga ined one or mme electrons; a 
charged subatomic pa rti c le (as a free electmn). 

Ionic Bond: A chemica l bond fo rmed between 
oppos ite ly charged spec ies because of their mutual 
electrostati c attraction. 

Isotope: Any of two or more spec ies of atoms of a 
chemica l element w ith the sa me atomi c number 
(number of protons) and nea rl y identi ca l chemica l 
behav ior but w ith a diffe rent number of neutron s, 
hence a d iffe rent atomic we ight. 

Leaching: The process of separating the soluble 
components from some materi al by percolation. 

Ligand: A group, ion, or mo lecule coo rdinated to a 
central atom or molecule in a complex. 

Light Non-Aqueous Phase Liquid (LNAPL): Liquid 
contaminant that is relati ve ly inso luble and li ghte1· 
than wate r. 

Lipid: A d iverse group of water-inso luble organic 
molecules important in the structure of the ce ll 
membrane and (in some orga nisms) the ce ll wa ll. 
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Metabolic Pathway: A sequence of enzymati ca ll y 
cata lyzed chemica l reaction s in ce ll ular 
metabo li sm. 

Metabolism: A ll bi ochemica l react ions in a ce ll , 
both anabo li c and ca tabo li c. 

Methanogen: Microorga nism that prod uces 
methane. 

Methanogenesis: M icrob ial production of meth ane 
(CH4) through the reduct ion of C02 . This red uction 
is coupled to ox idat ion of hydrogen, or certa in 
o1·gan ic compou nels. 

Methanotroph: Aerob ic microorganism that can 
oxidize methane as a so le source of ca rbon. 

Methylation: O xidation of meth ane as a source of 
ca rbon by microorga ni sms known as methan
otrophs. 

Microbiology: A branch of bio logy dea li ng 
espec iall y w ith microscop ic forms of li fe (bacteri a, 
a1·chaea, protozoa, algae, v iruses, and fungi). 

Microorganism: Any mgan ism of m icroscop ic or 
ultramicroscop ic size . 

Mineralization: The complete breakdown of 
orga nic materials by micromganisms into inorgan ic 
materi als such as ca rbon d iox ide and wa ter. 

Molecule: The small es t part icl e of a substance that 
reta ins all the prope1·t ies of the substance and is 
composed of one or mme atoms. 

Mutualism: A type of symbios is where organisms 
from different spec ies li ve in close proxi mity to one 
another, in w hich all organ isms invo lved benefit 
from the relation ship. 

Natural Attenuation: Unengineered or human
inf luenced degradati on or transfo rm ation of 
contam inants in an environment v ia naturall y 
occu rring phys ica l, chemica l, and biologica l 
processes . May include in trinsic bioremediation. 

Nucleotide: A subun it of DNA or RNA consisting 
of a nitrogenous base, a phosphate mo lecule, and 
a sugar mo lecu I e. Thousa nds of nucleotides are 
li nked to form a DNA or RNA molecule . 

Nitrification: The ox idati on of ammonia to n itrite 
and then nitrate by microorganisms. Occurs under 
aerob ic cond itions. 

Obligate: Used to ind icate that an environmental 
factor is req uired for growth. An ob li gate aerobe 
always requ ires oxygen for growth. 

Organic Compounds: Chemica l compou nds that 
contain ca rbon and hydrogen, elements usuall y 
assoc iated w ith life processes . 

Oxidant: A molecu le m atom th at accepts 
electron s in an ox idation-reduction react ion . 

Oxidation- Reduction Reaction: Coupled reaction s 
in w hich one compound becomes ox id ized 
(re leases elec tron s) w hi le another becomes 
reduced, ga ining the electrons released. 

Percolation: Grav ity f low of groundwater through 
the pore spaces in rock or so i l, usuall y from the 
unsa tu1·a ted zone to the sa tu 1·ated zone; pass ing of 
a so lve nt through a permeab le substance. 

pH: A measu re of ac idity and alka lin ity of a 
so lut ion th at is a number on a sca le from 0 to 14. 
A va lue of 7 represents neutrality, lower numbers 
ind icate increas ing ac idity, and higher numbers 
increasing alkalin ity. Each unit of change (e .g., 
from 7 to 6) rep resents a tenfold change in ac idi ty 
or alkalini ty. Thi s change in ac id ity or alka linity is 
the negati ve logar ithm of the effect ive hyd rogen
ion concentration or hydrogen-ion activ ity in gram 
equ iva lents per liter of the so lution. 

Phenotype: The observab le properties of an 
o rga nism; the man ifestation of gene express ion in 
th at organ ism . 

Phototroph: An organism that gets its energy from 
li ght. 

Phytoremediation: Remed iation influenced by 
eukaryot ic plants. 

Plasmids: a se lf-rep li ca ting li nea r or c ircular 
molecu le of DNA dist inct from chromosomal 
DNA. Some plasmids ca rry genes important to 
bioremed i at ion. 
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Plume: An elongated body of fluid, usuall y mobi le 
and va l-y ing in shape. Used to define the contam
inated areas of an environment. 

Precipitation: The process w hereby a so li d se tt les 
out of a so lu tion. 

Prokaryote: O ne-ce ll ed microorganism w hose 
genome is not conta ined within a nucleus_ 
Compri sing the two domains Bacteria and Archaea. 

Protein: A large molecule composed of one or 
more chains of amino ac ids in a spec if ic ol-der 
jo ined by peptide bond s, conta ini ng the elements 
ca rbon , hydrogen, nitrogen, oxygen, usuall y sulfur, 
and somet imes other elements such as phosphorus 
and iron . M any essential b io logica l compounds are 
composed of proteins, inc luding enzymes_ 

Proton: Positive hyd rogen ion. 

Radioactivity: Spontaneous emi ss ion by radionu
c lides of energetic pa rti c les through the d isin te
grat ion of their atomic nuclei; the rays emitted . 

Radioisotope: An isotope of an element that has an 
unstab le nucleus; it tri es to stabili ze itse lf by giv ing 
off radioactive particles and undergoes 
spontaneous decay. 

Radionuclide: Radioisotope _ 

Reactant: A substance that enters into and is 
altered in the course of a chemica l react ion . 

Reaction: Here, chemica l react ion- a process in 
w hi ch one or more substances are changed 
chemica ll y into one or more different substances. 

Recalcitrant: Resistant to degradation/transfor
mation. 

Redox Reaction: Ox idation- reduction reaction. 

Reductant: A molecule or atom that donates an 
electron in an ox idat ion- reduction reaction. 

Reduction Potential: The inherent tendency of a 
compound to act as an electron donor or an 
electron acceptor; measured in vo lts_ 

Respiration: A seri es of catabo li c redox react ions 
that produce ATP, in wh ich organic or inorga nic 
compounds a1-e prima1-y electron donors and 
organic or inorga nic compounds are termin al 
elec tron acceptors. 

Rhizosphere: Soi l that surrounds and is in fluenced 
by the roots of a plant. 

Ribonucleic Acid (RNA): A nucleic ac id conta ining 
ribose and uracil as stru ctural components. It is 
found in the nucleus and cytoplasm of ce ll s and 
p lays an important ro le in protein synthes is and 
other chemica l activ it ies of the ce ll . The stru cture 
of RNA is sim ilar to that of DNA. 

Saturated Zone: An underground geolog ic layer in 
wh ich all pores and fractures are fi ll ed w ith water. 

Sed iment: Mater ial in suspension in water or 
deposited from suspens ion or prec ipitation. 

Solubility: The relative capac ity of a substance to 
serve as a so lute, usuall y in reference to water as 
the so lvent 

Soluble: Ab le to be disso lved; to pass into so lu tion. 

Solute: Any mater ial that is dissolved in another, 
such as sa lt d isso lved in water. 

Solution: A homogeneous mi xture of a so lute in a 
so lvent. W hen a so lute is di sso lved in a so lvent, 
the so lute molecules are separated from one 
another and dispersed throu ghout the li quid 
mediu m. 

Solvent: Any materi al that d isso lves another, such 
as water disso lving sa lt. 

Sorption: The process of being taken up or held by 
either adsorption or ahsorption. 

Substrate: Th e substance acted upon by an 
enzyme. 

Substrate-Level Phosphorylation: Synthes is of ATP 
through the react ion of inorgan ic phosphate w ith 
an act ivated (usuall y) organic substrate. Occurs 
during fermentat ion. 

Subsu rface: The geo logic zone below the surface 
of the ea rth. 
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Surfactant: A natural or syntheti c chemica l that 
promotes the wetting, so lub ili za tion, and emulsifi
cat ion of vari ous types of organic chemica ls. 
Detet·gents are surfacta nts. 

Symbiosis: A type of interac ti on w here indi v idua ls 
of one spec ies live in intimate assoc iat ion w ith 
those of another. The main types of microbial 
symbi otic relati onships are mu tuali sm, commen
sa li sm, and paras itism. 

Syntrophy : A fo rm of mu tuali sm in w hich the 
members of two spec ies are nutri t ionall y 
dependent on one another. 

Transport: Conveyance of so lutes and particles in 
fl ow systems. 

Transuranic: Relating to or be ing an element with 
an atomic number greater than that of uranium 
(92) . 

Unsaturated Zone: An underground geolog ic layer 
in w hich pores and fractures are fill ed w ith a 
combination of air and wa ter. 

Vadose Zone: The unsaturated zone above the 
water tab le. A lso known as the zone of aeration. 

Valence: The property of an element th at 
determines the number of other atoms w ith w hich 
an atom of the element ca n combine. 

Volatile Organic Compounds (VOCs): Organic 
compounds that evaporate at room temperature. 

Volatilization : Vapori zation. 

Water Table: The upper limit of a geolog ic layer 
wholl y saturated w ith wa ter. 
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ACRONYMS 

ATP: 

BASIC: 

DNA: 

DNAPL: 

DOE: 

EDTA: 

EM: 

FAME: 

GEM : 

HLW: 

LNAPL: 

NABIR: 

NAPL: 

NTA: 

PAH: 

PLFA: 

PCB: 

PCR: 

RNA: 

rRNA: 

STCGs: 

TCE: 

VOC: 

Adenosine triphosphate 

Bioremediation and Its Societal Imp lications and Concerns program 

Deoxyribonucleic ac id 

Dense non-aqueous phase liquid 

United States Department of Energy 

Ethylened iaminetetraacet ic ac id 

DOE's Office of Environmenta l M anagement 

Fatty ac id methy lester 

Genetica ll y engineered m icroorganism 

High-level rad ioact ive waste 

Light non-aqueous phase liqu id 

Natural and Acce lerated Bioremed iation Research program 

Non-aqueous phase liqu id 

N itr i lotr iacetic ac id 

Po lycyclic aromatic hydrocarbon 

Po lar lip id fatty ac ids 

Po lychlor inated biphenyl 

Polymerase chain reaction 

Ribonuc leic acid 

Ribosomal RNA 

Site Techno logy Coord inat ion Groups 

Tri chloroethylene 

Vo lati le organ ic compound 
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