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in Situ Bioremediation of Contaminated Unsaturated

Subsurface Soils

J.L. Sims*, R.C. Sims*, R.R. Dupont®, J.E. Matthews** and H.N. F

An emerging technology for the remediation of unsaturated
subswtace soils involves the use of microorganisms 1o
degrade contaminants which are present in such soils.
Understanding the processes which drive in situ
bicremadiation, a6 well as the elifectivensss and efficiency of
% wiilization of hese pystems, 200 isduse which have been
mnumwwmu
concems of Superfund decision makers.

The Regional Superfund Engineering Forum is a group of
EPA prolessionals, repessenting EPA's Regional Superfund
Ofices, commitied 10 the identification and resolution of
enginegring issuss the remediation of Superfund
shes. The Forum is supported by and advises the Superfund
Technical Suppont Project.

Alhough in situ bioremadiation has been used for a number
ol years in the restoralion of ground water contaminated by
petroioum hydrocarbone, & has only been in recent years that
in silu systems have been directed toward contaminants in
unsaturated subsurface scils. Research has contributed
greally 10 understanding the biotic, chemical, and hydrologic
parameters which contribule 10 or restrict the application of in
sily bioremadiation and has been successhul at a number of
locations in demonsirating its ellectivenses at field scale.

This document is one in a series of engineering issue papers
which heve been prepared in reaponee o Aesds exprassed
by the Engineering Forum. it is based on findings from the
ressarch communily in concert with enperience gained at
slies undergoing remadigtion. The intent of the document is
%0 provide an overvigw of the factors Iwolved in in silu

bi ati e he of ind ; wed in
the application of such systems, and point out the
advantages and imitations of this technology.

For further information, contact John Mathews (405) 438-
8600 or Dr. Hugh Russell (405) 436-8612.

Background

Bioremediation of contaminaled surface soils using in sily
systems, prepared bed, and above-ground bioreactors, has
been previously addressed with regard to characterization,
environmental processes and variables, and field-ecale
applications (Sims et al.,1909). This paper will address
processes which are currently being utilized or are in
development 10 treat contaminated unsaturated subsurface
soils in place.

treatment technology that, in certain cases, can meet the
goal of achieving a permanent cleanup at hazardous waste
sites. Use of such allematives is encouraged by the U.S.
Environmental Protection Agency (U.S. EPA) for
implamenting the requirements of the Superfund
Amendments and Reauthorization Act (SARA) of 1986.
Bioremediation of subsurface socils is consistent with the
philasophical thrust of SARA, for &t invoives use of naturally
occulting microorganisms to degrade and/or detonily
hazardous constituents in the soil 10 protect public health and
the environment. Use of in situ subsurtace biocremediation
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ftechniques in conjunction with chemical and physical
estment processes, i.e., “Wealiment traine,” is an ellective
mesns lor comprahaneive sils-apecdic remadiation (Foss of
al., 1908; Sims, 1990). For instance, bicremediation may be
ulilized 10 lower the conceniration of organic cContaminants in
& 90il marix before stabilization or solidification is used as 2
remedial alematve tor metals.

Bicremediation has been shown effective in reducing the
overall mass of a variely of organic contaminants. Full scale
systems have been utilized 0 remediale soil contaminated
with both crude and refined petroieum hydracasbans (Le.,
diesel fusl, gaeoline), crececte, and pentachiorephenal. To
date, it has not been shown ellective at removing highly
structured, highly inscluble compounds such as
polychiorinated biphenyls and dionins.

For the purposes of this document, subsuriace scil refers 10
unsaturated soi within the vadose zone at depths grealer
than thwes fest below the land suriace. The vadase zone
esends from the ground susrtace 10 the upper surface of the
principal water-bearing formation (Everelt ot al., 1982). The
vadose 2009 usually consists of three 10 six fest of topeoil
{(weathered geciogical materials) which gracually merges with
desper underlying earth malerials such as depositional or
transponied clays or sands. In this 20ne, walter primarily
cosniste with air, though saturated regions may oocws.
Perched waler tables may develop at interfaces of layers
(eode having dferant tsslures) of sod having 1968 hydrauke
conductivity. Prolonged infiltration also may resull in
transient saturated condilions. in some the entire
vadose 20ne may be hundreds of fest thick and the travel
fime of conatituents to ground waler can be hundreds or
thousands of years. Other regions may be underiain by
shallow potable aquilers that are sspecially susceptible to
contamination due 10 short ransport times ana reduced
polential for poliutant atienuation by soil materials and
Processes.

This decument addresase apaciic anveonmental procamses,
faciors, and data requirements for chasacterizing and
evaluating the applicsiion of subswiace in siu
bioremediation, and describes selected fisld-acale
applications of recovery and delivery systems 10 enhance in
i subswtace soil bioremediation.

Dvarview: In e Babsuripon Morekiel Proossess
and Contrelling Envirenmental Facters

The rate and sutent of biodegradation of organic chemicale
during subouriace in sity bioremediation are influencaed by
Mmm These include type and activily
chomical enviconmeatel tactom;
mdh-um-iﬂw
required for co-metaboliom, i.e., eleciron donor, mass
raneport of moishwre, nuivients, and caygen (the terminal
sleciron accepior in asnchic metaboliam): toniclly, and
srstigraphy, heleropanelly, and gecchemistry of the surisde
or subasurisce environment. A detalisd diecussion ol the
impact of these and ciher faciors on bioremediation can be

found in “Traneport and Fate of Contaminants in the
Subsuriace” (EPAM25/4-00019) and “Bicromediation of
Contaminated Surface Soils® (EPAS00/0-80/073).

Mcrolies Bogukelioms

Successiul in situ bioremediation depends on the presence of
appropriste microbial populations which can be stimulated to
degrade contaminants of concem by modilying or atherwise
managing environmental conditions &t a site. Results of
micrcbial characterization of deep subsurface matesials have
indicated that: (1) microorganiems are present 2t populations
sufficient to change the chemistry of the enviconment when
stimulsted, (2) the microbial communilies are diverse and
cany out a wide range of chemical translormations; (3) &
majority (>85%) of the microbes are chamalrophic bacteria
that degrade organic chemicals 1o obtain energy; and {4)
environmenial cheracteristics identified previously (cuygen
important in influencing microbial activity and degradation
patierns (Fliermans and Hazen, 1980).

Microbial communities in the subsurface are diverse and
adaptable. Microbial populations at cider siles are usually
acclimated 10 the contaminants of concern. Therelore, levels
of critical nutrients or eleciron acceplors, tonicilly, and
adverse environmental conditions most olien are the major
factors which imk the extent and rate of in situ
bicrermediation.

There are several environmental conditions that aflect activily
of soil microorganisms. These factors, along with individual
scil andd weste characienats, 8l nseract 1o sllect micobiel

organic constituents in subsurface soils. Optimum ranges for
the most critical of these factors are presented in Table 1.

Water content of soil is an important factor which regulstes
microbial activity. Soil water serves as the transpon medium
through which many nutrients and organic constituents
diffuse 10 the microbial cell, and through which metabolic
waste products are removed. Soil water aleo aflects sol
aeration <' “tus, nature and amount of soiuble materials,
cemoiic piessure, pH of the 30il solution, and unsaturaled
hydraulic conductivity of the soil (Paul and Clask, 1988). The
water content of deeper subsuriace soils may vary greatly.
Unsaturated soil sampies have been cbiained even from
cores collecied below the water table in deep subswriace
environments, and the low water content was shown 10
adversely aflect microbial activity (ieRk ot al., 1980).

Biodegradation rates chen depend on the rate at which
torminal electron acceplors can be supplied. A large fraction
of the micrabial population within scils are asrcbes which use
oNygen as the terminal electron accepior.  Owygen can be
onsily deplated in pubewriaoe soile whave there in 5» cEygen
demand due 1o plant roct respiration or due 10 normal



Tabia . Crilionl environmental fasters for misrabial astivily (Sims ot al., 1904; Huddicaton ot al.. 1908: Rechiing and

Boskinen, 1000; Paul and Clvk, 1908)

Envisonmental Factor

Optimum Lavels

Ouygen
Redox potential
pH

heumriange
Tempesshoe

5585

25%-85% of water holding capacity; -0.01 MPa
Asrobic metaboliem: Greater han 0.2 moA dissolved
CHYQEN, Minimum air-fled PO IPACH

of 10%;

Anasrcbic metabolism: 0, concentralions <1%

Asrcbes and facultalive anasrobes: greater than
50 milivolts; Anasrcbes: less than 50 millivolts

Suflicient nitrogen, phosphorus, and other nuirients 30 not
kmiling to microbial growth

Suggested C:N:P ratio of 100:10:1

15°C-45°C (Mesophiles)

micrabial activity throughout the depth of the uneaturated
Mwhmhﬂmw

diilusion from the atmosphere, and the soll may become
anonic.

Faculistive anasrchbic organiems (which can use axygen or
allormative electron acceptors such as niirate or sullate in the
absence of caygen) and cbiigate anasrcbic organiems then
Secome the dominant populations undsr such condiions.
The caguance of uze of various eleciron socer’ o io
datermined by the redox potential and the eleciron alfinlly of
e elachon acoepions present (Zehnder and umm, 1098).
Tha poleaties of abermaties olotieon aocamtors has been
ovaiusted with nivate at field scele for contaminants
(nciuding bensene, t0lvens, and nylene) in an aquiler
envisonment (Mulching ot al., 1901).

Redox patential aivo affects metabolic processes in
subswiace micrcbial pepulations (Paul and Clark, 1989).
Pedox potaniial provides 5 meatursment of eloctren denally
&l & vadaled to ha cogpen seeive of 5 svhewiece scl. Ae
anpgen is remeved and & sysiem becomes more reduced,
v ie 5 corsepcnding incrase in SlBcon deneity,
g PP sasivaly In 35 increseed Aapeee Dol

Soll pi aliects growth and astivily of subswiace soll
inacnsoganiern. Fangh i gesarally smavs Siorod of ashdle

soil conditions (below pH 5) than bacteria. deiiyd
phosphorus, a critical nutrient in biological systems, is
maximized at a pH value of 6.5. A specific contaminated soil
systom may require management of s0il pH 10 achieve levels
that maximize microbial activity. Control of pH 10 enhance
microbial activity may aleo aid in the immaobilization of
hazardous metals in a subsurface 90il system (a pH level
greater than 8 is recommended to minimize metal ransport).
Subsurface soil pH may be managed through addition of an
aqueocus phase containing pH adjusting chemicals through
gravity delivery systems such as infiltration galieries cr

Microbial metabolism and growth depends upon adequate
supplies of essential macro- and micro-nutrients. Critical
nutrients such as nitrogen and phosphorous must be present
and awailable to microorganisms in: (1) usable forw; (2)
appropriate concentrations; and (3) proper ratios (Dragun,
1988). ¥ wasies are high in carbon (C), and low in nivogen
{N) and phosphorus (P), bicdegradation will coase when
available N and P are depisted. Therelore, festilization of
subsurface scils may be required as a management
fechnique 10 enhance microbial degradation.

mmmm-wmva
Whila surface sclls exhibil both diurnel and eeasonsd
variations in temperature, changes of temperature decrease

with depth. Generally, only the top 30 fest of the subsurface
profiie are aflected by seasonal varistions in temperaturs;
tevperature is generally constant and comesponds to the



mean annual air lemperature of the locality (Kuznetsov ot al.,
1963: Matthess, 1982). in the United States, temperatures in
this zone range from 3°C t0 25° C (Duniap and McNabb,
1973). Due to the high specific heat of water, wet soils are
less subject to larger diumal changes than dry soils (Paul and

Clark, 1989).
Bicavailability is a general term which refers fo the
accessibility of contaminants by degrading

populations.
There are two major components involved: (1) a physical
aspect related 10 phase distribution and mass ransier
Emitations of the contaminant, and (2) a physiclogical aspect
related 10 the suitability of the contaminant as a substrale.

Major tactors which aflect bicavailability include water
sclubility and sorption. Target chemicals may occur in one or
more of the four phesss comprising the subeuriace soi
ofvironment: (1) sci! solide, including organic mafier and
inosganic sand, silt, and clay particles; (2) soll water; (3) sol
gas; and (4) olien a nonaguecus phase liquid (NAPL) . In
general, chemicals that distribute 1o the water phase (more
soluble) ase more bicavaiable than chemicals that aither sorb
strongly 10 solid phases or occwr in a NAPL phase. NAPLs
since the aquecus phase containg nulrients, cxygen, and
moisture required for microbial lle processes. The
bicavailebility of a NAPL phase may be increased by
incrensing the surface area 10 vohume ratio of NAPL
cloments. This increases mass transler of nuivients,
moisture, and ssygen; and decreness toxiclly by decrsasing
imerfacial concentrations (Symons and Sims, 1988).
Substrate chemicals in the gas phase have also been found
10 be bicavailable (Dupont ot al., 1991; Miller ot al., 1901).
Generally, chemicals that are highly scbed, such as high
molscular weight PAMSs present in crecscis, petrolsum, and
manufactured fown gas plant wastes, are found fo be
degraded o cloess roies Tran chomicale that ane ondy olightly
sorbed. Since the majorily of the mass of target constiivents
at many contaminaied slies is aseociated with NAPL andfor
solid phases, ihese rapresent the graatest challsnge with
regard 10 in situ bicremsdiation.

Biomvailabliity is alsg 2 funciion of the bidegradabiity of ¥

phyesically svailable §.¢., water schuble andfor not sorbed 1o
solids) but not useld as 2 metabolic substrate.
Conternteid of ooncien miay »01 56 T domizant organic
subotrate in a system. When the tanget chemical cannot

aerchbic conditions. Examples of recalcitrant compounds
inciude highly oxidized halogenated compounds such as
polychiorinated biphenyls (PCBs), pesticides such as
ftoxaphene, and dioxin contaminants present in wood-
pressrving wastas.

The tonicily of the environment may be reduced by
decreasing the concentration of a toxic waste (e.g., crecsote)
or chemical (e.g., pentachioraphencl) within one or more
subsurface phases. Concentrations of toxic chemicals in the
gas phase may be reduced through s0il vacuum extraction; in
the water phase through soil flushing; in the NAPL phase
through soil flushing with waler containing viecosifiers, or with
solvents or surfactants; and in the soil solid phase by
inducing partitioning of contaminants from solid %o fiuid
phases. Mmmnmmmm

for escape; therelore, containment are oiten
necessary while the constituents within the phase are
biodegraded.

Heterogeneily of the subsurface environment limits the rate-
and exdent of in sitlu bicremediation. Restrictive layers (e.g.,
clay lensss), although more resistant 10 contamination, ane
also more difficult 10 remediate due 10 poor permeability and
low rates of diffusion. Clay soils have larger porosities than
siltly or sandy soils and therelore larger storage capacities for
contaminants, but have greater resistance to fluid flow
including aqueous, gas, and NAPL phases. Also clay layers
with poor hydraulic conductivity are less permeable 1o
nuirignts and cuygen. In sites that have substantial clay and
ok deposits, more permesbie soils will becams prelerential
condulls for remedial fluids, and the clay/sit deposits will
require much longer time frames for remediation. For
sxample, hoteroganslly of the subsurisce with respact to sol
layering and chemical parameters at a gas warks slle in the
United Kingdom presented constraints on the feasibilty of
ulilizing in situ bicremediation (Thomas et al., 1901).

Enhancement of in Sku Subsurface Sioremedialion

The method of enhancing in situ bioremaediation efforts
depends on the four phases in which contaminants can
occwr, heterogeneily of subsurface matrix, and the types of
delivery and recovery systems wiilized. Removing limiling or
conteciing factors and establishing favorable conditions are
the primary goals of recovery and/or delivery systems.
Enhancement may be achieved by increasing bicavailabilily;
reducing touiclly; increasing delivery of moisture, mutrients,
and onygen; and/or by introducing substrates that stimulate
indigenous microbial degradative activity.

Aluindmlmthwm
igbagravission, in contaminated subsurface soils. The
success ol in silu bioremediation elforts is olien determined
by the slectiveness of the recovery and delivery oystoms
yoed 10 remove Mmajor sources of contaminants and 10
franspont nulvients and eleciron accepiors 10 the location of
he remaining coniaminanis. Establishing optimum levels ol
edtentinl autrionts snd leciron G20spiors &t apeciic
sulbouriace localions is olen driven by physical imitations of



the subsurfece mairixt on iraneport of fluids (iguids or gases)
used to deliver these amendments. Overcoming ihess
EmBations is the primary goal of a defivery system, and the
dewvalopment of adequaie delivery technologies continues to
e the major challsnge of in situ bioremediation. A summary
of dalivery and recovery techniques commonly used o
manege subsurface remediation is provided in Table 2.

iniing Bo Baicuved Zome Uneeluraied
Advantages of Unsaturnied Systeme

Because inpdraslic conduciiily is & hunction of 20l Mmoishue
content, changing a saturaied 20l into an unsaturated soil
greatly reduces the hydraulic conductivity and therelors the
downward transpont of chemicals in the water phase 1o the
eround weter . Also, becauss teygen dfusee hrough sir
10,000 times faster than through waler, an unsaturated
enwvironment may be maintained in an asrcbic condilion more
susly han @ sebwrated environmant in e pesance of
onygen-demanding chemicals (Table 3). Soil pore space thet
containg 2 gas phase also allows removal of volatile contam-
inants (via 200 vacuum eatraciion) i & direction that is away
from the ground water. Therelore, management of a she 1o
the seturated 20ne 10 an unsaturated condiion may
reduce poleniial for ground-waler comtamination as well as
onhancad cxygen delivery 10 stimulate in il biodegradation.

Phgsioad Comieimmand

There are & vavisly ¢l approaches io establishing and
mainiaining dewatersd conditiona. in ordes to adaquataly
demiber hé subsuriecs, B is cfien recossary to physically

and Sopping comeminated water from lsaving. Emvaction
Syehems Of draing musi then be ueed 1 remove the ground
waler 10 Croate an unsaturaled 2one.

weed barriers include shuvy walls, grout curtains,
and shest pling cutoll walls 10 retard the flow of water under
and Shvough a site [Devinny ot al., 1990).

Cirossi-weler oyl can 55 oompiehed by hydraulic
Pamping andlor drainags enchas. Mysirauiic purrping using
a wall-point system is one such techaigue (Devinny et al.,
1980} wsing short lengihe of plastic or Tellon well screen
placed in the saturated Done.

Grouwnd waler can 2iso be ramoved weing subsuriace draine
o drainage Miches. Bubsuwiucs doaing tre conewcied by
cusaveting 8 rench 10 the desired depth, partially backiiling
the trench with highly sand or gravel, placing a
Pplastic o7 cesmmic drain We i e 26nd and gravel bed, and
camplaling the backiling Deviney of o, 10804

Drainage ditch2s or surface drains are similar to subsuriace
drains encept that no collection pipes or tilss and backiills are
used. They may be used at sites underiain by poorly
permesble soils (Devinny et al., 1990).

E ] for Subswrtass
Fcovery Dalivery Tochnologies

Recovery and delivery technoiogies are thoee that faciltate
wansport of materiale either out of or into the subsuriace
(Murdoch et al., 1900). Recovery technoiogies are primerily
utiized for contaminant source reduction. High levels of
contamination present as either Wapped residuals or NAPLs
Can seversly Ema succass of bioramediation atiempts.
Therelore, removal of as much of this initial contaminant
mass as possible is & prerequisite 10 in situ bioremediation
efforts.

Specific recovery and delivery technologies for enhancing in
situ bioremadiation of subsurface soile are identified in
Table 2. Each identified technology is discussed below with

g 10 s appications and MTikaions, and cument Satus.
Recovery Sechaologies

The principal recovery technologies used for subsurface
remadiation depend on the ability to move fluids. Also
involved is the ability to move contaminants by allering their
solubility or sorption characteristics (Murdoch ot al., 1980).
These techniques are used 10 move materials from the
subsurface soil environment in order to enhance in situ
bicremediation by addressing one or more limiting factors
identitied in Tables 1 and 2, including: soil vacuum extraction,
soil flushing, steam stripping, and radio frequency heating.

Soil vacuum extraction (SVE) (aleo referred 10 as subsurface
or forced air venting, in situ air stripping, or soil vapor
extraction) involves the removal of contaminants casried in
the soil gas phase by reduction of the vapor pressure within
the soil pores by applying a vacuum. As clean air is drawn
through the soil, the contaminants are removed. This
process is driven by concentration differences between solid,
aquecus, and NAPL phases and the clean air that is
introduced through the 80il vacuum extraction process.

Vacuum extraction is most applicable to sites contaminated
with highly volatile compounds, such as thoss associated with
gasciine and solvents (e.g.. perchiorosthylene,
wichicrosthylene, dichiorosthylene, trichiorosthane, benzene,
toluene, sthylbenzene, and nylene).

important soil characteristics that should be measured or
estimated %0 determine the feasibility of vacuum extraction at
a specilic site include physical factors that control the rate
and extent of air flow through comtaminated scil, and
chemical factors that determine the amount of contaminant
that parthions from s0il 10 air. These factors include: bulk
densily (weight per volume); total porosity (void spaces



Tabio 2. ienesement osingios for Midraasing Seslers famitieg i~ ety Slemmailalion of subsurisss salte

Lisiting Factor ifensgeman) Reapones Delivery or Recovery Technigue
Binamsnibatsiy lerited due o MAPL Rauco MAPL mase Grawity of fosced daivery; Soll Rushing,
Shasen abripping, Hduic Sacheing

Senaiahlity Sanited by soplion or siow Reducs sorplion, iNcreeese Mmass Fanepon Soil Rushing. Sieam singping, Hydalic
ade Saneport Swough 50l malrin rachuring

Moisture Add waler or waler sahrated air Grawily or forced delivery; Sioventing, Oyclic
]

Pesatniantn A nuirionts in walsr Of 88 aMMOonia gas Grawity or forced delivery; Sicventing, Oyelic

O Reton L5k Bioventing, Hydsauilc tacthuing, Cyclie
pumping, Fladiel Giling, Kering

Tomichy Remove chemicals Soil vacuum extaciion, Soll fushing, Sisem
HPpIng

M Adjust s0il pH Gravily of loresd Gelbvesy

Torpeshas inCTenes SMpeTERep Radio frequency healing, Steam siripping

Subsivale Adiition Add in waler or ais Graneity o 10r00d delivery; Bicventing,
Hydransic Sactuing

Hatsogeastly Acd or withtkaw watorial in mose resbiicive  COyclic pumping, Hydraulic Gactenng, Maded

fayars diling, Kerfing

Tadin 2. Camiar Ruld eaypon supply rogiement upent o al, 0001}

Coirsit 9 Camier/g O,
Waler
Fog 110,000
Pue O, Satwated 22000

900 mpAL. 1,0, (100% Liikization) 2,000
Alr 30.0% Oy "




between s0il grains) and air-filled porosity (that portion of the
mmmmmmdmwd
volpiilss which move through an area over time); soll
molsture content (persentage of void apeaces filled with
water); air phase permeabillly (ease with which air moves
theough soils); tewture; structure; mineral content; surface
area; temperature; organic carbon content; heterogeneity;
depth of air permesble 20ne; and depth 10 water table
letcall & Eddy, inc., 1901). Soils at shes where vacuum
sulraction is used should be {airly homogenaaus and have
high permesbility, porosity, and unliorm perticle-size
distrbutions (Metcall & Eddy, inc., 1991). Soil vapor
aneport can be severely limited in a soil with high bulk
denaley, Mﬂﬂuaﬁnmw low porosity,

Contaminant characteristics that affect the feasibility of
VECULT STRction inchads the axtent and degres of
contamination, vapor preseure, Henry's law constant,
agueous solubiiity, dilusivity, and partition coelficients. Due
o the high solubility of many organic contaminants in NAPL
phases, the presence of NAPL in subsurface 30l systems

may significantly sffect the distribution of the compounds in
various phases, and their fate in SVE systems. Specific
comaminant and soil conditions that determine the feasibility
ol vacuum extraction are presenied in Table 4.

The efficiency of a vacuum extraction system can be
enhanced in several ways. For example, a system of air
injection wells can be instalied at the perimeter of a
contaminated area (Metcall & Eddy, inc., 1901) which can
be connected to air biowers fo force air into the soil or
remain open 10 the atmosphere. Use of air injection wells
can result in increased soil air flow rates and a larger arsa
through which clean air can move.

Puised pumping may be used o give contaminants time o
desorb from solid surfaces, diffuse from restricting layers,
and volatilize from residual saturation (NAPL) in the scil pore
space. Using pulsed pumping for recovery of contaminants
allows 2 lower volume of air with higher concsnirations of
contaminants to be recovered.

i ground waler is at or neas the 2one of soil contamination,
water table rise may occur due 10 reduced air pressure near
extraction wells (Metcalf & Eddy, inc, 1991). Ground-water

Tabie 4 Condiilons atfesling tsesliliy of uos of vasas eairatlion LS, EPA, 1098; Msieall & Edey, v, 1001)

Crwmion Famecrable Untavorable

Contaminad:
Domnesd mn Vapos phaso Solid or strongly sorbed o s0il
Vapor pressuse >100 mm of mercury <10 mm of mercury
Wisior schubity <400 g >1.000 mgA
iamey's Lawy Content 001 {dmensioniess) «0.01 (dmensionises)

okt
Tempetatwe m«-ﬂﬂmmm <10°C (common in northerm climates)
Aw conduciivity >90% cmis <10%cmis
Eduigtars cartgnt <10% (by vekems) >10% (by volume)
Compesilion Homegenesus Haloogenscus
Swines area of 8ol mabin 0.1 miipat et >1.0 miig of sell

Dupiy 16 grecml water
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pumping may be used 1o counteract the water table riee, 28
well a8 {0 expose additional contaminated 80il that can be
freated by vacuum extraction.

Horizontal extraction wells (wells drilled paraliel 10 ground
swriace) have been used for deep subsurface contamination
st the U.S. Department of Energy Savannah River facility to
access larger areas of the contaminated site (Hazen, 1902).
This use of horizontal wells may be a means 10 reduce cosis
associated with deep subsurface remediation since only a
single hole may be required 10 access contaminaled areas
instead of many vertical wells.

The performance of a vacuum sxtraction system is monitored
by system operational characteristics and by treatment
eficiency characteristics (Metcall & Eddy, inc., 1991).
System characteristics include strength of vacuum applied,
air flow rate, and contaminant concanirations and moisture
content in the vented gas. Wells are used 1o monitor
pressure in the contaminated area. Eificiency of treatment is
mondoesd by scll ges anslyses, and ol cone anaiyses to
determine residual conceniration of contaminants. For more
detalled disc ssions of 90|l venting evalustion, $ee
“Evaluation - Soil Venting Application” (EPA/540/S-92/004).

Since soil vacuum exiraction is an in situ treatment technique
that requires only addition of ambisnt air 1o the subsurlace, it
can be applied with iltle dishwbence 10 existing facilities and
cperstions (Metcall & Eddy, inc., 1991). SVE can be used at
sies where amas of contamination are la9ge and desp, of
when the contamination is beneath a building. The system
can be sesily modilied, depending on addiional analytical
and subsuriace characterization data and/or changing sile
conditions. Even i vacuum extraction can be implemented at
a ohe, most of the condhions listed in Table 4 must be met, or
the cost and time for cleanup will be prohibltive.

The use of SVE st remedial sites has been reviewed by the
U.S. EPA (1900a) and classified as a developed technology
for remedial applications. %t is cumently the most commonly
used in eitvy remedial technalogy (Murdoch et al., 1980). Soil
vacuum estraciion mey be ueed 10 reduce tonic concen-
walions of contaminanis 1 levels which are more conducive
o biorsmediation. in addiion, K will aleo deliver osygen o
he subsurtace which is required by nerobic becterie.

Soll Sushing

W ol sol Bushing & used 1o accelorate movement of
contaminants ihrough unesiursted materiale by solubilizing,
emulsifying, or chemically modifying the contaminants. A
estment sciulion is applied 10 the soll and allowed to
pernsisto dovwereirl and Inberacs with comaminming
chomicals. Contaminantis are mabilined by the treatment
seluiion and vansporied downward 10 & SElwraled 2000
whiss They are capiursd id raing or wells and pumped to e
swiase for recovery, restment, or dispesel Murdach ot al.,
Mh“ﬂ“““

ey be enendad with nuliients 10 snhance biclagioal
“ml!ﬂ ing, 1901).

Treatment solutions are delivered t0 the contaminated 20ne
by using either gravity or forced methods. Forced delivery

and subsuiface infiliration beds and galleries (Amdurer ot al.,
1988) . Bariers, such as slurry walls, may be required 10
prevent the transport of contaminants away from the sile
{Metcall & Eddy, inc. 1901). A ground-waler exiraction
system must be used 10 capture the flushing schution and
associated contaminants. in some cases, the Nushing
solution may be treated to remove the contaminants and
reused, and in others it may require disposal.

Efficiency of soil fiushing is related 10 two processes: the
increase in hydraulic conductivily that accompanies an
increase in waler content of unsaturated 90il, and the
selection of treatment schutions with regard o the
composition of the contaminants and the contaminated

of liquids through unsaturated soils is extremely siow and the

recovery of contaminants by conventional pumping

techniques is not possible. With soil flushing, the water

content and consequently the hydraulic conductivity of the

soil is increased (Murdoch et al., 1980). However,

mhﬂmMMnm
of contaminants.

A sites where water-soluble contaminants are present, waler
can be uesd to flush or maobilize the contaminants (Metcall &
Eddy, inc., 1901). Surfactants can be added %0 increase the

solution may change physical and chemical propertiss of the
30il environment that affect bioremediation potential.

The level of treatment that will be achieved is dependent on
sefection of en spproprists flushing soluticn, exfent arnd tme
of contact between the solution and waste conetitiuents, soll
partition cosflicients of the waste constituenis, and the
hydraulic conductivity of the soil (Metcall & Eddy, inc., 1901).
Soill flushing is not apphicabie 1o soils with low hydraulic
conductivities (0.g., less than 1 ft/day), or for contaminanis
that are strongly sorbed 1o the soll (e.g.. PCBe, dionin).

Soil flushing has been classified by the U.S. EPAss a
developad echnslogy wesd for i comdial
applications (Murdoch et al., 1980). Athough the technalogy
:mmammmmunm

inants 10 & managaebls lsvel for biclogical processes which



contaminated area. Applied solutions then percolate
downward through the subsurface 10 contaminated Zones.
Application methods consist of both surface and subsurface
spreading (Amdurer et al., 1986).

Surface application methods include ficoding, ponding,
applicable to contamination at depthe lees than 15 feet.
Flooding is a surface application method in which the solution
is spread over the land surface in a thin sheet. Flooding is
applicable to sites that are fiat or gently sioped (i.e., less than
3 percent siope), uniform, without gullies or ridges, and have
soils with high hydraulic conductivities (i.e, grester than 102
cnvsec; such as those found in sands, loamy sands, and
sandy loams).

Ponding can be used to increase the infiltration rate of the
applied solution above that achieved by flooding. Ponds are
constructed by excavating into the ground or by constructing
low berms. The depth of the solution in the pond becomes
the driving force 1o increase infiltration rates. Ponding can be
used in sandy or loamy soils and in fiat areas.

The ditch method of surface spreading utilizes flat-botiomed,
shallow, narrow ditches to transport the solution over the land
surface; allowing for infiltration of the solution into the ground
through both bottom and side surfaces. Geradients in the
ditches are kept small 1o prevent erosion as well as to allow
residence time for infiltration. Ditches may be constructed by
excavating surface materials or by building small
embankments. Ditches are used at siles where it is not
desirable to completely cover an entire area with the solution.

W 1., aloamodihe o 5 SRR T om0 Y S (0 S Sl SOl



Pigwe 2. Sshamsiiz of 8 bleveniing sysiem designed o deliver air to contaminated subeurizoe sell.
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Sprinider systems can be used to deliver solutions uniformiy
and directly to the ground surtace. These sysiems are less
susceptible to topographical constraints than flooding and
ponding. Sprinkier systems have been used successfully to
deliver nuttients and moiiturs systems where
the she weas contaminated 10 a depth of 50 feet (Dupont ot
al, 1991).

Subsurface gravity delivery systems include infiltration
galleries (or trenches) and infiltration beds. These sysiems
are applicable 10 sites where there is deep contamination or
where the swiface layers have low permeability. Subsurface
systoms coneiet of encavations filled with a porous medium
{9.0., coarse sands or gravels) that distribute sclutions to the
contaminsied area. An infiliration galiery consists of a pit or
wench that is filled with gravel or stones. The solution fitls the
pores in the gallery and is distributed 10 the surrounding soils
in both the vertical and horizontal directions. This system is
most applicable 10 sites with sandy or loamy scils. in siles
with sllly solle, an infiliration gallery can be used but
application rates will be reduced. Solutions can be
Frsiroucnd vk e gedeny by injection ot inceons dong the
mdnmammmm

iniiranion galieries can be used in sites with stesp siopes
{i.e., up 10 25 percent siope) and uneven terrain. Infiltration
beds are similar 10 galleries but are wider and contain more
through sidewall swfaces. This system is applicable to soils
with sandy and loamy texiures, but limited to siles where the
fopography is relatively fiat (i.e., with less than S percent
slope) and the terrain is even. Beds can saturate larger
areas than a single trench and are easier 10 install than a
muli-ranch sysiem.

Foroed systems deliver fluids under pressure into a
contaminated area through open end or siolted pipes that
have been piaced to deliver the solution (o the Zone requiring
treatment (Amdurer ot al., 1906). These systems are

siy
materials) and high slilective porasiiss (i.e., ranging from 25
10 56 peroent). A manimum injection pressure must be
established 10 prevent hydraulic fracturing and uplilt in the
subsurtace, which would cause the fluid 1o ravel upward
eather than through the contaminated srea. Unilke gravity
systems, aforced delivery system is theoretically
indepondant of surface topography and climale.

Design considerations for gravity and foroed delivery

200 presented in Arndurer of al. (1908). mdm
sysiems has

dativery systoms in subswriace biorsmediation

fsaan demonserated in bloventing systems (Deupont ot al,
1001; Miller ot al., 1901). In Rusela,
bacteria grown in fenmanters have been injected into lateral
@000 holes in & coal mine (Fllermans and Hapen, 1900). This
precess hes been shown 90 reduos methane concsniraiion in
he air by 5$0-60 percent in one monih, thus reducing the risk
of esplesions and fire.

1"

Soil Bioventing

Soil bioventing incorporates soil vacuum extraction procesees
mdulmrouygontomoswsuﬂmtom in silu

cannot be delivered due 10 hydraulic conductivity limitations.
For example, benzene and hexans, which are common
hydrocarbon contaminants, require more than 3 g O, per g of
hydrocarbon for mineralization. Soil bioventing is

to remediation of contaminants of low volatility and can also
reduce concentrations of volatile contaminants in

thus reducing the amount of contaminants fequiring off-gas
treatment.

To accomplish bioventing, soil vacuum exiraction processes
are operated at lower than usual air flow rates to reduce
times. Soil moisture levels necessary for biclogical activity
are usually higher than those recommended for optimum
vacuum exiraction operations. The addition of nutrients may
also enhance bioremediation. Mnmddihnmh

been shown to enhance
systems (Miller ot al., 1991). Possible means of increasing
soil temperature include the use of heated air, heated water,
or low-level radio-frequency heating. High temperature
should be avoided, since this can result in decreased
microbial populations and/or activity.

Soil bioventing has been demonsirated in several fisld
applications (Dupont et al., 1601; Hinchee ot al., 1901;
Hoeppel at. al., 1991; Miller ot al., 1991; van Eyk and
Vresken, 1991; Urlings ot al., 1991). At Hill Air Force Base in
Utah, a JP-4 jet fusl spill occurred in January 1985 that
resulied in the contamination of approximately 0.4 hectares
(1 acre) t0 a depth of approximately 50 feet with approxi-
mately 25,000 gallons of JP-4 (Dupont et al., 1901). Sail total
petroleum hydrocarbon (TPH) concentrations at the site were
as high as 15,000 mg/kg, with average TPH levels of 1,500
mg/kg. s«soaeonmumnmmmm

confinad ground-water table located apprommately 800 feat
below ground surface. Prior 10 initisting a full-ecale vacuum
etraction project, the fuel tanks were excavated,
refurbighed, and instalied in an concrete
cradle. Encavated soil was placed in a pile and subjected to
vacuum extraction.

An SVE system consisting of 15 wells in the undisturbed soil
and 10 wells in the excavated soil pile and under the tanks
was instalied o provide access 10 the contaminated 90il and
allow fisxibility in the aperation of the venting system. The
system was operated in a conventional mode 10 maximize
the recovery of volatile components of the JP-4 through
volatilization. Venting was inlisted on December 18, 1988, st
@ raie of 1,270 19w Japproimeiely 0.04 pore volumeadda),



gradually increased to approximately 74,000 ft¥/hr
MZSmWM)nmhydrocam
levels in the vent gas decreased over time. The venting rate
during the start-up period was limited by the operating
conditions of the catalytic incinerator used to treat the
collected vent gas. This high-rate operaiing mode was
maintained from December 18, 1088, through September 15,
1ﬂwﬂlwwmvm-(24$u1o'n’)d
soil gas exiracted from the site.

in situ respiration tests conducted during the high-rate SVE
aperating period indicated that significant respiration was
occurTing without nulrient or moisture addition, and that
enhancement of biodegradation might be possible under
modified site management conditions. Biodegradation was a
removal mechanism during the initial high-rate

wmamdwmﬂﬂow

biotreatability studies were conducted to evaluate moisture

mwm The sifect of SVE system operational
rates was also evaluated by

on biodegradation
mwmmmmmmm

A number of in situ respiration tests were conducted during
the field studies to assess the impact of different engineering
management options on microbial activity. A total of three
ftests were conducted to monitor the effect of ditterent

mmm (1) flow rate and
operating configuration modifications , (2) moisture addition,

biodegradation
co,-no,m.:ummam
could be isclated from changes in

wwmmmmm

The resulls of these studies indicated that moisture addition
and operational modifications significantly enhanced
biodegradation rates. Based on analyses of O, uptake rates,
mmmnmmm)mmmm
statistically accelerate in situ respiration at the site. However,
nuivient addition generally did not statistically increase the
degradation rates of residual JP-4 constituents. The
Mummamm.w
path length) significantly improved ratee. Fuel
mmnmw»mmw

ﬁmdnwmmdmm

rale of greater than 100 ivdey foliowing sysiem oparating
modifications.

S0l bioventing wes Jled iwestigeted 2 Tyndell Air Force
Baee in Figrida 1o remediate sandy solls contaminated by
past jot fuel siorage activities (Miller, 1980; Miller ot al.,
1.‘). Hydrocasbon coroentraiions in the soll ranged from
20 10 23,000 mg/hg. The contaminated ares was dewalered
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prior {0 system instaliation. The impact of moisture and
nutrient addition was investigated during a 7-month period.
Moislunadditionhadnomiﬁcmdhdon

rate in this system. Nutrient addition also did not allect
Iuodowadummo smmmﬁmmnlm

to be affected by soil temperature and followed predicted
rates based on the van't Holi-Asrhenius equation. Filty-five
percent removal was attributed to biodegradation during the
period of study, but a series of fiow rate tests showed that
biodegradation could be increased to 85 percent by
decreasing air flow rates. The optimal air flow conditions were
found to be the removal of 0.5 air flow volumes per day. The
contaminated gas phase was drawn through clsan soil 1o
increase gas residence tims within the soil. This augmented
in situ biodegradation and eliminated the need for oll-gas
treatment as well as reducing exposure to olf-gas.

Research: Hydraulic Fracturing, Radial Drilling

° Research areas are focusing on methods fo increase the

capacity of current systems to deliver increased
concentrations of required solutions to the subsurface. Two
of these systems are discussed below.

Hiydvaudic fracturing

Hydraulic fracturing is a technique that involves using
hydraulic pressure to induce cracking in rock or clay/silt
lenses in the vicinity of a borehole, which develops a larger
framework of imerconnected pore space. The newly crested
pore space is filled with solid, granular materiale, which can
act as permesble channels to increase the rate and area ol
delivery of fluids containing nutrients or cxygen fo the
subsurface (Murdoch et al., 1990; Murdoch et al., 1901;
Davis-Hoover ot al., 1991). The hydraulic fractures may be
filled with granules of slow-dissolving nutrients or oxygen-
releasing chemicals, which may provide a reservoir of these
compounds for the enhancement of bioremediation. This
technique could aiso potentially be used in recovery systems,
¢.g., by increasing extraction of vapor phases in soils with low
permeabilities, or by forming horizontal sheet-like drains to
capture lsachates in soil flushing systems.

Hydraulic fracturing has been successiully utiized in
petroleum sngineering in many types of geclogic materials,
ranging from granite 10 poorly consolideted sediments. For
remedial applications, it has been demonstirated in solt clay
soils at shaliow depths, but has not yet been demonetrated in
a wide range of scils or st waste sites. For use in remadial
applications, hydraulic fracturing has been classified by the
U.S. EPA as an emerging technology (i.e., research on its
use is in progress) (Murdoch et al., 1990).

Radlinl dritling
Radial well technology consiste of drifing hotizontal wells

radially cutward from a central borehole. This enhances
accees 10 a contaminated subsuriace environment by



increasing the volume serviced by each vertical well
(Aurdoch ot al., 1080). Radial wells can be placed at the
same level or on multiple levels in the same borehole. The
use of horizontal wells allows access 10 fracture zones that
are perpendiculer 10 the ground surface and allows
contaminaied areas 0 be entered laterally rather than
venically.

Radial wells have been installed in both consclidated rock
and unconsolidated malerials (Murdoch et al., 1980). In
unconsolidated formations, drilling rates range from 5 to 120
W/min, while in very hard, basalt, rates range
from 0.10 %0 0.50 tWmin. For use in remedial applications,
radial well driling has been ciassified by the U.S. EPA as an
emerging fechnology (i.e., ressarch on its use is in progrees)
(Murdoch et al., 1900).

Waste, Soll, and Siie information Requirements for
Evelution and of in Shtu
Managoment

Adequate she characterization including: surface and
subswuriace soil characteristics, hydrogeciogy, and
microbiclogical characieristics, serve as the basis for rational
design of any subswiface soll bicremediation system. A
thorough site characterization is necessary 10 determine both
the three-dimensional extent of contaminalion as well as
onginesring and management consiraints which may imit the
rate and extent of remediation. Specific characterization
information regarding waste, soil, and hydrogeciogy is
mauised in arder to eeesse %o polentisl elisctivensas of

Pacirmutic,

alect the behawvior of organic constituents in the vadose zone
are presenied in Sims of al. (1980). Subswiiace soil
cherscissization informasion mguind includes identification of
limiting ool environmental factors identified in Table 1.
Required site characterization information includes
identiication of potential limiting factors with regard 1o relative
ease of delivery and recovery listed in Table 2.

Based upon waste, subsurface 8cil, and site characterization
infoemuion, epprepviste comainmet sirstegics Reed to be
considesed for the moblle conlaminant phases associated
with the subsurface (Figure 1). Naturally accurring
comsainmment may be sullicient with regard (o proventing
sscepe of mobile phases under anlsting site conditions.
However, other containment siralegiss mey need 10 be
considerad ¥ matevials are 10 be added or removed from the
sebeuriscs 1o mimuless micobial sclivily, Thees mmy inciuds
volatiies removed in vacuum extraction, water used 10 add
aiiygen and nulrients, or NAPLs i e0il flushing is camied out.

For each chemical (or chemical class), the information
roquirad is summaniaed o6 (1) chartoiasistics rslaied io
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(3) Henry's Law Constant ; (4) polential biodegradation, ¢.9.,
hall-iife, degradation rate, bwdommmm
, 0.9., hali-life, soil redox
pot«uial(smaal 1984; Sims ot al., 1089).

information from waste and site characterization studies, and
(aboratory evaluations of biodegradation may be integrated
by using appropriate mathematical models 1o predict: (1) the
potential for bioremediation of and (2) the potential for croes-
contaminating other media (i.e., ground water under the
contaminated area, atmosphere over the site or il the sile
boundaries, surface waters, etic). The models used will be
highly dependent on site characteristics and contaminanis of
interest. These may range from “back-ol-the-envelope®
caiculations 1o sophisticated fats and transpornt compuler
models.

iiaes Balance Approach to in Situ Subsurtace

; ”
(Sims, 1980). Mass balance heips obiain specific information
that is needed to determine fate and behavior, svaluate and
select management options for in situ bioremediation, and
monitor treatment effectiveness for specilic chemicals in
specific subsurface phases. The inlormration needed to
construct a mass balance for subsuriace contamination
simultansously addresses site characterization and
biodegradation rates.

A necessary first step in mass balance requires
characterizing each phase present in the subsurface (Figure
1) with regard 10 location, amount, and heterogeneity of the
subsurface environment to assess which chemicals are
associated with which phase(s). This information aliows
determination of the relative bioavailability of chemicals. For
sxample, chemicals associated with aquecus and gas phases
are generally more bicavailable than chemicals associated
with solid and NAPL phases. In addition, chemicals
wﬂhmmppm-mmmn
migration. This information also allows determination of the
need for containment by where contamination is
migrating under the influence of natural processes. The
problem can be defined in the context of mobility versus
biodegradation for chemicals. Is the rate of biodegradation
{either natural or enhanced) such that chemicals which are

chemicals can be rankad in order of their relative tendencies
10 leach, volatikize, or remain in-place under subsuriace sile-
specific conditions. Containment and management aptions
can then be selected that address specilic sscape and
attenustion pathways. For example, SVE may be
sppropriele 86 & wanagenial ool 1o semove highly voleiile,
biclogically recalciirant chemicale from aoil belors switching



10 a bioventing mode 10 remove less volatile, easily

compounds. Specific waste phases may be
addressed at specific times during bioremediation. Finally,
comprehensive monitoring programs can be designed to
track specilic chemicals in specilfic phases in the subsuriace
ol specific times.

After a phase is contained through natural or managed
processes, techniques 10 enhance micrabial activity may be
applied. Moniioring strategies car then be designed to
onsure that the rate and sstent of bicdegradation within each
phase, as well as transier of chemicals between phases, are
messured. Biodegradation rates of organic compounds in
soll systems are generally measured by monitoring their
disappearance in 2 90il through time. Rates of degradation
are ofien expressed as a function of the concentration of one
ar more of the constiiuents being degraded. This is
accomplished by measuring at specific time intervais the
concentration of contaminants of interest (in the medium of
mmmmg-mm).mam

phase 10 anciher is not misinterpreted as biodegradation
mhmm Abiotic losses such as volatilization
and lsaching must bs defined in order 10 accuraiely
determine biodegradation rates. identification of metabolic
transformation products is aleo necessasy since metabolites
may be more mobile or loxic than the parent compounds. n
addition, measuring only for parent compounds and not
metabolites may tremendously oversstimate extent of
hdeMb
warranted when known deughter products are toxic.

There is currently a lack of information concerning some
sapecis of in sltu bicremediation of subsuriace soils. Specific
sreas where additional information is required include site
characterization with regard 10 siects of physical, chemnical,
and hydrologic propemies on microbiel distribution, numbers,
and activity. Field ressarch 10 obtain these types of
information is currently limiled; however, this information is

ramadigtion e cusmently miled o & signiicant meeni by the
difioully of establishing adequate systems for delivery and
recovery of chemicals for augmanting biclogical activity. As
resanrch contimios, thees dilfizuites may L OVErONS
more indormation beoomes available concerning the
sppiicabilly of nnovetive Sachnologies in the remaediaiton of
coniaminated soll.
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