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General Response Action —

In Situ Treatment

Contaminant -__q

General Description _ ConAmINGHE S

» Apply a treatment to contaminants in the “\' " -' g Stabilizefimmoniizs™™
ground that degrades them or slows . ‘: g-acr Rl
their movement sufficiently to meet A et -

groundwater remediation goals

State of Development

« In situ treatment has been applied as a remedy for saturated zones and for some
vadose zone applications

Limitations/Development Needs

e Access to contaminated zones

* Implementation dependent on subsurface properties
o Effectiveness under unsaturated conditions

» Verification of treatment effectiveness
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Contaminants of Potential Concern

Contaminant of Treatment Mechanism
Potential Physical Chemical
Concern Reduce Degrade Volatilize Sequester Sequester
X
Uranium (Reduction of Uranium X X

is
potentially reversible)

X X

(Reduction of Tc-99 is
potentially reversible)

Technicium-99

lodine-129 X

Nitrate X
Hexavalent

Chromium X X X

Carbhon
Tetrachloride X
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Technology — In Situ Vitrification

General Description

* Apply electrical energy
to heat and then melt
targeted zone of
subsurface and
encapsulate
contaminants in glass

* Resulting product is
typically 10 times
stronger than concrete

6 U.S. DEPARTMENT OF

Potential Contaminants:
« All

Electrode
/Dﬁgas to treatment system
Hood >
Subsidence
\ / Backfill
aa B o“:rﬂ ¢
aauﬂ ﬂf’lrf‘ Jr,:' L
7\
Buried waste Melting zone Vitrified soil waste

Graphite starter
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Technology — In Situ Vitrification

State of Development Example 1 Acre Site, 200 ft deep:
i ] _ * With 5 ft ROI: need over 430
» Tests, demonstrations, and commercial operations of borings, each over 200 ft deep

the technology have been conducted, but in generally
shallow conditions

Limitations/Development Needs
* Energy intensive

» Tight spacing between heating elements is generally
required, so very large number of borings would be
required

» The technology has complex equipment requirements
and challenging implementation

Remediation Ready
(limited application)

Remediation Ready

Lab Testing Only Field Testing Only Limited Field Application
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Technology — In Situ Thermal

Desorption

General Description Potential Contaminants:
: . * VVolatile Organic
» Direct application of Compounds

heat to increase the
temperature of soil

and volatilize organic P et | Rt | ehagspanml
com Tocal service and Comtrel 1 &0,
pounds (=3
. Woltaze Control = .- =
« Heating methods can Stem |M ] 1 m ke

include: electrical

_ “T
current to heat soil; T @E
electrical hegter. g Tacuur systern
elements; injection of = .
. EEEES Electrically
hot air, steam, or hot | Heatad
. egiot
water; or radio
—— Electrode
frequency r——. Ccnnéamjnated
are
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Technology — In Situ Thermal

Desorption

State of Development

» Field demonstrations and full-scale applications have been completed for organic
contaminants

Limitations/Development Needs
» Generally applied to shallower applications
* Energy intensive

» Tight spacing between heating elements is generally required, so very large number
of borings would be required

Remediation Ready
(limited application)
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Lab Testing Only Field Testing Only Limited Field Application Remediation Ready




Delivery Techniques
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Technology — Gas Delivery

General Description Potential Contaminants:
. * delivery method
» Injection of gaseous reagent to the subsurface

Gas Injection

>
>
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Technology — Gas Delivery

State of Development
» Has been used in the field for some gases

Limitations/Development Needs

« Distribution is dependent on subsurface permeability and permeability contrasts
(primary flow in high permeability regions)
» Delivery is dependent on the properties of the specific gaseous reagent

Remediation Ready

Lab Testing Only Field Testing Only Limited Field Application (limited application)

Remediation Ready
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Technology — Foam Delivery

General Description Potential Contaminants:

* delivery method
» Afoam can be pushed through the vadose zone and
carries amendments in the water that is part of the bubble

Aqueous injection to Foam injection to
unsaturated sediments unsaturated sediments
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Technology — Foam Delivery

State of Development

» Foams have been used for subsurface applications, but not for amendment delivery in
the vadose zone

» Laboratory testing of foams for amendment delivery in the vadose zone is underway

Limitations/Development Needs

» The effectiveness of foam formulations and delivery methods for the vadose zone
need to be evaluated in the field

Remediation Ready

Lab Testing Only Field Testing Only Limited Field Application (limited application)

Remediation Ready
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Technology — Shear-Thinning Fluid

General Description Potential Contaminants:

_ _ _ _ * delivery method
» Viscosity of some polymer solutions are a function of
shear. Relatively more shear and lower viscosities in low-

permeability units versus high-permeability units, so

Injection is more uniform
Water Injection Shear-Thinning Fluid Injection

30 min LB

1hr o 1 hr 0
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Technology — Shear-Thinning Fluid

State of Development
» Laboratory and field testing conducted for saturated zone and at water table

Limitations/Development Needs
» Applicable at the water table

» No testing or information for use in vadose zone except for hydraulic fracturing
applications

Remediation Ready

Lab Testing Only Field Testing Only Limited Field Application (limited application)

Remediation Ready
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Technology — Injection/Extraction

General Description Potential
_ Contaminants:
o Delivery of « Delivery Method
amendments or
extraction of soil Drilling head is removed, and
vapor using horizontal replaced with the Pull Back Head.
wells
» Wells are installed

using
horizontal/directional
drilling techniques
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Technology — Injection/Extraction

Horizontal

State of Development

« Technology is well proven at shallow depths
and certain geological conditions

* Pilot test conducted at 100-D at Hanford. Not
successful due to cobbles

Limitations/Development Needs

» Effectiveness dependent upon subsurface
conditions. Challenging in gravelly/cobbly

lithologies
» Long pipe runs required to achieve deep
depths
Lab Testing Only Field Testing Only Limited Field Application (ﬁfnr?tiﬂzggﬂ;i?:% Remediation Ready
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Technology — Injection/Extraction

General Description Potential Contaminants:

* Delivery Method
» Vertical wells can be

used to inject reagents
into groundwater, to
treat contaminant
plumes, extract
groundwater, and
monitor groundwater

o Typically implemented
through temporary or
permanent wells
constructed with
varying lengths of
screen

U.5. DEPARTMENT OF
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Technology — Injection/Extraction

Vertical

State of Development

» Technology is well proven. Vertical wells are commonly used on environmental
projects, including Hanford.

Limitations/Development Needs
 Little or no limitations or development needs to drill and install wells at Hanford

Remediation Ready
(limited application)

Lab Testing Only Field Testing Only Limited Field Application Remediation Ready
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Technology — Surface Infiltration

General Description Potential Contaminants:

* Delivery Method
* Reagentis applied to
ground surface to treat
contaminants within the
vadose zone

« Surface infiltration can
be done through drip
irrigation, trenches, and
shallow basin systems

e Can be applied to
bottom of excavations
to target deeper vadose
zone

—

Backfilled Drip
Soil Irrigation

Drip Emitter Field
YTy \ Pipe

Surface

Contamination

Cross Section of
Drip Irrigation Lines
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Technology — Surface Infiltration

State of Development

» Technology is well proven for a number of sites, but limited testing has been
conducted at Hanford. Testing at 300-Area encountered challenges due to cemented
soil layer.

Limitations/Development Needs

» Uniform delivery of amendments can be a challenge in the heterogeneous and deep
vadose zone (liquids may not hit target zones)

* Recovery of potentially mobilized contamination into groundwater needs to be
carefully designed

» Mobilization of non-target contaminants may occur

Remediation Ready

Lab Testing Only Field Testing Only Limited Field Application (limited application)

Remediation Ready
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Technology — Deep Soil Mixing

Potential Contaminants:

General Description .
* Delivery Method

« Large mixing augers (1.5
to3m[5to 10 ft]in
diameter) or horizontally
rotating heads are used
to blend and homogenize
reactants with soil

* Provides uniform mixing
in the soil column, and
good contact and
reaction between
contaminants and
amendments

Deep Soil Mixing Equipment
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Technology — Deep Soil Mixing

State of Deve|0pment Example 1 Acre Site, 200 ft deep:
) L » With 10 ft dia borings: need over
» The technology is proven effective in shallow 430 borings, each over 200 ft
applications and homogenous conditions deep

» May be effective in combination with other
technologies (e.g., excavation)

Limitations/Development Needs

» Implementation may be challenging in gravelly and
cobbly lithologies

» Soil mixing has been performed to depths of up to 50
meters (164 feet) below ground surface (bgs), but
most applications have been limited to 15 meters (50
feet) bgs

Remediation Ready

(limited application) Remediation Ready

Lab Testing Only Field Testing Only Limited Field Application
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In Situ Treatment Technologies
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Technology — Chemical Oxidation

General Description Potential Contaminants:
_ *Chlorinated organic
 [SCO involves compounds
reduction/oxidation |
(redox) reactions that Note: Figure is for saturated conditions.

chemically degrade

organic contaminants
into nonhazardous or
less toxic compounds .

» Chemical oxidants
include: hydrogen v
peroxide, ozone, Permanganate e . -
permanganate, A \, :
persulfate, _—)I ) - -
percarbonate, etc \
- Lu'nl:ll.' Permeability Layers z E ]

Dissobved VOO Plume

In situ permanganate oxidation involving the
B V-5 DEFARTMENT OF emplacement method of oxidant delivery

EN ERGY (USEPA ISCO Engineering Issue) a CH2MH|LL 24
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Technology — Chemical Oxidation

State of Development

» Technology commonly applied for some chlorinated organic contaminants in
saturated conditions

« Not commonly applied for carbon tetrachloride or vadose zone conditions

» Chemical oxidants can be delivered using soil mixing, horizontal injections wells, or
vertical injection wells

Limitations/Development Needs
« Additional research required to demonstrate applicability to carbon tetrachloride
» Effective delivery methods to deep vadose zone may be challenging

» Uniform delivery of amendments can be a challenge in the heterogeneous vadose
zone

Remediation Ready

Lab Testing Only Field Testing Only Limited Field Application (limited application)

Remediation Ready
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Technology — Soil Vapor Extraction

General Description Potential Contaminants:
» Soil vapors are extracted through wells to induce

* Volatile Organic Compounds

contaminant mass transfer from soil to vapor

» Vapors are collected and treated separately or directly
discharged to the atmosphere, if appropriate

DISCHARGE

STACK \
TYPICAL SOIL VAPOR

EXTRACTION WELL . ;'l'.lut‘l.ﬂ.ﬂ
\m;\ y
LS

AIR-WATER
SEPARATOR

LY Fi
AR \ /!
FLOW —_ o —— MR FLOW GFFGAS
P TREATMENT
* -~ SYSTEM

. -~

-

Schematic of Soil Vapor

H.“h.____ i P
Extraction System
(http://www.clu-in.org/) / \
SCREEMED -
PORTION -—
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Technology — Soil Vapor Extraction

State of Development

» Technology is proven for remediating soils contaminated by volatile organic
compounds

» Applied at Hanford in 200-PW-1 operable unit

Limitations/Development Needs

« Soil with high percentage of fines and a high degree of saturation require higher
vacuums hindering operation

» Slow treatment for low-permeability portions of the vadose zone

Remediation Ready
(limited application)
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Lab Testing Only Field Testing Only Limited Field Application Remediation Ready




Technology — Biological Reductive

Dechlorination

General DESCTiptiOH Potential Contaminants:
_ _ o _  Carbon Tetrachloride (CCl,)
» Biological remediation, via
the addition pf an organic o \merobic Condifions
substrate, will reductively

de-chlorinate carbon _ denifcaion
tetrachloride. The substrate
must be distributed to
contact the carbon
tetrachloride and allow
reaction to occur.

CO, C0, €80, Cs,

acetate, formic acid

* Microorganisms o
sequgntlally repla_ce o,
chlorine atoms with _
hydrogen forming more d'm'“"‘"';,r""m'

reduced de-chlorination
products.

CT/CF/DCM/CM Degradation

U.S. DEPARTMENT OF Pathways (ITRC, 2002)

© ENERGY
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Technology — Biological Reductive

Dechlorination

State of Development

» Pilot-scale and laboratory bench-scale testing have been performed for reduction of
carbon tetrachloride

Limitations/Development Needs

* Microorganisms that can reductively de-chlorinated carbon tetrachloride are not
common in the environment, so that they may need to be added to the subsurface

» Requires additional research and development for implementation in the vadoze zone
» Effective delivery methods to deep vadose zone may be challenging

Remediation Ready

Lab Testing Only Field Testing Only Limited Field Application (limited application)

Remediation Ready
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Technology — Electrokinetic

Mobilization and Recover

General Description

» Application of an
electric field in the soil
induces contaminant
mobilization through
electromigration,
electroosmosis, or
electrophoresis

o U.5. DEPARTMENT OF

& ENERGY

Potential Contaminants:
e Uranium, Cr(VI), Tc-99, nitrate

Process Fluid

Process Control System
Extraction/ Extractionf
Exchange Exchange
I - AC!DC
Processing Processing Converter
A «— )
Anade+ " Cathode
Cathadic
Acid Front Process
andior Ancdlic

Processed
Media

http:/iwww.frtr.gov/matrix2/section4/4-4.html
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Technology — Electrokinetic

Mobilization and Recover

State of Development

« Very limited number of field applications; most applications have been for lower
permeability soil in saturated conditions

Limitations/Development Needs
* Most applicable for moist, low permeability soil conditions
» Testing would be required to demonstrate the technology for vadose zone conditions

» Tight spacing between electrodes is generally required, so very large number of
borings would be required

Remediation Ready

(limited application) Remediation Ready

Lab Testing Only Field Testing Only Limited Field Application
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Technology — Hybrid Electrokinetic

Delivery of Treatment Chemicals

General Description Potential Contaminants:
- _ o » Depends on the type of
» Mobilization of fluids to target areas by application of treatment chemicals being
electric fields applied
......... E;;r.:;;;e;ntrol System
Extraction/ [ y Extractionf
Exchange Exchangg .
o Processing Processiﬁg cﬁﬁie?g,
\ 1 4 \
Anode+ . . ~ Cathade
@ Cathadic
Acid Front Process
andior Anodic

Process Fluid

Processed
Media
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Technology — Hybrid Electrokinetic

Delivery of Treatment Chemicals

State of Development
» Laboratory testing performed for reduction of chromate
« Control of subsurface chemical conditions is critical

Limitations/Development Needs
» Has not been applied for vadose zone conditions

Remediation Ready
(limited application)

Lab Testing Only Field Testing Only Limited Field Application Remediation Ready
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Technology — Aqueous Chemical

Reductant

General Description

» Inject/infiltrate an aqueous chemical reductant such as
sodium dithionite, calcium polysulfide, or ferrous iron to
directly reduce target contaminants and to reduce

Potential Contaminants:
e Cr(VI), U, Tc-99

sediment-associated iron that can act as a reactive zone to

reduce target contaminants

FOLLTICN DELIWERY
WAMFOLD APE

SECTION
HOT T0 BCA

NOTE' LYAWETERE
SHOWN

6 U.S. DEPARTMENT OF
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Technology — Aqueous Chemical

Reductant

State of Development
» Has been applied in saturated zone for chromium contamination

» Limited field and laboratory tests for vadose zone sediments and in conjunction with
foam delivery

» Laboratory study of uranium and technetium reoxidation

Limitations/Development Needs

» Difficulty in delivery to the vadose zone

o Effectiveness under unsaturated conditions
e Uranium and technetium can reoxidize

Remediation Ready

Lab Testing Only Field Testing Only Limited Field Application (limited application)

Remediation Ready

o U.5. DEPARTMENT OF

© ENERGY Q crzmvuns -

HNF-49889-VA




Technology — Gaseous Reductant

General Description Potential Contaminants:

e Cr(VI), U, Tc-99
* Injection of gaseous reductant such as hydrogen sulfide
gas to directly reduce target contaminants and to reduce
sediment-associated iron that can act as a reactive zone to
reduce target contaminants

Injection
Layer 1 Well
Plastic Sheet
(noflow boundary)

Injection

Line S Eiias .
ST
e
L - e o

bl Lo N

A gggss -

i

10
15
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Technology — Gaseous Reductant

State of Development
* Field tested for chromium
» Laboratory tested for uranium and technetium

Limitations/Development Needs
« Uranium and technetium can reoxidize
» Delivery of toxic gas

Remediation Ready

Lab Testing Only Field Testing Only Limited Field Application (limited application)

Remediation Ready
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Technology — Ammonia Treatment

General Description PStentiaI Contaminants:
» Injection of gaseous ammonia increases pH, dissolves
minerals, and with pH decline, precipitates form that
coat/bind contaminants (Uranium e )
Sequestration Test: i dissolved and
Fieldwork planned In foy o mre—
Fr2011 | o inpecta teoagh

| awell and parlitions
o the porg walar,
significanily
el=vating the pH

The intent of this technology
is to immobilize uranium
contamination in place by

Scil Vapor

changing the subsurface
eqchemistry. ;
g ¥. .ﬁ.mér;:uﬁnla The high pH
CAUsRE
dissalution
of mirerals
in the sail

Crwer timea, the pH
reburns to normal
thm#'?h buffering
and minarals
ra-pracipitats,
bandinglcoating
thiz previously
micabibe uranium S it
i& much kess mabibe,

CE T e Rl X
k S HERC R “Lr|J
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Technology — Ammonia Treatment

State of Development
» Lab-scale investigations performed
» Field testing planned at Hanford

Limitations/Development Needs
» Needs evaluation of ammonia delivery and reaction under field conditions
» Treatment for technetium possible, but needs more development

Remediation Ready

Lab Testing Only Field Testing Only Limited Field Application (limited application)

Remediation Ready
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Technology — Phosphate

Sequestration

General Description

» Injection of aqueous-phase phosphate causes
precipitation of phosphate compounds can incorporate
contaminants and enhance sorption

Backfilled Process

Infiltration Pond
Array

Polyphosphate

Infiltration

Columbia

Contaminated

Vadose
Zone Contaminated

Capillary Fringe

6 U.S. DEPARTMENT OF

HNF-49889-VA

Potential Contaminants:
U

Figure 3.4. Representative Photo of Sedunent
Sectioned from the Effluent End of Colunm |
[lustrating the Visual Idennfication of Urannum-
Phosphate Under Short-Wave UV Radiation
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Technology — Phosphate

Sequestration

State of Development
« Some field testing and significant laboratory testing for saturated conditions

« Some laboratory testing for vadose zone sediments and in conjunction with foam
delivery

Limitations/Development Needs
» Ability to distribute phosphate in vadose zone

Remediation Ready

Lab Testing Only Field Testing Only Limited Field Application (limited application)

Remediation Ready
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Technology — Carbonate

Sequestration

General Description Potential Contaminants:

«U
» Geochemical manipulation to promote formation of
uranium-carbonate compounds would make uranium less

mobile than when just adsorbed

State of Development
« Uranium-carbonate compounds are already present in Hanford geochemistry.

» Use of carbon dioxide gas to manipulate pH and the carbonate system was evaluated
in the laboratory

Limitations/Development Needs
* Not fully developed as a remedial process

Remediation Ready

Lab Testing Only Field Testing Only Limited Field Application (limited application)

Remediation Ready
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Technology - Desiccation

General Description

* Injection low-humidity gas to create very dry conditions in
the vadose zone that slows movement of contaminants

In]H:t_ Exdract
Dry Rir Soil Gas
mlti-level I
I I maniton rg t
of drmg
[ o |
e
=
L] — —
= —
—
= =3 -

"”‘.'-I U.5. DEPARTMENT OF
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JENERGY
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Potential Contaminants:
* All inorganic
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Technology - Desiccation

State of Development
» Lab-scale investigations performed
» Field test at Hanford underway

Limitations/Development Needs

» Need to evaluate long-term effectiveness in slowing contaminant movement as
rewetting occurs

* In most cases would be employed in conjunction with a surface barrier
» Distribution of drying affected by subsurface heterogeneity

Remediation Ready

Lab Testing Only Field Testing Only Limited Field Application (limited application)

Remediation Ready
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Technology — In-Situ Biological

Reduction

General Description

» Biologically generated
reducing conditions
created via the addition
of an organic substrate

» Biological reduction of
some contaminants may
occur (nitrate and Cr(VI))
as part of metabolic
processes.

e Microbially reduced
species (e.g., ferrous iron
and sulfide) may also
chemically reduce
contaminants (e.g. U, Tc-
99, Cr(V1))

wb. U.5. DEPARTMENT OF

? ENERGY

Potential Contaminants:
* U, Tc-99, Cr(VI), Nitrate

Decreasing Eh

Aerobic

¢ NO;  Denitrification
®

“e.  MnO; Manganese reduction
“?1-;:9 Mn®*

o

%.gaa Fe(OH):  |ron reduction
Fe*

S0.*

HzS

Sulfate reduction

CO:  Methanogenesis/Fermentation
H.
‘quf_ H,0
9, H,

HNF-49889-VA

Relative Energetics of Common
Microbial Redox Reactions
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Technology — In Situ Biological

Reduction

State of Development

* Proven in saturated conditions, but still requires testing to determine effectiveness in
deep vadose zone settings

o DOE-SC supporting effort to study the long-term stability of uranium sequestration by
sulfate-reducing bacteria

Limitations/Development Needs

» Effective delivery methods to deep vadose zone may be impact by oxidation of
injected substrate

» Localized temporary generation of byproducts may occur
* Reduction of Uranium and Tc-99 are likely to be reversible

Remediation Ready

Lab Testing Only Field Testing Only Limited Field Application (limited application)

Remediation Ready
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Technology — Monitored Natural

Attenuation

General Description

» Reliance on natural processes that degrade contaminants
or limit their movement sufficiently to meet remediation

goals
SEPAE

Monitored Natural Attenuation
of Inorganic Contaminants in

Ground Water
Volume 1
Technical Basis for Assessment

S EPA B e

Monitored Natural Attenuation
of Inorganic Contaminants in
Ground Water

Volume 2

Assessment for Non-Radionuclides
Including Arsenic, Cadmium, Chromium,
Copper, Lead, Nickel, Nitrate,
Perchlorate, and Selenium

[Fe Reducing|

[0, Reducing |
I

Evolution of Inorganic Contaminant Plume

Tiens 1

\
=
\lﬁw Mobile plume lna
olle p Original Plume
shrinkage due fo B d
Time 2 )( degradation or oundary

Flow
= immobilization
h3

[Mn Redueing|

onto aguifer solids I:l
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Technology — Monitored Natural

Attenuation

State of Development
» Widely applied for multiple contaminants and environmental settings
» Technical protocols available

Limitations/Development Needs
» Needs site-specific analysis

Remediation Ready

Lab Testing Only Field Testing Only Limited Field Application (limited application)

Remediation Ready
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