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DOE EM Bioremediation Retrospective Background

* DOE has performed numerous bioremediation projects over three(+) decades

* Success of these projects has varied depending on contaminant, hydrogeologic
conditions, available technologies, and evolving state of the science

* DOE’s Environmental Management (EM) Office of Subsurface Closure (EM 4.12) was
tasked with conducting a historical retrospective on cVOC bioremediation across the

complex

e Technical support provided by Savannah River National Laboratory
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cVOCs at DOE Sites
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* Industrial Sources —

o Degreasing agents — trichloroethylene (TCE), tetrachloroethylene (PCE), carbon
tetrachloride (CT) and methylene chloride (DCM) were some of the commonly used
organic solvents used in DOE

o Solvents used in fabrication/manufacturing, maintenance, and service facilities
o Other common sources — laboratory chemicals, paint thinners, herbicides, pesticides,
resins, glues and other mixing and thinning liquid
* Releases to the Environment -

* Leaks and spills — releases from tanks, pipes and facilities and nearfield
disposal/releases

* Seepage Basins, Outfalls, Landfills and burial pits
e Disposal with polychlorinated biphenyls (PCBs) at some sites

* Radioactive/mixed waste disposal at some sites
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Plume Dynamics

Expanded View of Residual NAPL

e Chlorinated solvents are _ Trapped in Pores Between Soil &
. GROUND v Sediment Particles
heavier than water and Troow
sparingly soluble
* Initially present as Dense —_—
Solvents
Non-Aqueous Phase Storage Tank

Liquids (DNAPLs) G

* Hydrogeology is a key
factor in determining fate

and transport
+

* Baseline treatment - ; Bt s
typica”y reqUireS pu m ping Sol‘.-eljut Solubles Plume
water and treating at
AQUIIFER
surface (pump & treat) |

Schematic of chlorinated solvent pollution as dense non-
aqueous phase liquids migrating downward in an aquifer
and serving as a source for a solvent soluble plume. Also
shown are natural attenuation processes (U.S. EPA 1999).
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Bioremediation Basics

* Aerobic microbes — require oxygen (O,) for metabolism
 Facultative microbes — grow in presence or absence of O,
* Anaerobic microbe — grow in absence of oxygen

* Bioremediation relies on microorganisms to break down contaminants as they
transfer electrons to provide energy for growth and survival — two major
categories (Aerobic and Anaerobic) plus Aerobic Cometabolism
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Bioremediation Basics (cont.)

e Aerobic Cometabolism

* Enzyme produced for breakdown of growth substrate also degrades another compound
that the organism does not use for energy or growth

* Relies on the non-specificity of certain types of enzymes (enzymes that break down
methane, toluene, phenol and other recalcitrant compounds)
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Ne
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(e.g., below)

(e.g., H2, lactate, vegetabM g f&fm hamburger and wrapper
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Bioremediation Basics (cont.)
* Biostimulation — _) ﬂ¢

addition of nutrients to Nutrients
. o
accelerate degradation $ non—toxic
5 | o »end products

Contaminant
' L

* Bioaugmentation — . } (o
addition of microbes to *

accelerate degradation il X
H A non—toxic
Contammar.lf » end products

'

PPT - Bioremediation PowerPoint Presentation, free download - 1D:1130330

Savannah River National Laboratory-



https://www.slideserve.com/lea/bioremediation
https://www.slideserve.com/lea/bioremediation
https://www.slideserve.com/lea/bioremediation
https://www.slideserve.com/lea/bioremediation
https://www.slideserve.com/lea/bioremediation

Bioremediation Basics (cont.)

e Active Bioremediation
for cVOCs —

o Uses biostimulation or/and
bioaugmentation to support microbial
processes to destroy cVOCs

o Reduce risk and accelerate progress
toward remedial goals

e Enhanced Attenuation —

o Uses biostimulation or/and
bioaugmentation to microbial process
to destroy cVOCs sustainably alter and
beneficially alter the plume mass
balance

o Goal: remedial objectives are met in a
reasonable timeframe without further
intervention

e Monitored Natural
Attenuation —

o Range of naturally-occurring physical,
chemical, and/or biological processes
that reduce groundwater contaminant
concentrations over time without
human intervention!
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A Bit of History and Acknowledgement

 DOE cVOC bioremediation experience extends from mid 1980s until present

e US Environmental Protection Agency (EPA) and US Department of Defense
(DoD - e.g., SERDP and ESTCP) provided leadership in understanding and
developing bioremediation science for cVOCs

e Several milestones and eras in the development of bioremediation:

1980 1990 2000 2010 2020 2030

EPA, universities
EPA, DoD, USGS,

Wilson(s) ... _ oo
Aerobic universities, industry ITRC, EPA, Universities,
cometabolism McCarty, Loeffler, industry
AIvarez-Coh?n, Looney, Early, Loefller ...
Anaerobic enhanced attenuation

reductive dechlorination

* This DOE retrospective acknowledges and builds on efforts of EPA, DoD and
others. Conclusions were focused on topics where DOE experiences provided
supplemental, useful, or interesting/actionable information.
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DOE EM Bioremediation Retrospective - Approach

* Performed as a “Systematic Review”
e “Astructured formal process examining the performance and outcomes of multiple separate
projects/sites and then consolidating the information to provide actionable insights”
* Stepsinreview process:
o Developed categories and standardized bins
o Interviewed subject matter experts from Savannah River Site, Hanford, Idaho, Mound, and

Pinellas
o Consolidated information @
.o . . REVELLE NG
o ldentified trends, relationships, and lessons learned National Laboratory

ace Bioremediation of Chlorinated Volatile
gradation plyme . s Organic Compounds: DOE Experiences
LS 8 srRl-sti used and Lessons Learned

bioremediation

ahaerobic projects doe draft

pilot tce electron |
chlorinated cvoCs aerobic CcvocC 3::::;':‘::‘:\;}1
e ok
nutrients 0 dt y D.
- Con .I Ions March 2025
structured o . review - . SRNL-STI-2025-00051
remediation site objectives

concentrations
strategy
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Some of the Factors Evaluated

Table 5-1.1: General Site Information

 Type of contaminant: cVOCs |7 =~ ="

Site Name A s o . Anaerobic ...

Combined Anerobic-Aerobic
Site Name C

* Examine various parameters: | - - |
O Design pri nCi pleS Table 5-1.2: Anaerobic — details/lessons learned

Site Project/Type we e .. Lesson Learned

Site Name A v e . Anaerobic ...

o Bioaugmentation e e

. Combined Anerobic-Aerobic ...

o Electron donors and nutrients |

Table 5-1.3: Aerobic — details/lessons learned

o Surface access and s e e
deployment

O M O n ito ri n g p e rfo r m a n Ce a n d Table 5-1.4: Combined Anaerobic-Aerobic— details/lessons learned

Site Project/Type ww e Lesson Learned
L
m et r I C S Site Name A w . . Anaeraobic ...
Site Name B e e Aerobic ..
Site Name C .« . .. Combined Anerobic-Aerobic ...

Schematic Depiction of Summary
Table Structure
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EM Bioremediation Retrospective — Key Findings

* Underperformance of bioremediation often resulted from poor access and
delivery of amendments or from unfavorable biogeochemical conditions

* Implementation of the Enhanced Attenuation (EA) paradigm has been a
game changer for cVOC bioremediation success

e QOver time, there has been a trend toward longer lasting amendments

* The most successful projects have used a structured geochemical zone
design that beneficially combines anaerobic and aerobic processes

e Use of “quantitative” microbial measurements (such as gPCR and arrays) to
understand subsurface microbial ecology has proven to be cost effective and
valuable for documenting the capabilities and evolution of the microbial
community in response to bioremediation and changing conditions

* Most projects across the complex have performed well and provided value
toward remedial objectives
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EM Bioremediation Retrospective — Key Findings

* Underperformance of bioremediation often resulted from poor
mm) ccess and delivery of amendments or from unfavorable
biogeochemical conditions
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EM Bioremediation Retrospective — Improving
Access and Delivery

* Underperformance of bioremediation often resulted from poor access and
delivery of amendments
* Bioremediation performance increased by ensuring adequate access and
delivery of amendments to overcome physical limitations such as low
permeability or inadequate well spacing

* Close spacing and/or innovative access such as directional drilling (e.g.,
horizontal wells) proved beneficial at some sites
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EM Bioremediation Retrospective — Key Findings

* Implementation of the Enhanced Attenuation (EA) paradigm
has been a game changer for cVOC bioremediation success

—
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EM Bioremediation Retrospective — Enhanced
Attenuation (EA)

 EAis an engineered treatment that uses Unasponse achons—aaurca’ |,
biostimulation or/and bioaugmentation to "“t"'e"""daTv“e'"edim"
sustainably alter microbial process to destroy el et e e
cVOCs and beneficially alter the plume mass it ol
balance such that remedial objectives are met O Seriesor — e
in a reasonable timeframe without further O ,e?‘iﬁfféﬂi*‘n‘is"of possible? |
intervention. - M"ﬁ;n?d":s; - lYes

s ]

. DOElednational [ o | || [
collaborative effort . O i ears
to implement EA for Chlorinated Organics evalyation.
cVOCs — ITRC, state A e wa
and federal ¥ il !

regulators, other
fed era | age N cies Blue boxes — contaminated site initial characterization
! Yellow boxes — viability of MNA

i n d ust ry’ a n d April 2008 Orange bOXGS - EA
universities

Savannah River National Laboratory-




MNA/EA Decision Flowchart

I. Source and/or Primary Plume Treatment
« Removal (e.g., excavation, thermal, vapor extraction, etc.) o
« Destruction (e.g., chemical or biological oxidation or reduction, etc.) [
« Containment

 The ITRC Technical and Regulatory ...m.mp.uz.s.,.,..l
. . . = I I T — » peisrmine pluthe siability S -
Guidance (and associated archived . e s

online training) provide a detailed A
description and discussion of the
actions and basis for decision making

throughout the flowchart

Ill. Evaluate Enhancement Options

* State goals
=4 » |dentify technologies
il * Increase attenuation

= Reduce loading
» Evaluate options to meet goals

B. Is the
plume stable
or shrinking?

Are sustainable No

C. Are
conditions
ustainable?,

Performance | No
Monitoring

viable?

Yes

remediation
time frame
acceptable?,

| -
-"

Implement and
Monitor
Enhancements

costs-benefits
acceptable?

» Evaluate performance and
implement contingencies if needed

Until Cleanup
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Plume Stability & Mass Balance — Basis of EA

* EA path — specific requirements to evaluate mass balance to optimize long-term
plume stability/reduction and in selecting and designing EA treatment

I Most significant cVOC attenuation
| mechanism and primary focus of
enhanced attenuation

I - -

Chemical attenuation:

* Sorption

Biological attenuation:
*® Aerobic

Maximum
permissible flux to
meet regulatory

-— o = = ol

* Abiotic degradation * Anaerobic requirements
| L e e - — 1
Flux from ]
source
Zone
following
primary sive decrease in mass flux  w—p- Flux to
treatment compliance
plane

* Diffusion

* Advection

Physical attenuation:
* Dispersion

Flux reduction due to

natural attenuation
processes

Natural attenuation mass balance paradigm (ITRC, 2008)
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EM Bioremediation Retrospective — Key Findings

* QOver time, there has been a trend toward longer lasting
amendments

=
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EM Bioremediation Retrospective — Amendments

* Over time, there has been a trend toward longer lasting amendments
o Bioremediation amendments have different properties
o Improved outcomes with longer lasting amendments

continuum of electron donors for bioremediation
“hot” = faster cVOC reduction slower cVOC reduction = “cold”
enhanced sorption/co-metabolism
e - Qv v = =
$ S £ 85 8E 3% § £ g g
a. ) C = © < &3 Q2 c = S ] a
£ = oo o c o @f ¢ £ ]
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EM Bioremediation Retrospective — Key Findings

* The most successful projects have used a structured
geochemical zone design that beneficially combines anaerobic
and aerobic processes
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EM Bioremediation Retrospective — Structured
Geochemical Zones

* The most successful DOE cVOC bioremediation projects have used a structured
geochemical zone design that beneficially combines anaerobic and aerobic
processes

o Adding specialized microorganisms is not needed at most sites

faster 1 ——
)
=
©
e Distal Attenuation Zone
i
g Central Treatment &
"3 Aerobic Bioreactor Zone
°
E -
& 0.5  Aerobic Degradation Rate Anaerobic Degradation Rate [ EE E rakimee i e Anaerobic
o ethene, etc. bioti
g . abloRer. fermentation / respiration
.z . N
B < flow sbiotic
o partitioning
(3 o \
dechlorination «—TCE
slower some dehalococcoides 1 "
common anaerobes / neat &
0 - v : - ¢ emulsified
1 2 3 4 ! soybean oil,
Number of chlorine atoms in molecule - Chloroethenes

Left) Simplified depiction of the relative rates of chloroethene degradation under anaerobic and aerobic conditions.
Right) Depiction of the relationship between anaerobic and aerobic treatment areas.
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EM Bioremediation Retrospective — Key Findings

e Use of “guantitative” microbial measurements (such as gPCR
— and arrays) to understand subsurface microbial ecology has
proven to be cost effective and valuable — documenting the
capabilities and evolution of the microbial community in
response to bioremediation and changing conditions
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Key Microorganisms and Enzymes

0"#" = confirmed contributor to attenuation of the listed contaminant; "-" = does not contribute to attenuation of listed c i (orno data
available in the literature). The organisms and enzyme markers in the chart were detected in one or more samples during the monitoring period. Reductive Dechlorination and related Attenuation Processes Aerobic (co)Metabolism
1 Dehalococcoides (DHC) is confirmed to reductively degrade most classes of cVOCs, including chorinated ethenes, ethanes, methanes, phenols, organisms enzymes Enzymes

benzenes and propanes.

2 Dehalobacter spp (DHBt) are confirmed to reductively degrade several classes of ¢VOCs, including chorinated ethenes, ethanes, methanes, and |
benzenes. Dehalobacter DCM (DCM) is confirmed to reductively degrade chloroform.

3 Dehalogenimonas (DHG) is confirmed to reductively degrade chorinated ethanes and propanes. Attenuation of chlorinated ethenes (e.g., PCE
and TCE) has not been documented in the literature.

4 Desulfitobacterium spp. (DSB) are confirmed to reductively degrade several classes of cVOCs, including chorinated ethenes, ethanes, phenols,
and propanes.

5 Dehalobium chlorocoercia (DECO) is confirmed to reductively degrade chlorinated benzenes.

6 Desulfuromonas spp. (DSM) are confirmed to reductively degrade PCE and TCE.

7 These enzymes that are associated with DHC spp and the reductive degradation of chlorinated ethanes (tceA Reductase (TCE)) or chlorinated
ethene daughter products such as DCE and VC (BAVi Vinyl Chloride Reductase (BVC) and Vinyl Chloride Reductase (VCR))

8 Chloroform reductase (CFR) is an enzyme associated with reductive degradation of chloroform. Two enzyme sequences (1,1 DCA Reductase
(DCA) and 1,2 DCE reductase (DCAR)) are not listed in the table because they were not detected in the groundwater at Mound OU1.

9 These enzymes are associated with the cometabolism or metabolism of a wide range of cVOCs.

Particulate Methane Monooxygenase (PMMO)

Dehalococcoides spp. (DHC)
Dehalobacter spp. (DHBt)

Dehalobacter DCM (DCM)
Dehalogenimonas spp. (DHG)
Desulfitobacterium spp. (DSB)
Dehalobium chlorocoercia (DECD)
Desulfuromonas spp. (DSM)

tce A Reductase (TCE)

BAVi Vinyl Chloride Reductase (BVC)
Vinyl Chloride Reductase (VCR)
Chloroform reductase (CFR)

Soluble Methane Monooxyge nase (SMMO)
Tolune Dioxygenase (TOD)

Phenol Hydroxylase (PHE)
Tricholorobenzene Dioxygenase (TCBO)
Toluene Monooxygenase 2 (RDEG)
Toluene Monooxygenase (RMQ)
Ethene Monooxygenase (EtnC)
Epoxyalkane transferase (EtnE)

Chlorinated Ethenes
PCE

TCE

cDCE

vC

++++
o
s
N
+* .
+ 4+
+++
+++
+ + #
++ 4+
++ 4+
+ 4+
+ 4+

o
=]
=]
=]
1=}
o
o
o
o

other cVOCs / Notes 1 2 2 3 4 5 6 7 7 7 8

 Microorganisms adapt to site specific and changing conditions
o may not need bioaugmentation
o can document development of organisms to support attenuation
o can demonstrate that site adapts to changing needs/conditions
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Example — Total Eubacteria Over Time at Mound OU1
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Example — Anaerobic Indicators Over Time at Mound OU1
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Example — Reductive and Cometabolic Bacteria Over Time at Mound OU1
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Example — Detailed Profile Over Time at Mound OU1

1 10 100 1,000 10,000 100,000

Dehalococcoides spp. (DHC)
Dehalobacter spp. (DHBI) i
Dehalobacter DCM (DCM) |

Dehalogenimonas spp. (DHG)
Desulfitobacterium spp. (58]
Dehalobium chlorocoercia (DECO) |

Organisms

Anaerobic

Desulfuromonas spp. (DEM]

BAV1 Vinyl Chloride Reductase (BVC)
Vimyl Chloride Reductase (VCR)
teed Reductase (TCE) [

- 5
Chlaroform reductase (CFR) E

enzymes

Soluble Methane Monooxypenase [SMMO)

Particulate Methane Monooxygenase (PMMO)

Toluene Dioxygenase (TOD)

Aerobic

Phenol Hydroxylase (PHE)

enzyme s

Tricholorobenzene Dioxygenase (TCBO)

Taluene Monooxygenase 2 (RDEG)
Toluene Monoaxygenase (RMO)

Ethene Monooxygenase [EtnC)

Epoxyalkane transferase (EfnE)

1 10 100 1,000 10,000 100,000 1,000,000 10,000,000

Methanogens (MGN)
Sulfate Reducing Bacteria [APS)
Total Eubacteria (EBAC)
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EM Bioremediation Retrospective — Key Findings

- Most projects have performed well and provided value toward
remedial objectives
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Select Case Studies

« SRS cVOC Integrated Demonstration

«  Mound OU1

- Pinellas

« Test Area North — INL ‘
« SRS C-Area
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Case Studies — SRS cVOC Integrated (£
Demonstration ’

Contaminant(s) PCE and TCE

Plume Size ~> 6 sq km (full scale pilot targeting residual
sources in vadose zone and shallow
groundwater)

Demonstrate technology to reduce
residual sources and reduce future source
mass flux

e Support RCRA groundwater corrective
action

Regulatory Drivers

Approach Biosparging (cometabolism) below water
table combined with SVE above water table
using horizontal wells

Savannah River National Laboratory-




Biosparging - Active Cometabolic Aerobic Bioremediation

* SRS integrated demonstration
focused on synergistic
technologies for improving
characterization, access,

Co, HCI

Catalyst

monitoring and remediation of reclonpele or st Cataytic Oudizer
cVOCs (DNAPL sources and ‘QA_IEJ — hesing ST | round

Surtace
groundwater plumes) T '

Compressor ‘

Natural Gas Slotted Liner

T~

l Extraction of air containing volatile compounds

* Primary bioremediation

Vadose Zone

T T T T T Water Table
technology | | | ‘ T 3
o Large-scale field pilot study in e e e comampmeazon v Lo
1988-2002 7 RN e et

Zone

TTTAT I TTTTTITTTI I T T I T 1)
L]

Water Setursated

o Aerobic Cometabolism
deployed using horizontal wells =
and air sparging

o Cometabolite was methane

and sparge process included
macronutrients (P and N)

GEICos.mL

o

Savannah River Technology Center
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Results and Lessons Learned

Bacteria capable of degrading TCE/PCE were stimulated

Accglerated biodegradation occurred in situ without production of toxic daughter
products

Simple low-cost process -- gaseous nutrient injection was a viable delivery technique for in
situ bioremediation in sandy aquifer sediments

Combining cometabolism with physical removal (“in situ air stripping”) results in reduced
costs and improved efficiency versus conventional baseline technologies

Based on the demonstration:

Cometabolic biosparging was deployed at the SRS sanitary landfill (success) and piloted at
Pinellas (underperformance)

The gaseous nutrient injection method for phosphorus was patented, licensed, and used
by industry

The results supported development of ITRC EA technical guidance for cVOCs

The results supported future development of combined anaerobic/aerobic remediation
(“structured geochemical zone”) remediation strategies with successful deployment of this
type of enhanced attenuation at DOE Sites (SRS TNX and Mound)
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Case Studies — Mound QU1 = )

Contaminant(s) PCE and TCE \
Plume Size ~ 2 acres
Regulatory Drivers * Accelerate progress towards remedial

objectives compared to P&T
e Assure plume is stable-shrinking
 Demonstrate EA remedy is sustainable
and durable

Approach Enhanced Attenuation using combined
anaerobic-aerobic structured
geochemical zones

Savannah River National Laboratory-



Mound OU1 - DOE Bioremediation Example

* Mound OUL1 is a former landfill that has been remediated by removal/relocation of
wastes and groundwater pump and treat

 Pump and treat was projected to operate until 2040 to reach remedial objectives

* A bioremediation (EA using aerobic and anaerobic structured geochemical zones)
was proposed that is projected to meet objectives in 2028.

;§’°
F
>
S8
b{v@ &?'SQ 1
Landfill Operations &S §FF =
disposal of trash, debris and liquid waste hylk waste relocation éi" 5:‘? c.:?g ﬁ =
& encapsulation ound . . o ® 3
Ll groundwater pump & treat o'
‘% > E >i§
. soil vapor extraction =
65 year OU-1 history _ R
Mound production £ '3
relevant to groundwater wells “abandoned” : :é
waste & soil removal 2 i =
| I I | I I | !
1950 1960 1970 1980 1990 2000 2010 2020 2030

Mound OU1 Timeline

Savannah River National Laboratory-




Mound OU1 - DOE Bioremediation Example

Former Mound OU1 landfill _|
Amendment locations

N locations (green) — neat
) . \
oil into vadose zone ;
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Mound OU1 - DOE Bioremediation Data

e Multiple types of data collected — contaminant

Key

. . o, (sampled or I
Quantarmay)
concentrations & trends, gEOCIIEIIllcaI COIldItIOIIS, e I
lacation
b f . b . I . A nestolinjection
subsurtace microbial community...
3
: B
£ R
LI i
: i
i
: BN
Number | Number | Result Trond | Exceedance | Current | | B
Well | Analyte of of (uglL) 08/2014- | 08/2014- | Condition w 8
Samples | Detects |August2018| 08/2018 | 08/2018 | (08/2018) nfavoeibie
0305 PCE 19 19 174 s ° o h|
0305 | TCE 19 19 442 s ° o — 4
0805 | oDCE 19 16 299 NT ° o Llp %
0305 ve 19 6 ND Pl o o HgR — =TT
0379 PCE 39 36 0490 NT ° o L] H —
0379 TCE 39 39 152 D ° o L -
0379 | _oDCE 39 0 ND ND ° ° L] H —
0379 Ve 39 0 ND ND ° ° Hgs m
0402 PCE 36 27 124 s ° o s -
0402 TCE 36 21 1.00 NT o o L1 ]
0402 | oDCE 36 9 178 I ° o e
0402 Ve 36 3 ND I ° o s
0410 PCE 21 9 ND PD ° ° ]
0410 TCE 21 o ND NT ° ° s
0410 | oDCE 21 18 0820 D ° o L] H
0410 Ve 21 13 0620 NT o ° = i 1000 o0 Well PO56 -
0416 PCE 23 [ ND ND ° o L] H H S - 204
0416 | TCE 23 0 ND ND ° o L] H £ - 1172014 ]
0416 oDCE 2 o ND ND. ° ° L] § i —05/2015
H H = 0572016 -
0416 ve 23 [ ND ND ° o ] H e
0417 PCE 19 19 099 PD ° o ] H H it —
0417 | TCE 19 19 0.95) B ° [ s M
0417_|_oDCE 19 17 20.10 I ° o L] H E i o M
0417 vo 19 12 552 | ° o s . H : o 3
0418 PCE 2 2 297 NT ° o ] 4 N - L E
0418 TCE 23 23 401 1 ° o Hp= 4 naw —d sgniicant | £
0418 oDCE 23 21 647 NT. o o L g | e
0418 Ve 23 B ND NT ° ° Hps H .
0419 PCE 21 7 ND NT o ) - 3 i . “anaerobic”
0419 TCE 21 8 ND NT o o L1 E ‘
0419 | oDCE 21 20 091 [} o o - - H
0419 Ve 21 13 0514 ] o o L] P mw.uw»u—.«l"‘. H ominal detection: limit
0422 PCE 23 2 241 PD ° o L H P ‘Mound, OH_Sae - &
0422 TCE 2 23 176 D o o L1 [ - Cxygen Redushon Poleniial .
0422 | oDCE 2 1 1.37 0 o ° | | T | _Foun Quarer - Octoberiovembar 2017 ated microbial o o
0422 Ve 23 0 ND ND o ° g o Way 1.2019 [ sesazen community counts | =TT
0423 PCE 18 18 299 s ° o L] Fee = -
0423 | TCE 18 18 120 s ° o ] H T S s IV TR - |
;‘:i; °S§E :: ‘: L - = e H Way1.209 | sasozeon T
] iy 12010 | sesuasot
oz [ ve [ % ] o0 [ W | W [ © [ © || S I [
May 1,2018 ~ sasoaann
| [ T v T % [ o T W T W [ o T © - — ey I I
Way 12019 | seso2emn |
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Mound OU1 - DOE Bioremediation Success

 Completed CERCLA Treatability Study of Bioremediation

o Implemented using ITRC & DOE developed EA
Technical Guidance ””””H —

o Monitored using multiple lines of evidence
(contaminant and plume trends, geochemistry,
microbial community markers, etc.) consistent with

EPA gu idance Amendment to the Record of
Decision for Operable Unit 1
of the Mound Site

* Bioremediation performed exactly as projected
Miamisburg, Ohio
* Formal ROD Amendment to discontinue pump and treat

and move to a passive attenuation-based remedy

September 2023

o Just monitoring and stewardship moving forward

* Significant cost savings (>S5 million) for this one site

o Savings from elimination of pump and treat with more
than a decade reduction in remediation timeframe

Legacy

y A N U.S. DEPARTMENT OF
'E ENERGY | Management

* Second successful implementation of this strategy (SRD T st s i v
Area had similar success and also resulted in formal ROD
modification to eliminate pump and treat with similar cost
savings....
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Case Studies - Pinellas 4
@

Contaminant(s) TCE, PCE and related cVOCs \

Plume Size Approximately 30 acres
Portion of plume under large building

Regulatory Drivers Accelerate progress toward regulatory
objectives
CERCLA
Remediate beneath large building

Approach 3 projects
1) Anaerobic Active Remediation (large
scale pilot)
2) Aerobic Cometabolism Biosparging
(large scale pilot)
3) Anaerobic (full scale permitted)
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Pinellas Pilot Studies

 Anaerobic reductive dichlorination bioremediation
e Successful

e Lactate/methanol/benzoate electron donor blend with no
bioaugmentation

* Increased degradation rates significantly

* Aerobic cometabolism and biosparging
e “Underperformance” due to access, lithology, geochemistry
* Minimal biodegradation, spread plume

* Poor access and delivery, gas channeling, challenging
geochemistry
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Pinellas — Permitted Full Scale Anaerobic
Bioremediation <0

......

,,,,,,

 Emulsified oil

* Nutrients N,
* Bioaugmentation
Horizontal well locations beneath Building 100.
* Nearing remedial goals in most
wells e e e
- .
. [T\

Currently assessing opportunity gjm /!
to transition site to EA! LN 4 A

2 /M
fig fj /_/\)Q/\ \
0
12/2/2013 4/16/2015 8/28/2016 1/10/2018 10/6/2020 2/18/2022 7/3/2023

Example monitoring well (12-0585-2) concentration trends in response to oil injections
in horizontal wells.
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Case Studies — Test Area North (INL) ¢ ®

Contaminant(s) TCE \
Co-contaminants PCE, cis-1,2-DCE, trans-1,2-DCE, VC,
tritium, Cs-137, Sr-90
Plume Details 2 miles long, 200-400 ft bgs
Regulatory Drivers * CERCLA

e All cVOCs and radionuclides below
MCLs by 2095

Approach Multi-component remedy
1) Anaerobic reductive dechlorination
— source zone
2) P&T medial zone
3) MNA distal zone
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Test Area North — Idaho National Laboratory

Restoration by In Situ S

Bioremediation at the Hot Spot Restoration in Progress by
Amendments injected inte the aguifer suppert Pump-and-Treat in the Medial Zone
dechlorination of VOCs

+ Biological activity also degrades (removes) the
secondary source of contamination

+ Contaminated groundwater
remediation through pump-and-treat,

" i . . ith reinjection inta the aguifer
* Radionuclides not treated by biadegradation bl | - q .
) . i * Treatment tacility [NPTF) operations
MCLs Rodionuclides freed from secondary source not began in Fall 2001

expected to migrate more than several hundred feet

+ No wuaste except from groundwater manitoring * Radionuclides i this zone cre

below MCLs already and do not
require treatment

Perchloroethylene 5

(PCE) e
Trichlorethylene (TCE) 5 \
Cis-1,2- 70 \
Dichloroethane (DCE)

\\\ Institutional Controls

»  Administrative contrals
- publish USG5 map of area of

Trans-1,2- 100 contamination
Dichlrooethane (DCE) - prohibit industrial or residential
- - wells in area of contamination
Vinyl chloride (VC) 2 - implement dead restrictions and
land-use planning
Restoration by Monitored ) use_ﬂgentr bigert i ri:mws o
Natural Attenuation FEWET per orrnclI:ce.un ffort
0 the Distal Zone , compliance meniforing efforts
\ against forecasted levels
+  Natural degradation processes \ | * Engineering controls
degrade VOCs I - control access to facilities, area
* Radionuclides in this zone are | of contamination, and well heads
below MCLs already and do not | - signs and postings
raquire traatment - existing drinking water treated to
) * Mo waste except from -~ / be safe for human consumption
[llustration of the three zones of the groundwater monitoring, and no ~— « Boundary of the instifutional
construction or facility operation controls area has a buffer zone for
TE plume at TAN (INL ICP, 2007) expenses conservative management of the plume
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Test Area North — Idaho National Laboratory

OU1-07B Remedy Components

1SB - Source Area Pump and Treat - Medial Zone Menitored Natural Attenuation - Distal Zone
Extraction wells
e Currently no TAN-22A (sampled to
TSRS B O groundwater  verified no TCE below
ic _ o_ter::r mweﬁ acility receptors Q-Rinterbed) I
Boundary injection - TAN-28 n & Ground surface TAN-57| Boundary
4L ! permeabiity | . I
= :  Bamier 3 : : ~
Watertable g -
|
| TCE plume
within institution
control area

G2721-23

Conceptual site model of the trichloroethylene source and plume (DOE-ID, 2020)
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Case Studies — C-Area (SRS)

Contaminant(s)

Co-contaminants

Plume Details

Regulatory Drivers

Approach

TCE

Tritium
TCE conc. 15 ug/L in unnamed tributary
to Castor Creek

DOE, EPA, SCDES, agreement for non-
critical removal action
Reduce TCE and Tritium below MCLs

Injection of emulsified oil, buffer,
vitamin C, vitamin B
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C-Area — Savannah River Site

500000 gal | 7 )
Contalnment Tank |5 o8 N R

* CAGW Operable Unit ?‘L
Bio-Barrier, Non-Time Ermad 2l
Critical Removal
Action

.
.

I\ b \ 3
e
[ ERH.SVE
Remedistion Area !

- /

* Remediation
expected to last 3-5
years

175 350 700
— — 0TS
o 623 1,250 2500
—
.

o I C E b rea kl N d own Monitoring Stations - Max TCE  Monitoring Station Types ~ CAGW TCEPlme 2016 Site Features ——— TGE Cross Sedion Line A
Concentrations (ug/L) (2016) @ Monoring Well {uglL) —— Water Table Contours 2016
® ND-4% 4 Seepine Location " 5.900 el [ cacw ou Boundary

a te r 3 ye a rs @ 500999 (=>MCL) ©  Surface Water Station & »= 100 Laka/Pend Perennial B cAca Discharge Gonal
@ 100.998 @ ERH-SVE Remediation Area Marsh/Swamp [ srucurearea
® 10001640 CRGW AnnRpt TCE 2016 Marsh/Swamp - Wooded | | Boundary, SRS Facility Area

C-Area TCE Plum (2016) (SRNS, 2019)
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C-Area — Savannah River Site

* Between 2020 and 2022, TCE concentrations dropped below 5 pg/L
* MNA will be used going forward as long as TCE and tritium drop/remain below MCLs
* Microbial community monitored using BioTraps (Microbial Insights)

* Lesson learned — oil should be injected prior to (and separate from) second injection
of buffer/nutrients

Upgradient
Well

Injection
Well

_________ St Effectiveness
Monitoring

Well Unnamed
Tributary

_—;Y

TCCZ —Middle Aquifer Zone /

/

High TCE
Plume

Schematic of C-Area Operational Unit Removal Action Process (SRNS, 2019)
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Cost Savings

Bioremediation is often an
appropriate and cost-
effective solution for
cVOC plume remediation

Cost data is often limited,
especially for CERCLA and
RCRA sites

Lower capital and
operations/maintenance
costs

Variability and savings and
approach —driving by site-
specific characteristics

Shifting from active to
passive remediation saves
significant costs

Summary of Cost-Savings Analyses

SRS TNX

SRS Integrated
Demonstration

Hanford

Paducah
TAN (INL)

Mound Site

Pinellas

73% savings (EA vs P&T), estimated S30 M

10-20% savings, $1.5 million for
demonstration test site, time reduced by 5-7
years compared to SVE/P&T

Targeted applicability only, cost prohibitive for
entire CT plume due to scale and
hydrogeology

Demonstrated cost-effectiveness compared to
P&T, not fully quantified

18% savings compared to P&T, in 2001
estimated $23 M over 30 years

73% (EA vs P&T) savings, cleanup time
reduced to approximately half, in 2016
savings estimated to be S6 M

9-36% saving with upper end including EA in
calculation vs P&T

*No cost data available for SRS A/M Area, Sanitary Landfill, or C-Area Operable Unit
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Overarching Summary

The 30+ year period of DOE cVOC bioremediation experience as
summarized in a systematic review will support DOE decision
makers as well as contractors in their project management,

project design, and field operations responsibilities for current
and future cVOC bioremediation projects.
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A few observations and path forward

«  The portfolio of cVOC bioremediation projects in DOE has yielded significant
success over the past three decades
o Two sites have formally transitioned to EA from pump and treat and are
nearing completion
o Several sites nearing completion or ready to transition to EA

- DOE led the collaboration to develop technical guidance for implementing EA
for cVOCs

- Systematic Review provided rapid, cost effective and actionable information
o Review will support DOE decision makers and contractors in project
management, project design, and field operations for current and future
cVOC bioremediation projects- increasing the likelihood of success,
reducing costs, and improving bioremediation performance
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Future Work

. Recommended future work includes:

o Webinar/workshop series development for LM and EM to discuss findings
of the retrospective

o Perform similar retrospective evaluations for other contaminant classes
such as metals/radionuclides and emerging contaminants

Savannah River National Laboratory-
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