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Natural Source Zone Depletion

« “LNAPL Natural Source Zone Depletion (NSZD) occurs through the
combined action of natural processes that reduce the mass of LNAPL in the
subsurface.”

« “"Key NSZD processes include volatilization, dissolution, and
biodegrada’uon thecea nroreccee rediire | NAPI maece <atiirgtion, and
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NSZD Biodegradation: Microbiology &k
Fermenting microorganisms/fermenters — can degrade PHCs without exogenous—*
EA
Methanogens — can produce CH, from acetate, H,, CO,, formate, etc.
Sulfate reducers — can degrade PHCs and use SO,% as EA
Iron reducers - can degrade PHCs and use Fe(lll) species as EA

Methanotrophs — can consume CH, and O, to produce CO,
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Study Approach

* Objective: to explore and enhance understanding of microbial community
structure and redox associated with NSZD and enhanced NSZD (air
sparging and sulfate addition).

* Microbial community structure measured through molecular biological tools,
specifically DNA and RNA sequencing of 16S rRNA gene

* Redox measured via continuous oxidation-reduction potential (ORP)
Sensors

* Conditions evaluated:
 NSZD: methanogenic

 Enhanced NSZD: sulfate amended and air sparged

' ExxonMobil
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Column Setup and Monitoring
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Column Solils Preservation and Subsampling

Froze columns and For subsampling hammered Cut 1" hockey pucks every 10 cm with
stored them -80 °C and peeled tape and glass and a circular saw and quartered the
placed soil in acetate sleeves hockey pucks

' ExxonMobil
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Soil Analyses

CSU

Methanol extraction for GC-MS AND GC-FID analysis for
quantification and characterization of hydrocarbons.

Water extraction for quantification of total iron, sulfate, methane,
acetate and formate. pH and alkalinity measurements were
collected from the water extracts.

Wrapped in aluminum foil and placed in liquid nitrogen for
preservation. This sample was analyzed for present and active
microbial community characterization in soill.

Sample was wrapped in aluminum foil, vacuumed sealed in a
freezer bag and stored at -80 °C as archive.

' ExxonMobil
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SO, Reduction
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Oxidation-Reduction Potential Trends
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Microbiome Characterization: DNA & RNA Extraction

DNA and RNA
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Microbiome Characterization: NSZD/Methanogenic

|dentified Taxa
B Methanosaeta_(gen) # Desulfocapsaceae_(fam) N Methanobacterium_(gen) ® Desulfococcaceae_(fam)
B Methanomicrobiales_(fam) ® Desulfurivibrio (gen) +4 Methanocella_(gen) B Desulfoprunum (gen)
+ Leptolinea_(gen) ® Run-SP154_(gen) W Smithella_(gen) ® Sulfuritalea_(gen)
B Bacterium_enrichment_(sp) = Chlorobium_(gen) X Cryptanaerobacter_(gen)  # Acaryochloris_MBIC11017_(gen)

# Lutispora_(gen) Planktothrix_agardhii_(sp) = Anaerolineaceae_(fam) Candidatus_Woesebacteria_(gen)
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Based on RNA sequencing, redox processes higher than methanogenesis is less significant compared to
observations based on DNA sequencing alone. Also aligned with RT-qPCR results targeting mcrA
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Microbiome Characterization: ENSZD/Sulfated Columns

Identified Taxa

W Methanosaeta_(gen) ® Desulfocapsaceae_(fam) R Methanobacterium_(gen) ® Desulfococcaceae_{fam)

B Methanomicrobiales_(fam) M Desulfurivibrio (gen) #t Methanocella_(gen) W Desulfoprunum (gen)

#1 Leptolinea_(gen) B Run-SP154_(gen) ® Smithella_(gen) ® Sulfuritalea_(gen)

® Bacterium_enrichment_(sp) = Chlorobium_(gen) N Cryptanaerobacter (gen)  # Acaryochloris_MBIC11017_(gen)
@ Lutispora_(gen) Planktothrix_agardhii_(sp) = Anaerolineaceae_(fam) Candidatus_Woesebacteria_(gen)

® Desulfosarcinaceae_(fam) @ Methylophilaceae_(gen) - ncertae_Sedis_(gen) # KCM-B-112_(gen)

Other

Not detected

\1- HHHE
- I

8
o
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Relative Abundance (%)
Sulfate reducer composed ~50-60% of the active microbial community dominated by Desulfovibrio and
Desulfoprunum. Smithella (fermenter, syntroph n-alkane degrader) was present in SH at 30% and 5% in

SL. mcrA transcripts were non-detect in sulfate amended columns.
' ExxonMobil
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Microbiome Characterization: ENSZD/Air Sparged

’

Identified Taxa

B Methanosaeta_(gen) # Desulfocapsaceae_(fam) N Methanobacterium_(gen) 8 Desulfococcaceae_(fam)

Il
BY

B Methanomicrobiales_(fam) M Desulfurivibrio (gen) 44 Methanocella_(gen) W Desulfoprunum (gen)

i Leptolinea_(gen) B Run-5P154_(gen) m Smithella_(gen) ® Sulfuritalea_(gen)

B Bacterium_enrichment_(sp) = Chlorobium_(gen) N Cryptanaerobacter_(gen) Acaryochloris_MBIC11017_(gen)

Lutispora_(gen) Planktothrix_agardhii_(sp) = Anaerolineaceae (fam) Candidatus_Woesebacteria_(gen)

B Deslifasarcinaceae_(fam) B Methylophilaceae_(gen) * Incertae_Sedis_(gen) # KCM-B-112_(gen)
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RNA 30cm B
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RNA - I
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RNA 50 cm

—
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0 100 0 100
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Array of microbial processes were active near the point of aeration, ranging from aerobic PHC oxidation
to methanogenesis. Aeration does not inherently indicate halting of methanogenesis, dependent on

mass and deliverability of air.
' ExxonMobil 17
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Summary

Sensor Equipped ORP Sensing: Take Aways

LNAPL-impacted Soil Columns Continuous Data
(Real time feedback on activity & \

enhancement effects

’

£ * Resolution of distinct spatial &
g, “ 'ga temporal biogeochemistry
= () -
£ - -1 * Agreement between soil redoxdata
2 z Total & Active and active microbiome data
\ Microbiomes « Differencesin naphthalene
I BT ona degradation with sulfate observed for
Tl U o \varied LNAPL composition /
Manuscript currently under peer-
review
' ExxonMobil 19
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MBT Framework

Background

Underground
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Residual NAPL
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‘
Groundwater Flow A Dissolved Phase
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| !
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Anaerobic Processes Aerobic Processes

Example Analyses*

TPH, BTEX, PCE, 1,2-DCA, etc.

General Geochemical Parameters: pH, Specific Conductivity,
Temperature, Oxidation-Reduction Potential (ORP)

Organic Growth Substrates: Total Organic Carbon (TOC), Dissolved
Organic Carbon (DOC)

Electron Acceptors: Dissolved Oxygen (DO), Nitrate, Nitrite, Sulfate
Biodegradation/Biotransformation Byproducts: Ammonia, Ferrous Iron,
Total and Dissolved Iron, Total and Dissolved Manganese, Sulfide,
Methane, Total Alkalinity, Degradation Daughter Products (e.g., cis 1,2-
DCE), Chloride

PCR, gPCR, RT-PCR, RT-gPCR, NGS

*Example analyses may differ depending on site-specific scenarios or goals

Tools to Support Natural and Enhanced Bioremediation

Framework Commencement
* Review Historic Site Data
* Contaminant extent, delineation, and trends

g ogi s, direction, se water
* Risk to receptor(s)
« Establish ific Bioremec i (55BOS)
gl f will support naturalor
* Define scale of assessment (full plume vs. area of interest)
+ Define g1 data obj (occurrence,

}

Stage 1: Assessment
Develop and execute sampling plan aligned with
SSBOs, CSM, and regulatory requirements

Sample across contaminant concentration gradient
including background, un-impacted locations
Analyze samples for Multiple Lines of Evidence

+ Contaminants of Concern (COCs)
* Geochemical Parameters

* Molecular Biological Tools (MBTs;

Data Interpretation

* Perform comparative analysis spatially,
temporally, and across COC or geochemical
concentration gradients
Identify trends, correlations, or order of
magnitude changes in MBT data

+ Comparedata to SSBOs, CSM, and
regulatory requirements

Stage 3: Performance Monitoring
* Natural Bioremediation
= Monitor trends in MBT data in relation to
other Lines of Evidence to assess occurrence
and magnitude of biodegradation as a
destructive natural attenuation mechanism
* Potentially assess rates where warranted,
applicable, and/or required S5BOs Met (n)or
+ Enhanced Bioremediation Determiced Infeasble
= Monitor trends in MBT data in relation to to Meet?
wother Lines of Evidence pre-, during, and
post-remediation to account for confounding
factors (mass advection, dilution, abiotic
processes)
Follow data-driven approach to adapting
remedy execution (increase/decrease dosage
or frequency)

Stage 2: Design
* Natural Bioremediation
* Develop monitoring program frequency,
location, and success criteria
* Align designed monitoring program with
applicable regulatory guidance, frameworks,
or requirements (e.g., USEPA OSWER
Directive for MNA [USEPA, 1999])
* Enhanced Bioremediation
* Determine site-specific amendment selection
based on limitations identified in Stage 1 data
+ Define amendment dosing, location, and
frequency

Framework for Field-Scale Application of Molecular Biological

Framework Conclusion
Refined biogeochemical conceptual
'site model to be used to support
site decisions and strategy
Leverage natural or enhanced
bioremediation to meet remedial
s te h

aﬁpllmbie; expfﬂ(e other 'remedhl

approachesif bioremediation isnot
~ applicable ;

Ref: Key et al., 2022 Framework for field-scale application of molecular
biological tools to support natural and enhance bioremediation. Frontiers in

22



