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• In situ groundwater treatment approaches for CVOCs remain critically important

• “Aquifer tuning” refers to alignment of remedial optimization with site-specific constraints 
within natural environment

Ø Application of aquifer tuning concept to integrate in situ enhanced reduction (biotic-
abiotic) remedies for CVOCs, considering remedy lifecycle in design and operation

• Intentional design and operation of the active remedy (i.e., injection) phase to anticipate 
the persistence of resulting enhanced attenuation rates in the following transition and 
passive phases

Introduction

“The next wave of 
advances in the field of in 
situ remediation will likely 
include many concepts 
focused less on 
technology, and more on 
aquifer tuning.”

Aquifer Tuning for 
Optimum Performance of 
In Situ Remedies 
(Suthersan et al. 2010)

21 May 2023© Arcadis 2021 2

Suthersan et al. 2010



 

Introduction

These trends reinforce the 
that we should not lose 
focus on opportunities to 
optimize remedial 
solutions for traditional 
contaminants 
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USEPA Superfund Evaluation Report (16th edition, 2020)
• >75% of selected GW remedies include sites with VOC and other COCs
• In situ treatment as a remedy component has steadily increased with time (~50:50 

biological:chemical)



 

• Contaminant “tailing” and post-remediation “rebound” are expected for remedial 
technologies that only address contaminants in the more permeable zones

• In situ biotic reduction strategies create zones where higher treatment rates are persistent, 
and can mitigate rebound behavior

Two important components of sustained treatment

Introduction

“We have consistently 
observed enhanced 
attenuation rates are often 
sustained more than a 
decade after the active 
injection has ceased.”

Viewing the End from the 
Beginning… (Horst et al. 
2022)
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McGuire et al. 2006 Horst et al. 2022

Ø Biomass recycling/endogenous biomass 
decay
• EPS and SMP are released into 

subsurface during biomass growth; added 
into available electron pool

• Decaying biomass provide additional 
hydrogen (20 hydrogen equivalents per 
mole of substrate) for use by 
dehalogenating organisms 

Ø Formation of reactive mineral species
• Organic carbon source stimulates iron- 

and sulfate-reducing bacteria  formation 
of iron sulfide mineral precipitates

• Several iron-bearing minerals (e.g., 
mackinawite and pyrite) can directly react 
with CVOCs



 

Integrated 
Biotic-Abiotic 
Conceptual 
Model
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Modeling 
Reactive Zone 
Longevity
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Parameter Value

Injections 5 annual injections, 
2% EVO

DO 8 mg/L

NO3 5 mg/L

SO4 100 mg/L

Bioavailable Mn(s) 0.05 g/kg/yr

Bioavailable Fe(s) 1 g/kg/yr

Maximum CH4 25 mg/L

TCE 10 mg/L

GW Flow 50 m/yr

Dissolved H2 129 mol H2/kg EVO

Biomass Recycle 0.35 kg/kg EVO

Biomass Decay 0.73 yr-1

CVOC Decay 1.05 yr-1

• Developed empirical aquifer tuning model, based on previous SERDP project (ER-2131)
• Most terminal electron acceptors (TEAs) reduced sequentially, go to equilibrium

• CVOC degradation, biomass decay via first-order kinetics

• Influx of TEAs; TOC remains in system until utilized to reduce electron acceptors

• Injections of organic carbon leads to geochemical changes
• Background TEAs rapidly reduced 

• Organic carbon remains in system for 17 years (12 years after cessation of injections)

• 96% of electrons equivalents during this time go to Fe(III), SO4 reduction and methanogenesis

• Methane depleted over additional 17 years by incoming TEAs

• Minimal contribution from CVOCs, DO, NO3, Mn

• Re-oxidation will require long time
frames, even with relatively 
elevated incoming TEAs

• After 50 years, 85% of donated 
electrons still present as reduced iron
and sulfide species



 

Remedial 
Design 
Considerations
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• Substrate Selection
• GW velocity is important design consideration 

in reactive zone formation, substrate selection

• Soluble substrates can travel farther, 
extending downgradient biological 
(and abiotic) reactive zone

• EVOs provide longer-lasting source of carbon

• Can combine EVOs and soluble substrates to 
extend treatment zone and organic carbon life

Type A
• High sulfate, high Fe
• High potential for abiotic 

reduction
• Primary degradation 

mechanism is abiotic
• Organic carbon alone 

sufficient
• Native Geochemistry 

• How is aquifer naturally tuned? Is there sufficient iron/sulfate to 
encourage abiotic reduction pathways?

• May consider addition of sulfate and/or ferrous iron to enhance  
reactive mineral formation

Type B
• Low sulfate, high Fe
• Primary degradation 

mechanism is biotic; abiotic 
reduction depends on 
substrate additions

• May add sulfate source

Type C
• Low Fe, high sulfate
• Primary degradation 

mechanism is biotic; abiotic 
reduction depends on 
substrate additions

• May add soluble iron source

Type D
• Low sulfate, low Fe
• Primary degradation 

mechanism is biotic
• May add sulfate and soluble 

iron source

(Suthersan et al. 2011)



 

Performance 
Monitoring
Considerations
• We present a heat map 

framework for weight-of-evidence 
type evaluations, which can also 
he used to guide operational 
decision-making.

• The middle three columns show 
a range of conditions reflecting 
the potential presence of iron 
sulfide minerals (with green for 
favorable, yellow for possible, 
and red for unfavorable 
conditions) 

• The right three columns show an 
illustrative example of three 
locations within, on the fringe, 
and outside a reactive zone. 
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1 2 3 4



 

Geochemical 
Sampling Tools 
and Indicators 
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• Geochemical parameters (dissolved iron, 
sulfate, dissolved gases, TOC)

• End-products (ethene/ethane, acetylene)

• Min-Trap Sampler – tool for assessing 
reactive mineral formation
• Min-Traps for Collection and Analysis of 

Reactive Iron Sulfide Minerals for Abiotic 
CVOC Degradation – Session A2, 10:55 

https://youtu.be/Yhos82jAuY4

https://youtu.be/Yhos82jAuY4


 

Conceptual 
Application 
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• We recognize better forecasting tools are needed to improve remedial performance 
predictions, which can help improve our designs and guide our field program decision 
making 

• We discuss a conceptual application of the benefits of better forecasting 
• Consider an in situ treatment application under three scenarios

• Scenario 1 - Injections continue for a time period after outflow achieves endpoint
• Scenario 2 - Injections stop when outflow achieves final end point
• Scenario 3 - Injections decrease concentrations orders of magnitude but stop before 

outflow achieves final end point
• Based on the predicted outflow concentrations, which scenario would you choose?
  

Predicted Concentrations at Transect 1B

1B1A

Better forecasting saves 
money!!!

Conceptualization of Treatment Effects on Plume Concentrations



 

Final 
Thoughts
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Perception #1: Biotic and abiotic treatment processes occur independently.
Reality: Engineered abiotic processes associated with biological remedies can contribute significantly 
to treatment, both during the active phase and for years after injections have stopped.

Perception #2: Aquifers do not stay tuned to anoxic engineered geochemical conditions after 
the active treatment operations.
Reality: Biological-based reductants often tune aquifers toward anoxic conditions for years to 
decades after active treatment as a result of the battery-like storage of electrons stored in biomass 
and reduced iron minerals.

Perception #3: Active treatment is required until concentrations approach established end 
points.
Reality: Persistence of biogeochemical conditions result in enhanced treatment capacity that can last 
years and, in some settings, may continue to significantly reduce contaminant concentrations and 
achieve water quality goals within the passive transition phase.

Perception #4: Concentration rebound is a significant risk and commonly observed following 
active biological treatment.
Reality: Sustained treatment mitigates against concentration rebound. Significant concentration 
rebound (e.g., 20% or more) is uncommon, and usually associated with the nearby presence of 
residual phase. 

If and when rebound is observed, it’s typically limited and occurs within about three years of 
completion of active treatment, suggesting that extended high-resolution sampling programs to 
evaluate rebound potential and/or delay formal approval of active to passive remedy may (generally) 
not be necessary.
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