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Talk Preview

1. Remediation technologies for 
contaminant 
sequestration/transformation
 Testing Approach
 Technology Performance 

2. Spectral induced polarization 
(SIP) for subsurface remediation 
monitoring
 Calcium phosphate formation from 

liquid phosphate solutions
 Consumption of zero valent iron 

reduction capacity
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Objective: Demonstrate (i) remediation technologies for contaminant 
sequestration and/or transformation and (ii) spectral induced polarization for 
monitoring at the Hanford Site

The extent of tank leaks to 
the subsurface is 

dramatized for this 
visualization.
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Tiered Laboratory Approach for Treatability Testing

End Product Stability

Proof of Principle 

Transformation 
Evaluation

1

2
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Laboratory 
Treatability Study

Determine the bulk 
effectiveness of all 

technologies

Evaluate process-specific 
rates and the extent of 

transformation, and assess 
immobilization/remobilization

Quantify immobilized end-
product stability

Technology recommendations for 
field-scale treatability study

DOE/RL-2017-28
DOE/RL-2019-58
Emerson et al. PNNL-35432
Emerson et al. PNNL-38530 



Laboratory 
Approach for 
Treatability Testing

• Phase 1 – “Proof of 
Principle” primarily via 
batch testing

• Phase 2/3 – “Rate, 
extent, and stability” 
primarily via column 
testing with flow
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Treatability Testing Technologies

Technetium

SequestrationReduction

Zero Valent Iron

Polyphosphate

Reduction – targeting reductive precipitation or transformation

Sequestration – targeting adsorption, (co)precipitation, and coating
DOE/RL-2017-28
DOE/RL-2019-58
Emerson et al. PNNL-35432
Emerson et al. PNNL-38530 



What is Spectral 
Induced Polarization?
A geophysical technique that 
applies low alternating 
electrical current across a pair 
of electrodes (current) and 
measures a response across 
sensing (potential) electrodes 
in-between the current 
electrodes

Collects both resistivity 
(inverse is conductivity) and 
phase shift Four electrodes, two potential (sensing) and two current (injection)
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Current 
electrodes

Potential 
electrodes

1 inch



Comparison to Conventional 
Geophysical Techniques

• Electrical resistivity, ER 
 Commonly used in the field
 ER does not allow separation of 

electrolytic (1 – via the fluid-filled 
pores) and interfacial (2 – via the 
EDL) charge transport processes

• Spectral induced polarization, SIP 
 Being developed for field, limited 

use to date
 SIP measures complex conductivity 

and phase, 𝝋𝝋
 Allows separation and provides 

high sensitivity to processes 
impacting interfacial charge 
transport mechanisms
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𝝈𝝈 = 𝝈𝝈′ + 𝒊𝒊𝝈𝝈′′ = 𝝈𝝈 𝒆𝒆−𝒊𝒊𝝋𝝋

Complex = Real + [i × Imaginary]

*Measured values in orange and green
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Conceptual Model of SIP

• Significantly different 
response for insulating 
versus electron 
conducting minerals
 Insulating minerals – 

polarization is primarily 
on surface and EDL

• Shifts expected in both 
frequency and 
magnitude of response 

• Physical and 
geochemical changes 
impact response
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Insulating 
Minerals

Electron 
Conducting 

Minerals



Approach
Objective: Evaluate SIP response for non-intrusively monitoring remediation in 
the subsurface (including both delivery and subsequent transformations)
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1 inch

1.Determine SIP response during 
remediation

• During treatment with particulate zero 
valent iron or liquid apatite-forming 
amendments

• Following groundwater flushing of 
injected solutions

2.Identify signatures associated with 
SIP response, if possible

• Characterize column sediments to 
quantify physical and geochemical 
changes

Experimental scale – one-dimensional columns



What Happens During Liquid PO4 Injection?
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High ionic strength 
injection solution fills pore 

spaces

Ca+2 and PO4
-3 become 

available in solution

Apatite Ca10(PO4)6(OH)2 
precipitates on sediment 

particles

Conceptual diagram of delivery of calcium citrate PO4 solutions into 
pore space with subsequent precipitation of apatite and 
contaminant-specific precipitates (e.g., autunite)

Can we identify when and where apatite is forming?



Conceptual Model of
Liquid PO4 for SIP

• Initial injection
 ↑ σw contributes to ↑ σ′ and ↓ φ
 ↑ σ″ from surface alteration [ion 

exchange, adsorption, and/or initial 
Ca-PO4 precipitation]

• Post injection
 ↓ σw back to natural conditions ↑ φ
 ↑ σ″ from surface alteration
 Shift in peak frequency due to 

particle size/distribution changes
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Results: Liquid PO4 Amendments
Column Testing

Significant increase in 
real conductivity, σ′, only 
during treatment with 
apatite-forming solutions

 Similar to ER response
 Correlates with 

solution conductivity 
increases
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Treat-
ment

Phase

Thomle et al. 2026. In prep.

Calcium Phosphate Precipitation in Hanford sediment



Results: Liquid PO4 Amendments
Column Testing

Increase in imaginary 
conductivity (at 0.005 Hz), 
σ″, following treatment and 
after flushing 

 Increase consistent after 
flushing, not impacted by 
solution 

 Frequency-specific 
response (at 0.005 Hz)

 Suggests impacts to 
particle surfaces and 
interface

 SIP provides additional 
information not possible 
with ER
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Thomle et al. 2026. In prep.

Calcium Phosphate Precipitation in Hanford sediment



Results: Liquid PO4 Amendments
Post Characterization
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• Significant increase in solid phase phosphorus 
• Ca:P ratio moving closer to hydroxyapatite (1.25), likely significant CaCO3 in 

sediments
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Conclusions and Future Work
• Real conductivity, σ′ (similar to ER, delivery 

indicator)
 Dominated by changes in fluid conductivity 
 Results show where liquid PO4 was delivered

• Imaginary conductivity, σ″ (apatite formation 
indicator)
 ↑ as surface of minerals changed, independent of 

solution conductivity
 Δ likely due to ion exchange, adsorption, apatite 

precipitation, and coating

• Results show promise for SIP to monitor both 
delivery of solutions and formation of apatite 
coatings

• Ongoing work: Decrease scale to confirm 
controlling mechanisms via microfluidics 15



What Happens with Zero Valent Iron?
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High ionic strength injection 
solution fills pore spaces with 

ZVI or SMI particles

Reducing conditions generated 
impacting mobility of 

contaminants 

ZVI or SMI corrosion: 
reduction capacity consumed, 
iron dissolution, and secondary 

precipitation

Conceptual diagram of delivery of zero valent iron (ZVI) or sulfur 
modified iron (SMI) into pore space with subsequent reductive 
precipitation of contaminants (e.g., TcO4

-). 

Can we predict the point of failure (consumption of 
reduction capacity) for iron amendments?



Conceptual Model of
Iron Amendments for SIP

• Initial injection
 ↑ σw contributes to ↑ σ′ and shift in 

φ peak
 ↑ φ coincident with ↑ volume 

fraction of ZVI or SMI delivered

• Post injection
 ↓ σw back to natural conditions 
 Δφ primarily dependent on 

volume content of secondary 
minerals that are polarizable (e.g., 
magnetite)

 Shifts in φ peak due to particle 
size/distribution, material (cp), or 
σw changes
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Results: ZVI and SMI Amendments
Column Testing

• Volume content strongly 
correlated with φ and 
chargeability (m)
 Well-studied concept
 Background sediment 

polarization corrected based 
on previous literature

 Some impacts from particle 
size and distribution
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Results: ZVI and SMI Amendments
Column Testing

• Sieved ZVI materials to 
isolate different size 
fractions

• Particle size strongly 
correlated with τ
 Consistent with literature, 

though not previously 
studied systematically

 Mineral-dependent, 
correlated with Fe(II/III) 
surface ratios
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What about changes over 
time due to corrosion? Vincent et al. 2026. In prep.

ZVI in Accusand



Results: ZVI and SMI Amendments
Iron Corrosion Testing

ZVI corrosion in silica sand – 
14 days
• Significant shifts in τ over 

time and ↑ in normalized 
chargeability
 Δ in particle size (via BET)
 Δ in Fe+2/+3 solid phase ratios 

(surface redox reactions)

• What about long(er)-term 
impacts?
 Surface passivation
 Reduction capacity 

consumption
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Emerson et al. (2024) J Contam Hydrol 264

ZVI corrosion 
in Accusand



Results: ZVI Amendments
Iron Corrosion Testing

SMI corrosion in silica sand – 
77 days
• Significant shifts in peak 

frequency over time, 
multiple mechanisms 
controlling response
 Δ in particle size   (via BET), 

mineralogy, (via XRD), 
Fe+2/+3 solid phase ratios

• No change in the 
magnitude of φ
 No significant Δ in volume 

content

21

X-ray diffraction identified:
* magnetite
# zero valent iron

Emerson et al. (2024) J Contam Hydrol 264

SMI corrosion in 
Accusand



Results: ZVI and SMI Amendments
Iron Corrosion Testing

SMI corrosion in Hanford 
formation sediments
• Significant shifts in τ over 

time
 Δ in particle size (via BET), 

solution conductivity (Fe+2/+3 
dissolution)*

• Significant shift in the 
magnitude of φ 
 Surface passivation during 

corrosion in complex 
sediments

22Emerson et al. (2024) J Contam Hydrol 264

SMI corrosion in 
Hanford sediment



Conclusions and Future Work

• Real conductivity, σ′
 Dominated by changes in fluid 

conductivity 
 Results show where ZVI was delivered

• Phase, φ or Chargeability, m or mn
 ↑ with volume content
 Shifts in peak frequency due to Δ in 

mineralogy, σw, particle size, and surface 
chemistry

• Results show promise for SIP for 
monitoring both delivery of 
suspensions and corrosion of ZVI

Future work: Detection of anomalies 
over time with machine learning 23

E4D 
inversion for 

SMI using 
two blocks 

model



Conclusions
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Environmental Significance
Progress in laboratory-scale development of technologies for in situ remediation and monitoring 
under site-specific conditions for the Hanford Site improves our conceptual site model.



Thank you

Thank you
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Questions?
Email: hilary.emerson@pnnl.gov

Funding for this work was provided by the U.S. Department of 
Energy (U.S. DOE) Hanford Field Office under the Deep Vadose 
Zone – Applied Field Research Initiative; U.S. DOE Office of 
Environmental Management (EM) Headquarters Technology 
Development Program (EM-3.2); U.S. DOE EM – Minority 
Serving Institutions Partnership Program. 



Treatability Testing Technologies
Technology Process Contaminants of Interest Amendments 

Technologies for Unsaturated Zone Applications in S and T Complex
Gas-phase combined bioreduction and chemical 

sequestration
Tc-99, U, I-129, Cr(VI), 

CN-, nitrate
Organic gases: ethane, butane, and butyl acetate for 

bioreduction + CO2 for sequestration

Gas-phase bioreduction Nitrate, Cr Organic gases: pentane, butyrate, ethane, and butane 
Gas-phase chemical sequestration I-129, U, Tc-99, Sr, Cr(VI) CO2 gas

Technologies for Saturated Zone Applications at BY Cribs Water Table or Perched Water
Particulate-phase chemical sequestration U, Tc-99, Sr-90, Cr(VI), 

I-129, nitrate Tin(II)-substituted apatite

Particulate-phase chemical sequestration U, Tc-99, Sr-90, Cr(VI), 
I-129, nitrate Bismuth oxyhydroxide and bismuth subnitrate

Particulate-phase combined chemical reduction and 
sequestration

U, Tc-99, Sr-90, Cr(VI), 
I-129, nitrate

Zero valent iron and sulfur-modified iron + 
polyphosphate

Liquid-phase chemical sequestration U, Tc-99, Sr-90, Cr(VI), 
I-129, nitrate Polyphosphate and citrate phosphate solutions

Liquid-phase combined chemical reduction and 
sequestration

U, Tc-99, Sr-90, Cr(VI), 
I-129, nitrate Calcium polysulfide + polyphosphate

Liquid-phase combined bioreduction and chemical 
sequestration

U, Tc-99, nitrate, Sr-90, 
Cr(VI), I-129

Organic liquids: emulsified vegetable oil and blackstrap 
molasses + polyphosphate



Add COIs to 
PZSd 

sediment
Add Amendments* 

to sediment
Leaching of 

COIs
Add Amendments* 
to CCUg sediment

Injection of 
COIs

Leaching of 
COIs

27

Laboratory Approach for Testing

Add CPS + 
Poly-PO4

U & Tc-99 
Injection

U & Tc-99 
Leaching

PR
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Sequestration + Leach

U & Tc 
Injection

Leach:
Groundwater
Injection

Water Table Condition

Add CPS + 
Poly-PO4

U & Tc-99 
Leaching

Sequestration + Leach

Leach:
Groundwater
Injection
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Simulate leaching of contaminants in a column 
following direct treatment (batch). Additional batch 
experiments to measure sequestration with shorter 
and longer reactions (up to 300 d).

Simulate long-term flow of COIs across barrier at 2 
ft/day in a column with measurement of sequestration 
rate and capacity followed by leaching rates.
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CERCLA Remedy Screening/Treatability Study:
200-DV-1 OU

REMEDIAL 
INVESTIGATION 

AND 
FEASIBILITY 

STUDY

RI/FS 
SCOPING

RECORD OF 
DECISION

REMEDIAL 
DESIGN 

AND REMEDIAL 
ACTION

Site Characterization and Technology Pre-
screening/Screening

Identification of 
Alternatives

Evaluation of 
Alternatives Remedy Selection Remedy Implementation

Treatability 
Study Scoping

Remedy Screening 
Treatability 

(To determine potential 
feasibility)

(2018) (2019)

DV-1 
Laboratory 
Treatability 

Study



Treatability Testing Technologies

Technetium Technetium

Technetium

SequestrationReduction + SequestrationReduction

Sulfur modified Iron Molasses

Polyphosphate

Polyphosphate

Bismuth

Reduction – targeting reductive 
precipitation or transformation

Sequestration – targeting 
adsorption, (co)precipitation, 
and coating



Next Steps: 300 Area Polyphosphate Example

• Ongoing laboratory-scale testing:
 Long-term (2-10 years) sequestration 

measurements
 Delivery and injection protocol 

development
 Site-specific conditions (once locations 

are chosen)

• Pilot scale testing in the field
 For top-performing technologies
 Demonstrate new monitoring 

approaches
 Model after 300 Area Stage A/B Poly-

phosphate injections

30
Szecsody et al. PNNL-29650; 
CHPRC. SGW-63113

44 samples, 
including 19 pre 
and post pairs

300 Area 
Stage B Injections



Next Steps: 300 Area Polyphosphate Example 

• 48 injection + 19 monitoring 
wells

• Samples collected prior to 
and 6 months after 
treatment
 44 samples, including 19 pre 

and post pairs of sediments

• Laboratory analysis
 Sequential batch extractions
 1-D column leaching
 Solid phase characterization 

– elemental associations, 
oxidation state, coordination

31Szecsody et al. PNNL-29650

60% less U mass leached in 
1-D columns

• 50% less aq. and ads. U
    (precipitated with PO4?)
• 40% less acetate-extractable U
   (uranophane dissolving?)
• 35% increase in HNO3-extract U
   (autunite, apatite coating?)

Sequential Extractions
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