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Project Context and Motivation
Legacy contamination at industrial and Department of Energy (DOE) sites presents persistent risks to human and environmental health, particularly where groundwater plumes intersect sensitive receptors such as rivers. At sites like the Hanford Site in Washington State, hexavalent chromium (Cr(VI)) remains a major contaminant of concern due to its toxicity and mobility, prompting increasingly stringent regulatory standards (Gibbons et al., 2024). Remediation strategies commonly rely on reactive amendments such as zero-valent iron (ZVI) permeable ==eactive barriers (PRBs) to reduce and immobilize Cr(VI) (Noubactep, 2015; Scherer et al., 2000).
A central challenge in remediation is monitoring long term amendment performance over time. Conventional monitoring approaches (groundwater sampling, coring, and well networks) are costly, invasive, spatially limited, and often incapable of resolving subsurface geochemical processes as they evolve. Electrical resistivity methods can track changes in pore-fluid conductivity but are largely insensitive to mineralogical and surface-controlled reactions that govern amendment performance (Johnson et al., 2015; Truex et al., 2018).
Spectral induced polarization (SIP) offers a promising complement to existing monitoring strategies that would enhance the overall understanding of subsurface alteration during remediation (Heenan et al., 2013; Orozco et al., 2015; Saneiyan et al., 2021; Saneiyan et al., 2019; Saneiyan et al., 2018; Williams et al., 2009). SIP is sensitive to interfacial charge storage, grain-scale conduction, and mineral-fluid interactions, making it well suited to monitor reactive amendments such as ZVI. However, while theoretical and laboratory studies have linked SIP responses to particle size and volume fraction of electron-conducting materials, key gaps remain regarding how real-world factors (particle size distributions, material purity, corrosion, passivation, and secondary mineral formation) alter SIP signals over time (Abdel Aal et al., 2014; Joyce et al., 2012; Orozco et al., 2015; Slater et al., 2005; Wu et al., 2008).
This project addresses these gaps by evaluating whether SIP can serve as a reliable, non-invasive monitoring tool for tracking ZVI corrosion and reduction capacity under both static and flow-through conditions relevant to field remediation.

Objectives and Research Questions
This study was designed to evaluate SIP as a geophysical monitoring technique for ZVI-based remediation systems by addressing two primary questions:
1. How sensitive is SIP to variations in particle size and material purity during iron corrosion?
2. Are there SIP signatures that can reliably track redox processes and the progressive consumption of reduction capacity?

To answer these questions, controlled laboratory column experiments were conducted to isolate the effects of particle size, mineral purity, corrosion, and flow on SIP observables and to directly link geophysical responses to geochemical and solid-phase transformations.

Experimental Approach
Two complementary experimental systems were employed (Table 1, Figure 1):

Static Column Experiments (Short-Term Corrosion)
Static (without flow), one-dimensional columns were packed with silica sand and ZVI at a fixed concentration (10 wt.% about ~3.6 vol.% ZVI). A high-purity ZVI material (Alfa Aesar) was sieved into four particle size fractions, and a commercially available remediation-grade ZVI (Hepure) was sieved to match the largest size fraction for direct comparison. Columns were saturated with a low-ionic-strength electrolyte (1 mM NaCl) and monitored over two weeks to capture early-stage corrosion dynamics.
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	Column #
	Flow Rate (mL/h)
	Preparation
	ZVI Vol. %
	Given Size (μm)
	Manufacturer
	Experiment Length

	Column 30
	0
	Bulk, 20-mesh
	NM
	841
	Alfa Aesar
	2 weeks

	Column 31
	0
	Sieved 20-mesh
	0.0377
	75-150
	Alfa Aesar
	2 weeks

	Column 32
	0
	Sieved 20-mesh
	NM
	62-75
	Alfa Aesar
	2 weeks

	Column 33
	0
	Sieved 20-mesh
	NM
	53-60
	Alfa Aesar
	2 weeks

	Column 34
	0
	Sieved 20-mesh
	0.0373
	<53
	Alfa Aesar
	2 weeks

	Column 15
	0
	Sieved, 325 micron
	0.04
	75-150
	Hepure
	2 weeks

	Column 103-1
	2.5
	Bulk, 20-mesh
	NM
	20
	Alfa Aesar
	2 months

	Column 103-2
	2.5
	Bulk, 20-mesh
	NM
	20
	Alfa Aesar
	3 months

	Column 103-3
	2.5
	Bulk, 20-mesh
	NM
	20
	Alfa Aesar
	4 months

	Column 103-5
	2.5
	Bulk, 20-mesh
	0.0361
	841
	Alfa Aesar
	ongoing

	Column 111-1
	2.5
	Bulk, nZVI
	NM
	nano
	Hepure
	2 months

	Column 111-2
	2.5
	Bulk, nZVI
	NM
	nano
	Hepure
	3 months

	Column 111-3
	2.5
	Bulk, nZVI
	NM
	nano
	Hepure
	4 months

	Column 111-4
	2.5
	Bulk, nZVI
	NM
	nano
	Hepure
	2 months

	Column 111-5
	2.5
	Bulk, nZVI
	0.0363
	nano
	Hepure
	ongoing
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Figure 1: Process diagram for experimental setup. 


Flow-Through Column Experiments (Long-Term Reductive Capacity)
Flow-through columns were operated for up to four months using either granular high-purity ZVI or nanoscale ZVI (nZVI). Columns were continuously supplied with the same 1 mM NaCl solution containing a low-concentration Cr(VI) tracer to directly assess reduction capacity and breakthrough behavior (Figure 2). SIP monitoring was coupled with effluent chemistry and solid-phase characterization.
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[bookmark: _Ref214558448][bookmark: _Toc216424750]Figure 2: Example of a portable SIP unit (left) and the full flow column setup (right).
Materials Characterization and SIP Measurements
ZVI materials were characterized before and after experiments using particle size analysis, specific surface area (SSA), powder X-ray diffraction, X-ray magnetic circular dichroism (XMCD), Mössbauer spectroscopy, magnetic susceptibility measurements, and X-ray computed tomography (XCT) for porosity assessment in flow columns.
SIP measurements were collected over a broad frequency range and processed to extract key parameters including phase shift (ϕ), real conductivity (σ′), peak phase frequency (), total chargeability (m), and normalized chargeability (mₙ). These parameters were interpreted in the context of existing theoretical relationships and empirical models linking SIP responses to particle size, volume fraction, and interfacial electrochemistry.

Key Results
Sensitivity of SIP to Particle Size and Material Purity
Static column experiments demonstrated that ZVI-amended columns produced phase responses more than two orders of magnitude greater than silica sand controls, confirming SIP’s sensitivity to electron-conducting materials (Figure 3a).
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Figure 3: The day one SIP results for the ZVI size fractions (3.6 vol.% ZVI in 19.62 mS/m solution) for (a) phase shift  in mrad over the frequency range with a log-scale on the x-axis and (b) the relaxation time () versus particle radius squared divided by solution conductivity for the Alfa Aesar material fit to the empirical relationship established in Gurin et. al 2015.

Smaller ZVI particles exhibited shorter relaxation times and larger initial polarization responses, consistent with theory linking polarization length scales to grain size (Figure 3b). However, deviations from idealized models were observed, particularly as initial material purity varied and as corrosion progressed.
Temporal Evolution of SIP During Corrosion
All ZVI materials exhibited an initial increase in phase magnitude within the first day, followed by divergent behavior over two weeks (Figure 4a). The smallest ZVI fraction showed a pronounced decline in phase magnitude and shifts in relaxation time, while larger particles and lower-purity materials remained relatively stable.
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[bookmark: _Ref214559183][bookmark: _Toc216424753]Figure 4: Phase shift in mrad for day zero, day one, and two-week SIP data for the largest high purity (Alfa Aesar) size fraction (112.5 μm), the comparably sized commercial material (Hepure, 112.5 μm), and the smallest size fraction (Alfa Aesar, 34.6 μm).


These trends coincided with measured decreases in SSA and magnetic susceptibility, indicating oxidation of ZVI and formation of secondary iron oxides. While total chargeability remained relatively constant, normalized chargeability increased, highlighting the influence of evolving surface properties rather than simple loss of ZVI volume (Figure 5).
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Figure 5: SIP data for day zero, day one, and two-week SIP data for the largest high purity (Alfa Aesar) size fraction (112.5 μm), the comparably sized commercial material (Hepure, 112.5 μm), and the smallest size fraction (Alfa Aesar, 34.6 μm) with a) dimensionless total chargeability and b) normalized chargeability in mS/m.


Long-Term Flow Experiments and Reductive Capacity
Flow-through experiments revealed clear contrasts between large, grained ZVI and nZVI. The Alfa Aesar ZVI columns exhibited gradual shifts of peak phase frequency toward lower values and declining chargeability, consistent with progressive passivation (Figure 6). In contrast, nZVI columns showed more sustained SIP responses linked to continuing ZVI oxidation over time.
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[bookmark: _Ref214559515][bookmark: _Toc214982846]Figure 6: SIP data for the nine flow columns with the a) 20-mesh Alfa Aesar columns (greens) and b) the Hepure nZVI (purples) showing changing peak phase frequency. Trendlines for each replicate are provided in their corresponding color as well as a general trendline for all points within each column set plotted in black.

Effluent chemistry confirmed these interpretations. Cr(VI) breakthrough occurred immediately in granular ZVI columns, whereas nZVI columns-maintained Cr removal for approximately 140 days before breakthrough (Figure 7).
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[bookmark: _Ref214559609][bookmark: _Toc216424761]Figure 7: Effluent chromium concentrations for the 20-mesh Alfa Aesar (greens) and Hepure nZVI (purples) columns. The black dashed line gives the Chromium concentration measured in the influent solution that was mixed with 5 ppm KCr2.
Solid-phase analyses corroborated the SIP data, showing reductions in zero-valent iron content, increases in magnetite and other oxides, and declining porosity in Alfa Aesar ZVI columns, while nZVI retained higher reactive surface area over longer timescales.

Interpretation and Implications
The combined geophysical, geochemical, and solid-phase results demonstrate that SIP captures multiple stages of ZVI evolution, including early-stage enhanced polarization, surface passivation, and eventual exhaustion of reduction capacity. Importantly, SIP observables respond not only to particle size but also to mineral purity, morphology, corrosion products, and connectivity, factors that are critical in real remediation systems but poorly represented in idealized models.
The divergence between total and normalized chargeability underscores the importance of interpreting SIP signals within a mechanistic framework that accounts for evolving surface chemistry rather than relying solely on volume-based relationships.

Value for Field-Scale Remediation Monitoring
This study provides strong evidence that SIP can serve as a non-invasive proxy for amendment performance, capable of detecting changes in ZVI reactivity before conventional indicators such as contaminant breakthrough. By linking SIP responses directly to redox processes and reduction capacity, this work supports the integration of SIP into long-term monitoring strategies for PRBs and other in situ remediation technologies.
The findings are directly relevant to DOE cleanup efforts at Hanford and similar sites, where early detection of amendment degradation could reduce monitoring costs, improve decision-making, and enhance protection of sensitive ecosystems.

Conclusions and Next Steps
This project demonstrates that SIP is highly sensitive to ZVI particle size, purity, corrosion state, and redox activity, and that SIP responses can be quantitatively linked to reduction capacity under flow conditions. Laboratory-scale results establish a strong foundation for scaling SIP to more complex systems.
Future work will extend these experiments to two-dimensional flow boxes to evaluate spatial heterogeneity and to support eventual field deployment. Together, these efforts advance SIP from a research-domain technique toward a field-ready monitoring tool capable of improving the effectiveness and efficiency of environmental remediation
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