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Abstract 

Geophysical tools can indirectly monitor subsurface changes in response to remedial injections. These 
methods exhibit relatively low spatial resolution compared to sediment core characterization but are 
advantageous due to the ability to collect measurements non-intrusively over time across large volumes of 
the subsurface. Moreover, along with confirmatory groundwater or core sampling, geophysical methods 
can be used during active biogeochemical remedies to monitor short-term contaminant transformations 
and mobility, as well as part of an overall strategy for long-term monitoring of subsurface contaminated 
sites. The use of alternating current spectral induced polarization (SIP) provides significantly more 
information than conventional geophysical methods like direct current electrical resistivity (ER). SIP 
allows for monitoring frequency-specific changes in both solution and surface conductivity by separation 
of real and imaginary conductivity, respectively, as well as surface capacitance, while ER methods only 
measure the bulk conductivity (combined solution and surface conductivity) at a single frequency. SIP 
may be able to differentiate indicators of remedy progression such as precipitation reactions that sequester 
contaminants and changes in solution conductivity, potentially providing a better indication of 
amendment delivery and reactivity as compared to conventional ER methods. However, multiple 
processes and material properties have overlapping (interacting) electrical responses across a range of 
frequencies. Hence, the purpose of this scoping study was to evaluate if SIP can be used to monitor (a) 
amendment delivery and (b) precipitation and reactivity of amendments under consideration at Hanford 
with the ultimate goal of differentiating major reactions (e.g., mineral formation versus delivery of a high 
ionic strength amendment).  

The purpose of this study is to evaluate the sensitivity of alternating current (AC) SIP for non-intrusively 
monitoring the delivery of different amendments into the subsurface and the subsequent reactions (i.e., 
develop relationships between the biogeochemical amendment concentration and the SIP response). 
These experiments are designed to collect SIP data during geochemical and physical alterations of the 
subsurface as part of single- or two-step remediation processes, which may include the initial delivery of 
a reductant (e.g., iron) followed by a secondary injection intended to co-precipitate and form coatings of 
relatively low-solubility phases (e.g., apatite and calcite) on the surfaces of reactive minerals and/or 
amendments that have immobilized contaminants, making them less likely to re-oxidize and re-mobilize 
in solution. SIP measurements were collected in fully saturated columns packed with sand and Hanford 
formation sediments containing (a) amendments that were highly conductive with significant capacitance 
(zero valent iron – ZVI, sulfur modified iron – SMI) and (b) amendments that exhibited low electrical 
conductivity with a small capacitance (calcite, apatite, bismuth). The sand was a quartz material with 
homogenous particle size that exhibited a relatively low surface conductivity. It was used as a control for 
comparison with the sediments from the Hanford Site, which have a greater surface conductivity because 
of their complex mineralogy and heterogeneous particle size distribution and may have complex 
interactions with amendments. The amendment mass fraction was varied to represent the different stages 
and subsurface locations associated with the delivery of a remedy.  

Figure S.1 summarizes results for the amendments tested through this project. The SIP phase shift or 
imaginary conductivity change for the high-conductivity amendments was more than 10 times that of the 
low-conductivity amendments, highlighting the relative ease of detecting ZVI and SMI independent of the 
background signal from sand or Hanford sediments which suggests SIP may be appropriate for 
monitoring delivery of ZVI or SMI to a source of contamination. The ZVI phase shift and imaginary 
conductivity changes occur primarily at high frequency (> 100 Hz) whereas SMI changes were at low 
frequency (0.01 to 10 Hz) further confirming that we can differentiate between the two amendments. SIP 
signals of SMI also increased over time and the maximum shifted to lower frequencies highlighting that 
we may be able to detect changes in amendment reactivity or efficacy of treatment over time. The low-
conductivity amendments (calcite, abiotic and biotic apatite, bismuth subnitrate) exhibited relatively small 
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phase and imaginary conductivity changes when added to sediments. The changes were above minimum 
detection limits (0.5 mrad for phase shift, 0.03 µS/cm for imaginary conductivity) for the highest 
concentration except for the commercial bismuth material. The lowest amendment concentration that can 
be detected is likely sediment specific, as minerals in sediments (clays, magnetite, Fe-oxides) have some 
capacitance and therefore exhibit a variable phase shift. While additional testing was conducted for calcite 
and apatite amendments to consider in situ delivery and sediment coating processes, testing ceased for 
bismuth until a solution delivery option is available. The low-conductivity apatite and calcite amendments 
were detectable in sediments due to their ability to decrease the phase shift and imaginary conductivity of 
specific sediment surfaces as observed in some conditions in in situ experiments with Hanford formation 
sediments with and without ZVI or SMI  as they coated sediment surfaces with low conductivity phases. 
The simultaneous collection of both bulk conductivity (ER) and SIP should be considered for field-scale 
monitoring with SIP targeting detection and monitoring of contaminant source terms and ER for larger 
scale monitoring of the surrounding plumes. Therefore, future experiments should focus on performing 
SIP monitoring under unsaturated conditions using electrodes optimized for this purpose and scaling up 
experiments (e.g., to 2D boxes) to identify additional sensitivities associated with electrode 
configurations.  

 

Figure S.1. Qualitative summary of results for the amendments and porous media tested through this 
project.  
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Acronyms and Abbreviations 

AC alternating current 

AGW artificial groundwater 

APW artificial perched water 

BET Brunauer – Emmett – Teller 

CI confidence interval 

CPS calcium polysulfide  

EDL electrical double layer 

ER electrical resistivity 

IC  inorganic carbon 

ICDD International Center for Diffraction Data 

ICP-OES  inductively coupled plasma optical emission spectrometry 

ID inner diameter 

IFRC Integrated Field Research Challenge 

IP induced polarization 

NQAP  Nuclear Quality Assurance Program 

PEEK polyether ether ketone 

PET polyethylene terephthalate 

PTFE polytetrafluoroethylene 

PVC polyvinyl chloride 

SIP spectral induced polarization 

SMB sub miniature version B (type of radio frequency connector) 

SMI sulfur modified iron 

TOC total organic carbon 

TC  total carbon 

XRD X-ray diffraction 

ZVI zero valent iron 
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1.0 Introduction 

Groundwater sampling has been reliably used to infer reactions occurring in situ during both active and 
passive remediation. While groundwater sampling is informative, there are disadvantages associated with 
solely relying on groundwater sampling to confirm that biogeochemical reactions are occurring, including 
(1) low spatial resolution (i.e., point measurements), (2) high cost (i.e., monitoring well installation and 
sampling), (3) poor representation for low-permeability regions, and (4) lack of sensitivity to surficial and 
interfacial reactions that are important but do not result in major changes to bulk groundwater chemistry 
(e.g., Williams et al. 2009). Noninvasive geophysical tools, however, can indirectly monitor large 
volumes of the subsurface with relatively high spatial resolution. Along with confirmatory groundwater 
sampling, geophysical methods can monitor physical and geochemical changes to the subsurface during 
active biogeochemical remedies as indicators of contaminant transformations, as well as part of an overall 
strategy for long-term monitoring of subsurface contaminated sites (Binley and Slater 2020).  

Electrical resistivity (ER) methods can be employed to measure bulk conductivity (the inverse of 
resistivity) changes spatially over time during injection. This geophysical technique is commonly used to 
correlate changes in the bulk conductivity with changes in total ionic strength in the subsurface (Johnson 
et al. 2013; Truex et al. 2018). However, ER measurements cannot be correlated directly with specific 
surface alterations or reactions induced by an amendment because bulk electrical conductivity cannot be 
separated into solution and surface components, as ER involves measurement at only a single frequency. 
Moreover, field ER measurements often cannot differentiate changes induced by remediation activities 
from baseline heterogeneities due to changes in both solution and surface conductivity. The spectral 
induced polarization (SIP) method provides significantly more information with collection of frequency-
specific ER and phase shift measurements allowing for separation of bulk electrical conductivity into real 
and imaginary conductivity. SIP can then be used to distinguish between aqueous properties (e.g., ionic 
strength) observed in the real conductivity and surface reactions (e.g., adsorption, precipitation, biofilm 
growth) that modify surface properties (e.g., surface area, grain size, polarizability) observed in both the 
real and imaginary conductivity. SIP is especially useful as the resistivity of minerals in the subsurface 
spans almost 18 orders of magnitude (Schön 2011). There is potential for collection of ER and SIP data as 
part of a cohesive monitoring plan (e.g., SIP for monitoring of secondary reactions at sediment surfaces in 
source zones and ER for surveying of larger, surrounding areas). 

Previous studies have demonstrated the utility of SIP methods for physical/chemical characterization of 
subsurface sediments (Kemna et al. 2012; Vinegar and Waxman 1984) and to delineate contaminant 
plumes (Orozco et al. 2012; Sogade et al. 2006). For example, changes in induced polarization (IP) 
signals during bio-reduction by injection of acetate, microbe-induced carbonate precipitation, and 
detection of organic plumes were observed previously (Ntarlagiannis et al. 2016; Orozco et al. 2011; 
Saneiyan et al. 2019). Williams et al. (2009) applied an IP method at the Rifle Integrated Field Research 
Challenge (IFRC) site to monitor responses during active remediation of uranium-contaminated 
groundwater. Frequency-dependent responses that corresponded to iron sulfide (FeS2, FeS) mineral 
precipitation were measured as a direct consequence of in situ bio-stimulation during acetate injections 
(Orozco et al. 2011).  

Mwakanyamale et al. (2012) suggested that SIP should be acquired whenever possible to improve the 
quantitative interpretation of these measurements. However, while advantageous, the application of SIP is 
complicated by multiple physical and geochemical processes and material properties with overlapping 
(interacting) electrical responses across a range of frequencies that can be difficult to disentangle (e.g., 
Doetsch et al. 2015; Placencia-Gómez et al. 2015; Williams et al. 2009). SIP electrical responses are not 
well understood for the biogeochemical processes that are encountered at complex contaminated sites. 
Hence, systematic studies are needed to accurately evaluate the utility and feasibility of SIP for field site 
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characterization and monitoring during active remediation with a focus on the low frequency range 
(< 1000 Hz), as this is most applicable for field data collection (Atekwana and Slater 2009).  

Hence, the purpose of this study is to evaluate the sensitivity of alternating current (AC) SIP for non-
intrusively monitoring the delivery of different amendments into the subsurface and the subsequent 
reactions (i.e., develop relationships between the biogeochemical amendment concentration and the SIP 
response). These experiments are designed to collect SIP data during geochemical and physical alterations 
of the subsurface as part of single- or two-step remediation processes, which may include the initial 
delivery of a reductant (e.g., iron) followed by a secondary injection intended to co-precipitate and form 
coatings of relatively low-solubility phases (e.g., apatite and calcite) on the surfaces of reactive minerals 
and/or amendments that have immobilized contaminants, making them less likely to re-oxidize and re-
mobilize in solution. These technologies are currently under consideration for future remediation of 
vadose and perched water zones, such as BY Cribs, BC Cribs and Trenches, S-SX Tank Farm, C Tank 
Farm, and 216-U-1&2 (DOE/RL 2019). 

1.1 SIP Description 

The SIP effect is primarily linked to a buildup of excess ions in the electrical double layer (EDL) during 
current injection (Binley and Slater 2020). Early research ruled out significant contributions from other 
phenomena, including electro-osmotic and thermal electric mechanisms, but noted the importance of 
mineral geometry for ion diffusion (Marshall and Madden 1959). When an AC is applied to a 
sediment/water system, most of the current flows through the pore water (1 – red, in Figure 1.1), some 
current along mineral surfaces (2 – black, depending on the specific minerals present), and some current 
through minerals (3 – blue). The SIP response of porous media is governed by the frequency-dependent 
complex conductivity (𝜎 = 𝜎ʹ + 𝑖𝜎ʺ) generally collected at frequencies below 10 kHz. The total (or 
complex) conductivity or resistance is measured in parallel to a known reference resistor (Figure 1.1). 
Complex conductivity consists of two components: (1) the real conductivity and (2) the imaginary 
conductivity. The real (𝜎ʹ) conductivity is due to (1) pore water conductivity, 𝜎ʹw, which is dependent on 
electromigration of ions through the bulk pore water; and (2) surface conductivity, 𝜎ʹsurf, which includes 
interactions within the EDL of grain surfaces (Abdel Aal et al. 2004; Kemna et al. 2012) with pore water 
conductivity generally representing the majority of the real conductivity in porous media. 

Conversely, imaginary (𝜎ʺ) conductivity is associated with ionic polarization of the EDL at the grain 
surface-pore water interface based on charge accumulation and transfer reactions (Abdel Aal et al. 2004; 
Kemna et al. 2012; Binley and Slater 2020). The imaginary conductivity can also be used to calculate two 
intrinsic properties of porous media: (1) chargeability (M) and (2) relaxation time (to), which differ 
between minerals. Phase shift is measured alongside resistivity to separate real and imaginary 
conductivity. It represents the lag in an applied AC sine wave traveling through a sample due to charge 
storage (1 radian = 57.3 degrees). The AC current through the sediment (purple in Figure 1.1) may lag 
(i.e., phase shift) relative to a reference resistor (blue). Moreover, the (1) solution resistance, (2) surface 
resistance, and (3) capacitance in Figure 1.1a correspond to the equivalent circuit as RS, R1, and C1, 
respectively, in Figure 1.1b. Multiple frequencies of applied AC current are used for data collection (i.e., 
SIP) as the response may be frequency specific.  
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Figure 1.1. SIP 4-electrode configuration and circuit diagram (a), and an example of an equivalent 
electrical circuit (b) (Szecsody 2020a). 

Electrolytic conduction (real term) and surface conduction (complex term – real and imaginary) are the 
two primary mechanisms at frequencies < 1 kHz (Kemna et al. 2012; Mwakanyamale et al. 2012). The 
real conductivity component is strongly controlled by fluid conductivity, porosity, and surface area or 
grain size distribution. Prominent features impacting the imaginary conductivity term include 
mineralogical composition, surface area, pore size, surface charge density, aqueous ionic composition, 
mineral’s exchange capacity, and redox reactions (Archie 1942; Lesmes and Frye 2001; Revil and Glover 
1998; Binley and Slater 2020). Electrochemical polarization is expected to dominate at low frequencies (< 
1000 Hz) due to migration of counterions in the Stern layer of the EDL and back diffusion of ions in pore 
spaces (Mellage et al. 2018).  

1.1.1 Electrical Response of Sediments 

Both ER and SIP techniques have historically been used to characterize sediments. However, the 
resistivity of sediments can vary widely (nearly 18 orders of magnitude; Schön 2011) and may be 
differentiated from the resistivity of pore fluids only using SIP. For example, experiments at the Rifle 
IFRC site in Colorado reported resistivity values for sediments prior to field remediation of 10 to 
400 Ωm for sediments with high clay content and sand/gravel (Orozco et al. 2011; Williams et al. 2009), 
although some have reported values as high as 30,000 Ωm (Sogade et al. 2006). However, the phase 
response is small in comparison to resistivity. Previous phase shift measurements in soils and sediments 
were between 1 and 20 mrad (Orozco et al. 2011; Williams et al. 2009; Zimmermann et al. 2008a,b). A 
review of 56 sandstone samples reported a range of formation factors from 9.0 to 151.4, an imaginary 
conductivity 0.03 to 1.07 mS/m, and a chargeability 0.17 to 4.77 mV/m (Weller et al. 2015). Note that 
chargeability as high as 20 mV/m was observed during prospecting for manganese ore deposits (Vieira et 
al. 2016). 

Previously, SIP was correlated with specific sediments based on geochemical and physical properties. For 
example, normalized chargeability has been shown to correlate strongly with mineral phases including 
clay content (R2 = 0.97) (Slater and Lesmes 2002). However, physical parameters like permeability, 
porosity, particle size, and geometry also play a role. The shape of the spectra across the frequency range 
may also correlate with grain or pore size distribution (Lesmes and Morgan 2001; Bücker et al. 2018, 
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2019). Modeling by Bücker et al. (2018, 2019) confirmed that increasing particle size leads to a decrease 
in the frequency (increasing relaxation time) at which the maxima is observed for a polarizing particle. 
Mellage et al. (2018) also outlined effects due to pores in the 10-3 to 10-1 Hz, surface roughness in the 10-1 
to 103 frequency range, and dielectric effects at greater than 103 Hz. More importantly, the geometry of 
minerals in the subsurface can affect the diffusive flow of ions along the EDL (Chuprinko and Titov 
2017; Marshall and Madden 1959). Each system must be carefully characterized to determine which 
factors control the SIP response. For example, a strong correlation between imaginary conductivity and 
permeability has been demonstrated for unconsolidated sediment samples while the electric formation 
factor was most important for predicting permeability in sandstone samples (Weller et al. 2013).  

1.1.2 Detection of Amendments by SIP 

SIP techniques have been used primarily at the laboratory scale (a summary of the few field-scale 
demonstrations is included in Section 1.1.3), to monitor changes induced by remediation. Changes in the 
phase shifts, imaginary conductivity, and chargeability terms have been correlated with the complex 
processes occurring during remediation. For example, addition of a particulate amendment like zero 
valent iron (ZVI) will cause changes in the aqueous and solid phase of subsurface materials due to 
oxidative dissolution and secondary precipitation of iron phases, formation of reducing conditions, and 
reductive dissolution of Fe phases. In some cases, the phase shift may also be impacted by the delivery or 
carrier solutions used for delivery of an amendment. For example, Shi et al. (2015) noted an increase in 
the phase shift for ZVI in sand when ZVI was first coated with mineral oil for delivery. For remediation 
technologies that stimulate microbial growth, the changes in SIP signal are generally lower for microbial 
cell-fluid interface as compared to metallic minerals (Ntarlagiannis et al. 2005; Williams et al. 2009) and 
should be considered for amendment technologies that may result in microbial growth. 

Overall, there is a need to determine the threshold for detection of different materials and complex 
reactions occurring in situ during and after amendment application as described in Sections 1.1.2.1 and 
1.1.2.2. These will be compared across amendments and frequencies at which signals are most significant, 
with Table 1.1 representing observations from peer-reviewed literature.  

1.1.2.1 Detection of Minerals Formed during In Situ Remediation 

The potential for detection of mineral phases is dependent on their polarizability or the effect of the 
precipitation of targeted minerals by amendments as they coat natural mineral phases and alter physical 
properties (e.g., porosity). Insulating mineral phases are associated with smaller signals (e.g., apatite and 
calcite). For example, laboratory experiments have primarily shown that calcite precipitation in porous 
media may generate phase shifts (< 4 mrad) in the low-frequency range (< 1 Hz) (Saneiyan et al. 2018; 
Wu et al. 2010). Shifts were observed at lower frequencies when larger particles were formed (< 0.01 Hz 
– based on precipitation in Ottawa sand versus a sand/clay mixture) (Saneiyan et al. 2018). All lower 
frequency shifts in SIP were attributed to changes in surface area with some electrochemical polarization 
of the EDL observed during calcite particle growth at higher frequency (500 Hz) (Wu et al. 2010). Note 
that no literature has been located investigating SIP detection of apatite, but signals similar to calcite are 
expected. 

ZVI and sulfur modified iron (SMI) are potential amendments used to reduce and immobilize redox 
active contaminants in the subsurface. ZVI is metallic iron (Fe0) and SMI is prepared by reacting ZVI 
with lower valence states of sulfur. Due to the significantly greater polarization and conduction capacity 
of iron minerals, there is more literature investigating their detection with SIP. ZVI has been observed via 
SIP based on an increase imaginary conductivity above 0.1 Hz (Abdel Aal et al. 2014; Joyce et al. 2012; 
Mellage et al. 2018; Orozco et al. 2015; Slater et al. 2005; Wu et al. 2005). Although direct measurements 
of SMI were not found in literature, there is a growing body of work on SIP detection of sulfide minerals 



PNNL-30440 Rev 1 
DVZ-RPT-0049 Rev 1 

Introduction 1.5 
 

(Orozco et al. 2011; Placencia-Gómez et al. 2013; Williams et al. 2009). Iron sulfides have been primarily 
observed at low frequency (≤ 1 Hz) with a greater magnitude than observed for ZVI (Orozco et al. 2011; 
Placencia-Gómez et al. 2013; Williams et al. 2009). Phase shifts up to 60 mrad were observed in column 
experiments where biomineralization of iron sulfides in sand was observed at frequency near 1 Hz 
(Personna et al. 2008; Williams et al. 2009) with a peak up to 100 mrad in columns packed with 8 wt.% 
of pyrite or pyrrhotite in sand (Placencia-Gómez et al. 2013). 

Changes in SIP have also been observed during delivery and reaction of ZVI with sediments, including 
related oxidation-reduction and dissolution-precipitation reactions. Frequency-specific changes have been 
observed due to Fe(II) consumption and accumulation of iron sulfides based on stimulation of bio-
reduction in the presence of sulfates (Mellage et al. 2018; Orozco et al. 2011; Williams et al. 2009). A 
higher solution ionic strength and smaller particle size (nanoparticles) has also been suggested to increase 
polarization above 100 Hz (Joyce et al. 2012) and was confirmed with modeling by Bücker et al. (2018, 
2019), which showed that increasing particle size leads to a decrease in the frequency (increasing 
relaxation time) at which the maxima is observed for a polarizing particle. Iron oxide precipitation from 
ZVI oxidative dissolution primarily identified as magnetite and green rust has been shown to increase 
phase shift and imaginary conductivity (Wu et al. 2008). Orozco et al. (2011) also reported shifts 
associated with Fe(II) consumption across the range of their experiments, which were conducted from 
0.25 to 4 Hz. However, the maximum increase in phase shift associated with Fe(II) consumption was 
observed from 10-100 Hz, although they did report an increase across the range of their experiments from 
1-1000 Hz (Williams et al. 2009). For iron sulfides, the maximum phase shifts were observed at the 
lowest frequencies measured and were greater than shifts observed for iron-only reduction (Orozco et al. 
2011; Williams et al. 2009). Frequency-dependent phase shifts that corresponded to changes in iron and 
sulfate reduction were also measured as a direct consequence of in situ bio-stimulation during acetate 
injections (Orozco et al. 2011; Williams et al. 2009). However, changes in Fe2+, dissolved sulfide, and 
iron sulfide nanoparticles were observed, making it difficult to isolate controlling mechanisms with only 
select frequencies collected in the field.  

Additional components used for particle delivery or secondary mineral phase formation may also impact 
the SIP response, including carrier solutions. For example, results with guar gum and poloxamer-coated 
iron suggest that the signal is decreased in the presence of carriers (P104 surfactant in this work) as it 
inhibits the ability of the iron to polarize (Mellage et al. 2018; Orozco et al. 2015), although the imaginary 
conductivity at 1000 Hz was directly correlated to the signal from increasing concentrations of 
poloxamer-coated superparamagnetic iron-oxide nanoparticles with R2 values of 0.98 and 0.99 based on 
two columns experiments (Mellage et al. 2018). In addition, the formation of non-metallic calcite phases 
from groundwater components following pH increases triggered by OH- production during Fe0 oxidation 
may decrease phase shift, complicating the interpretation of signal changes with time (Wu et al. 2008; Wu 
et al. 2009). 

1.1.2.2 Direct and Indirect Indicators of Microbial Activity 

The most quantitative and mechanistic characterization of SIP signals has been proposed for detection of 
bacteria. SIP has been used for characterization of intrinsic electrochemical properties of bacterial cells, 
including the cell surface-electrolyte interface (Prodan et al. 2004). The low-frequency dependent 
responses of bacterial cells are associated with the polarization of the EDL and Stern layers that develop 
along the outer membrane of bacterial cells in contact with aqueous solutions due to their net negative 
surface charge (Abdel Aal et al. 2004; Atekwana et al. 2002; Revil et al. 2012; Zhang et al. 2014). 
Previous signals from bacteria have been observed at low frequencies (0.125 to 10 Hz) associated with 
phase shifts up to 2 mrad (Abdel Aal et al. 2009; Davis et al. 2006; Ntarlagiannis et al. 2005; Revil et al. 
2012; Turick et al. 2019; Zhang et al. 2013). 
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Revil et al. (2012) and Zhang et al. (2014) have proposed a quantitative model to describe the SIP 
responses of bacterial cell suspensions and cells attached to saturated porous media. According to the 
model, the imaginary conductivity is proportionally responsive to the concentration of bacteria cells in 
suspension once the formation factor (F) of the porous media has been considered. By contrast, the real 
conductivity is insensitive to suspended cells but can provide information about the density of attached 
cells (biofilms), which can alter the surface conductivity and constrain pore spaces (Revil et al. 2012; 
Zhang et al. 2014).  

Table 1.1. Comparison of frequencies (in Hz) at which SIP response has been observed for various 
amendments. 

Frequency 
(Hz) Type References 

0.05 - 100 Bacteria 0.1 - 10 Hz (Revil et al. 2012), 0.05 to 100 Hz (Revil et al. 2012; Zhang et al. 2014) 
< 1.0 Surface area Due to calcite precipitation (Saneiyan et al. 2018) 
500, 2000 Calcite Formation (500 Hz), maturation (2000 Hz) (Wu et al. 2010) 
0.001 - 0.1 Clays 0.001 to 0.1 Hz (Szecsody et al. 2020a) 

0.1 - 10 Adsorbed Fe2+ 
0.1 - 10 Hz as produced with dithionite reductant - Szecsody 2020a; < 4 Hz - Orozco 
et al. 2011 

0.001 - 0.1 FeS, FeS2 
0.001 to 0.1 Hz decrease as produced by calcium polysulfide reaction and addition of 
minerals (Szecsody et al. 2020a) increase at 0.001-0.1 and < 100 Hz (Orozco et al. 
2011; Williams et al. 2009) 

0.001 - 0.03 Structural Fe Structural ferrous iron in 2:1 clays (Szecsody et al. 2020a) 

5000 
Zero valent 
iron 

Nano-size (Abdel Aal et al. 2014; Szecsody et al. 2020a) 

1.1.3 Field-Scale SIP for Remediation Monitoring 

Most previous field SIP measurements have been conducted for mineral exploration. However, this 
section describes the growing body of work using SIP for remediation monitoring and characterization. 
Because field ER measurements often cannot differentiate changes induced by remediation activities from 
baseline heterogeneities, SIP has been successfully used to delineate regions of active remediation. 
Previous field applications successfully observed changes in IP signals during bio-reduction by injection 
of acetate (Orozco et al. 2015), microbe-induced carbonate precipitation (Saneiyan et al. 2019), and 
detection of organic plumes (Ntarlagiannis et al. 2016). Maximum signal shifts observed are up to 
80 mrad phase shifts and 5 mS/m imaginary conductivity, which have represented a change of up to 500% 
as compared to baseline phase shifts prior to remediation, as summarized in Table 1.2.  

SIP applications in field settings have identified opportunities for improvement in the following areas: 
scaling up, frequency range, and inversion methods (Orozco et al. 2015, 2011; Saneiyan et al. 2019; 
Williams et al. 2009). There is also a need to extend applications to additional remediation technologies in 
the field. Previous SIP experiments have used small-scale (1-meter electrode spacings, up to 30 electrodes 
per array) surface arrays with different types of electrodes, including copper sulfate, stainless steel, silver 
chloride, and graphite (Orozco et al. 2015, 2011; Saneiyan et al. 2019; Williams et al. 2009). In addition, 
these data have been limited in the range of frequency (0.125 to 4.0 Hz), with the acknowledgement that 
it is critical that future field studies expand this range (Orozco et al. 2015, 2011; Williams et al. 2009), 
although higher frequencies may lead to induction coupling problems (Sogade et al. 2006). There is also a 
need to develop improved methods of SIP inversion that increase resolution and reliability of final images 
(Saneiyan et al. 2019). 
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Previous characterization and monitoring applications have focused primarily on detection of highly 
conductive and polarizable materials (e.g., iron sulfides) with recent work delineating the impacts of 
insulating materials (e.g., calcite) (Saneiyan et al. 2019). For example, Orozco et al. (2015) measured SIP 
signals from guar gum coated, micron-sized iron materials into a 1.5-m3 volume of the subsurface with 
shifts of up to 80 mrad and imaginary conductivity up to 5 mS/m. In the short term (up to 12 hours after 
the last injection), changes in signals were modest (25% for phase shift and 10% for electrical 
conductivity). In some regions, a slight decrease (10%) in conductivity was observed with a reduction in 
porosity. A reduction in polarization was also observed in some regions and was suggested to be due to 
accumulation of guar gum coated iron on sediment surfaces, decreasing electrical conduction and 
polarization. This was further correlated with laboratory measurements highlighting a decrease in zeta 
potential (or the electrical potential at the slipping plane, which is generally within the diffuse layer of the 
EDL) with guar gum coatings. 

Orozco et al. (2011) also conducted a 2-year experiment monitoring the impacts to the subsurface during 
bioremediation with phase shifts of up 40 mrad. Up to 88 days after the short-term injection (31 days), 
phase shifts decreased to < 5 mrad across the injection area as measured at 1 and 4 Hz. Phase shifts 
increased significantly following the second round of acetate injection for 110 days where, after day 450, 
phase shifts were > 40 mrad and persisted over time, with the greatest shifts observed at low frequency 
(0.25 Hz) and correlated with iron sulfide formation. In addition, increases in Fe(II) correlated with 
increases in phase shift (R2 > 0.94) and imaginary conductivity (R2 > 0.95) across all frequencies. 
Williams et al. (2009) observed increases at 0.125 and 1.0 Hz near the zone of injection of acetate to 
stimulate microbial reduction, although the difference in the magnitude of the phase response as 
compared to the initial conditions was greater at 1.0 Hz. Moreover, increases of up to 125% of the 
baseline phase shift (max of 16 mrad) were directly correlated with regions that observed an accumulation 
of electroactive ions and precipitation of sulfide minerals. Although frequency-specific shifts were not 
correlated to changes in the field experiments, a companion column experiment showed that increases in 
aqueous Fe(II) correlated with broad increases across frequency (1 to 1000 Hz) while increases in sulfate 
reduction were more significant at low frequency.  

Recent work by Saneiyan et al. (2019) has also considered the impact of microbe-induced calcite 
precipitation on changes in SIP following injection of sugarcane molasses to stimulate bacteria, followed 
by urea injection to promote calcite bio-mineralization over 15 days. They observed a 500% increase in 
imaginary conductivity (max of 6 mrad for phase shifts) in comparison to only a 30% increase in real 
conductivity relative to the baseline, with significant impacts observed beginning at 6 days after injection. 
However, the specific frequency at which these observations were made was not reported as data were 
collected in the time domain, although they correlate with low frequency (Fiandaca et al. 2017). 

These previous field applications show that there is significant potential for SIP to help address critical 
characterization and monitoring problems. This work will measure SIP response to a broader range of 
amendments and remediation technologies than previously considered, including redox-active particulate 
amendments (ZVI and SMI) as well as amendments that exhibit strong sorption and/or co-precipitation of 
contaminants (calcite, apatite, and bismuth). The amendment technologies tested in this report are 
currently under consideration for remediation of the Hanford Site’s Central Plateau based on a previous 
review of available technologies for deep vadose zone remediation (DOE/RL 2019). Due to the limited 
frequency range of current field application configurations and technologies as summarized in Table 1.2, 
this work focuses on lower frequency applications (< 100 Hz). 
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Table 1.2. Summary of field experiments monitoring remediation with SIP. 

Monitoring 
Period 
(days) 

Electrode 
Spacing 
(m)/ # of 
electrodes 

Frequency 
Range 
(Hz) 

Maximum 
Phase 
Shifts 
(mrad) Remediation Technology Reference 

0.5 1/30 0.125 80 Injection of guar gum coated iron Orozco et al. 2015 

15 1/24 0.125, 1, 10 16 
Injection of acetate to stimulate bio-
reduction 

Williams et al. 2009 

57 1/30 0.25 to 4.0 40 
Injection of acetate to stimulate bio-
reduction 

Orozco et al. 2011 

730 1/24 NM 6 
Injection of molasses and urea to 
stimulate bio-precipitation of calcite 

Saneiyan et al. 2019 

NM – not measured    
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2.0 Materials and Methods 

2.1 Materials 

2.1.1 Amendment and Porous Media Materials 

The amendments listed in Table 2.1 were tested via SIP in the laboratory and include ZVI, SMI, calcite, 
bismuth, and apatite. X-ray diffraction (XRD) analysis was conducted for these amendments as shown in 
Table 2.2 to confirm intended mineral phase and purity and to correlate changes in mineralogy with SIP 
changes. Full XRD methods and patterns as well as mineral synthesis methods for select amendments are 
summarized in Appendix A, Section A.1. Two different types of porous media were used in column 
experiments, including Hanford formation sediments from the Pasco Gravel Pit in Pasco, WA, and high-
purity silica sand commercially available from Unimin Corporation (Accusand 40 – 60 mesh). The 
mineral surface area and compositions from Brunauer – Emmett – Teller (BET) and XRD, respectively, 
for both sediments are shown in Table 2.3.  

Table 2.1. Summary of amendments tested in the laboratory. 

Amendment Description 

BET Surface 
Area  

(m2/g)(a) Vendor or Lab-Synthesized 
Zero valent iron – 1 (ZVI) < 44 µm 0.852 ± 0.081 Hepure (target) 
Zero valent iron – 2 (ZVI-2) 1 – 5 µm 0.729 ± 0.005 Ashland 
Zero valent iron – 3 (ZVI-3) 44 µm 0.206 ± 0.055 Alfa Aesar (325 mesh) 
Zero valent iron – 4 (ZVI-4) 74 µm 0.061 ± 0.010 Alfa Aesar (200 mesh) 
Zero valent iron – 5 (ZVI-5) 149 µm 1.705 ± 0.013 Hepure (Flow) 
Zero valent iron – 6 (ZVI-6) 841 µm 0.093 ± 0.004 Alfa Aesar (20 mesh) 
Zero valent iron – 7 (ZVI-7) 10 µm 0.367 ± 0.002 Alfa Aesar (< 10 µm) 
Zero valent iron – 8 (ZVI-8) 6-10 µm 0.410 ± 0.004 Alfa Aesar (6-10 µm) 
Sulfur modified iron (SMI) 0.841 – 0.297 mm 1.544 ± 0.006 Veolia 
Calcite  CaCl2 + NaCO3 0.256 ± 0.002  Synthesized 
Bismuth Sub-nitrate 0.86(b) Sigma Aldrich (B0426) 
Apatite – 1 (Abiotic apatite) Hydroxyapatite 55.86 ± 0.11 Sigma Aldrich (289396) 
Apatite – 2 (Bio-apatite) Bio-precipitated 94.44 ± 0.05 Synthesized 
(a) BET surface area conducted in triplicate. 
(b) As reported in Cordova et al. 2020. 

Table 2.2. Summary XRD results for amendments. 

Amendment Description 
Zero valent iron – 1 (ZVI)(a) 78.8% iron, 9.0% magnetite, 7.8% quartz, and 4.4% wustite 
Zero valent iron – 2 (ZVI-2) NA 
Sulfur modified iron (SMI)(a) 60% iron, 33% magnetite, 7% FeO 
Calcite  99% calcite, 0.8% sodium chloride 
Bismuth(b) 100% bismuth oxide nitrate hydroxide hydrate, Bi6[NO3]5O[OH]3[H2O]3 
Apatite – 1 100% hydroxyl-apatite 
Apatite – 2 (Bio-apatite) 99% hydroxyl-apatite, 0.4% quartz 
NA – not available 
(a) As reported in Lawter et al. 2018. 
(b) As reported in Cordova et al. 2020. 
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Table 2.3. Summary of porous media materials utilized in experiments. 

Material Description 

BET Surface 
Area  

(m2/g)a XRD (semi-quantitative) 
Sand 40 – 60 mesh 0.160 ± 0.003 59% quartz, 41% feldspar 
Hanford  < 2 mm 3.70 ± 0.37 42% quartz, 40% feldspar, 10% mica, 6% pyroxene, 1.2% chlorite 
(a) BET surface area conducted in triplicate. 

2.1.2 Columns and Equipment 

Custom-built columns were constructed with end caps and side ports to accommodate Ag-AgCl 
electrodes for the collection of geophysical data. Briefly, the columns were 1.27 cm (1/2 in.) inner 
diameter (ID), schedule 80, clear polyvinyl chloride (PVC) with a body length of 8 cm (3.15 in.) or 61 cm 
(25 in.), as shown in Figure 2.1. A conventional Wenner array with a four-electrode design was used for 
all data collection on 8.0-cm length columns (Seidel and Lange 2007), while 61-cm length columns 
allowed for collected of data across more pairs of potential electrodes with different sediment layers. 
Threaded end caps were constructed from polyethylene terephthalate (PET) plastics. All electrodes were 
prepared from 1.6 mm (1/16 in.) Ag-AgCl wire (Ag wire reacted with NaOCl for > 48 hours) with 
straight wires inserted into Nylon tubes and 3.18 mm (1/8 in.) to 6.35 mm (1/4 in.) polyether ether ketone 
(PEEK) fittings for potential electrodes spaced equidistant along the column body and coiled wires used 
as current electrodes inserted into the end caps (Figure 2.2). The electrodes were connected to coaxial 
cables with radio frequency fittings (brass, 50 Ω, Amphenol Manufacturer, Wallingford, CT).  

To reduce the possibility of electrode polarization, potential electrodes were placed approximately 
1.27 cm (1/2 in.) from the column (from the surface where the sediments contact the column body) or 
twice the ID of the cable gland with porous Nylon placed inside the connection for the potential 
electrodes (Huisman et al. 2016; Zimmermann et al. 2012). This design allowed for exchange of pore 
solutions with potential electrodes without interaction with the current injected through the sediments 
within the column. In addition, based on previous publications, potential electrodes were placed at least 
twice the diameter from the current electrodes in the end cap and at least 2-3 cm apart (Kemna et al. 2012; 
Zimmermann et al. 2008b). All measurements were collected using a portable SIP unit (Ontash and 
Ermac) (Figure 2.3). 

In preparation for future experiments under unsaturated conditions, a new design was tested to allow for 
increased contact between electrodes and sediments in low water content conditions. These preliminary 
results are presented in Appendix C. 
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Figure 2.1. AutoCAD schematic of the column design. 

 

Figure 2.2. Electrode design with top representing potential electrodes installed along the column body 
with Ag-AgCl wire from associated PEEK fittings and bottom representing the current 
electrodes installed in end caps with Ag-AgCl wire and associated PEEK fittings. 
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Figure 2.3. Photograph of SIP unit with attached cables that are connected to electrodes via radio 
frequency fittings. 

2.2 Spectral Induced Polarization  

2.2.1 Geometric and Intrinsic Factor Calculations 

The following equations were used to calculate the geometric factor, k, for the columns with estimated 
factors summarized in Appendix B (Table B.3). Based on Eq. (2.1), a linear regression is used to calculate 
the geometric factor following the measurement of resistance (impedance, ohms) in columns filled with 
solutions of varying ionic strength: 0.001, 0.01, 0.05, 0.1, and 1.0 M NaCl. The complex resistivity of the 
solution was converted from a measurement of the conductivity of each solution at 20°C via electrode and 
meter (Orion 4Star meter with Orion 013005MD electrode) calibrated daily with certified standards 
(Inorganic Ventures). These measurements were independently validated using Eq. (2.2) to calculate the 
complex resistivity of the solution based strictly on the physical dimensions of the column.  

𝜌 ൌ 𝑘 ൈ  𝑅 (2.1) 

where R = complex resistance or impedance (ohms), ρ = complex resistivity (ohmscm), k = geometric 
factor (configuration specific, cm). 

𝑅 ൌ
𝐿 ൈ 𝜌
𝐴

ൌ
𝐿 ൈ 𝜌
𝜋𝑟ଶ

 (2.2) 

where L = column length (cm), A = column area (cm2), and r = column radius (cm). 

Further, the intrinsic electrical formation factor, F, was computed using Eq. (2.3) for columns packed 
with sand and Hanford formation sediments. This factor describes the dependence of the bulk resistivity 
(ρ) to the resistivity of the fluid filling the pore space (ρw); this dependence is a function of porosity and 
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the connectivity of the pore space, as described by a cementation exponent. This factor was independently 
measured for variable ionic strength solutions and regression analysis was used to describe the 
relationship between the inverse measured bulk resistivity and the inverse of the solution resistivity. It 
allows for measurement of the surface resistivity of the porous material based on the F factor. 

1
𝜌
ൌ

1
𝐹𝜌௪


1
𝜌௦

 (2.3) 

where ρ = measured complex resistivity (ohmscm), ρw = solution resistivity, ρs = matrix resistivity, and F 
= intrinsic formation factor.  

Calculated formation factors for sand and Hanford formation sediments are summarized in Appendix B 
(Table B.2 and Table B.3, respectively) based on Eqs. (2.1) and (2.3) with calculations using multiple 
frequencies based on Eq. (2.2). These results highlight that the method of estimation of the geometric 
factor based on the sample holder geometry (L/A) provides similar estimation factors based on regression 
measurements collected at variable ionic strength (across four orders of magnitude), although the variable 
ionic strength measurements allow for a more accurate correction for each column. Further, it should be 
noted that both factors are theoretically independent of frequency. This independence is confirmed as 
summarized in Figure B.1 and Table B.4 in Appendix B. 

2.2.2 Resistivity and Conductivity Relationship 

The complex conductivity (σ, S/cm) is the inverse of the complex resistivity (ρ, Ω-cm) based on Eq. (2.4). 
Real and imaginary conductivity can then be calculated from Eqs. (2.5) through (2.7). The real 
conductivity was described further using Eq. (2.8) to distinguish surface conductivity from that of the 
bulk electrolyte (Abdel Aal et al. 2004; Garcia 2018; Joseph 2016; Binley and Slater 2020). 

𝜎 ൌ
1
𝜌

 (2.4) 

𝜎 ൌ 𝜎ᇱ  𝑖𝜎ᇱᇱ (2.5) 

𝜎ᇱ ൌ |𝜎|𝑐𝑜𝑠ሺ𝜑ሻ (2.6) 

𝜎ᇱᇱ ൌ |𝜎|𝑠𝑖𝑛ሺ𝜑ሻ (2.7) 

𝜎ᇱ ൌ
𝜎௪ᇱ

𝐹
 𝜎ᇱ௦௨ ൌ 𝜎′  𝜎ᇱ௦௨ (2.8) 

where σ' is the real conductivity and σ" is the imaginary conductivity based on the measured impedance 
magnitude and phase. The F is the sediment intrinsic formation factor, σsurf' is representative of the 
interfacial conductivity or conduction (transport) along the surface of grains and pore spaces, σw' is the 
solution conductivity, σ" is the result of diffusive polarization effects on the surface, and σel' is the 
electrolytic conductivity.  

Moreover, the imaginary conductivity can also be written in terms of a frequency-dependent dielectric 
permittivity, although it reflects the quadrature component of the conductivity rather than a pure dielectric 
effect (Hao et al. 2015). 
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2.3 Amendment Testing Protocols 

Amendments were packed into columns with Hanford formation sediments (< 2 mm size fraction) or sand 
(40-60 mesh, Accusand) at variable concentrations (0.1, 1.0, and 10 wt.% for most amendments – 
differences noted in Section 3.0). Each column was fully saturated with artificial groundwater (AGW) or 
artificial perched water (APW) (recipes in Appendix A) prior to collection of data. SIP measurements 
were collected from 0.001 to 10,000 Hz with 71 datapoints or 0.01 to 1,000 Hz with 51 datapoints across 
the frequency range, with 10 measurements for each order of magnitude in phase shift across frequencies. 
All SIP runs were collected in triplicate (via three loops across the range of frequencies) and many 
columns were also prepared in triplicate. Further, a conductance meter and electrode were used with 
certified standards (Inorganic Ventures) to measure the conductivity (µS/cm) for aqueous solutions 
injected into the columns. SIP measurements were collected immediately after packing and saturating 
with select samples monitored over time (up to 77 days). Select samples were also analyzed for pH 
(Fisherbrand Accumet 13-620-183A electrode and Orion Star meter), dissolved oxygen (Thermo Orion 
DO 081010 electrode and Orion model 810 meter), redox potential (Mettler Toledo Pt 4865-50-90-K9 
electrode with Fisher Accumet XL150 meter), and total Fe, Ca, P, Na, and K by inductively coupled 
plasma optical emission spectrometry as described in Section A.3.1 in Appendix A.  

All experiments in 8-cm columns were conducted under static conditions (no flow) with injection of 
solution only upon sampling. However, experiments conducted in 61-cm columns were subjected to 
continuous flow conditions unless specified – an additional description of experiments in 61-cm columns 
is included in Section 3.2.1.5 for testing in situ formation of bioapatite, Section 3.2.1.3 for testing in situ 
formation of apatite from polyphosphate, and Sections 3.4.3 and 3.4.4 and Appendix A, Section A.3.1, for 
dual amendment testing with SMI and subsequent treatment by calcite or apatite forming solutions. In 
addition, one set of experiments for in situ injection of particles was conducted with brass current and 
potential electrodes with 2.54-cm (1-in.) diameter PVC columns of 30.5 cm (12 in.) in length (Section 
3.3.1.3) for in situ injection of ZVI with xanthan gum as a carrier solution. The design of potential 
electrodes was identical to the previous description with the exception of the material (brass as opposed to 
Ag-AgCl wire). Current electrodes in the end caps were replaced with a 60-mesh (250-µm) brass screen 
to allow for injection of micron-size particles without significant impacts to flow. 
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3.0 Results 

SIP measurements were collected with varying concentrations of amendment (i.e., mass fraction) in silica 
sand and in Hanford formation sediments to determine if the amendments could be successfully detected 
at different stages of remediation with SIP. Amendments were either mixed with sediments after 
precipitation and packed into columns or delivered (in situ) to columns via particulate injection or 
mineral-forming solution injection. The primary focus is the phase shift and imaginary conductivity. In 
some instances, the real conductivity (or solution conductivity), which is a measurement primarily of the 
ionic strength of solutions, is changing over time with solution delivery and mineral formation. The SIP 
response to remediation amendment occurs at some time after the injection of a precipitate-forming 
solution (e.g., calcite- or apatite-forming solutions) depending on reactivity and subsequent changes to the 
solid surfaces. ZVI and SMI are not immediately redox reactive upon injection into porous media and can 
take days to weeks to form a rind of redox-reactive ferrous phases on the iron surface, which may impact 
their SIP signatures over time. Their chemical reactivity can also be impacted by carrier fluids (e.g., 
xanthan gum) used to increase injectability.  

3.1 Silica Sand and Hanford Formation Sediment with No 
Amendments 

For comparison to amendment additions, SIP measurements were collected on clean, untreated silica sand 
(Accusand) and Hanford formation sediment (Figure 3.1). The phase shift (i.e., phase angle) was 
significantly smaller for the silica sand, and both sand and sediment increased the phase shift as the 
frequency increased above 10 Hz. The imaginary conductivity of the Hanford formation sediment is one 
to two orders of magnitude greater than the sand at all frequencies, as expected. The greater difference 
between the sand and Hanford formation sediments at low frequency (< 0.1 Hz) may be due to increased 
electrical conductivity of clays with a maximum near 0.1 Hz based on previous work (Slater and Lesmes 
2002; Szecsody et al. 2020a) as well as the heterogeneity in particle size and mineralogy of sediments as 
compared to the sand. This response is commonly observed in sediments, where the particle size and clay 
content have been shown to impact the baseline but may be inversely correlated (Mellage et al. 2018; 
Slater and Lesmes 2002). Modeling by Bücker et al. (2018, 2019) further confirmed that increasing 
particle size leads to a decrease in the frequency (increasing relaxation time) at which the maxima is 
observed for a polarizing particle. Due to the increased response and potential for Maxwell Wagner 
polarization and parasitic capacitive coupling with the SIP instrument (Wang and Slater 2019), the 95% 
confidence intervals (CIs) increased at higher frequency (i.e., greater variability between the SIP 
measurements on the three columns). In addition, the variability in the baselines for Hanford sediments 
was greater than the variability for sand, possibly due to increased heterogeneity with respect to both 
surface area and mineralogy with the sediments. 

For amendment additions in subsequent sections, phase shift, real conductivity, and imaginary 
conductivity are shown along with normalized imaginary conductivity. The normalized imaginary 
conductivity is the amendment imaginary conductivity divided by the imaginary conductivity of the 
sediment with no additions. This normalization is used to highlight the differences with variable 
amendment concentrations added to sediment or sand after dividing by the baselines shown in Figure 3.1. 
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Figure 3.1. SIP response for sand and Hanford formation sediment with no amendment additions  and 
saturated with either AGW or APW as depicted in the legend for (a) phase shift and (b) 
imaginary conductivity with respect to frequency (hertz), where lines represent 95% CIs for 
data collected for triplicate columns and circles represent the average response for each 
frequency. Note: 95% CIs removed for Sand + AGW in the imaginary conductivity (b) to 
simplify due to overlapping lines. 

3.2 Low-Conductivity Amendment Materials 

3.2.1 Apatite Amendments 

3.2.1.1 Inorganic Apatite Mixed with Sand 

Additions of a commercial apatite material (apatite – 1, Sigma Aldrich) at concentrations ranging from 1 
to 10 wt.% in silica sand showed a shift in the phase and imaginary conductivity (Figure 3.2). The circles 
represent the average with each weight fraction of apatite. The phase shift for 10 wt.% apatite (black 
circles, Figure 3.2a) was 10 times greater than the untreated sand in the 0.1 to 10 Hz frequency range. The 
imaginary conductivity change was also greatest in the 0.1 to 10 Hz range, as was the corresponding 
change in phase shift (Figure 3.2b and c). The real conductivity was between 50 and 65 µS/cm for all 
wt.% of apatite and is primarily due to the solution conductivity of AGW as discussed in Section 2.2.  

The imaginary conductivity better represents changes in surface conductivity and polarization [accounting 
for change in the real conductivity by separating the complex conductivity into real and imaginary – 
Eq. (2.5)]. Although the addition of apatite led to a decrease in phase shift and change in imaginary 
conductivity relative to the untreated sediment, the changes were not linearly related to the percent apatite 
nor were they consistent across the frequency range. The normalized imaginary conductivity more clearly 
shows the frequency range of change relative to the untreated sand. The 1 wt.%, 3 wt.%, and 5 wt.% 
apatite showed nearly the same change relative to the untreated sediment, and the 10 wt.% apatite showed 
a significantly greater change relative to the untreated sediment with a maximum near 5 and < 0.1 Hz. It 
is possible that the changes with addition of apatite are due to the different EDL of apatite particles as 
compared to sand due to their differing surface charges (Zhou et al. 2020) and particle sizes (Table 2.1 
and Table 2.3), as well as the physical interactions between the two (e.g., blocking of pore throats with 
apatite) (Chuprinko and Titov 2017; Bücker et al. 2019). 



PNNL-30440 Rev 1 
DVZ-RPT-0049 Rev 1 

Results 3.3 
 

Additional SIP measurements were collected with the same apatite added to sand columns, but saturated 
with APW, which has approximately four times greater ionic strength relative to AGW (ionic strength is 
7.1 and 32.6 mmol/L for AGW and APW, respectively). A plot of the normalized imaginary conductivity 
shows a consistent increase in imaginary conductivity (Figure 3.3d) and phase shift (Figure 3.3a) with 
greater apatite content by weight in the 0.01 to 10 Hz range for apatite mixed with sand and saturated with 
both APW and AGW, although the 10 wt.% apatite data shows considerable noise above 10 Hz 
frequency. Overall, the results show that commercial apatite is detectable at 10 wt.% in sand with the 
greatest response at low frequency (< 0.1 Hz), which can be measured at field scale. These results show 
that detection of apatite alone is unlikely in a remediation setting except source locations with high 
concentrations delivered as most previous field injections resulted in less than 0.5 wt.% or 5 mg/g of 
apatite (Szecsody et al. 2020b, 2016; Vermeul et al. 2014). 

 

Figure 3.2. SIP response to apatite-1 (Sigma Aldrich) mixed at variable wt.% in sand saturated with 
AGW, as shown by (a) phase response, (b) real conductivity, (c) imaginary conductivity, and 
(d) normalized imaginary conductivity with respect to sediment without amendment where 
circles represent the average response for each frequency. 
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Figure 3.3. SIP response to apatite-1 (Sigma Aldrich) mixed at variable wt.% in sand saturated with APW  
as shown by (a) phase shift, (b) real conductivity, (c) imaginary conductivity, and 
(d) normalized imaginary conductivity with respect to sediment without amendment where 
circles represent the average response for each frequency. 

3.2.1.2 Inorganic Apatite Mixed with Hanford Formation Sediments 

Different percentages of apatite added to the Hanford formation sediment showed phase and imaginary 
conductivity shifts in the 0.01 to 1 and > 10 Hz frequency ranges (Figure 3.4). The lower frequency 
changes were similar to apatite additions to sand (Figure 3.2 and Figure 3.3), although the range of 
increase in imaginary conductivity was broader in the sand (< 10 Hz). The phase shifts show small 
increases with increasing apatite content (Figure 3.4a), although they are likely not significant within the 
error between the triplicate columns (see error on control sediments in Figure 3.1). Moreover, the 
imaginary conductivity shows differences between the 0.1 wt.% and 1 wt.% apatite additions, although 
there is a significant increase in the high and low frequency range for the 10 wt.% apatite (Figure 3.4b 
and c). The maxima for phase shift and imaginary conductivity for 10 wt.% apatite also shift to lower 
frequencies (0.5 to 0.05 Hz) and higher frequencies (> 10 Hz), highlighting both a low and high 
frequency change in SIP response. The normalized imaginary conductivity illustrates a similar trend, 
which increases over the frequency range of 1 to 0.01 and > 10 Hz (Figure 3.4d), although the greater 
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variability in the 10% apatite columns should be considered as the relative percent difference in the 95% 
CIs was approximately 65% and 130% for the low frequency (< 1 Hz) and high frequency (> 100 Hz), 
respectively, as compared to 8% and 12% for the three duplicate columns for 1 wt.% apatite (Figure 
3.4c). However, these phase shifts and imaginary conductivity changes may differ in a more 
heterogeneous sediment or with the injection of a solution that precipitates apatite, as precipitates may 
preferentially coat high surface area clays, micas, and Fe oxides in sediment, all of which exhibit some 
capacitance (and phase shift) without amendments. Moreover, when apatite is mixed with sediment as 
opposed to precipitated in the presence of sediment, it may physically block some pore spaces and impact 
the surface conductivity by interacting with the EDL (Chuprinkov and Titov 2017). Although the 
low-frequency changes may not be differentiated from the baseline for the Hanford formation sediment 
based on relative signal, they may be differentiated based on the shift in peak maxima, which suggests a 
change in the characteristic time constant or chargeability (Binley and Slater 2020). In addition, there is 
potential to observe apatite in heterogeneous sediments at high frequencies (> 10 Hz). These results are 
different from observations for apatite in sand, which would likely be undetectable, highlighting the 
importance of understanding the SIP baseline signal from sediments.  

 

Figure 3.4. Apatite-1 (Sigma Aldrich) at variable wt.% in Hanford formation sediments saturated with 
AGW with (a) phase shift in mrad, (b) real conductivity, (c) imaginary conductivity in µS/cm, 
and (d) normalized imaginary conductivity with respect to sediment without amendment 
where circles represent the average response for each frequency. 
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3.2.1.3 Inorganic Apatite In Situ Formation in Laboratory-Scale Columns 

For comparison with apatite mixed with sediments, apatite was also precipitated in situ in 24-in. length by 
0.5-in. ID columns from polyphosphate solutions as described in Appendix A, Section A.1.5. After 
injection of polyphosphate solutions, SIP response was monitored for approximately 40 days as shown in 
Figure 3.5, Figure 3.6, and Figure 3.7 for data collected across multiple pairs of SIP electrodes as depicted 
in Figure 3.6. Then, the columns were flushed with AGW and monitoring continued up to 70 days with 
effluent monitoring summarized in Figure 3.8 and solid phase characterization in Table 3.1. The total P in 
extract 6 likely represents apatite as not enough Ca is removed in extract 5 for stoichiometric apatite. 
Loadings of P are relatively consistent throughout the column, suggesting an even distribution, which is 
consistent with SIP response for three potential electrode pairs across the column body. For all three SIP 
potential electrode pairs, the phase shifts decreased significantly after injection of polyphosphate 
solutions while the real conductivity and imaginary conductivity both increased.  

A significant increase in real conductivity was observed, primarily due to the significant ionic strength of 
the polyphosphate solution (> 6000 µS/cm) as compared to AGW (< 300 µS/cm). However, as the 
column was static (no flow) for approximately 40 days after injection of polyphosphate, the decrease in 
real conductivity over time for all three electrode pairs suggests that apatite is slowly precipitating from 
the polyphosphate solution and consuming ions. Following flushing of the column with AGW, the real 
conductivity decreased significantly but was still approximately three times the initial solution 
conductivity and real conductivity as confirmed by effluent solution conductivity monitoring in Figure 
3.8. 

The changes observed with time in the imaginary conductivity were relatively smaller. However, after 
comparison of the three electrode pairs in Figure 3.5, Figure 3.6, and Figure 3.7 part C, the observed trend 
is similar to that observed for the real conductivity. Initially, the imaginary conductivity peak in the low 
frequency range was observed at approximately 0.3 Hz with a maximum near 0.3 µS/cm, indicating a 
relatively low surface polarization. Previous research has observed a maximum in this range of low 
frequency due to the presence of clays in sediments (Slater and Lesmes 2002; Szecsody et al. 2020a). 
Following injection of polyphosphate solutions, imaginary conductivity increases to approximately 0.6-
0.7 µS/cm, likely due to both interaction of the high salt concentration with the EDL of sediments and 
formation of apatite on sediment surfaces. 
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Figure 3.5. SIP results for electrode pair 1 for apatite-1 (inorganic apatite) formed in situ over time in 24-in. column packed with Hanford 
formation sediments and saturated with AGW and apatite-forming solutions with monitoring over time as (a) phase shift in mrad, 
(b)  real conductivity, and (c) imaginary conductivity in µS/cm with respect to initial sediment without amendment (open yellow 
circle), where circles represent the average response at each frequency for three loops of data collected. 
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Figure 3.6. SIP results for electrode pair 2 for apatite-1 (inorganic apatite) formed in situ over time in 24-in. column packed with Hanford 
formation sediments and saturated with AGW and apatite-forming solutions with monitoring over time as (a) phase shift in mrad, 
(b) real conductivity, and (c) imaginary conductivity in µS/cm with respect to initial sediment without amendment (open yellow circle), 
where circles represent the average response at each frequency for three loops of data collected. 
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Figure 3.7. SIP results for electrode pair 3 for apatite-1 (inorganic apatite) formed in situ over time in 24-in. column packed with Hanford 
formation sediments and saturated with AGW and apatite-forming solutions with monitoring over time as (a) phase shift in mrad, 
(b) real conductivity, and (c) imaginary conductivity in µS/cm with respect to initial sediment without amendment (open yellow circle), 
where circles represent the average response at each frequency for three loops of data collected. 
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Figure 3.8. Results for effluent monitoring following equilibration of polyphosphate solutions with 
Hanford formation sediments in 24-in. column for one month and then flushing with AGW for 
up to 70 days. 

Table 3.1. Summary of destructive characterization of polyphosphate column , including solid phase 
extraction of phosphorus (based on added P as compared to control Hanford sediment without 
polyphosphate treatment) and moisture content measurements following column sectioning 
after 70 days. 

Column  
Location 

Phosphorus (µg/g) Phosphate (Ext 6) 
(wt.%) 

Moisture Content 
(dry wt.%) Extract 5 Extract 6 

Inlet 624 772 0.24 28 
SIP1 521 577 0.18 27 
Space 1 433 662 0.20 28 
SIP 2 503 709 0.22 28 
Space 2 557 581 0.18 29 
SIP 3 565 703 0.22 26 
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Figure 3.9. Depiction of column and electrode configuration for in situ precipitation of apatite from 
polyphosphate. Note: A similar configuration was used for biotic precipitation from calcium 
citrate and phosphate solution. 

3.2.1.4 Biotic Apatite Mixed with Sand and Hanford Sediments 

Apatite-2 was synthesized in the absence of sediments as described in Appendix A, Section A.1.4, for 
comparison with the apatite-1 standard (Sections 3.2.1.1, 3.2.1.2) and apatite formed in situ by 
polyphosphate (Section 3.2.1.3). The phase shift for 3 wt.% apatite-2 (Figure 3.10a) was < 1.0 mrad over 
the 0.001 to 10 Hz frequency, which was similar to the phase shift (< 1.1 mrad) over the 0.01 to 10 Hz 
frequency range for 3 wt.% apatite-1 mixed with sand (Figure 3.2a). Moreover, similar values were 
observed for imaginary conductivity for apatite-1 and apatite-2 at 1 wt.%. These results suggest that the 
corresponding changes are similar for apatite-1 and apatite-2 (Figure 3.10b and Figure 3.2b) in the low 
frequency range, although their genesis and particle size are different (56 vs. 94 m2/g for apatite-1 versus 
apatite-2, respectively). However, the increase in higher frequency should be noted for apatite-2. 

The 0.5 and 3 wt.% apatite-2 additions to Hanford formation sediments showed a 10 to 15 mrad decrease 
in the 0.01 to 10 Hz frequency range that was significantly greater than the 95% CIs (not shown but less 
than 27% below 100 Hz, Figure 3.11a) based on data collected for triplicate columns. Apatite-2 in 
Hanford formation sediment also showed greater SIP phase shifts (Figure 3.11a) compared to addition to 
sand with maximum phase shifts of approximately 14 mrad as compared to 0.6 mrad in the range of 0.001 
to 10 Hz (Figure 3.10a). These phase shifts were somewhat greater than for the abiotic apatite (Figure 
3.3a) to Hanford sediment. The difference may be due to the higher surface area for the biotic apatite (94 
m2/g) relative to the abiotic apatite (56 m2/g), although it is unclear why this trend was not observed in the 
sand mixed with apatite-1 and apatite-2 and may be related to a different secondary interaction with the 
sediments.  
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Hanford Formation sediment

 

Figure 3.10. Apatite-2 (biotic apatite) at variable wt.% in sand saturated with AGW with (a) phase shift in 
mrad, (b) real conductivity, (c) imaginary conductivity in µS/cm, and (d) normalized 
imaginary conductivity with respect to sediment without amendment where circles represent 
the average response for each frequency. 
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Figure 3.11. Apatite-2 (biotic apatite) at variable wt.% in Hanford formation sediments saturated with 
AGW with (a) phase shift in mrad, (b) real conductivity, (c) imaginary conductivity in 
µS/cm, and (d) normalized imaginary conductivity with respect to sediment without 
amendment where circles represent the average response for each frequency. 

3.2.1.5 Biotic Apatite In-Situ Formation in Laboratory-scale Columns 

Bio-precipitated apatite (apatite-2) was formed in situ in columns via injection of a Ca-citrate/Na-
phosphate solution using unfiltered Columbia River water and Hanford formation sediment so natural soil 
and river water microbes could biodegrade the citrate (as described in Appendix A, Section A.1.4, with 
column depiction in Figure 3.9). This results in relatively high surface area apatite (94 m2/g), which 
previous studies have shown is a result of 100-nm-sized rods of apatite conglomerated on surfaces 
(Szecsody et al. 2009). Previous studies have also shown that there is very little inorganic carbon co-
precipitated in the apatite (0.02%). However, in the presence of very high microbial biomass 
concentrations (109 cells/mL), the organic carbon fraction in the apatite was up to 0.78%. Although this is 
small, there is potential to observe signatures from bacteria in the SIP response in the low frequency range 
(0.1 – 100 Hz) as illustrated by previous work (e.g., Revil et al. 2012). 
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Approximately five pore volumes of apatite-forming solutions (as described in Appendix A, Section 
A.1.4) were injected into a 24-in. length by 0.5-in. ID column and allowed to precipitate in the absence of 
flow over 2 weeks. After this period, the column was flushed with several pore volumes of AGW. The 
sediments reached relatively consistent loadings of phosphate (max of 0.1 wt.%), biomass (up to 107 
CFU/g), and organic carbon (up to 0.09 wt.%) across the column (Table 3.2). The biomass and organic 
carbon content indicate microbial growth occurred over the time of the experiment. 

Over time, there were significant changes in the SIP response, including a slow decrease in imaginary 
conductivity (or surface conductivity) and phase shift, which reached a maximum after 3 days with a peak 
of approximately 11 µS/cm at 0.001 Hz and 7 µS/cm at 1 Hz, although significant increases were also 
observed at higher frequencies similar to other amendments (Figure 3.12). The response is decreasing at 7 
and 10 days and decreases more after flushing with AGW at 14 days. These results are similar to those 
observed in data for smaller columns with apatite-2 mixed with Hanford formation sediments (e.g., Figure 
3.5), which suggests that apatite formation may decrease conductivity of sediment surfaces when formed 
in situ. Previous studies have shown that the Ca and phosphate initially precipitate as an amorphous 
phase, then progress to mono-calcium phosphate, di-calcium phosphate, and finally hydroxyapatite over 
the course of weeks to months (Moore et al. 2007; Sumner 2000). These results highlight that the SIP 
response changes with respect to both phase shifts and imaginary conductivity over time as the apatite 
precipitates, although additional work may be necessary to identify frequency-specific signals associated 
with the precipitation and crystallization of hydroxyapatite over time. 

It should be noted that the presence of microbial activity may also have impacted the SIP response, as 
Zhang et al. (2014) previously reported a linear relationship between microbe density in sand and 
imaginary conductivity at low frequency (0.05-0.1 Hz). However, it is unclear how the bacteria may be 
impacting the EDL in heterogeneous sediments while apatite is precipitating. A low-frequency response 
was also observed for apatite in previous experiments in the absence of bacteria. After initial injection of 
apatite-forming solutions, the real conductivity increases significantly, consistent with the high ionic 
strength of the solutions. However, it does not return to the AGW baseline during flushing, suggesting 
that remaining apatite continues to undergo slow dissolution. 
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Figure 3.12. Apatite-2 (biotic apatite) formed in situ over time in 24-in. length by 0.5-in. ID column packed with Hanford formation sediments and 
saturated with AGW and apatite-forming solutions with monitoring over time as (a) phase shift in mrad, (b), real conductivity, and 
(c) imaginary conductivity in µS/cm with respect to initial sediment without amendment (open, yellow circle), where circles represent 
the average response at each frequency for three loops of data collected.
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Table 3.2. Summary of destructive characterization of apatite-2 column after 130 days of reaction (with 
the first 14 days in the absence of flow with apatite forming solutions). 

Sample ID 
Phosphorus (µg/g) Phosphate (wt.%) 

Extract 6 
Biomass 
(CFU/g) 

Organic Carbon 
(dry wt.%) 

Moisture Content 
(dry wt.%) Extract 5 Extract 6 

Inlet 824 1001 0.10 1000 0.073 19.5 
SIP 1 807 866 0.05 10000 0.094 22.5 

Space 1 755 920 0.07 1000000 0.071 20.9 
SIP 2 537 856 0.05 1000000 0.080 19.8 

Space 2 536 825 0.04 10000 0.087 18.9 
SIP 3 518 816 0.05 10000 0.088 14.2 

3.2.1.6 Apatite Summary and Comparison 

For all experiments, the observed phase shifts and imaginary conductivity values were relatively low due 
to the low polarizability and conductivity of apatite minerals as summarized in Table 3.1. When an apatite 
standard material (apatite-1) was mixed with sand or Hanford sediments, little change was observed for 
0.1 and 1.0 wt.% additions, with a decrease in phase shift and imaginary conductivity in some cases when 
compared to sand or sediment without apatite. However, the 10 wt.% apatite always increased in phase 
shift and imaginary conductivity in the low frequency range (< 10 Hz). In Hanford sediments, the peak 
for the imaginary conductivity also shifted for the highest apatite loading when mixed, suggesting some 
change the time constant or chargeability of the surfaces, likely due to changes in particle or pore size 
(Chuprinkov and Titov 2017; Bücker et al. 2018, 2019; Binley and Slater 2020). The real conductivity 
was strongly dependent on the addition of APW or AGW in mixed columns with little change with 
apatite, further confirming the low surface conductivity of apatite. Biotic apatite additions (apatite-2, 
respectively) to the sand resulted in relatively similar phase shift and imaginary conductivity changes in 
the 0.001 to 10 Hz frequency range than observed for abiotic apatite, although an increased response was 
observed > 10 Hz.  

When apatite was precipitated in situ, the changes in phase shift and imaginary conductivity were more 
visible for a lower wt.% of apatite, as shown by loadings of apatite precipitated from polyphosphate of 
approximately 0.2 wt.% (Table 3.1) with a decrease in response compared to the control, which was 
consistent with that observed for apatite mixed in the columns. This is likely due to decreased variability 
in background sediments during the experiments in the absence of mixing and the potential for apatite to 
coat sediment surfaces as opposed to mixing with them. Moreover, the overall decrease in response is 
consistent with the low surface conductivity and polarizability of apatite minerals. However, for biotically 
precipitated apatite, there are two peaks observed in the phase shift and imaginary conductivity below 
10 Hz in the first 10 days of the experiment, which may be due to bacterial growth on surfaces. There is a 
different mechanism impacting surface polarization and conductivity as the response decreases more 
slowly than for in situ formation of apatite from polyphosphate.  

These results indicate promise in using SIP to monitor changes in both the solution phase (real 
conductivity) and surface polarization (imaginary conductivity) due to delivery of apatite-forming 
solutions and subsequent mineralization. Additional testing was conducted where apatite was precipitated 
from polyphosphate in the presence of variable concentrations of SMI and Hanford sediments to consider 
the potential for two-step remediation with initial delivery of a reductant (SMI) followed by formation of 
a mineral phase that helps to sequester the reduced contaminants (apatite or calcite) as described in 
Section 3.4. 
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Table 3.3. Summary of maximum SIP response for apatite introduced via various methods (mixing of 
inorganically produced apatite, apatite-1, or biotically produced apatite, apatite-2, or in situ 
precipitation) in columns saturated with AGW. 

Experiment 
Phase Shift 

(mrad) 

Imaginary 
Conductivity  

(µS/cm) 
Frequency Range 

(Hz) 
Mixed – Sand – 10 wt.% apatite-1 10 0.6 < 10 
Mixed – Hanford sediment – 10 wt.% apatite-1 10 1.5 < 10 
In-situ – Hanford sediment – poly(a) 10 0.6 < 10 
Mixed – Sand – 3 wt.% apatite-2 <1.1; 10 0.1; 8 < 10; > 100 
Mixed – Hanford sediment – 3 wt.% apatite-2 14; 18 5;12 < 10; > 100 
In-situ – Hanford sediment – apatite-2 20 11 < 10 
(a) Poly – Apatite produced from slow precipitation of polyphosphate. 

3.2.2 Calcite Amendments 

Calcite was precipitated and then added to sand and Hanford formation sediments with different masses. 
Table 3.4 summarizes the major observations for calcite mixed with sand or Hanford formation 
sediments. In comparison to apatite additions, calcite addition to sand resulted in a smaller phase shift 
(< 1 mrad for 10 wt.%) in the mid frequency range (0.01 to 10 Hz, Figure 3.13a) as contrasted to abiotic 
apatite (< 10 mrad for 10 wt.%) and biotic apatite (< 1.1 mrad for 3 wt.%). The corresponding imaginary 
conductivity was nearly indistinguishable from the baseline when considering the 95% CIs (not shown). 
For calcite added to Hanford formation sediments (Figure 3.14), the maximum phase shift observed was 
slightly higher (13 mrad for 1.0 wt.% and 10.5 mrad for 10 wt.%), although likely not significant when 
accounting for the 95% CIs and the lack of correlation with concentration. Moreover, similar to 
observations for apatite-2 (biotic apatite) in Hanford formation sediments, a decrease in imaginary 
conductivity was observed as compared to the baseline sediments without amendments at frequencies 
> 0.01 Hz. This result highlights that in some cases the amendments may decrease the sediment surface 
conductivity by coating natural mineral phases (e.g., Fe oxides or clays), although it is within the 95% CIs 
when mixed with Hanford sediments.  

Additional testing of in situ calcite precipitation in the presence of sediment, ZVI, and SMI for dual 
amendment testing is presented in Section 3.4. The in situ precipitation and coating of sediments with 
targeted low-conductivity mineral phases (e.g., calcite and apatite) resulted in different signals as 
compared to mineral phases mixed with sediments as observed for apatite (Section 3.2.1.3). There is also 
promise in monitoring calcite precipitation following delivery of a relatively high- conductivity reductant 
(e.g., ZVI and SMI) based on a reduction in phase shift and imaginary conductivity from relatively low-
conductivity calcite coating ZVI and SMI surfaces. This phenomenon has been previously demonstrated, 
where surface polarization was attributed to both well distributed, discrete precipitates and localized 
precipitate aggregation and pore clogging in the presence of glass beads (Wu et al. 2009, 2010). 
Moreover, although the SIP response to calcite is relatively small, it has also been successfully used to 
monitor microbial induced carbonate precipitation for soil stabilization at the field scale (Saneiyan et al. 
2019). 
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Figure 3.13. Calcite at variable wt.% in sand saturated with AGW with (a) phase shift in mrad, (b) real 
conductivity, (c) imaginary conductivity in µS/cm, and (d) normalized imaginary 
conductivity with respect to sediment without amendment, where circles represent the 
average response for each frequency. 
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Figure 3.14. Calcite at variable wt.% in Hanford formation sediments saturated with AGW with (a) phase 
shift in mrad, (b) imaginary conductivity in µS/cm, and (c) normalized imaginary 
conductivity with respect to sediment without amendment, where circles represent the 
average response for each frequency. 

Table 3.4. Summary of SIP response upon calcite addition. 

Matrix 
Calcite  
(wt.%) 

Phase Shift 
(mrad) 

Imaginary Conductivity 
(µS/cm) 

Frequency Range 
(Hz) 

Sand 10 (mixed) 2 . 0.3 < 0.1 
Hanford sediment 10 (mixed) 10.5 3.0 < 0.1 

3.2.3 Bismuth Amendments 

Significant phase shifts or changes in imaginary conductivity were not observed for bismuth added to 
sand and Hanford formation sediments up to 10 wt.%. Although the phase shifts look significant for sand 
(Figure 3.15a), they are within the 95% CIs (not shown, ± 52% below 1 Hz and 86% above 100 Hz for 
triplicate columns). Although there appears to be a small decrease in phase shifts and imaginary 
conductivity for bismuth mixed with Hanford formation sediments, they may not be significantly 
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different due to the variability in SIP signals of Hanford sediments only (Figure 3.1 and Figure 3.16; 95% 
CIs for bismuth are approximately ± 7% below 1 Hz and 27% above 100 Hz). In addition, significant 
changes in imaginary conductivity were not observed (Figure 3.15b,c,d and Figure 3.16b,c). These results 
indicate that the bismuth sub-nitrate material does not have a significant surface conductivity or 
capacitance. Moreover, it likely did not coat sediments within the timescale of experiments as it was 
added as a solid material, which can impact the SIP response from sediments. However, it is also possible 
that the small bismuth particles were partially flushed from the columns during saturation. Other bismuth 
materials may have a detectable signal due to physical changes upon addition (e.g., particle size or surface 
area) or the presence of high-conductivity impurities. 

 

Figure 3.15. Bismuth at variable wt.% in sand saturated with AGW with (a) phase shift in mrad, (b) real 
conductivity, (c) imaginary conductivity, and (d) normalized imaginary conductivity with 
respect to sediment without amendment, where circles represent the average response for 
each frequency. 
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Figure 3.16. Bismuth at variable wt.% in Hanford formation sediments saturated with AGW with 
(a) phase shift in mrad, (b) real conductivity, (c) imaginary conductivity, and (d) normalized 
imaginary conductivity, where circles represent the average response for each frequency. 

3.3 Iron and Sulfur Amendments 

3.3.1 Zero Valent Iron Amendments 

3.3.1.1 Zero Valent Iron Detection in Sand  

The addition of increasing concentrations of ZVI to silica sand resulted in a decrease in phase shifts 
across the frequency range (Figure 3.17a). Moreover, these phase shifts resulted in a significant increase 
in imaginary conductivity of about two to three orders of magnitude greater than the untreated silica 
(Figure 3.17b and c). These phase and imaginary conductivity changes in the AGW (Figure 3.17) were 
consistent with that observed in the APW (Figure 3.18). Significant phase shifts were observed above 
10 Hz, which is consistent with previous research (Abdel Aal et al. 2014; Mellage et al. 2018; Szecsody et 
al. 2020a). In addition, increases in phase shift and imaginary conductivity were observed in the low 
frequency range (< 10 Hz) for the highest ZVI concentration (10 wt.%). These changes in SIP response 
have previously been suggested to be due to adsorption of Fe2+ (Orozco et al. 2011; Szecsody et al. 
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2020a) or changes in particle or pore sizes (Chuprinkov and Titov 2017; Bücker et al. 2018, 2019) and 
their subsequent impacts to the EDL. For example, Chang and Sposito (1994) modeled the EDL in 
different clay particle sizes with negatively charged basal planes and a positively charged surface. Their 
results showed that the anion exclusion zone is determined by the individual particle’s radius. However, 
experiments measuring ZVI particles of variable particle size and surface area did not exhibit clear trends 
as shown in Figure 3.19 based on the ZVI materials listed in Table 2.1. It is possible that there were other 
factors impacting the SIP signal, including varying levels of iron oxidation products or impurities. 
Importantly, similar ZVI amendments were also detected at field-scale remediation concentrations in 
relatively non-conductive sediments as shown in previous work (Orozco et al. 2015). 
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Figure 3.17. ZVI-1 (< 44 µm) at variable wt.% in sand saturated with AGW with (a) phase shift in mrad, (b) real conductivity, and (c) imaginary 
conductivity in µS/cm, where circles represent the average response for each frequency. 

 

Figure 3.18. ZVI-1 (< 44 µm) at variable wt.% in sand saturated with APW with (a) phase shift in mrad, (b) real conductivity, and (c) imaginary 
conductivity in µS/cm, where circles represent the average response for each frequency. 
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Figure 3.19. Variable ZVI based on surface area (m2/g, increasing from gray to black with series) packed at 10 wt.% in sand saturated with AGW 
with (a) phase shift in mrad, (b) real conductivity, and (c) imaginary conductivity in µS/cm, where circles represent the average 
response for each frequency. 
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3.3.1.2 Xanthan Gum Detection in Sediments 

To effectively deliver particulate amendments in the subsurface, sheer thinning fluids are used to increase 
the mobility of reactive particles. Previous research identified xanthan gum as the optimal additive for 
delivery of ZVI (Truex et al. 2011; Zhong et al. 2013). Figure 3.20 shows that there is not a significant 
impact of xanthan gum on the SIP response (phase shift or imaginary conductivity) of Ringold Formation 
sediments. Therefore, additional testing was not conducted with other sediments (e.g., Hanford formation 
or sand). It is possible that xanthan gum could coat ZVI and decrease its response as observed previously 
for other carrier solutions (e.g., P104 surfactant) (Mellage et al. 2018); however, the lack of observed 
changes in sediments in this work suggests this is unlikely. Notably, previous research suggests that there 
may be some slow, long-term degradation of polymers like xanthan gum, which may impact SIP response 
and the ability for multiple amendment injections at a site (Muller et al. 2021a,b). 
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Figure 3.20. Ringold Formation sediments were saturated with xanthan gum (800 mg/L) in AGW with added nitrate with (a) phase shift in mrad, 
(b) real conductivity, and (c) imaginary conductivity in µS/cm, where circles represent the average response for each frequency and 
dashed lines represent 95% confidence intervals based on collection of triplicate loops across the frequency for each column.
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3.3.1.3 In Situ Injection of Zero Valent Iron with Xanthan Gum into Sand 

A micron-sized ZVI (ZVI-2) was injected into duplicate 2.5 cm (1 in.) diameter columns packed with 
sand with and without 800 mg/L xanthan gum dissolved in AGW at a 1 mL/min flow rate (Figure 3.22 
and Figure 3.22). SIP electrodes were installed as described in Section 2.3. Prior to injection of ZVI-2, a 
tracer test was conducted on both columns with injection of 1000 mg/L Br- with similar breakthrough. 
Then, approximately five pore volumes of ZVI-2 were injected in suspension with AGW and 800 mg/L 
xanthan gum followed by flushing of the column with AGW. Effluent was collected with monitoring of 
the mass of ZVI-2 remaining in suspension based on the mass recovered after drying at 105°C (Figure 
3.23). The reproducibility between the duplicate columns highlights that the brass mesh (for current 
electrodes) and side body ports (for potential electrodes) did not impact injection of ZVI-2. Following this 
experiment, the column with SIP electrodes was allowed to remain static with subsequent monitoring up 
to 130 days. The column was sectioned into 1-in. sections and homogenized, and significant alteration of 
ZVI over time was observed but not quantified (Appendix E, Figure E.1). 

SIP measurements were also collected repeatedly during ZVI and xanthan gum injection at select points 
(0.1, 1.0, 10, 100, and 1000 Hz, Figure 3.21), beginning approximately 15 minutes after injection started. 
Similar to long-term monitoring, these values did not change significantly over time for the potential 
electrode pair near the influent end cap (pair 1 – near the influent). The imaginary conductivity and phase 
shift increased over time in the effluent potential electrode pair (pair 3). Based on this result, it is likely 
that the imaginary conductivity and phase shifts are impacted by removal of xanthan gum coatings on 
ZVI in the short term.  

Data show that the ionic strength in solution remained elevated following ZVI and xanthan gum injection 
and flushing with AGW based on real conductivity (Figure 3.22b) for the third pair of electrodes. The 
results for pairs 1 and 2 are in Appendix E in Figure E.2 and Figure E.3. However, after 5 days the ionic 
strength dropped significantly to reach values similar to AGW as shown by the comparison prior to ZVI 
injection. Over time, the phase shift increased at lower frequency (Figure 3.22a). An increase in phase 
shift over time may indicate an increase in surface capacitance, which may be due to polarization of ZVI 
or secondary iron oxides forming as the ZVI oxidizes. Because significant changes in SIP over time were 
observed in pair 3 of electrodes (near the effluent side of the column) but not in pairs 1 and 2 (Figure E.2 
and Figure E.3), it is suggested that changes are primarily due to formation of iron oxidation products. In 
addition, though some fluctuations in the imaginary conductivity were observed in the first five days 
(Figure 3.22c), these are likely not due to xanthan gum. Although previous teams have noted changes due 
to carrier solutions including guar gum and mineral oil in association with ZVI injections (Orozco et al. 
2015; Shi et al. 2015), no significant impact of xanthan gum on SIP was observed in different sediments. 
Previous work has shown changes in phase shift and imaginary conductivity after ZVI aging and 
oxidation within columns (Szecsody et al. 2020a). Therefore, it is likely that additional frequency-specific 
changes will occur over time, especially in the presence of groundwater flow, where oxygen can be more 
quickly reintroduced to the system. 
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Figure 3.21. SIP response over time during 1.5 wt.% ZVI-2 (1-5 µm) injection with AGW and 800 mg/L xanthan gum at 1 mL/min into sand with 
five frequencies measured repeatedly across the duration of injection with (a) phase shift in mrad and (b-c) imaginary conductivity in 
µS/cm on semi-log and log-log scales, respectively. Note: The phase shift and imaginary conductivity increased with time in pair 3 as 
the data was continuously collected across the five frequencies.
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Figure 3.22. Pair 3 SIP response before and after injection of 1.5 wt.% ZVI-2 (1-5 µm) with AGW and 800 mg/L xanthan gum at 1 mL/min into 
sand with (a) phase shift in mrad, (b) real conductivity in µS/cm, and (c) imaginary conductivity in µS/cm, where pair 1 is the 
electrode potential pair closest to the influent end cap and pair 3 is the electrode potential pair closest to the effluent end cap, with 
points and circles representing the average of three loops of data collected on one column. 
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Figure 3.23. Effluent recovery of a 1000 mg/L Br- tracer injection overlaid with subsequent ZVI injection 
at 1.5 wt.% (ZVI-2) with AGW and 800 mg/L xanthan gum at 1 mL/min based on mass 
recovery for duplicate columns, one with and one without SIP electrodes. 

3.3.1.4 Zero Valent Iron Detection in Hanford Formation Sediments 

In Figure 3.24, there is a significant phase shift observed as compared to Hanford sediments without ZVI 
for all amendments across the frequency range, although the greatest shift occurs for 10% ZVI above 
1 Hz. The imaginary conductivity is significantly increased only for the 10% ZVI above 10 Hz, with all 
other results falling within the 95% CIs for the baseline (blue). However, the imaginary conductivity for 
Hanford formation sediments with ZVI appears to be slightly decreased (although within CIs) as 
compared to the baseline in the low frequency range, although the 10 wt.% ZVI increased above the 
baseline below 10 Hz. The phase shift changes allow for differentiation from the sediment baseline at 
concentrations sufficient for field-scale remediation (as low as 0.1 wt.% at frequencies > 0.1 Hz), while 
the imaginary conductivity response is not significantly different due to the variability in the Hanford 
formation sediment baseline with the exception of 10 wt.% ZVI. 
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Figure 3.24. ZVI-1 (< 44 µm) at variable wt.% in Hanford formation sediments saturated with AGW with 
(a) phase shift in mrad, (b) real conductivity, (c) imaginary conductivity in µS/cm, and 
(d) normalized imaginary conductivity with respect to sediment without amendment, where 
circles represent the average response for each frequency. 

3.3.1.5 SIP Response for Zero Valent Iron in Hanford Formation Sediments over Time 

SIP measurements were collected up to 43 days in the columns to track changes in signals due to 
oxidation and secondary precipitation of iron. In Figure 3.25, the day 43 results show two distinct shifts: 
(1) the phase shift increases with time for both 1 and 10 wt.% ZVI and (2) the imaginary conductivity in 
the low frequency range decreases more with time for the 10 wt.% ZVI. The phase shifts indicate an 
increase is surface capacitance over time, potentially due to changes in iron speciation as iron oxidizes 
and forms secondary phases. These changes are most pronounced > 1 Hz. However, the imaginary 
conductivity changes are less significant in the higher frequency range and more prounounced in the low 
frequency for 10 wt.% ZVI. As ZVI ages (oxidizes), ferrous iron is created, which can form adsorbed 
ferrous iron (on sediment minerals) or ferrous iron phases such as siderite or green rust. Further oxidation 
of ferrous iron phases results in ferric oxides such as goethite. The imaginary conductivity changes may 
indicate changes in adsorbed and structural Fe2+, as previous work has indicated that SIP signals for Fe2+ 
adsorption and structural changes occur across lower frequencies (< 10 Hz) as compared with direct 
identification of iron materials at higher frequency (Orozco et al. 2011; Williams et al. 2009; Szecsody et 
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al. 2020a). Therefore, low-frequency imaginary conductivity increases may also be caused by the 
formation of these other phases. 

 

Figure 3.25. ZVI-1 (< 44 µm) before and after aging for 43 days, packed at variable wt.% in Hanford 
formation sediments saturated with AGW with (a) phase shift in mrad, (b) real conductivity, 
(c) imaginary conductivity in µS/cm, and (d) normalized imaginary conductivity with respect 
to sediment without amendment, where circles represent the average response for each 
frequency. 

3.3.1.6 Summary of SIP Response for Zero Valent Iron 

The results for sand (Figure 3.17 and Figure 3.18) are significantly different with respect to the ZVI 
amendments (Table 3.5). In these results, there is a significant increase in the phase shift above 10 Hz for 
0.1 wt.% and 1.0 wt.% ZVI and across the range of frequency for 10 wt.% ZVI with similar trends for 
imaginary conductivity. These results are significant as compared to the relatively non-conductive silica 
sand highlighting that the Hanford formation sediment with ZVI does not behave the same as the sand 
with ZVI. The impact of ZVI on the SIP response is greater in the sand as compared to the heterogeneous 
Hanford formation sediments. This is hypothesized to result from (1) lower initial SIP response from sand 
as compared to Hanford formation sediments and (2) the presence of more fine mineral phases (e.g., 
clays, trace magnetite) in Hanford formation sediments that may quickly coat the surfaces of ZVI and 
reduce surface conduction. 
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Moreover, there are changes in phase shift and imaginary conductivity observed in the low frequency 
range, which are likely due to adsorption, secondary mineral formation, and/or changes in particle size 
and porosity. It is likely that different secondary interactions will continue to occur in each background 
material over time (e.g., Fe2+ adsorption or precipitation). For example, the sand may have fewer 
adsorption sites available for Fe2+, leading to greater precipitation or coating of surfaces causing a 
difference in SIP signal over time in the sand as compared to the Hanford formation sediments, where 
adsorption may be more significant. These results indicate that, in the presence of sand, the ZVI can be 
observed through SIP measurements at significantly lower concentrations than in the Hanford formation 
sediments. These results indicate the the ZVI can be observed in sediments with relatively low surface 
conductivity and capacity (i.e., sand) down to 0.1 wt.%; however, ZVI was only observable based on 
phase shifts in Hanford formation sediments as the variability in the imaginary conductivity was too large 
to differentiate from the baseline. 

Table 3.5. Summary of SIP response upon ZVI addition. 

Matrix 
ZVI  

(wt.%) 
Phase Shift 

(mrad)(a) 
Imaginary Conductivity 

(µS/cm)(a) 
Frequency Range 

(Hz) 
Sand 10 ZVI-1 (<44 mm) 150 19.3 0.001 – 1000(b) 
Hanford fm 10 ZVI-1 (<44 mm) 87 7.4 0.001 – 1000(b) 
(a) Phase shift and imaginary conductivity reported at 100 Hz. 
(b) Significant increases in phase shift and imaginary conductivity above 10 Hz and broad increases 

above baseline for 10 wt.% ZVI across the entire frequency range. 

3.3.2 Sulfur Modified Iron Amendments 

Chemically, SMI was characterized by XRD as primarily ZVI (60%) and iron oxides (33% magnetite and 
7% FeO). Previous characterization also confirmed the XRD results via Mossbauer (Lawter et al. 2018). 
Trace sulfur was observed by XRD but not quantified. Because of the large ZVI content, the SMI should 
behave similarly to ZVI, although iron sulfides have been shown previously to have a strong SIP response 
in the low frequency range (Williams et al. 2009, Orozco et al. 2011; Placencia-Gómez et al. 2013, 2015; 
Placencia-Gómez and Slater 2016). The surface area of the SMI was 1.54 m2/g, or about double that of 
ZVI-1 (0.852 m2/g, Table 2.1). 

3.3.2.1 SIP Response for Sulfur Modified Iron Addition to Sand and Hanford Formation 
Sediments 

SMI additions to sand showed large (10 to 100 mrad, Figure 3.26a) phase shifts and imaginary 
conductivity changes (100 times higher than sand with no SMI, Figure 3.26b). With 10 wt.% SMI 
addition, the normalized phase shift ranged from 10 (at 0.01 Hz) to 100 times (at 1 Hz) higher than the 
untreated sediment (Figure 3.26c), and the normalized imaginary conductivity was 100 times (at 0.01 Hz) 
to 1000 times (at 1 Hz) higher than the untreated sediment (Figure 3.26d). SMI was easily quantified by 
SIP because the mixed iron phases had a high polarizability as has been observed previously in acid mine 
drainage and for minerals like pyrite (Placencia-Gómez et al. 2013, 2015; Placencia-Gómez and Slater 
2016). Even at 0.3 wt.%, phase and imaginary conductivity shifts were easily quantified, with the SIP 
signal being linearly correlated with SMI content in sand across the frequency range (Table 3.6). The 
largest phase and imaginary conductivity values were at 1 Hz but the signal remained almost as high in 
the 1 to 100 Hz range. Further, unlike all other amendments tested, there was a frequency-specific 
increase in the real conductivity for the 10 wt.% SMI, which may be due to increasing surface 
conductivity as the solution conductivity signal in the real conductivity value is not frequency dependent 
(Figure 3.26b). Previous research measured adsorption of sodium to a high-surface-area silica gel and 
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reported an increase in real conductivity due to increases in the surface conductivity of as much as 70% 
(Hao et al. 2015). 

SMI additions to Hanford formation sediment showed similar large (10 to 90 mrad, Figure 3.27a) phase 
shifts, with the normalized phase increase of 100 times (at 0.01 Hz) to 1000 times (at 100 Hz). In contrast, 
the increases in the imaginary conductivity were not as large and were predominantly in the 0.01 to 10 Hz 
range (Figure 3.27c) at up to 20 times the control sediment. However, the increases were also linearly 
correlated from 0.01 to 100 Hz (Table 3.7). The normalized imaginary conductivity showed an increase 
for the 1 wt.% and 10 wt.% SMI additions in the 0.01 to 1 Hz frequency range, then a decrease for all 
additions at a frequency of 1 to 10,000 Hz (Figure 3.27d). This was caused by the untreated Hanford 
sediment imaginary conductivity being greater than the SMI additions for frequencies above 10 Hz 
(Figure 3.27b), although the variability in the Hanford sediment background should be considered (Figure 
3.1). Lastly, similar frequency-specific increases in the real conductivity for the 10 wt.% SMI were 
observed in both Hanford sediments and in sand. 

 

Figure 3.26. SIP measurements of SMI at variable wt.% added to sand saturated with AGW , as shown by 
(a) phase shift, (b) real conductivity, (c) imaginary conductivity, and (d) normalized 
imaginary conductivity, where circles represent the average response for each frequency. 
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Figure 3.27. SIP measurements of SMI at variable wt.% added to Hanford formation sediment saturated 
with AGW, as shown by (a) phase shift, (b) real conductivity, (c) imaginary conductivity, 
and (d) normalized imaginary conductivity, where circles represent the average response for 
each frequency. 
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Table 3.6. Correlation of imaginary conductivity with variable wt.% of SMI mixed with sand or Hanford 
sediment across frequencies based on a linear fit, including the baseline without SMI.  

Frequency 
(Hz) 

Imaginary Conductivity (µS/cm) 
R2 Y=mX+B 0% 0.30% 1% 10% 

Sand  
0.01 0.003 0.07 0.40 9.35 0.998 95.6x-0.2 
0.1 0.006 0.10 0.62 25.4 0.996 261.1x-0.9 
1 0.009 0.07 0.37 44.3 0.994 457.9x-1.8 

10 0.018 0.08 0.32 33.4 0.994 344.8x-1.3 
100 0.066 0.55 2.19 62.4 0.997 639.2x-1.8 

1000 0.667 4.60 17.92 363 0.998 3700.8x-8.0 
Hanford sediment  

0.01 2.28 0.55 1.35 23.4 0.986 226.6x+0.6 
0.1 3.97 1.01 2.91 62.2 0.990 613.7x+0.5 
1 3.69 1.08 3.79 80.3 0.993 798.1x+0.1 

10 3.07 0.88 3.84 55.5 0.995 545.6x+0.7 
100 4.31 1.00 3.07 35.7 0.985 338.6x+1.6 
1000 18.2 2.72 2.36 32.9 0.690 249.9x+7.1 

3.3.2.2 Changes in Sulfur Modified Iron Amendments over Time 

SMI additions to both sand and Hanford formation sediments showed a consistent and strong SIP 
response after aging for 77 days in the absence of flow, as summarized in Figure 3.28 and Figure 3.29, 
and for Hanford sediments in shorter term experiments (up to 16 days) in Figure 3.30 and Figure 3.31. 
The most significant increases were observed in the 0.3 and 1.0 wt.% SMI (Table 3.7). The phase shift or 
imaginary conductivity changes show that the initial polarization increases with SMI additions. The 
exception for increasing surface polarization with time was for the 10 wt.% SMI with Hanford formation 
sediments, for which the imaginary conductivity decreased after 77 days, although an increase was 
observed in the short term (16 days). Furthermore, the frequency at which the maximum shifts and 
imaginary conductivity values were measured shifts to lower frequency with time (from approximately 1-
3 to 0.2-0.5 Hz, Table 3.7) which is consistent with a change in mineralogy, adsorption of iron, or 
physical changes in particle size and porosity. 
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Figure 3.28. SMI in sand saturated with AGW with measurements at time zero and after 77 days of aging 
in the absence of water flow with (a) phase shift in mrad, (b) real conductivity, (c) imaginary 
conductivity, and (d) normalized imaginary conductivity with respect to sediment without 
amendment, where circles represent the average response for each frequency. 
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Figure 3.29. SMI in Hanford formation sediments saturated with AGW with measurements at time zero and after 77 days of aging in the absence 
of water flow with (a) phase shift in mrad, (b) real conductivity, and (c) imaginary conductivity in µS/cm, where circles represent the 
average response for each frequency. 
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Figure 3.30. SMI in Hanford formation sediments saturated with AGW with measurements over short-
term aging up to 16 days in the absence of water flow with (a) phase shift in mrad, (b) real 
conductivity, (c) imaginary conductivity in µS/cm, and (d) normalized imaginary 
conductivity, where circles represent the average response for each frequency. 
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Figure 3.31. SMI at 10 wt.% as monitored for change over time with short term aging for 16 days, packed 
in Hanford formation sediments saturated with AGW with (a) phase shift in mrad, (b) real 
conductivity, (c) imaginary conductivity in µS/cm, and (d) normalized imaginary 
conductivity, where lines represent 95% CIs from triplicate loops of data across frequency 
(triplicate columns and loops for the control without SMI) for each column and circles 
represent the average response for each frequency. 



PNNL-30440 Rev 1 
DVZ-RPT-0049 Rev 1 

Results 3.41 
 

Table 3.7. Summary of SIP changes over time to SMI additions to sediments. 

Matrix Amendment, wt.% 
Phase Shift 

(mrad)(a) 

Imaginary 
Conductivity 

(µS/cm)(a) 

Frequency 
of Maxima  

(Hz) 

Sand 
0.3 SMI, 77 days 40% increase 1100% increase 0.3/1.0(b) 

1 SMI, 77 days 80% increase 1000% increase  0.3 
10 SMI, 77 days No change No change 1/0.3(b) 

Hanford 
formation 

0.1 SMI, 16 days 60% increase 20% increase 0.5 
0.3 SMI, 77 days No change No change 0.3 
1 SMI, 16 days 50% increase 400% increase 3/0.5(b) 

1 SMI, 77 days 70% increase No change 0.5 
10 SMI, 16 days 20% increase 180% increase 0.4/0.2(b) 

10 SMI, 77 days 15% increase 65% decrease 1/0.4(b) 

(a) Maximum phase shift and conductivity as observed below 10 Hz. 
(b) Two values listed if frequency of maxima changed over time (time zero/day 77). 

3.3.3 Summary of Iron and Sulfur Amendment Responses Observed via SIP 

Two different amendments used in this study (ZVI and SMI) exhibited significant phase shift and 
imaginary conductivity responses upon addition to silica sand and Hanford formation sediments. These 
SIP changes differed between the amendments, which reflected the amendment mineralogy (and intrinsic 
electrical semi-conductor properties) as well as physical differences in particle size and porosity. Iron 
sulfide minerals have previously been noted as having high sensitivity for detection at field scale (Orozco 
et al. 2011; Placencia-Gómez et al. 2015; Williams et al. 2009), and ZVI had high sensitivity for detection 
in laboratory experiments (Mellage et al. 2018; Wu et al. 2009). Preliminary results for FeS detection by 
SIP are also included in Appendix D compared to other work. 

The ZVI used in this study was 79% ZVI, 9% magnetite, 8% quartz, and 4.4% wüstite (Table 2.2). In 
aqueous solution, the ZVI oxidizes over time, forming mixed ferrous and ferric iron minerals. The SMI 
has a similar mineralogy to ZVI, with 60% ZVI, 33% magnetite, and 7% FeO (with a trace of sulfur on 
the surface that was not detectable by XRD but was previously characterized by Mossbauer – Lawter et 
al. 2018). In this study, the observed phase shift associated with SMI addition was greater than that for 
ZVI addition to sand or Hanford formation sediment. Under ideal conditions with closely spaced 
electrodes, the detection limit was previously estimated at 0.5 mrad (Szecsody et al. 2020a), so ZVI and 
SMI might be detected to 0.05 wt.% in sand. The detection limits in Hanford formation sediments are 
more challenging to estimate due to the greater background SIP signal. For the ZVI and SMI samples 
used in this study, the frequency range of the SIP response differed. For ZVI, the > 100 Hz frequency 
range was most sensitive, whereas for the SMI, the lower frequency range from 0.01 to 10 Hz was most 
sensitive. In all cases, ZVI and SMI resulted in a positive increase in the imaginary conductivity at some 
point in the frequency range investigated, meaning the amended sediment had a greater surface 
polarization that could be detected via SIP. 

3.4 Dual Amendment Testing 

3.4.1 Batch In Situ Calcite Co-precipitation with Sediments and ZVI 

Batch precipitation experiments were conducted in which ammonium carbonate [(NH4)2CO3] and calcium 
chloride [CaCl2] were mixed in the presence of Hanford formation sediments with or without ZVI-1 
(1 wt.%) to form 16 wt.% calcite. Due to the presence of the high ionic strength solution, the phase shift 
at high frequencies (> 100 Hz) was likely due to Maxwell Wagner polarization and parasitic capacitive 
coupling of the SIP instrument (Figure 3.32a) and therefore not related to the sediment or calcite 
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precipitates. However, the phase shift is clearly decreased for both samples with calcite co-precipitated 
(Figure 3.32a – ‘Sediment + Calcite’ and ‘Sediment + ZVI + Calcite’). This could be attributed to calcite 
coating sediment minerals decreasing the surface capacitance. These results are consistent with a study 
that observed that calcite precipitation over long periods of time (laboratory experiments with > 400 pore 
volumes of injection of calcite-saturated groundwater) on the ZVI surface decreased the electrical 
conductivity (Wu et al. 2009). This phenomenon was not apparent in samples where calcite is separately 
precipitated and then mixed with Hanford formation sediments (Section 3.2.2, Figure 3.14). While the 
imaginary conductivity decreased slightly with calcite, these data were not significantly different 
considering the 95% CIs, nor did they correlate with added calcite concentrations.  

The imaginary conductivity showed that, for calcite precipitation, there was an increase of 0.2 to 2 µS/cm 
in the 0.001 to 0.01 Hz range (Figure 3.32b), although this increase was not observed with ZVI and 
calcite. The increase in low-frequency conductivity is consistent with previous work that noted a similar 
change in imaginary conductivity due to an increase in surface area from calcite precipitation (Saneiyan et 
al. 2018). There was also a significant increase in the imaginary conductivity at frequencies > 1 Hz for the 
sediment with ZVI and similar but slightly less for sediment with ZVI and calcite (Figure 3.32b,c). 
However, these results are different than reported for in situ precipitation of calcite with and without ZVI 
where a decrease in imaginary conductivity was observed (Wu et al. 2009, 2010). Moreover, these results 
are consistent with previous work reporting a higher frequency response for ZVI in both the nano and 
micron size fraction (Abdel Aal et al. 2014; Szecsody et al. 2020a), although the significant increases in 
the kHz range may be due to capacitive coupling of the SIP instrument (Wang and Slater 2019). 



PNNL-30440 Rev 1 
DVZ-RPT-0049 Rev 1 

Results 3.43 
 

 

Figure 3.32. Calcite co-precipitated (16 wt.%) in the presence of Hanford formation sediments saturated with AGW with and without 1 wt.% ZVI 
with (a) phase shift in mrad, (b) real conductivity, (c) imaginary conductivity in µS/cm, where circles represent the average response 
for each frequency for three loops of data collected.  
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Table 3.8. Post characterization results for total inorganic carbon and water content from in situ 
precipitation of calcite with and without ZVI in a batch setup where calcite content is estimated 
based on total inorganic carbon measurements assuming all is present as calcite. 

Description 
Inorganic Carbon 

(%) 
Calcite 

(%) 
Water Content 

(%) 
Sediment + Calcite 1.24 10.33 14.4 

Sediment + Calcite + ZVI 1.3 10.83 14.8 
Sediment + ZVI 0.05 0.42 13.2 
Sediment control 0.05 0.42 16.6 

3.4.2 Batch In Situ Calcite Co-precipitation with Sediments and SMI 

Similar to Section 3.4.1, calcite was precipitated from solution in the presence of sediment and SMI as 
described in Appendix A, Section A.1.2. As observed with ZVI, the phase shift decreased when calcite 
was present both with and without SMI (Figure 3.33). In addition, SMI with calcite initially exhibited the 
largest imaginary conductivity as compared to without calcite and without SMI. Although less 
pronounced, increases were also observed for imaginary conductivity when reacted with calcite-forming 
solutions.  

Once the solids were packed into columns, they were monitored over 32 days in the absence of flow. It 
should be noted that changes were also not observed in the sediment control with time (not shown). For 
the 1% SMI in sediments, significant changes were not observed in real and imaginary conductivity. 
However, the phase shifts suggest some changes in surface polarization based on changes in magnitude 
and peak frequency. These results were consistent with previous results where changes were most 
pronounced for 10 wt.% SMI (Figure 3.29 to Figure 3.31). 

For calcite precipitated in the presence of sediment, little change was observed with time for phase shift 
and conductivity (Figure 3.34). However, the real conductivity decreased by almost an order of 
magnitude, suggesting that additional precipitation, potentially of calcite, occurred within the column. For 
the calcite precipitated in the presence of SMI and sediment (Figure 3.36), a more significant decrease to 
that observed without SMI (almost two orders of magnitude) was observed in both real and imaginary 
conductivity with time, suggesting precipitation of calcite continued to occur in the column during 
monitoring. These results are consistent with previous observations for calcite precipitated in a ZVI 
barrier material (Wu et al. 2009).  



PNNL-30440 Rev 1 
DVZ-RPT-0049 Rev 1 

Results 3.45 
 

 

Figure 3.33. Calcite co-precipitated (16 wt.%) in the presence of Hanford formation sediments saturated with AGW with and without 1 wt.% SMI 
after three days of reaction with (a) phase shift in mrad, (b) real conductivity, (c) imaginary conductivity in µS/cm, where circles 
represent the average response for each frequency for three loops of data collected. 



PNNL-30440 Rev 1 
DVZ-RPT-0049 Rev 1 

Results 3.46 
 

 

Figure 3.34. Calcite co-precipitated (16 wt.%) in the presence of Hanford formation sediments saturated with AGW over one month of reaction 
with (a) phase shift in mrad, (b) real conductivity, (c) imaginary conductivity in µS/cm, where circles represent the average response 
for each frequency for three loops of data collected. 
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Figure 3.35. 1% SMI in the presence of Hanford formation sediments saturated with AGW over one month of reaction with (a) phase shift in 
mrad, (b) real conductivity, (c) imaginary conductivity in µS/cm, where circles represent the average response for each frequency for 
three loops of data collected. 
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Figure 3.36. Calcite co-precipitated (16 wt.%) in the presence of Hanford formation sediments with 1% SMI saturated with AGW over one month 
of reaction with (a) phase shift in mrad, (b) real conductivity, (c) imaginary conductivity in µS/cm, where circles represent the 
average response for each frequency for three loops of data collected.



PNNL-30440 Rev 1 
DVZ-RPT-0049 Rev 1 

Results 3.49 
 

Table 3.9. Post characterization results from in situ precipitation of calcite with and without SMI in a 
batch setup where calcite content is estimated based on total inorganic carbon measurements 
assuming all is present as calcite. 

Sample ID 
Inorganic Carbon  

(%) 
Calcite  

(%) 
Moisture Content  

(%) 

Sediment 0.056±0.004 0.47 20.9 

Sediment + Calcite 1.18±0.42 9.83 18.6 

Sediment + SMI 0.055±0.013 0.46 20.9 

Sediment + SMI + Calcite 1.02±0.09 8.5 19 

3.4.3 Column In Situ Calcite Co-precipitation with Sediments and SMI 

To further test the difference between pre-mixing and coating sediment and SMI particles with calcite, an 
experiment was conducted over 130 days where changes in variable concentrations of SMI packed in 
layers in a column (as shown in Figure 3.37) were first monitored for approximately 60 days under 
constant injection of AGW prior to injection of calcite-forming solutions as described in Appendix A, 
Section A.1.3. Initial measurements of SMI were similar to that observed in smaller columns from 0.1 to 
10 wt.% (Figure 3.27). Although the 100 wt.% SMI was not measured in previous experiments in small 
columns, the increase is approximately an order of magnitude (1000 µS/cm) as shown in Figure 3.38, 
highlighting that significant polarization occurs with increasing concentration as shown previously for 
ZVI and iron sulfide (Joyce et al. 2012; Wu et al. 2005; Placencia-Gomez et al. 2013, 2015). For the 100 
wt.% SMI, there is also a significant increase in real conductivity, suggesting an increase in surface 
conductivity as compared to the sediment and mixtures of sediment with SMI. Lastly, in the additional 
initial measurements taken five days after saturation, each of the sediment layers exhibit a similar small 
response for phase shifts and imaginary conductivity (Figure 3.39). 

Based on the previous SMI data, the range of frequency of data collection was shortened from 0.001 to 
10,000 Hz to 0.01 to 10,000 Hz as peaks were generally observed above 0.01 Hz. However, as shown in 
Figure 3.40, some of the features are lost for 10 wt.% SMI in the low frequency range as it is unclear if 
the peaks are reached for phase shifts at 0.01 Hz. It should be noted that the features seem to be covered 
for 1.0 and 0.1 wt.% SMI as shown in Appendix F in Figure F.1 and Figure F.2. Regardless, significant 
changes in phase shift or imaginary conductivity are not observed over the course of these experiments 
with the exception of a significant increase in real and imaginary conductivity immediately following 
injection of calcite-forming solutions. This is consistent with the measured increase in solution 
conductivity in effluent samples (Figure 3.42), with the increase in imaginary conductivity likely due to 
additional ions in the EDL from the increased bulk solution conductivity.  
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Figure 3.37. Photograph of column with variable concentrations of SMI packed with Hanford sediments 
as shown in layer descriptions on the left with pairs of SIP electrodes across each layer. 
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Figure 3.38. Hanford formation sediments in layers with variable wt.% of SMI saturated with AGW in a 24-in. length by 0.5-in. ID column with 
(a) phase shift in mrad, (b) real conductivity, (c) imaginary conductivity in µS/cm, where circles represent the measurement for each 
frequency at five days after saturation. 
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Figure 3.39. Hanford formation sediment layers following the variable wt.% of SMI layers saturated with AGW in a 24-in. length by 0.5-in. ID 
column with (a) phase shift in mrad, (b) real conductivity, (c) imaginary conductivity in µS/cm, where circles represent the 
measurement for each frequency at five days after saturation. 
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Figure 3.40. Change in SIP response over time for 10 wt.% SMI with Hanford sediment saturated with AGW followed by injection of calcite 
forming solutions (70-75 days) and then flushing with AGW in a 24-in. length by 0.5-in. ID column with (a) phase shift in mrad, 
(b) real conductivity, (c) imaginary conductivity in µS/cm, where circles represent the measurement for each frequency at five days 
after saturation. 
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Figure 3.41. Change in SIP response over time for 100 wt.% SMI with Hanford sediment saturated with AGW followed by injection of calcite 
forming solutions (70-75 days) and then flushing with AGW in a 24-in. length by 0.5-in. ID column with (a) phase shift in mrad, (b) 
real conductivity, (c) imaginary conductivity in µS/cm, where circles represent the measurement for each frequency at five days after 
saturation. 
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Figure 3.42. Effluent monitoring of solution conductivity (µS/cm) and pH over time following collection 
in anaerobic bottles where AGW was continuously injected for 69 days, followed by 
injection of calcite forming solutions (70-75 days, in between gray lines), followed by 
flushing with AGW. 
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Figure 3.43. Effluent monitoring of major elements in solution (µg/L) over time following collection in 
anaerobic bottles where AGW was continuously injected for 69 days, followed by injection 
of calcite-forming solutions (70-75 days, in between gray lines), followed by flushing with 
AGW. 
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Figure 3.44. Effluent monitoring of redox conditions over time following collection in anaerobic bottles 
where AGW was continuously injected for 69 days, followed by injection of calcite-forming 
solutions (70-75 days, in between gray lines), followed by flushing with AGW. 

3.4.4 Column In Situ Apatite Co-precipitation with Sediments and SMI 

In situ injection of polyphosphate in a column packed with variable wt.% SMI with Hanford sediments 
(as depicted in Figure 3.37) was conducted to investigate the potential for monitoring dual remediation 
with SMI followed by polyphosphate injection and is compared with previous data, including the 
polyphosphate injection into a 24-in. column conducted only with sediments described in Section 3.2.1.3 
and the variable SMI experiments conducted in 4-in. columns as described in Section 3.3.2.  

Initially, the response was linearly correlated for variable wt.% of SMI as shown for previous results with 
4-in. columns (Table 3.6). Prior to injection of polyphosphate solutions at 62 days, sediment and SMI 
layers were monitored as shown in Figure 3.46 to Figure 3.49. Little change was observed for lower SMI 
concentrations (Appendix F, Figure F.6 and Figure F.7) and for sediment layers following the lower 
concentrations of SMI (Figure F.8 and Figure F.9). However, similar to results reported in Section 
3.3.2.2, a change in the magnitude and frequency of the maximum was observed for 10 wt.% SMI with a 
shift to lower frequency over time (Figure 3.46). An increase in the magnitude was also observed for 
100 wt.% SMI in the low frequency (< 1 Hz), although a peak maximum was not observed as the phase 
shifts increased with decreasing frequency below 1 Hz. The imaginary conductivity also increased some 
across the frequency range. For the two sediment layers following the 100 wt.% SMI, an increase in phase 
shift and imaginary conductivity was also observed with time, likely due to oxidation, dissolution, and 
secondary precipitation of iron from SMI in the preceding 100 wt.% SMI layer (Figure 3.48 and Figure 
3.49). These results are consistent with the significant increase in surface area of 10 and 100 wt.% SMI 
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(Table 3.10) in sediments characterized post experiments as compared to baseline sediment and SMI 
surface area (Table 2.1 and Table 2.3) prior to column experiments.  

After addition of polyphosphate solutions, the real and imaginary conductivity increased significantly in 
the 10 wt.% SMI layer consistent with an increase in solution conductivity (Figure 3.50). This is 
consistent with the high conductivity of the polyphosphate solution, although the major release of ions in 
effluent was not observed until flushing with AGW was initiated at 102 days. After injection of 
polyphosphate solutions, phase shifts and imaginary conductivity decreased significantly in the low 
frequency range, consistent with formation of a low-conductivity mineral phase. These results are 
different from those observed on sediments without SMI (Figure 3.7) where phase shifts and imaginary 
conductivity increased slightly with apatite treatment, highlighting that the coating of sediment versus 
SMI with apatite affects the EDL in different ways. 
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Figure 3.45. Hanford formation sediments in layers with variable wt.% of SMI saturated with AGW in a 24-in. length by 0.5-in. ID column with 
(a) phase shift in mrad, (b) real conductivity, (c) imaginary conductivity in µS/cm, where circles represent the measurement for each 
frequency at 3 days after saturation. 
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Figure 3.46. Layer of Hanford formation sediments with 10 wt.% of SMI saturated with AGW in a 24-in. length by 0.5-in. ID column as measured 
over 40 days with constant flow at 0.025 mL/min prior to injection of polyphosphate solutions, with (a) phase shift in mrad, (b) real 
conductivity, (c) imaginary conductivity in µS/cm, where circles represent the measurement for each frequency. 
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Figure 3.47. 100 wt.% of SMI layer saturated with AGW in a 24-in. length by 0.5-in. ID column as measured over 40 days with constant flow at 
0.025 mL/min prior to injection of polyphosphate solutions, with (a) phase shift in mrad, (b) real conductivity, (c) imaginary 
conductivity in µS/cm, where circles represent the measurement for each frequency. 
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Figure 3.48. Hanford sediment layer directly after 100 wt.% of SMI layer saturated with AGW in a 24-in. length by 0.5-in. ID column as measured 
over 55 days with constant flow at 0.025 mL/min, with (a) phase shift in mrad, (b) real conductivity, (c) imaginary conductivity in 
µS/cm, where circles represent the measurement for each frequency. 
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Figure 3.49. Second Hanford sediment layer after 100 wt.% of SMI layer saturated with AGW in a 24-in. length by 0.5-in. ID column as measured 
over 55 days with constant flow at 0.025 mL/min prior to injection of polyphosphate solutions, with (a) phase shift in mrad, (b) real 
conductivity, (c) imaginary conductivity in µS/cm, where circles represent the measurement for each frequency.  
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Figure 3.50. Layer of Hanford formation sediments with 10 wt.% of SMI saturated with AGW in a 24-in. length by 0.5-in. ID column as measured 
over 150 days with constant flow at 0.025 mL/min before and after injection of polyphosphate solutions, with (a) phase shift in mrad, 
(b) real conductivity, (c) imaginary conductivity in µS/cm, where circles represent the measurement for each frequency. 
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Figure 3.51. Layer of Hanford formation sediments with 100 wt.% of SMI saturated with AGW in a 24-in. length by 0.5-in. ID column as 
measured over 150 days with constant flow at 0.025 mL/min before and after injection of polyphosphate solutions, with (a) phase 
shift in mrad, (b) real conductivity, (c) imaginary conductivity in µS/cm, where circles represent the measurement for each frequency. 
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Figure 3.52. Effluent monitoring of solution conductivity (µS/cm) and pH over time following collection 
in anaerobic bottles where AGW was continuously injected for 58 days, followed by 
injection of polyphosphate solutions (59-62 days, in between gray lines), then no flow from 
67 to 100 days followed by flushing with AGW beginning at 102 days (black line). 

 

Figure 3.53. Effluent monitoring of elements of interest in solution conductivity (µg/L) over time 
following collection in anaerobic bottles where AGW was continuously injected for 58 days, 
followed by injection of polyphosphate solutions (59-62 days, in between gray lines), then 
no flow from 67 to 100 days followed by flushing with AGW beginning at 102 days (black 
line). 
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Figure 3.54. Effluent monitoring of redox conditions over time following collection in anaerobic bottles 

where AGW was continuously injected for 58 days, followed by injection of polyphosphate 
solutions (59-62 days, in between gray lines), then no flow from 67 to 100 days followed by 
flushing with AGW beginning at 102 days (black line). 

Table 3.10. Summary of destructive characterization of SMI and apatite column after 150 days. 

Column Layer 
Moisture Content  

(dry wt.%) 
BET Surface Area  

(m2/g) 
1 – No SMI 25 5.34 ± .03 
2 – 0.1 wt.% SMI 25 NM 
3 – No SMI 24 NM 
4 – 1.0 wt.% SMI 26 5.55 ± 0.04 
5 – No SMI 27 NM 
6 – 10 wt.% SMI 27 5.96 ± 0.07 
7 – No SMI 25 5.45 ± 0.03 
8 – 100 wt.% SMI 11 7.82 ± 0.02 
9 – No SMI 26 3.18 ± 0.13 
10 – No SMI 23 5.79 ± 0.04 
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Figure 3.55. XRD for 100 wt.% SMI layer after continuous injection of AGW for 58 days, followed by 
injection of polyphosphate solutions (59-62 days), then no flow from 67 to 100 days 
followed by flushing with AGW from 102 to 150 days. 

 

Figure 3.56. XRD for 10 and 1 wt.% SMI layers after continuous injection of AGW for 58 days, followed 
by injection of polyphosphate solutions (59-62 days), then no flow from 67 to 100 days 
followed by flushing with AGW from 102 to 150 days. 
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4.0 Discussion and Conclusions 

The purpose of this scoping study was to evaluate if minimally invasive SIP could be used to monitor 
(a) amendment delivery and (b) precipitation and reactivity of the intended amendment in fully saturated 
laboratory columns. The primary focus was to assess the frequency-specific phase shift and imaginary 
conductivity associated with the mineral surfaces targeted by amendments to monitor processes impacting 
amendment delivery and reactivity. The SIP response to the remediation amendment will change with 
time after the injection of a precipitate-forming solution (e.g., calcite or apatite forming solutions). In 
addition, iron-bearing compounds ZVI and SMI are not immediately redox reactive upon injection into 
porous media but can take days to weeks to form a rind of redox-reactive ferrous phases on the iron 
surface which impacts the efficacy of the amendment to treat a contaminant.  

The amendment technologies tested in this report are currently under consideration for remediation of the 
Hanford Site’s Central Plateau based on a previous review of available technologies for deep vadose zone 
remediation (DOE/RL 2019). This includes technologies for reduction (e.g., ZVI and SMI) as well as 
sequestration by sorption, co-precipitation, and coating (e.g., calcite, apatite, and bismuth). The 
amendments could be delivered as particles in carrier solutions (e.g., ZVI, SMI, and bismuth) or in 
solutions that form the intended precipitates over time (e.g., calcite and apatite). Remediation may also 
include delivery of multiple amendments in multiple phases (e.g., ZVI delivery followed by calcite-
forming solution injection). As the first phase of evaluation of SIP response for these amendments, they 
were tested under simplified conditions (i.e., fully saturated with mixing with sediments at variable 
weight percent). Then, select technologies were investigated in laboratory-scale in situ experiments, 
including injection of biotic apatite forming solutions and ZVI delivery in xanthan gum as well as co-
precipitation of calcite or apatite in the presence of Hanford formation sediments and ZVI or SMI. The 
following amendments were added to fully saturated columns packed with sand or Hanford formation 
sediments: (a) high-conductivity materials with significant capacitance (ZVI, SMI) or (b) low-
conductivity materials with a small capacitance (calcite, apatite, bismuth).  

The SIP phase shift or imaginary conductivity change for the high-conductivity amendments was more 
than 10 times that of the low-conductivity amendments (Table 4.1) suggesting that they could be 
relatively easily monitored. Moreover, ZVI and SMI were detected at different frequencies (ZVI at > 100 
Hz and SMI from 0.01 to 10 Hz). Additional changes in ZVI and SMI were observed with time 
potentially allowing for monitoring of changes in amendment reactivity that may impact treatment 
efficacy. The injection of ZVI in sand was shown to alter phase and imaginary conductivity in > 100 Hz 
(upon initial injection) over time as the ZVI hydrolyzes in water. In addition, ferrous iron phases were 
created (e.g., adsorbed ferrous iron and green rust) and observed at lower frequencies based on small 
shifts observed over 43 days. In addition, signal shifts were unlikely to be due to carrier solutions (e.g., 
xanthan gum) coating sand particles in the in situ particle delivery column (Section 3.3.1.2). After 
injection of SMI, SIP signals increased over time and shifted to lower frequencies (Table 3.7). These 
changes over time may be due to the ZVI or SMI creating a reducing environment, which may result in 
the reduction of structural iron in clays over time and formation of secondary products from ZVI and 
SMI. Magnetite was the major phase identified post SMI experiments via XRD (Figure 3.56). However, 
previous work has suggested that adsorbed ferrous iron may be present and increases the phase shift and 
imaginary conductivity in the 0.1 to 10 Hz range (Orozco et al. 2011; Szecsody et al. 2020a; Williams et 
al. 2009), although the imaginary conductivity change for structural ferrous iron in clays has been 
observed from 0.001 to 0.1 Hz (Slater and Lesmes 2002; Szecsody et al. 2020a).  

The low-conductivity amendments (calcite, abiotic and biotic apatite, bismuth subnitrate) exhibited small 
phase and imaginary conductivity changes with amendment addition that may allow for monitoring of 
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their in situ delivery and formation. The changes were above minimum detection limits (0.5 mrad for 
phase shift, 0.03 µS/cm for imaginary conductivity) for the highest concentration except for the 
commercial bismuth material, although the ability to detect these amendments will likely be sediment 
specific. In addition, phase shifts were detected at specific frequencies which may allow for 
differentiation between amendments (Table 4.1). Note that these amendments were also detectable due to 
their ability to decrease the phase shift and imaginary conductivity as observed in some conditions for in 
situ formation of calcite and apatite amendments in Hanford sediments with and without SMI or ZVI. 
Therefore, possible combinations of amendments including a reductant (i.e., ZVI, SMI) and a low-
conductivity precipitate that would coat a reduced/precipitated contaminant (i.e., apatite or calcite) could 
likely be monitored with SIP.  

This work measured SIP signals for apatite and bismuth materials for the first time and extends previous 
work with ZVI, SMI, and calcite to Hanford Site relevant conditions while considering aging and 
oxidation processes at the laboratory scale. However, these experiments were conducted under fully 
saturated conditions, so additional work is necessary to understand the utility of this technique in the 
vadose zone at the Hanford Site for the next phase of experiments. These experiments highlight that SIP 
could improve our ability to quantify formation of certain precipitates targeted by remediation activities 
as compared to ER methods. Therefore, SIP may be a valuable tool for monitoring and characterization 
during active remediation for a variety of technologies. In addition, the simultaneous collection of both 
ER and SIP should be considered in the future for optimization of monitoring in the field. There is 
potential for collection of ER and SIP data as part of a comprehensive monitoring plan (e.g., SIP for 
monitoring of secondary reactions at sediment surfaces in source zones and ER for surveying of larger, 
surrounding areas). Therefore, future experiments will focus on the following: (1) obtaining SIP signals 
for Hanford sediments; (2) performing SIP monitoring under unsaturated conditions, utilizing electrodes 
optimized for this purpose; and (3) scaling up the size of experiments (e.g., meter-scale 2-D flow systems) 
to identify additional sensitivities associated with electrode configurations. 

Table 4.1. Summary of SIP sensitivity to amendments added to sediments. 

Amendment Matrix 

Phase 
Shift  

(mrad) 

Imaginary 
Conductivity 

(µS/cm) 

Frequency 
Range  
(Hz) 

10 wt.% ZVI 
Sand 150(a) 19.3(a) > 100 

Hanford fm 87a 7.4(a) > 100 

10 wt.% SMI 
Sand 64 44 0.1 - 10 

Hanford fm 36 27 0.01 - 10 
10 wt.% abiotic 
apatite 

Sand 10 0.5 < 10 
Hanford fm 10 2.0 < 10 

3 wt.% biotic 
apatite 

Sand 1.1 0.5 < 1 
Hanford fm 10 4 < 1 

10 wt.% calcite 
Sand 2 0.3 < 0.1 

Hanford fm 10.5 3.0 < 1.0 

10 wt.% bismuth 
Sand 0.7 0.06 < 1.0(b) 

Hanford fm 2 1.5 <10(b) 

No amendment 
Sand 0.05-1.0 0.002-0.05 0.001-100 

Hanford fm 1.5-10 1.0-4.5 0.001-100 
(a) Value at 100 Hz to estimate high frequency ZVI signal. 
(b) Broad signal across frequency, no clear maxima. 
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5.0 Quality Assurance 

This work was performed in accordance with the Pacific Northwest National Laboratory Nuclear Quality 
Assurance Program (NQAP). The NQAP complies with the DOE Order 414.1D, Quality Assurance. The 
NQAP uses NQA-1-2012, Quality Assurance Requirements for Nuclear Facility Application, as its 
consensus standard and NQA-1-2012 Subpart 4.2.1 as the basis for its graded approach to quality. 

This work emphasized acquiring new theoretical or experimental knowledge. The information associated 
with this report should not be used as design input or operating parameters without additional 
qualification. 
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Appendix A – Amendment Synthesis and Characterization 

A.1 Synthesis of Mineral Phases 

A.1.1 Batch Calcite Synthesis Method 

Calcite was synthesized based on previous research (Saslow et al. 2019; Lawter et al. 2018; Qafoku et al. 
2018; Wellman et al. 2008). Briefly, equal parts of 0.1 M CaCl2 (Sigma Aldrich) and 0.1 M (NH4)2CO3 
(Sigma Aldrich) were mixed slowly and allowed to settle overnight. Solids were separated by 
centrifugation at approximately 4000 rpm for 10 minutes without washing. Approximately 17.7 grams of 
calcite was recovered from 2 liters of solution . 

A.1.2 Batch Co-precipitation of Calcite with ZVI or SMI and Hanford Formation 
Sediments 

Batch experiments were conducted to produce homogenous calcite precipitation with Hanford formation 
sediment to test the change in spectral induced polarization (SIP) signal compared to the control sediment 
(without freshly precipitated calcite). Additional SIP experiments tested calcite, but the precipitated 
calcite was mixed into the sediment and therefore sediment mineral coatings were not produced. In 
addition, a set of batch experiments with zero valent iron (ZVI) or sulfur modified iron (SMI) mixed into 
the sediment were included to compare relatively conductive (ZVI/SMI) and non-conductive (calcite) 
materials. ZVI/SMI produces a greater SIP signal, and calcite may cover the surfaces of ZVI/SMI during 
precipitation, dampening the signal leading to unique SIP signal changes that may indicate calcite 
precipitation.  

For each batch test, 25 g of Hanford formation sediment (< 2 mm) was added to a batch reactor. For tests 
with ZVI or SMI, 0.25 g of ZVI (Hepure) or SMI was added and mixed with the sediment. Calcite 
forming solutions (1 M CaCl2 and 1 M (NH4)2CO3) were prepared in Hanford artificial groundwater 
(AGW). Forty milliliters of 1 M CaCl2 in Hanford AGW (measured via graduated cylinder) was added to 
each reactor and gently swirled. Next, 40 mL of 1 M (NH4)2CO3 in Hanford AGW (measured via 
graduated cylinder) was added to each reactor slowly and then swirled. The caps were left loose for 
several minutes to allow gas to escape. The reactors were then placed on a shaker at 100 rpm overnight. 
The following day, the contents of the reactors were filtered (0.45 µm Millipore). For each set of batch 
experiments containing calcite (calcite + sediment; and calcite + sediment + ZVI/SMI), duplicate reactors 
were prepared for SIP column packing and moisture content determination and two reactors were 
air-dried over several days to determine calcite content. Two sets of control experiments were also 
prepared, using sediment only or sediment + ZVI/SMI. For these experiments, 80 mL of Hanford AGW 
was added to each reactor in lieu of calcite forming solutions.  

A.1.3 Column Co-precipitation of Calcite with SMI and Hanford Formation 
Sediments 

After 69 days of continuous flow of AGW at 0.025 mL/min through the 24-in. length by 0.5-in. ID 
column packed with layers of sediment and variable SMI wt.% as described in Figure 3.37, calcite 
forming solutions were injected via mixing of CaCl2 and (NH4)2CO3 at ports along the column body in 
between the electrode pairs. The column was initially saturated with 0.1 M CaCl2 from the bottom port of 
the column at a flow rate of 0.025 mL/min for 96 hours (approximately five pore volumes were flushed). 
Following saturation with the CaCl2, two Kloehn 8-port syringe pumps (Kloehn, NV, USA) were used to 
inject 0.1 M (NH4)2CO3 nearly simultaneously into 12 ports along the body of the column at a flow rate of 
0.04 mL/min (in each port, for a total injection of 0.48 mL/min into the column). After 22 hours, the 
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influent lines were flushed with double deionized water and then CaCl2, and injection switched to CaCl2 
for 3 hours (at the 0.04 mL/hr injection rate, in 11 ports – 1 port clogged). Then, continuous flow of 
AGW through the main influent line was re-initiated at 0.025 mL/min.  

A.1.4 Biotically-Precipitated Apatite Synthesis Method 

The synthesis of biotic apatite involved mixing a pH 7.5 phosphate solution with Ca-citrate in the 
presence of microbes from Hanford formation sediment and the Columbia River water such that as citrate 
biodegrades, the calcium is released from the complex and slowly forms apatite. The 5 liters of solution 
had a total of 40 mmol/L phosphate, of which 32.4 mmol/L was Na2HPO4, 5.6 mmol/L was NaH2PO4, 
and 2.0 mmol/L was NH4HPO4. The solution also contained 100 mM Ca-citrate, and the measured pH 
was 7.57. The mixture of phosphate compounds buffered the pH to 7.5 and supplied a small amount of 
nitrogen for the microbes. This 5-liter solution was made in unfiltered Columbia River water with 
addition of 500 g of Hanford formation sediment suspended in the solution in a woven PTFE bag to 
supply both microbes from the river water (which previous studies have shown biodegrades most of the 
citrate) and sediment microbes. The slow formation of apatite, which is optimal at pH 7.5, results in a 
relatively high surface area apatite (94 m2/g), composed of 100-nm sized rods of apatite conglomerated on 
surfaces as shown previously (Szecsody et al. 2009, 2016). The 5 liters of solution was placed in a 35°C 
oven for approximately 30 days to allow apatite formation. The precipitate was then washed with 
deionized water using a 0.2-micron suction filter to remove most of the high ionic strength solution and 
dried at 35°C. 

For the 24-in. length by 0.5-in. ID 1-D column in which the Ca-citrate/Na-phosphate was injected into to 
form apatite in situ, a Ca-poor solution was used in order to utilize most of the calcium on sediment ion 
exchange sites. This solution contained 40 mmol/L phosphate, 3.6 mmol/L calcium, and 9.0 mmol/L 
trisodium citrate at pH 7.5 mixed up in unfiltered Columbia River water. In that column, a total of 5 pore 
volumes of the solution was injected over 24 hours and then left static for approximately 4 weeks to allow 
precipitation to occur following microbial degradation of citrate. The column was initially saturated with 
AGW prior to injection of Ca-citrate/Na-phosphate. 

Following experiments, columns were sectioned and water content, phosphorus by extractions, and total 
organic carbon were measured in the solid phase as described in Section A.2. 

A.1.5 Polyphosphate Method for Synthesis of Apatite 

Two experiments were conducted where apatite was precipitated in situ from polyphosphate solutions in 
24-in. length by 0.5-in. ID columns, including (i) Hanford sediment only and (ii) Hanford sediment layers 
packed with variable concentrations of SMI as described in Figure 3.37. Polyphosphate solution was 
prepared at approximately half of the concentration used in the 300-FF-5 Stage B injection in 2019 for the 
column conducted with only Hanford sediment and at the full concentration for the column with variable 
concentrations of SMI (Szecsody et al. 2020, 2012). Therefore, the targeted concentration was 43.5- or 
88-mM total phosphate, respectively, with 90% as orthophosphate through addition of sodium phosphate 
and 10% as pyrophosphate with the pH initially adjusted to pH 7.5. Approximately three pore volumes 
were injected at a flow rate of 0.025 mL/min followed by 6 weeks without flow to allow for slow 
precipitation of hydroxyapatite. The pyrophosphate slowly converts to orthophosphate and precipitates 
with native calcium initially as monocalcium phosphate, which then crystallizes from di- to octa-calcium 
phosphate and eventually forms hydroxyapatite (Sumner 2000).  

The polyphosphate solutions were diluted from a stock solution prepared from the recipe developed by 
Two Rivers Chemicals with a 50-mL concentrated solution (965 mM). First, 42.2 mL of water is stirred 
with 3.35 mL (or 5.006 grams) of H3PO4 until dissolved. Then, 2.25 mL (or 3.47 grams) of NaOH is 
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added to reach a pH of 5.4 followed by 2.2 mL (or 3.2 grams) of KOH to reach a pH of 7.04. Finally, 1.02 
grams of sodium pyrophosphate was added, heated, and stirred until dissolved. 

A.2 Characterization of Amendments and Porous Media 

Brunauer – Emmett – Teller (BET) specific surface area of these materials was measured with an 
Accelerated Surface Area and Porosity System ASAP 2020 from Micromeritics (Brunauer et al. 1938). 
The materials were degassed at 80°C for approximately 9 hours with a temperature ramp of 5°C/min. All 
samples were analyzed in triplicate with nitrogen (N2) or krypton (Kr) gas. Krypton gas was used for 
samples with relatively low surface area, e.g., calcite samples. 

X-ray diffraction patterns were collected from powders packed into zero-background well holders using a 
Rigaku SmartLab SE diffractometer. The instrument employed Bragg-Brentano geometry with a Cu X-
ray source (λ = 1.5418 Å), a variable divergence slit, and a high-speed D/teX Ultra 250 1D detector. 
Patterns were collected between 2 and 100 °2θ at intervals of 0.01 °2θ and minerals identified through 
comparison with reference patterns in the ICDD database (International Center for Diffraction Data, PA). 

Estimates of mineral concentrations were obtained by Rietveld fitting using Topas (v6, Bruker AXS). 
This method calculates the full diffraction profile from published crystal structures, applying convolutions 
for instrumental and specimen broadening arising from finite crystallite size and/or microstrain. Atomic 
coordinates were not refined, and instrumental parameters were also fixed after having been established 
from standard powders. For natural samples, the primary source of uncertainty for these determinations is 
the degree to which the published crystal structure of complex minerals matches that of the specimen. 

A.2.1 X-ray Diffraction Patterns for Amendments 

The following figures represent the amendment patterns with reference mineral patterns overlaid. 

 

Figure A.1. XRD pattern for calcite synthesized at PNNL with counts on y-axis versus theta on the x-axis. 
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Figure A.2. XRD pattern for apatite – 1 (Sigma Aldrich) with counts on y-axis versus theta on the x-axis. 

 

Figure A.3. XRD pattern for apatite – 2 (biotically produced apatite) synthesized at PNNL with counts on 
y-axis versus theta on the x-axis. 
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A.2.2 X-ray Diffraction Patterns for Porous Media 

 

Figure A.4. XRD pattern for Accusand with counts on y-axis versus theta on the x-axis. 

 

Figure A.5. XRD pattern for Hanford formation sediments with counts on y-axis versus theta on the x-
axis. 

A.2.3 Determination of Water Content 

Moisture content was measured using ASTM Method D2216-19 based on drying of 2-3 grams of 
sediment at 105°C. 
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A.2.4 Total Inorganic and Organic Carbon in Sediments 

Solid sediment samples were analyzed for total carbon (TC) and inorganic carbon (IC) using a Shimadzu 
combustion carbon analyzer TOC-L CSH/CSN E100V equipped with a Solid Sample Module, Model 
SSM-5000A (Shimadzu Scientific Instruments, Inc., Columbia, MD 21046). Samples and standards were 
weighed into ceramic sample boats that were pre-cleaned with 2N hydrochloric acid (diluted from Fisher 
Scientific catalog# A144C-212, lot# 043414), rinsed with deionized water, dried, and then fired at 900°C 
in a muffle furnace for 30 minutes. The TC was determined by combustion at 900°C. The IC was 
determined by adding 85% phosphoric acid (Fisher Scientific catalog# A260-500, lot# 076856) to the 
sample at 200°C. A non-dispersive infrared gas analyzer was used to detect the resultant carbon dioxide 
gas. The total organic carbon (TOC) was determined by difference, TOC = TC-IC. A primary TC 
standard was made with dextrose (D-glucose) solid (C6H12O6, 40.0% C, Fisher Scientific catalog# D16-
500, lot # 170457). A verification TC standard was made with dextrose (D-glucose) solid, C6H12O6, f.w. 
180.16, 40.0% C, EMD Millipore, Inc., cat# DX0145-1, lot # K47150008629. Sodium bicarbonate was 
used for the primary IC calibration standard (NaHCO3, 14.3% C, Fisher Scientific catalog# S233-500, 
lot# 172497). A verification IC standard was prepared from solid sodium bicarbonate, NaHCO3, f.w. 
84.01, 14.3% C, Acros Organics, Co., cat# 424270250, lot# A0373468. 

A.2.5 Extractions for Phosphorus in Sediments 

Two sequential liquid extractions were conducted in series on selected pre- and post-injection sediment 
samples. These extractions are operationally defined and may not necessarily be representative of the 
targeted fraction depending on sample conditions, although previous research suggests some association 
(Hall et al. 1996; Gleyzes et al. 2002; Chao and Zao 1983; Larner et al. 2006; Mossop and Davison 2003; 
Sutherland and Tack 2002). Extraction 1 is an ammonium oxalate extraction designed to dissolve Fe 
oxides (1 h) at room temperature, and extraction 6 is 8 M HNO3 at 95°C (2 h) designed to dissolve a 
portion of sediment minerals. The 8 M HNO3 extraction is a strong but incomplete digestion that is 
expected to dissolve elements that are potentially environmentally available. For example, previous 
research has shown that an 8 M HNO3 acid extraction may remove 70% of total trace metals, 40-60% of 
Fe and Mn, 25% of major alkaline earth metals (Ca and Mg), 15% of Al and Ti, and negligible Si 
(< 0.03%) based on a comparison of acid extracts with quantitative X-ray fluorescence measurements 
(Serne et al. 2002, 2008). These sequential extractions are conducted at a 1:3 sediment:liquid ratio. 

A.3 Artificial Groundwater and Porewater  

Table A.1. Artificial groundwater constituents. 

Constituent 
Conc.  
(mg/L) 

Mass for 1 L  
(g) 

 H2SiO3*nH2O, silicic acid 15.3 0.0153 
 KCl, potassium chloride 8.2 0.0082 
 MgCO3, magnesium carbonate 13 0.013 
 NaCl, sodium chloride 15 0.015 
 CaSO4, calcium sulfate 67 0.067 
 CaCO3, calcium carbonate 150 0.15 
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Table A.2. Artificial perched water constituents. 

Constituent 
Conc.  
(mg/L) 

NaHCO3, sodium bicarbonate 900 
KHCO3, potassium bicarbonate 31 
MgSO47H2O, magnesium sulfate 67 
CaSO42H2O, calcium sulfate 9.7 
Na2SO4, sodium sulfate 248 
NaCl, sodium chloride 193 

A.3.1 Solution Characterization by ICP-OES 

Metals were analyzed quantitatively using a PerkinElmer Optima 8300 dual view inductively coupled 
plasma optical emission spectrometry (ICP-OES) and a PerkinElmer S-10 auto-sampler interface. The 
instrument was calibrated using standards made by the High-Purity Standards (Charleston, SC) to 
generate calibration curves. All samples and standards were diluted with 2% nitric acid (Fisher Scientific, 
Optima trace metal grade) and twice deionized water with resistivity no lower than 18.0 MΩ-cm. Serial 
dilutions were made to investigate and correct for matrix interferences. This method is similar to EPA 
SW-846 Method 6010C, Inductively Coupled Plasma-Atomic Emission Spectrometry (EPA 2007; PNNL 
2016). 

A.3.2 Total Inorganic Carbon in Solution 

IC was determined by using a Shimadzu combustion carbon analyzer TOC-L CSH/CSN E100V with a 
manual injection block. Fifty-microliter samples were injected with a syringe into 25% phosphoric acid 
(ACS grade, Sigma Aldrich#438081-500mL) at ambient lab temperature. A non-dispersive infrared gas 
analyzer was used to detect the resultant carbon dioxide gas. The inorganic carbon primary standard was 
made from sodium bicarbonate solid (Fisher Chemical Co., Cat # S233-500, lot# 172497) and sodium 
carbonate solid (LabChem Co., Cat# LC229651, lot# G153-16). The inorganic carbon verification 
standard was made from sodium bicarbonate solid (Acros Organics Co., Cat # 424270250, lot# 
A0373468) and sodium carbonate solid (Acros Organics Co, Cat# 42428-5000, lot# B0143079). The 
calibration range for inorganic carbon was 0.5 to 50 ppm as C.  
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Appendix B – Geometric and Formation Factor Calculations 

The following tables summarize the geometric factors estimated for all nine of the 8.0-cm-long columns 
used for spectral induced polarization (SIP) experiments as well as the formation factors for both sand and 
Hanford formation sediments. These geometric factor constants are estimated based on a linear regression 
of the measured resistance versus solution resistivity with columns filled with solutions of variable ionic 
strength from 0.001 to 1.0 M NaCl. The values in Table B.1 are based on an average of constants 
estimated from a linear regression at seven frequencies (0.01, 0.1, 1.0, 10, 100, 1000, and 10,000 Hz). The 
low variability in factors across frequency as expected based on theory is confirmed with these 
experimental results. For longer columns, geometric factors were estimated based on geometry (A/L).  

The formation factors are estimated based on a linear regression of real conductivity versus solution 
conductivity in columns packed with the targeted porous media material and saturated with solutions of 
variable ionic strength from 0.001 to 1.0 M NaCl for sand in Table B.2 and Hanford formation sediments 
in Table B.3. There is also little variability with respect to frequency as shown by the examples of 
regressions conducted across the frequency range (from 0.01 to 100 Hz) in Table B.4 and Figure B.1. 
Similar results were observed for Hanford formation sediments (not shown). 

Table B.1. Geometric factor for 8.0-cm-long, 1.25-cm-ID SIP columns with standard deviation based on 
estimates across seven orders of magnitude of frequency (estimated at 0.01, 0.1, 1.0, 10, 100, 
1000, and 10,000 Hz). 

Column 
K 

 (cm-1) R2 
A 1.55 ± 0.07 0.9999 
B 2.19 ± 0.01 0.9999 
C 1.93 ± 0.01 0.9998 
D 1.99 ± 0.00 0.9999 
E 2.02 ± 0.00 0.9998 
F 1.87 ± 0.01 0.9999 
G 1.95 ± 0.01 0.9999 
H 1.18 ± 0.01 0.9999 
I 2.09 ± 0.01 0.9999 

Table B.2. Formation factor for sand (40-60 mesh) with standard deviation based on the average of three 
columns, each of which are based on an average across five orders of magnitude of frequency 
(estimated at 0.01, 0.1, 1.0, 10, and 100 Hz and averaged for each column). 

Column F (unitless) 
D 5.103 ± 0.008 
E 5.311 ± 0.001 
F 5.071 ± 0.001 

Average 5.16 ± 0.13 
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Table B.3. Formation factor for Hanford formation sediments (< 2 mm) with standard deviation based on 
the average of three columns each of which are based on an average across five orders of 
magnitude of frequency (estimated at 0.01, 0.1, 1.0, 10, and 100 Hz and averaged for each 
column). 

Column F (unitless) 
D 3.848 ± 0.005 
E 3.593 ± 0.011 
F 3.810 ± 0.011 

Average 3.75 ± 0.14 

 

Figure B.1. Comparison of formation factor regressions for Column D packed with sand at variable 
frequency. Note: Each frequency nearly overlays on top of the other. 

Table B.4. Comparison of formation factor estimated at variable frequencies in sand. 

Frequency  
(Hz) Formation Factor Standard Deviation R2 
0.01 5.313 0.0056 0.999998 
0.1 5.3116 0.006 0.999997 
1 5.3107 0.0057 0.999998 

10 5.3107 0.0057 0.999998 
100 5.3095 0.0054 0.999998 
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Appendix C – Development of SIP Electrodes for Unsaturated 
Conditions 

A Novel Electrode Design for Spectral Induced Polarization Measurements in Unsaturated Porous Media 
Jon Thomle, Adam R. Mangel 

Spectral induced polarization (SIP) is a remote subsurface sensing and imaging method that measures the 
frequency dependent electrochemical polarization across charged interfaces. Charged interfaces, known 
as electrical double layers (EDLs), occur at soil grains due to charge balances between the soil grain and 
the ions present in porewater. Polarization responses are typically on the order of a few milliradians; 
therefore, it is important to construct electrodes in a way that does not obscure these small signals. 
Additionally, special considerations must be taken for measuring SIP signals in unsaturated porous media, 
as the porewater often provides electrical coupling between the electrode and the sample. In order to 
address these challenges, a novel electrode design was tested for acquisition of SIP data on unsaturated 
porous media.  

For SIP data collection in porous media, it can be difficult to maintain coupling between the electrode and 
the porous media. For saturated conditions this is simpler, as ions in solution provide an electrolytic 
pathway for electricity to flow from the electrode and into the sample. As fluid is removed from the 
sample, however, the coupling can be adversely affected due to the less abundant pathways for electricity 
to flow. Many authors have introduced designs for electrodes that contain an electrode in some solution 
that is in hydrologic contact with the sample across some porous membrane. For example, Zimmerman et 
al. (2012) discuss the use of a plastic tube filled with solution and a ceramic membrane with high air-
entry pressures to maintain a liquid bridge between the electrode and the sample. They propose that an 
optimal ceramic membrane should have high surface area with a minimal wall thickness to prevent issues 
with high contact impedance (Zimmermann et al. 2012). 

Several electrode designs were examined to advance application of SIP technology, reduce costs 
associated with electrode construction, and explore alternative electrode designs. Electrodes were tested 
using a simple four-electrode, dipole-dipole configuration in tap water with salts added to increase 
electrical conductivity. Test were performed in water due to the absence of polarization mechanisms; 
therefore, no polarization response should be observed. The final electrode design and the associated 
testing data are shown in Figure C.1. Central to the electrode design is a plug of silica flour in which the 
brass wire electrode is embedded. The silica flour is comparable to the porous ceramic cups suggested by 
Zimmerman et al. (2012), using a high air-entry pressure to maintain saturation. The loose silica flour is 
packed into the electrode body and held in place with a hydrophilic porous plastic frit. Overall, the water 
test data show that the electrodes are performing favorably, with polarization responses generally below 
0.5 milliradians at frequencies less than 1000 Hz. These results are in good agreement with published 
quantities for electrode responses and cost roughly $10 in materials, with the majority of the cost coming 
for the SMB [sub miniature version B (type of radio frequency connector)] connector. Additional testing 
of the electrodes is required to fully evaluate the performance over a range of soil water saturation values. 
These tests should first be performed on soil analogues, like silica gel, before testing on actual soil 
samples in order to provide experimental control on polarization mechanisms. 

Additional testing and development of the unsaturated electrode designed here is included in Thomle et 
al. (2021) 
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Figure C.1. (a) Schematic of SIP electrode and (b) results of repeat measurements with a four-electrode 
configuration in water. 
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Appendix D – Preliminary SIP Response for FeS 

For a pure silica sand (with no clay, iron oxides, or other minerals that exhibit a capacitance), the addition 
of a small mass of FeS (mackinawite) resulted in a large positive imaginary conductivity increase at low 
to mid frequency (green circles, Figure D.1c), but a decrease in imaginary conductivity for high FeS 
addition. For a Hanford formation sediment, the same FeS additions resulted mainly in a decrease in the 
normalized imaginary conductivity (Figure D.1d). From a related spectral induced polarization (SIP) 
study (Szecsody et al. 2020), adsorbed ferrous iron and two different iron sulfides (mackinawite, pyrite, 
200 µmol/g is approximately 1.7 wt.%) were added to Hanford formation sediments. Normalizing the SIP 
changes in imaginary conductivity for ferrous iron or iron sulfide resulted in different shifts for the two 
ferrous iron phases. More specifically, addition of adsorbed ferrous iron showed an increase in the 
imaginary conductivity in the 0.1 to 10 Hz range, whereas additions of FeS and FeS2 showed a decrease 
in the imaginary conductivity in the 0.001 to 0.1 Hz range (Figure D.1a and b). The sensitivity of the 
change in imaginary conductivity was greater for the adsorbed ferrous iron as compared to iron sulfides, 
although different increases and decreases have been observed for different porous media (Orozco et al. 
2011; Williams et al. 2009). For different sediments, the increase in capacitance (i.e., greater phase angle 
shift) also differs. 

Chemical reduction of Hanford formation sediments with calcium polysulfide (CPS) results primarily in 
the formation of iron sulfide precipitates. The normalized imaginary conductivity of the CPS-treated 
sediment as observed in previous research (Figure D.1) shows primarily a decrease in the 0.001 to 0.1 Hz 
frequency, which is similar to FeS and FeS2 additions to the same sediment (Figure D.1b,d) and FeS 
addition to sand (Figure D.1c). To summarize the results of iron sulfide additions in this project, FeS 
(mackinawite) additions at 1.7 wt.% to both sand and Hanford formation sediments resulted in a decrease 
in the imaginary conductivity in the low range frequency (< 1 Hz). This response to FeS additions was 
similar to that observed in a previous study (Figure D.1a,b and Figure D.2). This imaginary conductivity 
response is the opposite of the response to sulfur modified iron (SMI) addition at the same frequency 
range, although additional measurements are necessary as these columns were not able to be conducted in 
triplicate. 

The SIP response for iron sulfide (FeS, mackinawite) addition to sand or sediment differed significantly 
from zero valent iron (ZVI) or SMI addition to sand or sediment. For a single concentration of FeS added 
to sand or Hanford formation sediment in this study (1.7 wt.%) or multiple concentrations of FeS addition 
to Hanford sediment in a previous study (Szecsody et al. 2020), there was a consistent decrease in the 
imaginary conductivity (60 to 100 S/cm) in the low frequency range (0.01 to 1 Hz) in contrast to a 
consistent increase in the imaginary conductivity for ZVI (at > 100 Hz) and SMI (0.01 – 10 Hz) additions 
to sand or sediment. The sensitivity of measurement of FeS additions to sand (-30 mrad/1 wt.% FeS) or 
sediment (23 mrad/1 wt.% FeS) was about the same as ZVI or SMI additions, but the imaginary 
conductivity changes were larger, with a 59 µS/cm imaginary conductivity decrease for 1 wt.% FeS 
addition to sand and a 35 µS/cm imaginary conductivity decrease for 1 wt.% FeS addition to Hanford 
sediment. Therefore, detection of ZVI, SMI, or FeS addition to sediments was generally highly sensitive 
and SIP response differed between the three amendments in terms of frequency response.  
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Figure D.1. Change in the normalized imaginary conductivity with (a) Hanford formation sediment with 
additions of Fe2+, (b) Hanford formation sediment with additions of FeS, FeS2, (c) sand with 
FeS additions, and (d) Hanford sediment with FeS additions. SIP experiments in (a) and (b) 
are from previous research (Szecsody et al. 2020). 
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Figure D.2. Normalized imaginary conductivity of calcium polysulfide treated Hanford formation 
sediments (Szecsody et al. 2020). 
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Appendix E – In Situ Delivery of Micron-Sized ZVI with SIP 
Monitoring 

 

Figure E.1. Visual changes in solid phase observed over time with (a) 1 day after injection of ZVI-2, (b) 
after aging for 130 days with ZVI-2, and (c) solid phase changes across the column from 
influent end (12) to effluent end (1). 
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Figure E.2. Pair 1 spectral induced polarization (SIP_ response before and after injection of 1.5 wt.% ZVI-2 (1-5 µm) with artificial groundwater 
(AGW) and 800 mg/L xanthan gum at 1 mL/min with (a) phase shift in mrad, (b) real conductivity in µS/cm, and (c) imaginary 
conductivity in µS/cm, where pair 1 is the electrode potential pair closest to the influent end cap and pair 3 is the electrode potential 
pair closest to the effluent end cap, with points and circles representing the average of three loops of data collected on one column. 
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Figure E.3. Pair 2 SIP response before and after injection of 1.5 wt.% ZVI-2 (1-5 µm) with AGW and 800 mg/L xanthan gum at 1 mL/min with (a) 
phase shift in mrad, (b) real conductivity in µS/cm, and (c) imaginary conductivity in µS/cm, where pair 1 is the electrode potential pair 
closest to the influent end cap and pair 3 is the electrode potential pair closest to the effluent end cap with points and circles 
representing the average of three loops of data collected on one column and dashed lines representing the 95% confidence interval for 
the three loops of data collected on the electrode pair. 
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Appendix F – In Situ Delivery of Calcite and Apatite following Aging of SMI 

 

Figure F.1. Change in spectral induced polarization (SIP) response over time for 1 wt.% sulfur modified iron (SMI) with Hanford sediment 
saturated with artificial groundwater (AGW) followed by injection of calcite forming solutions (70-75 days) and then flushing with 
AGW in a 24-in. length by 0.5-in. ID column, with (a) phase shift in mrad, (b) real conductivity, (c) imaginary conductivity in µS/cm, 
where circles represent the measurement for each frequency at five days after saturation. 
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Figure F.2. Change in SIP response over time for 0.1 wt.% SMI with Hanford sediment saturated with AGW followed by injection of calcite 
forming solutions (70-75 days) and then flushing with AGW in a 24-in. length by 0.5-in. ID column, with (a) phase shift in mrad, (b) 
real conductivity, (c) imaginary conductivity in µS/cm, where circles represent the measurement for each frequency at five days after 
saturation. 
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Figure F.3. Change in SIP response over time for the sediment layer immediately after 10 wt.% SMI with Hanford sediment saturated with AGW 
followed by injection of calcite forming solutions (70-75 days) and then flushing with AGW in a 24-in. length by 0.5-in. ID column, 
with (a) phase shift in mrad, (b) real conductivity, (c) imaginary conductivity in µS/cm, where circles represent the measurement for 
each frequency at five days after saturation. 
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Figure F.4. Change in SIP response over time for the sediment layer immediately after 100 wt.% SMI with Hanford sediment saturated with AGW 
followed by injection of calcite forming solutions (70-75 days) and then flushing with AGW in a 24-in. length by 0.5-in. ID column, 
with (a) phase shift in mrad, (b) real conductivity, (c) imaginary conductivity in µS/cm, where circles represent the measurement for 
each frequency at five days after saturation. 
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Figure F.5. Change in SIP response over time for the second sediment layer after 100 wt.% SMI with Hanford sediment saturated with AGW 
followed by injection of calcite forming solutions (70-75 days) and then flushing with AGW in a 24-in. length by 0.5-in. ID column, 
with (a) phase shift in mrad, (b) real conductivity, (c) imaginary conductivity in µS/cm, where circles represent the measurement for 
each frequency at five days after saturation. 
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Figure F.6. Layer of Hanford formation sediments with 0.1 wt.% of SMI saturated with AGW in a 24-in. length by 0.5-in. ID column as measured 
over 40 days with constant flow at 0.025 mL/min, with (a) phase shift in mrad, (b) real conductivity, (c) imaginary conductivity in 
µS/cm, where circles represent the measurement for each frequency. 
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Figure F.7. Layer of Hanford formation sediments with 1 wt.% of SMI saturated with AGW in a 24-in. length by 0.5-in. ID column as measured 
over 40 days with constant flow at 0.025 mL/min, with (a) phase shift in mrad, (b) real conductivity, (c) imaginary conductivity in 
µS/cm, where circles represent the measurement for each frequency. 
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Figure F.8. Layer of Hanford formation sediments after 0.1 wt.% of SMI layer saturated with AGW in a 24-in. length by 0.5-in. ID column as 
measured over 40 days with constant flow at 0.025 mL/min, with (a) phase shift in mrad, (b) real conductivity, (c) imaginary 
conductivity in µS/cm, where circles represent the measurement for each frequency. 
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Figure F.9. Layer of Hanford formation sediments after 1 wt.% of SMI layer saturated with AGW in a 24-in. length by 0.5-in. ID column as 
measured over 55 days with constant flow at 0.025 mL/min, with (a) phase shift in mrad, (b) real conductivity, (c) imaginary 
conductivity in µS/cm, where circles represent the measurement for each frequency. 
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Figure F.10. Layer of Hanford formation sediments after 10 wt.% of SMI layer saturated with AGW in a 24-in. length by 0.5-in. ID column as 
measured over 55 days with constant flow at 0.025 mL/min, with (a) phase shift in mrad, (b) real conductivity, (c) imaginary 
conductivity in µS/cm, where circles represent the measurement for each frequency. 
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