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I. INTRODUCTION 

 The production of Plutonium at the U.S. Department of Energy (DOE) Hanford 

Site (Washington State) during the Second World War and Cold War has led to 

significant radionuclide contamination of the environment. High level liquid waste was 

stored in 177 single and double shelled tanks which were located in the 200 West Area 

and 200 East Area tank farms (Figure 1). While most of the tanks remain intact, 68 of the 

single shell tanks have begun leaking into the vadose zone (VZ) (Um et al., 2010). These 

tanks hold 56 million gallons of high level waste (HLW) and low-activity waste (LAW) 

which is composed of a mix of hazardous radioactive and chemical waste. This waste 

will eventually be vitrified in the form of borosilicate glass for final disposal in a 

geologic repository. HLW is in the form of low solubility sludge at the bottoms of the 

tanks while the LAW is in the form of supernatant and saltcake solids. Cs137 is present in 

the supernatant and saltcake and will be removed prior to vitrification.(Peterson et al., 

2018) 

 One component of this contamination is Uranium, which exists in the form of 

low-mobility uranyl silicates (Na-Boltwoodite, Uranophane) as well as high mobility 

uranyl carbonates (Liebigite, Rutherfordine). The mobile carbonate phases are a threat as 

they can leach into the underlying phreatic zone (PZ) and serve as a source for a 

contaminant plume (Szecsody et al., 2012). 
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Figure 1 Map of the Hanford site (Vermeul et al., 2009) 

 

 One possible solution to reduce the mobility of Uranium in the subsurface could 

be an injection of a liquid Sodium Tripolyphosphate amendment. This phosphate 

compound would undergo hydrolysis and release orthophosphate (PO4
3-), which would 

then lead to the formation of the insoluble uranyl phosphate mineral sodium autunite 

(Na2(UO2)2(PO4)2·8H2O). This remediation strategy has the added advantage of 

sequestering uranium by precipitation in the 6+ state, which is the natural state of U in 

the vadose zone. (Vermeul et al., 2009) Even small quantities of phosphate present in the 
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groundwater can promote the formation of autunite minerals that are persistent over 

geologic time (De Vivo et al., 1984).  

 A field scale test in the 300 Area examined the ability of a three part injection in 

sequestering Uranium within the phreatic zone. This test involved three sequential 

injections:  

 ① An initial sodium tripolyphosphate injection. 

 ② A Calcium Chloride (CaCl) injection. 

 ③ A second and final sodium tripolyphosphate injection. 

 The test had limited success in treating the groundwater directly, Uranium 

concentrations in the groundwater dropped to below drinking water standards initially but 

then returned to previous values within two months. Consequently, the researchers 

proposed treating the source of contamination in the vadose zone directly. (Vermeul et 

al., 2009)  

 The presence of soil bacteria can affect uranium mobility significantly. Bacteria 

may dissolve uranyl-phosphate minerals in an effort to obtain phosphorus, thus liberating 

uranium back to the liquid phase. This process can be much more intensive in the 

presence of bicarbonate ions that enhance uranium release into the aqueous phase 

(Gudavalli, et al, 2013). Under oxidizing conditions microbes have been shown to 

interact with meta-autunite including biomineral precipitation. (Neu et al., 2011) As such 

there is a need for a better detection of microbes for implementation of any remediation 
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actions.  This might be possible via geophysical methods such as spectral induced 

polarization (SIP). 

 Geophysical techniques allow researchers to understand subsurface processes 

using surface measurements. Electrical techniques such as DC resistivity and Induced 

Polarization are sensitive to changes in the conductive and capacitive properties of the 

subsurface (Binley, 2015). These techniques have great potential for furthering our 

understanding of the spatial distribution of contamination in the subsurface as well as for 

monitoring vadose zone remediation techniques. 

The emerging field of biogeophysics seeks to study how geophysical techniques 

can be used to understand microbiological processes in the subsurface. Mircobial action 

can affect geophysical measurements through various pathways. These include the 

formation of biofilm, increases in cell counts, and chemical alterations to the 

surroundings. Of particular focus are electrical geophysical techniques which study 

charge storage including induced polarization and spectral induced polarization. These 

methods are effective due to the fact that most bacterial cell walls have a net negative 

surface charge. This net charge forms the basis for the formation of an electrical double 

layer at bacterial surfaces which can polarize in the presence of an electric 

field.(Atekwana and Slater, 2009) 

 Near surface geophysical techniques have been used extensively at the Hanford 

site for the purpose of detecting contamination in the subsurface. Often contaminated 

sediment will have a contrasting bulk conductivity to the surrounding sediment and as 

such will be detectable using resistivity techniques which are sensitive to this difference. 
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These applications have included the tracking of riverwater intrusion at the 300 area 

using 4D (time domain) electrical resistivity tomography (ERT) at the shore, the 

visualization of nitrate contaminant plumes under the B-Complex using cross-borehole 

ERT, and the monitoring of nitrogen-driven desiccation for the purpose of in-situ 

remediation at the 200 Area. (Johnson et al., 2015a) 

Changes in bulk conductivity were exploited in order to monitor subsurface 

changes during biostimulation (injection of amendment in order to promote microbial 

breakdown of contaminants) at the Department of Defense (DoD) Brandywine site. 

Time-lapse ERT monitoring proved a robust and effective method to track subsurface 

changes in conductivity driven by microbial activity. (Johnson et al., 2015b) 

 Spectral Induced Polarization (SIP) uses a time varying alternating sinusoidal 

current and measured potential in order to calculate an impedance, 𝑍(𝜔), composed of a 

magnitude (i.e. resistance), |𝑍(𝜔)| and phase, 𝜑(𝜔) (controlled mainly by capacitive and 

inductive effects), as a function of the current frequency, 𝜔. The sensitivity of SIP to 

microbial processes has been demonstrated in various studies. These have included the 

study of microbe induced sulfide mineral precipitation (Ntarlagiannis et al., 2005a), the 

effect of artificial biofilms (Ntarlagiannis and Ferguson, 2008), and the release of 

biogenic gases in peat soils (Slater et al., 2007). Even deactivated microbial cells can 

affect the phase when injected into sand columns (Ntarlagiannis et al., 2005b), and this 

was attributed to clogging of pores and enhancement of pore throat polarization effects. 

In particular these studies show the significant effect that microbes can have on 

the imaginary component (𝜎′′) of the complex conductivity (𝜎∗). 
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Recently (Mellage et al., 2018) conducted column experiments involving 

alternating layers of ferrihydrite-coated sand and pure quartz sand and found strong 

correlations between biomass growth and 𝜎′′. 

Although many experiments have been conducted exploring microbial effects on 

SIP, most have used idealized media. This study focuses on site-specific needs and 

conditions at the Department of Energy Hanford site. This was accomplished by using 

Hanford Fine Sand (HFS) and a Simulated Groundwater Solution (SGW) designed to be 

similar to groundwater at the site. Hanford Fine Sand was taken from a pit on the site. 

Saturated column experiments were conducted in Fall 2016, Spring 2017, and 

Spring 2018. These experiments monitored changes in the SIP response as well as 

chemical changes in the pore fluid of saturated Hanford Fine Sand with the purpose of 

studying the effects of microbes on autunite as well as to determine the ability of SIP to 

remotely detect microbial growth under these conditions. 

II. THE SIP METHOD 

 

 Spectral Induced Polarization (SIP) uses a time-varying alternating sinusoidal 

current (AC) and measured potential in order to calculate an impedance, 𝑍(𝜔), composed 

of a magnitude (i.e. resistance), |𝑍(𝜔)| and phase, 𝜑(𝜔) (controlled mainly by capacitive 

and inductive effects), as a function of the current frequency, 𝜔  

 𝑍(𝜔) = |𝑍(𝜔)|𝑒−𝑖𝜑(𝜔). (1) 

 Similar to traditional DC resistivity methods, SIP often uses a four-electrode 

configuration (two current electrodes, two potential electrodes). Generally a reference 



7 
 

resistor is used in order to calibrate the impedance. The measured impedance and phase 

can be used to calculate a complex resistivity which is made up of real and imaginary 

components (Slater et al., 2005): 

 
|𝜌∗(𝜔)| =

|𝑍(𝜔)|

𝐾
. 

(2) 

 
𝐾 =

𝐿

𝐴
=

𝐿

𝜋𝑟2
. 

(3) 

 The geometric factor (𝐾) is a constant that translates the measured impedance to a 

complex resistivity and is a function of the system dimensions. For this experiment a  

cylindrical column was used, as such: 𝐿 is the distance between the measurement 

electrodes while 𝑟 is the inner radius of the PVC pipe being used. 

 The complex conductivity is then simply the inverse of the complex resistivity: 

 
𝜎∗(𝜔) =

1

𝜌∗(𝜔)
. 

(4) 

 

 𝜎∗(𝜔) = 𝜎′ + 𝑖𝜎′′ = |𝜎(𝜔)|𝑒𝑖𝜑(𝜔) (5) 

 

 𝜎′ = |𝜎|cos (𝜑) (6) 

 

 𝜎′′ = |𝜎|sin (𝜑) (7) 
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 Furthermore the real component of the conductivity can be divided into an 

electrolytic component and a surface component (Aal et al., 2004): 

 𝜎′ = 𝜎𝑒𝑙 + 𝜎𝑠𝑢𝑟𝑓
′ =

𝜎𝑤

𝐹
+ 𝜎𝑠𝑢𝑟𝑓

′  

 

(8) 

 By plotting the real conductivity against the pore fluid conductivity it is possible 

to obtain both the formation factor 𝐹 and the surface conductivity. 

 SIP measurements can be related to physical properties of the sediment by fitting 

the data to a Cole-Cole model (Cole and Cole, 1941; Pelton et al., 1978; Slater et al., 

2006): 

 
𝜎∗(𝜔) = 𝜎0[1 + 𝑚 (

(𝑖𝜔𝜏)𝑐

1 + (𝑖𝜔𝜏)𝑐(1 − 𝑚)
)] 

 

(9) 

Where 𝑚 is the chargeability, 𝜔 is the angular frequency, 𝜏 is the relaxation time, and 𝑐 

is a constant based on the shape of the measured phase spectra. Figure 2 shows a series of 

synthetic Cole-Cole phase spectra while also demonstrating the effect of changing the 

Cole-Cole parameters in the equation. 
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Figure 2 Effects of changing Cole-Cole Parameters on Synthetic Phase 

 

Polarization below 1 MHz is controlled mainly by Maxwell-Wagner polarization 

(dominant at >1KHz), Stern Layer Polarization, Diffuse Layer Polarization, Membrane 

Polarization, and Electrode Polarization. (Kemna, 2014) 

 

III. METHODOLOGY 

Experiment Setup 

Originally six sediment filled columns were constructed in order to monitor the 

effects of microbial growth on Autunite and the SIP response. The sediment used in this 

study is Hanford Fine Sand (HFS) (Figure 3). The following characterization of HFS is 

found in Serne et al. (2008). HFS is characteristic of the sediment under the SX Tank 

Farm. The sample was obtained from the 218-E-12B site and characterized as a silty 

sand. The sediment is made up of 72.61% sand, 20.57% silt, 6.59% clay, and 0.23% 
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gravel sized particles. CaCO3 made up 1.75% by weight of the total sediment. 

Mineralogy of the samples is dominated by quartz (80%), K-Feldspar(10%), and Na-

Feldspar(20%). The mineralogy of the clay fraction is Smectite (30%), Illite(15%), 

Chlorite(15%), Kaolinite(10%), Quartz(5%), and a small amount of Feldspar. 

  

Figure 3 Image of Hanford Fine Sand prior to packing in column. 

 These columns were constructed of clear PVC. Each column had two coiled Ag-

AgCl current electrodes at either end, these were chosen due to the non-polarizing 

property of Ag-AgCl. These electrodes were constructed by dipping a coiled silver wire 

(.9999 fine, 1.29 mm) into conventional Chlorox® bleach (Sodium Hypochlorite, 

NaClO). This reacts with the silver wire to form an AgCl coating (dark gray color) over 

the silver. 

 Along the sides of the column were positioned four potential electrodes. These 

were constructed from a short silver wire encased in agar gel. The agar gel was prepared 
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by mixing agar with the simulated groundwater solution used during the experiment. The 

purpose of this was to improve electrical contact with the sediment. 

 Each column had a 3D-printed porous plastic stopper as well as a circular cutout 

of filter at either end which were added in order to prevent sediment from entering the 

tubing. A schematic of the column design is included (Figure 4). 
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 Figure 4 Schematic of column. Internal radius of 24.5 cm. 

 

 Each column was packed using the following method:  

  ① Pouring ~50 g of sediment into column and packing of layer using a  

   rubber  stopper attached to a metal rod. 
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  ② Disturbing top sediment in column. This is to prevent to   

   formation of distinct strata throughout the column. 

  ③ New sediment poured in, repeat step 1. 

 The middle layer was a mix of sediment and 100 mg of Autunite (Table 1). Each 

column was packed tightly to the top, after saturation settling occurred (Figure 5). 

  

Figure 5 Image of column showing settling of sediment at the top. 
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Table 1 Amount of sediment in each column as well as quantity of autunite. 

Column Number Sediment (g) Autunite (mg) 

1 762.2 100 

2 652.2 100 

3 725.0 100 

4 704.1 100 

5 746.5 100 

6 780.9 100 

 

 The simulated groundwater solution used in the experiment was made by diluting 

previously prepared stock solutions. These stock solutions are listed in (Table 2) 

Table 2 Simulated Groundwater stock solutions. 

SGW Stock Solutions Concentration (g/L) 

B  

MgSO4 3.06 

CaSO4 0.82 

C  

Ca(NO3)2×4H2O 5.43 

CaCl2×2H2O 9.56 

 

In order to produce 1 L of SGW, 10 mL of C and 20 mL of B are diluted into 970 mL of 

deionized water. The final concentrations are listed in Table 3: 

Table 3 Compound concentrations in final SGW solution. 

SGW Final Concentration Concentration (g/L) Concentration (ppm) 

MgSO4 .0612 61.2 

CaSO4 .0164 16.4 

Ca(NO3)2×4H2O .0543 54.3 

CaCl2×2H2O .0956 95.6 

  

Stock solutions were used for both bicarbonate and glucose. In this case 

bicarbonate stock was 0.3 M while glucose stock was 100g/L. Both were diluted 100x in 

the final solution resulting in concentrations of 3 mM and 1g/L respectively. Glucose 

stock was autoclaved on a regular basis and great care was taken to ensure that it 
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remained sterile including weekly inspection for possible microbial growth in the bottle. 

Using a microelectrode, the conductivity of the SGW solution was 328.1 μScm-1, added 

bicarbonate increases the conductivity to 352.1 μScm-1. Glucose is not ionic and does not 

directly contribute to the conductivity of the solution. 

 Flow into the columns was powered by an Ismatec® peristaltic pump at a rate of 

50 mL per day. This flow entered through the bottom of the column and exited from the 

top before eventually being drained into a waste container. Originally the waste container 

was located under the columns; however, it was later placed above. This placement leads 

to the formation of positive pressure within the column which may have helped prevent a 

siphon effect that could potentially suck air into the column through microscopic gaps. 

Tubing was mainly hard Teflon tubing however flexible tubing was also used. Four 

reservoirs were used to hold the SGW solutions I prepared; each reservoir was connected 

to an inflatable bag full of Nitrogen which prevented Oxygen from entering into the 

solution (Figure 6). 
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 Figure 6 Experimental setup during Fall 2016 and Spring 2017. 

Spectral Induced Polarization and Data Analysis 

 Spectral Induced Polarization measurements were taken using a National 

Instruments™ Data Acquisition Card (DAQ , PCI-4461) connected inside of a standard 

Microsoft Windows personal computer (PC) through a PCI interface. A 12 V battery was 

connected in the circuit. Measurements were taken at 21 frequencies ranging from .1 Hz 

to 10,000 Hz spaced logarithmically. Each measurement was repeated three times and 

averaged. A reference resistor was placed in series with the column being measured, this 

allowed computation of the impedance by comparing the measured voltage of the column 

to the measured voltage of the resistor.  

 Measurement of the phase inherent to the circuit was done and subtracted from 

phase measurements of columns. This circuit phase was obtained by measuring the phase 

of a 120k Ohm reference resistor which should act as an ideal resistor and have a phase 

of 0. Sporadically, measurements would be off by 2π (eg. the measurement would be off 
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by 4 quadrants), this was corrected by either subtracting or adding 2π to the measured 

value based on whether it was negative or positive. This most often seemed to occur 

during the 0.1 Hz measurement. All measurements were repeated three times and 

averaged after the previous corrections. The test circuit was repeated ten times in order to 

ensure a reliable spectrum to subtract since it would be applied throughout all 

measurements in the experiment. 

 Measurements that were higher or lower than certain limits were also discarded as 

they represented measurements negatively affected by bubbles or other conditions in the 

columns. 

 Comparison to an Ontash and Ermac phase reference (Figure 7) shows that while 

our measurements are accurate between 0.1 and 100 Hz, the accuracy quickly drops past 

that point. For this reason I only show measurements taken between 0.1 and 100 Hz. This 

error is associated with the DAQ and the circuit along which measurement is taken. Ido 

not know a way to correct for it, although a procedure described in Huisman et al. (2016) 

for correcting error between 100 Hz and 1 kHz may be promising. 
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Figure 7 Comparison between reference phase circuit and measurement. 

Overview of Experiments 

 Three sets of experiments were conducted starting in Fall of 2016 and ending in 

Spring of 2018; these will be referred to as Fall 2016, Spring 2017, and Spring 2018 

experiments. 

 For the spring 2017 experiments, a microbial consortia was injected into the 

columns. This consortia was cultured at PNNL by mixing HFS with 10 mg autunite and 

SGW1 solution (Figure 8). Samples of these solutions were taken and transferred to fresh 

containers multiple times. Final consortia were frozen and shipped to FIU.  
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Figure 8 Vials used to culture microbes at PNNL. 

 The original Fall 2016 experiment involved the continual monitoring of six 

columns over a period of 149 days. In this case the purpose was to study the effect of 

microbial growth on Autunite solubility as well as whether SIP could be used to detect 

microbial growth. We were also interested in seeing the effects that bicarbonate could 

have on the system. As such, aside from the SGW solution that served as the base, 

columns 2,4, and 6 also had bicarbonate at a concentration of 3 mM. Columns 3,4,5,6 had 

glucose which served as a carbon source in order to nurture microbial growth in the 

sediment. Columns 5 and 6 also were inoculated directly with microbes. Columns 1 and 2 

served as controls (Table 4). 
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Table 4 Differentiation between columns for Fall 2016 experiment. 

Column Contents Fall 2016 

Column 1 0 mM HCO3 

Column 2 3 mM HCO3 

Column 3 0 mM HCO3 + 1g/L glucose 

Column 4 3 mM HCO3 + 1g/L glucose 

Column 5 0 mM HCO3 + 1g/L glucose+ Inoculum 

Column 6 3 mM HCO3 + 1g/L glucose+ Inoculum 

  

Geophysical measurements were taken once a week (Wednesdays) followed by 

pore water sampling (Fridays). Initially 1.5 mL of porewater was taken each week; 

however, this was increased to 3.0 mL in order to facilitate a greater number of chemical 

tests. 

 Initially there was difficulty extracting porewater samples from the columns. The 

primary culprit behind this was the clogging of needles used to extract water. This means 

that early in the experiment it was not uncommon to have porewater data missing. 

Similarly the production of CO2 by microbes was a hurdle in taking SIP measurements. 

Often bubbles would form on potential electrodes or bubbles would migrate upwards and 

pool on the upper current electrode. Apart from physical vibration of the columns there 

was little recourse in removing gas. 

 Although initially it was planned that microbial growth in these columns would be 

driven by an inoculation, the pumping of glucose prior to any such injection promoted the 

growth of the naturally occurring microbes in the sediment. When an inoculation did 

occur, changes were not apparent due to existing microbial growth. This experiment ran 

for 149 days. Initially the SGW pumped through the columns was prepared incorrectly; 

on Day 33 of the experiment this was corrected and glucose and bicarbonate solutions 
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began being pumped through the columns which resulted in a small increase in the 

measured conductivity. 

 During Spring 2017, columns 1 and 2 (control columns) were converted to 

microbial columns and monitored over a period of 34 days (Table 5). The main purpose 

of this experiment was to obtain measurements more frequently and cleanly in order to 

better capture initial changes due to microbial growth. SIP measurements were taken five 

times a week (Mon, Tue, Wed, Thu, Fri) while porewater samples were taken thrice 

weekly (Mon, Wed, Fri). 

Table 5 Differentiation between columns for Spring 2017 experiment. 

Column Contents Spring 2017 

Column 1 1g/L glucose + Inoculum + 0 mM HCO3 

Column 2 1g/L glucose + Inoculum + 3 mM HCO3 

  

During this experiment we were able to successfully collect all porewater 

samples; however, the production of gas caused much of the SIP data from column 1 to 

be nearly unusable. Column 2 fortunately was not as affected. 

We inoculated these columns on Day 9 of the experiment which was concurrent 

with initiation of pumping of glucose solution. This seems to have led to rapid microbial 

growth compared to that observed during Fall 2016 experiments. 

Because SIP measurements were taken on the same days as porewater 

measurements we were also able to calculate the formation factor of the sediment. 

 A third experiment was conducted in late Spring of 2018 with the purpose of 

improving understanding of existing results by doing basic measurements on less 
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complex systems. For this experiment a new, smaller column was used. Similar to 

previous columns it had two coiled Ag-AgCl current electrodes at either end; however, 

only one pair of potential electrodes along the side. The potential electrodes were Ag-

AgCl and submerged directly in the column solution. 

 This experiment is still underway with expected completion sometime in Summer 

2018. As such, only initial results are presented in this thesis. These results are for pure 

solutions without sediment as well as aerated and anaerobic SGW-saturated Hanford Fine 

Sand. 

Techniques for Analysis of Porewater 

 At the time of collection the conductivity and pH of the porewater were measured 

using calibrated microelectrodes. Later on, during the Fall 2016 experiment, some 

measurements of ORP (Oxidation Reduction Potential) were taken as well. All Spring 

2017 porewater samples had ORP measured. ORP is indicative of oxidative or reducing 

conditions. 

 The ferrozine method (Stookey, 1970) and the 1,10-phenanthroline method 

(Fadrus and Malý, 1975) were used in order to measure the concentrations of Fe2+ and the 

sum of Fe2+ and Fe3+. The ferrozine method is a dye-based method in which the intensity 

of the resultant purple color is dependent on the concentration of Fe2+ in solution; this 

intensity is measured using an ultraviolet visible spectroscopy (UV-Vis) instrument.  The 

UV-Vis measures the absorbance at 562 nm. 

 The procedure for ferrozine analysis is as follows. 200 µL of sample (at original 

concentration or diluted if suspected concentration was higher than 30 mg/L, the upper 
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concentration limit for the UV-Vis) was mixed with 0.3 mL of 0.15 M HCl and 1.5 mL of 

ferrozine solution in a clear cuvette (a very clear plastic vial with 6 flat sides designed for 

analysis by the UV-Vis). After mixing the new solution was let to rest for 10 minutes in 

order to ensure equilibrium of the reaction between the ferrozine and Fe2+. 

 The use of an ICP-OES (Inductively Coupled Plasma-Optical Emission 

Spectroscopy) was used in order to measure concentrations of Fe, Ca, Mg, and P. These 

systems use an inert argon plasma in order to excite atoms to release electromagnetic 

radiation at a characteristic wavelength. The intensity of the measured peak is calibrated 

using solutions of known concentration and a calibration curve is formed which allows us 

to calculate the concentration in each sample. While an ICP-OES has the ability to 

measure a variety of elements, it is unable to distinguish individual oxidation states. It is 

also not suitable for the measurement of Uranium. 

 Samples were diluted 100x for ICP-OES analysis, in this case 60 µL of sample 

was diluted into 5940 µL of 1% nitric acid. A sample of the nitric acid was used as a 

background to account for any existing dissolved elements. Each measurement done by 

the ICP-OES consumed approximately 2 mL of solution. By having 6 mL of prepared 

solution we were able to repeat measurements that produced incorrect results. 

 A Chemchek™ KPA (Kinetic Phosphorescence Analyzer) was employed to 

measure concentrations of Uranium. Phosphorescence is induced in an aqueous sample 

by an exciting laser. Similar to the method used for the ICP-OES, a calibration curve was 

constructed using samples of know concentrations which correlated the measured 

intensity with sample concentrations.  
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 Special procedures needed to be followed in order to use the KPA with our 

samples. This is due to the presence of glucose and organic matter in the solution which 

can interfere with the device. In order to remove any organic matter all samples were wet 

ashed while samples from Spring 2017 and some Fall 2016 samples were both wet ashed 

and dry ashed. Ashing is a process that removes organic matter by adding hydrogen 

peroxide and nitric acid to samples, these samples are then evaporated leaving a solid 

precipitate behind minus any organic components. Samples are then re-dissolved in a 1% 

nitric acid solution to original volumes. No noticeable difference was observed between 

samples which were wet ashed versus samples that were both wet and dry ashed.  

IV. RESULTS 

Fall 2016 SIP Results 

 Originally for this experiment, microbial growth was planned to be initiated 

through an inoculation directly into the center of the column; however, due to the lack of 

sterility and the tardiness in applying the inoculation, microbial growth began in the 

column soon after we began pumping glucose on Day 33. An inoculation was conducted 

on Day 124. However, by this point microbial growth was so rampant in the columns that 

it had no perceivable effect. This was corrected for the Spring 2017 experiments during 

which the pumping of glucose and the inoculation of the columns occurred concurrently. 

 In the following discussion of results for Fall 2016, I group the experiments as 

follows: 1) Columns 1 and 2, comparing the effect of bicarbonate on the control columns; 

2) Columns 3 and 5, comparing the effect of microbial growth on columns with no 


