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INTRODUCTION

This technical report presents results of theahitolumn experiments relating to the Spectral
Induced Polarization response of biofilm formatieithin vadose zone sediment during the Fall
of 2016. These experiments help to advance therstaaeling of geophysical and geochemical
processes that occur in the subsurface. Signifigaartium contamination at the U.S. Department
of Energy’s Hanford Site exists within the vadosee (up to 76 m). The mobility of uranium in
the oxidizing, carbonate-rich Hanford subsurfacepkt ~8.0 is relatively high, which is
explained by the formation of highly soluble andbé¢ uranyl-carbonato complexes (AGD°,
UO,(COs),> and UQ(COs);*) dominating in groundwater and pore water comjmsst
Uranium-bearing solid phases are mostly present uemnophane and Na-boltwoodite.
Remediation of this zone requirés situ sequestration of mobile uranyl-carbonate species
(Szecsody et al., 2012) to control the mobilityucdnium.

This research is focused on the ability of geoptalselectrical methods, particularly spectral

induced polarization (SIP) and electrical resistatemography (ERT), to detect subsurface
microbial activity in a porous medium. Remote gemptal sensing of the subsurface allows
scientists to forego the drilling of expensive ues and rely instead on easily and cheaply
deployed surface arrays in order to study processmsiurring deep in the subsurface.

Geophysical methods also allow the continuous ctidle of data autonomously, which can be

remotely accessed and analyzed. The second gtiaikafork is to measure and record changes
in pore water characteristics after microbe ing@tin columns.

Column experiments at Florida International UniugréF1U) consisted of 1-D columns, which

ran continuously for several months during Fall 0dnd were monitored using SIP and
porewater chemical analyses. A continuation of wosk is planned for Spring of 2017 and will

feature higher sampling frequency in order to ferthnalyze the effect of microorganisms.

Overview of the 200 Area Subsurface

The underlying bedrock beneath Hanford Site is @wumbia River Basalt Group; it is
composed of hundreds of individual tholeiitic badédws that formed during the Miocene
(23.03 — 5.3 Ma). Above that lies the Ringold Fatiorawhich is composed of fluvial sediments
approximately 125 m thick and is divided into thpgancipal stratigraphic units: Unit A (fluvial
gravels), the Lower Mud Unit, and Unit E (fluvialayels). The main aquifer under the 200 West
Area is located mostly within Unit E; the Lower Muthit forms a low hydraulic conductivity
base to this aquifer and confines groundwater dtordJnit A. Between the Ringold Formation
and the Hanford Formation lies the Cold Creek Wiotmerly the Plio-Pleistocene Unit) which
has a thickness up to 13.1 meters and is dividedtwo subunits: the upper CCUz (abundance
of silt) and lower CCUc (abundance of pedogenicioat-carbonate cement). Above the Plio-
Pleistocene Unit lies the Hanford Formation whislcomposed of Pleistocene (2.58 — 0.0117
Ma) age deposits from cataclysmic floods during kbe Age. The main constituents of the
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Hanford Formation are three distinct facies: a gralominated facie, a sand dominated facie,
and a silt dominated facie (Serne et al., 2002;eXial., 2003).

The water within the principal unconfined aquifexder Hanford Site flows from recharge zones
in the west towards the NE, E, and SE and eventuwhficharges into the Columbia River.

Estimates of discharge from the Hanford aquifeo thie river range from 1.1 to 2.5°fs, which

is considered to be relatively low. The hydrauliadjent of the water table is gentler under the
200 East Area compared to the 200 West Area dtleeteffects of a higher subsurface hydraulic
conductivity. This is on account of the fact thae top of the aquifer in the 200 East Area lies
within the Hanford Formation, which is more permleahan the Ringold Formation (Hartman et
al., 2007).

Subsurface contamination is split between the roceridor (wastes derived from the operation
of the reactors, mainly strontium-90 and hexavalentomium) and the Central Plateau
(plutonium extraction activities, more varied wasstreams). While most subsurface
contamination at the 100 Area is strontium-90 aexaalent chromium, there is a large plume
of nitrate and a smaller plume of trichloroethemeler the 100-F Area. In addition, all of the
areas have nitrate concentrations greater thaMdemum Contaminant Level (MCL) of 45
mg/L. Contamination within the central plateau ut#s carbon tetrachloride, nitrate, tritium,
iodine-129, technetium-99, hexavalent chromium, amdnium. Downward migration of
contaminants into the vadose zone and the grouedwads facilitated by the intentional and
accidental addition of water from wastewater digched cribs, water pipe leaks, and meteoric
water. Contamination within the vadose zone comtinto supply the underlying groundwater
with contaminants. Figure 1 shows a map of majotaminant plumes under the 200 East and
200 West Areas (DOE/RL-2015-07, 2015).

Central Plateau Groundwater Clean Up, 2014
[ SVE Focus Area Groundwater Interest Areas
A ZP-1 Extraction Well [J200-8P
¥ ZP-1 Injection Well 200-PO
S-SX Extraction Well CJ200-uP
Carbon Tetrachloride (5 pg/L) [1200-2P
Chromium (48 ug/L) Basalt Above Water Table (2014)

lodine-129 (1 pCilL) [JGroundwater Operable Unit
I Nitrate (45 mg/L)
Technetium-99 (00 pCiLL) 0 05 1 15 2km |
) i }
Tritium (20,000 pCifL) ———
B Uranium (30 pg/L) dEeaanTE .W -

Figure 1. Contaminant plumes in the 200 Area substfiace (Source: DOE/RL-2015-07, 2015).
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SIP Method

Electrical geophysical methods allow geophysicigtsunderstand subsurface properties by
measuring the voltage response to an electric murgmilar to standard DC resistivity methods,

most induced polarization (IP) methods employ felectrodes in galvanic contact with the

sediment. Two of the electrodes are current eldegsowhich act as source and sink for an
electric current; the other two electrodes are maik electrodes which measure a voltage
response. Spectral induced polarization (SIP) type of IP method that measures a phase
shifted voltage at various injection frequencies. ifipedance, in terms of magnitude and phase
angle, is then obtained and used as a measureaofjechiransport and storage (Binley and

Kemna, 2005).

The SIP method allows geophysicists to quantittigtudy charge storage and transport in
porous media through the electrical complex condiigt SIP has been used in the past to locate
metallic ore bodies as well as subsurface zonesmiclay; however, recent work has focused on
its applications in studying contaminant fate aiash$port (Hao et al., 2015).

SIP Responses to Subsurface Biofilm Formation

Bacteria in the subsurface are seldom found agasplimobile organisms; rather, most
microorganisms form interconnected immobile colsrk@own as biofilms. These biofilms are
supported by extracellular polymers which the intlinal cells excrete, and these polymers serve
to strengthen their attachment to a solid surfacevell as to provide structural integrity to the
biofilm. Biofilm formation can produce various cligs in the physical and electrical properties
of a porous medium which include clogging of pofelsanges to porosity, permeability, and
hydraulic conductivity); changes to overall shearersgth and elastic moduli of media;
production of proteinaceous extracellular appenslati@t facilitate electron transport and
increase bulk electrical conductivity; alteratiots pore fluid electrolyte concentrations;
dissolution of minerals leading to increased swfamughness; and precipitation of
magnetosomes (Atekwana and Slater, 2009).

Modern research towards the direct detection ofdbicin subsurface porous media has placed a
significant focus on the SIP method. Most bacteage higher concentrations of anionic groups,
which lead to a negatively charged cell wall; imgurn, when in the presence of an electrolyte
solution, causes the formation of an electricalbdeuayer (EDL) by counterions. Due to this
effect, the bacterial surface can store charge vilnehe presence of a time-oscillating electric
field in a fashion similar to charged mineral gei®nly bacteria that are alive contribute to the
SIP response (Atekwana and Slater, 2009).

Experiments using artificial biofilm consisting afginate mixed with microbial cells in a silica
bead packed column, have shown significant loweegy (0.1 — 1 Hz) SIP responses to
biofilm formation. By using artificial biofilm andilica gel beads with a very smooth surface
area, this study isolated the SIP response to ¢healapresence of biofilm rather than grain
roughness or changes in the chemical makeup offfjudde(Ntarlagiannis and Ferguson, 2008).
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METHODOLOGY

In June of 2016 researchers from Pacific Northwzdtonal Laboratory (PNNL) arrived at FIU
in order to build columns for SIP measurements. Jémeeral setup is pictured in Figure 5. There
are six columns each with four potential electrodied three sampling ports spaced equidistant
on the sides. The potential electrodes are maae &ilver wire encased within agar gel. This
gel was prepared as a mix of agar and synthetiengihwater (Table 2) so that it would have a
similar electrical conductivity to the adjacent @avater. The current electrodes are coiled Ag-
AgCl and were placed on either end. These colunamdat approximately ~700 grams of
sediment from the Hanford 200 Area. In in the cenfeeach column is a region composed of
100 mg of Ca-autunite particles that were mixedhwgediment. Natural Ca-autunite,
Ca[(UG,)(POy)]2*3H0O obtained from Excalibur Mineral Corporation (Pglak, New York),
was previously characterized using ICP-OES, ICP-MSray diffraction and SEM/EDS
methods to confirm the mineral composition, streetand morphology as 98-99% pure autunite
(Wellman et al., 2006). The autunite sample wasdaved to have a size fraction of 75 to 150
um or -100 to + 200 mesh with an average surface @6.88 M g™.

The body of each column is composed of clear PW&hin the ends of the columns are filters
designed to stop sediment from entering the inibing. There is also a 3D printed plastic disk
with holes (~5mm) at the ends to help support titer$.

Each column is fed solution from the bottom atte & 50 mL per day by an Ismatec peristaltic
pump through a mix of flexible silicone and stiféffon tubing. The solution that is pumped
through the columns is sparged with nitrogen gad@minutes beforehand in order to remove
dissolved gases. This is an effort to prevent gdobles from forming within the columns which

can interfere with both geophysical measuremendsgpane water sampling.

Four different solutions are pumped through theuwis (Table 1). These include: synthetic
groundwater (Column 1), synthetic groundwater + 81 nfiCO; (Column 2), synthetic
groundwater + 1 g/L glucose (Columns 3 and 5), symthetic groundwater + 3 mM HGG 1
g/L glucose (columns 4 and 6). The synthetic growatdr base solution is made using only
stock solutions A + B since the current setup drdg HCQ in three of the six columns. Each
container has enough solution to last ten dayshathwpoint new solution needs to be made.

Table 1. Contents of Each Column

Column 1 0 mM HCG;

Column 2 3 mM HCG;

Column 3 0 mM HCG; + 1g/L glucose
Column 4 3 mM HCG; + 1g/L glucose
Column 5 0 mM HCG; + 1g/L glucose+ Inoculum
Column 6 3 mM HCG; + 1g/L glucose+ Inoculum
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The medium in which the microorganisms have bedtur@d is synthetic groundwater (SGW1).
Table 2 below shows the stock solutions (labeleBAand C) used to make SGW1 and the
process used to make SGW1 follows.

Table 2. Stock Solutions for SGW1

A
NaHCO; 121
KHCO 4 16

B
MgSO, 3.06
CaSO, 0.82

C
Ca(NOs),x4H,0 5.43
CaCl,x2H,0 9.56

To create 1 L SGW1: 10 mL each of solutions A andn@d 20 mL of solution B were pipetted

into 900 mL deionized water, then diluted to 1 lingsdeionized water. The SGW1 solution

used also contained a concentration of yeast extigaeal to 500 mg/L. The modified solution

used did not contain bicarbonate and so was fotmygalpetting 10 mL C and 20 mL B into 970

mL of deionized water. Pumping of the solution adeshwith glucose to Columns 3, 4, 5 and 6
began on day 33 of the experiment.

Microbial consortia were cultured at PNNL in 50 8GW1 (with 500 mg/L yeast extract added
beforehand) with approximately 500 mg of Hanfordiseent, 10 mg of autunite, and 50 mg of
glucose. On a weekly basis, a 1-mL sample of eatthre was taken and transferred to a fresh
container. Microorganisms were originated from fseliment taken from a borehole and are
naturally occurring in Hanford Site’s vadose zo@errently, the species of microbial consortia
are unknown until molecular biology analyses cancbeducted. These microorganisms were
sent to FIU frozen and a new batch is being cultateFIU in order to inject into Columns 5 and
6. Microorganisms were cultivated in the glucoséhwihe tiny addition of Luria-Bertani (LB)
media until the bacterial cell density (cells/mlgutd be counted with the help of an INCYTO
C-Chip disposable hemocytometer under a light nsmope. Grown microbial consortia were
injected via port 1 of Columns 5 and 6 in the antoainlog 8.92 cell/mL on November 15,
which was day 115 from the beginning of the expenmThe total number of cells injected to
each column was log 9.62 cells/mL.

SIP measurements were taken once a week. Thesener@asts were taken using a National
Instruments data acquisition card which is insentethe PCI slot of a PC. The measurement is
controlled by the proprietary software Signal Exgsrenade by National Instruments. Current is
injected at twenty-one different frequencies spalmghrithmically ranging from 0.1 Hz to
10,000 Hz with an amplitude and phase measureadch. Signal Express records data for
amplitude, phase and frequency as ascii text filksh are then analyzed using Python code
written at FIU. In order to ensure reliability olasurements there is a reference resistor rated at

5
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1800 Ohms placed in circuit with the columns whias amplitude and phase measured in order
to correct for measured amplitude and phase icdhenns.

The circuit through which SIP measurements arentdles a natural phase associated with it.
This background phase was measured by runningyteenson a reference 120k Ohm resistor

with a theoretical phase of 0. This background phaas then subtracted from the SIP results.
During the experiment two different pci cards frolhwere used, the first one was a loaner and
was replaced by a new one. The data from the aligiard was corrected to match the results
from the new card by finding the difference betwedh measurements and new measurements
and adding it to the old measurements.

Pore water samples were taken once a week. Thesetalen by inserting a syringe into the
sample ports and drawing water. Initially about R of sample was taken however in order to
facilitate more chemical analyses this was increae about 3 mL. Initial measurements
included pH and conductivity (in mS/cm). Later olR® was measured immediately after
samples were taken and an extra 1.5 mL was takerefoand total iron analyses.
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Figure 3. Various parts of end cap. A1 = current @ctrode port, A2 = influent/effluent port, A3 = endcap
main body, B = rubber ring, C = porous plastic stoper (B and C were replaced by a 3D printed plastic
stopper with mm scale holes in FIU's experimental@umn set-up), D = Coiled Ag-AgCl electrode.

Figure 4. Containers with solution, each connectetb a nitrogen bag and to the pump.

RESULTS AND DISCUSSION

Initial SIP measurements as well as attempts ateatolg porewater were commonly
unsuccessful. This was due to various problems wWeae resolved over the course of the
experiment, but nonetheless resulted in early da&tiag very fragmented. These problems
included the formation of air around potential &ledes as well as the clogging of sample ports.
The presence of air around the sample ports alste mample collection unfeasible. In order to
combat pore clogging FIU chose to leave syringethivithe sample ports (Figure 5). This
proved effective in preventing sediment from pluggthe ports. This strategy, however, had the
downside of allowing air into the columns througipg in between the port and needle. In order
to counteract this, FIU covered the connection betwthe needle and the port with Parafilm.
FIU also moved the effluent container above theumwls creating a hydraulic head gradient
from the columns to the reservoirs preventing thaaning of air at gaps.
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Figure 5. Experimental columns with syringe and nedles inserted in the sampling ports.

Spectral Induced Polarization Results

There was concern that the inclusion of metalliedbdes within the ports during SIP
measurements would have a significant impact omticeracy of the results. In order to test this,
measurements were taken with and without needléscampiled into graphs showing the
percentage difference (Figure 6). The differenes defined as:

(CO - Cn)

0

* 100

Figure 7 shows that, in general, the differencevbeh measurements conducted with and
without needles inserted in the port is minimain@wlly around 0). The first measurement at 0.1
Hz shows variation; however this is likely due smdom error and limitations in the system
being used rather than a systematic change dbe farésence of the needle.
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Figure 6. Comparison of SIP response with and withat needles.

Based on the assessment, FIU contininued takinguneaents with metallic needles inserted
within the ports. The SIP measurements were tat@n 08/03/2016 to 12/21/2016 once a week
(although due to holiday closures some weeks wehgped or the day of sampling was
changed). This data acquisition amounts to tweng/fmeasurements per column per port.
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Figure 7. Bulk resistivity over time of Columns 1 -6.

Figure 7 shows changes in the bulk resistivity otmere in each of the columns. This was
calculated by taking the Impedance magnitude anididg it by a geometric factor based on the
dimensions of the measured area. Column 1 showeatively constant bulk resistivity and
illustrates changes based on height in the coldrha.blue line represents the bottom, the green
line the middle, and the red line the top of thdusm. is the Column 1 graph shows a

10
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progressive drop in bulk resistivity from about 328m*m at the bottom to 270 Ohm*m near
the top, which is likely due to an increase in digsd ions in the pore water affecting the
chemical reactions happening in the soil as thetieols slowly flow through the column.

Column 2 shows a lower bulk resistivity at arourtD 20hm*m, which then drops to 225
Ohm*m by port 2 and remains relatively constantlymrt 3. Column 3 shows an erroneous
high peak at the beginning (green) which is likedyised by a pocket of air on an electrode.

Columns that displayed microbial growth (whetheynir microorganisms naturally present in
natural soil or injected from the cultivated miciabculture) all eventually reached resistivities
of 100 Ohm*m. Column 4 showed the most gradual gharand went from 200 Ohm*m to 100
Ohm*m over the course of 4 months.

Figure 8 shows changes in all columns over timé Wihase displayed in mrad and Frequency
displayed in Hz. Darker lines are early measuremettile later measurements are successively
lighter ending with white. Column 1 (control) shalveo difference in the phase response over
several months (around -0.018 mrads), while Colunrwhere the inlet solution contains
bicarbonate, showed a steady increase in absahaigepuntil it reached a maximum at around -
0.028 mrads. Columns 3 - 6 that displayed microgpiaivth, whether from natural soil microbes
that developed due to the addition of glucose j@cted as a microbial culture grown on glucose,
had phase spectra which showed a decrease fromottieol. The phases for these columns
appeared to stabilize around -0.06 mrads afteoe plriod of time. Column 4 showed the most
gradual changes in phase, which may be due toeldmatural soil microbial growth.

11
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Figure 8. Phase spectra for Columns 1 - 6. Y axif@ws phase in mrads while X axis shows frequency hz. Each line represents one measurement.
Lines go from 8-03-2016 (Black) to 12-21-2016 (WIia} in a color gradient. Each line is separated byne week on average. Significant changes in phase

correspond to vertical movements of the lines.
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Basic Pore Water Analysis

Pore water was collected once weekly and testeddnductivity and pH. Later, samples were
tested for ORP in order to understand oxidationd@dmns within the columns. During the first
half of the experimental run there was difficultking pore water samples. As such, there are
many weeks with only partial data for the six cohgvand eighteen ports.

Figure 9 shows measurements of conductivity takemgua microprobe obtained from
Microelectrode, Inc. These measurements are healglyendent on the calibration of the
microprobe and are not as accurate as the bulstinasi readings from the SIP system. Column
1 and Column 2 hover between 400 and 680cm. Columns 3, 4, 5 and 6 show an eventual
increase in conductivity to between 1,200 and 1,68@&m. Column 4 shows the most gradual
change in conductivity in the same way that it sadwhe most gradual SIP change.

The pHs (Figure 10) of Columns 1, 3, 4, 5 and 6rs&® fluctuate between pH 7 and 8, and in
Columns 3, 4, 5 and 6, pH values sometimes dropggebw as pH 6 during what may be a
prolonged stop flow event or a calibration erroolnn 2 remains consistent at approximately
pH 8, which might be justified by the presenceigitbonate in the effluent.

ORP measurements were taken late into the lifb@kkperiment, as such conditions are likely
close to equilibrium. Columns 3, 4, 5 and 6 alpthy reducing conditions likely due to a lack of

oxygen in the system since the effluent solutiomtamed glucose consumed by the
microorganisms. Column 1 shows a high ORP measurerly on, which may represent

oxiding conditions without the addition of orgarsabstrate in the pumping solution. Neither
Column 1 nor Column 2 ever display measuremenssttes 0 mV.
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Column 2 Pore Water Conductivity
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Column 6 Pore Water Conductivity
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Figure 9. Pore water conductivity for Columns 1 - Gn pS/cm.
Column 1 pH changes
9
8.5
8
I —e—C1_1
7.5 —e—C12
—e—C1_3
7
6.5
0 50 100 150

Days since Start

18



Spectral Induced Polarization Response

Column 2 pH changes
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Started pumping a glucose solution Column 4 pH changes
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Started pumping a glucose solution Column 6 pH changes

9
8.5
8
L75 —e—C6_1
. —e—C6_2
—0—C6_3
6.5
Inoculated with bacteria
6
0 50 100 150
Days since Start
Figure 10. Pore water pH for Columns 1 - 6.
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Column 4 ORP measurements
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Column 6 ORP measurements
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Figure 11. Oxidation reduction potential (ORP) forColumns 1 - 6.
FUTURE WORK

FIU has initiated the conversion of Column 1 (cohtand Column 2 (SWG + bicarbonate) into
columns inoculated with microorganisms. A consoctiture diluted to the amount of log 7.39
cells/ mL was injected to the port 1 of Columnail . The purpose of this change is to allow a
higher sampling rate for the columns as it is appafrom work during Fall 2016 that the
biochemical changes of interest within the coluroaa occur very quickly. Difficulties were
encountered when taking both SIP (due to bubblestipoed on electrodes) and pore water
samples (due to clogging of ports with sedimentjrduthe preliminary work conducted in the
Fall of 2016 . In addition, samples for iron an@ywere not taken until after the preliminary
experiment had been running for two months.

During the Spring of 2017 SIP measurements wiltdden daily from Monday through Friday
and pore water samples will be collected threedimaeek. Samples will be measured for ORP,
conductivity, and pH and will undergo Ferrozine Igsis for the presence of Feand total Fe
(FE* + FEM). In addition, FIU will initiate analysis for uram via a KPA instrument and ICP-
OES measurements for Si, Al, Ca and P for the aadtnewly collected samples. This higher
frequency will improve the resolution of changesaotiaily scale rather than weekly to gradually
monitor changes that occur within the soil colurtimst contain autunite under continuous flow
of glucose-amended solutions with and without ttes@nce of carbonate.
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