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Overview

The Zero Emissions Research and Technology (ZERT) collaborative was formed to address
basic science and engineering knowledge gaps relevant to geologic carbon sequestration. The
original funding round of ZERT (ZERT 1) identified and addressed many of these gaps. ZERT II
has focused on specific science and technology areas identified in ZERT I that showed strong
promise and needed greater effort to fully develop. Specific focal areas of ZERT Il included:

e Continued use of the unique ZERT field site to test and prove detection technologies and
methods developed by Montana State University, Stanford, University of Texas, several
private sector companies, and others. Additionally, transport in the near surface was
modelled.

e Further development of near-surface detection technologies that cover moderate area at
relatively low cost (fiber sensors and compact infrared imagers).

e Investigation of analogs for escape mechanisms including characterization of impact of
CO2 and deeper brine on groundwater quality at a natural analog site in Chimayo, NM
and characterization of fracture systems exposed in outcrops in the northern Rockies.

e Further investigation of biofilms and biomineralization for mitigation of small aperture
leaks focusing on fundamental studies of rates that would allow engineered control of
deposition in the subsurface.

e Development of magnetic resonance techniques to perform muti-phase fluid
measurements in rock cores.

e Laboratory investigation of hysteretic relative permeability and its effect on residual gas
trapping in large-scale reservoir simulations.

e Further development of computational tools including a new version (V2) of the LBNL
reactive geochemical transport simulator, TOUGHREACT, extension of the coupled flow
and stress simulation capabilities in LANL’s FEHM simulator and an online gas-mixture-
property estimation tool, WebGasEOS

Many of these efforts have resulted in technologies that are being utilized in other field tests or
demonstration projects.

Biofilms and Biomineralization

The objective under this field of research was to perform a comprehensive evaluation of
techniques for current and novel CO2 sequestration concepts associated with microbial biofilms.
Four distinct tasks were performed:

1. Determine the integrity of biomineralization deposits on flat coupons in response to brine and
supercritical COa.
Use of biomineralizing bacteria to plug preferential flow paths, such as cracks near well
bores, is a novel strategy to mitigate escape of geologically sequestered carbon dioxide.
Certain organisms (i.e. Sporosarcina pasteurii) have the capability to increase the pH of their
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immediate environment by hydrolyzing urea which helps facilitate the precipitation of
calcium carbonate (CaCQO3). These precipitated minerals will in turn plug the preferential
escape pathways and may prevent gas escape. To ensure the CaCOs3 can indeed plug these
pathways, it is important to examine the effect of brine and supercritical CO2 (scCOz2) on the
minerals under relevant subsurface conditions. After biomineral deposits were formed in
batch systems on polycarbonate coupons, the coupons were challenged by (1) an atmospheric
pressure, room temperature brine solution, (2) pure scCOz2, and (3) scCO; saturated brine at
supercritical pressures and temperatures. The effects of the challenges were quantified by
measuring the mass of minerals on the surface of the coupons and the mineralogy of the
carbonates before and after the challenges. It was determined that brine at atmospheric
conditions and pure scCO; at supercritical conditions had little to no effect on the biomineral
deposits. Although significant mass loss was observed with exposure to scCOz and scCO>
saturated brine, mechanical abrasion of CaCQs3, in addition to direct dissolution, may have
contributed to the measured loss of minerals from these coupons.

2. Develop methods to understand and control the deposition rate of biomineralized calcium
carbonate with distance in homogenous porous media.
Under ZERT 11, this task focused on two objectives: (1) developing methods to control the
deposition of calcite along a porous media flow path, and (2) develop methods for
quantifying the biomineralization process at the pore scale using mercury porosimetry. The
research resulted in the following findings:

e A standard, repeatable protocol, utilizing near injection-point calcium-medium
displacement along with periods of bacterial resuscitation, was developed which
resulted in a relatively uniform distribution of calcite along the flow path of packed
sand columns. This operational protocol was validated both experimentally and
computationally using a simulation model developed at the University of Stuttgart.

¢ Balancing periods of biomineralization with periods of bacterial resuscitation during
which additional growth nutrient was added counteracted (1) inactivation of bacterial
cells (due to cell encapsulation), (2) reduced ureolysis, and (3) reduced calcium
deposition efficiency. This balancing strategy contributed significantly to uniform
calcite distribution.

e Mercury porosimetry methods, which measure pore size distribution and porosity,
have been developed for both sandstone and shale. These methods facilitate initial
characterization of sandstone and shale samples along with providing valuable insight
into how the biomineralization process changes rock properties at the pore scale.

3. Optimize biomineralization of isotopically labeled COz carbon under variable head space
pressure.
The potential of microorganisms for enhancing Carbon Capture and Storage (CCS) via
mineral-trapping and solubility-trapping was investigated where dissolved COz2 is
precipitated in carbonate minerals or held as dissolved carbonate species in solution. The
bacterial hydrolysis of urea (ureolysis) was investigated in microcosms including synthetic
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brine (SB) mimicking a prospective deep subsurface CCS site, with variable headspace
pressures [p(CO2)] of 3C-CO:. Dissolved Ca*" in the SB was completely precipitated as
calcite during microbially induced hydrolysis of 5 to 20 g L! urea. The incorporation of
carbonate ions from *C-CO; (}C-CO;3?) into calcite increased with increasing p(1*COz) and
increasing urea concentrations from 8.3% of total carbon in CaCO;3 at 1g L™ to 31 % at Sg L
1 and 37 % at 20g L', demonstrated that ureolysis was effective at precipitating initially
gaseous [CO2(g)] originating from the headspace over the brine. Modeling the change in
brine chemistry and carbonate precipitation after equilibration with the initial p(CO2)
demonstrated that no net precipitation of CO2(g) via mineral-trapping occurred, since urea
hydrolysis results in the production of dissolved inorganic carbon. However, the pH increase
induced by bacterial ureolysis generated a net flux of CO2(g) into the brine. This reduced the
headspace concentration of CO2 by up to 32 mM per 100 mM urea hydrolyzed because the
capacity of the brine for carbonate ions was increased, thus enhancing the solubility-trapping
capacity of the brine. Together with the previously demonstrated permeability reduction of
rock cores at high pressure by microbial biofilms and resilience of biofilms to supercritical
COo, this suggests that biomineralizing biofilms may enhance CCS via solubility-trapping,
mineral formation, and COx(g) leakage reduction.

4. Evaluate the potential for coal-bed mediated CO> sequestration and enhanced methane
production.
The observation that methane production from coal can be stimulated by the presence of
algae has been demonstrated. This finding has significant implications for improvement of
current practices in coal bed methane (CBM) production in the Powder River basin and
elsewhere, while simultaneously realizing increased CO:2 uptake from algae growth. This
research provides a basis for future research into coupled biological systems (photosynthesis
and methane production) that could sustainably enhance CBM production and generate algal
biofuels while also sequestering carbon dioxide. COz uptake as high as 187 kg CO»/day
could be achieved based on the assumption that 10 grams algae/m?/day can be produced in
production water facilities.

MR Studies of the Residual Trapping of Gases in Rock Cores

Effective exploitation of depleted hydrocarbon reservoirs for CO; storage or enhanced oil
recovery (EOR) will require an understanding of complex multi-phase flow of native brine,
residual hydrocarbons and injected CO2. We performed NMR laboratory studies that will
eventually complement the development of in-situ geophysical monitoring techniques by
providing pore-scale to pore-network-scale observations of brine-hydrocarbon-scCO-
(supercritical CO2) flow and coupling of geochemical and geomechanical processes. Our
experimental approach measured 1D profiles in rock cores during flow-through experiments in
real-time. Results were obtained for the consecutive saturation, drainage and imbibition of water
and COz, brine and scCO2, and water and air. Preliminary data indicates that the fluids behave
differently. Different behavior is anticipated for flow through rocks with distributed intergranular
porosity and rocks with fracture-based flow paths.

Natural Analogs of Escape Mechanisms



Understanding the nature of rock formations that could potentially serve as carbon dioxide (CO2)
reservoirs is critical prior to subsurface COz injection. The detailed mechanisms of fluid
migration and trapping at multiple scales of observation are important for evaluating structural
traps as sites for subsurface CO; sequestration. Faulting and tectonic fracturing can create fluid
migration pathways, and often enhance the quality and potential for storage capacity of reservoir
rocks within structural traps. Study of natural analogues includes systems currently storing CO2
successfully, ancient systems that have stored COz in the past, and modern “leaky” CO2 systems
to assess avenues for CO2 escape. By studying natural analogs and potential storage structures, it
is possible to learn more about the specific physical, chemical, lithologic and hydrologic
conditions under which natural CO; is being trapped, as well as how porosity, permeability,
fracture networks, temperature and pressure gradients and structural features control CO2. The
four study areas in this portion of the project each contributed aspects of exposed hydrothermally
altered rock units which might be analogous of natural CO; escape mechanisms. The areas
allowed for outcrop-scale investigation of the elements that comprise complex structural settings
and an analysis of the relative timing of faulting, fracturing, fluid migration and structurally
controlled diagenesis as well as detailed microscopic and geochemical studies. Analysis of the
diagenetic history of the formations within the study areas indicate that they have all experienced
significant fracturing and geochemical alteration that has influenced the porosity and
permeability of the reservoir rocks. Fractures served as conduits for multiple episodes of fluid
flow including hydrothermal brines, hydrocarbons, and CO2. Additionally, textural evidence
within these formations suggests that isothermal boiling of CO> caused forceful hydro-fracturing
of the reservoir rocks creating vertical to sub-vertical breccia “pipes” that likely served as major
fluid conduits. Field and petrographic evidence indicate that CO2 - charged hydrothermal brines
migrating along fractures and faults may have enhanced the secondary porosity and permeability
of reservoir rocks, thus increasing their capacity for storage.

Underground Fiber Optic Sensors

An inline fiber sensor geometry was developed and demonstrated based on photonic bandgap
(PBG) fibers for sub-surface detection of carbon dioxide. The inline fiber sensor utilizes a single
mode optical fiber to deliver light to the PBG fiber where the laser light interacts with the carbon
dioxide (COz). A small gap between the PBG fiber and a second single mode fiber allows a small
portion of the light to be reflected back to a photodetector while the remainder of the light is
coupled into the second single mode fiber that delivers light to the second inline fiber segment.
Spectroscopic measurements were demonstrated in two consecutive fiber segments
demonstrating the potential for this inline fiber geometry.

Work on a distributed fiber pressure sensor for seismic sensing was initiated. The fiber pressure
sensor is based on a chirped laser source. The detected beat signal resulting from mixing a small
portion of the outgoing laser beam with the light reflected from the fiber allows distance to be
monitored based on the beat frequency. Simultaneously, amplitude of the beat signal provides
information regarding the pressure.

Ultra-compact Infrared Imagers



Imaging of vegetation reflectance in the visible and near-infrared spectral bands and imaging of
vegetation thermal emission in the long-wave infrared band have been shown to be capable of
detecting COz gas leaking from underground. The basic mechanism of both imaging modalities
is that the vegetation is stressed by exposure to sustained high levels of soil gas. Both modalities
were independently capable of detecting the leaking gas, but stronger correlations were found for
the VIS-NIR imaging, using the Normalized Difference Vegetation Index (NDVI) as an indicator
of vegetation health, computed from red and near-infrared reflectance values. An ultra-low-cost
version of the VIS-NIR imager mounted on a tethered balloon was also shown to yield similar
NDVI measurements as the more sophisticated imaging system, but it suffered from internal
nonlinearities that made maintaining a consistent calibration impossible (but a newer version of
the ultra-low-cost camera shows promise of negating this problem). Overall, the LWIR thermal
images were found to be the most convenient imaging method for detecting leaking gas because
no calibration target was required in the field, greatly simplifying the deployment. This
advantage would be even greater in airborne measurements.

Validation of Near-surface CO:2 Detection Techniques and Transport Models

The ZERT controlled release field site completed its eighth successful season of COzinjection in
2014. Continued interest in the site has generated continued participation. Many groups
maintained their involvement from ZERT Tinto ZERT II. The visibility of the facility led to
interest of external groups and the addition of entirely new projects as well in ZERT II. The
field site continues to produce advancements in the understanding of basic science as well as
development of near surface CO> detection technologies for geological carbon sequestration.
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Biofilms and Biomineralization

The objective under this field of research was to perform a comprehensive evaluation of
techniques for current and novel CO2 sequestration concepts associated with microbial biofilms.
Four distinct tasks were performed:

1.

Determine the integrity of biomineralization deposits on flat coupons in response to brine and
supercritical COa.

Research on this task was directed at understanding the effects of synthetic brine,
supercritical COz (scCOz2), and scCOz-saturated brine on calcium carbonate (CaCO3)
precipitants on flat polycarbonate coupons. Biomineral deposits were formed on 1.2 cm (0.47
inch) diameter polycarbonate coupons by first growing a Sporosarcina pasteurii biofilm
which is capable of hydrolyzing urea. Urea hydrolysis resulted in a pH increase which
ultimately caused calcium carbonate to precipitate on the coupon surface. These biomineral-
laden coupons were challenged by (1) an atmospheric pressure, room temperature brine
solution, (2) pure scCOz, and (3) scCOz saturated brine at supercritical pressures and
temperatures. The effects of the challenges were quantified by measuring the mass of
minerals on the surface of the coupons and the mineralogy of the carbonates before and after
the challenges. It was determined that brine at atmospheric conditions and pure scCO> at
supercritical conditions had little to no effect on the biomineral deposits. However the
deposits did appear to be significantly affected by dissolution from exposure to scCO2 and
scCOz saturated brine. These observations were complicated by the fact that mechanical
abrasion of CaCQs3, in addition to direct dissolution, may have contributed to the measured
loss of minerals from the coupons. Overall, these data suggest that engineered
biomineralization, with the purpose of reducing permeability in preferential leakage
pathways during the operation of carbon capture and storage systems, are applicable in the
scCOz region, the brine region, and the saturated scCOz region when subsurface fluid
conditions are quasi-static.

Develop methods to understand and control the deposition rate of biomineralized calcium
carbonate with distance in homogenous porous media.
Under ZERT 11 this task is aimed at developing methods to understand and control the
deposition rate of biomineralized calcium carbonate with distance in homogenous porous
media. This research contributes to the overall investigation of ureolytic biomineralization as
a possible technology for CO; leakage mitigation. The concept is based on the use of
microbial biofilms which enzymatically hydrolyze urea, resulting in the precipitation of
crystalline calcium carbonate (calcite), a process referred to as microbially induced calcite
precipitation (MICP). Use of ureolytic, biofilm-forming bacteria (i.e. Sporosarcina Pasteurii)
allows control over the distribution of the catalyst that induces calcite formation. This
method has the potential to reduce near-well bore permeability, coat cement to reduce CO2—
related corrosion, and lower the risk of unwanted migration of CO2 and other gasses.
Laboratory research was conducted to develop a strategy for controlling the spatial
distribution of calcium carbonate along a porous media flow path. The experimental system
12



involved the use of four vertically positioned columns 61 cm (2-feet) in length and 2.54 cm
(1-inch) in diameter packed with 40 mesh (0.5 mm average diameter) quartz sand. The
operational strategy for column operation was developed, which was based in part on
simulation modeling conducted at the University of Stuttgart, resulted in uniform
distributions of CaCOs (calcite) along the 61 cm (2-feet) column for the final three column
experiments. Mercury porosimetry methods were developed to characterize pore size
distribution and porosity in sandstone and shale. These methods were also developed to
quantify effects of biomineralization at the pore scale. These ZERT II findings contribute to
advancing MICP technology for subsurface applications.

Optimize biomineralization of isotopically labeled CO> carbon under variable head space
pressure.

The potential of microorganisms for enhancing CCS via mineral- and solubility-trapping
where dissolved COz is precipitated in carbonate minerals or held as dissolved carbonate
species in solution was investigated. The bacterial hydrolysis of urea (ureolysis) was
investigated in microcosms including synthetic brine (SB) mimicking a prospective deep
subsurface CCS site, with variable headspace pressures [p(CO2)] of *C-CO.. Dissolved Ca*"
in the SB was completely precipitated as calcite during microbially induced hydrolysis of 5
to 20 g L' urea. The incorporation of carbonate ions from *C-CO; ('*C-CO3%) into calcite
increased with increasing p(COz) and increasing urea concentrations from 8.3 % of total
carbon in CaCOs at 1g L' to 31 % at 5g L', and 37 % at 20g L™, demonstrating that
ureolysis was effective at precipitating initially gaseous [CO2(g)] originating from the
headspace over the brine. Modeling the change in brine chemistry and carbonate
precipitation after equilibration with the initial p(CO2) demonstrated that no net precipitation
of CO2(g) via mineral-trapping occurred, since urea hydrolysis results in the production of
CO2. However, the pH increase induced by bacterial ureolysis generated a net flux of CO2(g)
into the brine. This reduced the headspace concentration of CO2 by up to 32 mM per 100 mM
urea hydrolyzed because the capacity of the brine for carbonate ions was increased, thus
enhancing the solubility-trapping capacity of the brine. Together with the previously
demonstrated permeability reduction of rock cores at high pressure by microbial biofilms and
resilience of biofilms to supercritical COz, this suggests that biomineralizing biofilms may
enhance CCS via solubility-trapping, mineral-trapping, and CO2(g) leakage reduction (i.e.
formation-trapping).

. Evaluate the potential for coal-bed mediated COz sequestration and enhanced methane
production.

According to the DOE Energy Information Administration, CBM currently makes up about
10% of U.S. natural gas production. CBM is produced by pumping water from coal beds,
lowering the pressure in the coal beds to allow release and recovery of natural gas (methane)
from the beds. The gas is then separated and recovered above ground from the produced
water. CBM is naturally present in the coal bed, due primarily to the activity of microbial
communities capable of degrading coal and producing methane (biogenic methane
production). Research under ZERT II has been directed toward evaluating the ability of algae
to enhance coal-to-methane production in laboratory reactor systems containing produced
water, coal, and microbial inoculum recovered from groundwater wells in coal formations in
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the Powder River Basin in eastern Montana. These experiments indicate that by applying a
carefully designed nutrient recipe which includes algae extract, coal-to-methane conversion
can be stimulated resulting in a more diverse and active methanogenic biofilm community
and enhanced methane production. These results point to the possibility of growing large
quantities of algae in coal bed methane produced water stored in surface impoundments and
processing the algae for multiple benefits. Large-scale algae production in CBM
impoundments will offer the benefit of sequestering atmospheric CO; thereby reducing the
carbon footprint of traditional CBM production. Algae growth will also sequester metals and
consume organics thereby enhancing the overall quality of produced water. The algae can
then be harvested and lipids extracted to produce a variety of products including biofuels.
The residual algal extract after lipid production can conceivably be re-injected into the
original CBM formation thus serving as stimulant for further methane production. Enhancing
production of domestic natural gas and phototrophic biofuel while at the same time recycling
wastewater, nutrients, and sequestering CO2 will substantially reduce impacts to the
atmosphere, surface waters, and subsurface environments associated with CBM production
for the Powder River Basin in eastern Montana and Wyoming as well as other similar
locations.

MR Studies of the Residual Trapping of Gases in Rock Cores

Effective exploitation of depleted hydrocarbon reservoirs for CO; storage or enhanced oil
recovery will require an understanding of complex multi-phase flow of native brine, residual
hydrocarbons and injected CO2. We performed NMR laboratory studies that will eventually
complement the development of in-situ geophysical monitoring techniques by providing pore-
scale to pore-network-scale observations of brine-hydrocarbon-scCO2 (supercritical COz) flow
and coupling of geochemical and geomechanical processes. Our experimental approach
measured 1D profiles in rock cores during flow-through experiments in real-time. Results were
obtained for a cycle that involved consecutive: saturation with water; then drainage with a gas of
either air, CO2, or scCOz2; and finally imbibition of water. Preliminary data indicates that the
fluids behave differently. Different behavior is anticipated for flow through rocks with
distributed intergranular porosity and rocks with fracture-based flow paths. MRI 1D images were
used to monitor the wetting phase at each stage in the saturation. Drainage, imbibition cycle.
Most significantly the residual trapping of the gas was less for the scCO2 than for the CO2 or air.

Natural Analogs of Escape Mechanisms

The four study areas include the Stewart Peak culmination study area (SPC), Thermopolis
Anticline study area (TSA), Pryor Mountain study area (PMSA) and Big Snowy Mountains
study area (BSMSA). SPC is a surface analogue for fractured reservoirs located in compressive
thrust belts. The TSA, PMSA and BSMSA are Laramide style uplifts that have been breached by
erosion. The TSA and PMSA also both have naturally occurring active geothermal features
within the areas. The BSMSA is an area influenced by widespread Eocene igneous activity,
which introduced a heating mechanism for hydrothermal fluid flow. Many of the breccias,
recognized in each of the study areas are hydrothermal in origin based on their morphology,
distribution, and geochemical signature. Hydrothermal activity is related to crustal shortening

14



during the Sevier and Laramide orogenies in the study areas. Taking into account the regional
tectonic features that influenced and may possibly influence potential subsurface sites for CO2
sequestration is also important. Brecciation is accompanied by dolomitization, dedolomitization,
late-stage calcite precipitation, and porosity occlusion, especially in outcrop reservoir rocks
observed in the study areas. Multiple episodes of fluid flow are evident in each study area with
chemical zoning recognized in fracture fill and cross-cutting relationships. Tectonic-
hydrothermal late-stage calcite may reduce permeability in outcrops and, potentially, high-
quality subsurface reservoir rocks.

Underground Fiber Optic Sensors

The ability to monitor carbon sequestration sites will require detectors capable of monitoring
large areas. Fiber optic sensor arrays offer the ability to utilize a scalable array of point sensors
for monitoring the large areas associated with sequestration sites. The inline fiber sensor work
developed and demonstrated provides a method of increasing the number of point sensors
available for a fiber sensor array. The inline fiber sensor utilizes a series of fiber segments that
consist of a single mode optical fiber and a photonic bandgap (PBG) fiber. The single mode
optical fiber delivers light to the PBG fiber where the light interacts with the carbon dioxide. A
small portion of the light is reflected by the single mode fiber making up the second segment of
the inline fiber sensor. Carbon dioxide (COz) concentrations in the PBG fiber are measured using
an integrated path differential absorption measurement where the distributed feedback diode
laser operating nominally at 2.004 [Im is tuned across a CO> absorption feature. Two segments
of the inline fiber sensor were demonstrated in a laboratory experiment.

The ability to monitor the injected CO2 plume is a second important monitoring need. One plume
monitoring technique involves using seismic waves to map out the sub-surface CO> plume.
Initial work on a fiber pressure sensor was begun. The fiber pressure sensor utilizes a chirped
laser source. A small portion of this chirped source is picked off and is beat against the light
scattered from the fiber optical cable place down-well. The frequency of the beat signal can be
used to determine the location in the fiber where the scattering occurred while the amplitude of
the beat signal is related to the fiber strain. Initial laboratory experiments and modeling were
conducted to study the feasibility of the chirped fiber pressure sensor.

Ultra-compact Infrared Imagers

The purpose of this project was to determine if COz gas leaking from underground could be
detected with passive imaging of overlying vegetation in visible (VIS), near-infrared (NIR), and
long-wave infrared (LWIR) spectral bands. The basic concept driving the use of vegetation
imaging to locate leaking COz is that higher soil gas concentrations of CO2 will stress the
vegetation, leading to measurable changes in VIS and NIR reflectance and LWIR emission.
Higher soil gas concentrations of CO2 could result in less oxygen and water being drawn from
the soil into the plants, resulting in a leaf stomata response and changing the reflectance and
radiative properties of the vegetation. The increased plant stress results in increased red
reflectance and decreased NIR reflectance. A side-by-side deployment of reflective and emissive
imagers enabled direct comparisons of VIS and NIR imaging with LWIR imaging for CO> gas
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leak detection. Our analysis showed that data from the two types of imagers are statistically
significant alone, and either wavelength band can be used effectively. There was no evidence
that using the two methods together yielded a significant advantage, and the VIS-NIR imaging
alone yielded the highest statistical correlations. However, the practical advantage of not
requiring an in-field calibration source made LWIR imaging more convenient, especially for
aerial monitoring of large areas.

A final component of the project was to explore the feasibility of using an even lower-cost
imaging system deployed on a tethered balloon. An imaging system originally developed for
outreach use (Shaw et al. 2012) was deployed periodically during the 2012 ZERT field
experiment on a tethered balloon. This vantage point enabled imaging of a larger area without
the higher cost of airplane deployment, but the ultra-low-cost imaging system data required extra
effort before a reliable calibration was achieved. However, the final calibrated data did yield
favorable agreement with the surface-mounted imager, and was able to measure the vegetation
response to the leaking CO2 gas.

Validation of Near-surface CO:2 Detection Techniques and Transport Models

The ZERT field site has provided a much needed controlled release facility for use by the carbon
sequestration community. Study of transport through and the influence of CO2 on soil, water,
plants, and the atmosphere continued. Several projects initiated in ZERT I carried on into ZERT
IT as many groups used information learned in previous years to optimize instrumentation and
define new experimental goals. Three entirely new projects were added in ZERT II. As hosts of
the site, MSU helped design, install, maintain, and operate the infrastructure to release CO2 into
the shallow subsurface. Operation of the site included obtaining and complying with an
Environmental Protection Agency (EPA) Underground Injection Control (UIC) injection permit
as well as supplying supporting data to participants. MSU also contributed to the scientific goals
of the ZERT project. Kevin Repasky and Joseph Shaw of the MSU Electrical and Computer
Engineering Department both developed optically based instrumentation to study COz2 in the gas
phase and the effect of COz on plant health, respectively.
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Experimental Methods, Results and Discussion, and Conclusions are given by task.

Ureolytic biomineralization is being investigated as a possible technology for CO; leakage
mitigation (Phillips, et al. 2013, Mitchell et al., 2013), Mitchell, et al. 2010). The concept is
based on the use of microbial biofilms which enzymatically hydrolyze urea, resulting in the
precipitation of crystalline calcium carbonate (CaCOs or calcite), a process referred to as
microbially induced calcite precipitation (MICP) (Cunningham et al., 2013). Use of ureolytic,
biofilm-forming bacteria (i.e. Sporosarcina Pasteurii) allows control over the distribution of the
catalyst that induces calcite formation. This method has the potential to reduce near-well bore
permeability, coat cement to reduce COz—related corrosion, and lower the risk of unwanted
migration of COz and other gasses.

Under ZERT II this task has been focused on two objectives: (1) developing methods to control
the deposition of calcite along a porous media flow path, and (2) develop methods for
quantifying the biomineralization process at the pore scale using mercury porosimetry. The
reporting format for Subtask 2.2 has been organized to address both of these objectives.

Subtask 2.1: Determine the integrity of biomineralization deposits on flat coupons in
response to brine and supercritical COz.

CaCOs Coated Coupon Preparation

Sporosarcina pasteurii was used for this study based on relevance to previous work (5, 8).
Liquid culture growth (BHI+Urea; CMM-) and calcium-rich (CMM+) growth media were
produced by adding the constituents in Table 1 to one liter of distilled water and stirring
continuously (3). As necessary, the pH of the media was adjusted to between 6.0 and 6.3 with
concentrated hydrochloric acid. Complete medium was filter sterilized using a SteriTop (Fisher,
Fair Lawn, NJ) 0.22 um vacuum filter.

Table 1. Growth and Calcium-Rich Growth Media Constituents (all mass in grams)

BHI + Urea CMM- CMM+
Brain Heart 37 | Difco Nutrient Broth 3 Difco Nutrient Broth | 3
Infusion Broth (BD, (BD, Sparks, MD) (BD, Sparks, MD)
Sparks, MD)
Urea (Fisher, Fair 20 | Urea (Fisher, Fair 20 Urea (Fisher, Fair 20
Lawn, NJ) Lawn, NJ) Lawn, NJ)
Ammonium chloride ( | 10 Ammonium chloride | 10
Fisher, Fair Lawn, NJ) (Fisher, Fair Lawn,
NJ)
Sodium Bicarbonate 1.05 | Sodium Bicarbonate | 1.05
(Fisher, Fair Lawn, (Fisher, Fair Lawn,
NJ) NJ)
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Calcium Chloride 4.62
Dihydrate (Acros,
NJ)

For all experiments, S. pasteurii (ATCC 11859) cultures were obtained after culturing from
frozen stocks using aseptic techniques (two times 1% inoculum transfers to fresh BHI+Urea or
CMM- media). The cultures were grown on an incubated shaker at 30°C at 150 rpm. After the
final transfer and 13-15 hours of growth, 1 ml of the cultures were used to inoculate CMM+ filter
sterilized media in sterile Pyrex bottles loaded with 4 pre-weighed polycarbonate coupons each.

Inoculated calcium-rich media in 250 ml Pyrex bottles were placed into a 30°C incubator. Two
coupons were also incubated in sterile, un-inoculated media to confirm abiotic precipitation was
not occurring. After 24-48 hours of incubation and precipitation all coupons were removed with
sterilized tweezers. The coupons were dried for greater than 24 hours at 65°C until constant
weight was achieved. Excess mineral not firmly attached to the coupon was blown off the
coupon using compressed air (Falcon Dust Off, Branchburg, NJ). The coupons were weighed
and also imaged on a stereoscope.

Exposure to Room Temperature, Atmospheric Pressure Brine

Coupons were randomly selected from the precipitated, dried, weighed and imaged coupons and
two coupons each were placed into four 250 mL Pyrex bottles containing 200 mL of brine (Table
2)(4). Brine constituents were dissolved by stirring continuously in distilled water and then filter
sterilized. The pH of brine (7.61) was assessed with a Fisher Scientific pH meter (model AR-25)
equipped with a Corning glass electrode, which was calibrated with pH 7 and 10 buffers.

Table 2. Growth and Calcium-Rich Growth Media Constituents (all mass in grams)
Ingredient Amount (mM)
NaCl 683.7
MgSO4-7TH20 | 16.4
CaCl2-:2H20 |55
MgCl2-6H20 | 4804

KCl 264 .4

KBr 1.79

Coupons were challenged with the brine for 4 hours, 24 hours, and one week of exposure.
Additionally, two coupons without precipitated mineral were placed in brine for 24 hours as
sterile controls. After removal from the brine, coupons were rinsed in deionized water to remove
residual brine and then dried, weighed, and imaged. Finally, the coupons and attached minerals
from each exposure set were dissolved in acid for calcium analysis via ICP-MS.

Exposure to supercritical CO2

Five coupons were randomly selected from the precipitated, dried, weighed and imaged coupons
and loaded into the view-ported high pressure vessel (HPV) system (Figure 1). The system was
pressurized and scCO2 was pumped under constant flow via a Teledyne Isco high pressure pump
to the HPV until pressure stabilized at 1300 psi. The high pressure system is maintained inside of
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an incubator so temperature can be controlled and maintained above the critical point (Mitchell
et al., 2009). During the two hour exposure to scCO at 1300 psi the temperature was maintained
at 33°C. One precipitated coupon was left outside the reactor as a control. Immediately after the
exposure the coupons were removed from the reactor and imaged with the stereoscope as
previously described. The coupons were then dried for 24 hours and weighed periodically until
constant weight was achieved. Finally, coupons and attached minerals from the exposure and
controls were dissolved in acid for calcium analysis via ICP-MS.

Figure 1. Supercritical CO2 is pumped by a Teledyne Isco (Lincoln, Nebraska) pump into the
view-ported (HPV)

(From right to left) Supercritical COz is pumped by a Teledyne Isco (Lincoln, Nebraska) pump
into the view-ported (HPV). The view port image of the HPV shows scCOz in the headspace and
scCOz saturated brine in the bottom of the HPV during an exposure.

Exposure to supercritical CO2 and supercritical CO2 saturated brine

As described above, 350 ml of brine was added under ambient pressure conditions into the high
pressure vessel. Coupons were randomly selected from the precipitated, dried, weighed and
imaged coupons and were loaded into the reactor so three coupons were wetted in the brine
(bottom portion of reactor) and three were in the headspace of the reactor. Two coupons were
left outside of the reactor as controls. The system was pressurized and scCO2 was pumped into
the HPV through the brine until pressure in the reactor stabilized at 1250 psi. The coupons in the
HPV were exposed to scCOz (in the headspace portion) and supercritical CO; saturated brine
(bottom portion of the reactor) at 1250 psi and 37°C as a batch system for two hours and also 48
hours. Throughout the exposures, CO2 was added periodically to maintain 1250 psi in the HPV.
Immediately after each (2 hour and 48 hour) exposure the coupons were removed from the HPV
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rinsed in DI water to remove any residual brine and imaged, dried for 24 hours, and weighed
until constant weight was achieved. Additionally, pH of the brine was measured as described
previously. After weighing, the minerals from each set (scCOz, scCOz2 saturated brine, and
controls) were examined with XRD to determine state of mineral formation. Finally, the coupons
and minerals from each set were dissolved in acid for calcium analysis via ICP-MS.

A summary of the brine, scCOz, and scCO; saturated brine exposure conditions is presented in
Table 3.

Table 3. Summary of Exposure Scenarios

Exposure | Pressure Temperature | Description

1 Ambient Room Expose coupons to brine for 4 hours

2 Ambient Room Expose coupons to brine for 24 hours

3 Ambient Room Expose coupons to brine for 1 week

4 1300 33°C Expose coupons to scCO2 in HPV for 2 hours

5 1250 37°C Expose coupons to scCO2 (headspace) in ¥z brine-
filled HPV for 2 hours

6 1250 37°C Expose coupons to scCO2 (headspace) in ¥z brine-
filled HPV for 48 hours

7 1250 37°C Expose coupons to scCO2 saturate brine in HPV
for 2 hours

8 1250 37°C Expose coupons to scCO2 saturate brine in HPV
for 48 hours

9 Ambient Room Sterile control

Subtask 2.2: Develop methods to understand and control the deposition rate of
biomineralized calcium carbonate with distance in homogenous porous media.

Controlled deposition of biomineralization in sand columns
Materials and Methods. The strategy for controlling the spatial distribution of calcium carbonate
resulting from biomineralization was developed using saturated packed sand columns. Four
vertically positioned columns (61 cm (2-feet) in length, 2.54 cm (1-inch) in diameter) were
packed with 40 mesh (0.5 mm effective filtration size) quartz sand (Unimin Corporation, Emmet,
ID) under water to minimize air inclusions. Columns were disinfected and rinsed by injecting
two pore volumes followed by 30 minute stagnation periods of each of the four following
solutions:

e 1% bleach (Clorox, Oakland, Calif.) v/v and 3.5% Tween 80 (Acros, N. J.) w/v solution ;

e 10% w/v NaCl (Fisher, Fair Lawn, N. J.) solution ;

o 1.26% w/v sodium thiosulfate (Fisher, Fair Lawn, N. J.) solution ; and

e 10% w/v ammonium chloride (Fisher, Fair Lawn, N. J.) solution.

Cultures of Sporosarcina pasteurii were grown overnight from a frozen stock culture and
washed via centrifugation and resuspened in fresh sterile medium prior to injection into the
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column in up-flow configuration. A cell attachment period (no flow) of ~6 h was followed by 18
h of pumping growth medium to develop biofilm. After biofilm establishment and an overnight
delay, two pore volumes of calcium-rich (1.25 M calcium) growth medium were injected to
initiate biomineralization. The columns were then allowed to remain static for 24 h
(biomineralization stage). For columns 2—4, calcium-rich medium from the first 7.6 cm of the
columns was displaced immediately after injection with calcium-free medium to minimize
injectivity reduction near the injection point. Between biomineralizing stages, the columns were
flushed with two pore volumes of calcium and urea-free medium to restore a low saturation state.
Periodically, throughout the experiments, the biofilm was resuscitated by injecting at least two
pore volumes of fresh growth medium without calcium. Flow rates were controlled by a
Masterflex (model 755370) pump and controller (Cole Parmer, Vernon Hills, 111.).

Column Injection. The filling and flushing strategy for all four columns is described in Table 4.
The experiments were terminated when the systems’ pressure limits were reached. However,

column 4 was terminated when as much calcium had been injected as for columns 2 and 3.

Table 4. Column injection summary

Biomass .
concentratio C.a Mass of o Avg, Rinse
Rich 2+ | Resuscitatio | Flow
Column n of . Total Ca Influent
Medium ) n Events Rate .
Inoculum Injected (g) R Region
Pulses (mL s™)
(cfu/ml)
1 4.0x10° 35 303.4 15 10.7 No
2 1.1x10% 20 130.3 10 8.0 Yes
3 6.2x10° 11 83.3 4 8.9 Yes
4 1.3x107 22 1352 9 9.1 Yes

Growth medium was prepared by mixing 3 g of Difco Nutrient Broth (BD, Sparks, Md.), 20 g of
urea (Fisher, Fair Lawn, N. J.), 10 g of ammonium chloride (Fisher, Fair Lawn, N. J.), and 185 g
of calcium chloride dihydrate (not included in calcium-free growth medium) (Acros, N. J.) and
stirring continuously until dissolved in 1 L of nanopure water. As necessary, the pH of the
medium was adjusted to between 6.0 and 6.3 (the final pH of calcium-rich medium was 5.4-5.6).

Monitoring and Sampling Methods. Column effluent was collected and monitored for ammonium
and residual calcium concentration after each biomineralization stage. A portion of the effluent
sample was filtered using a 0.2 um SFCA Corning syringe filter (Corning Incorporated, N. Y.)
and analyzed with a modified Nessler assay for ammonium production. The unfiltered remainder
of the effluent sample was used to monitor pH. During the experiments, the activity in the
column was monitored as follows:

e Ammonium concentration was determined with a modified Nessler assay; effluent
samples were diluted in deionized water and compared to standards made from
(NH4)2S04. Each sample and standard (250mL) was added in triplicate to a 96-well
microplate (Fisher, Fair Lawn N. J.) to which 3 mL of mineral stabilizer and polyvinyl
alcohol, and 10 mL of Nessler reagent (potassium tetraiodomercurate(1l)) (Hach,
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Loveland, Colo.) were added. Ammonium concentration was quantified in the resulting

solution after 13 min reaction time via spectrophotometry at 425 nm (Bio-Tek, Synergy
HT).

e The pH of effluent samples was assessed with a Fisher Scientific pH meter (model 50)
equipped with a Corning glass electrode, which was calibrated daily with pH 7 and 10
buffers.

e At the termination of the experiment, each column was destructively sampled by cutting
it into eight 7.6 cm sections and digesting triplicate portions of each section’s sand
contents with 10% trace-metal grade nitric acid (Fisher, Fair Lawn, N. J.). Calcium
analysis was performed on an Agilent 7500 ICPMS after a 1:5000 or 1:10,000 dilution in
5% trace-metal grade nitric acid (Fisher, Fair Lawn, N. J.) and compared with certified
standards (Agilent Technologies, Environmental Calibration Standard 5183-4688) to
estimate the total CaCO3 mineral per mass of sand.

Mercury Porosimetry for porosity and pore size distribution

As part of ZERT II methods to measure pore size distribution and porosity in sandstone were
developed using mercury porosity. This activity was motivated by the need to compare changes
in pore size distribution and porosity in response to biomineralization of sand stone cores.
Subsequently mercury porosity methods were used to analyze shale samples from a parallel
project funded by The CO2 Capture Project (CCP). CCP is a partnership of several major energy
companies working together to advance the technologies that will underpin the deployment of
industrial-scale CO2 capture and storage (CCS).

Figure 2. Micromeritics Porosimeter

Collaboration between ZERT Il and CCP. Resources from ZERT II were used to augment the
scope of work funded by CCP. Overall the total effort funded by ZERT was approximately 25%
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of the total CCP effort—which was aimed at testing the biomineralization concept in shale cores
obtained from the Mont Terri test site in Switzerland. The mercury porosimetry work, together
with some additional ZERT-funded laboratory technetium effort, contributed significantly to the
overall CCP shale testing project. A copy of the final project report submitted to CCP in
November 2013 is attached in an Appendix. This report has been submitted as a potential chapter
in Carbon Dioxide Capture for Storage in Deep Geological Formations, Vol. 4, 2014 CPL Press
and BP, and is currently under review. ZERT Il is credited in the Acknowledgements.

Mercury Porosimetry methods. Mercury porosimetry or mercury intrusion is based on the
principle that the amount of pressure required for a non-wetting fluid, such as mercury, to intrude
into a porous substance is inversely proportional to the size of the pores. Material properties that
can be determined from this porosimetry test include pore size distribution, total pore volume,
median pore diameter, bulk density, and material density. A Micromeritics Autopore IV Model
9500 Mercury Porosimeter (Figure 2) was used. This porosimeter has a 33,000 psi pressure
capability which allows it to accurately measure pore sizes over a wide range, from 900 pm to
0.005 pm.

Porous media chips (sandstone and shale were examined under ZERT II) with an area roughly 1
cm? and a few mm in thickness were placed in a bulb penetrometer and evacuated to remove air
and volatile substances. The bulb was then filled with mercury and pressurized in discrete steps.
The incremental volume of mercury that intruded into the sample was recorded for each pressure
point up to 33,000 psi. The analysis results in graphs show in how much mercury is intruded
(mL/g) in relation to pore size (um), as shown below in the Results and Discussion section.

Subtask 2.3: Optimize biomineralization of isotopically labeled CO2 carbon under variable
head space pressure.

Experimental setup

Batch CO> precipitation microcosms were prepared in sterile 35 ml serum bottles in a laminar
flow hood. Each microcosm included 20 ml of a synthetic brine (SB) with approximately 5 g L™
Total Dissolved Solids (TDS), mimicking the ionic ratios present in the proposed Powder River
Basin COz injection site (Busby et al. 1995). Three SBs were produced with different urea
[(NH2).CO] concentrations of 1, 5, or 20 g L'}, to simulate the addition of varying concentrations
of urea to the aquifer. Test and control SB microcosms were prepared. Test SB microcosms
included the ureolytic organism Sporosarcina pasteurii (ATCC 11859, gram-positive, spore-
forming, urease positive), known to induce CaCO3 precipitation. Biotic control experiments
included the non-ureolytic gram-positive bacterium Bacillus subtilis strain 186 (ATCC 23857).
Abiotic control experiments included just the SB with no bacterial amendment. The headspace
(15 cm?®) of each vial was then purged with 0.2um filter sterilized 99% &'*C-CO, (Cambridge
Isotope Laboratories, MA) for 1 minute, and final headspace p(COz) of 1, 1.35 and 1.7 atm were
attained by measurement with a headspace pressure gauge. A set of microcosms was also
retained with an atmospheric pressure air headspace [390 ppm CO2 at 1 atm = 0.00039 atm
p(CO2)]. The microcosms were incubated at 22°C on a shaker at 100 rpm for 8 days. While
headspace pressures are far lower than expected during deep subsurface SC-COz injection (up to
73 atm, these microcosms allow investigation of the general relationship of p(CO2) and ureolysis
on carbonate speciation. Additionally, even in deep subsurface brines the p(COz) will likely vary

23



significantly due to the advective and diffusive transport of COz from the injection point over
time. The SB was characterized for pH, dissolved Ca, and NHs" immediately after inoculation
and headspace adjustment [time (t) = 0, to], and again after 8 days (ts). At the termination of the
experiments any CaCOj3 precipitates formed in the microcosms were characterized by X-ray
Diffraction System (XRD) and analyzed for §'3C.

Speciation and saturation modeling

PHREEQC (Parkhurst and Appelo, 1999) was used to model inorganic carbon speciation and
carbonate mineral saturation in microcosm experiments simulating COz injection into the
Powder River Basin brine with p(CO2) of 0.00039, 1 and 1.7 atm. All calculations were carried
out at 25°C and used the MINTEQ database (Allison et al., 1990).

Subtask 2.4: Evaluate the potential for coal-bed mediated CO: sequestration and enhanced
methane production.

Sampling microbial inoculum from coal beds

The data and process described reported here are the result of collaboration with the U.S.
Geological Survey in Reston VA, and the Montana Bureau of Mines and Geology. This study
team has developed a novel microbial sampler, referred to as the diffusive microbial sampler
(DSM), which can be placed down-well in coal bed methane formations and colonized with
native coal-degrading methanogenic cultures as shown in Figure 3.
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Figure 3. Diffusive Microbial Sampler

The DSM is lowered down-well into the coal bed methane-producing formation. The sampler
contains approximately 200 grams of sub-bituminous coal particles from the Powder River
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Basin, wrapped inside a porous mesh. The construction of the sampler insures that the sediment
(coal) inside the sampler is only exposed to water inside the coal seam where methanogenisis
takes place. Over time a microbial population indicative of that in the actual coal seam develops
on the coal inside the sampler.

The DMS consists of a cylinder 6.35 cm (2.5 inches) in diameter and 12.7 cm (5 inches) long
with 2 rods extending from the top of the cylinder to a weight 30.4 cm (12 inches) below the
cylinder (Barnhart et al., 2013). The weight seals the DMS, due to gravity, until contacting the
bottom of the well where the rods extending from the weight lift the coal out of the sealed
cylinder allowing colonization by indigenous microorganisms. Coal within the sampler is
composed of approximately 200 g of sub-bituminous coal particles (>2 mm but <4 mm diameter)
from the Decker Coal Mine in the Powder River Basin (PRB. The coal particles are encased with
#8 stainless steel mesh. The DMS is autoclaved prior to being placed in the well allowing
autoclaved coal to act as the negative control in our DNA analysis.

The DSM was placed down an existing coal bed methane observation well (HWC-01) operated
by the Montana Bureau of Mines and Geology and located in the Powder River basin in
Montana. The DMS was retrieved from well HWC-01 after three months (Summer 2010) using
aseptic techniques and samples of the recovered microbial population extracted and stabilized.

Batch enrichment experiments to measure methane production

The native microbial cultures recovered from well HWC-01 were subsequently used to inoculate
batch microcosms (shown in Figure 4). The microcosms contained 50 mg of coal and 50 ml of
simulated coal bed media (minimal salts media) which contained concentrations of ions that
reflected the chemistry of the sampled well: (per liter) 3.86 mg MgCl2 « 6H20, 5.21 mg CaCl2 »
2H20, 0.5 g NH4Cl, and 5.0 mg KCl. The medium was buffered using 1.1 mM K2HPO4 and
12.37 mM NaHCO3 with 1 ml of 1000X per liter nonchelated trace elements and 1 ml of 1000X
per liter vitamin solution amended with 2.0 g/liter choline chlorideadded as growth supplements.
L-Cysteine « HCI (1 mM) and sulfide (1 mM as Na2S « 9H20) were added as reducing agents.
Resazurin (1 mg/liter) was added as a redox indicator.
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Figure 4. Batch flasks (50 ml serum bottles) containing Powder River coal, simulated coal bed
media, and field inoculum.

Methane stimulation nutrients, including yeast extract and algae/algae extract were also added.
All samples were run in triplicate as shown. Methane production was monitored in the head
space.

The enrichments (batch flasks) were incubated in the dark at 25°C and microbially produced
methane was monitored in the head space by a direct injection SRI 8610C gas chromatograph
(GC) with a thermal conductivity detector (TCD) and a S.S. Molecular Sieve 13X Packed
Column. This system allowed the investigation of various nutrient stimulants (i.e. algae extract
and yeast extract) on the rate and extent of methane production.

Three sets of enrichment experiments were set up and are continuing at present. These
microcosm experiments all involve the addition of algae extract as a stimulant to methane
production form coal, compared to methane production from the same coal without algae
addition. Yeast extract was also added in the first experiment. The description of each
experiment is as follows.

Experiment # 1. Coal from a surface mine in Decker, MT, inoculum from a USGS well HWC-01
in the Powder River Basin, media consisting of synthetic CBM produced water (described
above). Experiment 1 included addition of yeast extract (1 ml) and algae extract (1 ml) to
stimulate methane (started 9/10/2010).

Experiment #2. Decker coal, Inoculum from well HWC-01 well, media consisting of synthetic
CBM water plus sulfate. Methane production stimulated by adding 1ml algae extract (started
5/4/2011).

Experiment #3. Decker coal, filtered CBM produced water, inoculum from well HWC-OI.
Methane production was stimulated by adding 1 ml algae extract (started 4/5/2012).
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RESULTS AND DISCUSSION: BIOFILMS AND
BIOMINERALIZATION

Subtask 2.1: Determine the integrity of biomineralization deposits on flat coupons in
response to brine and supercritical COz.

Mass Differences

Figure 5 shows the relative difference between the coupon mass before exposure and after
exposure. Exposure to brine (Exposure 1, 2, 3) caused minor changes to mineral mass on the
coupons after exposure, however there is no clear trend from the data to indicate whether
minerals were dissolving. Exposure to brine after 4 hours caused a 7% reduction in mass, where
exposure to 24 hours revealed a 32% increase in mass and finally one week of exposure showed
a 22% decrease in mineral mass after exposure. Exposure to scCO2 without brine for 2 hours
(Exposure 4) did not significantly change the mineral mass on the coupons, whereas, coupons
exposed to scCO; for 2 and 48 hours (Exposure 5 and 6) did show 37% and 17%, respectively,
reductions in mass post exposure. A significant reduction of mineral mass was observed (83%
and 92%) on coupons exposed to scCO2 saturated brine for 2 and 48 hours (Exposure 7 and 8).
Exposure 9 indicates a 10% mass difference was observed on sterile control coupons exposed to
brine for 24 hours.

Change in Mineral Mass Before and After Exposure
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Figure 5. Change in mass of the minerals on coupons before and after exposure with percentage
change of mass listed above each bar.

Dissolved Calcium Analysis
ICP-MS results (Table 5) indicate little calcium is lost from the coupons during the exposure to
brine (Exposure 1, 2, 3). Brine exposure causes from 4-20% loss of calcium from coupons versus

27



the measured mass of minerals deposited on coupons before exposure. It is presumed the mineral
mass measured is all in the form of calcium carbonate in order to be able to make these
comparisons. Measured calcium from ICP_MS results is adjusted to calcium carbonate by
multiplying mass measured by 100/40.

Table 5. Comparison of mass of CaCOs as determined by ICP-MS to the measured weight of
minerals deposited on coupons before brine and scCO> challenges.

Expl |Exp2 | Exp3 |Exp4 |ExpS |Exp6 |Exp7|Exp8 | Exp9

Percent Reduction 20% | 6% 4%, -10% | 62% | 33% |92% |91% | 0%

Exposure to scCO> alone (Exposure 4) did not cause a reduction in the mass of calcium
measured before and after exposure. However, exposure to scCOz2 in the headspace of the brine-
filled HPV did effect a reduction in the measured mass of calcium before and after exposure.
Some of the presumed mineral loss, however, might be attributed to the XRD analysis sample
prep and recovery. Although efforts were made to recover the minerals from the XRD prep
mount, it is likely some of the mineral mass was compromised and thus not digested prior to
ICP-MS analysis. It is unclear from these results whether exposure to scCO2 alone causes loss of
calcium from the coupons.

Minerals attached to coupons exposed to scCOz saturated brine show a significant (92 and 91%)
calcium loss vs. the measured weight of minerals before the exposure. These observations were
complicated by the fact that mechanical abrasion of CaCOs3, in addition to direct dissolution, may
have contributed to the measured loss of minerals from the coupons. Mechanical abrasion was
the result of scCO; intensely bubbling through the brine phase, causing mechanical shear stress
on the biomineral deposits on the coupons. These samples also were processed for XRD analysis
so these results might also reflect loss during sample prep. Not all of the reduction may be
attributable to actual exposure.

Stereoscope Analysis

The coupons used in the brine exposures (Exposure 1, 2, and 3) were not properly colored to
provide contrast needed in the Metavue software to perform threshold analysis. As such,
threshold analysis was not able to be performed on images of coupons from before and after
exposure to brine. However, a qualitative analysis of the photos shows that there is no visual
difference in mineral coverage after exposure to brine (Figure 6). This problem was remedied
prior to the scCOz exposure by coloring the coupons black so as to provide contrast from the
whitish minerals for threshold image analysis.
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and d) challenge. Images are at 40x magnification

Table 6 lists the averages and difference of percent area covered by minerals before and after

scCOz exposure.

Table 6. Coupon surface area covered by solids on coupons before and after scCOz and scCO2
saturated brine challenges. Data shown is the average of images for each coupon taken at 40x

and 80x magnification.

. : p . hd
Figure 6. Stereoscope images of coupons exposed brine and scCO2 before (a and ¢) and after (b

% Covered Before

% Covered After

Exposure Difference
Exposure Exposure
4 79.08 75.60 3.48+5.62
5 69.66 32.47 3718+ 17.78
6 82.45 34.38 48.06 + 35.59
7 63.12 22.71 40.41+9.4
8 76.21 9.83 66.38+29.16
9 49.76 50.61 (0.85)+£6.77

As indicated by Table 6, scCO2 exposure (Exposure 4) did not significantly impact the
percentage of coupon area covered by mineral. However, exposure to scCOz in the headspace of
the brine-filled HPV and the coupons exposed to scCO; saturated brine all show reduced area
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covered by mineral after exposure (37-66% reduction in coverage area). Control coupons do not
show statistically significant changes in coverage after soaking in brine for 24 hours.

XRD Analysis

Minerals from coupons were analyzed to determine the form of calcium carbonate after exposure
to scCOz and scCOz saturated brine compared with minerals not subjected to any exposure.
Sample mineral spectra were compared to reference spectra to determine crystal formation by
DMSNT analysis software. It was observed that mineralogy did not change after exposure to
scCO2 and scCOz saturated brine. Calcite was detected as the predominant form of calcium
carbonate in both the controls and exposed samples. No vaterite or aragonite minerals were
detected.

Subtask 2.2: Develop methods to understand and control the deposition rate of
biomineralized calcium carbonate with distance in homogenous porous media.

Controlled deposition of biomineralization in sand columns.

Biomineralization Injection strategy. The goal for the sand packed column experiments was to
develop a repeatable strategy for achieving a uniform distribution of calcite deposition along the
61 cm flow path, thereby avoiding excessive calcite buildup near the entrance (Whiffin et al.,
2007, Fujita et al., 2008; Cunningham et al., 2009). After inoculation and significant biofilm
growth has occurred, subsequent CaCQOj3 precipitation may inactivate microorganisms or create
nutrient diffusion limitation (De Muynck et al ,2010; Whiftfin et al., 2007; Parks, 2009; Dupraz et
al., 2009), leading to reduced ureolysis and subsequently less biomineralization. To counteract
these phenomena, the biofilm in the column was periodically resuscitated by injecting at least
two pore volumes of fresh growth medium without calcium to stimulate the recovery of bacterial
populations after precipitation events. As a result both pH and NH4" concentrations (an
indication of ureolysis) were greater directly after the biofilm resuscitation events, while these
parameters were observed to decrease during active biomineralization periods (Figure 7). As
Figure 5 shows, directly after resuscitation events, effluent pH was restored to above 9 and the
NH4" concentrations rose to above 12 g L™!, while during active biomineralizing periods, the pH
averaged 6.9 and NH4" concentrations dropped as low as 5.1 g L%,
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Figure 7. Effluent NH4" concentration and pH data from column 4.

In Figure 7, the gray areas indicate resuscitation periods. Directly after resuscitation events,
effluent pH was restored to above 9 and the NH4+ concentrations rose to above 12 g L-1, while
during active biomineralizing periods, the pH averaged 6.9 and NH4+ concentrations dropped as
low as 5.1 g L-1. Similar results were observed for the other columns. Note that the injected
medium contained 3.4 g L' of NH4".

Distribution of CaCOs Deposition. The average CaCQOj3 contents from each column study are
summarized in Table 7, while plots of CaCOs3 deposition along the column flow path appear in
Figure 6. Calcium carbonate distribution results for columns 2-4 clearly indicate that the
injection strategy developed results in a very uniform mineral distribution along the 61 cm (2-
foot) column flow path. Unlike columns 2—4, column 1 did not employ a calcium-medium
displacement strategy for the injection region and, as a result, higher CaCO3 concentrations per
mass of sand were observed in column 1 in the first section near the injection point. Concerns
regarding locally reduced injectivity near the injection point of the column led to a modified
injection strategy (used for columns 2—4) which involved rinsing Ca*' rich medium from the
influent area before significant ureolysis, and thus CaCOs precipitation could occur.

Table 7. Average calcite concentration per column section (§) per experiment (mg CaCOs/per
gram of sand)

L I S ¢ | 8 6 | 87 | 88

479+29 | 25661 |274+30|227£29 |250+74 25471 |211+£22|202+73

222+30 | 193 +£13|196+10|188+8 |174+6 [178+10|169+£15|173+24

1
2
3 150+ 10 | 1366 |[130+4 | 154+£29 | 132+£12 | 133+11|134+6 |201+34
4 112+ 18 | 165+40 [ 14140 | 118 21 | 117+£24 | 121 +£12 | 117+8 | 109+ 8

Simulation modeling. In parallel with ZERT 11, the University of Stuttgart funded a simulation
modeling project aimed at modeling the biomineralization process along a porous media flow
path. This collaboration made possible the analysis of the calcite distribution data in Figure 8
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using the Stuttgart biomineralization model. The solid lines in Figure 8 show these modeling
results which were obtained by using the actual experimental protocol described above as model
input. It is important to point out that these simulation modeling predictions were made prior to
running the corresponding column experiment—thereby increasing the confidence in the use of
this simulation model for predictive purposes in the lab as well in the field. The description of
the Stuttgart biomineralization model as well as the analysis of the ZERT II data in Figure 8, are
presented in Ebigbo, et al. 2012.
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Figure 8. Summary of biomineralization distribution along the axes of 2.54 cm diameter, 61 cm
long sand-packed columns.

In Figure 8, biomineralization is measured as the per cent of pore space occupied by precipitated
CaCOs. The lines shown through the experimental data points represent simulation modeling
results as describe in Ebigbo, et al. 2012.

Mercury Porosimetry for porosity and pore size distribution

Berea sandstone. Mercury porosimetry was used to estimate pore size distribution and porosity
changes resulting from biomineralization in Berea sandstone cores with initial porosity of 18 -
20%. Two 2.54 cm (one inch) diameter core plugs were drilled from the same block of Berea
sandstone. Both cores were 5.08 cm (2 inches) in length. One core was subjected to
biomineralization using the standard protocol described in the previous section. The other core
was used as a control. After biomineralization was completed subsamples were broken off the
influent and effluent ends of both cores and analyzed using mercury porosimetry. Resulting pore
size distributions are shown in Figure 9 and Table 8 below. Figure 9 shows the incremental
intrusion of mercury in relation to mean pore diameter for both the control and biomineralized
cores. Here it is seen that the intrusion curves are similar for the control and biomineralized cores
with the exception of the range between roughly 6 and 20 um. In this range the amount of
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mercury intrusion is significantly higher for the control core. This is interpreted to mean that
biomineralization significantly reduced the overall pore space in this range.

Mercury Porosimetry of Sandstone with and
without Biomineralization
__0.008
< 0.007
£ 0.006 g
S 0.005
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Figure 9. Mercury intrusion vs mean pore diameter for biomineralized Berea sandstone and non-
biomineralized control.

Table 8. Comparison of pore size distributions between biomineralized Berea sandstone core
{influent and effluent ends) and the non-mineralized control core.

Biomin Biomin

Control Influent Effluent

Pore volume diameter average Average Average
less than 1 um 15% 22% 28%
1-10 um 33% 26% 38%
10-100 pum 42% 29% 22%
100-1000 pum 10% 23% 13%
6-16 um 51% 33% 31%
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This result is further documented in Table 3. Here the row highlighted in green shows that
biomineralization substantially reduces the number of pores between 6 — 16 um. In addition it
was observed that the porosity was reduced from 18-20.4% down to 10.4-15% due to
biomineralization. The results provided by mercury porosimetry provide valuable insight
regarding how the biomineralization process behaves at the pore scale.

Mont Terri shale. The mercury porosimetry methods developed under ZERT II for Berea
sandstone were subsequently used to support the work plan for a parallel project which involved
laboratory bench-scale tests to evaluate the potential for biomineralization sealing in fractured
shale. The tests were conducted using samples of Opalinus shale obtained from the Mont Terri
underground testing facility in Switzerland and was funded by CCP. Mercury porosimetry
methods were used to analyze two samples of the Opalinas shale (labeled OP1 and OP2), along
with shales from the Bakken formation (North Dakota) and Green River formation (Utah).

As shown in Figure 10 all shales contained very little porosity between 0.1 and 10 um. However,
since the Bakken Shale had almost no porosity less than about 50 um, both OP1 and OP2 were
more similar to the Green River shale.

Mercury Porosimetry of Various Shales

Pore Diameter (um)

__0.008

20

-E' 0.006 -

E 0.004 - A A 7\

3 V \

‘E 0.002 -

:—g 0 | = I 1 - | __;-—"‘:ﬂ_-JA(
S 0.001 0.01 0.1 1 10 100 1000
€

o

(& ]

£

—Mont Terri OP1 =—=Mont Terri OP2 ——Green River Bakken

Figure 10. Comparison of Mont Terri shale pore sizes with other shales.

Table 9 shows the porosity for each shale sample along with the summary pore size categories.
The average porosity for the two Mont Terri shales was 11.0 %

Table 9. Shale pore size summary.
Porosity

Core Less than 10 | Between 1-
Total
um 10 um
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Mont Terri #0P1 12.31% 8.59% 0.65%
Mont Terri #0P2 9.71% 8.13% 0.27%
Green River 8.25% 4.53% 0.03%
Bakken 4.50% 0.51% 0.39%

In summary the majority of the porosity for all shale types tested is contained in pores less than
0.1 um and those greater than 10 um. The overall pore size distributions for both OP1 and OP2
were very similar. All four shale samples contained very little porosity between 0.1 and 10 pm.
The average porosity for the two Mont Terri shale blocks tested was 11.0%.

These results demonstrate the value of mercury porosimetry as a tool for characterizing shale as
well as sandstone rock samples.

Subtask 2.3: Optimize biomineralization of isotopically labeled CO2 carbon under variable
head space pressure.

The capacity of the brine for carbonate ions and the precipitation of CaCQs is controlled by the
complex interplay of carbonate equilibrium and pH [7]. We therefore evaluated the detailed
evolution of the brine chemistry and carbonate precipitation using PHREEQC in order to
elucidate the detailed changes in carbonate speciation and fluxes between the gas, solid, and
solution phases. PHREEQC modeling results for synthetic brine ammonium (NH4+)
concentration, pH, and Ca2+ concentration in CO2 biomineralization experiments for four
different head space conditions are shown in Figure 11.
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Figure 11. Synthetic brine ammonium (NH4+) concentration, pH, and Ca2+ concentration in
CO2 biomineralization experiments inoculated with Sporosarcina pasteurii, at varying CO2(g)
headspace pressures and urea concentrations at time tO (0O days) and t8 (8 days).

The modeling demonstrates that after equilibration of the aqueous solutions with the headspace
COx(g), for p(CO2) above atmospheric pressure, (i) ureolysis increases pH, via the net
production of hydroxide ions and consumption of protons. (ii) Once supersaturated, CaCOs
precipitates, the degree of ureolysis required for the induction of precipitation is greater at higher
initial p(COz2), because it takes longer for the pH to increase to the point where the solution is
saturated with respect to calcite. In addition, at higher initial p(CQO2), the proportion of carbonate
ions precipitated in CaCO3 decreases at a given degree of ureolysis, with a greater proportion
remaining as aqueous carbonate ions [COs(aq)]. (ii1) Headspace p(CO3) decreases, as long as
ureolysis continues and pH is increasing, as the carbonate ion capacity and aqueous carbonate
ion concentration increases in response to the increasing pH. Here, at higher initial p(CO2), the
mass of CO2 gassing into the groundwater solutions, and thus the concentration of COz(aq),
increases, at a given degree of ureolysis. This reduced the headspace concentration of CO2 by up
to 32 mM per 100 mM urea hydrolyzed. Modeling results for calcium concentrations of 2mM
and 125 mM demonstrate the same general trends. However, increased calcium concentrations
lower the pH attained at a given degree of ureolysis due to the precipitation of CaCO3, which
results in the liberation of protons during the conversion of HCO3 to CO3?".
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The modeled C isotope compositions are shown in Figure 12 where they are compared with
experimental values. The modeled C isotope compositions are more positive than those
determined experimentally, especially for the experiments with 1 g L™! urea.
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Figure 12. Measured and modeled > C as a percentage of total C in precipitated CaCO3 in CO;
biomineralization experiments inoculated with Sporosarcina pasteurii by t8 (8 days).

These data in Figure 12 demonstrate that the '3 C as a % of total C in CaCO3 increased with
increasing p(COz) for each urea concentration.

The potential of microbially enhanced CCS

These data reveal that microbial ureolysis can enhance the mineral-trapping and solubility-
trapping capacity of brine and other groundwater. This occurs primarily via the pH increase
induced by urea hydrolysis which increases the carbonate capacity of the SB, according to
carbonate equilibration and speciation in a CO2-H20O system as a function of pH. This increases
the net flux of CO2 (g) from the headspace into solution thereby enhancing the resulting
solubility trapping and mineral trapping of CO2(g). A journal article summarizing these findings
has been recently published in 2010 in Environmental Science and Technology (Mitchell, et al ,
2010).
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Subtask 2.4: Evaluate the potential for coal-bed mediated CO: sequestration and enhanced
methane production.

Results from the three long-term batch flask experiments form the basis for evaluating microbial
coal-to-methane conversion. The primary focus under the ZERT II project is the study of the rate
and extent of biogenic methane production in response to the addition of algae extract as a
stimulant. These results are summarized below.

Algae Enhanced CBM Production

Short term experiments. The CBM enhancement potential of algae extract was investigated by
adding algal biomass with lipids removed to the batch experiments shown in Figure 4. Figure 13
below shows head space methane production for the first 125 days of Experiment #1.
Comparison of the production curves reveals that the presence of either yeast or algae
significantly enhances methane production compared to the curve for media + coal. Similar
observations from other investigators studying CBM enhancement using yeast extract are
summarized in Barnhart (2014).
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Figure 13. Methane production for first 125 days of batch microcosms for Experiment #1.

Experiment #1 utilized coal from a surface mine in Decker, MT, inoculum from a USGS well
HWC-01 in the Powder River Basin, media consisting of synthetic CBM produced water
(described above). Experiment #1 included addition of yeast extract (1 ml) and algae extract (1
ml) to stimulate methane (main ingredients mg, k, ca ammonium chloride, sodium bicarbonate,
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K2Hpo4). All data points represent the average of triplicate experiments. Experiment #1 was
started 9/10/2010.

Long term Experiments. Batch serm bottles for Experiment #1 were sampled after 165 days and
then again in July 2014, 1406 days (3yrs and 10 months ) after the experiment began. As shown
in Figure 14, methane has continued to be produced in all three systems over the 1406 day
period. These methane production curves reveal relatively rapid methane production for the first
165 days then a substantially reduced rate thereafter. This reductionin methane production rate
this is very likely the caused by nutrient depletion with time inside the serum bottle. However it
is important to note that methane production has continued after the initial 165 days--albiet at a
significantly reduced rate. Because regular sampling was suspended until the final (1406 day )
data point it is not possible to know if the methane rate has remained constant or is behaving in
an asymtotic fashion. The most significant observation that can be made from the long term data
in Experiment #1 is that the algae-amended methane production (green line) ultimately
approached the yeast-amended line. Clearly both algae and yeast amendents significantly
enhanced methane production relative to the Media+coal system.
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Figure 14. Long term (1406 day) methane production for Experiment #1.

Algal-enhanced methane production was also observed for Experiments #2 and #3. Figure 15
shows the total methane accumulation for Experiment #2 after 261 and 1169 days of operation.
This experiment compared Media+coal with Mediat+coal+algae extract. Figure 16 makes the
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same comparison for Experiment #3. As is the case with Experiment #1 both sets of results for
Experiments #2 and #3 demonstrate significant enhancement of methane accumulation in the
algae-amended systems.

Experiment 2
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Figure 15. Methane production for Experiment #2 which contained Decker coal, Inoculum from
well HWC-01 well, media consisting of synthetic CBM water plus sulfate. Methane production
stimulated by adding 1ml algae extract (started 5/4/201)
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Figure 16. Methane production from Experiment #3 which contained Decker coal, filtered CBM
produced water, and inoculum from well HWC-01. Methane production was stimulated by
adding 1 ml algae extract (started 4/5/2012).

Energy-water quality synergies

Results from these three long-term batch experiments clearly demonstrate that biogenic methane
production of methane from coal can be enhanced when algae extract is added as a stimulant.
These observations point to the possibility of realizing some very important synergies at the field
scale. Figure 17 illustrates the overall concept for field scale application of algal/nutrient
technology for the enhancement of CBM production. After a well field’s gas production has
dropped off such that it is not economically viable, the stimulation cycle can begin. Produced
water, stored in existing ponds, could be used for growth of algae. Algae that have the ability to
produce lipids (i.e., bio-oil) will be used, and the lipids can be extracted for production of
biodiesel and other algae-derived products. After lipid extraction, the remaining algal biomass
will be returned to the coal bearing formation as a nutrient source for stimulating subsurface
coal-bed microbial communities.

The CBM production water is considered a waste stream often with high concentrations of
metals and organics present. The growth of algae in produced water will increase algal uptake of
metals and organics—thus improving overall water quality. Also the re-injection of
algae/nutrient-amended water back down-hole to the coal-beds will reduce the amount of
produced which must be otherwise treated and discharged to other receptors. The recycled water
will flow through the coal seam delivering nutrients to indigenous microorganisms to facilitate
additional methane production via methanogenisis. This cycle, as shown in Figure 17, will
facilitate sustainable CBM production.
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Figure 17. Conceptual scheme for stimulating CBM production by injecting CBM production
water amended with algae extract and other nutrients. Enhanced CO2 Uptake and CBM produced
water recycle are added benefits resulting from this approach to CBM production stimulation.

Large-scale algal production in CBM ponds will also substantially increase CO2 uptake from the
atmosphere there by decreasing the carbon footprint of conventional CBM operations. In a
parallel DOE-funded algal-biofuel research program at MSU (Integration of Nutrient and Water
Recycling for Sustainable Algal Biorefineries, DOE-EERE (DE-EE0005993), R. Gerlach PI)

It was observed that maximum algae biomass production in field-scale raceway systems could be
as high as 10 grams algae/m*/day. Assuming that algae biomass is 50% carbon (which comes
from COz), corresponding estimate for CO2 uptake from the atmosphere for a field system like
that shown in Figure 2 would be 5 g C/m?/day. Converting carbon to CO> gives a value of 18.75
g COz/m?/day from the surface of a field-scale algal production system. For a one-hectare
surface area 187,500 g or 187 kg CO2/day could be taken up.

CONCLUSIONS: BIOFILMS AND BIOMINERALIZATION

Subtask 2.1: Determine the integrity of biomineralization deposits on flat coupons in
response to brine and supercritical COz.

For subtask 2.1 we conclude that brine at atmospheric conditions and pure scCO; at supercritical
conditions has little to no effect on biomineral deposits formed by S. pasteurii. Biominerals do
appear affected by dissolution from exposure to scCOz2 in the headspace of a brine-filled HPV
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and scCOz2 saturated brine, however, several experimental conditions may have contributed to the
measured loss of minerals from the coupons. First, during the depressurization of the reactor, the
brine was vigorously bubbling as CO; left the brine solution. This agitation may have
contributed to knocking minerals off of the coupons. Second pH of the final brine solution after
the HPV was depressurized was measured at 4.85 and 5.91 (Exposure 7 and 8 respectively).
Calcium carbonate mineral dissolution is possible at these pHs. These data suggest that
microbially-induced mineralization with the purpose of reducing the permeability of preferential
leakage pathways during the operation of CCS may be most applicable in the pure scCO2 region
and the scCOz saturated brine region of the subsurface storage site where subsurface fluids are
quast static.

Subtask 2.2 Develop methods to understand and control the deposition rate of
biomineralized calcium carbonate with distance in homogenous porous media.

Under ZERT II Subtask 2.2 has been focused on two objectives: (1) developing methods to
control the deposition of calcite along a porous media flow path, and (2) develop methods for
quantifying the biomineralization process at the pore scale using mercury porosimetry.

The following conclusions were reached:

e A standard, repeatable protocol, utilizing near-injection-point calcium-medium
displacement along with periods of bacterial resuscitation, was developed which resulted
in a relatively uniform distribution of calcite along the flow path of packed sand columns.
This operational protocol was validated both experimentally and computationally using a
simulation model developed at the University of Stuttgart.

e Balancing periods of biomineralization with periods of bacterial resuscitation which
additional growth nutrient was added counteracted inactivation of bacterial cells (due to
cell encapsulation), reduced ureolysis, and, ultimately, reduced calcium deposition
efficiency.

e Mercury porosimetry methods, which measure pore size distribution and porosity, have
been developed for both sandstone and shale. These methods facilitate initial
characterization of sandstone and shale samples along with providing valuable insight
into how the biomineralization process changes rock properties at the pore scale.

These ZERT II findings contribute to advancing MICP technology for subsurface applications.
Primarily ZERT Il research has advanced understanding of how to manipulate ureolytic, biofilm-
forming bacteria (i.e. Sporosarcina Pasteurii) to control the distribution of CaCOs along the axis
of flow through porous media. The MICP technology has the potential to reduce near-well bore
permeability, coat cement to reduce COz—related corrosion, and lower the risk of unwanted
migration of COz and other gasses.

Subtask 2.3. Optimize biomineralization of isotopically labeled CO2 carbon under variable
head space pressure.
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By controlling the supply of Ca?" and HCOs in the subsurface water, injecting microbial inocula,
growth nutrients and urea, calcium carbonate precipitation in the subsurface can be engineered
by bacterial hydrolysis of urea (aka ureolysis). Ureolysis results in the production of ammonium
(NH4") and an increase in pH via a net production of OH" ions. This increase in pH and alkalinity
favors CaCQOs precipitation. As reported previously, our research team has determined that the
ureolytic biomineralization process, when properly engineered, can precipitate copious quantities
of calcium carbonate into aquifer pores and fractures, thus providing a potential technology for
plugging leakage pathways available to injected COz (i.e. enhanced formation trapping).

Under subtask 2.3 we present results from the bacterial hydrolysis of urea (ureolysis) in
microcosms containing synthetic brine with variable headspace pressures [p(CO2)] of 1*CO; .
These experiments demonstrate a net flux of head space *CO;into the_brine and precipitated
mineral phases. These results suggest that ureolytic biomineralization is capable of sequestering
anthropogenic CO2 from the gas phase into the mineral phase as CaCOz3--thereby facilitating
enhanced mineral-trapping of injected CO2 in the subsurface as well as from waste streams above
ground. Of equal importance we have found that ureolytic biomineralization enhances the
capacity of the brine for CO2(g) and dissolved carbonate ions, thus increasing the potential for
solubility-trapping of injected COx.

Subtask 2.4 Evaluate the potential for coal-bed mediated CO:2 sequestration and enhanced
methane production.

The observation that methane production from coal can be stimulated by the presence of algae
has been demonstrated. This finding has significant implications for improvement of current
practices in CBM production in the Powder River basin and elsewhere, while simultaneously
realizing increased COz uptake from algae growth. This research provides a basis for future
research into coupled biological systems (photosynthesis and methane production) that could
sustainably enhance CBM production and generate algal biofuels while also sequestering carbon
dioxide (COz). COz uptake as high as 187 kg CO2/day could be taken up based on the
assumption that10 grams algae/m?/day can be produced in production water facilities.
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EXPERIMENTAL METHODS: MR STUDIES OF THE
RESIDUAL TRAPPING OF GASES IN ROCK CORES

A custom Temco FCH core holder was used to maintain rock cores under scCO2 temperatures
and pressures, see Figure 18.
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Figure 18: Core Holder Schematic

The Temco core holder was attached to two ISCO 500D syringe pumps. One pump provided the
overburden pressure using Fluorinert, which is not visible to the NMR system. The other pump
was used to flow either the CO2 or the water through the rock core. A back pressure regulator
kept the entire system at high pressure, see Figure 19 and Figure 20.

Caore holder .Flow loop mock-up

Figure 19: Flow Loop Equipment Components
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Figure 20: Flow Loop Schematic

One dimensional profiles of the water were obtained using the Zero Echo Time Imaging
sequence (ZTE). This sequence allowed 1D profiles to be obtained in less than a minute. See
Figure 21.
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Figure 21: Zero Time Imaging ZTE 1D MRI Sequence
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Figure 22: Expected 1D Profile Results

The experimental protocol involved initially fully saturating several rock cores with water at
1100 PSI. The water was then allowed to drain at 0.5 ml/min with a gas at 1100 PSI being used
for the drainage. Following the drainage, water at 1100 was imbibed at the same rate or 0.5
ml/min. The fluids used for the drainage were either: air (1100 PSI, 293 K), CO2 (1100 PSI, 293
K) or scCO2 (1100 PSI, 308 K). Figure 22 is a schematic of the expected 1D magnetic resonance
imaging MRI images obtained with the ZTE sequence.

RESULTS AND DISCUSSION: MR STUDIES OF THE
RESIDUAL TRAPPING OF GASES IN ROCK CORES

A typical set of 1D MRI images is shown in Figure 23. The initial 1D profile after full saturation
is shown in red. The profiles obtained each minute during the drainage are shown in green. The
profile after imbibition of the water again is shown in blue.

Preliminary data calculated from these profiles is shown in Table 10. The air drains about 40 %
of the water whereas the CO2 and scCO> drains 50% of the water, see Sinitial. The final saturation
levels vary for the two samples and the three gases, see Sresiqual. However, interestingly, the
percentage of gas trapped (Sinitial /Sresidual) 15 less for the scCO2 than for the air or CO2, 60-65%
compared to 70-75%.
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Figure 23. Representative 1D profile results - scCO2 and Water

Table 10. Non-Wetting NW Phase Fractions at Different Stages of the drainage and imbibition
cycle

Scan {Non- Mormalized 1D Avg. Intensity from 28-34mm for Core 2
Wetting Phase]
Air ] coz co2 scC02 scC02
Fun (aras) | ATFERY | eep) {FEP) {FEP) {FEP)
Fully Saturated 0 0 k] L 0 0
- - Max NW phase after drainage
-
Es;r a'“?ge BIE 0.408 0.418 1509 0.511 0.507 0466 |
I nitia
\mbibition Final 4‘ Residual NW phase after imbibition ‘
0.277 0.320 0.359 0.366 0.267 0.302
{Snesiiuai)
S peciguad Siniat 0.679 0.766 0.705 0.716 0.527 0.648 +‘ Trapping efficiency (Residual/Max) |
Scan [Non- Nermalized 1D Avg. Intensity from 28-54mm for Core #3
Wetting Phase)
) ) coz co2 50002 5cC02
Run AIr{FEP) | Air{FEP) {FEP) [FEP) {FEP) [FEP]
Fully Saturated a 0 a 0 0 0 .
- - « Max NW phase after drainage
Drainage Final |~
Srapal 0.402 0.439 0467 0.481 0.491 0.478
nital,
ihition Fi _» Residual NW phase after imbibition
R 0.0 0.316 0.228 0.354 0.294 0.290 E
‘Snsidual
Specdusd Sinital 0.744 0.712 0.702 0.736 0.599 0507 | Trapping efficiency (Residual/Max)

NMR relaxation T2 measurements are shown here for interest. No conclusions are clear yet, but
to the extent that T2 can be correlated to pores size in the rock (Callaghan and Washburn, 2006))
the gas seems to be preferentially trapped in the larger pores. It is important to note that due to
the large sample size, and necessary long RF pulses in the NMR CPMG measurement, the only
signal detected in these T2 measurements is longer than a millisecond and hence much of the
water signal in the smallest pores is undetectable.
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Figure 24. T2 Distribution and Pore Size Correlation for the residual water following a drainage
cycle with CO2

CONCLUSIONS: MR STUDIES OF THE RESIDUAL TRAPPING
OF GASES IN ROCK CORES

The most significant conclusion is that even with this initial preliminary data, it is clear that
NMR can non-invasively monitor drainage and imbibition and determine the percentage of
trapping. This could be critical in understanding how supercritical CO2 can be trapped in
different porous subsurface materials. Rock cores have high magnetic susceptibility and future
plans hope to use a low field Rock Core Analyser to study these processes and obtain more
detailed information.

EXPERIMENTAL METHODS: NATURAL ANALOGS OF
ESCAPE MECHANISMS

During the course of the project rock samples from each study area were collected and prepared
for analysis. These rock samples were chosen to provide data on geologic processes caused by
subsurface migration of natural CO; across faults and fracture networks (Figure 20). Breccia
clasts and matrix samples were collected as well both altered and unaltered host rock, and
generations of cements from veins from each study area. The work performed to complete
analyses in the study areas included standard petrography, cathodoluminescence (CL), scanning
electron microscopy (SEM) with energy-dispersive x-ray spectrometry (EDS), field emission
scanning electron microscopy (FE SEM), powder x-ray diffraction (XRD) spectroscopy, x-ray
fluorescence (XRF), stable isotope analysis (carbon and oxygen), radiogenic isotope analysis
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(strontium), carbonate staining of hand samples and petrographic thin sections, fluid inclusion
work and field examinations. Computer aided fracture analysis was also used to see trends in the
areas and then field checked. Most of the analytical work was performed using instrumentation
in the Imaging and Chemical Analysis Laboratory (ICAL) facility at Montana State University
(MSU) in Bozeman, Montana.
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Figure 25. Location Map for study areas in the Natural Analogs of COz Escap
portion of the project.




Figure 25 shows South to North: Stewart Peak Culmination study area, Thermopolis study area,
Pryor Mountain study area and Big Snowy Mountain Study area. The Kevin Dome area is
located in north western Montana near the Canadian border.
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Figure 26. Major tectonic features base map and faults of Montana

Figure 26 is modified from the Geology of Montana Map Montana Bureau of Mines and
Geology map and shows PMSA (1) and BSMSA (2) study areas in Montana and the location of
the Big Sky Carbon Sequestration Partnership Kevin Dome Carbon Storage Project (3). The blue
and red lines show NW-SE and NE-SW trending lineaments. Lower right inset shows Archean
provinces of Montana. The location of the Big Snowy Mountains (outlined in the hachured box)
is superimposed on top of Archean-Proterozoic orogenic and tectonic features (modified from
Sims et al., 2004; Jeffrey, 2014).

Field work:

Field work was conducted in all of the study areas. Samples were selected which could be
examined and chemically characterized (Figure 28) in the laboratory to gain a sense of the
relative timing of faulting, fracturing, fluid migration and structurally controlled diagenesis of
each area. Fracture analyses (Figure 29) were done across faults and fracture networks associated
with subsurface migration of natural CO; bearing fluids around mineralized areas to access the
geologic processes associated in these study areas. A portable XRF was utilized in the field in
the PMSA and also in the structure lab at MSU. The instrument was recently acquired and initial
analyses were performed for quick mineral identification such as dolomite vs. calcite. When
fully calibrated to perform quantitative analyses this instrument may yield a good first
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approximation of chemical composition of many geologic materials and be a useful exploration
tool for use both in the field and in the lab.
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Figure 27. (A) Large anastomosing group 4 fractures SPC area with vein fill material (B)
demonstrating multiple episodes of fluid flow.

Figure 27 shows the left figure boxplots showing the values of fracture attributes as well as a
stereonet plot showing poles to planes of fractures belonging to the 5 designated groups of the
SPC.
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Figure 28. Brecciated samples from the BSMSA display the internal zonation of a breccia pipe.

Breccia pipe BSM-006 (top) shows the progression from outer (left) to inner (right) regions of
the pipe. Sample BSM-006a (a) was taken from a matrix-poor, clastsupported crackle breccia
near the contact with the undeformed wall rock. Sample BSM-006b (b) was taken in a patch of
more deformed material, resulting in a more fractured mosaic breccia exhibiting a slight rotation
of clasts and a higher matrix content. Sample BSM-006¢ (c) was taken from the internal conduit
of the breccia pipe, where the matrix concentration was highest and there was a maximum
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separation of clasts, resulting in a chaotic breccia. All three samples were taken within one meter
of each other, exemplifying their extremely heterogeneous nature.

Figure 29. Fracture station along the BSFS.

Station BSM-020 E (the wall rock on the east side of breccia pipe BSM-020) exhibits two
dominant systematic fracture sets in the Mission Canyon Limestone. The red circle is
approximately one meter in diameter. Within this circle, dip, average dip direction, and fracture
length for each of the sets was measured. "S0" (orange) is the bedding plane; "S1" (blue) is the
primary shear fracture face; and "S2" (green) is the secondary shear fracture plane (figure from
Jeftrey, 2014).

Laboratory work:

During this fourth fiscal quarter July 1- September 30, 2014 laboratory work including XRD,
SEM, XRF and standard petrography was performed to aid in the interpretation of fluid
migration associated with the tectonic hydrothermal breccias in the PMSA. Powdered samples
were prepared for radiogenic Sr isotope analysis. Samples of late stage calcites, matrix material
from breccia samples, and fluorite were prepared for isotope analysis using a battery powered
hand held drill equipped with a Dremel™ tool rounded bit with a diameter of 1/8 inch and/or a
diamond alloy steel mortar and pestle. These were analyzed in the ICAL facility at MSU using
XRD, SEM, with EDS to determine mineralogy type. Sr isotope work was done at the University
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of Wyoming High Precision Isotope Laboratory in Laramie, Wyoming. Analyses were done on
the NEPTUNE Plus, a next-generation Multicollector-Inductively Coupled Plasma Mass
Spectrometer (MC-ICPMS). The following descriptions of methods and procedures are typical
for each field study area in the project.

Powder X-Ray Diffraction Spectrometry

XRD spectrometry is a useful technique that aids in identifying bulk mineral phase compositions
from a well-mixed, homogenized rock sample approximately 5-10 micrometers (um) in size
(Jeffrey, 2014). XRD spectrometry was performed on samples from the SPC to aid in carbonate
identification for Carbon and Oxygen stable isotope analysis. Samples were drilled out and
analyzed at the ICAL facility at MSU and then sent to Michigan for isotope analysis. Samples
from BSFS along the western flank of the Big Snowy Mountains and samples from Swimming
Woman Canyon (SWC) along the southern edge of the range were also analyzed for XRD prior
to stable isotope analysis. Samples from the PMSA were drilled out to select specific regions of
the sample that would be hard to obtain by other methods. Samples were sometimes stained for
carbonate identification (Figure 30) using a mixture of alizarin red and potassium cyanide
solution. Staining can aid in identifying variations in iron content which might be hard to do
without more extensive testing.

T e

Figure 30. Samples which were selected for isotope analysis were drilled out to get only the
desired portion of each sample, yellow dots depict areas which were drilled.

In (A) of Figure 30 the sample was drilled in the vein cement portion of the rock. Sample is from
a well cemented breccia in the BSMSA. Images B and C are the same sample. C has been stained
for carbonate identification using alizarin red and potassium cyanide solution. The turquoise
color is ferroan dolomite, the red is calcite (late-stage) and the violet is ferroan calcite, the last
stage fluid. The samples were drilled for XRD and then those samples were used for isotope
analysis.

Two loading techniques were used for each of the powdered samples. For samples with ample
(greater than one teaspoon) powder, metal cup mounts were used. Each mount was affixed with a
glass plate and filled using a metal scoop. Care was taken not to tap or knock the mount to ensure
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random orientations of grains within the sample holder before removing the glass plate. For
samples with very small amounts of powder, the sample was sprinkled carefully and evenly on a
petrographic slide lightly coated in petroleum jelly. Using either method the mount or slide could
then be centered onto the XRD sample holder so that the maximum width of the powdered
sample would be hit by the X-rays. To ensure that all directions of the randomly-oriented crystals
are sampled by X-rays, the machine's goniometer rotates the arm of the machine containing the
cathode tube at an angle of 26, thus producing numerous peak diffraction patterns (Bish et al.,
1989).

The ICAL facility at MSU possesses a SCINTAG X1 Diffraction Spectrometer and computer-
aided mineral identification system. This model of diffractometer operates by heating a filament
within the cathode tube to produce electrons, which are then accelerated toward the sample
holder by applying a voltage of 1.00 kilovolts (kV) at a sample distance of 250 millimeters
(mm). Once the emitted electrons dislodge the inner shell electrons of the powdered sample, an
X-ray spectrum (CuKal) is produced with a wavelength of 1.540562 angstroms (A). The
intensity of the reflected X-ray is then recorded, and a relative peak height in intensity occurs,
which is recorded in counts. The detector setup is a liquid nitrogen cooled solid state detector
with a Bragg-Brentano theta: theta configuration and the diffractometer is accurate to within 0.2
degrees.

At the beginning of each XRD session at ICAL, the goniometer was initialized using SCINTAG
Diffraction Management System for NT (DMSNT) software and automatically aligned using a
brass plate using both a coarse (0.3 second preset time, 0.05 degree step size, 1 degree start/stop
offset) and fine (0.3 second preset time, 0.01 degree step size, 0.2 degree start/stop offset)
alignments. The purpose of these alignments is to maximize the peak intensity and minimize the
offsets added to the experimental diffraction pattern. Peak intensities were generally between
~10,000-12,000 and offsets <0.05, so as not to be too high to compare to standards in the
computer database. Each of the 43 samples was then run using the same parameters. The slit
sizes were kept fixed for each run, with the tube having 2 mm (divergence) and 4 mm (scatter)
slit widths, and the detector having 0.5 mm (scatter) and 0.2 mm (receiving) slid widths. The
scan event operated with a 0.02° step size with a start angle of 20° and a stop angle of 80°. Each
scan ran continuously at 0.6 seconds per step at a rate of 2.00 degrees per minute.

Once each scan was complete, a raw curve was saved to the computer. Using DMSNT software,
the background was subtracted and peaks found by converting peaks to lines, with a more in-
depth visual confirmation that all peaks were identified by the computer software. The
International Centre for Diffraction Data (ICDD) was used in conjunction with LookPDF
software using search match techniques to match diffraction patterns from each scan with
standard patterns in the diffraction database. Each card was then superimposed on the
experimental pattern to identify the individual crystal structures within the sample. Once X-ray
diffraction was performed on the samples from the BSFS and SWC, the relative compositions of
minerals within the sample could be quantified. Chave (1952) was the first to determine a partial
solid-state solution between calcite (CaCOs3) and dolomite (CaMg(CO3)2) using XRD.
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This method is particularly useful because it relates the differences in ionic sizes between
substituting and host cations, which are expressed by the interplanar d-spacing for the major
cleavage (104) of calcite. This experiment, chemically determined, resulted in an empirical curve
relating calcite and dolomite, it has been utilized and refined in later experiments by Goldsmith
et al. (1955, 1961), Goldsmith and Graf (1958), Milliman et al. (1971), Bischoff et al. (1983),
and most recently, Zhang et al. (2010). The results from this project's X-ray diffraction analyses
were compared with the experimental curve from the Zhang et al. (2010) paper, which
characterized the ordered and disordered magnesium content of samples based on numerous
researchers' findings (Figure 31).
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Figure 31. Empirical curve between dio4 values and mole percent dolomite.

In Figure 31, black squares are disordered dolomite data points from the Zhang et al. (2010)
study; purple triangles are from ordered dolomite samples; the pink diamond is from an almost-
ordered dolomite sample; and red circles are from weakly ordered dolomite. The straight solid
and dashed black lines are the idealized curves from Goldsmith and Graf (1958) and Goldsmith
et al. (1961) (modified from Zhang et al., 2010; figure from Jeffrey, 2014).

Stable C and O isotope analyses

Stable isotope analysis is a useful tool for studying the influences of meteoric and/or marine
waters on a carbonate system, and aims to identify the different sources of dissolved carbonate as
well as the rock-water interactions that commonly drive carbonate diagenesis (Arthur et al .,
1983). In each study area stable carbon and oxygen isotope values were measured at the
University of Michigan Stable Isotope Laboratory to determine the source of the water as given
by the isotopic signature within matrix material of the brecciated samples, vein fill material and
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host rocks (Figure 32). The same powdered samples were used as in the XRD analysis; therefore,
no additional preparations were necessary if enough sample was prepared.
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Figure 32. Stable carbon and oxygen isotope values were measured

Figure 32.A) Carbon and oxygen stable isotopic compositions of Cambrian samples from the
SPC. Stable isotopic compositions of Late Cambrian rocks sampled across Montana and
Wyoming by Saltzman (1999) are shown in the dotted box for comparison. These isotopic data
were used to correlate regional chemostratigraphic boundaries. These carbon and oxygen
isotopic values from Saltzman (1999) are within the range of expected values for marine
carbonates (Hoefs, 2009). B) Samples analyzed from the Gros Ventre Fracture Swarm. C)
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Samples analyzed from the hanging wall fault core of the Absaroka thrust. D) Samples analyzed
from the Gros Ventre Breccia pipe in the hanging wall of the Absaroka thrust -GVBP 5 not
shown. E) Samples analyzed from the hanging wall fault core of the Stewart thrust. F) Samples
analyzed from the Murphy Creek alteration zone (figure adapted from Lynn, 2012).

An isotopic analysis was performed by reacting a minimum of ten micrograms of the powdered
sample in stainless steel boats with four drops of anhydrous phosphoric acid for eight minutes
(twelve for predominately dolomitic samples) in a borosilicate reaction vessel at 77 = 1°C. These
reaction vessels were then placed in a Finnigan MAT Kiel IV preparation device coupled with a
Finnigan MAT 253 triple collector isotope mass spectrometer. O!” data was corrected for acid
fractionation by correcting to a best-fit regression line determined by the standard NBS 19. This
method is accurate within 0.1%o (Wingate, 2013). Results were categorized in a spreadsheet
based on breccia pipe location and sample material, and then graphed as a scatter plot with
laboratory standards.

Stable isotope results are given in comparison to the standard VPDB, which is calibrated through
the analysis of an international reference laboratory standard from the U.S. Natural Bureau of
Standards (NBS) (Arthur et al., 1983). The 6 (delta) values for oxygen and carbon stable isotopic
ratios discussed in this report are referenced to the following standard materials: Vienna Pee Dee
Belemnite (VPDB) and Pee Dee Belemnite (PDB) based on Veizer et al., (1999). Most Current
literature report values based on VPDB because its use implies that the measurements have been
calibrated according to IAEA (International Atomic Energy Agency) guidelines for expression of
delta (0)values relative to available reference materials on normalized per mil scales (Coplen,
1994). Older literature may refer to PDB which is the original standard from which the
equivalent VPDB has been derived since there is no longer a supply of PDB material.

NBS-19 is a standard derived from a homogenized white marble of unknown origin. The
Standard Mean Ocean Water (SMOW) is a hypothetical standard in which oxygen and hydrogen
ratios are similar to that of the average ocean water, which can be compared to VPDB values by
the equation

(1) 8" 0smow = 1.03086 5" 0vppp + 30.86

Results are reported in delta (8 ) notation, which is a ratio of stable isotopes given by the
equation

(2) 8 — Rsample — Rstandard X 1000

Rstandard

where "R" is the ratio between either '3C/"2C or '*0/'°0, the standard is either VPDB or SMOW,
and units are per mil (%o) (Faure, 1998).

Radiogenic Strontium Isotope analysis

The isotopic composition of strontium (Sr) in rocks, minerals, and fluids carries geochronologic
stratigraphic and provenance information due to 3~ decay of *’Rb to ¥’Sr. Resulting variations in
the radiogenic ¥7Sr/*°Sr ratio generally vary with age and Rb/Sr ratios making the 'St/ Sr ratio
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an excellent tracer for the source(s) of Sr (Scher, et al., 2013). Strontium isotopes can be used to
trace fluid interactions with different rock types.

Sr isotope methodology

Powdered samples were prepared as described for XRD portion above at MSU. Work to separate
Sr from the powdered rock samples was performed in a clean lab in Laramie, Wyoming.
Approximately 100 mg of each of the powdered samples was weighed on a Metler Toledo model
AX204 scale and put into 60 ml Teflon beakers. Working under a hood calcite, limestone and
dolomite were each dissolved with 3 ml 1N hydrochloric acid (HCI) and let sit for 48 hours to
dissolve. Fluorite was dissolved with 1ml concentrated nitric acid (HNO3) then 3 ml perchloric
acid (HC104) was added; the samples were placed in an Analab Eurotherm 2132 model gas
collector under a hood to dissolve. Breccia samples were dissolved with 3 ml concentrated
HNO3 + 1ml HC1O4+ 2ml concentrated hydrofluoric acid (HF) and placed on a hot plate set at
130°C to dissolve for 48 hours.

After calcite, limestone and dolomite samples had sat in 3N HCL for at least 24 hours each
sample was poured into 5 ml centrifuge tubes, rinsing down beaker with 1N HCL to remove all
detritus to centrifuge tube. If some detritus remained in the beaker it was rinsed with H>O and
discarded. The samples in tubes were centrifuged for 2 minutes at 3000 rpm on an Eppendorf
centrifuge model 5702 (with caps wrapped in parafilm). For each sample, supernatant was
pipetted back into the Teflon beaker that was rinsed out prior to centrifuging. The precipitate (or
detritus) was left stored and labeled in the 5 ml centrifuge tubes with a small amount of HCL for
possible further study. The Teflon beakers of calcite, limestone and dolomite samples were
placed open containered, on a hot plate set at 130°C overnight to dry down.

In the morning the dried down calcite, limestone and dolomite samples were described prior to
adding 8-10 ml 7N HNOs to each sample. The samples were capped and placed on a hot plate set
at 130°C for approximately 8 hours. Removed caps and returned samples to hot plate to dry
down overnight.

Sr Resin microcolumns — snipped-off HDPE transfer pipettes fitted with train-ticket punched out
polyethylene frit at bottom

e Column ~ 500 ul Sr resin
e reservoir capacity is approximately 4 ml
e Drip rate: ca. 20 min/ml or 1h20 min./reservoir

Resin prep: Make slurry of resin with H2O* (*if sample in chloride form, convert to nitrate prior
to loading step), shake, let settle several hours or best overnight, pipette off floating surface
material with transfer pipette.

Day 1 Sr Resin microcolumns (cleaning step) - cleaned out resin pipettes which were fitted with

polyethylene frit at bottom with 50% HCL, then with nano purified water. Set up batch (8-12
microcolumns) of pipettes on a stand with waste beakers below each microcolumn. Loaded resin
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into columns with 1 reservoir of H20. Then added 1 reservoir of 6N HCL; cleaned with 1
reservoir of H2O. *each loading step takes about 1h20 min from last column added.

Day 2 Strontium columns — (Condition columns) conditioned Sr columns with 1 reservoir
(pipetted) 3N HNO3 . Rinsed Sr columns with 1 ml 3N HNO3 Elute matrix with 4 ml 3N HNO3

Next 6 ml 3N HNO3 was added to samples that had been dried down to a salt sized grain; put on
hot plate for 30 minutes. Removed and let cool then loaded samples into 5 ml centrifuge tubes;
spun these down. If no precipitate was present loaded samples.

Collect Sr — add 3 ml H20 to each column with collection beakers below columns to collect Srin
solution. Removed collection beakers from below Sr columns and placed on hotplate set at 90°C
to dry overnight. The next day added 3 drops from syringe concentrated HNO3 and 1 drop
hydrogen peroxide H2O2 and let these dry down.

In the mass spectrometer room added 1 ml 1N HNOs to each sample and let these dissolve.
Sample ready to run on NEPTUNE Plus MC-ICPMS. Sample was diluted and tested for Sr
strength before being analyzed by the instrument. Isotopic analysis was performed on the
NEPTUNE Plus, a next-generation Multicollector-Inductively Coupled Plasma Mass
Spectrometer (MC-ICPMS). S1/%Sr reported relative to NBS987 = 0.710240 and two other
standards were used during the analyses including BCR (Columbia River basalt) and SRM915 a
CaCO;s standard.

This procedure was repeated for each batch. The fluorites and breccias took longer to dry down
and had to be on the analab to dry down. The extra time needed to dry down may have been due
to organics in the solution once the elements were disassociated in the acids.

Scanning Electron Microscopy

SEM was used at ICAL at Montana State University to take high resolution images of samples
from each of the study areas. It is a JEOL JSM-6100. A SEM uses a highly-focused beam of
electrons from a LaB6 source to scan a sample. It operates off of the principle that kinetic
energies which are much lower than primary incident electrons (containing lower energies and
lower penetration depths) can detect secondary electrons as a consequence of the position of the
beam. This results in magnifications up to 100,000 times and resolutions up to 40 amperes (A) in
some samples (Montana State University Department of Physics, 2011). The SEM at ICAL has
EDS capabilities and this part of the SEM was used to determine the composition of some
samples from the different study areas. Energy-Dispersive x-ray spectrometry works by the
interaction of an electron beam with a sample target. This produces a variety of emissions,
including x-rays. An energy-dispersive (EDS) detector is used to separate the characteristic x-
rays of different elements into an energy spectrum, and EDS system software is used to analyze
the energy spectrum in order to determine the abundance of specific elements. EDS can be used
to find the chemical composition of materials down to a spot size of a few microns, and to create
element composition maps over a much broader raster area. Together, these capabilities provide
fundamental compositional information for a wide variety of materials
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Secondary Electron Imaging and ImageJ Statistical Calculations

The SEM at ICAL was used to take topographical images of ten samples from the BSFS and six
samples from SWC. Rock samples were whole chips approximately 3-5 mm in length. Samples
were mounted on a coater tray and secured using carbon tape, then sputter coated with iridium at
20 milli-amperes (mA) for 20 seconds. Digital images were taken using MImage version 1.0.
Greyscale SEM images were then imported into BonelJ, a plug-in of the freeware ImageJ version
1.47 in order to determine the two-dimensional cross-sectional porosity present within the
brecciated samples. This was accomplished by correcting each photo with a color threshold,
which then aided in calculating percent area porosity (Figure 33).

<
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Figure 33. SEM and BoneJ analyses of matrix material from breccias highlighting the amount of
porosity present.

Figure 33 shows SEM (left) and the BoneJ plug-in of ImageJ (right) analyses were of matrix
material from breccias BSM-007a (a) and BSM-013a (b). Color thresholds (dark grey
enhancement in the images on the right) were applied, which emphasize the increase in two-
dimensional area porosity. Calculations revealed a 5 to 25% increase in area porosity.

Cathodoluminescence
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CL Optical cathodoluminescence (optical-CL) permits optical examination or imaging of a
sample through the attachment of an evacuated CL-stage to an optical microscope. The CL-stage
attachment uses a cathode gun to bombard a sample with a beam of high-energy electrons. The
resulting luminescence in minerals allows textures and compositional variations to be viewed
that are not otherwise evident using light microscopy. The stage allows X-Y movement of the
sample to examine much of the surface area in the sample (serc.carleton.edu website). The Earth
Science Department at MSU has a RELIOTRON CL instrument which is attached to a Nikon
Microscope. Thin sections were polished and left uncovered to perform CL analysis on. The CL
was used to look at vein fill material as well as matrix material in several of the study areas. The
CL shows multiple episodes of vein fill in Figure 34.

Figure 34. CL shows multiple episodes of vein fill

In Figure 34, CL images A, B. and C. D is the same view as C viewed without the CL under
plane polarized light, magnification is 4X. With CL the fluorite shows up bright blue in A and C.
It is replacing oolites visible in D. The red color is calcite and the darker part of C & D is mostly
dolomite. Image B (10 X magnification) shows zoning of iron rich calcite and also sulfides and
bitumen filling in the void spaces and replacing some of the calcite. The samples are from the
PMSA.

64



Standard Petrography

All of the study areas in the project utilized standard petrography techniques to examine samples
which were collected in the field. Samples were brought back to MSU and billets were cut from
selected areas of each sample. Many thin sections were made without cover slips so that CL and
SEM techniques might also be applied. Some thin sections were prepared as double polished
slides for fluid inclusion work. Some thin sections were stained for carbonate (Figure 35, Figure
36, and Figure 37).

Figure 35. Thin sections stained for carbonate.

Figure 35 is a photomicrograph of thin section using the white card method to see textures easily
in the stained thin section from PMSA, 2X magnification and plain polarized light. Section was
stained with alizarin red and potassium ferricyanide. The red portions of the stained sample are
mainly microspar calcite filling in voids in the dolomite host rock; the central light violet vein is
coarse sparry late-stage ferroan calcite, and no color change is dolomite. The dark areas are
sulfides, mainly pyrite. Area in black rectangle bottom left detail of section with arrow is ppl and
10X magnification. Dol, Ca, feCa and P are labels for dolomite, calcite, ferroan calcite and

pyrite.
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Figure 36. Petrographic images of hydrothermal breccias from BSMSA exhibiting the variations
in secondary mineral precipitation and porosity development.

In Figure 36, the left column displays samples in plane-polarized light; the right in cross-
polarized light. SWC- Ola (a) shows a highly replaced Herkimer quartz crystal surrounded by
calcite rhombs and matrix dolomitization. BSM-009a (b) displays a vug lined with early calcite
and dolomite cements and late-stage iron. BSM-008b (c) is of a void that had been created by
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fracturing, and is lined by coarse calcitic cements. This void has been bridged by a late-stage
dolomite cement event, which is interpreted to reduce the permeability that had been created by
tectonic events. *These thin sections were stained for carbonates.
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Figure 37. Thin section photomicrographs showing fault breccias in the Cambrian Gros Ventre
Formation (photos C-F are of stained thin sections).
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Figure 37 A) is fault breccia from the hanging wall of the Absaroka thrust showing
recrystallization of the matrix (arrow) and a late stage calcite vein. B) Fault breccia from the
hanging wall of the Stewart thrust. Note the general matrix porosity. C-F) Brecciated Gros
Ventre samples collected near a small-scale fault in the Murphy Creek area C) Late-stage calcite
(stained pink) has recrystallized much of the cataclastic matrix (red arrow). The teal areas are
stained epoxy, not ferroan dolomite. D-F) Ferroan dolomite (stained turquoise — blue arrows) and
ferroan calcite (stained purple — yellow arrows) veins precipitated along fractures and in
intercrystalline porosity. Early ferroan dolomite (Blue arrows) was offset, by later ferroan
calcite-filled fractures. The dark material lining fracture walls is bitumen (hydrocarbon residue —
green arrows). The matrix is a coarse sparry dolomite, which was likely an early diagenetic
product postdated by fracturing and cementation.

1 AL V1 1\ Y1)

Two theses were completed and published based on this work and one is in review. These areas
have been referenced during the duration of this project, following are the abstracts and location
maps and a few figures from the areas.

Stewart Peak Culmination Study Area — SPC

Helen Lynn’s abstract from her master’s thesis

The Stewart Peak culmination is a duplex fault zone of the Absaroka thrust sheet, which is part
of the Sevier fold-and-thrust belt in western Wyoming. Duplex structures can serve as subsurface
oil, gas and carbon dioxide (CO2) traps. The culmination lies east and up-dip from naturally
occurring COz traps in Idaho and west of the Moxa arch in Wyoming, another naturally
occurring COz trap and potential target for COz sequestration. The culmination has been uplifted
and breached by erosion, exposing traps and reservoir rocks analogous to proximal subsurface
structures, thus allowing for outcrop-scale investigation of the elements that comprise a complex
trap and an analysis of the relative timing of faulting, fracturing, fluid migration and structurally-
controlled diagenesis.

The purpose of this study was to characterize structural elements of the Stewart Peak culmination
that controlled fluid flow. Field-based analyses of fractures, fault damage zones and breccia
pipes were conducted in order to assess how these structures affected fluid flow. Rocks were
sampled in order to elucidate the diagenetic characteristics of alteration associated with episodes
of fluid migration and document the qualities of reservoir rocks.

Faulting has led to extensive fracturing and brecciation of rocks in the culmination. The
geometry of faults and fracture sets initially controlled fluid migration pathways. Brecciated fault
zones of large-displacement thrusts served as focused fluid conduits. Fracturing also facilitated
fluid flow, locally enhancing porosity and permeability. The protracted history of deformation in
the culmination helped maintain fluid flow pathways through fractures zones. Fault zones and
fractures display complex diagenetic alteration as a result of multiple episodes of deformation
and fluid migration. Sub-vertical fracture swarms and breccia bodies dissect some fault zones
and represent discrete vertical fluid pathways through which CO2-charged hydrothermal fluids
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were focused. Hydrothermal brines may have enhanced structurally controlled fluid migration
pathways through interrelated processes of effervescence-induced brecciation and
dolomitization.

Faulting, fracturing, brecciation and diagenetic alteration generally enhanced the quality of
reservoir rocks and increased the hydraulic connectivity within the culmination. The enhanced
porosity and permeability of the Madison Limestone and Bighorn Dolomite indicate that these
reservoirs have good potential for CO2 sequestration.
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Figure 38. Locations of Cambrian samples collected for stable isotope analysis in the SPC.

Several of the samples from these locations are shown in Figure 32.
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The samples were chosen for both stable C and O stable isotope work and referenced to the
fracture stations which spanned the hydrothermally altered field site. Having multiple geological
analyses in an area such as thin sections, fracture stations, and chemical analyses including
isotope work supports the characterization of the unit being studied.
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Figure 39. Top figure shows locations of study areas in the SPC. Bottom shows fracture
intensity in the areas. The rose diagram shows the orientations of fractures measured in the field.
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Thermopolis Anticline Study Area — TSA

Whitney Treadway’s abstract from her master’s thesis (thesis is under review):

As global greenhouse gas emissions increase, it is necessary to find ways to mitigate these gases
in order to decrease the effects of anthropogenic climate change. One mitigation strategy is to
capture and store COz in viable geologic structures. This project focused on a geologic structure
similar to those being used as CO; storage sites and potential leakage. This study was intended to
gain insight on fracture patterns at a leaky COz system. The geologic structure studied in this
project is a Laramide-style, fault-propagation fold in the southern Bighorn Basin in Wyoming.
During the course of this project, measurements on fractures were collected and analyzed in
order to gain understanding of potential leakage in other similar structures. Measurements were
taken on fractures throughout the anticline, including orientation, length, vein fill, and fracture
aperture. Fracture orientations were grouped into hinge-parallel, hinge-perpendicular, and
conjugate fractures. Hinge-parallel fractures are dominant throughout the field area because these
fractures developed early on in folding and continued throughout folding. Other fracture
orientations develop at variations in curvature and along basement weaknesses. Fracture intensity
was greatest in the steep, southern limb and along the crest of the anticline, as well as in the more
resistant, thinner formations. Vein fill is also greatest in the southern limb and crest of the
anticline near the Bighorn River. Less vein fill occurs further from the river and hot springs.
Multiple generations of vein material was found, resulting from multiple fracture opening events
and/or recrystallization of previous vein material. Vein fill material and hot springs water
migrate through the same pathways along the fractured south limb and crest, and at the strike-slip
fault along the Bighorn River. While vein fill material and travertine deposits vary in age, both
were formed from meteoric water percolating into the system; vein material formation water
interacts more with host rock and other vein material, while travertine formation water has less
interaction with adjacent rock. Implications for CO; storage are as follows; storage sites must
have thick, less resistant caprock overlying entire structure, and structure must not be cut by sub-
vertical faults that reach the surface.
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Figure 40. Fracture stations in the TSA stdy areas, Cedar Ridge Dome and Warm Springs
Dome.
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Figure 41. Top map showing vein fill in blue; darker blue shows higher vein fill values and

travertine deposits are shown in yellow. Bottom map shows fracture intensity in red, with darker
red indicating denser fracture intensity. Fracture stations in the TSA study areas are in red in this

figure.
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Big Snowy Mountain Study Area — BSMA

Sarah Jeffrey’s abstract from her master’s thesis:

The subsurface characterization of three-dimensional structural traps is becoming increasingly
important with the advent of new technologies for the sequestration of anthropogenic carbon
dioxide, which often takes place within pre-existing, sealed reservoirs to permanently store
greenhouse gasses that are detrimental to the global climate. Within the Big Snowy Arch, central
Montana, reservoir units that are targets for carbon sequestration have experienced Laramide and
younger deformation and widespread Eocene igneous activity, which introduced a heating
mechanism for hydrothermal fluid flow and created anisotropy in Mississippian strata. One
particular region of interest is the western flank of the Big Snowy Mountains, which contains a
northeast-southwest striking, high-angle fault zone which has acted as a conduit for
hydrothermal brine solutions into the overlying Phanerozoic rocks. Such fault zones often branch
and bifurcate as they propagate up-section through the overburden, until a loss of thermally-
driven hydrodynamic pressure terminates the upward movement of carbon dioxide-rich brines,
leaving a distinct assemblage of collapse breccia rich in hydrothermal minerals, such as saddle
dolomite and sulfide precipitates. To determine the degree of structurally-induced anisotropy
within the reservoir units, field techniques (detailed structural measurements and lithologic
descriptions) coupled with analytical methods (X-ray diffraction spectrometry, stable carbon and
oxygen isotope analyses, secondary electron imagery, and petrography) were utilized. These
techniques presented concrete evidence of hydrothermal mineralization and episodic fluid flow
within the brecciated region of the fault zone. These areas are major avenues of enhanced
porosity and permeability in the subsurface, which has important applications at some sites in
Montana where carbon sequestration is under consideration (e.g., Kevin Dome).
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Figure 42. The BSFS field area (A) displays the location of 22 breccia pipes along the trace of
the fault under study; the SWC field area (B) displays the location of two breccia pipes at the
canyon entrance. These areas are shown in the following Figure 44.
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Figure 43. Field area map of the BSMSA. The Big Snowy fault system (BSF) and Swimming
Woman Canyon (SWC) field areas are outlined and displayed over the geologic map for central
Montana. Inset shows location within Montana.

The Big Snowy Mountain Study Area located at the western end of the Big Snowy Arch, is
focused on a northeast-southwest-striking high-angle fault zone that transects the entire range
and is rooted in the Precambrian basement (Figure 45) (Jeffrey, 2014). Basement-rooted faults
are well known for their conductivity of warm, hydrothermal brine solutions into the overlying
Phanerozoic rocks (Davies and Smith, 2006).



Big Snowy Arch

™ L,
- - -
nJ L
> 0 1 2 3
Leide:T km {1:62.500)
e Datum: Mean Sea Lavel -
5 Hostzontal Seale = Vertical Scale |
I Quaternary Miss.-Penn. Camb.-Ord., Fault, showing
A Alluvium m Amsden Gp. - undivide) % displacement
E&B Cretaceous, [Mbsm Miss. Big Snowy, Prioteresnic vectors
undivided Madison Gps. Newland Fmy Geologic contact,
Jurassic Ellis Gp., Devonian 51 Precambrian %, dashed where
ne Pt b
Morrison Fm. - letlerson Fm S— ] basement

T approximate A

109°20'0°'W

46°55'0°N

46°50'0°N

=
b

S
w
b
=

46°40°0°N

B

Explanation
— = Approximately Located Fault
===" inferred Fault
Concealed Fault
—— Observed Fauk

Thrust Fault: Rall and Bar on
* Downthrowr Blocks

=== Right-Latcral Stike-Slip Fault
— == Approximately Located Fold
= Cancealed Fold
=== Ohserved Fold

- Anticline
T Syncline
+ Plunge Direction

Strike and Dip of Bedding
—= Cross-Section Line A-A'

0 5 10 15 20
| EOEE W )
Kilometers

The cross-section (A) above exhibits
ahigh-angle basement fault that
branches upward into a fault-
propagation fold, causing the northemn
flank of the Big Snowy Mountans to
be charactenzed by shallowly-dipptng
strata and the southern edgeto be more
steeply dipping. The subsurface
geometry 1s the controlling factor for
the formation of many of the
hydrothermal features seen 1n outcrop.
The field area map (B) shows the
location of cross-section line A-A'
through Swimming Woman Canyon
and the SWCfield area, as well as the
geologic formations and features used
to construct the cross-section.
Abbreviations above include "Gp(s)."
for *group(s).” "Fm " for “formation,
"Miss " for Mississippian, and "Penn ®
for Pennsylvanian

Figure 44. Cross-section A — A’ shown in top figure A. The location of the cross-section is
shown in map of the figure B.

80




Table 11. Stable C and O Isotope Results. Colors correspond to Figure 45.
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Figure 45. Stable C and O isotope results. Stable isotope analysis contrasts samples from various
parts of a breccia pipe in comparison to standard laboratory samples (pink circles).

Figure 45 shows there is a slight downward linear trend (down to the left on the graph) indicating
mixing between marine and meteoric waters. Marine waters, which may originally be trapped
within the pore spaces or layers of a sedimentary rock, are often isotopically altered by isotope
exchange reactions with the host rocks and downward-percolating meteoric fluids (Faure, 1998).
This results in connate waters whose isotopic signature is a mixture of formational and meteoric
fluids.

Pryor Mountain Study Area — PMSA
Small uranium vanadium deposits are present in the PMSA. The deposits are hosted in
mineralized collapse breccia features within a paleokarst horizon of the Madison Limestone.
Some of these features show multiple episodes of brecciation including hydrothermal breccias
along the same fractures. Faults and fractures are critical factors in enhancing the porosity and
permeability of otherwise tight carbonate reservoirs and have important implications for fluid
migration. Both districts are located in Laramide structures. A similar structure located at the
near Lovell, Wyoming, the Little Sheep Mountain anticline, hosts the active Lower Kane Cave
bearing hydrothermal fluids with radioactive mud and water. The cave is still forming through
sulfuric acid speleogenesis, a mechanism in which limestone dissolves due to sulfuric acid
instead of carbonic acid, aided by microbial processes. This structure may provide a modern day
analogue to the depositional mode of mineralization for these districts and provide a natural
analog to COz escape mechanisms. Rock samples were chosen to provide data on geologic
processes caused by subsurface migration of natural COz across faults and fracture networks ie.
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along the crest of the anticlines. Breccia clasts and matrix samples were collected as well as both
altered and unaltered host rock, and generations of cements from veins from each study area.
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Figure 46. Index map of the Pryor Mountain study area includes Big Pryor Mountain, East Pryor
Mountain, Red Pryor Mountain, Montana and the Little Mountain area, Lower Kane Cave and

3 7 >

83



Little Sheep Mountain anticline, Wyoming. Fracture studies were conducted on Red Pryor
Mountain and Little Sheep Mountain anticline and these areas are denoted with red stars.

Stable C and O and radiogenic Sr isotopes

The PMSA was the only study area which had Sr isotope analyses done over the course of this
project. All of the study areas had stable C and O isotope analyses done on breccia, host rock,
and vein fill cement with very similar results. The late stage calcites and breccias generally have
have the most depleted 5'%0 values. The more negative 5!%0 values of carbonate cements may
reflect high temperatures during vein filling, precipitation from isotopically depleted fluids, or
some combination of both factors (Budai and Wiltschko, 1987; Katz et al., 2006). At elevated
temperatures the oxygen fractionation between water and calcite is decreased, resulting in calcite
precipitates with more negative oxygen isotopic compositions. In all four study areas the more
depleted 5'*0 values have been from areas that show physical signs of hydrothermal alteration.
The values are also similar to nearby study areas when comparing literature.
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Figure 47. C and O stable isotope and some *’Sr/*Sr values data from PMSA.

In Figure 47, the turquoise stained portion of the rock is the dolomite host rock (LISBONOO1A),
the red vug filling is the calcite and the last episode of vein fill is the purple ferroan calcite
(LISBONOO1C). Green dashed box represents Mississippian carbonate range based on Cooley et
al., 2011. Sample groups are circled. for the two ferroan carbonates are shown. Figure to left
(from Katz et al, 2006) shows Sr and O isotope crossplot of Madison Formation rocks in the Owl
Creek thrust sheet. The dark grey line represents the Mississippian seawater Sr value as defined
by Bruckschen, et al., 1999. §'80 values are the most depleted in both figures in the late —stage
calcites. The breccias in the PMSA have more radiogenic values than the late-stage calcites.

When deciding which samples to have analyzed for Sr isotopes, values of stable C and O isotope
data was reviewed from the PMSA. The same powdered samples that were used for XRD and
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stable C and O isotope analyses were analyzed. Samples were chosen to get a wide
representation of the sample set based on the previous isotope data. Four Madison Limestone
host rock samples which seemed the closest to Madison sea water values were chosen, 8 breccia
samples with 2 being silicified and not having any stable C and O isotope data, 3 fluorite and 2
barite samples also not having stable C and O isotope data, 12 calcite vein and cement samples
with some of the more depleted 5'*0 values, and several limestone and dolomite samples.

In the PMSA the host rock for the hydrothermal breccias is the Mississippian age Madison
Limestone. The Sr isotope analysis was used to determine if the fluids responsible for late-stage
calcite precipitation and breccia matrix interacted with high Rb source rocks such as granites and
gneisses. All ¥Sr/*®Sr isotope results are presented in Table 13 along with §'*0 and §'*C values
from the carbonates tested. Barite and fluorite are present in most of the silicified hydrothermal
breccias in the PMSA so these samples were also analyzed for Sr isotopes. The barite Sr isotopes
were analyzed at the Institute of Marine Sciences, University of California, Santa Cruz,
California, using the methods described by Scher et al., 2013. The barites, fluorites and a few
carbonates did not have stable C and O isotope work done on them. The §'*0 carbonate values
versus ¥'Sr/*°Sr ratios are shown in Figure 48. Table 12 shows 3’Sr/*Sr ratio for some geologic
materials. It shows Phanerozic seawater with the same range of values as the Madison Limestone
host in the PMSA. The results in Table 13 and Figure 48, show that the Madison Limestone host
rocks 3Sr/*Sr values (0.707913-0.708914) fall within and slightly above to the Upper
Carboniferous seawater range as based on Burke et al., 1982 (~0.70804—0.70828; Burke et al.,
1982). One limestone PSEO02A is host to a mineralized calcite vein and has a much more
radiogenic value of 0.710047 suggesting the fluids that produced the mineralization were not in
equilibrium with the host rock. Two breccia samples and one calcite sample have values less
than 0.709 while all the other samples have 0.709 or greater excluding the Madison Limestone
host rock samples. The 3 fluorite and 2 barite samples have a similar radiogenic signal to each
other suggesting they were derived from the same migrating fluid source, more radiogenic than
the Madison Limestone host. All the other samples have a more radiogenic or continental
signature in terms of ¥’Sr/*Sr than the host limestone formation. The most radiogenic sample is a
ferroan dolomite pictured in Figure 47 which came from a large floating clast breccia on the Red
Pryor portion of the PMSA. The sample had the least depleted stable C and O values of all the
samples with $13C value of 0.20 and a 8'0 value of 0.15. Figure 47 shows C and O stable
isotope data from PMSA and several Sr results. The turquoise stained portion of the rock is the
dolomite host rock (LISBONOO1A), the red stained vug filling is the calcite (LISBON0O1B) and
the last episode of vein fill is the purple stained ferroan calcite (LISBONOO1C). ¥Sr/*®Sr values
for the two ferroan carbonates are shown. ¥’Sr/*Sr analysis was not done on LISBONOO1B, the
red vug calcite. The wide range of values for ¥’Sr/*°Sr seems to suggest that most of the
hydrothermally altered materials have been in contact with fluids that migrated from the burial
environment while dissolving and incorporating radiogenic Sr from the dissolution of the
surrounding carbonates and the felsic basement, respectively. The strontium isotope values of the
breccias are between 0.7087 and 0.7149 and document the incorporation of strontium from
basement rocks like the pink granites (0.726) of the Beartooth Mountains, Montana (Lafrenz et
al., 1986), the continental crust (0.7155-0.7165; Burke et al., 1982), feldspathic basement
(0.7195; Tucker and Wright, 1990), and/or Precambrian gneisses (0.712—0.726; Faure et
al,1963).
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Table 12. Ranges and average ¥’Sr/*Sr ratios of some geologic materials
Ranges aud average By r %31 ratios of some peologic materials

HTgr s ¥gr &575r Relerence®
AVETAEE  range HVETAEE  TAnge
Continental crst 0716 97 1
Continental volcanics 07020714 — 101w +6% 2
Oceattic island basalts 0.704 0.702-0.707 —-73 —10.1 e —3.1 2
River water 0712 0704 -0.922 4.0 — 7310 3K IR
Modemn seawiler 07062 ] 910
Phanerozoic seawater 0.707-0.709 —3lw +02 9. 11-13
Proterozow seawater L7022 - 0.709 =100t +0.2 14. 15

"1 = Goldstein and Jacobsen {1988); 2 = Faure (1986); 3= Brass (1976} 4 =Wadleigh et al.
(1985}, 5= Goldstein and Jacobsen (1987) 6= Palmer and Edmond {1989} 7 = Palmer and
Edmond {1992): 8§ = Krishnaswami et al. (1992), 9 = Buwke et al. (1982); 10 = Capo and DePaclo
(1992} 11 = Hess et al. {1986); 12 = DePaolo (1986}, 13 = Elderfield (1986}, 14 =Veizer et al.
{1983) 15 = Derry et al. (1992),
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Table 13. 613C, 6180, & 87S1/86Sr values of some samples from the PMSA
Lab No. Sample ID Number Composition of sample §c | 8%0 |¥sr/®sr 20

*UCSC lab OGM B Barite 0.00 | none 0.709509 0.000003
*UCSC lab SWMP B Barite 0.00 | none 0.709907 0.000024
AM2 DH22; dremel tool Madison LS -1.02 | -6.74 0.708232 0.000009
AM3 DH22:M/pestle Madison LS -1.02 | -6.74 0.708340 0.000012
AMI11 DH22 chips Madison LS -1.02 | -6.74 0.708336 0.000007
AM4 Mml1021A; dremel tool Madison LS 2.04 | -2.87 0.708625 0.000009
AMS Mm1021A;M/pestle Madison LS 2.04 | -2.87 0.708116 0.000015
AMI12 MMI1021A chips Madison LS 2.04 | -2.87 0.708167 0.000010
AM6 PSE003; dremel tool Madison LS 1.14 | -3.75 0.708914 0.000007
AM7 PSE003; M/pestle Madison LS 1.14 | -3.75 0.708754 0.000010
AM13 PSE003 chips Madison LS 1.14 | -3.75 0.708764 0.000010
AMS Salamander;dremel tool Madison LS 1.30 | -6.93 0.707968 0.000010
AM9 Salamander; M/pestle Madison .S 1.30 | -6.93 0.707913 0.000008
AM14 Salamander Chips Madison LS 1.30 | -6.93 0.708004 0.000009
AM43 PSEO002A Limestone -1.76 [ -18.33 0.710048 0.000010
AM27 LEOINCLINE A Calcite -6.20 [-19.18 0.708316 0.000009
AM28 DANDY SPMV Calcite -2.33 [ -24.80 0.709220 0.000007
AM29 D2001C Calcite -4.55 [ -23.60 0.709090 0.000006
AM29(2) dup. D2001C Calcite -4.55 [ -23.60 0.709087 0.000008
AM30 FS139 Calcite -1.86 [-17.36 0.709342 0.000007
AM31 OGM-715GC Calcite -5.60 [ -19.49 0.708718 0.000008
AM32 LSM-RRC005 Calcite -2.26 [-23.72 0.709473 0.000007
AM33 LSM-RRC007C Calcite -1.92 [-19.82 0.709433 0.000010
AM34 SBRX Calcite -2.07 | -21.87 0.709591 0.000007
AM36 LM LISBON Calcite none | none 0.708845 0.000010
AM37 2PSE001GC Calcite -4.35 [ -19.57 0.709294 0.000007
AM38 PSE002 Calcite -3.28 [ -19.01 0.709375 0.000013
AM39 UKCO004 Calcite none | none 0.709363 0.000006
AMA40 1028 LSH Dolomite 2.61 | -1.00 0.709207 0.000009
AMA41 SWMP 0OIV Dolomite -0.79 [ -15.28 0.709676 0.000008
AMA42 UMBO018 Dolomite -1.59 [ -19.06 0.709855 0.000008
AM26 LISBONOO1C Ferroan Calcite -0.59 [-15.99 0.709781 0.000009

* Barite samples were analyzed on a Neptune MC-ICPMS in the lab of Dr. Adina Paytan at the Institute of Marine Sciences,
University of California Santa Cruz, California; 87St/86Sr reported relative to NBS987 = 0.710240

*All other 87S1/86Sr work was done on a Neptune MC-ICPMS Plus in the High Precision Isotope Laboratory of Dr. Kenneth
Sims at the University of Wyoming; 87Sr/86Sr reported relative to NBS987 = 0.710240

*C and O stable isotopes were analyzed by Lora Wingate at the University of Michigan. C and O values reported relative to
VPBD using the calcite standard NBS 19 = 1.95 per mil
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Figure 48. The 5'*0 carbonate values versus ®’Sr/*Sr ratios from some samples from the
PMSA. Inset figure showing variation of the strontium isotopic composition of Phanerozoic
oceans.

In Figure 48, the ¥’Sr/*®Sr of seawater has fluctuated between the average values of terrestrial
weathering and hydrothermal exchange with mid-ocean ridge basalts. The isotopic composition
at any time in the past reflects that of unaltered marine carbonate of that age (Capo et al., 1998).
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Summary of Petrographic and Fieldwork Findings

Petrographic analyses of formations sampled in the study areas demonstrate that fractures have
served as fluid conduits at all scales of observation (outcrop, hand sample and microscopic
scales). Veins with sharp host rock contacts and a crystal size increasing towards the interior of
the mineralized fractures (drusy fabric) indicate that precipitation occurred in fluid-filled spaces
generated by tensile fracturing (Roberts, 1990). Separate generations of vein fill cements,
replacement textures, dissolution and hydrothermal mineralization are localized along fractures,
small-scale faults, and pressure solution seams, which indicates that tectonic fabrics have
controlled the location and extent of diagenetic alteration for multiple episodes of fluid
migration. Additionally, dead oil or bitumen is localized along fracture walls, along bedding
planes, within dissolution vugs, and in the intercrystalline porosity of the more extensively
dolomitized limestones, indicating that fractures influenced the migration and accumulation of
hydrocarbons in the study areas.Generally highly fractured and dolomitized facies display the
largest concentrations of bitumen and minor sulfides namely pyrite. Although the diagenetic
history of each formation examined varies widely, the late-stage diagenesis affecting those units
have some consistent similarities. Fracturing provides migration pathways for many episodes of
fluid migration, with some still active at the TSA, within the SPC and Little Sheep Mountain
areas. The late diagenetic products of those fluid migration episodes vary between the different
formations examined within each field area, but they consistently display a general sequence of
fluid migration, mineralization and alteration that includes the following:

1. Precipitation of dolomite cements and and/or replacement of early formed carbonates
with dolomites that often have ferroan composition and sometimes have a saddle shaped
morphology. These late-stage dolomites differ from early diagenetic dolomites in their
shape (euhedral to subhedral), size (coarsely crystalline) and location (proximal to
fractures, faults and stylolites).

2. Hydrocarbon migration and accumulation along fractures and within porous and
permeable facies. This episode of fluid migration may be coeval with, or slightly postdate
migration of the dolomitizing fluids.

3. Dolomite dissolution and the development of moldic porosity in some of the dolomitic
and biomicritic units.

4. Sulfide mineralization (largely pyrite) localized along fractures, faults, stylolites,
dissolution vugs and within porous facies.

5. Coarse, blocky ferroan calcite precipitation that may be genetically associated with
sulfide mineralization.

6. Precipitation of coarse, non-ferroan blocky calcite cement often occludes porosity, fills
fractures, molds and dissolution vugs, and replaces earlier generations of carbonates- late
stage calcite.

7. Oxidation and weathering of sulfides into limonite and hematite.

8. Vadose calcite cementation and precipitation of pendant cements and speleothems.

This generalized history of fluid migration is an oversimplified description of the paragenetic
sequence of late diagenesis affecting reservoir rocks of the four study areas. The late-diagenetic
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history of the rocks examined is more intricate than the sequence discussed above. There are
numerous fine-scale overprinting deformation and brecciation textures and complex
recrystallization, dissolution, and cementation textures. The TSA and PMSA also have a
component of active geothermal fluids migrating through parts of the areas that are likely more
enriched in H2S. Volatilization and oxidation of HaS to sulfuric acid on cave-wall surfaces
causes aggressive carbonate rock dissolution and replacement by gypsum during sulfuric acid
speleogenesis (Engle et. al, 2003). This is the process that is forming the Lower Kane Cave,
Wyoming and is now recognized worldwide as a prominent cave forming process. Hydrogen
sulfide bearing fluids migrate upward along fractures, bedding planes and joints in structures in
this process and may be particularly relevant in sites being considered for storage of CO2 which
are proximal to producing or past productive hydrocarbon reservoirs.

The similarities of structurally controlled, late-stage diagenesis between each formation suggest
that the pervasive deformation in the culmination allowed for similar fluids to migrate through
the entire stratigraphic package studied. Fractures and small-scale faults appear to be critical in
facilitating fluid flow, and maintaining structural permeability in the SPC. Most outcrop-scale
fractures are open, and many fractures in thin section remain open, or are only partially bridged
by cements. This may be a result of recent meteoric dissolution. The presence of multiple
generations of cements and multiple diagenetic alteration products that are localized along
fractures indicates that they remained open to fluid migration for an extended period of time. The
history of fluid migration is more complex than the simple summary presented here.
Petrographic examination indicates that there were many pulses of fluid migration associated
with episodic deformation and tectonic pumping in the study areas.

Hydrothermal fluid systems are characterized by dynamic processes controlled by the interplay
of deformation and fluid migration; fluid flow is episodic in nature with abrupt changes in pore
fluid pressures and applied stress in response to preseismic processes, coseismic fault rupture,
and post seismic aftershock processes that can control fault zone permeability (Davies and
Smith, 2006). The presence of saddle dolomite and sulfide minerals suggests that the sources of
mineralizing fluids were hydrothermal in nature. The suite of minerals that developed as a result
of late-diagenetic alteration in the SPC and the PMSA are often associated with Mississippi-
Valley-type hydrothermal ore deposits (Davies and Smith, 2006). Coarse, blocky, anhedral to
subhedral calcite cements are typically the latest diagenetic product in the samples examined.
These cements are often associated with mosaic breccias, floating clast breccias and/or multiple
overprinting breccia textures. The coarse nature of these cements and the floating breccia
textures suggest that the calcite was precipitated rapidly, and that it was associated with a

late episode of deformation. The development of floating clast breccias and mosaic breccias are
sometimes attributed to hydro-fracturing of a host rock as a result of isothermal CO>
effervescence; effervescence and hydro-fracturing occur due to rapid changes in fluid pressures
following rupture along a fault (Sibson, 1986; Davies and Smith, 2006; Katz et al., 2006).
Effervescence causes an increase in the fluid pressure within a vein, and a decrease in the

effective confining pressure of the surrounding host rock, which allows for fracture propagation
(Jébrak, 1997).
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Extensional fracturing and brecciation are two important deformation mechanisms which
increase porosity and permeability in reservoir rocks. In all four areas fractures play a large role
in the transport of fluids through the structures. These areas have been influenced by several
tectonic events with the Laramide orogeny imparting many tectonic breccias along existing and
new fracture systems. The quality of these reservoirs and their capacity for CO> storage, are
dependent upon reservoir porosity and permeability, the architecture of sub-surface traps and
fracture-controlled permeability networks that affect fluid dynamics in a system. Faults and
fractures may serve as conduits or barriers to fluid flow in structural traps. These structures could
be potential leakage avenues if they breach seal rocks and/or direct fluid flow towards the
surface; conversely faults and fractures can also compartmentalize reservoirs and create
anisotropy in fluid flow systems if they are sealed with impermeable cements. Carefully
examining paleo fluid flow systems at outcrops found in breached exhumed structures like the
Little Sheep Mountain anticline, Thermopolis anticline, and Gypsum creek anticline can lend
insight into the fluid dynamics of similar subsurface structures being considered for storage of
CO:. Different chemical and isotopic compositions within vein fill material indicate that fluid
flow has occurred in more than one episode. Some of the possible sources of fluids related to
veining include Cretaceous marine or meteoric water, connate fluids, and basinal brines (Budai
and Wiltchko, 1987; Katz et al, 2006).

The following conclusions can be made about potential COz reservoir rocks:
1) Early dolomitization of carbonates (the Madison and Bighorn Formations) enhanced host
rock porosity, thus increasing reservoir quality (Budai, 1987) in the four study areas.

2) Fracturing associated with Sevier tectonic deformation and development of the Stewart
Peak Culmination created pathways for migrating fluids and enhanced the secondary
porosity and permeability of reservoir rocks. Later Laramide tectonic deformation
enhanced fluid pathways within reservoir rocks in the PMSA, BSMSA and TSA;
fractures and paleokarst features served as conduits for the migrating fluids from the
Bighorn Basin area. At Thermopolis and Little Sheep Mountain anticlines, fractures and
Laramide faults continue to serve as the main fluid conduits controlling the locations of
active hot spring deposits and the development of hydrogen sulfide speleogenesis.

3) Tectonic deformation associated with the development of the culmination in the SPC, and
later Laramide tectonic deformation of TSA, PMSA, and BSMSA, led to the formation of
fault-fracture permeability networks that enhanced reservoir quality and storage capacity
in host reservoir rocks.

4) Hydrocarbons migrated into the Stewart Peak culmination and the basement cored

Laramide structures via faults and fractures and were stored within the pore-space created
by deformation and related structural/diagenetic alteration.
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5) Hydrothermal fluids migrating along permeability networks caused dissolution of early
carbonate cements and host rocks and fabric-selective dolomitization, which increased
porosity and permeability of reservoirs in the four study areas.

6) CO: migration likely formed vertical fracture swarms and breccia pipes associated with
hydrothermal fluids and boiling of CO2 due to a loss of pressure in the four study areas.

In the SPC fault damage zones allowed fluids to migrate parallel to the strike of faults. Fractures
geometrically “fit” with Sevier tectonic deformation and are consistent with the regional tectonic
fabric. Fluid flow was facilitated by the linking and intersection of systematic fracture sets,
which increased the hydraulic connectivity of the duplex, and allowed fluids to migrate and pool
under well-sealed structural highs. Travertine springs and zones of extensive alteration are
products of fluid migration along some of these major fluid conduits, which appear to be long-
lived, fault-controlled permeability networks. Permeability networks in structurally complex
areas such as displacement transfer zones should be assessed as potential leakage points for
possible CO; storage sites.

There is a clear tectonic control over the late-stage diagenesis that has affected the rocks
examined in all four study areas. The similarity of the late diagenetic episodes between examined
formations suggests that fractures and faults transmitted fluids through the structures, allowing
fluids to infiltrate and alter the entire package of examined strata. Hydrothermal fluids likely
enhanced structurally controlled conduits via the processes of dolomitization, dissolution,
fracturing, and brecciation. The presence of saddle dolomite, Herkimer style quartz, barite,
fluorite and disseminated sulfides suggest multiple episodes of low temperature hydrothermal
fluid migration. Petrographic analysis and geochemical isotope analyses demonstrate that
fractures have served as fluid conduits at all scales of observation (outcrop, hand sample and
microscopic scales).
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The work on the inline fiber sensor, described in detail in the results and discussion section, was
completed in the Applied Optics Research Laboratory. The inline fiber sensor work utilized a
distributed feedback (DFB) diode laser with a nominal operating wavelength of 2.004 um with
tuning achieved by varying the operating temperature via a thermoelectric cooler. All optic
splicing was completed using a commercial fusion splicer. The silicon V-grooves were
developed and processed in the Montana Micro-Fabrication Facility located on the Montana
State University campus. All optical components used in the development of the fiber sensor are
available commercially and described in the Results and Discussion section of this report.

The work on the seismic sensor, described in detail in the results and discussion section, was also
completed in the Applied Optics Research Laboratory. The components used for the developing
a laboratory based fiber seismic sensor are all commercially available and described in detail in
the Results and Discussion section of this report.
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The major goal for the ZERT phase Il is to develop an in-line fiber sensor based on photonic
bandgap (PBQG) fibers for underground monitoring of carbon dioxide (CO2). A schematic of the
proposed is shown in Figure 49. Light from a fiber coupled tunable distributed feedback laser is
split using a 50/50 beam splitter with half of the light going to a transmission detector while the
remainder of the light travels through a segment of single mode optical fiber (SMF). The SMF
fiber is fusion spliced to a PBG fiber with a hollow core and the end of the PBG fiber, a small
gap allows the COz2 to diffuse into the hollow core of the PBG fiber. A reflection at this gap
sends light back towards the inline fiber splitter where the light is monitored using a transmission
detector. Several segments of the SMF fiber, PBG fiber, and gap can be used to create an inline
fiber sensor. The Phase 11 ZERT effort is aimed at demonstrating one segment of this fiber
sensor.

In-line Fiber
Beam-Splitter

Transmission
Detector

Gap Gap

FC/PCto SMF PBG. SMF PBG. SMF PBG

N 7 N\ 2 N\ 2
FC/PC
Transmission Coupler
Detector

Segment 1 Segment 2 Segment 3

Figure 49. Schematic of the in-line fiber sensor.

The implementation of the inline fiber sensor is dependent on the quality of the fusion splice
between the SMF and PBG fibers and the reflection of the light from the gap and amount of light
coupled into the next segment of the optical fiber. The optical power of the return signal can be
estimated using

1 R
Pr :ZPOTSZNRS(l—Rs)N—lPCM :

where Pr is the optical power seen be the transmission detector, Py is the output optical power
from the DFB laser, Ts is the transmission for the SMF/PBG fiber splice, Rs is the reflection
from the SMF fiber after the gap, Fc is the fraction of light coupled into the fiber through each
gap, and N is the segment number.

Initial efforts in fusion splicing SMF and PBG fibers produce highly variable transmission
through the splices and highly variable splice strengths. Initial investigation into the variability of
the splice transmission and splice strength indicate the cleave of both the SMF and PBG fibers is
critical. A cleave of the PBG fiber using the York cleaver, which is an automated cleaver that
uses a diamond tip to score the fiber and a settable tension to produce the cleaved end is shown
in Figure 50 for a tension of 205 gf. Several issues are apparent from this figure including the
collapsed core structure used to guide the light down the hollow core and the damaged outer
core. Furthermore, using an interferometric setup, the splice shown in Figure 50 showed a large
angular variation across the surface. The damage of the hollow core structure and the large
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angular variability across the surface of the fiber are the most likely causes of the variable
transmission through the splice and splice strength.

Figure 50. Cleave using a tension of 205 gf.

The ability to produce repeatable cleaves between the SMF and PBG fibers requires the
inspection of each cleaved surface. A setup for inspection of the cleaved ends of fibers has been
assembled and set up in the optics laboratory. The inspection microscope, shown in Figure 51
was identified and purchased. Using this microscope, it was confirmed that a tension on the fiber
cleaver of 165 gf produces a clean (undamaged fiber core) cleave.

Figure S1. Inspection mcroscope for the cleaved fiber ends.

The splicing of a single mode fiber (SMF) to a PBG fiber was study as a function of the optical
alignment of the two fibers in the fusion splicer. A table of the starting parameters for the fusion
splicing of a SMF to PBG fiber are given in Table 14. The PBG fiber under investigation has a
12 um core diameter so the parameters for the HC-1550-02 were used as the starting point. The
fiber transmission for the splice was check after each splice by measuring the fiber couple light
in the SMF fiber after the SMF fiber was cleaved. A table of the fiber splicing results is provided
in Table 15.
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Table 14. Fusion splicing parameters for the SMF to PBG splice.

Fiber Type

HC-1550-02 (10.9 pm core)

HC19-1550-01 (20 pm core)

Prefuse Time 2s 2s
Prefuse Current 10 mA 10 mA
Gap 10 pm 10 um
Overlap 10 pm 15 um
Fusion Time 1 2s 2s
Fusion Current 1 10 mA 10 mA
Fusion Time 2 12s 12's
Fusion Current 2 7 mA 7 mA
Fusion Time 3 3s 3s
Fusion Curent 3 6.5 mA 6.5 mA
Offset 260 260
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Table 15. Summary of the parametric study of the fusion splice parameters on the properties of the fusion splice between the PBG and single mode

optical fiber.

Paramete
rs on
Splicer

Results

Gap
Overlap

Fusion Time

1
Fusion
Current 1

Fusion Time

2
Fusion
Current 2

Fusion Time

3

Fusion
Current 3
Set Center

Alignment

Cleave

Bowing
Deformed
Strength
Voltage

Before (mV)
Voltage After

(mV)
Voltage out
SMF (mV)

Transmission

Before (%)

Transmission

After (%)

30 um
20 um

04s
11.0
mA

1.0s
11.5
mA

15.0s
8.0
mA
265

Peak
Trans.

Ok

Yes
No

225
185

495
45.454

37.373

50 pm
25 um

04s
11.5 mA
60s
12.5 mA
30s

6.5 mA
270

Peak
Trans.

Good
Slight&ba
ck

Yes
5

240

15

495
48.4848

3.0303

50 um
25 um

04s
11.5 mA
6.0s
12.0 mA
30s

6.5 mA
270

Peak
Trans.

Good
Slight&ba
ck

Yes
6

235

0

495
47.4747

0.0000

50 pm
25 um

04s
11.0
mA

6.0s
12.0
mA

30s
6.5
mA
270

Peak
Trans.

Good

Yes
No

220
150

495
44.444

30.303

50 pm
25 um

04s
11.5 mA
60s
12.0 mA
30s

6.5 mA
270

Peak
Trans.

Good
Yes&bac
k

Slight

5

225

60

495

45.4545

12.1212

50 um
25 um

04s
11.5
mA

6.0s
11.5
mA

30s
6.5
mA
270

Peak
Trans.

Good

Yes
No

260
185

495
52.525

37.373

50 pm
25 um

04s
11.5
mA

2.0s
12.0
mA

6.0s
6.5
mA
270

Peak
Trans.

Bad

Yes
No

200
175

495
40.404

35.353

50 um
25 um

04s
11.5 mA
30s
12.0 mA
6.0s

6.5 mA
270

Peak
Trans.

Good
Yes&bac

k
No

Kook skok

245
135
495
49.4949

27.2727

50 pm
25 um

04s
12.0
mA

30s
12.0
mA

60s
6.5
mA
270

Peak
Trans.

Good

Yes
No

240
205

495
48.484

41414

50 pm
25 um

05s
11.5
mA

3.0s
12.0
mA

60s
6.5
mA
270

Peak
Trans.

Good

Yes
No

255
110

495
51.515

22222

50 pm
20 um

05s
11.5 mA
6.0s
12.0 mA
30s

6.5 mA
270

Peak
Trans.

Good
Slight&ba
ck

Yes
2

245

12

495
49.4949

2.4242
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Parameters
on Splicer

Results

Continued on next page

Gap

Overlap
Fusion Time 1
Fusion Current
1

Fusion Time 2
Fusion Current
2

Fusion Time 3
Fusion Current
3

Set Center

Alignment
Cleave

Bowing
Deformed
Strength
Voltage Before
(mV)
Voltage After
(mV)
Voltage out
SMF (mV)
Transmission
Before (%)
Transmission
After (%)

50 pm
20 um
05s

11.5 mA
20s

12.0 mA
8.0s

6.5 mA
270

Peak Trans.
Good

Slight&back
No
4

240
130
495
48.4848

26.2626

50 pm
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Peak
Trans.
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No

2
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495
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34.3434
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Slight&back
No
3

245
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495
49.4949

23.2323

50 pm
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05s

11.5 mA
1.0s

12.0 mA
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6.5 mA
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Peak Trans.
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Slight&back
No
3

245
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495
49.4949

30.3030

50 pm
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11.5 mA
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270

Peak Trans.
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Slight&back
No
3

220
170
495
44.4444

34.3434

S0 pm
20 pm
05s
11.5
mA

0.6 s
12.0
mA

8.0s
6.5 mA
270

Peak
Trans.
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Yes
No
3

240
170
495
48.4848

34.3434

45 um
20 um
05s
11.5
mA

1.0s
11.5
mA
8.0s
6.5 mA
270

Peak
Trans.

Good

Yes
No
1

260
195
495
52.5253

39.3939

50 pm
20 um
05s

11.5 mA
1.0s

11.5 mA
8.0s

6.5 mA
270

Peak Trans.
Good

Slight&back
No
3

260
125
495
52.5253

25.2525
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An initial experiment was set up to measure the fiber coupling from a first fiber into a second
fiber as a function of gap distance. This measurement provides an important result that will be
used for the micro-machined fiber couplers. A plot of the transmission as a function of the gap
spacing is shown in Figure 52 indicating that greater than 80% transmission can be achieved for
gaps of less than 40 um, a distance that can be achieved using mechanical positioners.
Furthermore, this type of measurement allows us to set the gap spacing between the fibers by
monitoring the transmission. These measurements were made using FC/PC fiber connectors on
the end of a fiber pigtail. Fiber optic ports with x-y-z and 6—¢ control was used to obtain the
results shown in Figure 52.

Distancs (mm
[Linesr]

Figure 52. Plot of the transmission as a function of the fiber gap distance.

To achieve these results with the bare fiber envisioned for the multi-segment in-line fiber sensor,
fiber couplers need to be designed. Because of the mechanical tolerances, we have decided, after
a thorough literature search, to utilized silicon based micro-machining techniques to develop
these fiber couplers. The initial design utilizes two pieces of silicon to create three points of
contact which is described as the best method for fiber coupling in the literature. The bottom
fiber will contain a V-groove. Because of the etching process in silicon the angles of the V-
groove are set providing an angle of 109.4° at the base of the V-groove. The width of the V-
groove is chosen, based on this angle to provide an appropriate depth so that the fiber sits in the
V-groove making two points of contact with the top of the fiber 50 um above the silicon
substrate. The second piece of silicon will make contact at a third point with glue holding the
fiber coupler together. This design provides the flexibility to add a waveguide between the two
fibers to enhance the coupling efficiency.
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Figure 53. V-grove design parameters.

The initial photolithographic mask design was designed with several features. First, the cladding
diameter of the single mode (SMF) optical fiber is 125 um in diameter while the cladding of the
photonic bandgap (PBG) fiber is 155 pm in diameter. To match the center of the optical cores of
the two fiber, a relationship between the center of the optical fiber and the width of the v-groove
was developed. The relevant v-groove parameters are shown in Figure 53. The dimension u is a
design parameter which locates the center of the fiber with respect to the top of the silicon
material. The parameter y located the contact point between the optical fiber and sidewall. The
angle 0=35.3° is a material parameter of the silicon and results from the unit cell structure. R is
the cladding diameter and w is the v-groove width. From the geometry shown in Figure 53,

_ 2(R +usin(a))
B cos(a)

Using this relationship a new mask with a variety of V-groove widths has been design to allow
alignment of the core centers for SMF to SMF coupling and SMF to PBG coupling. Furthermore,
because the etch process and mask transfer are process based and can vary depending on the etch
time for example, several V-groove widths have been accommodated to provide a testing for the
most efficient SMF to SMF and SMF-PBG coupling. Once the design of the V-groove structure
was completed, L-Edit software, available at Montana State University, was use to design the
photolithographic mask needed for processing of the fiber couplers. The photolithographic mask
design produced using L-Edit is shown in Figure 54. Several variations on the initial design have
been included on the photolithographic mask design allowing for variations in the design to be
tested using a single processed silicon wafer. Jordan Creveling, the undergraduate student
working on this project completed training in the Montana Micro-fabrication Facility (MMF)
operated by the Electrical and Computer Engineering Department at Montana State University.
This training was necessary so Jordan can process the silicon based on the photolithograph mask
allowing for the continued development of the fiber sensors. The completed V-groove structure
is shown in Figure 55.
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Figure 54. Final mask design fof photolithographic development of coupling microstructures for
the in-line fiber sensor.
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Figure 55. The completed V-groove structures. Being prepared for testing.

The mechanical V-Groove splice was tested using a 2um laser that was controlled by an ILX
laser diode Controller with the function input connected to a function generator that supplied a
50kHz 1V amplitude sine wave. The 2um beam was launched into a 50/50 beam splitter. One
end of the beam splitter was launched into a 2um photo-detector for a reference. The other end
was coupled to a strand of single mode fiber with one tip that was bare fiber. This Large Non-
Uniform V-Groove chip was used to splice the bare single mode (SM) fiber to a bare photonic
bandgap (PBG) fiber. The other end of the PBG fiber was launched into another photo-detector.
The photo-detectors were connected to an oscilloscope where the transmission was monitored
using a Fast Fourier Transform to find the AC and DC components of the signal in an attempt to
gain resolution on the measurement. The V-Groove Chip was placed on a platform that was
controlled by a differential micrometer. This allowed for a steady and constant way to control the
fibers when they were placed in the Groove. It also allowed for a distance vs. transmission
measurement to be taken. The micrometer stage setup can be seen in Figure 56.

As can be seen in Figure 56 the V-Groove Chip is placed on the platform with the two fibers
held in the 6™ Groove (from the top of the chip) by two pieces of extra silicon wafer and
electrical tape. In the two adjacent grooves there are pieces of striped SM fiber and striped PBG
fiber. These extra pieces sit next to the main fibers of the same type to space the extra silicon
holding pieces. The spacing fibers help decrease friction on the main fibers so that they may be
moved back and forth in the grooves while still sitting securely in the groove. The SM fiber in
Figure 56 is held only by the groove so it moves with the Groove when the micrometer stage is
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adjusted, the PBG fiber however is held in place by the bare fiber launch. When the micrometer
was adjusted the PBG fiber did not move with the groove but instead moved back and forth in
the groove. This allowed for some controlled movement of the fibers in the groove while still
holding the fibers down in the grooves. In addition to the set up used in Figure 57 another set up
was created to help in placing the fibers in the grooves. Figure 57 shows this set up were the SM
fiber is also held by a bare fiber launch. However this extra launch is only meant to assist in
laying the SM fiber in the desired groove which in this setup is the 2" groove (from the top of
the chip). The bare fiber launch holding the SM fiber was not clamped down on the fiber
allowing it to move back and forth freely in the launch and keep the fiber in a constant position
within the groove. This is compared to the PBG fiber launch that was clamped down on the fiber
holding it in a fixed position, making the fiber slide in the groove when the micrometer stage was
adjusted. Ultimately the functionality of the two setups was the same however the setup in Figure
57 was more convenient to work with because it held the SM fiber up to the groove allowing for
easier application of the SM fiber in the groove.

Table 16. Repeatability of the transmission measurements

Attempt SM Fiber Output ~ PBG Fiber Output % Transmission
1 133.7 mV 63 mV 47%

2 133.7 mV 56.5mV 42.2%

3 135 mV 67 mV 49.6%

Avg. % Transmission X X 46.2%

Finding peak transmission between the two fibers was a trial and error process. A method for
placing the fibers in the grooves was created and can be seen below. Table 16 records the
measured transmission attempts using this method. It should also be noted that when these
measurements were taken the two fiber ends were touching as this is when maximum
transmission was seen. The two fibers were known to be touching because when they were
brought together and made contact the fixed PBG fiber pushed the SM fiber back, this was
visually confirmed by seeing the junction between the two fibers move in the groove. The
alignment procedure is discussed below.

™, 142 & e

Figure 56. Sing.le Fiber Launch
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Assembling V-Groove Fiber Splice
1.) Clean V-Groove With Isopropyl Alcohol (IPA) Solution and a Chem Wipe

e Drop some IPA on a Chem wipe

e Gently wipe down Large Non-Uniform V-Groove Chip from smaller groove to larger
groove
2.) Cleave SM Fiber
e Strip protective coating with a fiber striping tool
e Run fiber between two Q-tips with IPA
e Place fiber in fiber cleaving tool
o Just nicking the fiber with the cleaving blade, this creates a better cleave, a
good cleave is crucial for good transmission between fibers
e Inspect cleaved fiber end piece under microscope, re-cleave if necessary
3.) Place SM Fiber in Desired Groove
e Place 2 bare SM fiber tips in the adjacent grooves of the desired splicing groove as
spacers.
o Cleaved fiber end pieces work well for this purpose
o The desired grooves used for these measurements were the 6™ and 2" grooves
from the top of the Large Non-Uniform V-Groove chip seen in Figure 53-
Figure 54
e Place the main fiber in the groove so that it hangs over into the larger part of the
groove that holds the PBG fiber
o The fiber should hang over into the larger part of the groove by about 0.25mm
as shown in Figure 58.
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Figure 58. Alignment of the PBG fiber in the V-groove.

o  When the non-uniform grooves were etching they did not etch in an ideal
manner where the two different size grooves would meet and form right
angles at the junction. Instead they gradually slope down forming
imperfections in the grooves that can be seen in Figure 49 and Figure 50. This
is why it is necessary to hang the SM fiber about 0.25mm over the edge, so
that it may bypass the imperfections made by the junction of the two different
sized grooves.

4.) Secure the extra silicon piece over the fiber to hold it down into the groove.
e This was done with electrical tape in this set up.

o To permanently hold the fiber in the groove optical glue could be used to glue
the extra silicon piece in place with the fiber. However this was not tested in
the lab.

5.) Cleave PBG Fiber
e Strip protective coating from fiber by applying epoxy remover with a Q-tip.
o Let Sit 12-15 min
o  When done run two dry Q-tips along fiber to pull covered region of jacket off.
e Run fiber between two Q-tips with IPA
e Place fiber in fiber cleaving tool
o Just nicking the fiber with the cleaving blade, this creates a better cleave, a
good cleave is crucial for good transmission between fibers
e Inspect cleaved fiber end piece under microscope, re-cleave if necessary
6.) Place PBG Fiber in Desired Groove
e Place 2 bare PBG fiber tips in the adjacent grooves of the desired splicing groove as
spacers.
o Cleaved fiber end pieces work well for this purpose
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o The desired grooves used for these measurements were the 6™ and 2" grooves
from the top of the Large Non-Uniform V-Groove chip seen in Figure 53-
Figure 54

e Place the PBG fiber in the groove so that its end is almost touching the end of the SM
fiber

o The distance between the SM and PBG fiber can be adjusted using the

micrometer stage.
7.) Secure the extra silicon piece over the fiber to hold it down into the groove.

e This was done with electrical tape in this set up.
o To permanently hold the fiber in the groove optical glue could be used to glue

the extra silicon piece in place with the fiber. However this was not tested in
the lab.

A distance vs. transmission measurement was taken by using the 3 attempt of gaining
maximum transmission seen in Table 16 as the first measurement at um spacing. When the 3™
attempt was done the two fibers were pushed together with the micrometer until it was seen that
the SM fiber moved back in the groove. The maximum measurement of 49.6% transmission was
seen here when the fibers were touching. Using the micrometer the PBG fiber was backed away
from SM fibers by 2pm intervals for 100um. Figure 59 is a plot of the DC transmission value as
a function of distance. In Figure 59 it can be seen that the transmission decreases as expected
until around 62 um when the transmission flattens out around 35.5% transmission where it stays
for the remainder of the measurement. This seemed odd because one would expect the
transmission to continue to decrease, a reason it plateaued may be because the silicon holding
pieces holding the fibers to the grooves became lose and allowed the fibers to move in the
groove and keep their relative distance constant regardless of the micrometer stage movement.
Regardless the data up until 62um seams consistent to what would be expected from a distance
vs. transmission relationship.

Figure 59. Transmission as a function of distance

The first experimental setups used to demonstrate a single segment of the in-line fiber sensor is
shown in Figure 60. Light from the tunable 2 pym DFB laser is launched into single mode optical
fiber with FC/APC connectors at both ends. Using a fiber coupled detector, the amount of light
coupled into the first fiber can accurately be measured. A second single mode fiber with an

104



FC/APC connector was then connected to the first single mode optical fiber. At the other end of
the single mode optical fiber, a section of PBG fiber has been spliced. This first experiment was
set up to monitor the transmission of the PBG fiber using an optical detector. The PBG fiber and
optical detector were placed in a container with dry ice to elevate the CO2 concentration to levels
that would be expected for sub-surface measurements. Tuning the laser is achieved by adjusting
the operating temperature and monitoring the temperature set point is achieved using a
temperature dependent resistor (thermistor). A plot of the transmission through the PBG fiber as
a function of the operating temperature of the the DFB laser is shown in Figure 61 as the DFB
laser is tuned across a single CO2 absorption feature.
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Figure 61. A CO; absorption feature as a function of the DFB operating temperature measured
using a thermistor.

The second experimental setup used to further explore the in-line fiber sensor is shown in Figure
62. Light from the 2 um DFB laser is launched into a port of a 2 x 2 optical fiber splitter. The
input light is split with half of the light directed to a first transmission detector while the
remaining light is coupled to a second single mode optical fiber that is spliced to a PBG fiber.
Light exiting the PBG fiber is reflected back into the PBG fiber using a mirror. The PBG fiber
and mirror are housed in a container and dry ice is used to elevate the CO2 concentration within
the container to mimic underground CO2 concentrations. The light then propagates back to the 2
x 2 fiber splitter where half of the reflected light is directed to a second transmission detector. A
function generator is connected to the current controller of the DFB laser to allow modulation of
the operating wavelength through changes in the drive current. In this way the DFB laser is
scanned over an absorption feature of COx.
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Figure 62. The reference power signal seen be the first transmission detector (Red Line) and the

transmission signal (Blue Line) seen by the second transmission detector as a function of time.
One CO2 absorption feature was scanned over.
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Figure 63. Experimental setup for measuring the transmission through the PBG fiber using a
double pass geometry.

A plot of the voltage seen by the first and second transmission detectors as a function of time is
shown in Figure 63. The red line indicates the optical power seen be the first transmission
detector, which is proportional to the output power of the DFB laser and can be used to
normalize the transmissions through the PBG fiber. The blue line indicates the power seen by the
second transmission detector. This signal is a measure of the optical power after the light has
passed through the PBG fiber, been reflected from the mirror, and passes through the PBG fiber
a second time. The DFB laser scans over one absorption feature which is indicated in Figure 63.
Figure indicates that the double pass geometry through the PBG fiber can and the 2 x 2 fiber
splitter can be used to successful measure CO».
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Figure 64. Experimental setup used to study a single segment of the in-line optical fiber sensor.

The third experimental setup used to demonstrate a single segment of the in-line fiber sensor is
shown in Figure 64. The experimental setup is similar to that described in Figure 52 with the
main difference being that the mirror used to reflect the light back through the PBG fiber has
been replaced with a single mode optical fiber. Thus the experimental setup shown in Figure 64
represents a single segment of the in-line fiber sensor shown in Figure 49. The first measurement
made with the experimental setup shown in Figure 54 was the amount of light coupled into the
second single mode optical fiber that would be available for the second segment of the in-line
fiber sensor. This amount of light coupled into the second single mode optical fiber was
measured at 40.5%. A plot of the optical power at the two transmission detectors is using the
experimental setup shown in Figure 64 is presented in Figure 65a when no COz is present in the
container surrounding the air gap between the PBG fiber and second single mode optical fiber.
The red line indicates the optical power measured by the first transmission detector, which is
proportional to the output power of the DFB laser. The blue line represents the optical power that
passes through the PBG, is reflected from the second single mode optical fiber, is coupled back
into the PBG, passes through the PBG a second time and is the incident on the second
transmission detector after the 2 x 2 fiber coupler. Carbon dioxide was then added to the
container via dry ice and spectroscopic measurements of CO2 where made using the two
transmission detectors. A plot of the optical power for the two transmission detectors is shown in
Figure 66 with the CO2 absorption feature indicated in the figure. This result indicates that a
single segment of the in-line fiber sensor can be used to monitor sub-surface CO2
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Figure 65. The reference power signal seen be the first transmission detector (Red Line) and the
transmission signal (Blue Line) seen by the second transmission detector as a function of time.
No CO2 was placed in the container so no absorption features are seen in this figure.
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Figure 66. The reference power signal seen be the first transmission detector (Red Line) and the
transmission signal (Blue Line) seen by the second transmission detector as a function of time.
The CO; absortion features are indicated in this figure.
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Figure 67. Two segment setup of the in-line fiber sensor using the PCF.

The two segment in-line fiber sensor was reconstructed as shown in Figure 67. Light from the 2
um is coupled in to a single mode optical fiber. This single mode optical fiber is then but coupled
into the first in-line segment of the in-line fiber sensor that utilizes a single mode optical fiber
fusion spliced to the PCF. A small gap after this first segment allows carbon dioxide (CO2) to
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diffusion into the core of the PCF allowing for the spectroscopic absorption measurements to be

made. A second segment of the inline fiber sensor is then aligned using the fiber couplers shown
in Figure 51.

Laboratory based CO; spectra were measured using dry-ice to mimic the elevated CO2 levels
expected underground. A plot of the transmission as a function of time is shown in Figure 68
with no dry ice allowing for a background measurement to be made. The DFB laser is tuned
using a sawtooth waveform so the time axis is proportional to the operating wavelength of the
laser. A plot of the transmission as a function of time is shown in Figure 69 with dry ice present
for the second in-line fiber segment. The CO2 absorption features are visible in this figure
indicating that that CO2 absorption measurements can be made from this second segment.
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Figure 68. Transmission as a function of time (proportional to wavelength) with no dry ice
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Figure 69. Transmission as a function of time (proportional to wavelength) with dry ice. The
CO; absorption lines can be seen in this plot.

Transmission (V)

The fiber optic sensor will be assembled as shown in Figure 70. The cw intensity from a PM
fiber-coupled, single frequency laser at 1550 nm is injected into a PM fiber coupled, electro-
optic modulator that will form 400 nanosecond pulses at a pulse rate of 10 kHz. Each pulse will
then be injected into a PM fiber-coupled phase shifter that will put a linear phase shift on the
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pulse. The pulse is then injected into port 1 of a PM fiber-coupled circulator. The output of port 2
of the circulator is injected into a fiber Bragg grating (FBG#1). After a length of PM single mode
fiber, the pulse will see a second fiber Bragg grating. The reflections from the two FBG’s will
return to port 2 of the circulator and exit from port 3 into a detector. The length of the fiber
between the two FBG’s will initially be set to 20 m so that the two reflected pulses will overlap
over a 200 ns window and hence the interference of the two returning pulses can be studied. The
linear phase shift put on the pulse is intended to increase the sensitivity of the interference signal.

cw Laser Pulser ¢ shift Circulator

FBG ( ) FBG
—> —> <> [T

Detector

Figure 70. Schematic used for modeling and initial laboratory demonstration.

To understand the beat signal, the linear frequency chirp applied to the laser beam is w(t) =
Bt
2
combine at the detector can be written as

2
Ei(w,t) = Ejexp (j (wot + %)) rect G)

E,(w,t) = aSE exp (j <wo + %) (t+ Td)) rect G)

w, + = where 0o s the laser operating frequency and f3 is the chirp rate. The electric fields that

and

where rect(t/7) is the rectangle function and 7 is the pulse width. Calculating the intensity seen
be the detector as a function of frequency and position yields

wT
_ 2 = =
I(x,w) = |E,| sinc (_271) + aSsinc

.
V2m

where sinc(x) is the sinc function x is the position in the fiber at which the scattering occurred
and v is the velocity of light in the fiber. The first term in the square bracket is a function center
at ® = 0 while the second term in the square bracket is a function centered at frequency w = %
and its amplitude depends on the scattering strength which changes as the pressure changes.
Using a spectrum analyzer to monitor the detector, the amplitude at each frequency will be
proportional to the pressure while the frequency is directly related to the where in the fiber the
scattering occurred. Thus, the potential exists using a pulsed chirped laser source to monitor in
real time the distributed pressure along an optical fiber.
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The modeling of the scattered signal in an optical fiber was also worked on this past quarter and
is summarized here. The amount of light that is scattered and collected by the optical fiber can be

calculated from
<NA>2 1
s=|—) —
n,/ 4.55

Where NA is the numerical aperture of the fiber and n, is the index of refraction for the fiber
core. To calculate the fraction of light lost due to scattering, we can calculate the scattering
coefficient, o, in dB/km where

_ 0.76 + 0.51(ncore - ncladdlng)

a

where ncore and neladding are the core and cladding index of refraction and A is the wavelength in
um. Modeling of the fiber optic Rayleigh scattering indicates that the amount of scattered light
will be aS = 1.2 x 10™* km™!.Using this loss term due to scattering, the optical power after the
light travels a distance z through the fiber is

—-a
P(z) = P,10T0%

The amount of light that is scatter from the fiber between a position L and L+AL can be
calculated from

mif)
I(t) = I,aSAL10S

where AL = % is the spatial resolution of the detection system where c is the speed of light, [J is

the pulse duration, n is the index of refraction, and t is the time of flight for the light pulse and is
t=2nL/c.

With this general model for the light seen at a detector resulting from Rayleigh scattering, the
perturbation of the detected signal can be estimated by looking at how the scattered signal is
affected by pressure, strain, and temperature. The attenuation for the optical fiber resulting from
strain (due to pressure) can be calculated by looking at how strain affects the optical fiber. The
index of refraction for the optical fiber can be written n = n’ — in’’ where n’ is the real part of
the index of refraction and n’’ is the imaginary part of the index of refraction. Taking the partial
derivative of the optical path length yields

d(n"L) 0L on”’

96 9o o0

The first term on the right side of the equation relates to the added absorption due to the
changing length of the fiber resulting from the strain and is negligible. The second term relates
the variations in the attenuation coefficicent due to strain and plays a role in determining how the
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strain will affect he light collected by the receiver. This value is discussed in the literature and is
approximately 5% per micron of displacement. Using the bulk modulus of the optical fiber, the
strain and stress can be related resulting in a connection between the applied pressure and the
change in the attenuation for the fiber.

The fiber optic sensor shown schematyically in Figure 49 was constructed using commercially
available components. The benchtop assembly is shown in Figure 71 with the major components
listed in Table 17.
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Figure 71. Fiber Optic Bragg Grating Seismic Wave Sensing system

Table 17. Major components used in the benchtop fiber seismic sensor

Component Description

Laser Thorlabs SFL 1550P Diode Laser

Detector New Focus 2011

FBG MPB Comm. Inc Athermal 1550nm R = 10% PM
Fiber Stretcher | Optiphase PZ1-PM4

Circulator Thorlabs CIR1550PM

The sensor is meant to measure only the change in path length due to strain effects. However,
the fiber itself is also sensitive to small changes in temperature. These temperature changes
cause a random drift in the detected signal shown in Figure 72. The fiber Bragg grating (FBG)
frequency response is highly dependent on the periodic structure inside its fiber and any
expansion or contraction of the structure would cause signal degradation. However, thermal
expansion was assumed not to be a significant factor for the FBGs since the packaging should
be athermal. Thus these drifts are attributed mainly due to changes in the effective cavity length
from room temperature variations. Literature on compensating for these thermal drifts reported
using active feedback with another PZT cylinder to null the effects of these unwanted
oscillations. Some sort of system could be implemented in the future if deemed necessary for
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signal fidelity. Figure 72a also shows that the output seems to have some saturation at a
maximum value. Investigations into this were inconclusive, but it does not seem to be due to
sensor saturation. When the drive current was increased the output level scaled with it
exhibiting the exact behavior seen in Figure 72a. When the fiber stretcher is driven with a
sinusoidal input, the detected output shows a superposition of the random environmental
effects with the driving signal. Figure 73 shows a typical output.
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Figure 72. Thermal Effects on Detected Signal
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Figure 73. The sensor Output is shown in blue for the corresponding fiber stretcher signal shown
in green.

It is clear from Figure 73 that the strain resulting from the fiber being stressed due to the fiber
stretcher, however the signal has other frequency content that is not necessary for seismic
applications. The frequency range of seismic type events ranges from the mHz up to several
kHz. Therefore, any frequencies above that can be filtered out without loss of information. To
that end, a 4™ order active low pass filter was inserted to help remove the unwanted signals. It
was made adjustable by implementing a DIP switch that selects one of three resistor settings. A
schematic of the filter is shown in Figure 74. The circuit is implemented using two 2" order
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Butterworth Sallen-Key topographies. The last stage is a simple buffer.
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Figure 74. Filter Schematic

The different resistor settings correspond to different cutoff frequencies. Originally
implemented with 1 kHz, 10kHz and 30kHz settings, the 30kHz cutoff frequency was
replaced with 7 kHz. The Network Analyzer HP 3589A was used to look at the frequency
response with the results for the 7 kHz filter shown in Figure 75.
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Figure 75. Frequency Response of Filter

The filter shows a very flat response typical of the Butterworth filter and from the corner
frequency upwards to ~30 kHz exhibits a rough attenuation greater than 70 dB. Beyond that the
frequency characteristics of the operational amp start to affect the filters performance. The trade
off for the great flat passband performance is that the filter design does alter the phase
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information. Figure 76 shows the output from the system with decreasing cutoff frequency. A
definite improvement can be seen between the unfiltered and filtered signals.

v/ W |
M Mees NS N N\ N

Figure 76. Output with Filter Implemented. For all three cases the driving signal was 1 kHz. In
(a) fc was30kHz, (b) was at 10 kHz and (c) was at 1 kHz. The blue (top) signal is the filtered
output while the teal (bottom) signal is not filtered.

Another approach to cleaning up the signal could be simply averaging. Some sample data was
taken from the oscilloscope and a running average algorithm was applied to both the filtered
and unfiltered output data. The results show that for higher frequency signals using both the
filter and averaging produce a nice clean signal to work with. For slower frequency signals,
using both is not as useful. In Figure 77, the blue represents the unfiltered and the red, the

filtered signal.
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Figure 77. Comparisons between filtering and averaging.

In Figure 77, the plots on the left are the raw data from the scope while the right plots are after
averaging. Blue represents unfiltered and red represents the filtered signal. The fc for all three
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parts is set at 7 kHz. The output without any driving signal is shown in (a). Plots (b) and (c) are
for driving frequencies in the fiber stretcher of 78 Hz and 2 kHz, respectively.

As expected, the averaging is helpful when the signal noise is larger and the phase does shift as
the frequency of the signal approaches the filter's cutoff frequency.

Currently, the sensor is using an Optiphase fiber stretcher to simulate a signal to be detected.
The fiber stretcher is essentially a large cylinder wrap with fiber. The cylinder can expand or
contract and this creates stresses in the fiber wrapped along it. The specifications sheet for the
device states that fiber stretches .14 um per volt. After some investigation, it was determined
that in order to be measurable, a minimum input of 40mV was necessary. This was based on
looking at the noise of the sensor without any driving signal and then slowly increasing the
drive signal from OmV to 100mV. The signal emerged from the noise at around 40mV. With
40mV as the minimum detectable signal, a basic estimation for the sensitivity of the current
sensor can be obtained. Assuming that roughly 10m of the 12.3m of fiber attached to the
stretcher is actually wrapped around the cylinder, this gives a rough strain resolution of .56
nano-strain. This strain level indicates that this fiber sensor has the needed sensitivity to
measure the seismic events.
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The inline fiber sensor can allow several point measurements to be made along a single
segment of the optical fiber. For this work, two segments of the inline fiber sensor were
demonstrated. Combining this result with other fiber sensor work (“Field demonstration of a 1
x 4 Fiber Sensor Array for Sub-Surface Carbon Dioxide Monitoring for Carbon
Sequestration”, Benjamin Soukup, Kevin S. Repasky, John L. Carlsten, and Geoff Wicks,
Journal of Applied Remote Sensing, Vol. 8, 083699-1, 083699-13, 2014.) has the potential of
allowing up to two hundred point measurements to be made using a single laser source and
inexpensive fiber optic components. This fiber sensor array has the potential to cover large
areas and is easily configurable allowing flexible deployment at carbon sequestration sites.

The chirped laser fiber pressure sensor has the potential to allow for distributed strain
measurements along an optical fiber. The beat signal frequency and amplitude allow location
and strain amplitude respectively to be determined along a fiber deployed along a well.

AIVALCANTA/JAN

The methods used in this study all relied on compact, field-deployable imaging systems custom

designed for long-term outdoor deployment. The basic concept driving the use of vegetation

imaging to locate leaking COz is that higher soil gas concentrations of CO2 will stress the

vegetation, leading to measurable changes in VIS and NIR reflectance and LWIR emission.

Similar methods have been used with airborne and satellite-based sensors to identify regions of

natural CO; seepage from VIS/NIR and infrared images of vegetation and soil (Bateson et al.
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2008, Govindan et al. 2010, Govindan et al. 2011). Some studies have suggested that leaks can
be identified through CO2-induced changes in plant species (Kriiger et al. 2009, Noble et al.
2012), although most have been based on measuring changes in plant stress. The earlier study by
Bateson et al. (2008) showed that COz gas vents appeared as warm regions in thermal infrared
images, and hypothesized that this might be a result of the leaking gas or the soil at the gas vent
being warmer than the surrounding vegetation. Our study added the more complete interpretation
of the LWIR image response in terms of plant stress leading to impaired thermo-regulation by
vegetation, which leads to increased vegetation temperature during day and increased variation
of vegetation temperature during day and night (Johnson et al. 2012).

Our VIS and NIR reflectance imaging experiments were conducted initially with a commercial
multispectral imager (Rouse et al. 2010), and later with a custom wide-angle imager that used
red and NIR reflective bands (Hogan et al. 2012a,b,). In comparing measured reflectance values
of healthy vegetation to those of vegetation exposed to the leaking CO», there were statistically
significant temporal and spatial variations of VIS and NIR reflectance and vegetation indices
derived from the reflectance. The CO> leak location was identified by a more rapid rate of plant
stress relative to the usual seasonal decay in the control regions.

During the summer 2011, 2012, and 2013 controlled release experiments, we also deployed a
LWIR imager to measure vegetation stress and thereby indirectly identify the gas leak location
from thermal emission (Johnson et al. 2012). The mechanism was expected to be essentially the
same, but in this case the stress caused by high soil gas concentrations of CO; at the plant roots
was hypothesized to result in an impairment of the vegetation’s temperature regulation. A
consequence of this was that over time the vegetation nearest the leak exhibited larger diurnal
temperature variations and, most significantly, higher maximum daytime brightness temperatures
(temperature of an ideal blackbody emitting the same amount of radiation).

The vegetation imagers were mounted on a 3-m scaffold, looking down at approximately 45°
onto a vegetation test area (Figure 78). The horizontal well, buried at a nominal depth of 2 m, ran
just in front of the scaffold, across the bottom of the images. The released CO; exited the ground
in a highly nonuniform pattern (Oldenburg 2010, Lewicki 2008, 2009), creating localized
regions of elevated CO2 concentrations that we refer to as “hot spots.” The 2011 release ran from
July 18 to August 15, 2011, with a flow rate of 0.15 tons/day. Images were acquired once per
minute throughout daylight hours for the reflective imager and throughout both day and night for
the emissive imager. Images were analyzed in a hotspot region known to have high CO; flux and
two control regions with near background-level CO: flux (Figure 79). The use of two control
regions allowed us to find that there was no substantial view-angle dependence in the results
(Johnson et al. 2012).
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Figure 78. Side-by-side vis/NIR iager and LWIR imager mounted on a scaffold

Figure 78 shows side-by-side vis/NIR imager and LWIR imager mounted on a scaffold to
measure vegetation reflectance and emission, respectively, at the ZERT field in Bozeman,
Montana. The tripod in front of the scaffold is a mount that holds a Spectralon reflectance panel
to calibrate the vis/NIR images.
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Figure 79. Approximate locations of the hotspot (HS), horizontal control (HC), and vertical
control (VC) regions shown on images of the vegetation test area from 14 Aug 2011: (left)
NDVI, and (right) LWIR brightness temperature in degrees C.

The reflective imager had 1280x1024 pixels and custom front-end optics that provide wide-angle
imaging through interference filters mounted in a rotating filter wheel. The filters had 40-nm
half-power bandwidths, centered at 800 nm for the NIR channel and 630 nm for the red channel
(Hogan 2012a). The reflective imager had an embedded computer running custom software to
control the instrument. During this deployment, red and NIR image pairs were acquired once
each minute. A Spectralon 99%-reflectance panel was deployed on a tripod mount in the midst of
the vegetation test area so that it was included in a portion of each image. A laboratory
calibration was used to relate the pixels in that particular portion of each image to all of the
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pixels throughout the image, resulting in a calibration that converted digital numbers to
reflectance. From these reflectance data, Normalized Difference Vegetation Index (NDVI)
values were calculated from equation (1), and then the 1-minute reflectance and NDVI data in
the hotspot and two control regions were averaged from 10 AM to 2 PM (when the Sun is
sufficiently high to reduce shadows in the vegetation) to create a single value of red reflectance,
NIR reflectance, and ND VI for each region on each day.

NIR-Red

NDVI = v (M

Note that the NDVIis a non-independent interaction term for red and NIR reflectance (Lawrence
& Ripple 1998) that has been shown in previous studies to have substantial statistical
explanatory effect (Rouse et al. 2010, Hogan et al. 2012a,b, Lawrence & Ripple 1998).

The LWIR imager was mounted on the same scaffold, immediately beside the reflective imager
(Figure 78). The FLIR photon 320 LWIR camera with 320%240 pixel produced 14-bit digital
images, whose digital numbers were calibrated using a method developed at Montana State
University for maintaining radiometric calibration even with widely varying camera temperature
and no calibration target in the field (Nugent et al. 2013, Nugent and Shaw 2014, Nugent et al.
2015). The resulting values of radiance [W/(m? sr)] at each pixel were converted to brightness
temperature (7p) in degrees C with a lookup table computed by integrating the product of the
Planck blackbody function and the 8-14 um spectral response function of the imager. The 7
values in all the thermal images were spatially averaged within the hotspot region and the two
control regions to produce a time series of region-average 7.

In the final component of this project, an ultra-low-cost VIS-NIR imaging system was deployed
on a tethered balloon over the ZERT field to determine if this simple system would be capable of
detecting leaking CO2 and to demonstrate the advantage of a tethered balloon platform that
enables viewing of a larger area than was possible with the scaffold-mounted imagers. This very
simple imaging system, originally designed for outreach, used three very basic board-level
cameras, each outfitted with low-cost optical filters to define blue, red, and NIR spectral images
(Shaw et al. 2012). Figure 80 is a photograph of the system, with its three filter-covered cameras
on the left side and the electronics boards on the right side of the transparent plastic enclosure.
The “balloon camera” was deployed four times during the 2012 experiment on a balloon tethered
above the ZERT field (limited by balloon availability) and was deployed on the scaffold
alongside the “scaffold camera” during the 2013 field experiment.
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Figure 80. Photograph of the ultra-low-cost spectral imager designed and built at Montana State
University for deployment on a tethered balloon.

RESULTS AND DISCUSSION: ULTRA-COMPACT INFRARED
IMAGERS

The high sensitivity and rapid response of vegetation reflectance imaging to changes in the CO2
flow are demonstrated by Figure 81, which is a time-series plot of the NDVI calculated from red
and NIR images recorded during the 2012 experiment with the scaffold-mounted spectral imager
built at Montana State University (these data are from the “scaffold camera,” not the ultra-low-
cost “balloon camera”). The gas flow was started on 10 July and interrupted soon after by a
lightning strike. The NDVI previously was on a downward trend because of naturally occurring
senescence of the grass as summer progressed, but its rate of decline slowed and even tended to
reverse. Causes of this change could include vegetation nourishment by rainfall or the initial
burst of CO2, or a combination of the two. The downward trend resumed again as soon as the gas
flow was resumed on 16 July. A curious and significant pattern of NDVI fluctuations occurred in
mid-July in the same time period that saw the gas flow twice interrupted briefly by power
outages. We do not have the biological data necessary to completely interpret these fluctuations,
but it is clear that the NDVI responds in a significant and rapid manner to changes in the flow of
the leaking gas.
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Figure 81. VIS & NIR imager data from the 2012 CO; release experiment, demonstrating that
vegetation reflectance image data show high sensitivity to changes in CO> flow.

We entered the ZERT II program having already established that NDVI imaging was capable of
detecting leaking CO2 (Rouse et al. 2010) but the 2011 experiment demonstrated this with much
greater statistical significance (Hogan et al. 2012b). Additionally, an LWIR camera was
deployed for the entire 2011 and 2012 experiments to test the hypothesis that there would be a
detectable thermal response of the vegetation to the leaking gas and to enable a quantitative
comparison of the VIS-NIR imager and the LWIR thermal imager.

To facilitate a statistical comparison of the performance of the two types of imagers during the
2011 COz2 release experiment, linear regressions were calculated using DAY (number of days
since the start of operation with side-by-side imagers) as the response variable and reflectance,
NDVI, and 7} as predictors. We used DAY as the response variable, because, although DAY
does not respond to the spectral responses, it enables comparison of the correlations between
DAY and spectral responses even when there are multiple spectral responses being tested in a
single regression. Furthermore, DAY acts as a surrogate for exposure level to the constantly
flowing COz gas, which is the biophysical driver of the response we are measuring.

This procedure was similar to the analysis implemented in prior years for the reflective data
alone [Rouse et al. 2010, Hogan et al. 2012a,b), but this iteration added thermal brightness
temperature data and the second control region. Thermal images were acquired during day and
night, starting in early June 2011, whereas reflective images were acquired only during day,
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starting in early July 2011. Although there is some evidence that the extra images acquired prior
to the start of the release and during hours other than at midday increased the amount of variance
explained by the thermal data (Johnson et al. 2012), the comparison reported here uses images
only from midday (10 AM — 2 PM) on the common days when both the reflective and emissive
imagers were operating together (14 July — 23 August 2011, with gas flowing from 18 July to 15
August).

We began the analysis by performing separate linear regressions on NDVI data alone, red and
NIR data alone, and thermal brightness temperature data alone to determine whether each of
these data types by itself was able to produce statistically significant results that allowed us to
distinguish between the hotspot and control regions (Johnson et al. 2012). The linear regression
model for the NDVI was formulated as follows:

DAY = B¢ + BiNDVI + B,REGION + (8sNDVI x REGION) (2)

In this equation, DAY is the response variable representing the number of days elapsed since the
start of operation for both side-by-side imagers, REGION is a categorical variable that selects
from the three regions of interest (hot<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>