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ABSTRACT

The most effective mechanism to limit CO;release from underground Geologic Carbon
Sequestration (GCS) sites over multi-century time scales will be to convert the CO; into solid
carbonate minerals. This report describes the results from four independent research
investigations on carbonate mineralization: 1) Colloidal calcite particles forming in Maramec
Spring, Missouri, provide a natural analog to evaluate reactions that may occur in a leaking GCS
site. The calcite crystals form as a result of physiochemical changes that occur as the spring
water rises from a depth of more than 190". The resultant pressure decrease induces a loss of
CO, from the water, rise in pH, lowering of the solubility of Ca*” and COs*, and calcite
precipitation. Equilibrium modelling of the spring water resulted in a calculated undersaturated
state with respect to calcite. The discontinuity between the observed occurrence of calcite and
the model result predicting undersaturated conditions can be explained if bicarbonate ions
(HCOy) are directly involved in precipitation process rather than just carbonate ions (CO3%). 2)
Sedimentary rocks in the Oronto Group of the Midcontinent Rift (MCR) system contain an
abundance of labile Ca-, Mg-, and Fe-silicate minerals that will neutralize carbonic acid and
provide alkaline earth ions for carbonate mineralization. One of the challenges in using MCR
rocks for GCS results from their low porosity and permeability. Oronto Group samples were
reacted with both CO,-saturated deionized water at 90°C, and a mildly acidic leachant solution in
flow-through core-flooding reactor vessels at room temperature. Resulting leachate solutions
often exceeded the saturation limit for calcite. Carbonate crystals were also detected in as little
as six days of reaction with Oronto Group rocks at 90°C, as well as experiments with forsterite-
olivine and augite, both being common minerals this sequence. The Oronto Group samples
have poor reservoir rock characteristics, none ever exceeded a permeability value of 2.0 mD
even after extensive dissolution of calcite cement during the experiments. The overlying
Bayfield Group — Jacobsville Formation sandstones averaged 13.4 + 4.3% porosity and a single
sample tested by core-flooding revealed a permeability of ~340 mD. The high porosity-
permeability characteristics of these sandstones will allow them to be used for GCS as a
continuous aquifer unit with the overlying Mt. Simon Formation. 3) Anaerobic sulfate reducing
bacteria (SRB) can enhance the conversion rate of CO; into solid minerals and thereby improve
long-term storage. SRB accelerated carbonate mineralization reactions between pCO; values of
0.0059 and 14.7 psi. Hydrogen, lactate and formate served as suitable electron donors for SRB
metabolism. The use of a >CO, spiked gas source also produced carbonate minerals with ~53%
of the carbon being derived from the gas phase. The sulfate reducing activity of the microbial
community was limited, however, at 20 psi pCO, and carbonate mineralization did not occur.
Inhibition of bacterial metabolism may have resulted from the acidic conditions or CO; toxicity.
4) Microbialite communities forming in the high turbidity and hypersaline water of Storrs’ Lake,
San Salvador Island, The Bahamas, were investigated for their distribution, mineralogy and
microbial diversity. Molecular analysis of the organic mats on the microbialites indicate only a
trace amount of cyanobacteria, while anaerobic and photosynthetic non-sulfur bacteria of the
phyla Chloroflexi and purple sulfur bacteria of class Gammaproteobacteria were abundant.
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EXECUTIVE SUMMARY

The primary long-term concern with underground Geologic Carbon Sequestration (GCS) will be
the containment of the supercritical liquid, gas phase, and/or aqueous phase components of COs.
The most effective mechanism to limit this release over multi-century time scales will be to
convert the injected CO; into solid carbonate minerals as these are immobile and represent the
densest form of CO;. The rate of carbon mineralization will depend on many factors, but
principle among these will be the ability of the rock matrix minerals to neutralize the acid
bicarbonate fluids and provide alkaline earth ions for mineralization.

Maramec Spring in southeast Missouri emits an average of 3.6 x 10° liters of water/day (9.6 x
107 gallons/day). The water exhibits a milky blue-white color under normal flow conditions, a
positive release of CO; gas into the atmosphere, a rise in pH in the downstream direction, and
slight decreases in Ca and Mg downstream. The blue-white color results from light being
scattering off colloidal particles suspended in the turbulent water. Detailed chemical,
microscopic, and X-ray diffraction analysis of the colloids revealed the presence of calcite,
quartz, clays (kaolinite, illite, and smectite), dolomite, anglesite, and living diatoms. The calcite
particles were digested in nitric acid and chemically analyzed to reveal a composition of
Cag.92Mgp 0sCO3, while the position of the (104) diffraction angle at 29.92° 20 is suggestive of a
more Mg-rich composition of Cag gsMgj16CO;. The isolated calcite grains are devoid of any
dissolution pits or corrosion features that would suggest their derivation as weathered particles
from the subsurface dolomite strata. The CO; loss from the water causes a pH rise and
associated lowering of the solubility of Ca*” and COs* towards the calcite phase. The calcite
particles continue to grow with time as they move downstream or when water samples are
collected and held for several hours.

Modelling the Maramec Spring system using the PHREEQC code and measured water
parameters resulted in a calculated undersaturated state with respect to calcite (SI=-0.86). A
sensitivity analysis of major input parameters (acaz+, alkalinity, temperature, and pH) suggests
that mineralization is most sensitive to changes in pH. A change from the measured pH = 7.0 at
the zone of upwelling to a hypothetical pH value of 7.81 would induce saturation. Actual field
pH measurements, however, never reach this value as the highest recorded pH was 7.50 in a
downstream direction where calcite formation was already well-underway. The discontinuity
between the observed occurrence of calcite and the model result predicting undersaturated
conditions can be explained if bicarbonate ions (HCO3") are directly involved in precipitation
process rather than just carbonate ions (CO3>). The calcite precipitation reaction taking place at
Maramec Spring can provide insight into reactions that may occur in a leaking GCS site where
aqueous-CO; fluids move through fractures from high- to low-pressure zones. The pressure
decrease may result in the release of COx, from the fluid, causing a pH increase, and then the
formation of carbonate minerals. These minerals can potentially seal the fractures.



Mineralization reactions at Maramec Spring suggest that calcite precipitation may be initiated
when the modeled water parameters still indicate a SI value <0.0.

The Midcontinent Rift (MCR) system in central North America is composed of several
Mesoproterozoic aged stratigraphic units, some of which may be attractive as a GCS target due
to their abundance of Ca-, Mg-, and Fe-silicate minerals. The Oronto Group forms the
lowermost major sedimentary horizon and contains an abundance of labile mineral constituents
including calcite cement, volcanic lithic fragments, feldspars, muscovite, biotite, iron oxides,
epidote, clay minerals, and zeolites. One of the major challenges in using the Oronto Group
sequence for a GCS site is related to its low porosity and permeability. Occlusion of pore space
by calcite cement often results in open-porosity values of < 2% for much of the sequence,
although two of the Oronto Group samples examined in the present study had porosities of 8.9%
and 7.9%. The latter sample correlates to a 22’ thick section of clastic sandstone that was
previously recorded as a potentially high porosity zone by geophysical methods in a deep
petroleum exploration well in Kansas (Berendsen et al., 1988).

Rock samples from several MCR stratigraphic units were cut into wafers, polished, and then
reacted with CO;-saturated deionized water, at 90°C, or in flow-through core-flooding reactor
vessels with a mildly acidic solution at room temperature, in order to evaluate reactions under
simulated GCS conditions. Deionized water was used as the leachant, rather than a brine, to
evaluate the influence of dissolving mineral constituents on the reactions. The pore filling
cements in the Oronto Group include hematite, albite, silica, etc., but are typically dominated by
calcite, which locally exceeds 20% of the overall rock volume. The calcite rapidly dissolved in
the experiments as evidenced by microscopic examination of the reacted solids, Ca release to
solution, a pH rise, and an increase in rock permeability in the core flooding tests. Dissolution of
silicate minerals was also recognized by the presence of their constituents in solution and in
examinations of the reacted solids using various microscopy techniques. While overall porosity
increased following these reactions, permeability changes were inconsistent, increasing in some
samples, but decreasing in others. None of the samples ever exceeded a value of 2.0 mD.
Barnes (1990) estimated conservative lower limits for using the Cambrian Mt. Simon sandstone
as a GCS site at 10% porosity and 33 mD. Although we only tested a limited number of samples
in this pilot scale study, our maximum 9% porosity and < 2.0 mD values failed to meet these
limits.

The Bayfield Group — Jacobsville Formation sandstones form the upper MCR sedimentary
sequence. Samples from this unit averaged 13.4 + 4.3% porosity and a single sample tested by
core-flooding revealed a permeability of ~340 mD. The Bayfield Group — Jacobsville Formation
sandstones thus exceed the conservative reservoir criteria established by Barnes (1990). While
the Bayfield-Jacobsville sequence does not have a stratigraphic cap rock, it is unconformably
overlain by the high porosity-permeability sandstones of the Mt. Simon Formation and thus
offers addition CO; storage volume where the two units come in contact with one another to



form a single aquifer unit. Basal volcanic rocks and/or Oronto Group sediments have been
tectonically emplaced on top of Bayfield-Jacobsville sequence by thrust faulting in many regions
of the MCR including deeply buried sections located in Kansas. This inverted stratigraphy can
place alkaline earth enriched Oronto Group sediments and basaltic volcanic rocks with a good
capacity for producing carbonate minerals on top of the higher porosity-permeability Bayfield-
Jacobsville sandstones. These tectonically juxtaposed sequences offer the best potential for GCS
efforts, especially with respect to carbonate mineralization processes that will improve the long
term storage potential of CO; in underground repositories.

Corrosion experiments conducted with Oronto Group samples often produced leachant solutions
with a calculated SI value exceeding the saturation limit for calcite. Carbonate crystals were also
produced as alteration phases in two experiments with Oronto Group samples as well as
experiments with forsterite-olivine and augite-pyroxene. Both of these minerals are commonly
found in the MCR sequence. Mineral precipitation was initiated in as little as six to ten days at
90°C. The rift sedimentary rocks of the Oronto Group thus display great potential to rapidly
induce the formation of carbonate minerals during reactions with CO; enriched fluids.

Known carbonate mineral precipitating microorganisms, such as the anaerobic sulfate reducing
bacteria (SRB), could enhance the rate of conversion of CO; into solid minerals and thereby
improve long-term storage of CO; injected into a subsurface repository. The ability of SRB to
induce and accelerate carbonate mineral precipitation under elevated pCO, conditions was
investigated using laboratory scale testing with bacteria cultures collected from organic-rich
sediments from hypersaline Lake Estancia in New Mexico. The SRB culture was inoculated into
continuous gas flow and batch reactors experiments under variable headspace pCO; contents
(0.0059 to 20 psi) while solution pH, redox, sulfide, Ca and Mg concentrations were monitored.
The sediment material from the tests was also examined by various microscopy techniques.
Reactors exposed to pCO; conditions between 0.0059 and 14.7 psi formed Mg-enriched calcite
crystals, while the 20 psi pCO; reactors did not. Inhibition of bacterial metabolism may have
occurred in the 20 psi pCOz reactors due to acidic conditions or CO; toxicity. The 20 psi reactors
did display an increase in sulfide concentration during 10-day experimental run, but the amount
of sulfide produced was only about 20% of that produced from 14.7 psi pCO; reactors. This data
suggests that the bacteria were still viable in the higher pCO, environment, but were less active.

Hydrogen, lactate and formate were shown to work as suitable sources of electrons for SRB
metabolism, with carbonate mineralization being detected in experiments with all three electron
donors. The use of a *CO, spiked gas source produced carbonate minerals with ~53% of their
carbon being derived from the gas-phase source of CO,. The remaining carbon was derived
from the organic electron donors and/or the bicarbonate ions in the leachant. This project has
demonstrated that SRB can accelerate the precipitation of carbonate minerals at a more rapid rate
than would occur in their absence. The bacteria used in these tests displayed lowered metabolic
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activity at higher p COz levels, thus the viability of both introduced and native microbial
communities in the subsurface will need to be assessed in the presence of high CO; levels to
evaluate their potential utility in accelerating carbonate biomineralization at a GCS site.

Microbialites are lithified organo-sedimentary structures, usually formed by phototrophic
microbial mat communities under high-intensity sunlight environments. The microbialites
present in hypersaline water of Storrs’ Lake, San Salvador Island, The Bahamas, thus represent a
unique type of community because they exist in a high turbidity water column. These
microbialites were investigated for their distribution, mineralogy and microbial diversity.

Several morphological varieties of microbialites have been identified in this current and previous
studies (calcareous knob, plateau-mushroom, cauliflower-top mushroom, pinnacle mound, and
multi-cuspate). The plateau-mushroom and pinnacle mound microbialites contained blocky and
needle-shaped crystals, calcified cyanobacteria filaments, and remains of exopolymer substances.
X-ray diffraction analysis of the microbialite mounds confirmed the presence of both Mg-calcite
and aragonite in the plateau-mushroom and pinnacle mound varieties, whereas only Mg-calcite
was identified in the other microbialites. A comprehensive molecular analysis of the organic
mats on the microbialites using barcoded pyrosequencing techniques identified at least 12
dominant bacterial phyla. Cyanobacteria populations were in low abundance and ranged from
~0.01% of the recovered population in the deeper pinnacle mounds to ~3.2% in the shallow
calcareous knobs. Other photosynthetic microbes including green non-sulfur bacteria of the
phyla Chloroflexi, and purple sulfur bacteria of class Gammaproteobacteria were abundant.
Chloroflexi comprised ~46% of the population in the deeper water cauliflower-top mushroom
and pinnacle mound mats, and provide evidence for the dominance of photosynthetic
communities in these systems, despite the highly turbid nature of Storrs’ Lake. All mat types
contained strict anaerobes including sulfate reducing and dehalogenating bacteria that are
suspected of playing a role in promoting carbonate biomineralization.

The Maramec Spring system lends itself as a natural outdoor laboratory to introduce college
undergraduate students to both field analytical techniques and carbonate chemistry reactions.
This spring is located close to the Missouri University of Science and Technology campus and is
made accessible as a privately owned park that is operated by the James Foundation in St. James,
Missouri. A total of 157 students visited the spring in conjunction with their introductory
geochemistry course during the 2010 through 2012 academic years. Students conducted
measurements for pH, Eh, conductivity, temperature, alkalinity, Ca-Mg hardness, and turbidity
changes in the water. They also discussed the importance of the carbonate minerals identified as
colloidal particles in the spring water, the importance of the particles in evaluating the carbon
cycle, and potential implications for the sequestration of anthropogenic carbon dioxide. The
carbonate platform sequence of The Bahamas was also used as a focal point for students to study
the Earth’s carbon cycle in our spring field studies course. Students evaluated topics ranging
from biologic production of organic ooze, biomineralization of carbonate rocks, karst formation,
cementation and dissolution processes in carbonate rocks, and sedimentation processes that have
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sculpture the islands into their present morphology. A total of 34 students visited the island in an
experiential learning environment in two separate trips to the island in the 2010 and 2012
academic years.
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SECTION I. INTRODUCTORY PARAGRAPHS

1. GREENHOUSE GASSES AND CARBON SEQUESTRATION STRATEGIES

Atmospheric CO, concentrations have risen during the industrial revolution primarily due to
human influence and this has likely affected natural climatic patterns (Raynaud et al., 1993; Post
et al., 2004). Atmospheric CO; and other greenhouse gases absorb infra-red terrestrial radiation
reflected from the Earth’s surface and reemit this energy into the atmosphere to create what
known is as the greenhouse effect. Atmospheric CO; emissions increased by approximately 70%
between 1970 and 2004 and concentrations reached the 400 ppm benchmark in 2014 (Pacala and
Socolow, 2004; http://co2now.org/). Anthropogenic releases of greenhouse gasses are projected
to double from the 7.0 gigga-tons carbon/year released in 2000 to approximately 14 gigga-
tons/year in 2050 if we continue to increase annual emissions at the present rate.

Although controversies exist about the influence of CO; on global climatic change and the
proportion of the current CO; increase resulting from atmospheric emissions (Cess, 1976; Kump
et al., 2000), many industries and government sectors have initialized efforts to reduce their
carbon footprint. A variety of options have been considered to minimize the amount of CO»
released in to the atmosphere, and to capture and sequester the gas by a combination of
geochemical, physical, and biological processes (Schlesinger, 1999; Metz et al., 2005; Jun et al.,
2013). Geologic carbon sequestration (GCS), in particular, has received considerable attention
due to efficiency and available volume of subsurface rock material that can be used to trap and
store gasses (Jun et al., 2013). The GCS concept involves injecting supercritical CO, into deep
underground saline aquifers, coal layers, depleted oil-gas reservoirs, and deep ocean basins. The
strategy for injection into deep saline aquifers involves four main trapping mechanisms: 1)
physical trapping of a gas or supercritical liquid phase CO; by large-scale geologic structures
such as low-permeability shale layers, 2) residual trapping of gas or critical liquid phase CO;as
bubbles that attached to the surface of rock particles due to surface tension between the two
phases, 3) solubility trapping of CO; that has dissolved into the aqueous phase, and 4) mineral
trapping as CO, combines with dissolved cations in the aqueous phase to precipitate as solid
mineral phases.

A significant portion of physical and residual trapped CO, will be converted into the dissolved
aqueous-phase component over time, with the dissolved phase likely dominating all components
between 20 and 200 years after CO; injection (Ennis-King and Paterson, 2003). Aqueous phases
resulting from the injection of CO; into an aquifer will include CO3 (o), H2CO3 (o9, HCO3", and
COs*. The relative proportions of the various phases will depend on the temperature, salinity,
confining pressure, and pH of the fluid. The incorporation of CO; into water will also tend to
decrease the pH of the resultant solution. One of the long-term concerns with the GCS process is
centered on the containment of the supercritical liquid, gas phase, and/or aqueous phase
components in the subsurface injection site. All three of the previously mentioned components
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are highly mobile and may leak back to the surface, either very rapidly in the case of a
catastrophic failure of a physical barrier or transmission in undetected exploration drill well(s),
or more slowly in the case of thinning barriers and/or microfractures which transgress across the
physical barrier (Metz et al., 2005). White et al., (2003) provided a review of several studies
investigating the leakage rate of CO; and at what point it would offset the beneficial effects of
GCS. The authors propose using a leakage standard of 0.1%/year as the performance standard
but note that such a standard would be very difficult to meet in all cases. A leakage rate of
0.1%/year would result in 10% of the injected gas being released back into the atmosphere in a
110-year period. The capture, processing, transport, and injection of CO; into the subsurface
will also require energy input and this energy requirement will likely involve the generation of
additional CO; emissions. It is a reasonable concern that our efforts to reduce atmospheric
greenhouse gasses in the present era will place an undue burden on future generations. White et
al. note that the U.S. Department of Energy has set a goal for global seepage of less than
0.01%/year, a target goal that would reduce the leakage rate to <1% over the same 110-year
period. The most effective means to limit this release over the long-term will likely be to
accelerate the rate that injected CO; converts into carbonate minerals as these solid minerals
represent an immobile and dense form of CO; (Goldberg et al., 2001). The rate of carbon
mineralization will depend on many factors, but principle among these will be the ability of the
rock matrix minerals to neutralize the acid bicarbonate fluids and provide alkaline earth ions for
mineralization.

During injection, CO; can react with subsurface aqueous fluids to produce carbonic acid
(H2CO3(4g)). Carbonic acid and/or its partial dissociation product the bicarbonate ion (HCO3")
will in turn, react with many of the primary rock-forming mineral phases. Ion exchange
reactions between the acids and minerals will neutralize the acids and release ionic constituents
from the minerals such as Ca*", Mg*", and Fe*". These ions can combine with the carbonate ion
(CO3%) to form carbonate mineral phases. The aqueous fluids in the subsurface GCS sites will
also provide the same acid neutralizing capacity and dissolved alkaline earth ions, but the
abundance of the necessary components in the fluids are limited by solubility constraints, and
will be easily overwhelmed by any appreciable quantity of CO; injection. Thus the underground
rock system will be the dominant source that provides the long-term neutralization capacity and
supply of cations for the carbonate mineralization process.

The first minerals that react with the carbonic acid may include carbonate cements. Carbonate
dissolution will initially lead to an increase in the porosity and permeability of a reservoir by
opening blocked pores, however, the dissolved carbonate ion would eventually have to be
reprecipitated again just to keep the mineralization process at a zero sum. Reactions involving
aluminosilicate phases (e.g., feldspar and clay minerals) or Fe-oxides may release alkaline earth
and transition metal components that commonly are incorporated as carbonate minerals in
natural systems (Gauss, 2005; Benson and Cole, 2008). These reactions also effectively increase
the pH of the solution. These dissolved cations can complex with the dissolved carbonate ion to



precipitate as a variety of carbonate minerals (e.g., calcite, CaCOs3; dolomite, CaMg(COs),; and
siderite, FeCQO3) in longer term reactions, and in reactions taking place in distal locations from
the CO; injection wells even while injection is taking place.

One of the initial considerations used for selecting a GCS target site is the porosity and
permeability of the host-rock target. A reasonably interconnected porosity of > 10% is
considered a reasonable target to allow injection without excessive back-pressure buildup.
Quartz-rich sandstones are thus often selected as primary targets for GCS due their high
porosity-permeability characteristics. Unfortunately, these quartz-rich units generally have low
abundances of alkaline earth bearing minerals and thus will have minimal carbonate
mineralization potential. Minerals that contain high proportions of alkali and alkaline earth
components (e.g., feldspars) often produce clay minerals as alteration products and these clays
may precipitate within pores in the rock matrix resulting in a lowered permeability. Thus the
selection criteria for picking a GCS site will often include the conflicting interests of selecting
between a high-porosity permeability quartz-rich stratigraphic unit, with limited carbonate
mineralization potential, versus a lower porosity-permeability unit with high carbonate
mineralization potential. The first generation of selected CO; injection sites have been chosen
with the former criteria as a priority item (along with an effective seal rock, and a high water
salinity that will render the aquifer as a non-potable water supply). Examples of such quartz-rich
sandstones (quartz arenite) include the Sleipner-Hugin-Heather sequence in the North Sea and
the Mt. Simon Formation in the Illinois Basin (Greenwood et al., 1994, Driese et al., 1981,
respectively). Systems that are selected solely on aquifer properties, and neglect to consider the
carbonate mineralization potential, will ultimately fail as a repository site from the perspective of
future generations unless leakage can be controlled at a very slow rate (<0.01%).

Mineral precipitation is generally a slow process and it may take centuries or longer for the
majority of the injected CO; to be converted into solid mineral phases. Xu (2011) ran a reactive
transport model simulating the injection of CO; under conditions simulating the Texas Gulf Coast
region. The model results suggest that 43% of the injected CO2 would remain as the trapped gas
phase, 28% as the aqueous phase, and 29% as solid carbonate minerals in a time frame 1000 years
after injection had ceased (without leakage). Thus 71% of the injected CO, would still remain in a
highly mobile form and be a potential leakage issue even after 1000 years had passed. The scientific
community does not currently possess the knowledge base or have the experimental foundation to
guarantee against the risk of CO; leakage for such a long time interval. Reactions that occur to
convert CO; into solid minerals may appreciably mitigate against such leakage if they occur, or can
be induced to occur, at a fast enough rate. Mineral precipitation reactions will be expected to
occur in a more rapid fashion, and consume a higher proportion of the injected CO,, if the rock
material contains a higher proportion of alkali, and especially alkaline earth components.
Biologic communities may also be able to harness the thermodynamic energy associated with
mineral precipitation reactions, or passively produce carbonate minerals through the chemical
modification of their local environment as a result of their life-functions.



The purpose of this study is to describe processes and mechanisms that can influence carbonate
mineralization reactions. This report is a compilation of four individual research projects that
address issues of carbonate mineralization under potential CO; sequestration conditions. Each
project formed a dissertation or thesis topic for a different graduate student in the Geology and
Geophysics Program at Missouri University of Science and Technology. Each section is written
as a stand-alone individual document that is intended for journal publication. Thus there will be
some differences in formatting between the sections. Components of each of the four projects
also involved undergraduate students in both individual research projects and students enrolled in
courses at Missouri S&T who were exposed to experiments involving the carbon cycle.

2. SECTION ORGANIZATION OF DOCUMENT

The current Section I of this report provides a general synopsis of greenhouse gas issues
associated with carbon dioxide (CO;) and societal plans to mitigate against potential climate
change. Section II describes the experimental methods used in all of the remaining sections of
the report. Section Il is the first-of-four topical research portions of this report (Sections III, IV,
V, and VI). Each section covers a research project or sub-project led by a different graduate
student (the co-authors of this paper) in the Geology and Geophysics Program at the Missouri
University of Science and Technology.

Section III of details chemical changes and mineral precipitation events occurring in the
Maramec Spring system in Missouri. The spring water is Ca + HCOj3™ rich, and upwells from a
depth of 190" or more. The water experience a loss of CO; due to the decreasing confining
pressures as the water rises to the surface. Chemical changes occur in the water as a result of the
CO; loss and induce a series of chemical reactions that ultimately result in the precipitation of
colloidal calcite grains. The Maramec Spring system thus serves as a natural analog to evaluate
chemical and mineral changes that could occur in a leaking CO, repository.

Section IV of this report addresses the potential utilization of the Midcontinent Rift (MCR) basin
in the central United States as a potential CGS site. While many of the finer scale details on the
geologic characterization of the MCR sequence remain unknown due to limited drilling access
into the basin; geophysical evaluation, exposures in the Lake Superior Region, and several deep
petroleum exploration wells have provided a general overall synopsis on the basin. Thorleifson
et al., (2008) provide a comprehensive evaluation on GCS potential for the MCR in Minnesota
and surrounding areas. They conclude that large portions of the MCR basin occur at an adequate
depth, have a potential cap-rock and/or faulted marginal traps, and contain Ca*'-, Mg®'-, and

Fe” -rich minerals that can provide ions for carbon mineralization. However, the low
permeability of the lower part of the sedimentary (Oronto Group) and volcanic sequences of the
rift basin were found to be a limiting factor that may hinder injectability and storage space within
the MCR sequence. The purpose of this section of the study was to evaluate the applicability of
MCR sediments to sequester CO, especially with respect to their distribution of Ca*'-, Mg*'-

2

and Fe* bearing phases, the role of released Ca*" and Mg®" ions in inducing the precipitation of
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solid carbonate minerals, and the effect of exposing calcite cemented pores to a CO, + HO
environment and thus potentially increase the porosity-permeability characteristics of the overall
reservoir rock.

Section V investigates the potential role in using microorganisms to accelerate carbonate
mineralization process(es). Microorganisms, especially cyanobacteria, bacteria, and marine
algae have played a major role in the global cycling of carbon and other elements in the past and
they continue to do so today (Fenchel and Blackburn, 1979; Foster and Mobberley, 2010).
Seawater, saline lakes, and soils provide many examples of microorganisms forming carbonate
deposits (Hammes and Verstrate, 2002). Although most microorganisms will fix atmospheric
CO; using photosynthetic processes at or near the Earth’s surface, many subsurface (and aphotic)
microbial communities are also known to induce carbonate mineralization by chemotrophic
activity (Dupraz et al, 2013). Accelerating carbonate mineralization reactions may thus
potentially be achieved in a subsurface GCS site through the use of microorganisms.

Section VI reports on a detailed examination of the microbialite communities living within
Storrs” Lake on San Salvador Island in The Bahamas. Microbialites are living organo-
mineralized structures, and the microbialite community present in Storrs’ Lake is a hypersaline
environment that has been precipitating Ca-carbonate minerals in microbialite mounds for more
than 2300 years. The lake system was examined to determine the mineralogy of microbialite
mounds, the genetic makeup of their living microbial communities, lake water chemistry, and
light penetration into the lake system. Storrs’ Lake is an unusual location for microbialites as the
lake water is highly turbid as a result of suspended material in the water column.

Section VII describes how the information gained in Sections III through VI, and the acquired
instrumentation facilities associated with this project, were used to improve the educational
component of our undergraduate curriculum at Missouri University of Science and Technology.
Improvement in education was gained in activities that spanned three different levels of student
involvement. The first involved a large population of Introductory Geochemistry students who
were exposed to research in an organized field-based laboratory assignment at Maramec Spring.
The students spend a single field day collecting chemical data from this dynamic spring system
that exhibits a positive pH shift and precipitation of colloidal calcite. A total of 157 students
were brought out to the spring over a three-year period, with an additional 12 students serving as
teaching assistants. The second level of activity involved students enrolled in our Spring Field
Studies Courses. The format for this course requires students to pre-read selected papers from
the scientific literature and then openly critique those papers and discuss key findings in a
weekly discussion session during the semester. Students would then participate in a 10-day long
field trip visiting many of the same geologic features and locations that they had read about
during the semester. Our Spring Field Studies classes included a visit to the Lake Superior
Region — Midcontinent Rift sequence in 2011, and two separate visits to the carbonate platform
deposits of San Salvador Island in the Bahamas in 2010 and 2012. A total of 44 students were



involved in the three trips over the three-year period. Our third educational component including
a relatively small group of eight undergraduate students who were directly involved in research
activities. These students conducted experiments and gathered data on small segments of this
overall research effort (e.g., pH measurements in association with the Goldich weathering
experiments, Section IV). Our long-term plan is to continue with as many of these activities as
funding and equipment resources will allow. The information gained for these activities have
also been incorporated into the regular lecture portion of our courses.
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II. EXPERIMENTAL METHODS
1. FIELD SAMPLE COLLECTION SITES AND COLLECTION PROCEDURES

Water and rock samples were collected, and in sifu water analyses were performed from multiple
sites across North America to investigate several topics related to carbon sequestration and
carbonate mineralization (Figure 1). These sites included:

1. Maramec Spring, Missouri.
The Midcontinent Rift sedimentary-volcanic sequence in the Lake Superior Region and
subsurface continuations of the same sequence of rocks in lowa and Kansas.

3. Hypersaline lake systems at Lake Estancia, New Mexico, and Great Salt Plains State Park
in Oklahoma.

4. Microbialite communities in Storrs’ Lake, San Salvador Island, The Bahamas.

1.1. Maramec Spring, Missouri

Maramec Spring is Missouri’s fifth largest cold-water spring. It is located in Phelps County,
Missouri, 11 km southeast of St. James. After the spring water upwells to the surface, it collects
into an oval shaped pool with a surface area of approximately 3100 m? (33,000 ft; Figure 2).
Water from the pool then bifurcates into two waterways as it flows northward, with a relatively
small portion of the water also being diverted into a third concrete water chute that is used as a
trout hatchery. The majority of the pool water, however, flows over a rock dam in the central
channel. The three branches eventually rejoin, bifurcate again, and rejoin a final time again as
the stream system travels in a series of flowing riftles and slow flowing pool systems. All water
and fine particulate material collected for this investigative study were obtained from the
Maramec Stream system at different intervals as it flows from its point of initial upwelling from
the subsurface to its termination to the south where it merges with the Meramec River. The
stream originates at the spring upwelling (sampling location #1; Figure 2) and then is comprised
of a series of falls (location #3) rapids (locations #6-8), shallow riffles (location #4), and slow
moving water pools (locations #2 and #5). These eight sampling locations are ordered
numerically from furthest upstream at the point of spring water upwelling (location #1), to
furthest downstream (location #8). Moving downstream from location #1, the cumulative
nautical distance from the point of upwelling is: location #2, 60 m; location #3, 105 m; location
#4, 290 m; location #5, 530 m; location #6, 845 m; location #7, 1050 m; and location #8, 1295
m. Maramec Stream continues another 65 meters past location #8 before it empties into the
Meramec River, thus travels a total distance of 1360 meters. Water samples (filtered and
unfiltered, field chemical and physical measurements, and colloidal particles were collected from
the site during numerous visits between 2001 and 2012, however the majority of the samples
were collected between 2009 and 2012.
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Figure 1. Sample locations for this
study: Carbonate mineralization at
Maramec Spring (green dot), CO,
sequestration in the Midcontinent Rift
(red dots), and biomineralization of
carbonate minerals (blue dots).
Abbreviations for sample locations:
KEW, Keweenawan Peninsula;
L’ANSE, L’Anse (Michigan); AG,
Agate Falls; GH, Good Harbor; BAY,
Bayfield Peninsula; POT, Potato River
Falls; CFSP, Copper Falls State Park;
SH, Saxon Harbor; SF, Superior Falls;
and GSP, Great Salt Plains. The
Amoco Eischeid #1 and Texaco Poersch
#1 drill wells are also shown.

Figure 2. Google Earth Image outlining
the sampling locations at Maramec
Spring from this study. The point of the
spring conduit upwelling is located at
sampling location #1. Stream flow is
from south (bottom of photograph) to
north (top of photograph). The
roadway in the lower right corner of
the photograph is Missouri Highway 8.



1.2. Midcontinent Rift Sequence

Forty eight rock samples from surface outcrops were collected from various locations around the
Lake Superior Region (Figure 3) as well as twenty one subsurface petroleum exploration drill
core samples from the M.G. Amoco Eischeid #1 well in lowa and the Texaco Poersch #1, well in
Kansas (Figure 1). These samples were used to determine rock petrographic characteristics, bulk
geochemistry, clay matrix mineralogy, and to provide samples for corrosion testing experiments
with a CO; + H20 atmosphere. The Lake Superior surface samples included collection sites
from the Keweenaw Peninsula (M1 ), the L’ Anse area (MI;), Agate Falls Park (MI), Potato River
Falls (WI), Copper Falls State Park (WI), the Bayfield Peninsula (WI), Beaver Bay Complex
(MN), North Shore Volcanic Group (MN), and Duluth Complex (MN). The Eischeid #1
petroleum exploration well is located approximately 8 kilometers northwest of the buried lowa
Horst, penetrating through about 14,898’ of the rock sequences at the northern end of the
Defiance Basin (Figure 1). Samples from this well were provided by the Iowa Geological
Survey. Subsurface samples of the MCR sequence were also obtained from the Texaco Poersch
#1 petroleum exploration drill well in Kansas (Figure 1). Samples from this well were provided
by the Kansas Geological Survey.
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Figure 3. Location maps for samples
collected around the Lake Superior area.
A) (KEW), L’ Anse region (L’ANSE) and
Agate Falls (AG). B) Bayfield Peninsula
(BAY), Saxon Harbor (SH), Superior Falls
(SF), Potato River Falls (POT), and Copper
Falls State Park (CFSP). C) North Shore
Lake Superior and Duluth Complex. The
Bayfield Peninsula (BAY) sample location is
, replicated here from Figure 3b. Modified
[ S " 4| after Nicholson (2004).
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1.3.  Sulfate Reducing Bacteria - Microbial Biomineralization Study

Three hypersaline lake sites were sampled in the microbial biomineralization study to collect
samples of microbial communities, for water composition, and mineralogy determination. These
sites included the Great Salt Plains Lake in Oklahoma, Lake Estancia in New Mexico, and
Storrs’ Lake on Sal Salvador Island in The Bahamas. The Great Salt Plains is a 65 km? lake in
north-central Oklahoma that is a manmade impoundment formed from a concrete spillway built
across the Salt Fork of the Arkansas River. The western area of the lake, where samples were
collected, is composed of a salty sabkha mud flat (Figure 4a; Reed, 1982). The area derives its
salts through the upwelling of groundwater that had previously penetrated through gypsum-
bearing strata to the west. Gypsum crystals actively precipitate within the sabkha sediments and
a white evaporite crust forms on the sediment surface. Lenses of organic-rich sands are also
interstratified within organic-poor sands (Figure 5a). Filtered water, subsurface sediment

materials, and core sediment samples were collected during a visit to the site in May 2010. The
water samples were collected from seepage at a depth of ~30 cm from a shallow pit dug into the
sand, while two sediment profile cores were collected using a one-meter piston core that was
hammered into the soft sediment. The core and sediment samples were kept intact by placing
them in coolers and transported to the laboratory for further analysis.
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Figure 4. Google maps of Hypersaline lakes: A) Great Salt Plains Lake, Alfalfa County,
Oklahoma. SCD-South Crystal Dig, CC-Clay creek, NCD-North Crystal Dig. Samples for
this study were collected from SCD [Image from the 2003 NAIP aerial image database
http://www2.ocgi.okstate.edu/2003img1/]. B) Lake Estancia and Estancia Basin, Torrance

County, New Mexico. Star indicates the location where samples were collected. Inset in A
shows the locations of Lake Estancia and Great Salt Plains Lake in the US map.




Figure S. (A) Cross-cut section of sedimentary strata from Great Salt Plains Lake. The
stratified sequence displays three weakly developed organic layers (black colored) near the
top, middle, and lower sections (the latter just above the point of the hammer). Relatively
coarse grained and permeable sections are represented by the lighter layers and the red
layers are typically finer-grained and less permeable. (B) A vertical section of the organic-
and sulfide- rich sediments of Lake Estancia. Lighter-colored evaporite material with
occasional salt crystals are seen at the top surface layer and a second evaporite layer occurs
~5 c¢cm below the surface. The majority of the remaining sediments are composed of the
dark, organic-rich material.

Lake Estancia, New Mexico is a closed-drainage, paleoglacial playa lake located at an elevation
of approximately 1,890 meters (6,200 feet) and has a surface area of 1,125 km?”. The lake basin
was formed during crustal extension and uplift along the margin of the Rio Grande Rift
(Szynkiewicz et al., 2009). It once covered a much larger aerial extent during the Pleistocene. A
change to a warmer and drier climate eventually led to the desiccation of the lake system starting
about 24,000 years before present, thus leaving the large playa on the basin floor. More recent
sand blow-out zones have locally removed loose sediments from the valley floor and created
numerous small depressions on the order of ~50 feet deep that fill with water during seasonal
periods of rainfall (Figure 4b). Carbonates, clays, gypsum, and organic-rich muds occur in the
lake sediments; these carbonates and gypsum are also present in the surrounding lower and
middle Permian-aged geologic strata (Allen and Anderson, 2000; Szynkiewicz et al., 2009). The
water level was ~30 cm in the center of the pond that was sampled during the single visit to the
site in May 2010. Salt evaporates were noted at the surface of the submerged sediments, along
the dried up lake shore, and in buried sediments beneath layers of organic rich mud (Figure 5b).
Filtered water, subsurface sediment materials, and core sediment samples were collected.



Storrs’ Lake is located on the eastern portion of San Salvador Island, The Bahamas (Figure 6).
This lake formed during the late Holocene sea level rise when a depression on the east side of the
island was flooded. Modern evaporitic conditions cause the lake to exhibit variable and
seasonally hypersaline conditions (Neumann et al., 1989; Zabielski, 1991). The lake is fairly
shallow with maximum depth of approximately two meters. The water is slightly alkaline, and is
extremely turbid as a result of planktonic organisms and benthic components which become
suspended along with gases released from microbial metabolism (Neumann et al., 1989; Mann
and Nelson, 1989). The water exhibits a characteristic reddish-brown color due to this
suspended organic material (Figure 7C). Storrs’ Lake is one of just two environments known that
contain hardened and calcified microbialite mounds that grow in limited light conditions, along
with Pavilion Lake, British Columbia, Canada (Laval et al., 2000; Lim et al., 2009).

Storrs’ Lake was sampled during three visits in April 2011, June 2012, and June 2013. Both
microbialite and water samples were collected in 2011 and 2012, and only water samples were
collected in 2013. The year 2011 was relatively dry with the total rainfall for the months of
February and March recorded at only ~1.0 cm, while in 2012 and 2013 the lake received a
substantial increase in the amount of freshwater inflow due to heavy rainfall. Water samples
(~20-50 mL) were collected at different locations along a transect in the western portion of the
lake where several different water depth sample profiles were collected. Water depth was
measured by using a centimeter-marked PVC pipe with the length between the top surface of the
lake sediments and the water surface being noted as the water depth. The transect was started
near a man-made conduit inlet to the lake on the western shore to the Cactus Island in the
northern portion of the lake (Figures 6C and 7A). This transect was similar to that used by Mann
and Nelson (1989, section B-B’) and Neumann et al. (1989). For comparison purposes, ocean
water was also collected from Dim Bay in 2012 at the beach opposite to the southern extremity
of Storrs’ Lake.

Living microbial communities were found on the surface of the microbialites mounds and ranged
from few millimeters to ~1 ¢cm thick, and were either uniform or sporadic in their distribution on
the top surface of the mounds. The offshore ‘cheesecake’ leathery mats, described by Neumann
et al., (1989) were present extensively on the lake soft-sediment bottom between the microbial
mounds. Four distinct microbialite morphologies have been previously identified in discreet
zones within the lake (Mann and Nelson, 1989; Neumann et al., 1989). Moving from shore to the
lake center these include the clotted thrombolite pie mound, crumbly, calcareous knob (up to 15
cm tall), flat-topped plateau laminated stromatolites, and taller and narrower pinnacle mounds
(i.e. club-shaped), which can extend up to 70 cm in length. The pie mound and calcareous knob
types are often exposed above the water line during periods of low lake levels (Figure 7C) while
the plateau and pinnacle mounds occur under deeper and have never been observed above the
water level of the lake.



Figure 6. Overview of the collection sites at Storrs’ Lake. (A) Google map of San Salvador
Island with located noted along the eastern-margin of the island (white box). Bar = 2 km;
(B) Magnified image of white box depicting the northern section of Storrs’ Lake. The line
indicated by the star represents the approximate transect along which the water and
microbialite samples were collected Bar = 500 m; (C) Magnified Google map image of the
black box in Figure 6b showing the locations, where the different microbialites and
microbial mats were sampled in 2011 and 2012.

Figure 7. A) The conduit located on the western shore of Storrs’ Lake through which low-
turbidity brackish and tannin-rich water enters the lake. B) Image of the lake from the
western shore in 2013 displaying two different water turbidity zones with the transition
shown by arrows. Distance from shore to the transition zone is ~60 m. Cactus Island forms
the shoreline in the far background in right half of photograph. C) Image taken in 2011 of
a calcareous knob microbialite with head sticking out of the reddish-brown and high-
turbidity lake water.

1.4. Centrifuged Water Sample

Particulate samples were collected by centrifuging four liters of Maramec after transporting the
samples back to the Missouri S&T laboratory. Samples were centrifuge for a half-hour, the



water was decanted, and the solid contents in the bottom of the vessel were scraped into a petri
dish and examined my microscopy techniques. This sample was collected on 9/21/2007.

1.5.  Filtered Water Samples

Water samples from all field sites and laboratory experiments for chemical analysis were filtered
immediately upon collection using a disposable plastic syringes and 0.45 um cellulose acetate
filter and while simultaneously injecting the filtrate into precleaned 50 mL plastic vials. Rapid
filtration and sample collection was vital for many of the samples as changes associated with the
loss (COy) or gain (O3) of gaseous components into the water may influence the solubility of
various elements. The Maramec Stream water samples were filtered using either a 5.0 um nylon,
0.45 pum cellulose acetate, and/or 0.02 um alumina filters. Unfiltered water sample were also
sometimes collected giving four filter sizes for the water samples (unfiltered, <5 um , <0.45 pm,
<0.02 um). For most samples though, only the 0.45 pm cellulose acetate filter was used. All
samples were placed into an insulated cooler to prevent warming of the samples and transported
back to the laboratory. Samples for cation analysis were acidified with a high-purity nitric acid
upon return to the laboratory, while samples for anion analysis were not acidified.

Filters from the 5/13/12 sampling at Maramec Spring were also processed in the field in the
usual manner as described above. A second aliquot of water was also collected in a one liter
bottle, transported back to the Missouri University of Science and Technology laboratory, placed
in an insulated cooler to maintain river water temperatures, and left opened for venting. Filtered
water samples were then collected after 12 and 36 hours using the <5 um , <0.45 pm, <0.02 pm
filters. The filters (which are contained in a sealed plastic housing) were then rinsed with
deionized water to remove any spring water attached to the particles or filters, dry sparged to
remove excess water, refilled with a 5% high-purity nitric acid solution and held for four hours,
then syringed pumped with additional acid to flush out and collect the digested material. The
acid flushed alumina <0.02 um filters released the greatest amount of dissolved components so
these were reported upon in Section III, with the exception of Al which was reported upon from
the 0.45 um cellulose acetate filters.

Maramec Spring water was also subjected to a third filtration process using a Masterflex
peristaltic pump vacuum system and Millipore cellulose filters. This equipment facilitated the
processing of large water volumes so that particulate material could be collected from the water
samples directly at the field site without the delay of transporting samples back to the laboratory.
The particulate material was collected using this system on two different sampling dates. On
8/29/2010 a four liter water sample was filtered on site from sampling location #1 using a 0.22
um cellulose filter and a mechanical vacuum filtration system. Four liters of water from the
sampling locations #1, #5, and #8 were also filtered sequentially using 5.0 um, 0.45 um, 0.22
um, and 0.05 um cellulose filters on 10/6/2010 and 10/26/2012. All vacuum filtered samples
were returned to the Missouri S&T campus, allowed to dry at room temperature, and examined



using a scanning electron microscopy- energy dispersive spectroscopy (SEM-EDS and X-ray
diffraction analysis (XRD).

1.6.  Collection of Microbial Samples

Microbial samples from Great Salt Plains, Lake Estancia, and Storrs’ Lake were aseptically
collected in duplicate (5 -10 g each) and immediately stored in a nucleic acid preservation
solution (LifeGuard Soil Preservation solution, MoBio Laboratories, Carlsbad, CA, USA). The
mat samples from Storrs’ Lake were transported back to the Gerace Research Centre lab and
placed in a freezer within eight hours of sampling. The frozen mats were placed in an insulated
cooler for transportation to the Missouri University of Science and Technology labs. Great Salt
Plains and Lake Estancia microbial samples were placed in a thermal cooler and kept below
20°C during the field travel. Microbial culture inoculations were collected from the samples in
the field, then returned to the Missouri S&T laboratory and placed in a -20°C freezer until they
were used for molecular analysis.

1.7.  Collection of Rock Samples

Surface outcrop rock samples from the Midcontinent Rift were collected from actively eroding
river valleys and lake shore locations whenever possible. These high-energy erosive
environments tend to mechanically abrade away the chemically weathered material thus
minimizing the influence of element redistribution in a weathering profile. Surface outcrop
samples were trimmed in the field using a rock hammer to remove visibly weathered surfaces, if
present. The mineralized portions of microbial mound samples from Storrs” Lake were placed
into clean water-tight polypropylene containers along with lake water. Samples were then placed
in a cooler and transported back to the Gerace Research Centre lab and stored in a refrigerator.
These samples were transported back to the Missouri University of Science and Technology labs
in an insulated cooler and also placed in a refrigerator upon arrival.

2. CHEMICAL AND PHYSICAL ANALYSIS OF WATER SAMPLES

Water samples for analysis included four different sample matrices. The first set included
natural field water samples analyzed in sifu or collected directly from Storrs’ Lake, Great Salt
Planes, Lake Estancia, and Maramec Stream. A second set of solutions were generated by the
complete dissolution of carbonate mineral samples by acid digestion. The dissolved mineral
materials included microbialite samples collected from Storrs’ Lake and micron-sized particles
collected by filtering water samples from the Maramec Stream system. The third set of water
samples were derived from the laboratory corrosion tests with the Midcontinent Rift rock
samples that were reacted in a H,O + CO; environment at 90°C. These rock samples released
some components to solution but were not completely dissolved. The final set of samples were



produced in the laboratory with the mineral precipitation experiments using the microbial
reactors and involved the reactions of the microbial communities in a synthetic seawater
solution.

2.1.  In Situ Field Analyses of Water Samples for Eh-pH, Conductivity, Temperature,
and Dissolved Oxygen

Water samples were analyzed in situ for pH and Eh (Accumet AP115 portable pH-Eh meter,
conductivity and temperature (WTW Cond 3331), and dissolved oxygen (Accumet AP64
dissolved oxygen meter with an Au/Ag cathode/electrode). Analysis of standards before, during
and after measurements indicated an accuracy of = 0.05 pH units or better for the 7.00 pH
standard, and a precision better than + 0.2 %. An average error percentage of + 8.2 % and + 3.2
% was determined for the conductivity probe when checked with 1,008 and 100.8 mS/cm
standards, with precisions better than 4.5 % and 7.9 %, respectively. Conductivity measurements
at Storrs’ Lake were tested against a 100,000 mS/cm standard and were accurate to within 5%.
Eh analyses are referenced against an internal platinum standard and temperature was calibration
checked using ice water. The dissolved oxygen probe was calibrated by saturating a sponge with
deionized water and allowing it to equilibrate in a 100% relative humidity environment which
produces an 8 ppm oxygen solution. The dissolved oxygen probe was also immersed in a CO;
rich/O; poor atmosphere. It reported less than 0.12 mg/] of dissolved oxygen in this environment.
No drift was observed within the dissolved oxygen probe from location to location with
Maramec Spring measurements, however, the accuracy for the probe diminished during Storrs’
Lake measurements in 2012, thus only qualitative measurements could be made at that time.

2.2.  Ex Situ Field Analyses of Alkalinity and Ca-Mg-Hardness

Alkalinity and Ca-Mg hardness were measured on site after extracting water samples for
analysis. All of these measurements were made by colorimetric titration by using respective
HACH test kits (Loveland, CO, USA). Samples for alkalinity were always given highest priority
to allow a measurement to be completed with minimal potential loss of CO; from the system. It
was not possible to conduct an immediate alkalinity measurements at Storrs’ Lake, so samples
were placed in a one liter Nalgene bottle filled completely to the brim, capped tightly, and then
kept at ambient water temperature until measurements could be made (within 2 to 3 hours). The
alkalinity values represent milliequivalent/L concentration (meq/L; millimolar concentration *
ionic charge). Ca-Mg hardness measurements for the high-salinity lake water samples required
dilutions in 1:20 or 1:100 ratios with deionized water. The Ca-, Mg-, and total- (Ca + Mg)
hardness values are expressed in mg/kg of the respective carbonate compound (e.g., CaCO3).
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2.3.  Turbidity and Light Penetration Measurements for Field Samples

Turbidity-light penetration measurements were quantitatively measured at Storrs’ Lake using a
Secchi Disk and light intensity loggers from HOBO (Cape Cod, MA, USA). The waterproof
HOBO light meters were placed at several locations at the bottom of the lake by attached to
metal spikes with monofilament thread and anchoring the buoyant probes at a water height
equivalent to the top of the adjacent microbialite probes. The probes were also attached to a
floating fishing bobber to allow the units to be relocated and recovered. Data from the probes
was recorded by using the HOBOware data processing software program.

Turbidity in the Maramec Spring-Stream system and Storrs’ Lake were measured using a HACH
2100P Nephelometric Turbidity Unit (NTU) light scattering turbidimeter, Standards for NTU
turbidity measurements indicated an average accuracy error percentage of = 6.8 %. The settling
rate of the particles from Storrs’ Lake were determined by collecting lake water samples and
testing for turbidity at regular intervals under controlled, enclosed laboratory conditions. A water
sample collected in 2012 was also placed in a clean glass vial and allowed to remain undisturbed
in the dark chamber of the turbidimeter for a six-month period at room temperature as turbidity
values were periodically recorded. A comparison was made between the settling rates of the
Storrs’ Lake organic particles versus those of the clay minerals illite (illite-bearing shale, Fithian,
Ilinois) and smectite (Wards Scientific and Clay Mineral Society Standard, STX-1). The clay
samples were dispersed in a solution prepared with 5% synthetic seawater — 95% deionized
water. The humid external air near the Maramec Spring system combined with the cool
temperature of the spring water often caused water condensation on the glass turbidity vessels in
the warmer seasonal months, thus preventing accurate measurements from being made during
those seasonal periods.

2.4.  Total Suspended Solids — Total Dissolved Solids Analysis

A one liter sample of unfiltered water from Maramec Spring was collected on October 6, 2010 at
sample location #1 for total dissolved solids (TDS) and total suspended solids (TSS) analysis.
TDS and TSS analyses were completed using a 0.45 um cellulose filter and vacuum filtration.
The filter was dried at 103°C for 1 hour and then weighed using a four decimal place balance.
The filter was pre-wetted and placed on a pre-cleaned filtration apparatus. After filtration, the
filter paper was removed, covered, and allowed to dry at room temperature. After drying the
filter paper was further dried in a 103°C oven for 1 hour. TSS was calculated by subtracting the
difference in the weight of the dried filter paper both before and after filtration and then dividing
by the known volume of water passed through the filter. The filtrate was placed into a pre-
weighed 150 mL beaker, covered with a watch glass, and placed in an oven at 90°C until the
water was completely evaporated. The temperature was then ramped up to 185°C for 8 hours to
remove any residual water. The beaker was allowed to cool at room temperature in a desiccation
chamber for 45 minutes, and then was weighed on a four decimal place balance. TDS was
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calculated by dividing the weight of the solid evaporite material collected in the beaker by the
volume of water sample evaporated.

2.5. Inductively Coupled Plasma — Optical Emission Spectroscopy (ICP-OES) Analysis
for Cations

All water samples for Inductively Coupled Plasma — Optical Emission Spectrometer (ICP-OES)
analysis were acidified using ultra-pure HNO; to a pH of ~2 or lower upon return to the
laboratory and stored until analysis. The higher salinity Storrs’ Lake, Lake Estancia, and Great
Salt Plains water samples were diluted prior to analysis at a ratio of 1:10 or 1:100 to bring the
solution concentrations within or near the optimum instrumental detection range of 1.0 to 100

Both the acidified water samples and any collected acid digested solids were analyzed on a
Perkin Elmer Optima 2000DV ICP-OES unit to determine the water chemistry. Resulting
solutions were typically analyzed for Ca, Mg, K, Na, Si, Al, Fe, and Mn. The elements B, S, Sr,
and Li were also measured for the 2011 Storrs’ Lake water samples. Commercially traceable
standard solutions (starting concentration of 1,000 ppm) of the different cations were prepared at
100, 10, 1 and 0.1 ppm, with 1% HNO3 in high-purity deionized water as the diluting agent. The
standards were used for calibration and for quality control checks during each run.

Accuracy and precision was calculated for all analysis that allowed calibration of the
instruments, by using the measurements from known standards. Accuracy was calculated as the
deviation from the known sample concentration while precision was calculated as a standard
deviation from the mean value. Analytical results for the standards display a high degree of
precision with repeatability often 1% or better relative to the expected value of the standard. The
measured accuracies for both the 10 ppm standards were generally 3% or better for Ca, Mg, and
Al; 5% or better for Si, K, Na, and Fe; 8% or better for Li, B, and Mn; and 13% or better for Li.
The ICP-OES limit for determination is approximately 0.1 ppm though accuracy values often fall
to 30% or worse at these low concentration values. Blanks using American Society for Testing
and Materials - Type 1 deionized water are also routinely run using the disposable syringes and
filters. None of the elements of interest to this study have been detected in the blanks using
deionized water. Aluminum contributions from the 0.02 micron alumina filters are sometimes
noted, however, especially with more acidic waters. Aluminum determinations thus are not
reported from the 0.02 um filters.

Sulfide ion (S*) determinations were made using the colorimetric CuSO4 method (Cord-
Ruwisch, 1985), by using a Genesys 20 spectrophotometer (Thermo Fisher Scientific, Inc.,
Rochester, NY, USA). The error range was within = 7.7 % for sulfide analysis tested with 0.78,
3.13, and 12.5 mM standards prepared with sodium sulfide (Na,S). Sulfur determinations by
ICP-OES were of lower quality, with error percentage + 45 % for 1 ppm and + 36 % for 10 ppm
standards.
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2.6. Ion Chromatography Analysis for Anions

Anions (sulfate and chloride) were analyzed for the Storrs” Lake 2012 and Maramec Spring 2010
water samples using a Dionex DX-120 Ion Chromatography (IC) Unit at VHG Labs
(Manchester, NH). Samples for anion analysis were filtered on site using the same disposable
0.45 pum cellulose acetate syringes and filters used for the cation ICP-OES samples. The IC
samples were not acidified, however. 100 mL of 1:100 diluted samples (diluted with 0.45 um
filtered, deionized water) were sent to the laboratory for analysis. The maximum error
percentage reported by VHG Labs for anion analysis was + 7.0 %. Analyzed anions included
fluoride, chloride, nitrate, phosphate, and sulfate. Minimum detection limits for chloride, nitrate,
sulfate, and phosphate are 0.05, 0.1, 0.01, and 0.2 ppm, respectively. Laboratory and field blanks
were run in addition to a 5 ppm reference standard. Measured values of the 5.0 ppm standard for
chloride, nitrate, phosphate, and sulfate are 4.44, 4.7, 4.8, and 4.6 ppm, respectively, thus all
analytical determinations were accurate to within 4 to11%. One sample duplicate was run to
determine the repeatability of measurements and precision was determined to be 3% or better.
Lab water and field water blanks were processed using American Society for Testing and
Materials Type I deionized water. Determined elemental concentrations for all blanks were
below the instrument detection limits.

2.7.  Saturation Index Modelling Using the PHREEQC Modelling Program

PHREEQ software program (United States Geological Survey, version 3.1.2.8538; Parkhurst and
Appelo, 3/3/2014) was used to compare analyzed water parameters to saturation index values.
These comparisons were made for the water concentrations at Storrs’ Lake, Maramec Spring,
and many of the laboratory experiments associated with this project. The output from PHREEQ
program gives the saturation index (SI) of various minerals based on the water chemistry and
temperature, as well as the minerals that may be expected to precipitate. The saturation index is
defined as the log of the ratio of the ion activity product of components in solution divided by the
equilibrium solubility product (K,,) of a respective mineral phase.

3. MINERAL AND ELEMENTAL ANALYSIS OF SOLID PHASES
3.1. X-Ray Diffraction (XRD) Analysis

X-Ray Diffraction (XRD) scans were conducted at a two-theta at a scan rate of 2.8° (2-theta; 20)
per minute, at 0.03 degree step intervals, using a PANalytical X'Pert Pro Multi-Purpose X-Ray
Diffractometer with a Cugq radiation source (wavelength of 1.54 A). The software program
used in the operation of the instrument determined semi-quantitative comparison of the relative
percentages among the minerals identified. The software automatically calculated the area of the
peaks observed for the different minerals and correlated the area to the relative percentage.
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Only minute volumes of particulate material were collected by filtration from Maramec Spring
water, thus the particulate material was scanned while still attached to the filter paper. Both the
unused sterile filter sheet (blanks) and the filtered Maramec Spring water samples were taped to
glass slides before XRD analysis. An analysis of the blank filter plus glass slide mount produced
a broad X-ray background centered at approximately 20° 20, but did not reveal any sharply
defined peaks that would indicate the presence of any crystalline compounds over the 26 scan
range used. Maramec Spring samples were scanned between 6 ° and 60° 26.

Powder X-Ray diffraction was also conducted to investigate the mineral composition of the
whole rock MCR samples. These samples were mechanically crushed using a stainless steel
“hockey-puck and ring” shaker box crusher for less than 30 seconds, and then sieved to collect
the < 64 um fraction. Samples were continuously crushed until all material passed through the
sieve. These samples were packed into press-mount circular aluminum disk holders and the
analyzed by XRD. The clay-sized fraction of minerals (<4 um) from the MCR samples was also
isolated from the sample matrix by water gravity separation technique and then analyzed by
XRD analysis. Each sample run was prepared by hand crushing using an agate mortar and pestle
to isolate approximately 25 g of the sample. The samples were then suspended in a glass beaker
with 100 mL of deionized water and decanted to collect the finer suspended fraction. A few
drops of sodium hexametaphosphate were added if the materials continued to settle too quickly.
The suspended materials were then carefully pipetted from the top portion of the solution and
placed on labeled, thermally resistant glass slides where they were left to dry overnight. XRD
scans were run on untreated sample slides, slides exposed to an ethylene glycol atmosphere for
12 or more hours (to expand smectite clays), and heat heated samples after a 300°C exposure for
one hour. Clay-mount XRD scans were made using the same PANalytical X'Pert Pro system
described previously, however, the scans were run only between 2 and 36°.

Microbialite carbonate sediment samples that were collected from Storrs’ Lake, as well as
sediment samples from Lake Estancia and Great Salt Plains were analyzed for their mineral
content using XRD analysis. These microbialite material was hand crushed to a fine powder with
a mortar and pestle, rinsed three times with deionized water to remove any soluble sea salts and
low density organic particles, then dried overnight in an oven at 55°C prior to analysis. Samples
included homogenized microbialites with equal mass sections collected from ~1 c¢m® partitioned
replicate sections from random positions within each of the four microbialite heads, and
individual samples collected from ~2 cm’ regions throughout the mounds from various areas in
samples. Spikes of an aragonite standard were added to one of the Storrs’ Lake samples to check
the accuracy on the XRD mineral percentage quantification program.
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3.2.  Optical Microscopy Analysis

An optical microscope (Nikon Eclipse 501 POL) capable of magnification of up to a 1000X,
fitted with a Nikon DS-Fil camera and operated by using a NIS-Elements D 3.2 image software
was used to visualize particulate material collected from Storrs’ Lake and Maramec Spring water
samples. The hypersaline water samples from Storrs’ Lake was centrifuged at 2,000 rpm and the
residue was rinsed with deionized water with a centrifugation step each time to dilute the salt
content. After the final rinse, a drop of the solution was placed on a clean microscope slide, a
cover slip added on to the top of the solution, and the microorganisms were viewed under the
microscope. The Maramec Spring particulate samples were collected by both centrifugation and
filtration onto 0.45 and 0.22 um cellulose acetate filter paper.

The microbialite mound samples from Storrs’ Lake were also mounted in epoxy, cut, and
polished smooth down to a 0.3 pm finish using alumina and diamond paste compounds. These
samples were examined using a 126-X Nikon binocular reflected light microscope to examine
fine scale layering features of the microbialite mounds.

The MCR samples were investigated for mineral composition, porosity, and textural maturity
(roundness) using a petrographic Nikon 2000 polarized microscope. Selected sections of each
sample were trimmed with a diamond wafer saw using deionized water as a lubricant, and then
sent to National Petrographic Services, Inc. in Houston for thin section mounting and staining.
The stain for the samples included alizarin red-S to test for calcite, sodium cobalt nitrite for
detection of potassium feldspar, and staining with barium chloride and rhodizonate to detect
plagioclase feldspar. The thin sectioned samples were point counted while viewing under the
microscope to examine between 270 to 300 point counts per thin section as a minimum statistical
satisfaction of point counting (Dickinson, 1985; Dickinson, 1970). The spacing between any
successive points was set to one mm to avoid repeating more than one count on a single grain.
The matrix and clay mineralogy was also investigated both petrographically and by using the
XRD technique described previously. The quantitative porosity analysis used a blue epoxy that
was impregnated into the samples before polishing.

3.3. Scanning Electron Microscopy—Energy Dispersive Spectroscopy Analysis (SEM-EDS)

Solid samples from all facets of the biomineralization, MCR, and Maramec Spring studies were
examined using either a Hitachi S4700 SEM or Helios Nanolab 600 Focused Ion Beam Scanning
Electron Microscopy — Energy Dispersive Spectroscopy (SEM-EDS) instrument. Samples were
mounted on aluminum stubs using a carbon mounting adhesive and then coated with either a
charge dissipating carbon or Au-Pd coating. SEM-EDS analysis was conducted using an
accelerating voltage of 15 kV, and a working distance of 15 mm under vacuum. For energy
dispersive spectroscopy (EDS) the working distance was increased to 20 mm and all other
parameters remained constant.
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Solid microbialite samples from Storrs’ Lake were also imaged for their morphology and texture
as well as using the EDS tool to provide a semi-quantitative analysis of the percentage elemental
composition of the various phases analyzed. Samples were prepared by isolating material of
interest, rinsing with deionized water three times, and placing a portion of the material on top of
a clean copper tape pasted on an aluminum stub. The material was then coated with Au-Pd for
one to two minutes and the samples were analyzed for their crystal morphology, chemical
composition and mineral association.

Hydrated biogenic material like bacteria is normally unstable and will disintegrate under the high
vacuum conditions in the SEM, and hence biological samples have to be pre-treated for
stabilization. The preparation step began with initially storing the collected samples in 3%
glutaraldehyde, which serves as a primary fixing agent. The samples in the glutaraldehyde
solution were then added to a 0.45 um cellulose filter and allowed to dry at room temperature.
The sediments were further treated with a graded ethanol series (30%, 40%, 50%, 70%, 80%,
90%, 100% [twice]), with 5 minutes for each treatment. The samples were then rinsed with de-
ionized water. Following this step, the samples were subjected to critical point drying by soaking
them twice with hexamethyldisiloxane, with 5 minutes for each soak. The dried samples were
then sputter coated with Au-Pd and imaged with the SEM.

3.4. X-Ray Fluorescence (XRF) Analysis

X-Ray Fluorescence (XRF) analysis was used to determine the major element chemical
composition of the samples as oxide weight percent (Si0,, Al,O3, Fe;03, CaO, MgO, Na,O,
K,0, MnO, TiO,, and P,0s). The samples were crushed mechanically using the same technique
as previously described for the XRD whole rock samples. Approximately 20 g of the crushed
samples were sent to the ACME Analytical Laboratory in Vancouver, British Columbia for
analysis using their 4X group lithological analyses for the major element oxides. The accuracy
for XRF analysis was better than 6.3% for SiO,, Al2O3, Fe203, CaO, MgO, Nay0, K,0, MnO,
and TiO,. The accuracy for P,Os was a little lower at 8.3%. The calculated precision for the
analyzed samples was better than 0.2 % for all elements.

3.5. Digestion and Chemical Analysis of Solid Phase Samples

We conducted an elemental analysis on the digested pinnacle mound and plateau type
microbialites from Storrs’ Lake by ICP-OES in order to help identify the mineralogy of the
samples and to get a more precise understanding of the ratio of aragonite to calcite.
Approximately 0.25 g of each sample was rinsed with deionized water, dried overnight in an
oven at 55°C, weighed to 0.0001 gram accuracy, and then digested in a 10 mL volume solution
of 5% high-purity Ultrex HNOs. The digested solution was filtered through a 0.45 um cellulose
acetate syringe filter and then major and minor element cations (Ca, Mg and Sr) were determined
using a Perkin Elmer 2000 DV ICP-OES system. The digestions were performed on identical
sample splits from the second set of individual XRD analysis samples. Strontium is an important
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element with respect to evaluating carbonate mineral polymorph formation as it is preferentially
incorporated in the aragonite mineral structure over calcite (aragonite Kg.gr =1.13 versus calcite
Kg.sr = 0.045 to 0.14; Morse and Mackenzie, 1990). Thus, if strontium is present, its
concentration can be indirectly used to evaluate aragonite/calcite ratios. Conversely, Mg is often
enriched in the calcite phase, but not aragonite.

ICP-OES analyses were also conducted on the Maramec Spring particulate material to determine
its chemical composition. The remaining halves of the 0.45 pm and 0.22 um filters used for TSS
and XRD, respectively, were each placed in an ultrasonic cleaner for 30 minutes in 15 mL of a
5% ultra-pure HNO3 acid solution to remove the particulate material from the filter paper. The
filter papers were then re-dried and re-weighed on a four decimal precision balance to determine
the amount of material liberated from each filter. Approximately 3 mg of particulate material
was liberated from each filter. This particulate material was then further digested using ultra-pure
HNO3 diluted to produce a solution pH of 2 or less and analyzed on the ICP-OES. ICP-OES
analyses were also conducted on calcite vein material collected from the MCR samples and
centrifuged material collected from Maramec Spring to determine Ca/Mg ratios. Several isolated
grains were weighed, digested in a 5% ultra-pure HNOs acid solution, and analyzed by ICP-OES
analysis for each of the samples.

4, LABORATORY BIOMINERALIZATION REACTOR EXPERIMENTS
4.1. Microbialite Enrichment Cultures

Sediment samples from Lake Estancia and Great Salt Plains, and microbial mat samples from
Storrs” Lake were cultured in a sulfate-reducing enrichment media to enrich for bacteria capable
of performing sulfate reduction following the procedure of Kjeldsen et al. (2007). All five of the
different microbial mat samples collected from Storrs’ Lake were used to enrich for sulfate
reducing bacteria (SRB). The final pH of the medium before addition of the sediments was 7.3.
To test sulfate-reducing bacterial community enriched from the study sites, for their carbonate
mineral precipitation ability under varying CO; levels, small-scale reactors were employed. Two
types of reactors were basically used for this purpose and are described below.

4.2. Continuous — Flow Reactor Tests

A continuous reactor method was used for testing the carbonate mineral precipitation ability of
SRB community at 400 and 1200 ppm CO, concentrations. Sterilized screw-top Nalgene
polypropylene bottles, 150 ml, were used for this purpose. The bottles contained either quartz
sand (St. Peter Sandstone) or carbonate mudrock (Atlantic crushed coral, World Wide Imports,
FL) further crushed into particles <1 mm, as a substrate material that served for a three-fold
purpose: (i) to provide surface area for the bacteria to attach, (ii) to simulate interaction with two
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possible types of subsurface rock material, and (iii) to provide a template for possible carbonate
mineral precipitation. The quartz sand was pre-treated treated with 5% HCI solution for two to
three hours to remove any carbonate mineral phases. Carbonate mudrock (crushed carbonate
marine aquarium gravel) in the other test format provided Ca®" and COs* to the solution. The
quartz sand grains were rounded to sub-rounded with a fairly uniform size distribution (100-200
um), thereby allowing high porosity and permeability. The carbonate mudrock particles had a
wider size distribution (25 to 250 pm), but were generally finer than the quartz grains, and hence
more compacted with less pore space. The crystal morphology of the crushed carbonate mudrock
was a mixture of rugged, angular, rhombohedral, and sub-rounded grains.

The substrate material was topped with artificial seawater, prepared as described by Kester et al.
(1967). The final pH of the artificial seawater before addition of any other material was 8.01.
The composition of seawater was slightly modified to increase the total sulfate concentration
from 40 mM to 100 mM to provide the required sulfate for the SRB as used in the enrichment
medium. It is important to note the sulfate added as a salt of calcium, magnesium, or sodium,
would lead to an increase in the charge equivalent concentration of the respective cations.

The seawater media was sterilized by autoclaving. After addition of the media to the substrate
material, SRB enrichment cultures were added at 10% total volume. Filter-sterilized lactate, 20
mM, was finally amended as the carbon source. Control reactors with quartz sand, but without
inoculum were also tested. The reactors were placed in aquarium size tanks (40 cm x 15 cm x 12
cm) that were sealed gastight and supplied with a constant atmosphere of flowing CO; at a
concentration of either 400 ppm or 1200 ppm (Figure 8). The constant CO, atmosphere was
maintained by a CO, monitoring and controlling device (PPM-3 manufactured by C.A.P., Perris,
CA). Food grade CO; (Airgas, MO) from a pressurized gas cylinder was connected to the
reactors through a solenoid gas pressure regulator. All experiments were conducted in triplicate
under ambient room temperature conditions at ~22°C. Solution pH and redox potential (Eh) were
measured at regular intervals in the overlying water. Water samples were collected periodically
to measure the calcium and magnesium concentration by ICP-OES analysis.

Figure 8. Aquarium tanks used for the
continuous flow gas reactors. The solid and
liquid reactor components were added in to
Nalgene bottles and placed inside the
Plexiglas tanks. A CO; concentration of 400
or 1,200 ppm was maintained. Water samples
were collected through the top ports for
analysis.
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4.3. Batch Reactor Experiments

Batch reactors were set up in 20mL serum bottles to test for SRB activity under higher CO;
concentrations than the continuous reactors could use. Only the Lake Estancia enrichment
cultures were tested in this format. Two CO; headspace pressure conditions in the serum bottle
reactors were tested: (i) 14.7 psi (~1,500 ppm CO; in water), and (i1) ~20 psi (~2,000 ppm CO,
in water). It should be noted that the continuous-flow reactors were tested at atmospheric
pressures and hence the actual pCO; in those reactors much lower than that of the batch reactors.
Though the pCO; tested here are well below that planned to be injected in to an actual CO,
sequestration site, these experiments do provide a suitable platform to analyze SRB influence on
carbonate mineral precipitation. All serum bottle reactors (20 mL) were run in triplicate,
containing either quartz sand or crushed carbonate mudrock as the substrate. In a separate batch
of experiments, different electron donors (hydrogen, formate, lactate and acetate) were also
tested in batch reactor mode to determine the effect of the different electron donors on carbonate
mineral precipitation. The electron donors also served as the carbon sources, except in the case
of hydrogen, where the gas phase serves only as the electron donor and the added CO; is the only
potential source for the carbon required by the bacteria. In the reactors tested for optimal electron
donor, only quartz sand was used as substrate. The synthetic seawater used for batch reactors
was made anaerobic by boiling, followed by allowing the solution to come to room temperature
under a stream of nitrogen gas, and distributing the solution into the serum bottle reactors inside
an anaerobic glove bag that had a 90% N, and 10% H; environment. Each of the bottles were
capped with a rubber stopper and crimped with an aluminum seal to make the reactors gastight.
After sealing, the bottles were sterilized in an autoclave at 121°C for 20 minutes. After the
reactor bottles cooled to room temperature, filter-sterilized, organic electron donors were added
to achieve final concentrations of 20 mM in each. Reactors with hydrogen gas were injected with
a 10% Haz: 90% N3 gas mix, through a sterile syringe needle to a constant headspace pressure of
~14.7 or ~20 psi. The hydrogen gas was added along with the CO; so that constant headspace
pressure was maintained with equal components of all the gases. The headspace gas in the bottles
was exchanged with two alternating cycles of vacuum and nitrogen, followed by a third vacuum
run. After this, CO, gas was introduced to the reactors till the respective pressures were reached.
The total liquid volume after addition of all the components was 10 mL.

Three types of control reactors were run with the 1,500 ppm reactors: (i) reactors with no
bacterial culture or electron donor (control), (i1) a blank reactor containing only the synthetic
seawater (blank), and (ii1) a reactor with all components added including the bacterial inoculum,
but sterilized (killed control) to determine if the presence of non-viable cells would influence the
precipitation process. Care was taken to sample only the liquid portion by gently inverting the
serum bottles and collecting the water through a sterilized needle. Similar to the continuous
reactors, pH, Eh, calcium and magnesium concentrations were measured from the collected
water samples, but only at days 1 and 10. Additionally, sulfide concentrations in the overlying
seawater media during both time intervals were measured following a colorimetric CuSQOy4
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method (Cord-Ruwisch, 1985), by using a Genesys 20 spectrophotometer (Thermo Fisher
Scientific Inc., Rochester, NY, USA).

The bottom sediment substrate material from serum bottle reactors with quartz sand was
analyzed for the production of carbonate minerals. The substrate was collected with a sterile
spatula and gently rinsed with deionized water. A portion of the rinsed sediments were added to
a microscope slide, then hydrochloric acid (10%) was added while samples were observed under
an optical microscope to check for effervescence due to CO; release from carbonate minerals.
Sediments from reactors that tested positive for CO; effervescence were selected for
investigating the mineral morphology and elemental composition using more detailed SEM-EDS
analysis. In some cases, the sediments were filtered with a 0.45 um cellulose acetate filter that
was then attached to an aluminum stub and viewed under SEM while attached to the filter. If
the first vessel of the triplicate set did not reveal the presence of carbonate mineral, then the
remaining two reactors were allowed to proceed for a longer time (up to 60 days) and the
sediments were examined again at the end of the extended reaction period. Reactors with the
carbonate mudrock substrate were not chosen for HCl immersion tests as the carbonate substrate
would interfere with the detection of any newly precipitated carbonate minerals.

4.4. Carbon Isotope Analysis in Batch Reactor Experiments

A limited number of biomineralization triplicate batch reactor experiments were run with an
isotopically labelled *CO, gas source. Tracking the source of carbon for the carbonate minerals
is important because if the carbon is only derived from the organic material, then no net
precipitation of the CO, gas phase will occur. This isotopically labeled gas source (Sigma-
Aldrich, St.Louis, MO) contained 99.9% *CO, and was supplied at a ~14.7 psi headspace
pressure (concentration of 1,500 ppm) after a series of vacuum and nitrogen gas exchanges.
Lactate, formate, hydrogen and acetate were used as electron donors with only quartz sand as the
substrate. The extent of mineral sequestration accomplished through the activity of SRB can be
determined by positively identifying the carbon source and by quantifying the amount of the
labeled isotopic carbon that was incorporated in any precipitated carbonate minerals. The
synthetic seawater used for batch reactors was made anaerobic and CO; free as described
previously and distributing the solution into the serum bottle reactors inside an anaerobic glove
bag. Any minerals that were produced in these reactors at the end of the reaction period (10
days) were isolated along with the quartz sand. Both NaHCOs, another possible carbonate source
that was used to prepare the artificial seawater media was analyzed to obtain its 5"°C value.
Sodium acetate and sodium formate, two of the electron donors tested in the reactors were also
analyzed for their "°C isotopic signature. Sodium lactate was available only as a liquid form and
hence was not analyzed.

All sediments were rinsed three times in deionized water, flushed with air for five minutes, and
then analyzed for their 8"°C values. The carbonate minerals produced were carefully portioned
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off from the quartz sand substrate while viewing under an optical microscope. In certain
instances, small amount of quartz sand was included, especially when the carbonate material
appeared to be coating the quartz grains. In samples that had no visible carbonate mineral
precipitation (determined either through the addition of a 10% HCI treatment or microscopic
observation), the quartz sand substrate was directly analyzed. The samples for use in elemental
analyzer were weighed in a small capsule made of aluminum foil. The capsule with the weighed
sample was then compressed into smaller cubes by using a pair of tweezers to remove any
external air that could have been trapped in it.

Stable isotope data were measured by two methods, 1) by using either a Thermo FinneganTM
Delta Plus mass spectrometer operated in dual inlet mode with an on-line automated carbonate
reaction Kiel III device, or 2) with a Thermo FinneganTM Delta Plus XL operated in continuous
flow mode with an online automated Carlo-Erba 1500 elemental analyzer. The Kiel device
follows a standard phosphoric acid digestion procedure, where the carbonate material was
digested with the acid and the evolved CO; gas was measured (Swart et al., 1991; Hoefs, 2009).
With the elemental analyzer, the material was combusted under oxygen and high temperature,
and the evolved CO; gas was measured. Both instruments measured CO, gas (masses 44, 45, 46)
liberated from the samples, following which, the *COy**CO; ratios and **C0O»/**CO; ratios were
calculated. The *CO,*CO; ratio is mostly *CO,/"*CO,, but also may also include some
2¢cl7010/ 12COZ. The instruments also measured the *0 and 70 values and used these
measurements to correct for the 1’0 by using the **C0O,/*'CO; ratios (*C'*0'°0/**C0O,).

The 8"°C values were calculated according to the formula given below:

613C: (13C/12Csam le_— 13C/12C VPDB sta_ndard) X l,OOO ......................... (1)
(*C/™*C vpDB standard) 1

The *CO, values (used to calculate §"°C) determined by the elemental analyzer combustion
method measured the ‘total carbon’, as opposed to the Kiel device for which, only the carbon in
the carbonate minerals was measured (CO; released from phosphoric acid treatment). The
elemental analyzer was better at analyzing higher concentrations of the heavier isotope than the
Kiel device, as the latter did not perform well when the ">C levels were high. Since the carbon
isotopic composition in the carbonate minerals was the major focus of this experiment, it was
important to verify that both instruments analyzed CO; evolved only from the carbonate
minerals. Although samples were rinsed thoroughly with deionized to remove most low-density
organics and bacterial material, further examination was required to verify the material being
analyzed. To achieve this goal, three samples with large values of *C were analyzed with both
instruments. Each device quantified the isotopic values from the voltage generated from the
evolved gas, and it was possible to manually correct for voltages obtained from the Kiel analysis.
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This correction was necessary to relate the ratio of °C to '“C obtained from the Kiel to that of
the elemental analyzer. Comparing the values obtained from both instruments, a maximum
variation of £10% was observed. This comparison indicates that the majority of *C analyzed
was indeed from the carbonate minerals, and any influence from any remnant organic material or
bacteria was not large enough to substantially affect the '>C values any more than the random
precision associated with each instrument as discussed below.

Data obtained from the isotope analyses were reported relative to the Vienna PeeDee Belemnite
(VPDB) standard. Data are expressed as per mil deviations on the VPDB. Replicate
measurements of National Bureau of Standards-19 (NBS-19) and acetanilide for each approach
yielded an external (instrumental) precision < 0.1%o for 8"°C, but this value is only appropriate
for samples where the relative abundance of °C is comparable to that of the standard (~1.1%).
The *C/"*C of the NBS-19 carbonate is 1.00195 times that of VPDB. Because the precipitated
CaCO; minerals in the labeled isotopic experiments had ">C abundances of ~50%, precision can
be better estimated by comparison among analyses from replicate samples. Coefficients of
variation from measurements of replicates run on consecutive days or on the same day were
better than 12%, and generally better than 5% (i.e. £ 3,000 to 7,000 %o) for samples with
measured 8"°C values of ~ +26,000 to 60,000 %o.

The method employed to calculate percentage *C from the CaCOs was used by Mitchell et al.
(2010), and the finalized solution is shown in equation 2. In natural systems, it is common for
carbonates to have ~ 1.11 atomic % "*C (Hoefs, 2009). Any differences within these values occur
mostly in the 2™ or 3™ decimal places (< 10 per mil). A carbonate mineral having a *C value of
1000 %o would be 100% enriched over the natural abundance of *C, or would have twice the
natural abundance. It could then be said that a + 1000 %o carbonate has about 2.2 atom % °C,
and by extension, a + 2000 %o sample has about 3.3 atom % "C, a + 9000 %o sample has about
11.0 atom % "C, and so on. Simplifying this concept, we arrive at the following equation to
calculate atomic % C in precipitated CaCOs:

[(8C/1000) X 117+ 110l ()

S. CO; GAS FLUX EXPERIMENTS

The CO; flux measurements were made in the Maramec Spring system water using a portable
LI-COR Model LI-8100 gas flux meter and are referenced relative to atmospheric CO; as the
standard. The CO; gas is collected by immersing the open end of a PVC pipe into the water and
attaching the opposite end to the sealed LI-COR gas flux meter. All gas flow is subsequently
directed across the meter for analysis.
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6. HIGH- PRESSURE- TEMPERATURE CORROSION EXPERIMENTS

The high pressure temperature (HPT) experiments were used to mimic potential underground
repository conditions in a CO; repository where acidified waters produced by gas injection react
with a host rock material. Chemical weathering is accelerated under these conditions. The
geothermal gradient at the Texaco Poersch #1 well was 19°C/km (Anderson, 1990). The
temperature at the top of Units E (7,020"), D (10,510"), and C (14,980") would be expected to be
approximately 41, 61, and 87°C, respectively, within the range of the present set of experiments.
The kinetic dissolution rate of silicate minerals generally increases with temperature (Langmuir,
1997), thus the 90°C used in the tests will also accelerate silicate reactions so that longer-term
trends can be observed in relatively short term experiments. These higher temperature mineral
reactions are also likely valid for any potential repository horizons at lower temperatures as well
because the observed alteration mineral sequence at 90°C is the same as those found in natural
weathering profiles. Higher temperatures commonly accelerate mineral weathering reactions
with alteration rates expected to double for every 10°C rise in temperature (White, 2013).

Rock or mineral samples were prepared for testing by slicing samples into one to two millimeter
thick by one centimeter diameter monoliths on a diamond wafer saw using deionized water as a
lubricant. The samples were then polished to a uniform 600 grit finish using Si-carbide paper
and water again as a lubricant. The solids were then ultrasonically cleaned in deionized water,
dried in an oven at 105°C, cooled in a desiccator, weighed, and measured, geometrically for the
surface area.

Stainless steel Parr™ 4749 general purpose reaction vessels with inner 23ml-Teflon liners were
used in the HTP corrosion experiments (Figure 9). The vessels were cleaned in nitric acid and
rinsed in deionized water prior to use. Approximately 2-3 g of dry ice was added to a preweighed
Teflon-lined vessel which was then hermetically sealed and placed in an oven at 90°C for three
days to saturate the inner pore surfaces with CO,. The vessels were then cooled, opened, and
reloaded with reactants (dry ice, 10 milliliters of deionized water, and a wafered sample), then
hermetically sealed again, reweighed and again placed in the oven at 50 or 90°C to initiate the
experiments. The weight loss of the assembled HTP vessel and contents were monitored
periodically, and the experiments were terminated once that weight loss reached one gram or the
desired test length had been reached. Tests were terminated by cooling and opening the vessels.
Both the pH and Eh were immediately measured using a one milliliter aliquot of water that was
transferred to a small plastic vial. Immediate analysis was required because the vessel fluids will
actively loose CO; once the confining pressure applied by the test vessel was removed. The
remaining fluid in the Teflon vessels was then filtered by using a 10 ml Nalgene syringe to inject
the fluid through a 0.45-um Nalgene cellulose acetate filter into a pre-cleaned 30-ml Nalgene
bottle. The filtered solution was then acidified with high-purity nitric acid to dissolve any
colloidal particles and to prevent mineral precipitation. Fluids were then analyzed by ICP-OES
analysis for dissolved elemental contents.
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Figure 9. ParrTM 4749 general purpose vessel with Teflon liner.

An actual geologic disposal scenario for CO; in the United States will required the waste gasses
to be injected into a saline aquifer system that is too saline to be used for a drinking water supply
(>10,000 mg/liter TDS). The HPT experiments used deionized water rather than a brine leachant
for the following reasons: 1) The tests were being conducted in a non-site specific fashion, thus
the potential aquifer chemistry was not known. 2) The experiments were conducted to allow the
chemical composition of rocks to dominate the water composition, which happens in natural
aquifers. 3) high concentrations of brine components will limit the accuracy of the ICP-OES
analytical method as analyzing such solutions would require a high dilution ratios. High brine
concentrations tend to mask the release of rock components during testing. There is not a
representative data set for water samples collected from the deeper Oronto Group sediments as
deeply buried segments of the MCR are not normally used as a source for drinking water
(Thorleifson, 2008). The chemical composition of shallower underground waters of the MCR
were evaluated from 66 wells that had penetrated through the Cambrian-aged Mt. Simon and
MCR Hinckley Aquifers by Lively et al. (1992). This compilation indicates an average Ca
concentration of 71 ppm with maximum value of 526 ppm. The Mg concentration averaged 27
ppm with a maximum value of 240 ppm. Sodium averaged 66 ppm with 1870 ppm as the
maximum. All other major elements were present in concentrations at <10 ppm average
compositions. The total dissolved solids were 7,471 mg/kg maximum, which would classify the
water as being brackish but below the threshold for a waste injection well.
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The partial pressure of CO;in the experimental vessels (pCO; in bars) was calculated from the
equation:

gas —

Concentration of gas
< ) X pressure (bar)
Total volume of gases

The pressure was measured using a Parr' 4848 reactor controller for the same proportional
amounts solid, water, and dry ice that used in Parr' 4749 general purpose reactors. The total
measured pressure from the Parr' ™ 4848 reactor controller were ranged between 69 and 71 bars.
The partial pressure of the O, was 14.7 bars using the atmospheric concentration of Oz at 21%.
The pressures of the reactor were controlled by the conversion of the CO; solid added to the
vessels into a gaseous phases. Giammar et al. (2005) estimated the free CO; gaseous phase from
this equation:

Myater Myock
Meo = | Vreactor — - X Pco (P, T)
2(free) ( Pwater (P,T) Prock z

. . . . . 3
Where m is mass in gram, V is volume, and p is density in g/cm’.

The volume of the reactor is 23 cm® and the mass of water added was 10 cm’. The densities of
the CO; and H,O at 90°C were measured using the online conversion site
http://www.peacesoftware.de/einigewerte/einigewerte e.html. The density of the low porosity
rocks were assigned at 2.8 g/cm’, and 2.0 g/cm’ for the high porosity sedimentary rocks (e.g.,
BAY3). The dissolved phases of CO; were measured using the equations of Duan and Sun
(2003), which are available as online conversion at http://calc.kl-edi.ac.cn/Pages/Solubility.aspx
webpage.

7. CORE FLOODING EXPERIMENTS

Each core sample was prepared for the core flooding experiments with an approximately one
inch diameter (r) and 2 inch length (L) core using a diamond core drilling bit with 1.1 inch (2.8
cm) inside diameter and water as a lubricant. The total volume of the samples (Vt) was
determined from the equation [Vt == * r* * L]. The samples were dried at 45°C overnight and
then weighed to the nearest 0.01 g to determine the dry weight (Wd). The samples were
vacuumed, flooded with deionized water, and then weighted to determine their saturated weight
(Ws). Then @ (porosity) was estimated from the formula:

® = [(Ws-Wd)/V]*10

A core flooding system was prepared (Figure 10) according to the methodology presented by
Wellman et al. (2003). An artificial leachant solution of pH 3.7-3.8 (close to the pH of deionized
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water saturated with CO; at atmospheric pressure) was prepared from using analytical grade
nitric acid. Sample cores were cut to lengths of between 0.55 to 1.25 inches (1.4 to 3.2 cm)
depending on the expected porosity (high porosity sample were cut to greater lengths). The
samples were sealed to the external Acrylic core tube using a viscous and water insoluble epoxy
along with a rubber ring to prevent any preferential leakage between the rock sample and the
Acrylic tube wall housing the sample. The fluid pump and the tubing were washed with DIW to
reduce the contamination from NaCl brine, which often adheres to the test vessel components
from previous runs. The core holder could tolerate a maximum pressure of 500 psi. Samples for
core flooding tests were selected to represent a wide array of rock types ranging from high
porosity and low calcite cement (e.g., BAY2, 22.1% porosity and 0% calcite), moderate porosity
and high calcite cement (e.g., KEW3-1, 8.9% porosity and 10.0% calcite), low porosity and high
calcite cement (e.g., KEW-1, 1% porosity and 15.9% calcite) and low porosity and low calcite
cement POT8 (both <1% porosity, 0% calcite).

Acrylic tube

y

Core Holder

il

Rubber rihg

Epdxy filling

\/ Fluid Pump

pp— Core Holder

Effluent Water

Figure 10. Photograph and schematic diagram for the core flooding experiment test
apparatus.
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The initial permeability was compared with the final to determine whether or not flooding with
the acidified fluids had any effect on the sample properties. The initial and final permeability
was also estimated by continuously evaluating the backpressure on the system. Non-steady flow
represented either a pressure decrease resulting from the widening of the pore openings (e.g.,
calcite pore cement dissolution or pressure induced fracturing) or a pressure increase through the
blockage of the pore space by migrating particles that block the narrow restricted pores.

Solution samples were collected from the syringe pump along with a wash sample to check for
background contamination (especially sodium). The effluent fluid was periodically analyzed for
pH and alkalinity, as well as collecting samples for ICP-OES analysis of cations. A final sample
was also collected from the core holder tube, just above the sample, to determine the actual
chemical composition of the leachant fluid prior to its passing through the core sample at the end
of the experimental run (influent).

8. RELATIVE RATES OF MINERAL WEATHERING — GOLDICH REACTIONS

A suite of single mineral samples and a few rock samples were tested by immersion in a nitric
acid leachant solution prepared to a pH of approximately 3.78 (1.66 x 10 M). Solutions at pH
of 3.78 represent both the minimum value expected in organic-acidic soils and the pH following
saturation of deionized water with a pure CO; gas at atmospheric pressure. These experiments
were used to simulate the effect of carbonic acid exposure on mineral dissolution rates, the nitric
acid was used rather than carbonic acid to allow pH measurements to be made without allowing
the acid component to volatilize and transfer into a gas phase. Nitric acid also is stronger than
carbonic and more fully dissociates to release H' ions into solution for reaction. Large and rapid
increases in pH are an indication of rapid chemical reactivity as the exchange of 7H' <M,
where M corresponds to any metal cation (e.g., Na™ K*, Ca®", Mg®", Fe* etc.). Minerals that
react more rapidly with acids promote carbonate mineral formation more rapidly because they
have a greater buffering capacity for neutralizing acids and they will also release Ca*", Mg*" and
Fe" ions that can complex with CO5” to form carbonate mineral phases (e.g., CaCOs, MgCOs3,
CaMg(CO3)2, FGCO3).

The mineral samples were prepared by crushing followed by sieving to collect the -200 mesh
sized fraction (<74 um). A 0.20 gram batch of each powdered sample was added into a
precleaned 250 ml polyethylene vial to which, 200 ml of HNOs3 solution was added. Experiments
were conducted at a room temperature in closed vials, however, the atmosphere above the test
solution in the vials was periodically replenished with fresh air each time the vessels were
opened and pH measurements were made. Solution readings for the first pH sample were taken
following two hours of exposure, and then readings were repeated, after approximately doubling
the length of time for the previous reactions up to the point where pH readings were taken
approximately one month apart. The pH meters used in the testing were routinely calibrated with
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standards to ensure that accurate and repeatable pH measurements were being made. Samples
reacted include the following groups:

a) A series of nine mineral end members similar to those used in Sam Goldich’s 1938
classic study on natural weathering rates of minerals including: forsterite Mg-rich olivine,
pyroxene-augite, amphibole-hornblende, two orthoclase feldspars, quartz, and plagioclase
feldspar (three feldspars representing a nearly pure NaAlSizOg albite phase, Na-rich
oligoclase, and Ca-rich bytownite).

b) Eight clay minerals representing a potential range of matrix materials present in
sedimentary rocks or those formed from the alteration of aluminosilicate minerals. Seven
of these were obtained from “Source Clay Minerals Repository” standards and include:
Na-montmorillonite (Wyoming bentonite), Ca-montmorillonite (STX-1), nontronite
H33a), hectorite (H34), kaolinite “well-crystallized” (KGa-1), kaolinite “poorly
crystallized” (KGa-2), and illite (IMT-1). The eighth clay mineral tested, glauconite, was
obtained from the mineral collections at Missouri S&T.

¢) A suite of three minerals that are often found as cementing materials in sandstones
(calcite, hematite, plus the previously mentioned quartz), chlorite (often found as a matrix
or cementing material in low-grade metamorphic rocks including the MCR), and epidote
(often found as a hydrothermal alteration phase in the MCR.

d) Two rock samples from the Midcontinent Rift sequence; Hematite cemented Jacobsville
Sandstone from Alger County Michigan and Portage Lake Volcanic basalt from
Bessemer, Wisconsin.

e) Two additional “blank tests”, with 200 ml HNO; but no mineral or rock samples were run
as controls.

9. DNA EXTRACTION AND 16S rRNA GENE ANALYSIS

To determine the microbial community composition of the microbialites in Storrs’ Lake, Great
Salt Plains, and Lake Estancia, a barcoded 16S rRNA gene analysis was performed in triplicate
using a barcoded pyrosequencing approach developed by Genomic DNA (UltraClean™ Soil
DNA Isolation Kit, MoBio Laboratories, Carlsbad, CA, USA). The Storrs’ Lake samples
included from four microbial mats associated with the calcareous knobs, plateau, mushroom and
pinnacle mound microbialites, as well as a fifth sample representing the cheesecake microbial
mat. All sediments were aseptically portioned from the top few layers of the core collected from
both these environments. The sediments from the cores of microbialites were portioned from
samples stored at room temperature in the dark for nine to ten months, by using sterile spatulas.
DNA was also extracted from enrichment cultures (triplicates) obtained from Lake Estancia
sediments that were sub-cultured for at least over six generations. The DNA samples obtained
from the triplicate extractions from each sample were combined together separately according to
the sample type. A total of eight DNA samples were then subjected to analysis by sequencing
(five microbial mats from Storrs’ Lake, two sediments each from Lake Estancia and Great Salt
Plains, and one SRB enrichment sample developed from Lake Estancia). The extracted DNA,
from the different sources, was shipped to MoGene, LC (St. Louis, MO, USA) for further
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analysis using a Quant-iT Picogreen dsDNA Assay kit (Invitrogen, Carlsbad, CA) and PCR-
amplified by using barcoded primers targeting the V1-V3 region of the 16S rRNA gene. The
bacterial primers used were the 27-Forward AGRGTTTGATCMTGGCTCAG (Weisburg et al.,
1991) and 518-Reverse CGTATTACCGCGGCTGCTGG (Muyzer et al., 1993). The primers
incorporated the Titanium Lib-A adaptor sequences and barcode sequences specific for the
individual samples.

The polymerase chain reaction (PCR) mixture included 1X Master mix (MOLZYM Mastermix
16S Basic, Molzym, Bremen, Germany), 0.2 uM each of the MID forward and reverse primers,
0.51 U Taq DNA polymerase (MolTaq, Molzym), 30 ng of the template DNA, and DNA-free
water for a final volume of 25 uL. Conditions for PCR were 96°C for 5 min, 25 cycles of 95°C
for 10 sec, 56°C for 30 sec and 72°C for 30 sec, followed by a single cycle of 72°C for 5 min.
The amplicons were then purified with a 1.8% agarose gel purification run (QIAquick Gel
Extraction kit, Qiagen, Chatsworth, CA). The purified amplicons were examined with an Agilent
Bioanalyzer DNA 7500 (Agilent, Santa Clara, CA) to determine concentration and assess the
size of the products. The amplicon libraries were normalized, pooled and then pyrosequenced
with Titanium chemistry (454 GS-FLX, Roche, Branford, CT, USA).

The bioinformatics software program QIIME was used for processing, cluster analysis, and
classification of the raw sequences (Caporaso et al., 2010). High quality reads were separated
based on the multiplex identifier and analyzed for phylogenetic origin by comparison to
reference database Greengenes (DeSantis et al., 2006). The ChimerSlayer program available in
QIIME was used to perform Chimera check. Community analysis and comparison of the mat
types were performed phylogenetically by using Unifrac jackknifed environmental clustering
that compare distances between communities (Lozupone & Knight, 2005). QIIME was also used
to calculate the alpha diversity index parameters, such as Chaol, Shannon and observed species.
The program randomly generated a subset of sequences (termed ‘equalized’), and 10 iterations
were run for each diversity indices. The sequencing reads obtained from Storrs’ Lake were
submitted to NCBI sequencing read archive (SRA) with accession number SRP031628.

REFERENCES

Allen, B.D. and Anderson, R.Y., 2000, A continuous, high-resolution record of late Pleistocene
climate variability from the Estancia basin, New Mexico. Geological Society of America
Bulletin, v. 112, p. 1444-1458.

Anderson, R R, 1990, Review of the Precambrian geologic history of the central United States
and the Midcontinent Rift system: in The Amoco M.G. Eischeid #1 deep petroleum test
Carroll County, lowa, Preliminary Investigations, Special Report Series #2, (R R.
Anderson ed.) lowa Department of Natural Resources, p. 1-25.

29



Caporaso, J.G., Kuczynski, J., Stombaugh, J., Bittinger, K., Bushman, F.D., Costello, EK.,
Fierer, N, Pena, A.G., Goodrich, J K. and Gordon, J.1., 2010, QIIME allows analysis of
high-throughput community sequencing data. Nature Methods, v. 7, p. 335-336.

Cord-Ruwisch, R., 1985, A quick method for the determination of dissolved and precipitated
sulfides in cultures of sulfate-reducing bacteria. Journal of Microbiology and Methods, v.
4, p. 33-36.

DeSantis, T.Z., Hugenholtz, P., Larsen, N., Rojas, M., Brodie, E.L., Keller, K., Huber, T,
Dalevi, D., Hu, P. and Andersen, G.L., 2006, Greengenes, a chimera-checked 16S rRNA
gene database and workbench compatible with ARB, Applied and Environmental
Microbiology, v. 72, p. 5069-5072.

Dickinson, W.R., 1970, Interpreting detrital modes of graywacke and arkose: Journal of
Sedimentary Research, v. 40, p. 695-707.

Dickinson, W.R., 1985, Interpreting Provenance Relations from Detrital Modes of Sandstones, in
Zufta, G.G,, ed., Provenance of Arenites, v. 148, Springer Netherlands, p. 333-361.

Duan, Z H. and Sun, R., 2003, An improved model calculating CO, solubility in pure water and
aqueous NaCl solutions from 273 to 533 K and from 0 to 2000 bar, Chemical Geology, v.
193, p. 253-271.

Giammar, D E., Bruant Jr, R.G. and Peters, C.A., 2005, Forsterite dissolution and magnesite
precipitation at conditions relevant for deep saline aquifer storage and sequestration of
carbon dioxide, Chemical Geology, v. 217, p. 257-276.

Goldich, S.S., 1938, A study in Rock Weathering. Journal of Geology, v. 46, p. 17-58.

Hoefs, J., 2009, Stable Isotope Geochemistry, 6th ed. Springer, Berlin, Heidelberg.

Kester, D.R., Duedall, LW, Connors, D.N. and Pytkowicz, R M., 1967, Preparation of artificial
seawater, Limnology and Oceanography, v. 12, p. 176-179.

Kjeldsen, K.U., Loy, A., Jakobsen, T.F., Thomsen, T.R., Wagner, M. and Ingvorsen, K., 2007,
Diversity of sulfate-reducing bacteria from an extreme hypersaline sediment, Great Salt
Lake (Utah), FEMS Microbial Ecology, v. 60, p. 287-298.

Langmuir, D., 1997, Aaueous Environmental Geochemistry, Prentice Hall, New Jersey.

Laval, B., Cady, S.L., Pollack, J.C., McKay, C.P., Bird, J.S., Grotzinger, J.P., Ford, D.C. and
Bohm H R, 2000, Modern freshwater microbialite analogues for ancient dendritic reef
structures, Nature, v. 407, p. 626-629.

Lim, D.S., Laval, B.E., Slater, G., Antoniades, D., Forrest, A.L., Pike, W., Pieters, R., Saffari,
M., Reid, D., Schulze-Makuch, D., Andersen, D. and McKay, C.P., 2009, Limnology of
Pavilion Lake, BC, Canada-Characterization of a microbialite forming environment,
Fundamental and Applied Limnology Archiv fiir Hydrobiologie, v. 173, p. 329-351.

Lively, R., Jameson, R., Alexander, E. and Morey, G., 1992, Radium in the Mt. Simon-Hinckley
aquifer, east-central and southeastern Minnesota, Minnesota Geological Survey Information
Circular 36, 58 pp.

Lozupone, C. and Knight, R., 2005, UniFrac: a new phylogenetic method for comparing
microbial communities, Applied and Environmental Microbiology, v. 71, p. 8228-8235.

Mann, C.J. and Nelson, W.M., 1989, Microbialitic structures in Storr's Lake, San Salvador
Island, Bahama Islands, Palaios, v. 4, p. 287-293.

Mitchell, A.C., Dideriksen, K., Spangler, L. H., Cunningham, A B. and Gerlach, R., 2010,
Microbially enhanced carbon capture and storage by mineral-trapping and solubility-
trapping, Environmental Science and Technology v. 44, p. 5270-5276.

Morse, J.W. and Mackenzie, F.T., 1990, Geochemistry of Sedimentarv Carbonates, Elsevier.

30



Muyzer, G., De Waal, E.C. and Uitterlinden, A.G., 1993, Profiling of complex microbial
populations by denaturing gradient gel electrophoresis analysis of polymerase chain
reaction-amplified genes coding for 16S rRNA, Applied Environmental Microbiology, v.
59, p. 695-700.

Neumann, C., Bebout, B., McNeese, L., Paull, C. and Paerl, H., 1989, Modern stromatolites and
associated mats: San Salvador, Bahamas, in Proceedings of the Fourth Symposium on
The Geology of Bahamas (Mylroie J E., ed.), p. 243-254.

Nicholson, S.W _, Dicken, C.L., Foose, M.P., and Mueller, J.A L., 2004, Integrated Geologic Map
Databases for the United States: The Upper Midwest States, Minnesota, Wisconsin,
Michigan, lllinois, and Indiana, v. 1.1, US Geological Survey, Open Flie Report 2004-
1355, http://pubs.usgs.gov/of/2004/1355/.

PHREEQ software program (United States Geological Survey, version 3.1.2.8538; Parkhurst,
D.L. and Appelo, C.A.J. (3/3/2014).

Reed, J., 1982, Preliminary projections of the effects of chloride-control structures on the
Quaternary aquifer at Great Salt Plains, Oklahoma, U.S. Geological Survey Report #
WRI 80-120, 45 pp.

Swart, P. K., Burns, S.J. and Leder, J.J., 1991, Fractionation of the stable isotopes of oxygen and
carbon in carbon dioxide during the reaction of calcite with phosphoric acid as a function
of temperature and technique. Chemical Geology, Isotope Geosciences Section, v. 86, p.
89-96.

Szynkiewicz, A., Moore, C. H., Glamoclija, M. and Pratt, ..M., 2009, Sulfur isotope signatures
in gypsiferous sediments of the Estancia and Tularosa Basins as indicators of sulfate
sources, hydrological processes, and microbial activity. Geochimica et Cosmochimica
Acta, v. 73, p. 6162-6186.

Thorleifson, L.H., ed., 2008, Potential Capacity for Geologic Carbon Sequestration in the
Midcontinent Rift System in Minnesota, Minnesota Geological Survey Open File Report
OFR-08-01, 138 pp.

Weisburg, W.G., Barns, S. M., Pelletier, D.A., and Lane, D.J., 1991, 16S ribosomal DNA
amplification for phylogenetic study, Journal of Bacteriology, v. 173, p. 697-703.
Wellman, T.P., Grigg, R.B., McPherson, B.J., Svec, R K. and Lichtner, P.C., Evaluation of CO;-
brine-reservoir rock interaction with laboratory flow tests and reactive transport
modeling, Paper SPE 80228 in Proceedings International symposium on oilfield

chemistry 2003, Society of Petroleum Engineers, Houston, Texas.

White, W. M., 2013, Geochemistry. John Wiley & Sons.

31



SECTION III. INVESTIGATION OF CARBONATE MINETRAL
PRECIPITATION AT MARAMEC SPRING MISSOURI

1 INTRODUCTION

1.1 Maramec Spring Site and Sampling Locations

Maramec Spring is Missouri’s fifth largest cold-water spring. It is located in Phelps County,
Missouri, 11 km southeast of St. James. The water emanating from many springs in the Missouri
Ozarks region, although moderately clear, generally retains a milky blue-white color due to the
presence of fine-grained colloidal particles (Figure 1). This color is present under most water
flow conditions except during flood stages when enough additional particulate material is
incorporated in the water column to impart a brownish color and increase the overall water
turbidity. These springs are enriched in Ca and Mg, which are derived from the dissolution of
the largely dolomitic strata in the spring recharge area. While the precipitation of carbonate
minerals is common in many spring systems, especially in warm hydrothermal waters and cave
systems, the carbonate minerals typically occur as hardened substrates that deposits directly on
available surfaces. To the authors’ knowledge, no studies have ever been conducted to identify
the mineralogy of these suspended colloidal particles in this or any other spring system.

After the spring water upwells to the surface, it collects into an oval shaped pool with a surface
area of approximately 3100 m* (33,000 ft*; Figure 1). Water from the pool then bifurcates into
two major channels as it flows northward, with a third relatively small artificial concrete channel
that is used to raise trout from the park hatchery. The majority of the pool water, however, falls
over a rock dam in the central channel. The three branches eventually rejoin, bifurcate again,
and rejoin a final time again as the stream system travels in a series of flowing riffles and slow
flowing pool systems. This stream has not been assigned any formal name on the USGS 7.5
Maramec Spring topographic map, but is herein informally referred to as the Maramec Stream.
The entire course of the stream system travels ~1360 meters until Maramec Stream eventually
flows into and joins with the Meramec River.

All water and fine particulate material collected for this investigative study were obtained from
the Maramec Stream system at different intervals as it flows from its point of initial upwelling
from the subsurface to its termination to the south where it merges with the Meramec River
(Section II-Figure 2). The stream originates at the spring upwelling (sampling location #1;
Figure 1) and then is comprised of a series of falls (location #3) rapids (locations #6-8), shallow
riffles (location #4), and slow moving water pools (locations #2 and #5). These eight sampling
locations are ordered numerically from furthest upstream at the point of spring water upwelling
(location #1), to furthest downstream (location #8). Further details on these sampling locations
are given in Section II of this report. The trout water channel begins downstream of sampling
location #3 and recombines with the main channel upstream of location #4. Thus, sampling
locations #4-8 may be influenced by organic material from a concentrated fish population.
Notable, but relatively insignificant ephemeral spring seeps also enter the Maramec Stream
system downstream of sampling location #5 but are inconsequential with regards to the overall
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volume of water. Additional water may be added by springs that flow directly into Maramec
Stream sediments, but none are visible from the stream banks. Sampling location #9 is located on
the Meramec River above its point of confluence with Maramec Stream.

1.2 Regional Geology

The Gasconade and Eminence Formation dolomites (CaMg(COs3);) host many well developed
karst features (e.g., sinkholes, caves, springs, etc.) across central and southern Missouri,
including Maramec Spring (Orndorff et al., 2006). The Ordovician-aged Gasconade is on
average 100 meters (330 feet) thick, varies in color from light gray to buff, is generally finely
crystalline, and moderately to thickly bedded. The unit is unofficially broken into the “lower
Gasconade” and “upper Gasconade.” The lithological feature for this distinction is the
abundance of chert within the “lower Gasconade,” while the “upper Gasconade” is relatively
chert free. The Gasconade also contains one prominent sandstone member (Gunter Sandstone)
that marks the base of this unit and the contact between the underlying Eminence Formation
(Thompson, 1991). The Gunter Sandstone averages 10 meters (33 feet) in thickness, varies in
color from white to reddish-brown, is medium grained, and is thinly bedded with some minor
cross-bedding. It is generally a quartz-rich sandstone, but in some places it may grade into a
sandy dolomitic unit. The Gunter is often a major aquifer for water wells throughout Missouri
due to its higher permeability. The Cambrian-aged Eminence Formation is a light grey colored
cherty dolomite that is greater than 60 meters >200 feet) in thickness.

Figure 1. Photograph of Maramec Spring from sampling location #3 looking towards
location #1. A zone of gentile upwelling from the spring outflow is just visible in the far
end of the pool. The water outflow was low to moderate during this visit. Note the milky
blue-white color of the water due to light scattering from the colloidal particles.
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1.3 Hydrology of Maramec Spring and Stream System

Maramec Spring expels an average of 3.6 x 10° liters of water/day (9.6 x 10" gallons/day) from a
large open sub-vertical conduit that is collared in the Gasconade dolomite and transgresses
through at least the upper 30 meters (100 feet) of the underlying Eminence. The discharge ranges
from 1.6 to 31.1 m*/sec (56 to 1,100 ft'/sec), with an average discharge of 4.4 m’/sec (155 ft'/sec).
The recharge area of the spring is estimated to encompass 800 square km (310 square miles) to
the south and west of the spring (Unklesbay and Vineyard, 1992; Vandike, 1996). The spring
conduit has been entered and mapped by SCUBA divers over a distance of approximately 945
meters (1700 feet), and a depth of 58 meters (190 feet), but this survey of course investigated
only a minuscule portion of the underwater spring system that likely goes to greater depths.

The hydrology of Maramec Spring has been extensively studied by Vandike (1996) and
references cited therein. Much of the interest in the Maramec Spring system was in response to a
liquid fertilizer pipeline break that contaminated the waters with ammonia in November of 1981.
These studies were focused on an evaluation of water quality and hydrologic modeling
parameters (Vandike, 1985, 1996; Wicks and Hoke, 2000). The geochemical processes
occurring in the Maramec Spring system also were the focus of a MS thesis research at Missouri
University of Science and Technology, from which the new data for this current report is derived
(Rybacki, 2010).

1.4 Overview of Carbonate Precipitation Mechanisms

Calcium carbonate precipitation kinetics is of great importance to scientists and engineers.
Calcium carbonate precipitation from supersaturated solutions is known to reduce the
permeability and porosity in reservoir rocks, the efficiency of water softening devices, and clog
the piping of residential and commercial water systems utilizing hard water (Heydari, 2000).
The calcium concentration ([Ca ?]) in solution (Dove and Hochella, 1993), CO, loss (Dreybrodt
et al., 1997; Zhang and Grattoni, 1998), and solution pH (Wilson, 1975; Cohen and
McConnaughey, 2003) are considered to be the three dominant factors influencing calcium
carbonate precipitation. Groundwater usually contains dissolved CO; in quantities 10 to 100
times greater than atmospheric levels, especially for water transgressing through carbonate strata
(Lebron and Suarez, 1996). In experimental studies, a decrease in solution pH is commonly
observed during the experimental crystallization of calcium carbonate. This pH change is
attributed to the loss of CO; from the system (Reddy and Nancollas, 1971; Lakshtanov and
Stipp, 2010). Theoretically, one mole of CO; should be removed (as COs*” for every mole of
calcium carbonate precipitated (Zhang and Grattoni, 1998). Since pH can easily be measured in
situ, many researchers use pH as a proxy to estimate for the amount of calcium carbonate
precipitated from solution.

Several studies propose that the degree of calcium supersaturation in solution, with respect to
calcite, is the dominant factor influencing calcium carbonate crystallization in aqueous systems
(Kamkha et al., 1989; Dove and Hochella, 1993; Gémez-Morales et al., 1996a; Teng et al., 2000,
Dickinson et al., 2002; Lakshtanov and Stipp, 2010). In this scenario conductivity can be used as
a proxy, in addition to pH, to measure the relative change in [Ca™] over time. Gomez-Morales
et al. (1996b) were able to measure induction times using pH and [Ca ], but found [Ca ] was
not as sensitive an indicator to the induction of calcite crystallization as was pH.
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Laboratory crystallization experiments can produce all three polymorphs of calcium carbonate
(i.e. calcite, aragonite, and vaterite), though the most commonly occurring polymorph is calcite
(Reddy and Nancollas, 1976). Swinney et al. (1982) experimentally determined that hard waters
are softened more efficiently by the precipitation of rhombohedral calcite rather than by
aragonite; vaterite was never observed. This is attributed to the variation in crystal habits
between calcite and aragonite, i.e. the aragonite crystals take up more space reducing the
efficiency of the water softener. Vaterite was only observed precipitating in unseeded

supersaturated solutions where concentrations were extremely high (Gomez-Morales et al .,
1996a).

Not only are the rates of precipitation of all the polymorphs of calcium carbonate important, but
so are the transformation rates from one polymorph to another. Polymorphic transformations are
believed to occur by the dissolution of the parent phase(s), aragonite or vaterite, and the growth
of the more stable phase, generally calcite (Ogino et al., 1990). Calcite growth is also believed
to be the rate limiting step in the polymorphic transformation, and not the dissolution of the less
sta+ble polymorph. Transformation rates between all polymorphs are slowed in the presence of
Li.

The growth of calcium carbonate crystals from solution is predominantly studied in one of two
ways. The first and most common way is with the addition of calcite seed crystals, which act as
nucleation sites. Seed crystals are usually euhedral, transparent, approximately 10pum in size
(Reddy and Nancollas, 1971), and retain their euhedral shapes throughout calcium carbonate
growth (Goodarz-nia and Motamedi, 1980). The second, but much less common method is the
spontaneous nucleation of calcium carbonate from supersaturated solutions in the absence of
seed crystals. The calcium carbonate precipitation mechanics appear to be the same for both the
seeded crystallization and spontaneous nucleation experiments. Spontaneous nucleation occurs
almost instantaneously and is not ideal for studying the rates of calcium carbonate precipitation
since extremely high saturation indices are necessary to initiate spontaneous nucleation.
Spontaneous nucleation of calcium carbonate is ideal for estimating the amount of calcium
carbonate precipitated from solution since there is no crystalline material prior to induced
crystallization. Numerous authors have proposed that calcium carbonate precipitation in a
seeded experiment is surface area controlled with growth rates being proportional to the number
of available growth sites (Reddy and Nancollas 1971; Nancollas and Reddy 1971; Reddy and
Gillard, 1981; Ogino et al., 1990; Dove and Hochella, 1993). This surface area control may also
represent the rate limiting step for calcite crystal growth (Nancollas and Reddy, 1971; Zhang and
Grattoni, 1998).

The effect of competing species (e.g., Mg, Mn, Sr, Si, SO,Z, PO, and dissolved organic
carbon) on the precipitation of calcium carbonate is of great industrial importance. Of these
potential growth inhibitors, Mg (Reddy and Nancollas, 1976), Si (Lakshtanov and Stipp, 2010),
PO, (Reddy and Nancollas, 1973, Nancollas, 1979), and dissolved organic carbon (DOC)
(Lebron and Suarez, 1996) appear to have the most dramatic effects on influencing the rate of
calcium carbonate precipitation. DOC and PO, are known to affect crystal growth by attaching
to and reducing the number of potential adsorption sites on crystal surfaces (Reddy and
Nancollas, 1973; Dove and Hochella, 1993; Lebron and Suarez, 1996). Contaminants are also
observed to affect which polymorph of calcium carbonate may precipitate from supersaturated
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solutions, the crystallization induction rate, as well as the transformation rate between
polymorphs. For example, the activity of silica has been established as an influence on which
polymorph precipitates and the rate of induction (Lakshtanov and Stipp, 2010).

Some studies propose that the formation of an amorphous phase of calcium carbonate occurs
prior to crystallization in the presence of certain contaminants (Reddy and Nancollas, 1976;
Sohnel and Mullin, 1982). The presence of PO, appears to produce amorphous shapes and
jagged edges during calcite growth (Dove and Hochella, 1993). The crystalline calcite
precipitated from supersaturated solutions with Mg present was preceded by an amorphous
calcium carbonate phase and then conversion to a crystalline form similar to calcite crystals
observed to grow in the absence of Mg. The size of the calcite crystals also appear to be
correlated to the amount of impurities incorporated within the calcite crystal structure with
higher impurity contents resulting in smaller crystal dimensions (S6hnel and Mullin, 1982).
Gebauer et al. (2008) also observed an amorphous phase that preceded the crystalline phase and
proposed that stable calcium carbonate clusters grow through the binding of Ca ™ and CO3 ions
to form an amorphous phase. These non-crystalline clusters would then eventually convert into a
thermodynamically stable calcium carbonate polymorph. All steps associated with ion binding
were anticipated to be pH dependent.

The exact role of kinetics and thermodynamics in calcium carbonate precipitation is not well
understood. In calcite precipitation there is an initial rapid growth surge of calcium carbonate
that eventually slows to follow kinetic rate equations (Nancollas and Reddy, 1971). The most
commonly proposed rate limiting steps are CO; production (Dreybrodt et al., 1997, Zhang and
Grattoni, 1998), the number of available growth sites (Dove and Hochella, 1993; Zhang and
Grattoni, 1998), system flow characteristics (Dreybrodt et al., 1997), and [Ca'™] saturation levels
(Dove and Hochella, 1993). Most researchers are in agreement that the most important
thermodynamic factor is the [Ca™] in solution, but the most important kinetic factor is still
debated. For example, Kamkha et al. (1989) and Dickinson et al. (2002) had differing views
about kinetic factors. Kamkha et al. (1989) suggested that the solution pH, specifically the pH
influence on [HCOs'] controlled the kinetics of calcium carbonate precipitation, but Dickinson et
al. (2002) proposes that the kinetics of the growth reactions were controlled by CO; release. The
genetic linkage between CO; release and [HCOs'] suggests that both authors may be correct.

The [Ca"™] in solution is intuitively the most plausible kinetic factor affecting calcium carbonate
crystallization when open systems are exposed to a CO; rich atmosphere. Varying the [Ca™]
relative to the saturation level within a system has a profound effect on growth rates and
mechanisms of calcium carbonate formation. In solutions with saturation levels greater than one
but less than two, calcite exhibits two different types of growth morphologies. Calcite growth is
initially dominated by surface nucleation and coalescence but transitions into a spiral growth
morphology over time. In undersaturated solutions but close to equilibrium, both surface
dissolution and precipitation of calcium carbonate appear to occur simultaneously (Dove and
Hochella, 1993).

Theoretically, one mole of CO; is produced for every mole of calcium carbonate precipitated.
Thus, the rate at which CO; can be produced and removed from an aqueous system can also be a
rate limiting step for calcium carbonate precipitation. In natural settings aquatic organisms may
have a positive effect on the rate of calcium carbonate precipitation as they consume CO, for
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their vital processes (Lebron and Suarez, 1996). Dreybrodt et al. (1997) studied the effect of
enzymes on the HCO; + H'" — H,0 + CO; reaction rate to determine if CO, production could be
enhanced. They observed that this reaction was enhanced in the presence of the enzymes,
suggesting a linkage of CO, removal and carbonate precipitation. The exact role the enzymes
play is not well understood (Zhang and Grattoni, 1998).

When comparing all these studies, it becomes apparent that the calcium carbonate precipitation
rate laws need to be carefully selected and applied (Teng et al., 2000). Analyzing the change in
bulk chemistry of a system may not be the most accurate way to derive rate laws of calcium
carbonate precipitation (i.e. discrepancies between rate law equations from studies of different
scales). For example, Goodarz-nia and Motamedi (1980) observed an interesting phenomenon
during their experimental precipitation of calcium carbonate that was not noted in any other
study. They observed that the overall crystal size increased with time until approximately 50
minutes after initial precipitation. After this time, the crystal sizes were observed to decrease,
rather than continuing to grow. They could not explain this phenomenon, which could have been
the result of the system reaching equilibrium, achieving slightly undersaturated conditions, or
transformation from one polymorphous phase to another with lower equilibrium solubility
values.

1.5 Study Objectives

The purpose of the present study is to: (1) identify the mineral speciation of the colloidal mineral
phase(s) present in Maramec Spring water that imparts the milky blue-white color to the water
column, (2) determine if this phase(s) are actively precipitating from solution due to physical and
chemical changes as the spring water rises to the surface, and (3) determine potential
mechanisms for colloid mineral formation. Calcium carbonate precipitation and dissolution
processes are also of extreme importance with respect to CO; sequestration. A good
understanding of carbonate system behavior under varying natural conditions is necessary to
enhance CO; sequestration attempts. Natural analogs such as Maramec Spring act as natural
laboratories to study carbonate precipitation and dissolution (i.e. sedimentation and
karstification). These spring systems represent and mimic processes that may occur when a CO;
sequestration repository develops a leaking seal rock and the changes that occur when CO; rich
fluids move upwards through geologic strata. Knowledge gained from these studies can thus be
applied to CO; sequestration programs.

2 RESULTS

2.1 Solution and Gas Phase Analysis of the Spring Water

Spring water pH values measured at the point of upwelling (location #1) show only a minimal
variation, averaging 7.02 + 0.15 pH units, with a range from 6.78 to 7.39 for 21 visits to the site
between 2001 and 2012 (Figure 2; Table 1). Measurements made at the location of spring water
upwelling (location #1) often failed to produce a stable pH reading due to non-equilibrium
conditions, in which case a median value was used as an estimate. Although the pH varied from
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one sampling date to another, there was no apparent correlation in the pH at the location of
upwelling relative to season or recent rainfall events. A small but statistically significant
increase in pH was always observed as the Maramec Spring water moved downstream away
from the point of upwelling. The average pH increase for 17 different sampling dates where we
extended the sampling out to location #5 was 0.21 + 0.10 pH units. Extending the sampling
distance out to #8 we observed a pH increase between locations #1 and #3 that averaged 0.31 +
0.12 for six different dates. Spring water from location #1 was also collected on 4/13/12 and
held at a near-constant temperature in a ventilated container. The pH was measured at O, 1, 3,
14, 27, and 40 hours, with values of 7.04, 7.14, 7.16, 7.31, 7.71, and 7.93, respectively. The
resulting pH rise occurred in a sub-linear fashion with time and there was no evidence of a
decrease in rate with time. Two additional measurements were made on Meramec River water,
at a site just upstream from the confluence with Maramec Stream. The recorded pH values at
that location were 8.08 and 8.32. Eh values are observed to decrease slightly downstream with
only minor variability, and these were inversely correlated with the measured pH increase
(Figure 3). The average Eh value at sampling location #1 was +3 £ 11 mV. These values
decreased an average of -10 + 6 mV between locations #1 and #5 and an average of -19 £ 16
mV between locations #1 and #8. The corresponding two measured Meramec River Eh vales
were -41 and -60 mV.

The temperature of the upwelling spring water at location #1 was remarkably constant having an
average range of 13.6 + 0.6 °C (Figure 4; Table 1). The lowest temperatures were measured
during the early spring months whereas the highest were from the late summer and autumn. In
addition to the seasonal changes, we also note a short-term decrease of ~0.5 °C in the upwelling
spring water in the following a heavy seasonal rain while the water outflow had noticeably
increased. The temperature of the water also equilibrated with that of the atmosphere as the water
moved downstream. An increase was generally observed downstream during testing as most of
our sampling dates were conducted in the warmer months of the year.

Unlike the spatial variability observed in pH, Eh, and temperature values for the Maramec
Stream system, conductivity was relatively consistent throughout the sampling reach for any
individual sampling date (Table 1). The conductivity measurements did vary from day-to-day,
however, and tended to be higher on days following local rain events with an overall range for all
dates falling between 180.6 and 361.0 uS/cm.
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Figure 2. Measured pH values of the Maramec Spring and Stream water from four sample
dates. Overall, pH values increase in the downstream direction. Shaded regions indicate
areas where small waterfalls or rapids are located.
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Figure 3. Measured Eh values (in millivolts) of Maramec Spring and Stream water from
four sampling dates. Eh values are inversely correlated to measured pH values, decreasing

in the downstream direction. Shaded regions indicate areas where small waterfalls or
rapids are located.



Table 1. On site measurements for various water parameters at Maramec Spring. The site
was visited a total of 21 dates, but only a representative suite of sampling date is presented
here. Alkalinity is measured in milliequivalents/liter ((moles/L) * valence charge).

. Water Temp Eh Conductivity  Alkalinity Dissolved Oxygen
Datefsite Condition pH °C mV uS/cm meq/L mg/L
6/19/09
1 High flow-turbid 6.78  13.8 +25 145
3 6.80 13.9 +21 145
5 6.83 14.2 +19 145
6/25/09
1 Normal 6.84 13.9 +18 173
2 6.86 14.0 +16 173
3 6.93 13.9 +15 173
4 7.03 14.0 +10 174
5 7.03 14.2 +10 173
7/07/09
1 Normal 6.80 +8
2 6.90 +5
3 6.97 +7
4 7.02 +1
8/29/10
1 Normal 6.94 14.1 -6 320 144 4.55
2 7.06 14.3 -13 319 131 4.40
3 7.23 14.2 -21 321 error 6.68
4 7.40 14.5 -32 320 149 7.10
5 7.24
8 7.37 -32
11/12/10 Normal
1 7.19 14.0 -15 361 153 4.77
2 7.22 14.3 -17 360 154 4.27
3 7.30 14.1 =22 361 153 6.75
4 7.46 14.3 -30 361 146 6.29
5 7.41 14.3 -28 361 146 5.58
6 7.46 14.3 -30 361 147 6.91
7 7.28 14.6 -23 361 151 6.44
8 7.52 14.4 -34 361 140 7.26
4/16/2011
1 6.88 12.9 3
5 6.99 -7
4/17/2011
1 6.94 12.4 -7
5 7.13 -12
4/13/2012 Light rain
1 7.10 13.0 +8 229 118
2 7.03 13.4 +8 229 114
4 7.40 13.4 -11 228 110
5 7.32 13.1 -6 226 115
4/14/2012 Rain
1 7.04 13.7 +2 259 116
2 7.19 13.8 +8 260 118
4 7.40 140 -10 259 121
5 7.19 14.4 +6 263 121
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Figure 4. Measured Maramec Spring and Stream water temperature for four sampling
trips. Temperature increases in the downstream direction, away from the point of
upwelling. Shaded regions indicate areas where small waterfalls or rapids are located.

The turbidity of the Maramec Spring and Stream waters could not be measured accurately during
most of the warm seasonal visits to the site moisture condensation on the light scattering
turbidity vials after they were filled with the cool spring water. Successful turbidity
measurements were made on March 12, 2008 and November 11, 2010. Measured turbidities for
locations #1-#8 on March 12 were 7.53,7.54,7.67,7.53,7.74,8.48, 8.24, and 7.78
Nephelometric Turbidity Units (NTU), respectively, while the corresponding values on
November 11" were 0.50, 0.87,4.06, 0.96, 1.10, 2.48, 1.09, and 0.97. The November 11, 2010,
turbidity measurements continued for each site after the samples were collected from the spring
water and held in the glass turbidity vials. These water aliquots measured after 1, 3, 5, and 240
minutes. The measured turbidity values decreased an average of 24% between the first sampling
and the 240 minute sample. The vials were then shaken after the last reading to determine if any
particulate material had settled to the bottom of the sample containers. After agitating the
vessels we noted that turbidity had increased an average of 76% relative to the unshaken
measurements taken just moments before, and also increased an average of 34% relative to the
measurements taken when the samples were first collected. This overall pattern indicates that
particles were being produced and settling within the glass measuring tube during the 240 minute
holding period.

Total Suspended Solids (TSS) and Total Dissolved Solids (TDS) contents were also determined
from spring water collected during a normal non-flood condition sampling on October 6™ 2010.
The TSS value for collected particulate material in a 0.45 um filter was 1.93 mg/liter while the
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TDS value (which will include any colloidal material passing through the filter) was 205
mg/liter. The Visitor Center at Maramec Park displays a video entitled “The Hidden World
Beneath Maramec Spring Park”. This video shows SCUBA divers as they descend into the
depths of the Maramec cave system up to approximately 200’ foot depths. The turbidity of the
water is still apparent even in the in the deeper and totally dark portions of the cave (ignoring
cave floor sediments suspended by the swimming motion of the divers). Thus, from the movie
documentary, it appears that precipitation of the calcite colloids must be initiated in even deeper
portions of the cave below a 200’ depth, or alternatively, the turbidity must result from only
suspended quartz particles as these are likely to be derived as a weathering residue from the
dissolving dolomite within the cave passage.

The flux of CO; gas from the spring water was measured at three different sampling locations
using a LI-COR CO; gas analyzer on 6/19/2009. This sampling date occurred three days
following a heavy rain event. Flux values at sampling locations #1, #3, and #5 were: 17.5 £33,
8.5+3.9, and 2.6 £ 6.1 pmoles CO/m?sec, respectively (Figure 5). These values are relative to
the local atmosphere of 1.14 pmoles CO»/m?sec (360 ppm). Thus, CO, concentration in the air
directly above the pool water was enriched in CO; 15-fold relative to the average atmosphere.
Dissolved oxygen contents were measured on two sampling dates (Table 1). Water upwelling at
the spring opening displayed dissolved oxygen contents of 4.6 to 4.8 mg/kg. Dissolved oxygen
increased downstream as the waters had the time to come to equilibrium with the ambient
atmosphere. The highest recorded oxygen concentration was a value of ~7.3 mg/kg recorded at
location #8 on 11/12/2010.

Alkalinity (acid buffering capacity) measurements were determined in the field using a HACH
colorimetric titration kit. The analyzed alkalinity measurements varied from day to day showing
an overall range of approximately 110 to 155 meq/L over four different sampling dates (Table 1).
Variation in alkalinity values on any one sampling date were relatively small and did not display
and consistent trend in a downstream direction.

ICP-OES analysis of the Maramec Stream water was performed on unfiltered as well as water
samples that were filtered on site on four different sampling dates. Calcium was the most
abundant cation observed in solution. The lowest Ca concentration at the zone of upwelling
(locations #1 or #2) was 16.5 mg/kg on 6/25/2009, while the highest was 48.0 mg/kg on
4/16/2011. Average concentrations for the 8/29/2010 sampling for locations #1-4 were Ca =
33.0+ 0.1 mg/kg (Figure 6 and Table 2). Filtering the water did not have any significant effect
on the Ca concentrations, thus the filtered water samples had a composition that was
indistinguishable from the unfiltered (Figures 6 and 7). This similarity was noted for both the
syringe and vacuum filtered water samples. There was a very slight decrease noted in Ca and
Mg concentrations in the downstream direction on any one sampling dates, however, these
changes typically were near or less than analytical accuracy determinations (1-2% for Ca and 6%
for Mg) and were not consistent for all filter sizes. Overall changes in water chemistry were
different from one sampling date to another. The second highest concentration cation was Mg
with a mean concentration of 19.7 £ 0.1 mg/kg. Si, K, and Na were always detected in minor
amounts and had mean concentrations of 4.2+ 0.0, 1.7+ 0.0, and 1.4 + 0.0 mg/kg, respectively.
The concentrations of Al, Fe, and Mn were measured, but always were at or below the ICP-OES
analytical detection limit of 0.1 mg/kg (Figure 7).
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Anion analyses were performed on unfiltered water collected from sampling locations #1-8 on
November 11, 2010 (Table 2). The anions determinations showed very little variation along the
entire stream reach. Measured chloride concentrations were between 6.0 and 6.3 mg/kg, nitrate
between 3.1 and 3.2 mg/kg, and sulfate between and 4.3 and 4.5 mg/kg. Fluoride and phosphate
were measured, but fell below the ion chromatography instrument detection limits of 0.05 and
0.2 mg/kg, respectively.
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Figure 5. Measured CO; flux at Maramec Spring in the upwelling pool area (0 m, location
#1) and downstream locations #3 (85 m) and #5 (670 m) on 6/19/2009, three days after a
heavy rain event. The spring water turbidity and flow rate were increased relative to
normal flow conditions. The relatively high coefficient of variation (CV) noted at location
#5 is believed to result from the photosynthetic activity of aquatic algae.
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Figure 6. Measured calcium by ICP-OES of for unfiltered (UF) and various filtered water
samples (5.0, 0.45, and 0.02 um) collected from sampling locations #1-4 on 8/29/2010. Note
that there is no appreciable concentration change associated with filter size and only a
minor decrease in measured [Ca+2] can be observed in the downstream direction.
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Figure 7. ICP-OES analytical results from unfiltered and syringe filtered spring water
(5.0, 0.45, 0.22, and 0.02 pm filters) from sampling location #1 collected 8/29/2010. Note
that filtering does not appear to have any significant effect on the water chemistry.
Table 2. Cation and anion results from filtered and unfiltered water samples. Values in
mg/kg. Solutions were also analyzed for Mn, F, and PO43' with concentrations always
below detection limits of 0.1, 0.05, and 0.2 mg/kg respectively.

2.2 Analysis of Colloidal Particles Isolated by Centrifuging

The suspended particulate material recovered by centrifuging from Maramec Spring water has
been identified as a carbonate mineral by immersion in a 5% HCI solution and observing CO;
bubble production under a microscope as the grains dissolved. The isolated particles were also
analyzed by SEM-EDS and determined to have a rhombohedral form with crystal sizes of
approximately 6.5 pum in their long-axis direction (Figure 8). These particles were slightly larger
than typical colloids (0.001 to 1.0 um), though it is likely that they continued to grow between
their time of collection and final mounting, and thus may have been smaller at their time of
collection. An elapsed time of ~24 hours had passed between the time they were collected,
centrifuged, pipetted onto an aluminum SEM mounting stub (along with a few drops of spring
water), and then finally dried completely in the ambient air. These particles produced ghost
crosses as very finely crystalline calcite grains precipitated along the crystal corners in contact
with the class slide (Figures 8a and b). Semi-quantitative SEM-EDS compositional results on
the larger central crystals revealed a Ca:Mg molar percentage ratio of 95 to 5%, although the
EDS detection system is only semi-quantitative and thus these values are only approximate.
Biogenic filaments and diatoms were also observed during SEM-EDS analysis.
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Table 2. Cation and anion results from filtered and unfiltered water samples. Values in
mg/kg. Solutions were also analyzed for Mn, F, and PO,> with concentrations always
below detection limits of 0.1, 0.05, and 0.2 mg/kg respectively.

Date . . i . 2
Location # Filter (um) Ca Mg Si K Na Al Fe Cl NO; SO,

6/25/2009
2 Unfiltered 16.0 11.5 4.0 1.5 0.6 0.2 0.1
2 -5.0 16.5 11.2 3.9 1.5 0.6 0.1 <0.1
2 -0.45 16.3 11.4 3.8 1.5 0.6 <0.1 <0.1
2 -0.02 16.3 11.4 3.7 1.5 0.6 <0.1 <0.1
5 Unfiltered 16.3 11.5 3.9 1.5 0.6 0.1 0.1
5 -5.0 16.6 11.4 3.9 1.5 0.6 <0.1 <0.1
5 -0.45 16.0 11.2 3.7 1.5 0.6 <0.1 <0.1
5 -0.02 16.3 11.4 3.7 1.5 0.6 <0.1 <(.1

7/07/09

2 Unfiltered 25.8 14.2 4.7 1.7 1.0 <0.1 <0.1
2 -5.0 25.7 13.7 4.7 1.7 0.8 <0.1 <0.1
2 -0.45 25.2 14.0 4.6 1.7 0.9 <0.1 <0.1
2 -0.02 25.4 13.8 4.5 1.7 0.9 <0.1 <0.1

8/29/2010
1 Unfiltered 34.0 19.9 4.3 1.5 14 <0.1 <0.1
1 -5.0 33.3 19.5 4.3 1.8 14 <0.1 <0.1
1 -0.45 33.4 19.8 4.3 1.7 14 <0.1 <0.1 6.2 3.2 4.4
1 -0.22 33.4 19.9 4.3 1.9 1.5 <0.1 <0.1
1 -0.02 33.4 20.0 4.3 1.5 14 <0.1 <0.1
2 Unfiltered 33.7 19.7 4.3 1.6 14 <0.1 <0.1
2 -5.0 33.8 19.9 4.2 1.6 14 <0.1 <0.1
2 -0.45 33.5 19.9 4.2 1.6 14 <0.1 <0.1 6.3 3.2 4.4
2 -0.02 33.2 19.9 4.2 1.6 14 <0.1 <0.1
3 Unfiltered 32.5 19.3 4.3 2.2 14 <0.1 <0.1
3 -5.0 32.6 19.9 4.3 1.9 14 <0.1 <0.1
3 -0.45 32.1 19.5 4.2 1.9 14 <0.1 <0.1 6.1 3.2 4.3
3 -0.02 32.3 19.7 4.2 1.7 14 <0.1 <0.1
4 Unfiltered 31.9 19.5 4.2 1.7 14 <0.1 <0.1
4 -5.0 31.9 19.4 4.2 1.6 14 <0.1 <0.1
4 -0.45 32.3 19.5 4.2 1.6 14 <0.1 <0.1 6.1 3.2 4.4
4 -0.02 32.7 19.8 4.2 1.7 14 <0.1 <0.1

4/16/2011
1 Unfiltered 47.4 27.0 7.2 2.6 21 <01 <0.1
1 -5.0 47.9 26.4 7.0 2.6 20 <01 <0.1
1 -0.45 47.1 26.5 7.0 2.6 20 <01 <0.1
1 -0.02 47.2 25.9 6.9 2.8 21 <01 <0.1
2 Unfiltered 48.0 26.3 6.9 2.6 20 <01 <0.1
2 -5.0 48.4 26.0 7.0 2.6 20 <01 <0.1
2 -0.45 48.3 26.4 6.9 2.6 20 <01 <0.1
2 -0.02 47.1 26.4 7.1 2.6 21 <01 <0.1
5 Unfiltered 46.6 26.3 6.9 2.9 20 <01 <0.1
5 -5.0 46.8 26.0 6.9 2.9 21 <01 <0.1
5 -0.45 48.1 26.4 6.9 2.9 21 <01 <0.1
5 -0.02 47.4 26.3 6.9 2.9 21 <01 <0.1
8 Unfiltered 46.4 25.9 6.8 2.5 20 <01 <0.1
8 -5.0 47.1 26.2 6.8 2.6 20 <01 <0.1
8 -0.45 47.1 26.0 6.8 2.6 20 <01 <0.1
8 -0.02 47.3 26.7 6.9 2.6 21 <01 <0.1
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Table 2 (cont.)

Date Filter(um) Ca M Si K Na Al Fe CI NOs SOZ
Location # K 9 3 4
4/13/12

1 Unfiltered 30.8 17.9 3.9 1.3 1.2 <0.1 0.1

1 -0.45 30.9 17.8 4.0 0.7 1.5 <0.1 0.1

1 -0.02 29.6 17.7 4.0 1.3 1.2 <0.1 <0.1

4/14/12

1 Unfiltered 28.9 17.3 3.9 1.3 1.2 <0.1 0.1

1 -0.45 29.7 17.2 3.9 0.5 1.7 <0.1 0.1

1 -0.02 28.7 17.3 3.9 1.3 1.2 <0.1 0.1

2.3 Analysis of Colloidal Particles Isolated by Vacuum Filtration

Particulate material was also collected from spring water by filtration using 5.0 pm, 0.45 um,
0.22 pm, 0.10 pm, and 0.05 pum Millipore cellulose filters in succession. Yellow particles were
observed on both the 5.0 and 0.45 um filter fractions, being most prominent on the latter during
higher water flow and former during low flow conditions (Figure 9). Most of the yellow
particles were larger than 0.45 um as none of this material was visible on the 0.22 or 0.05 um
filters. The 0.45 and 0.22 um filters collected the largest volume of material.

The particles trapped on the various filter paper sizes were also examined by SEM-EDS
analytical techniques. It is important to note that when analyzing small particles using EDS that
the resultant X-ray counts may not be generated solely from the particulate material of interest,
but also from the surrounding and/or underlying material. The SEM-EDS analysis of an unused
cellulose filter mounted on a SEM Al-stub produced EDS peaks for O, C, and Si, while Al peaks
were derived from the Al mounting stub, plus Au and Pd from the electrical conductance coating
used in the SEM. A much larger variety of particles were observed on the filters as opposed to
those recovered by centrifuging. The filter-recovered material also varied greatly in quantity,
color, and morphologic features between the various filter sizes (Figures 9 and 10). The particles
collected on the 5 um filter included elongated fibers (Figure 10a) and tubular structures (Figure
10b). Both the filamentous and tubular, and displayed only peaks for Si and Al, both of which
were present in the substrate and thus may be responsible for most, if not all of this spectral
signal. A rectangular phase (Figure 10c) was found to be enriched in sulfur and also contained
lead as identified by EDS spectra of the Lg; and Ly lines at 12.61 and 12.62 KeV, respectively.
There appeared to be a bimodal size distribution of the particulate material collected upon these
filters (Figure 10d) as finer particles were often trapped within the filter pore spaces and then
overlain by the larger particles. The 0.05 um filter trapped the smallest amount of material. The
phases collected on this filter have a rectangular outline and are observed to cluster together
(Figure 10e). The finer grained material (0.5 um to 1 um diameter particles) which fills the
pores of the 0.45 and 0.22 um filters also displays sharp peaks for S as does the rectangular
particulate material collected on the 0.05 um filter. Weak peaks for iron were also detected.
Filtered samples collected from sampling locations #5 and 8 on November 11, 2010 were
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enriched in a Ca, and/or Ca+Mg phase. The Ca-enriched phase consists of particulate material
with rhombohedral morphologies with sharp crystal faces and rarely pitted surfaces, and thus
appears to be calcite.

Figure 8. Crystals collected via centrifuging of Maramec Spring water at sampling location
#1 on 9/21/2007. (A) Rhombohedral crystals acting as a nucleation point for further calcite
growth as a ghost cross as the small amount of solution accompanying the centrifuged
particles dried on the glass slide. (B) A larger dendritic structure with a rhombohedral
carbonate crystal as a nucleus. (C) A cluster of rhombohedral carbonate crystals with
agglomerations approximately 6 pm in diameter being composed of individual crystallites
ranging from 1 to 3 um in diameter. (D) SEM-EDS spectra from larger rhombohedral
crystal from image in Figure 8A. The peaks for Si and K are derived from the underlying
glass substrate that the samples are resting upon.
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Figure 9. Particulate material collected on the (A) 5.0 pm, (B), 0.45 pm, (C) 0.22 pm, and
(D) 0.05 pm cellulose filters from sampling location #1 on 10/6/2010. A yellow particulate
phase was collected on the 5.0 pm, and 0.45 pm filters (A and B), but is not observed on the
0.22 pm or 0.05 pm (C and D) filters. The diameter of the plastic container holding the
filters is 47 mm.
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Figure 10. Material collected on cellulose filters by sequential vacuum filtration on
10/6/2010 from sampling location #1. (A) Filaments on 5.0 pm filter. (B) elongate tubular
structure on 5.0 pm filter. (C) Subhedral blocky sulfur- and lead-enriched particulate
material on 5.0 pm filter. (D) Bi-modal size distribution on 0.22 pm filter with larger
grains displaying Ca-enriched and rhombohedral forms and finer grained material lodged
into filter pores, (E) Cluster of Ca-enriched particulate material collected on the 0.05 pm
filter. (F) Asymmetric Si-rich diatom captured in 0.22 pm filter.
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2.4 X-Ray Diffraction Analysis of Colloidal Particles

X-ray diffraction (XRD) analysis was conducted on the 5.0, 0.45, 0.22, and 0.10 pm filters
collected from sampling locations #1, #5, and #8 as well as an unused blank cellulose filters.

The filters were affixed to an X-ray amorphous glass slide for stability. Unused blank 0.22 and
blank 0.45um cellulose filters mounted on glass slides produced a broad background peak
centered at ~20° 20 that could easily be distinguished from small, though sharp and narrow peaks
associated with the crystalline phases trapped on the filters (Figures 11 a and b). XRD peaks
were collected from 13 filters; 12 of these representing the 11/12/2010 sampling date where four
different filter sizes were used at three different locations. The remaining sample was collected
using a 0.22 um filter at location #1 on 8/29/2010. The particles caught on the filter paper
produced peaks occurring at 20 diffraction angles of approximately 6.3°, 8.8°, 9.3, 12.4°, 20.8°,
24.8°,25.7°,26.6°, 27.5°, 29.9°, 30.9°, 33°, 36.6°, 39.5°, 40.3°, 42.5°, 50.1, and 51°. Not every
peak was apparent on every filter and most of the peaks displayed very small heights above the
filter background, especially those at 20 angles >31°. The low peak heights result from the
small proportion of particles recovered on the filter paper. The 29.9° 20 peak was the most
common, occurring in 11 of the 13 filter papers. The 26.6° peak often was the most prominent in
some filters, but it was absent in others.

2.5 Inductively Coupled Plasma — Optical Emissions Spectroscopy

The ICP-OES analysis of acid digested particles recovered by centrifuging plus those trapped on
the vacuum filter material revealed differences in the compositions between the digested
particles from the different collection methods and filter sizes, though this likely results from the
digestion of different types of particles that were isolated by the different methods (Figure 12;
Table 3). Analytical results from several white rhombohedral shaped particles that were
recovered by the centrifuge technique, isolated, and digested revealed a composition with a
Ca:Mg atomic ratio of 92 to 8%. This was comparable to the SEM-EDS result from a centrifuge
recovered grain that revealed a Ca:Mg ratio of 95 to 5%. The digested 0.45 um particulate
material (enriched in yellow particles) contained Si, Al, and Fe as the major components, while
Ca, Si, Al, Fe, and K were the major components detected in the leachate from the 0.22 pm
particulate material. Mg and Na were also detected as trace constituents from most particles.
The Ca:Mg molar ratio for the digested particles from the 0.45 um filter was 78:22, while the
ratio for the digested particles from the 0.22 um filter was 50:50, These digestion results
represent the entire assembly of soluble and acid leachable components captured on the filters as
individual grains could not be isolated for digestion.
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Table 3. Results from 5% nitric acid digestion of colloidal particles. Centrifuge collected
particles were rinsed in deionized water, isolated by hand picking under a microscope,
dried, weighed, then acid digested. Filtered particles (0.45 and 0.22 pm were collected by
vacuum filtration in the field, rinsed with deionized water, dried, weighed, and then
immersed in acid. Syringe filter samples (0.02 pm for all elements except for Al where 0.45
pm filter was used) were collected for location #1 on site (0 hr.), and then after 12 and 36
hour holding periods. Filters were rinsed in deionized water, flushed with air, and then
soaked in acid for four hours. Values in upper rows are in mg/kg, lower rows are in
moles/kg. ICP-OES detection limits are 0.1 ppm, however accuracy falls to ~30-50% for
analyses <1.0 mg/kg.

Site#/D
ate Sample Type Ca Mg Si K Na Al Fe Mn
#1 - 4.2 2.4 0.4 0.4 0.1 0.7 0.3 <0.1
6/25/09 Centrifuge ) ) ) ) ) ) ) )
w w 1.05x10*  9.87x10°  1.42x10°  1.02x10°  4.35x10°  2.59x10°  5.37x10°  <4.3x10°°
#1 - +0.45 pm Afilter
8/29/10 particles 2.7 0.5 2.1 1.1 0.4 1.3 0.8 <0.1
w w 6.74x10°  2.06x10°  7.48x10°  2.81x10°  1.74x10°  4.82x10°  1.43x10°  <4.3x10°°
#1 - -0.45+0.22pm
872910 filtor particles 1.3 0.8 7.2 1.4 0.7 3.4 2.1 <0.1
w w 3.24x10°  3.29x10°  2.56x10*  3.58x10°  3.04x10°  1.26x10*  3.76x10°  <4.3x10°°
4/%/‘12 ii:ttllﬂzi +00'l?r2 0.03 0.01 0.07 0.01 <0.01 0.05 0.03 <0.01
B 7.49x107  4.11x107  2.49x10°  2.56x107 -4.35x107 1.85x10° 5.37x107  <4-35x107
4/%/‘1 5 fli‘lr;l‘li"rs J{g;’j 0.21 0.03 0.15 0.02 <0.01 0.04 0.03 <0.01
B 524x10°  1.23x107  534x10°  5.12x107  -4.35x107 1.48x10° 5.37x107  <4-35x107
4/%/‘12 i;rgf::: J;g'l‘l’f 1.36 0.56 0.19 0.10 <0.01 0.03 0.01 <0.01
339x105  2.30x10°  6.76x10°  2.56x10°  4.35x107 111x10° 1.79x107  <4.35x107

“
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Figure 11. (A) XRD diffraction spectra for particulate material collected on a 0.22 pm
filter from sampling location #1 on 8/29/2010. Minor peaks are marked at 20 angles of
6.3°, 8.8°, 12.4°,20.8°, 24.8°, and 26.6°. (B) XRD spectra for particulate material collected
from sampling location #5 on a both a 5.0 and 0.45 pm filter on 11/12/2010. Peaks are
marked at 20 angles of 20.8°, 26.6°, 27.5°, 29.9°, and 30.9°. “Blank” in both figures refers
to XRD spectra collected from an unused filter.
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Figure 12. ICP-OES analysis of the nitric acid digestion of particulate material collected
on the 0.45 pm and 0.22 pm cellulose filters at sampling location #1 on 10/6/2010. Note the
varying composition between the two filter sizes.

3 DISCUSSION

3.1 Genesis of Carbonate Colloids Within the Maramec Spring System

Physical and chemical changes occurring in the Maramec Spring system as water upwells from
the subsurface result in the precipitation of colloidal particles that impart a characteristic milky
blue-white color to the water. The rhombohedral morphology of the crystals, white color,
reaction with a 5% HCI solution. Digestion of centrifuge collected crystals and analysis by ICP-
OES indicates a Mg calcite composition with a Ca: Mg ratio of 92 to 8 mole %. The 92:8 molar
ration of Ca to Mg is considerably different from the Maramec Spring water from which the
crystals precipitated, the latter of which has a 50:50 molar ratio and thus is reflective of the
composition of the Gasconade and Eminence Formation dolomites through which the spring
conduit is known to transgress (Vandike, 1996). SEM-EDS analyses of the 5.0 um and 0.45 um
filters from sampling locations #5 and #8 (11/12/2010), and centrifuged samples from location
#1 (9/21/2007) also provide evidence for a rhombohedral calcite phase with approximately 5
mole% Mg. The calcite appeared to be the dominant material in the centrifuged samples, but
was less abundant in the vacuum filtered samples. Calcite was not detected on the filters from
the vacuum filtered samples from location #1 on 10/6/2010.

Vacuum filters used to process Maramec Spring water were analyzed by XRD analysis. The
most ubiquitous peak generated in the XRD spectra was that occurring at ~29.9° 20 position.
This peak occurred in 11 of the 12 filter samples collected on 11/12/2010, but was not detected
on the 8/29/2010 sample. The 29.9° 20 peak correlates with Mg calcite, which is also supported
by the presence of Mg in the dissolved centrifuge particles (Figure 8; Table 3). The 29.9° calcite
peaks were larger for samples collected from locations #5 and #8, relative to location #1. A size
distribution analysis also indicates the calcite peaks were most prominent on the 0.45 pm filters,
always present on the 5.0 and 0.22 pm filters, present on the 0.05 um filter only at location #1,
but absent in the 0.05 um filters at locations #5 and #8. All of these patterns are consistent with
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the colloidal particles progressively growing to larger dimensions in a downstream and being
dominated by particles with diameters between 5.0 and 0.45 um.

Carbonate minerals are often identified from their (104) diffraction peak angle during XRD
analysis as this is the most prominent peak generated in a random oriented specimen. The (104)
peak is located at a 2@ position of ~29.4° for pure calcite, but the peak position progressively
shifts to higher and higher 2@ angles (smaller and smaller interplanar atomic distances, or d-
spacings) as smaller radii Mg ions substitute for Ca into the calcite crystal structure (i.e. lattice
distortion). The relationship between Mg content and d-spacing is linear at least for lower Mg
content calcites and thus the diffraction peak position can be used to estimate Mg content
(Goldsmith and Graf 1958; Goldsmith et al., 1961). The (104) diffraction peaks were evaluated
for eight filter samples with large enough peaks to be positioned accurately. These ranged from
29.89 t0 30.01° 20, with an average peak position at 29.92°. These diffraction angles correlate
to dyo4 spacings with a range from 2.990 to 2.978A, and an average of 2.986A. The dig4
spacings, in turn, correlate to Mg contents ranging from 14 to 18, and averaging 15.7 mole%.
The extrapolated XRD Mg contents were roughly double the 8 mole % Mg value determined
from the ICP-OES analysis of the acid digested centrifuge particles and triple the ~5 mole Mg %
determined by SEM/EDS analysis. The SEM/EDS analyses determinations are the least accurate
of the three methods and will not be discussed further. The XRD method is usually preferred
over the digestion and chemical analysis procedure as the former procedure allows for the
determination of Mg concentrations for only the calcite phase, as these can be distinguished from
the interference caused by other Mg phases by their diffraction angles (Ries, 2011). However,
the digestion procedure used here determined a Ca:Mg ratio that was lower than the XRD
procedure, not higher, thus any interference contributions from the digestion of other Mg-bearing
phases does not appear to be an issue. The cause for the difference in compositional
determinations by the two methods has thus not been resolved. Possibilities for the discrepancy
include contaminants other than Mg contributing to the smaller d-spacing in the calcite structure,
the small crystal size and or rapid precipitation rates of calcite leading to distorted d-spacings
that resemble Mg-calcite, and/or Mg-contents in calcite vary over time due to the dynamic nature
of the Maramec Spring system (the centrifuged and filtered samples were collected on different
dates).

The presence or absence of carbonate minerals other than calcite in the Maramec Spring system
is difficult to discern due to low XRD peak heights and/or overlapping peak positions with other
mineral phases. Small peaks for dolomite were detected at ~30.9° and possibly 50.8° 20 in the
5.0 um filter from location #5 (Figure 11¢ ) and the 0.45um filter from location #8. The
dolomite was likely derived as small colloidal particles eroded from the walls of the Gasconade
and Eminence Formations that make up the cave system. Vaterite and aragonite are two
polymorphous compounds with calcite. Although vaterite is rarely preserved in the geological
record, it often is encountered as a transient phase during incipient carbonate mineralization
(Lakshtanov and Stipp, 2010). Aragonite is often encountered in marine, hydrothermal and cave
systems often coprecipitating with Mg-calcite. Several of the more prominent XRD peaks for
both of these carbonate minerals overlap with peaks for kaolinite and quartz (both of which are
present). For example, the three most prominent XRD peaks for vaterite occur at 24.8°, 27°, and
32.8°20. The first two overlap with peaks for kaolinite and quartz, respectively, while the third
matches with the major peak for anglesite (PbSQOy4) as discussed in the next section. Thus we
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were unable to determine if vaterite, or anglesite, or both were present in the system by XRD
analysis. No crystals with morphologies resembling the common forms of vaterite (rosettes or
platelets) or aragonite (acicular needles) were noted during SEM analysis making their presence
in the system unlikely.

The available evidence suggests that the colloidal calcite is precipitating in the spring water
rather than being derived from the cave walls as weathering detritus. This evidence includes the
Ca-rich (CagyMgps) composition of the colloidal particles, rather than the dolomite composition
(CasoMgso) which is the dominant mineral in the Gasconade and Eminence Formations. The
well-formed euhedral shaped crystals with sharp edges and corners (Figure 8) also favors a
colloidal precipitation mechanism rather a weathering residue because the sharp edges and
corners would tend to be physically abraded due to impact collisions during transport and
dissolution pits common in many weathered calcite samples are absent on the faces of the
colloidal calcite.

The precipitation rate of colloidal crystals as the water ascends within the dark cave passage
favors a non-biogenic origin for carbonate crystal formation. The absence of sunlight in the
deeper passages where mineralization must first appear would exclude any photosynthetic
communities from participating in the mineralization process and the low total sulfur content of
the water (4.4 mg/kg) would similarly limit the participation of sulfate reducing microbial
communities. Any motile microorganism community would also be constantly be flushed
upwards and out of the cave by the highly energetic water flow and the cave wall surfaces in the
deeper portions of the cave do not harbor any large-scale biologic communities capable of
precipitating minerals at any significant scale that would account for the turbidity of the spring
water at the site of upwelling. Our interpretation of a non-biogenic origin for the colloids does
not exclude biomineralization processes occurring once the water reaches the surface pool.
Maramec Spring harbors a rich community of aquatic plants that may utilize carbonate or silica
crystals as a tensile strength skeletal material. We have also detected diatoms as members of the
microscopic community living in the pool water (Figure 10f).

Multiple factors that can influence calcium carbonate precipitation have been proposed. Wilson
(1975) described eight environmental factors that can encourage the precipitation of CaCOs.
They are: an increase in temperature, increased evaporation, influx of Ca supersaturated water to
CaCOj; nucleation sites, upwelling from higher pressure to lower pressure regions, mixing of
waters with high [CO5™] and low [Ca'™] with sea water, organic processes, bacterial decay
producing ammonia, rising pH with an associated increased carbonate concentration, and CO,.
removal via photosynthetic processes. Available evidence suggests that the Maramec Spring
system experiences three of these factors: upwelling from higher pressure to lower pressure
region, rising pH with an associated increased carbonate concentration, and CO; removal
(although by a physical process rather than by photosynthesis). Theoretically, as the spring
water upwells from depth within the conduit there will be a decrease in pressure. This pressure
decrease would effectively reduce confining pressure holding CO; in solution and allow its
escape from the water into a gaseous phase that is released into the atmosphere. Measurements
collected in situ at Maramec Spring and Stream system support this hypothesis in the CO; flux
measurements that show that CO; being degassed at the point of upwelling at Maramec Spring
and continuing but at decreasing flux rates downstream (Figure 5).
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A chemical reaction depicting the precipitation of a CaCO3 mineral in association with CO; loss
from an aqueous system is depicted in reaction (1) (Langmuir, 1997).

CaCO; + COx(g)t + HyO <> Ca™ + 2HCO5” (1)

Reaction equation (1) is a cumulative equation that may more accurately be expressed as a series
of three consecutive reactions (2-4) that are linked by the common species COz@q) and H'; and
Le Chatelier’s Principle.

COxg) 1 <> COxaq) (2)
Hzo + COZ(aq) —H + HCO3_ (3)
CaCO; +H' © Ca™? + HCO;5 (4)
CaCO; « Ca+CO* (%)

With the chemical reactions depicted in equation (2), the process of COy) loss from a system
would be reflected in the reaction to be driven from right to left. The COx,q)loss from reaction
(2) may be balanced by reaction (3) also moving from right-to-left. The net result of the shifts in
equations (2) and (3) are the transfer and release of CO; aqueous to CO, gas phase, and the
consumption of H ions (pH increase) and bicarbonate. Both the evolution of CO; gas and a pH
increase are consistent with the changes observed in the Maramec system as water moves in a
downstream direction. The consumption of H' ions in equation (3) also will drive the reaction
depicted in equation (4) from right to left, resulting in the precipitation of a CaCOj; solid and
consumption of Ca®" and an additional bicarbonate ion.

Theoretically, if all these reactions all proceed at the same rate, then there would be no measured
change in pH (i.e. reaction (3) balances reaction (4)) and one mole of CaCO3; would be
precipitated for every mole of CO; (g) released from the water system once the saturation point
had been reached for the solid phase. The reaction depicted in equation (5) could also produce
the same net result of CaCOj precipitation and no pH change. If equation (3) is forced to the
left at a faster rate than equation (4), then an increase in solution pH CaCOs(s) precipitation will
occur, and this is observed in the Maramec system. Reaction (4) is also still be linked to CO(g)
release in equation (2) but not in a 1:1 quantitative fashion. The measured CO; flux from the
water (Figure 5), pH increase along the Maramec Stream reach (Figure 2), and the milky-white
colloidal precipitates in the water system (Figures 1, 8, and 10d) all support a reaction process
where reaction equations (2) through (4) proceed from right to left, and reaction (3) proceeds at a
faster rate than (4). When the water system is saturated to supersaturated in calcium with respect
to calcite, then the degassing of CO, from solution depicted in reaction (1) will be the rate
limiting step for calcium carbonate precipitation (Lebron and Suarez, 1996, Dreybrodt et al.,
1997; Zhang and Grattoni, 1998). Calcium carbonate precipitation may also occur according to
reaction (5) when the ion activity of Ca™ * COs” reaches or exceeds the equilibrium solubility
product. Reaction (5) does not induce a change in pH, but will be favored by a pH rise, which in
turn leads to the transformation of HCOs™ <> COs* + H', with the excess proton being consumed
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in reactions with OH ions. Reaction (5) also represents the driving calculation equation for
calcite precipitation in the PHREEQC and other equilibrium models.

The observed temperature increase along the Maramec Spring branch during warmer seasonal
months, water turbulence as it cascades over small falls and rapids, and photosynthetic activity
by aquatic organisms may all contribute to additional CO; loss while the water is in entrained
within the Maramec Stream system (Figure 4). The abundance of the colloids in the upwelling
Maramec Spring water at location #1, however, indicates that the pressure loss and associated
chemical changes in the water as it rises up conduit has already induced the chemical changes
necessary to cause mineralization by the time the water has reached the surface. The formation
of these Mg calcite colloids in the rising conduit water also suggests that mineralization is likely
occurring via a non-biologic precipitation process as the ultimate causative factor is the pressure
decrease during the ascent of the spring water to the surface.

Unlike the pH increase measured along the Maramec Spring and Stream reach, many
experimental laboratory studies have observed a pH decrease upon the initial onset of calcium
carbonate precipitation (Reddy and Nancollas, 1971; Lakshtanov and Stipp, 2010). This
disagreement arises because reactions (3) and (4), while moving right to left, both may influence
the solution pH of the system. In reaction (4a), moving right to left, hydrogen ions are produced,
thus lowering solution pH. Conversely, in reaction (3) hydrogen ions are consumed and solution
pH increases. Calcium carbonate precipitation from supersaturated solutions may cause reaction
(4a) to move from right to left temporarily at a faster rate than reaction (3) proceeds. In this
case, a temporary pH decrease may occur, but of course cannot continue indefinitely as
continued acidification would eventually reverse the process and lead to calcite dissolution. In
the case of supersaturated solutions, the reaction depicted in (4a) may also be the rate limiting
step. In an attempt to maintain chemical equilibrium reactions (1), (2), and (3) are forced to
move to the left in response to reaction (4a). We would also expect calcium carbonate
crystallization to occur very rapidly at first (i.e. when reaction (4) is the rate limiting step), and
then slow as the solution approaches equilibrium (Kamkha et al., 1989; Dove and Hochella,
1993; Gomez-Morales et al., 1996b; Teng et al., 2000; Dickinson et al., 2002; Lakshtanov and
Stipp, 2010).

A comparison of all experimental results suggests that calcium carbonate precipitation in
Maramec Spring is induced by CO, degassing as the driving mechanism rather than due to [Ca
solution increase. Evidence for this conclusion includes the measured CO; gas being volatized
from the water (Figure 5), pH rise (Figure 2), near constant to slight decrease in [Ca ] in the
downstream direction. The CO; degassing results from the pressure decrease that results during
the ascent of the spring water to the surface, a depth change that exceeds 58 meters (190 feet).
Such a depth change would correlate to a pressure decrease of approximately six atmospheres.
The loss in CO;induces a step-wise series of reactions starting with a pH rise, which allows the
transformation of HCO3™ to CO3”, which allows the solution ion activity product of Ca*" * CO3>
to theoretically reach the saturation level with respect to calcite, although a ST> 0.0 could not be
calculated based on the measured spring water chemistry and temperature (Section 3.3).

+2]
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3.2 Non-Carbonate Colloidal Material from Maramec Spring

The colloidal particles collected by vacuum filtration of the Maramec Spring water displayed a
much wider variability in mineralogy and chemistry than the particles collected by centrifuging.
The particles collected by centrifuge were also slightly larger, though we believe that this is a
result of continued growth of the crystals after the samples were removed from the spring system
up until the time they were centrifuged and dried on a mounting block (Figure 8). The
particulate material collected by sequential filtering universally displayed SEM-EDS spectral
peaks for Si and Al. Unfortunately, these two elements were also present in the filter paper and
Al-SEM mounting blocks, respectively, The very minute sizes of the vacuum captured particles
commonly results in X-ray generation areas during EDS analysis that are larger than the particles
themselves. Thus the EDS spectra signals often include overlapping and underlying substrate
material along with the sample target. Thus the presence or absence of Si and Al cannot be
confirmed nor denied in these particles.

XRD analyses of the vacuum filtered particles commonly revealed the presence of two relatively
prominent peaks for quartz at 26 angles of 20.8°, 26.6°, and a series of subdued peaks occurring
at 36.6°, 39.5°,40.3°,42.5°, and 50.1° 26 . The 26.6° peak was often the largest displayed for all
minerals identified on the filters (Figure 11). The samples collected on 11/12/2010 displayed
large peaks for quartz on the 5.0 um filters, but none on the smaller filter sizes. Filter papers
collected at locations #5 and #8 also displayed a greater abundance of quartz than the samples
from location #1. The 8/29/2010 sampling only included a 0.22 pm filter and this also displayed
large peaks for quartz. The quartz particle sizes thus appear to be >5 um as none of the grains
were passed onto the smaller filter sizes in the sequential vacuum filtering procedure. The origin
of the quartz is unknown but they may be derived as: weathering residue from the dissolution of
the Gasconade and Eminence dolomites and thus transported through the underwater cave
passages as detritus; soil particles that were washed into the cave and have transgressed the
entire cave system; inorganically precipitated quartz from the spring water; phyto-planktonic
diatoms, possibly the genus Navicula (Figure 10f); and/or silica secreted by the water plants in
Maramec pool. A detrital particle origin is favored for these quartz grains as biogenic and low-
temperature precipitates of silica are often dominated by amorphous silica with only minor and
poorly ordered quartz (Gregg et al., 1977). Thus biogenic recently precipitate silica would to
give rise to only broad and low-amplitude XRD peaks for quartz and no distinctive peaks from
the amorphous silica.

The XRD spectra for particulate material collected on a 0.22 um filter on 8/29/2010 revealed
peaks at 6.3°, 8.8°, 12.4°, 20.8°, 24.8°, and 26.6° 20 (Figure 10a). The 20.8° and 26.6° peaks
result from quartz being present. The remaining diffraction peaks at 6.3°, 8.8°, 12.4°, and 24 .8°
are commonly associated with preferred oriented mounts of phyllosilicate minerals, especially
for chlorite (6.3°, 12.6°, 18.9°, 25.2°), illite (8.8°, 17.9°, 26.8°, 36.1°), kaolinite (12.4°, 24.9°,
37.8°,51.3°), and/or smectite (5.7-7.1°, 11.5-14.3°, 17.4-21-7°, 23.4-28.8°). Peak positions for
the smectite clays display a wider range of 20 angles due to the substitution of different ions in
the interlayer positions in the clay structure and the ability of the smectite to shrink and swell
with water loss or gain. The first peak position listed for each of the individual phyllosilicate is
usually the strongest (001) reflection, and may be the only peak detected when only minor
amounts of a mineral are present. Illite is likely present based on the rather diagnostic 8.8° peak
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position and its common occurrence in Missouri soils. Peaks for the remaining three
phyllosilicates are difficult to distinguish from one another without conducting more advanced
XRD treatment runs on heated or ethylene glycol-treated samples. We were not able to capture
and isolate enough sample material to perform such analyses. It is likely that the remaining
phyllosilicate peaks were generated from kaolinite and smectite. The Gasconade dolomite and
other sedimentary sequences in Missouri host economically-viable kaolinite deposits located in
paleo-sinkholes and caves (Keller et al., 1954). Some of these deposits are located just a 15 km
north (9 miles) from Maramec Spring. The Gasconade likely also contains minor quantities of
kaolinite and fine-grained quartz throughout its stratigraphic succession. Most of the kaolinite
was ultimately derived from the weathering of feldspar minerals in the Precambrian basement
rocks of Missouri during its distant geologic past. By contrast, chlorite is not commonly found
in any quantity in Missouri strata.

The size distribution of the clays is also unknown, other than a portion of them are larger than
the 0.22 um filter from which they were captured on 8/29/2010. The phyllosilicate peaks that
were detected on the 8/29/2010 XRD scans were relatively prominent (Figure 11a), but were
absent to relatively subdued on the filter samples collected on 11/12/2010 samples (Figure 11b
and c). This contrasting pattern of the two sampling dates suggests that the suspension of clay
minerals in the Maramec system is an episodic event that is induced by rainfall in the recharge
area, and even minor increases in flow may induce subtle changes in particle transport dynamics.
There was no visual increase in water turbidity or color on 8/29/2010, thus the influx of particles
into spring will not be noticed by the casual observer following minor increases in water
discharge. Vandike (1996) noted that the spring system discharge at Maramec Spring often
increases within four to six hours after the initiation of a heavy rain event, though this flow
increase is induced by the pressure head of the newly arrived meteoric water at distal locations
and not the influx of new water at the spring opening. It often takes several days for the new
meteoric water to arrive at the spring, and the mass center of the water recharge pulse typically
reaches the spring 12 to 15 days after the rain event. An increase in water flow had been
recorded at the United States Geologic Survey-Cook Station Gauge on the Meramec River nine
days before our 8/29/2010 sampling. Cook Station is located only six miles east of the eastern
boundary of the Maramec Spring recharge area determined by Vandike (1996), thus any new
influx of water at Cook Station is likely to be mirrored by an influx of water into the Maramec
Spring recharge area. The increase in water flow at Cook Station was first recorded at 10:15
CDT 8/20/2010 when the water began to rise above its base of 0.71 m*/sec (25 ft*/sec; Figure
13). By 16:00 CDT on 8/21/2010 the water flow had more than doubled, cresting at 1.56 m*/sec
(55 ft'/sec), then receding for the next five days until the original 0.71 m*/sec was reached. It is
likely that Maramec Spring was experiencing a period of increased water discharge and
associated turbulence on 8/29/2010 that was a result of the same 8/20 to 8/21/2010 water influx
event at Cook Station if the mass center recharge travel time for Maramec Spring requires 12 to
15 days (Vandike, 1996). This period of increased flow may have been enough to erode small
amounts of clay sediment from the cave floors and walls, or transport surface soil derived clays

through the entire cave system from their point of surficial water influx in the recharge zone, or
both.

The 11/12/2010 filtration sampling at Maramec Spring occurred when there was a prolonged
period with a constant 0.82 m”/sec (29 ft*/sec) and no significant increase in water flow for more
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than 30 days at the Cook Station gauge. While the XRD peaks for phyllosilicates minerals were
subdued for the 11/12/2010 sampling relative to the 8/29/2010 collection, the peaks for quartz
were still pronounced for both sampling periods (Compare Figures 11a and ¢). Thus, the
transport behavior of quartz appears to differ from that of the phyllosilicates through the
Maramec Spring system. This is good supporting evidence that the clay minerals detected on
8/29/2010 sampling were derived from distal surficial material that was washed into the cave
from soils in the recharge area. Clay minerals easily remain suspended in a water column with
small amounts of turbulence, while clay minerals already deposited as a sediment layer are more
difficult to dislodge due to the strong electrostatic attraction between the individual clay
particles. The darker brown colored water produced during very high flow events will likely
involve the same surface soil influx, plus cave sediments that may be scoured out by the flood
waters. Future sampling of the flood waters may shed further light on the processes affecting
transport of solid particles through this cave system.
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USGS 07010350 Meramec River at Cook Station, MO
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Figure 13. Water discharge in ft’/second as recorded at Cook Station USGS Gage Station
just prior to and after the 8/29/2010 sampling event. A doubling of water flow is noted on
August 21-22. Cook Station is located ~10 km (6 miles) east of the eastern boundary of the
Maramec Spring recharge area.
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Identifying minerals responsible for generating peaks for minor mineral can be difficult when
only one major peak is present, or without correlating compositional data generated by SEM-
EDS and/or digestion results from the solids. One potential phase matching some of these peaks
may be related to the relatively large cubic-rectangular particles (Figure 10c¢) or clusters of cubic
particles (Figure 10e) that revealed a SEM-EDS spectral peak for sulfur and lead. The chemical
composition, rectangular morphology (orthorhombic), plus the 27.5 ° and 33° 2@ XRD angles are
all consistent with these particles being the mineral anglesite (PbSO,). Southern Missouri is
host to numerous lead-zinc mineral deposits, thus it is not surprising to find isolated lead
minerals disseminated throughout the local geologic strata. Finding these minerals in high
enough concentrations to produce an identifiable XRD signal from filtered spring however is a
surprising find. Lead as an element has a high electron density, thus a relatively small
concentration of lead bearing minerals could be expected to produce a relatively pronounced
XRD signal. Positive confirmation of this mineral phase would be provided by the analysis of
the unfiltered water samples for lead. The 33° peak also corresponds to one of the three most
prominent peaks for the carbonate mineral vaterite (the remaining two most prominent peaks
overlap with kaolinite and quartz). Thus vaterite is also a potential phase represented by this
XRD spectra, however, we have not been able to find any crystals with a morphological
resemblance to vaterite during SEM analysis of the filter and centrifuge particles.

The 9.3° 20 angle would correlate with a larger d-spacing resembling the dimensions of the
(001) spacing on a phyllosilicate mineral, however, no specific phyllosilicate matches this exact
peak position. The large diffraction spacing may also correlate to an unknown organic
substance.

One remaining minor XRD peak at a 2@ position of 25.7° remains unidentified. Both the large
and finer particulate grains also displayed peaks for Si and Al during SEM-EDS analysis with a
small peak for Fe. These possibly represent Fe-rich clays, however the Si and Al signals may
also be derived from the filter paper and AI-SEM block, in which case the Fe may be the result
of the presence of iron oxides, hydroxides, and/or oxyhydroxides.

3.3 Geochemical Modeling of the Maramec Spring System Water

Calcium carbonate precipitation is attributed to binding between Ca and COj” ion, resulting in
amorphous calcium carbonate clusters which then transform into crystalline calcite (Gebaur et
al., 2008). Despite the confirmed presence of colloidal calcite in the Maramec Spring water, we
have not been able to successively run a computer model using the water composition that also
correlates with the observed mineral formation. Model runs using the PHREEQC-Version 3
were used to calculate saturation index values (SI = log [(aCa*aCO3'2)/Ksp)] for calcite,
aragonite, dolomite, quartz, chalcedony (fine needle quartz), and amorphous silica (SiO2(m)).
Input data parameters used in the modal run are shown in Tables 1, 2, and 4, while the calculated
SI values determined by the model are also shown in Table 4. The PHREEQC code calculates a
SI value of -0.86 and -0.41 for calcite at locations #1 and #4, respectively (SI < 0.0 indicates
undersaturated conditions). The model also indicates that undersaturated conditions exist for
aragonite and dolomite, with dolomite undersaturation of course being a requirement to maintain
the opening of the cave-water conduit passage. The model also predicts saturation with respect
to quartz for location #1 water (SI = 0.0), a slight undersaturation at location #4 (SI=-0.02), and
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undersaturated conditions for chalcedony and amorphous silica for all water samples. Quartz has
been identified in the XRD analyses of the particles collected in the filters (Figure 11a).

Although the PHREEQC code calculates undersaturated conditions for calcite in the Maramec
system water, the calculations also demonstrate that the changing conditions moving from
location #1 to #4 are also causing changes in the solution that move it closer to the saturation
point. Thus we can assume that if we are at saturation at location #1, which we must be as
calcite has been recovered there, then the changes in water chemistry moving from location #1 to
#4 will also to continue to promote the precipitation of additional calcite. Furthermore, if the
changes in water chemistry occurring from location #1 to #4 are the same as those occurring
during the ascent of water from the subsurface to the spring outlet at location #1, then the water
ascent will also be inducing chemical changes that promote calcite precipitation.

We conducted a sensitivity analysis of the various water parameters that may be responsible for
inducing calcite mineralization by alternately changing one of the key water chemistry
parameters to achieve a calculated SI = 0.0 in the PHREEQC model, while alternatively holding
all other parameters constant at their measured values in water samples:

Temperature: Calcite solubility is inversely proportional to temperature, thus an increase in
temperature will lower the K, for calcite, potentially inducing crystal formation. The solution
temperature also has an influence on two additional parameters that are worth reviewing as they
can also then influence the solubility of carbonate minerals. 1) Increasing temperature will lower
the solubility of the CO2x(aq) phase, leading to CO; volatilization, and potential rise in pH that
can promote mineralization. 2) An increase in temperature will also increase the CO3* / HCO>
alkalinity ratio, also a factor in promoting calcite formation. According to our sensitivity
analysis model, however, an unrealistically high temperature increase to 82°C would be required
to change the SI = 0.0 for calcite at location #1 (optimized parameter Temp-1 in Table 4). And
at this temperature dolomite would be the solubility limiting phase with a SI =+0.16.
Furthermore, the great mass of the surrounding rock material will insulate against temperature
changes thus the system can be considered as nearly isothermal. Our temperature measurements
at site #1 averaged 13.6 + 0.6°C for recordings made during the spring, summer and fall months
indicating a relatively constant temperature for the discharged water at the spring site.

Small increases in water temperature are noted as the Maramec Stream water moves downstream
from location #1 to location #8 over a distance of 1360 meters. This temperature increase
typically is in the range of 0.5 to 1.0°C during the warmer summer months. A sensitivity
analysis conducted using the PHREEQC code with location #1 water rising from 14.1 to 15.1°C
would result in only a minute SI change from -0.86 to -0.85. The corresponding changes in the
activities of dissolved aqueous CO; species with this one degree temperature increase would be:
COs” increase from 8.367 x107 to 8.585 x10” molal; HCOj3 decrease from 2.638 x107 t0 2.637
x107 molal; and COy,,) decrease from 8.081 x107*t0 7.927 x10 molal. Thus an increase in
temperature as water moves downstream in the Maramec Stream system during the warmer
season months would induce several changes in the water composition, though small, would all
favor continued carbonate mineralization.
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Table 4. Results of PHREEQC Modeling of Maramec Spring and Stream Water Runs.
The saturation index for calcite would be calculated as (SI = log [(aCa*aCO;'Z)/Ksp]), where
precipitation should occur when SI > 0.0. The model uses K., values at 287 K and one
atmosphere for: calcite 10'8'43, aragonite 10'8'27, dolomite 107! ’“83, quartz 10'4‘15, chalcedony
107, and amorphous silica 1028, The “Optimized Parameter” row refers to changes
adjusted on the water chemistry to force a SI = 0.0 for calcite. Optimized parameters used
in the sensitivity analysis are shaded in the data columns.

Optimized Alkalinity- Alkalinity-
Parameter None-1 None-4 Temp-1 Ca-1 1a 1b pH-1 pH-4
Sampling Date | 8/29/10 8/29/10  8/29/10  8/29/10  8/29/10 8/29/10  8/29/10  8/29/10
Location #1 #4 #1 #1 #1 #1 #1 #4
Ca mg/kg 34.0 31.9 34.0 340 34.0 34.0 34.0 31.9
Mg mg/ke 19.9 19.5 19.9 19.9 19.9 19.9 19.9 19.5
Si0y,,) mg/kg 4.3 4.2 4.3 4.3 4.3 4.3 4.3 4.2
alkalinity 144 149 144 144 186 1600 144 149
meq/L
pH 6.94 7.40 6.94 6.94 6.94 6.94 7.81 7.81
Tempo‘gat“re 14.1 14.5 82 14.1 14.1 14.1 14.1 14.5
SI calcite 086  -0.41 0.00 0.00 0.76 0.00 0.00 0.00
SI aragonite 101 -0.56 0.11 0.15 -0.92 0.15 0.15 0.15
SI dolomite 176 -0.83 4016 -1.04 -1.57 0.05 -0.03 0.02
SI quartz 0.00  -0.02 0.87 0.00 0.00 0.00 0.00 0.02
SIchalcedony | -0.46  -0.48 115 0.46 0.46 0.46 0.46 0.48
SI a‘;‘i‘l’ircl;h"“s 134 -1.35 -1.83 -1.34 -1.34 -1.34 -1.34 -1.36

Alkalinity: Alkalinity attributed to CO3>, has an important role in controlling the solubility
carbonate minerals. We considered the possibility that alkalinity contents were higher in the
subsurface waters relative to the measured surface water composition, and/or alkalinity loss was
significant in the collected surface waters due to CO; loss before they could be analyzed (even
though the alkalinity measurements were given a high priority in field sampling and were
completed within 15 to 30 minutes of sample collection). It is important to note here that the
Maramec Spring water was clearly not at equilibrium and it was exhibiting a loss of CO; and an
associated pH rise as solutions were moving downstream (Figures 3 and 4), and in spring water
solutions collected and held in a vessel (pH change from 7.04 to 7.71 over 40 hours). An
estimate potential instability of the solutions resulting from CO; loss can be made by comparing
the charge equivalence balance of the water. This calculation for location #1 reveals a total
cation charge excess over anion charge by 0.772 x 10™ charge equivalents (molal concentration *
ionic charge). If the missing 0.772 x 10~ negative charge equivalent is added back the measured
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alkalinity as bicarbonate, then the corrected alkalinity value would be increased from 2.878 x 10
> m t0 3.650 x 107 m, or 144 to 183 meq/L. Using this higher alkalinity value for the Maramec
Spring water in the PHREEQC calculation still predicts an undersaturated solution with respect
to calcite (SI=-0.76; optimized parameter alkalinity-la in Table 4).

Our alkalinity determinations were also conducted using the colorimetric titration method and
may not be as accurate as the potentiometric titrations using a Gran end point determination
(Anderson, 2002). Our measured range in alkalinities was 131 to 149 meq/L for three locations
measured on 8/29/2010 and were represented by bicarbonate alkalinity (Table 2). Our values
were also similar to the average value of 149 + 35 meq/L (range 101 to 215 meq/L) recorded by
the USGS between 1993 and 1995 (Vandike (1996). According to our sensitivity analysis
calculations, an increase in alkalinity to ~1600 meq/L would be required to saturate with respect
to calcite, or an increase of more than 10-fold of what we currently are seeing in the Maramec
Spring water (optimized parameter alkalinity-1b in Table 4).

Calcium activity: The presence of Ca and similar alkaline earth cations is a controlling factor in
determining the saturation state with respect to calcite. We determined a Ca®” concentration for
the Maramec Spring of 34.0 and 31.9 for unfiltered water at locations #1 and #4 and our
measured values were slightly higher than the 1993-1995 USGS data (average 27.8 = 4.4
mg/kg). Our sensitivity analysis study indicates that the PHREEQC calculations will require a
Ca concentration increase to 340 mg/kg, or a 10-fold increase in Ca to achieve calcite saturation
while holding all other parameters constant (optimized parameter Ca-1 in Table 4).

Solution pH: The pH value may be the most important parameter controlling carbonate
speciation and calcite saturation at the conditions of the Maramec Spring system. These waters
certainly contains a high enough Ca*" ion activity and enough total alkalinity to be saturated with
respect to calcite, the only issue that prevents the PHREEQC code from determining a SI> 0.0
results from the neutral to mildly alkaline conditions that in turn produce a molar CO;*/HCO5”
activity ratio that is too low to produce saturated conditions for calcite. A pH increase will have
an indirect but important effect of converting HCO3" into CO32'. The CO32'/HCO3' ratio
calculated for the water composition at location #1 was 8.367 x 107/2.368 x 107, thus CO3>
comprises only 0.0317% of the total of the two species at a pH 6.94, and the SI at this point
equals -0.86. The corresponding values at location #4 are 2.518 x 10°%/2.724 x 107, with CO3*
comprising 0.0924% of the total of the two species at a pH 7.40, and the SI at this point equaling
-0.41. Holding the alkalinity and Ca values constant for both locations, but raising the pH to
7.81, results in a change in the alkalinity species molar ratio to 6.427 x 10°/2.705 x 10~. The
COs* carbonate ion now makes up 0.2370% of the total, and the SI= 0.0 at both locations #1
and #4 (optimized parameters pH-1 and pH-4 in Table 4). A pH value of 7.50 had been recorded
at location #8 on 10/4/2007, and this was the highest Maramec water value measured.

Two additional factors affecting the saturation point are worth consideration, but we have yet to
quantitatively evaluate their influence at this point. Both of these factors would produce a more
soluble calcite phase and thus make the Maramec system fall to even lower SI values that it
presently does in the PHREEQC model. The first factor relates to the Mg content of the calcite
grains (~8 mole % Mg as detected by digestion and solution analysis of centrifuge collected
solids and ~16 mole% as determined by a shift in the calcite djo4 spacing). Increased Mg
content should produce a calcite phase that has a higher soluble than a relatively low-Mg calcite
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phase (Morse et al., 2006; Ries, 2011), thus an even a higher ion activity product (aCa>" *

aCO0s™) should be required to attain saturation state. The second feature of the colloids grains
requiring a higher ion activity product relates to the minute size of the colloids. Very fine
grained crystalline materials exhibit higher solubility constants than their coarser-grained
counterparts due to a higher-proportion of defect-type structural positions located at crystalline
corners and edges. These sites are more easily dissolved that ions located at flat crystal faces.
Having a higher proportion of surface corners + edges / flat faces thus results in a higher
solubility for the colloidal phases.

Fritz and Eady (1985) were able to induce the precipitation of calcite from undersaturated
solution with respect to calcites (SI=-0.04 to -0.23) by hydraulically forcing fluids through a
Ca-bentonite membrane. Precipitated occurred when the local microenvironment adjacent to the
bentonite layer established a layer of ions along the high-pressure side of the clay membrane that
was higher than the bulk solution. Eventually the activity of the ions in the microenvironment
exceeded the saturation limits for calcite and precipitation occurred. XRD results from this
present study indicate that the Maramec Spring water contains the clay minerals kaolinite, illite,
and probably smectite (bentonite) clays as well. Kaolinite appears to be the dominant clay
mineral present. While clay minerals commonly can concentrate dissolved ions around their
charged surfaces, the kaolins are least efficient at this process as they have weakest surface layer
charge. The clays suspended in the Maramec Springs water would also only be completely
suspended in water, as opposed to the membrane layer geometry used in the Fritz and Eady
study, thus it is unlikely that concentration of charged ions would achieve high enough levels to
reach a SI = 0 value. None-the-less, it is interesting to think of the potential for the surfaces if
the clays to act as nucleation centers to initiate the precipitation of calcite. Dissolution of the
centrifuged captured calcite grains revealed the presence of trace amounts of Al, K, Si, and Fe
(Table 3) with these elements being the predominant components in many clay minerals.

The participation of HCO3 in the mineralization process, rather than strictly COs> as is used in
the computer codes, may also be invoked as a potential mechanism that explains the different
results between the experimental results that clearly show calcite is being precipitated, and the
computer code simulation that that predicts calcite precipitation can’t be happening. The
hypothesis proposed here is that the carbonate ion (CO3”~) is the desired specie for the reaction
and not the required specie. Thus, as the pressure decreases in conjunction with the fluid ascent
in the spring conduit, both the carbonate and bicarbonate species (HCO3') are becoming involved
in the precipitation reaction. The negatively charged HCO5 should be attracted to the Ca*" ions
as depicted in reaction equation (4). We do not have any experimental protocol to determine if
HCO5 can be directly involved in mineral precipitation as depicted, as opposed to CO5*
(equation 5), but theoretically the HCO3™ should become involved in calcite precipitation
reactions for neutral to mildly alkaline solutions where CO32' contents are relatively low
(Zilberbrand, 2003) and pH increases are being observed (Morse et al., 2003). Carbon-hydrogen
bonding distortions, consistent with the presence of HCOj;™ clusters, have also been detected by
NMR spectroscopy within the structure of synthetic, natural biogenic, and abiogenic calcites
(Feng et al., 2006).
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4 CONCLUSIONS

The physical and chemical changes occurring in the Maramec Spring system water as it rises
from the subsurface induces the precipitation of Mg calcite colloidal particles (Ca:Mg molar
ratio = 92:8). Precipitation continues as the water moves down the Maramec Stream system.
The colloidal particulate material forms as a result of pressure loss (and warming of water in the
stream), CO; degassing, and an associated rise in solution pH. The pH increase causes a
transformation of alkalinity speciation and an increase in the CO5*/HCO5  ratio. An increase in
COs* should eventually increase the ion activity product Ca*" * COs* to a point where saturation
is achieved with respect to calcite. Calcite precipitation in the Maramec Spring and Stream
system is being achieved, however, at a point where the calculated SI values were between -0.86
and -0.41. The observed calcite precipitation is thus in conflict with the predicted PHREEQC
saturation model for the Maramec system. A sensitivity analysis of the modelling parameters
indicates that carbonate mineralization is most susceptible to a pH increase. Although a pH rise
has been observed in the spring water, it still is not sufficient to reach a SI = 0.0 in the model.
Rapid loss of alkalinity components before they could be measured could be responsible for a
part of this discrepancy, however the participation of HCO3" in the mineralization process, rather
than strictly CO5” is the most plausible explanation to account for the differences between the
precipitation reactions producing calcite and the computer code calculations.

Our discovery of Mg calcite colloids as a precipitated product in the upwelling water of
Maramec Spring suggests that the milky blue-white color of the spring water is a result of light
reflection or scattering off of the calcite colloids. The presence of silica-bearing minerals such as
quartz, illite, kaolinite and possibly smectite clay, as well as a sulfur-lead phase in the spring
water was also confirmed by SEM-EDS, XRD, and ICP-OES analysis and these minerals may
also contribute to light scattering in the water. Fine grained particles are often associated with
light scattering or sorption effects in acidic water systems that produce a bluish-white coloration,
but these typically are produced by colloidal silica or sulfur particles (Ohsawa et al., 2002, 2010;
Yuuji et al., 2003). The relatively consistent color of the water during all but the highest flood
stage events also favors the colloidal calcite being the primary phase responsible for the cloudy
discoloration, though the quartz particles commonly encountered may also play a role in the light
scattering process. Low solubility detrital particles of clays and quartz most likely are derived as
a weathering residue from the dissolution of the Gasconade or Eminence dolomites, or any other
carbonate rock or derivative soil that the Maramec Spring aquifer recharge system transgresses
through. Deposition and erosion of the detrital particles onto the subaqueous cave conduit floors
and walls certainly occurs, with the amount and particle size distribution being dependent on the
hydrologic transport properties of the particles (grain diameter, grain shape, density, surface
charge), water turbulence, and water flow rate through the cave. These same hydrologic
transport properties would of course also influence the rate of resuspension of these particles,
and thus the cloudiness of the Maramec Spring pool should vary in accordance to the rate of
water flow through the system. The blue-white color and low, but visible turbidity is the normal
condition of the spring. The only exceptions are noted under very high water flow rates caused
by heavy seasonal rains. These induce a notable increase in turbidity and a change to brown
colored water occurs. We believe this latter change is the result of the resuspension of the
detrital sediments but we have yet to collect water samples from such a high-discharge stage
event to confirm this hypothesis.
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Theoretically, the Maramec Spring system could provide some insight on natural systems acting
as both CO; sources and reservoirs. The CO; dissolved in Maramec Spring water is being
introduced into groundwater system in the recharge portion of the spring system due to the
absorption of CO; from the atmosphere, soil gases, and the dissolution of the carbonate bedrock
that hosts the spring system. This CO; is transported though the spring system in solution as
H,CO0s(aq), HCO5", CO52, and COx(aq). Some of this CO, is then released back into atmosphere
as a gas at the point of spring upwelling. This natural system provides a valuable analog into the
solution chemistry processes that may influence CO; precipitation as carbonate phases following
a decrease in pressure. Such reactions may also induce carbonate precipitation reactions in areas
where future CO; repositories develop leaks along fractures or drill wells. Mineral precipitation
can naturally seal these fractures by progressive blockage of the fracture openings. The chemical
and physical parameters driving such precipitation occur naturally in response to the decrease in
pressure on the fluid as it rises. The carbonate mineralization occurring at Maramec Spring,
however, occurs as a colloidal suspension rather than a precipitate on the walls of the spring
conduit. The latter process would be required in order for a self-sealing fracture process to
occur. The high turbulence of the water during its ascent to the surface certainly may influence
this mode of mineral precipitation but we are unaware if other factors may be involved.

The process involving carbonate mineralization at Maramec Spring also provides an analogue to
evaluate other natural colloidal carbonate precipitation events such as sudden development of
turbulent aqueous white clouds of aragonite needles, or “whiting events” that are observed to
occur periodically in carbonate platform settings such as the Red Sea or Bahamas (Robbins et al,
1996; Morse et al., 2003). Various hypotheses for the precipitation mechanisms for the whiting
events range from the suspension of bottom sediment by schools of fish, water turbulence that
suspends very fine needles that act as nucleation sites for carbonate minerals, or algal blooms
that induce mineralization as a consequence of biologic processes. The Maramec Spring system
is quite different from an oceanic system: Maramec Spring has a lower salinity, lower Mg/Ca
molal ratios, near constant temperature, greater depth and associated pressure decrease
associated with upwelling water, and precipitates only calcite as opposed to aragonite
dominated-lesser calcite whiting events). Despite their many difference, the Maramec Spring
system is still a fresh water whiting event that apparently occurs without any biologic
intervention. Although seed crystals have not been found as nucleation centers within the calcite
grains, the microscopy investigations of the present study are preliminary and it is possible that
higher resolution microscopy investigations may detect such seed crystals in the future. The
detection of small amounts of Al, Si, K, and Fe in the digestion fluids produced from the
centrifuged calcite particles permits the contribution of clay minerals (illite, kaolinite, smectite),
iron oxides or oxy-hydroxides, and/or quartz as nucleation seed material. A study of the water
parameters in these different systems may give insight into which chemical or physical
parameters leads to colloid particle nucleation in both systems.

All reactions at the Maramec Spring system lends itself as a natural outdoor laboratory to
introduce college undergraduate students to both field geochemical analysis techniques and
carbonate chemistry. We have taken advantage of this opportunity to introduce 157 students to
the spring as a laboratory exercise during the 2010 through 2012 academic years. Students
measured and examined the water chemistry and evaluated the importance of the carbonate
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minerals in the carbon cycle and implications for the sequestration of anthropogenic carbon
dioxide.
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SECTIONIV. EVALUATION OF THE MINERAL AND GEOCHEMICAL
ATTRIBUTES OF THE MIDCONTINENT RIFT SEQUENCE
FOR CARBON SEQUESTRATION

1 INTRODUCTION

1.1 Geologic Sequestration of Carbon Dioxide

Geologic sequestration involves injecting supercritical-phase CO; into a deep saline aquifer to
prevent its return to the atmosphere. The acidity of the aquifer water will increase as CO; is
injected and dissolves into the aquifer. Concentrations of dissolved carbon dioxide (COxg))
carbonic acid (HyCOj3(,q)), bicarbonate (HCO5'), and carbonate (CO5™) will increase in solution
(Berner and Lasaga, 1983), with their relative proportions depending largely on pH, but also on
temperature, salinity, and pressure. Dissolution of CO;into water and the formation of various
aqueous species are controlled by the following equations:

CO, + H,0 = H,COsyyy (1)
carbonic acid

H,COs, = H + HCO; (2)
bicarbonate

HCO*=H" + CO;* 3)
carbonate

Water + rock + CO; aqueous specie reactions will occur as the pH of the solution decreases
(Berner and Lasaga, 1983; Holland, 1984; Meybeck, 1987). The calcite (CaCO3) cement
commonly observed in Midcontinent Rift (MCR) rocks exposed in the Lake Superior region will
readily react with the acid in such a scenario. Since this calcite cement is often the major pore
filling material, its dissolution will serve to open the primary pore space in the MCR rocks and
increase their permeability. This increase will allow the aqueous fluids to permeate further into
the surrounding pore spaces and react with silicate and oxide minerals as their surfaces become
exposed. Dissolving carbonate minerals to aid in the precipitation of carbonate minerals in the
overall concept of carbonate mineralization is of course a zero gain scenario due to the
generation of new sources of CO, gas. In order to be an effective process, the volume of
carbonate minerals dissolved during the dissolution of carbonate cement must be exceeded by
the volume of preexisting pore space accessed by the newly opened pores + the volume of new
pore space generated by the dissolution of silicate and oxide rock components.

H' + CaCO; = Ca® +H,COx(4y) 4)



The dissolution of Ca-, Mg- and ferrous Fe-bearing silicates from the MCR sedimentary and
volcanic rocks represent a vast source of Ca*” Mg®" and Fe*", which when combined with the
carbonate ion (COs”), may produce a variety of carbonate minerals (Meybeck, 1987; Gunter et
al., 1993; Bachu et al., 1994; Giammar et al., 2005). Ferric iron phases such as hematite (Fe;O;)
are commonly encountered as cement in many subsurface rocks, and these may also be involved
in carbonate mineralization reactions if the iron can be reduced to the Fe*” state by reducing
agents present in the system. The reactions involving silicate and carbonate minerals will also act
neutralize carbonic acid produced in near-field reactions close to the point of CO; injection
(Figure 1). The pH of the groundwater will increase as a result of these neutralizing reactions
with the minerals, with acid protons (H") being exchanged with metallic ions (e.g., Na', K,
Ca®’, Mg, Fe*', etc.). These acid neutralizing reactions may promote carbonate mineral
formation in far-field settings at locations that are remotely located from the injection point of
CO,, and/or in near-field settings after injection of CO; has ceased and long enough time periods
have passed to allow acid neutralization. As a result of the pH increase, the solubility of released
cations will decrease and mineral precipitation would eventually occur (Giammar et al., 2005;
Knauss et al., 2005; Palandri and Kharaka, 2005; Xu et al., 2005). Several of the more common
mineral phase reactions are depicted in reactions 5-8:

CO;” + Ca* = CaCo; (calcite/aragonite) %)
CO;” + Mg”™ = MgCO; (magnesite) (6)
2C0;” + Ca*” Mg®" = CaMg(COs),  (dolomite) (7
CO;* + Fe*" = FeCO; (siderite) (8)

Carbonate ions may precipitate as carbonate minerals as pressure decreases when water moves
upwards, much like the processes that occur in hydrothermal systems (Katz et al., 2006). The
same mineralization process may occur during a reduced pressurization stage following the
cessation of CO;z injection or as water move upwards through fractures. Experiments conducted
on the fractured Ogachi granodiorite in Japan found that a significant amount of Ca®" was
dissolved into solution after the injection of supercritical-phase CO; at 200°C and 6 MPa (870
psi). After the temperature declined to 100°C, the dissolved carbonate ions began to complex
with dissolved alkaline earth elements and precipitate as carbonate minerals (Ueda et al., 2005).
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Figure 1. Hypothetical model of CO; sequestration in the MCR clastic sediments. This
shows the geochemical reactions that could occur at the injection site (near-field reactions)
and more distal locations (far-field reactions).

1.2 Structural Elements of the Midcontinent Rift (MCR)

The MCR 1s a Mesoproterozoic (1115 to 1050 Ma) volcanic and sedimentary rock sequence that
has formed within a series of rifted basins across the Midcontinent of North America (Woollard,
1943; Thiel, 1956; King and Zietz, 1971, Behrend et al., 1988; Miller, 2007). Surface exposures
of the MCR rocks are encountered only in the region around western Lake Superior while the
subsurface configuration can be easily traced below younger covering rocks using both Bouguer
gravity and magnetic geophysical surveys (Stein et al., 2011).

The geometry of MCR basins were controlled by regional extensional stresses (Green, 1983;
Cannon and Hinze, 1992; Paces and Miller, 1993; and Cannon, 1994). The initial extension
phase began as a triple junction at what is now Lake Superior. This extension was associated
with a rising mantle plume and crustal thinning. The southwestern MCR arm extends 1300 km
from the center of Lake Superior to Kansas. The southeastern arm stretches from Michigan to
Ohio, approximately 700 km, and its geophysical signature terminates against the Grenville
orogenic front. The Lake Nipigon dike and sill province to the north of Lake Superior represents
the third failed arm of the rift triple junction. Dickas and Mudrey (1997) have separated the
western and eastern arms into five major zones based upon structural accommodation zones.
These are represented in a southwest-to-northeast-to-southeast arcuate direction by the Kansas,
Iowa, Superior, Mackinaw, and Maumee Zones, with the first three zones being investigated in
the present study (Figure 2). The Kansas Zone is completely buried by Paleozoic and younger
sediments and geophysical signatures of subsurface features suggest the presence of a central
uplifted horst (the Kansas Horst). The lowa Zone is also buried by younger sediments and also



contains a central uplifted horst (the lowa Horst). Numerous sedimentary basins can be defined
within this Iowa Zone including the Wellsburg, Ankeny, and Shenandoah basins that lie to the
southeast of the central horst; the Duncan and Defiance basins that lie to the northwest of central
horst, and the Mineola Graben and Stratford basin that are basins developed on top of the central
horsts (Anderson, 1990). The Superior Zone is exposed at the surface in the Lake Superior
region, while buried sections are also found to the southwest and are subdivided into the St.
Croix Horst, Twin City Basin, and Ashland Syncline.
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Figure 2 (previous page). The main structural elements of the southwestern arm segment
of MCR showing three zones from southwest to northeast; the Kansas, lowa, and Lake
Superior Zones, these being separated by the Central Missouri Tectonic Zone (CMTZ),
Belle Plaine Fault Zone (BPFZ), and Thiel Fault Zone (TFZ) (Dickas and Mudrey (1997).
The Kansas Zone displays a central uplifted Kansas Horst (KH). The Iowa Zone is further
divided into the Wellsburg (WB), Ankeny (AB), Shenandoah (SB), Duncan (DC), Defiance
(DB), and Stratford Basins (ST), as well as the Mineola Graben (MG) (Anderson, 1990).
The southwestern portion of the Superior Zone is subdivided into the St. Croix Horst
(SCH), Twin City Basin (TCB), and Ashland Syncline (AS). Additional tectonic features
defining basin boundaries include the Isle Royale Fault Zone (IRFZ), Keweenaw Fault
Zone (KFZ), Douglas Fault Zone (DFZ), Lake Owen-Hastings Fault Zone (LOHFZ),
Northern Boundary Fault Zone (NBFZ), Thurman-Redfield Structural Zone (TRSZ), Big
Blue Fault Zone (BBFZ), Great Lakes Tectonic Zone (GLTZ), Central Plains Suture Zone
(CPSZ), Penokean Structure Zone (PSZ), Mazatzal Suture Zone (MSZ), and Fayette
Structural Zone (FSZ). Drill core locations for the Texaco Poersch #1 Well in Kansas and
the M.G. Eischeid #1 Well in lowa are also marked with star symbols. Modified after
Anderson (1990).

1.3 Stratigraphy and Stratigraphic Correlations of the Rift Basins

Thin and discontinuous basal sedimentation intervals accompanied the initiation of rifting and
basin subsidence. These sequences were deposited directly on top of pre-MCR basement rocks
and are represented by the Nopeming Formation in Minnesota, the Bessemer Quartzite in
Wisconsin and other laterally stratigraphic units (Figure 3; Green, 1982a and b). The Nopeming
is mature quartz arenite with a basal pebbly horizon that was deposited in a braded river
environment (Ojakangas and Morey, 1982). The early sedimentary deposits were covered by a
thick sequence of reversed and normal polarity Mesoproterozoic tholeiitic volcanic flows. These
filled the central rift axis to form a huge lava plateau that was locally incised and interlayered
with minor clastic infilling sediments during volcanically quiet intervals (Green, 1982b). The
volcanic sequence, being composed of multiple flow horizons, reach a cumulative thickness of
up to 20 kilometers. Increasingly higher proportions of sedimentary rocks began to fill the basin
as volcanic activity began to wane and finally cease. The crustal rocks within the rift continued
to sag downwards as a result of the weight of the volcanic rock load, emptying of magma
chambers from below, and the thermal subsidence associated with hot spot abatement. The
generally fining-upward prograding wedge of sediments represented by the Oronto Group was
then deposited. These include the basal Copper Harbor Conglomerate (CHC), followed by the
lacustrine siltstone-shale deposits of the Nonesuch Formation, and finally the extensive fluvial
deposits of the Freda Formation (Anderson, 1990).

Regional tectonic forces changed from extension to compression after the Freda Formation was
deposited due to the initiation of the Grenville Orogeny along the eastern seaboard of the paleo-
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North American Continent (Cannon, 1994). Previous down-dropped grabens were converted
into uplifted horsts in some locations and previously deposited Oronto Group sediments were
eroded from the top of these horsts. Fluvial deposits of the Bayfield Group-Jacobsville
Formation were deposited at the horst flanks with a higher maturity level than that of the older
sequences (Figure 3; Anderson, 1990). Since these latest sediments were reworked from
previous deposits, they were produced as chemically mature sediments up to the point where
quartz arenite has sometimes formed (Ojakangas and Morey, 1982).

Seismic, magnetic, and gravitational surveys of the MCR sector in Kansas suggest the presence
of a thrust fault that tectonically emplaced older volcanic sequences on top of younger
sedimentary rocks giving a sense of reverse stratigraphy (Behrend et al., 1988; Woelk and Hinze,
1991). Younger extensional sediments were overlain by the older volcanic rocks, and the
younger compressional sediments were overlain by an older extensional sediments (Anderson,
1990). Interpretations of the seismic and the gravitational profiles indicate these thrust faults
bound the central horst with an angle between 15° and 75°. The juxtaposition of the normally
impermeable-natured early-rift stage extensional rocks on top of the relatively permeable late
stage sedimentary rocks could provide a possible sedimentary-structural trap for sequestration of
carbon dioxide.

1.3.1 Volcanic Successions

Initial sedimentary deposits were rapidly and progressively overlain by a series of massive
volcanic flows composed of four main eruptive episodes (Figure 3; Ojakangas and Morey, 1982;
Miller, 2007). The first magmatic stage (1,115 to 1,107 Ma) is reverse magnetic polarized and
composed of mafic to ultra-mafic olivine-rich basalts that were directly sourced from a mantle
plume, although significant crustal melt contamination had affected the earlier flows from this
stage. The second magmatic stage (1,107 to 1,102 Ma) is a period of relatively minimal
volcanism that is characterized by normal to reversed polarized magnetism. Volcanism was
often felsic in nature, as opposed to the mafic volcanism that dominates the earlier and later
MCR sequences, and was accompanied by vertical subsidence that allowed the previously
discussed immature sandstones to accumulate in small basins. The main magmatic stage (1,102
to 1,092 Ma; Portage and Porcupine Volcanics of WI and M1, plus the Chengwatana Volcanics
and North Shore Volcanic Group in MN) is a normal polarized magmatic event with basal
tholeiitic basalts, followed by olivine basalt and lesser, though locally abundant felsic volcanics
(Miller, 2007). The fourth and final magmatic pulse (1,094 to 1,086 Ma) produced normal
polarized basalt volcanism associated with interstratified alluvial, fluvial, and lacustrine deposits
that became more abundant upwards as volcanism waned (e.g., the traps of the Keweenawan
Peninsula).
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Figure 3. The Keweenawan Supergroup and its nomenclature in Minnesota, Wisconsin,
Michigan, and Iowa (Modified from Cannon and Nicholson, 1992; Anderson (1997).

1.3.2  Oronto Group and Equivalent Stratigraphic Units

Although cessation of volcanism occurred at 1086 Ma, subsidence of the central basin continued
to occur as evidenced by the thick accumulation of the Oronto Group sediments. The Oronto
Group is a clastic dominated sedimentary sequence, and was the main focus of the present study.
Both Craddock (1972) and White (1972) have described the Oronto Group in west central
Wisconsin as being comprised of three formations deposited in stratigraphic succession: the
basal CHC, the Nonesuch Formation, and the Freda Formation (Figure 3). The CHC is a fining
upward sequence of immature conglomerate to lithofeldspathic sandstone, and siltstone. This
formation is approximately 2130 m (7000 ft.) thick with a lower portion developed as an alluvial
fan deposit and the upper portions forming as meandering stream deposits (Daniels, 1982;
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Elmore, 1984). The overlying Nonesuch Formation is a 75-210 m (250-700 ft.) gray-to-black
organic-rich shale and shaly siltstone. Elmore et al. (1989) and Suszek (1997) described the
depositional environment of this formation, based on bacterial and algal contents as a restricted
lacustrine deposit although Pratt et al. (1991) suggests that the Nonesuch may have an estuarine
origin based upon organic molecules that resemble those found in marine fossils. The Freda
Formation sandstone is the upper-most unit in the Oronto Group. This sequence is composed of
approximately 3500 m (1150 ft.) of cyclic sandstone, siltstone, and mudstone that was deposited
in a braided river system (Daniels, 1982). The Solar Church Formation is encountered only in
the subsurface in Minnesota and is considered to be broadly correlative to the Oronto Group.

In the Towa sector, the Lower Red Clastic Group (equivalent to the Oronto Group) is designated
the units of B, C, and D (Witzke, 1990). The primary difference between the Unit B and the
CHC is the dominace of the sandy quartzose facies in Unit B (Daniels, 1982; Ludvigson et al .,
1990). Units C and D in the lowa sector have similar lithologic characteristics to the Nonesuch
and Freda Formations, respectivly (Anderson, 1990; Witzke, 1990). Unit C is characterized by
the abundant siltstone and shale, and contains abundant vein and pore-filling calcite cement
along with structurally deformed mineral grains. Unit D is is an upward fining sequence of
sandsone similar to the Freda Formation.

1.3.3  The Bayfield-Jacobsville Sandstones and Equivalent Stratigraphic Units

The Bayfield Group-Jacobsville Formation sequence unconformably overlies the Oronto Group.
This sequence is interpreted to have been deposited during a compressive tectonic phase
associated with the Grenville Orogeny. The Bayfield Group and Jacobsville Formation are also
stratigraphically equivalent units to the Fond du Lac-Hinkley Formations in Minnesota, (Figure
3; Ojakangas and Morey, 1982). The Bayfield is formally subdivided into three formations. The
lowermost unit is the Orienta Formation sandstone, which constitutes 575 m (1880 ft.) of red-
lithofeldspathic sandstone-siltstone-shale facies. The fining upward nature of the succession
suggests a meandering river origin (Anderson, 1990; Ojakangas et al., 2001). The Orienta is
conformably overlain by the Devils Island Formation sandstone, which is the thinnest
stratigraphic unit of the sequence (~90 m). The Devils Island sandstone is a buff colored and
highly mature due to its being formed by reworking older sediments in eolian and lacustrine
environments (Tryhorn and Ojakangas, 1972). The Chequamegon sandstone is the youngest unit
and lies conformably upon the underlying sandstones. This unit is a highly mature, porous, and
permeable quartz-arenite with a total thickness of approximately 150 m (Ojakangas, 1986).

Witzke (1990) assigned the names Unit E, Unit F, and Unit G for the Upper Red Clastics in the
M.G. Eischeied #1 Well in lowa, while Unit H was later added by Anderson (1990). Unit E is
sandstone-dominated with an abundance of lithic fragments. Unit F is cycles between very fine
to fine grained gray sandstone with lesser red and brown siltstone and shale. Unit G is red-
brown fine to medium-grained sandstone intercallated with minor shale and siltstone. Unit H is
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light redish-brown very course-grained sandstone with some micaceous shale to sandy siltstone
intervals. The mineral and textural maturation of the Upper Red Clastic Group is less than that
for the Lower red Clastic Group (Units B, C, and D). That is reverse of the pattern displayed for
the Oronto and Bayfield Group sequence exposed in the Lake Superior region where the
Bayfield Group is more mature when compared with the underlying Oronto Group sediments
(Ojakangas and Morey, 1982; Ojakangas, 1986; Ludvigson et al., 1990; Ojakangas et al., 2001).

The Phanerozoic Sequence unconformably overlies the Keweenawan Supergroup, although
much of this sequence has been eroded away in the Lake Superior region (Anderson, 1990, 1992,
and 1997). About 914 m (~3000') of Phanerozoic sediments are preserved in the penetrated
section of the Eischeid #1 Well, in lowa. The Cambrian sequence lying on top of the MCR
sediments constitutes approximately 196 m (640") of glauconitic arenaceous to argillaceous
facies sandstone, similar to those found in the basal Mt. Simon-Lamotte Formations and then
overlying carbonate-rich rocks similar to the Eau Claire-Bonneterre Formations.

1.4 Attributes of the Midcontinent Rift (MCR) for CO, Sequestration

Aquifer attributes that make a sedimentary succession favorable for carbon sequestration have
been summarized by Bachu (2000, 2002) and Thorleifson (2008). These considerations when
applied to the MCR sequence include the following assessment:

Favorable Attributes of the MCR for CO, Sequestration:

e The disposal depth generally exceeds 760 m (2500") outside of the Lake Superior area. At
these depths the injected CO, will be in a supercritical state (Buchanan and McCauley, 1987,
Doughty and Pruess, 2004). The density of the supercritical CO; phase is between 0.27 kg/m®
and 0.32 kg/m’ and will take up less space than gaseous phase CO,. The diffusion rate of
supercritical CO,, especially through tight pore spaces, is faster than both gaseous and liquid
phases. Finally, the greater depths of sequestration may reduce the risk of contaminating
drinking water aquifers that occur at shallower depths.

e The CHC is stratigraphically overlain by about 250 m (820") of fine grained Nonesuch
Formation sediments, which represent a potential stratigraphic trap for migrating fluids and
gasses. The faulted margins of the basins could also create structural traps.

e Most of these units, particularly the Oronto Group and underlying volcanic rocks, are
composed of silicate and oxide minerals that contain abundant quantities of Ca*", Mg*", Fe*"
and other cations that could play an important role in long-term carbon sequestration by
complexing with dissolved CO3> to form solid carbonate minerals.

e The proximal distribution of stationary coal-fired power plants and the existing pipe line
infrastructure will reduce the cost of transport associated with sequestration in the MCR. The
maximum distance that liquid-phase CO; can be transported through a pipeline without
additional CO, recompression is about 300 km (Figure 4).

e The Bayfield Group and laterally equivalent units are the most permeable sections of the
MCR, but these lack a stratigraphic trap rock in the Lake Superior region. Some portions of
the equivalent strata in the lowa and Kansas rift segments have been tectonically overlain by
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volcanic sequences and older sediments due to thrust faulting. Volcanic sequences may have
significant porosity along fractured and vesicular-amygdaloidal flow tops and bottoms, thus
their reliability as a stratigraphic trap must take these horizons into account.

The exploration activities associated with mineral and petroleum resources within the MCR
sedimentary rocks outside the Lake Superior region are minimal and thus there is a low
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