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ABSTRACT

NASA’s twin Mars Exploration Rovers, MER, Spirit and Opportunity, have
identified numerous geologic features that hint at a watery past on Mars noted in Malik,
2004. Prominent among these features are the “Martian Blueberries” that occur as
spherical hematite (Fe2O3) nodules. Hematite formation is facilitated by the presence of
water, although there are presently no known sources of free liquid water on Mars. Chan
et al., 2004 states that these “blueberries” are also similar to nodules found in the Jurassic
aged Navajo Sandstone in Utah. An understanding of the processes controlling the
formation of the Utah nodules may thus be key in determining the processes of nodule
formation on Mars.
A ferrous ammonium sulfate leachant solution (pH ≈ 4.5) was reacted with
various mineral phases in a static batch test to induce pH and/or Eh changes that could
cause a decrease in iron solubility. Following the static batch tests, flow-through tests
were conducted exposing columns with loose packed quartz sand and isolated crystals of
calcite and epsomite to a solution containing ferrous ammonium sulfate at a slow flow
rate. Two more flow tests were completed using mechanically rounded samples of
calcite cemented Dakota Sandstone. Finally, a reaction chamber was designed using inert
gasses, argon and nitrogen, to examine the reaction sequence in an anoxic environment.
The conclusions of the previously mentioned tests demonstrated that carbonate
minerals induced a pH increase, which in turn induced the precipitation of iron oxide that
mimicked the shape of the grains. The Dakota sandstone drip tests both produced halos
around the surface of the samples.
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1. INTRODUCTION

1.1. GENERAL STATEMENT
NASA’s twin Spirit and Opportunity Rovers have identified numerous geologic
features since they began exploring the planet in 2004 that hint at a watery past on Mars
(Malik, 2004). Prominent among these features are the “Martian Blueberries” located in
the Meridiani Crater and other locations. These “blueberries” occur as spherical hematite
(Fe2O3) nodules and often accumulate as a weathering residue in topographic depressions
on the Martian surface. Hematite formation is facilitated by the presence of water,
although there are presently no known sources of liquid water on Mars. These
“blueberries” are similar to hematite cemented nodules found in the Jurassic aged Navajo
Sandstone in Utah (Chan et al., 2004). An understanding of the processes controlling the
formation of the Utah nodules may thus be key in determining the processes of nodule
formation on Mars, previously proposed by Chan et al. (2004).

1.2. MOQUI MARBLE VS. MARTIAN BLUEBERRIES
The Moqui Marbles are concretions that have an iron and manganese halo
surrounding a sandstone core. The Moqui Marbles and the Martian Blueberries have
distinct similarities, and a few differences. The Moqui Marbles have black-brown outer
rims formed from hematite and manganese oxide cemented sand grains. The cores of
these nodules are composed of quartz cemented sandstone as shown in Figure 1.1. These
nodules accumulate in cracks and depressions as they weather from outcrops. The water
transporting Fe and Mn to form the Moqui Marbles was sourced from upwelling reduced
organic-rich basinal waters (Chan et al., 2004). The Martian Blueberries, on the other

2
hand, are solid homogenous, pure grey hematite. These formations look like blueberries
in a muffin, hence the name.
Since the Martian Blueberries are spherical, they are believed to form when water
seeps through the matrix grains of rocks. Joints or fractures that would preferentially
channel water through portions of the rock would be expected to produce asymmetrical
nodules (Mullins, 2004). The water source is still unknown since there are no presently
known water sources on Mars. Britt (2004) describes the blueberries as extremely small,
BB sized features, similar to the finer size range Chan et al. (2005) gives for the Moqui
Marbles; although overall Moqui Marble grain size diameters range from mm-sized
“baseballs” to >10 cm sized “grapefruits”.

(a.)

25 mm

(b.)

Figure 1.1. Moqui Marble and Martian Blueberries. (a.) Hematite cemented nodule from
Navajo Sandstone, Utah. (b). Multiple hematite nodules in the Blueberry bowl from
Meridiani Crater, Mars.

1.3. SIGNIFICANCE OF MARTIAN BLUEBERRIES
Various geomorphic features provide evidence that Mars was wetter before about
3.7 billion years ago. In particular, Catling (2007) describes valleys from the surface of
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Mars that have characteristic branching forms that seem to have been eroded by water.
Catling also notes heavily degraded rims of ancient craters and crater infilling suggesting
that this may have been produced by liquid water.
Hematite on Earth forms in the presence of water, which permits the possibility
that the hematite on Mars may also have formed in the presence of water. In order for the
Martian blueberries to form, water must have been present. Now, scientists are searching
for the source of water on Mars, whether it is groundwater, a past wet atmosphere, or
water trapped in the polar ice caps and released into a groundwater-like system.
Because water is an essential component of life, its discovery could indicate the
possibility of life on Mars. Another planet with life present, especially one on which life
is just beginning to thrive in the form of bacteria would be a major discovery.

1.4. PURPOSE STATEMENT
The purpose of the research presented in this thesis was to test the validity of the
models proposed by Chan et al. (2004). These tests were designed to replicate potential
conditions that may cause Moqui Marbles to form and, by analogy, to better understand
possible mechanisms occurring on Mars that produced Martian Blueberries. Answers to
the following questions are sought: Since hematite indicates the presence of water, what
are possible water sources that form the concretions? Also, what were the environmental
conditions, Eh and pH, like in order for the precipitation to occur? Finally, what could be
the sources of iron, other than enriched water, such as basaltic host rock or evaporate
mineral? In order to figure out what could be occurring on Mars, it is important to first
determine mechanisms of concretion formation on Earth.

4
2. GEOLOGIC BACKGROUND

2.1 MARS
The background of Mars is a mystery that is slowly being uncovered. The surface
environment of Mars is thought to have three distinct time periods based on either terrain
or rock deposits. The following is a summary of Williams (2006) who portrays the past
Martian environment as fairly active. Phyllosilicate formation dominated the Martian
surface about 4,000 million years ago in an alkaline water-rich environment. When
volcanic activity began 4,000 to 3,800 million years ago, the environment became acidic
and was dominated by the formation of sulfate minerals. Finally, around 3,800 million
years ago, oxidation occurred giving the surface of Mars its red color. The oldest terrainbased time period is the Noachian, 3,800 – 3,500 million years ago, which was dominated
by large impact craters. This was followed by the Hesperian period of 3,500 – 1,800
million years ago, where an extensive lava field formed, and finally, the Amazonian
period occurred from, 1,800 million years to the present (Caplinger, 1994). A wet period
that ranged from 4.5 – 3.7 billion years ago is thought to have built up in the crater at
Meridiani Planum from the upwelling of groundwater (McKee, 2007).
Mars has an internal structure similar to that of Earth. The core of Mars is
composed of iron, with 15 – 17% sulfur (Arkani-Harmad and Boutin, 2004). The mantle
of Mars is composed of silicate material followed by a 50 to 125 km thick crust (The
Solar Wind at Mars, 2001). However, unlike Earth, the surface of Mars provides little
information about past processes. Carr (2006) reveals that the southern hemisphere of
Mars appears to be geologically inactive without even the energy to erode away the small
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craters. The remainder of the planet shows signs of past geologic activity including
extinct volcanoes and canyon systems (Carr, 2006).
Recently, NASA has become increasingly interested in exploring Mars. The
detection of hematite on the planet in 2003 became a primary focus due to the fact that
hematite forms in the presence of water. A mission was devised to send robotic rovers to
Mars to explore and send information back to Earth. The remotely operated vehicle
Opportunity landed on Mars on January 25, 2004, at Meridiani Planum (Catling, 2004).
The crater where Opportunity landed is depicted by Chan et al. (2005) as a thinly
layered outcrop, 3 meters in height and 19.8 meters wide, as a basaltic host rock,
deposited from air-fall, with evaporite cements and pure gray crystalline hematite
concretions, known as Martian blueberries. Bedrock in Opportunity’s landing site
showed clear evidence of cross-bedding, layers formed at angles, and polygonal cracks
on some rock surfaces (Squyres et al., 2006).

The composition of the basalt at

Meridiani contains clinopyroxene (55%), orthopyroxene (5%), plagioclase (20%), olivine
(5%), oxides (10%) and other (5%) (Martinez-Frias et al., 2006).
The hematite that attracted scientist to this area occurs in the form of iron spheres
nicknamed blueberries. The hematite is in the gray crystalline form (Catling and Moore,
2003) and found in greater than 10wt% abundance (Christensen et al., 2004). The
concretions appear to be younger than the outcrop as the layered nature of the outcrop is
not deformed around the blueberries (Martinez-Frias et al., 2006). No hematite was found
in the rock outcrop, but within the berry bowl where the concretions tend to congregate
when they weather out of the outcrop itself (Catling, 2004).
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Another important discovery at Meridiani Planum is the mineral jarosite
(KFe3(SO4)2(OH)6). Jarosite typically forms in an acid lake or hot spring environments
(Malik, 2004). Jarosite in the outcrop was found at ~10wt% (Christensen et al., 2004).
Clark et al. (2006) suggests that the pH was constant at jarosite locations, indicating an
acidic setting over a period of time. The vugs in the rock outcrop indicate the presence of
some crystals that have since been removed. There are also evaporite minerals present
such as bromite (BrO2-), increasing towards the top of the outcrop, and kieserite
(MgSO4·H2O), found in highest concentration near the bottom (Clark et al., 2006).
For a planet with high CO2 concentrations, Mars contains hardly any carbonates.
Bandfield et al. (2003) states trace amounts of magnesite have been found in Martian
dust, but in the outcrops no known carbonates have been discovered. No known
carbonate recycling process has been found on Mars. The lack of carbonates has been
attributed to the highly acidic environment created by the volcanism in the Martian past,
in which carbonate minerals would readily dissolve (Bandfield et al., 2003).

2.2 MARTIAN BLUEBERRIES
The identification of blueberries on Mars was a significant discovery. Catling
(2004) states that the blueberries are a primary precipitate of gray crystalline hematite.
Particle size influences hematite color and grain size (Catling, 2004). Gray hematite, also
known as specular hematite, has intergrown, hexagonal crystals with a silvery metallic
luster. A warm environment of approximately 100°C is needed for the specular hematite
to form (Catling, 2004). Catling and Moore (2003) believe the gray hematite on Mars
formed from hydrothermal activity. This theory is also supported by the lack of minerals
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and silica present associated with the acid weathering of basalt. The size of the
blueberries ranges from 0.6 to 6 mm (Christensen et al., 2004).
Blueberry formation most likely involves a process of reduction-oxidation where
reduced ions such as Fe2+ present in the crustal/mantle fluids become oxidized while
rising, or through interaction with ambient groundwater penetrating porous sands. The
resultant oxidation of Fe2+ to Fe3+ results in the lowering of the solubility of iron and the
precipitation of mobile cations as hematite/goethite rich materials (Mahaney et al., 2006).
This hematite is significant because it is formed in the presence of water, which has
recently been found in soil samples on Mars (Brown et al., 2008).
A theory proposed in an article Erickson et al. (2005), states that the Martian
blueberries to form in the following manner. Pyrite, pyroxene, olivine, and plagioclase
from the basalt present are weathered by highly acidic waters; releasing iron, calcium,
and magnesium for transport. The calcium mixes with sulfur dioxide to create tabular
shaped calcium sulfates. The tabular grains are eroded away, leaving behind vugs or
cavities. The acidic water then encounters the iron producing jarosite. When the solution
begins to neutralize, reaching a pH above 3, the jarosite oxidizes to goethite. Next, the
reaction rims begin to form. When the water begins to evaporate, the goethite turns to
hematite (Erickson et al., 2005).

2.3 MOQUI MARBLES
The Moqui Marbles found in the Navajo Sandstone outcrops in Utah are
considered a possible terrestrial analogue to Martian blueberries (Chan et al., 2005). The
Moqui Marbles are typically fine grained and red in color. The hematite found in the
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Moqui Marbles is thought to be a secondary mineral, forming after the deposition of the
origin sand (Catling, 2004). The semi-spherical shape of the concretions is the geometry
of the minimum free-energy shape that forms in nature (Chan et al., 2004). The spherical
shapes and organized distribution suggests that diffusion reactants between an oxidized
and reductant solution actually cause precipitation (Chan et al., 2005). Moqui Marbles
resemble typical concretions as they are non-uniform in size, locally flattened or highly
irregular in shape, very commonly clumped together, and are concentrated at reaction
fronts (Burt et al., 2007). Chan and colleagues suggest concretion size and spacing
depend on fluid, chemistry, oxidation potential, pH, flow paths, and timing. Growth of
the Moqui Marbles appears to be concentric, but the rind size varies (Chan et al., 2004).
A pH of approximately 4.8 is needed for the iron to come out of solution (Chan et al.,
2000).
Chan et al. (2004) describes the cementation of the Moqui Marbles to have two
known developmental stages, weakly cemented and well developed. The weakly
cemented ones tend to have irregular outlines that are commonly reddish to dark brown.
The well developed ones have a smooth surface, homogeneous hematite cement,
brownish – black, larger grain sizes. In the hematite concretions, quartz grains are coated
with a thick layer of hematite and euhedral hexagonal plates of hematite protrude into the
unfilled pore space (Chan et al., 2000).
Chan et al. (2005) proposed that the Moqui Marbles form via a three step process.
First, the detrital Fe-bearing silicate minerals that originally thinly coated the quartz
grains are broken down. Then reducing fluids transported the dissolved iron bleaching
the Navajo Sandstone to a white color. Finally, the fluid containing the iron mixes with
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oxidizing groundwater, precipitating the concretions in episodic intervals. There may be
some controversy over the precipitation stage. Chan states diffusion at an interface
between oxidizing and reducing solution causes oxidation of iron. The proposal is that the
interaction of two solutions does not necessarily need to occur in order for precipitation
to take place. If an iron saturated solution percolates through an outcrop and encountered
a rock containing carbonate minerals, such as calcite, then the pH of the acidic solution
will be increased as the fluid dissolves the calcite. This increase in pH will reduce the
solubility of Fe resulting in the precipitation of Fe-bearing minerals within the rock.
Even a less permeable rock can cause precipitation of iron, especially if organics are
found to be present. As a result, oxidizing and reducing fluids do not need to come in
contact in order for precipitation to occur; just a stimulus such as organics or a layer of
carbonates need to be present.

2.4 NAVAJO SANDSTONE
The Jurassic aged Navajo Sandstone is the uppermost unit of the Glen Canyon
Formation, overlying and intertonging with the Kayenta Formation and unconformably
overlain by the Carmel Formation (Freeman and Visher, 1975). The Navajo Sandstone
of interest is found in southern Utah (Chan and Archer, 2000).
The quartz sand began piling up 180 million years ago through saltation by a
single monsoon wind (Loope and Rowe, 2005). About 65 – 25 million years ago, the
bleaching began turning the red sandstone to white, followed by iron concretions, known
as Moqui Marbles, forming 25 – 6 million years ago (Chan and Parry, 2002).

10
Researchers disagree about whether the Navajo Sandstone is an eolian desert or
shallow marine (Freeman and Visher, 1975). This controversy is based on the fact that
the most common type of cross bedding noted in the sandstone, trough or festoon, is not
typical of modern day eolian settings (Freeman and Visher, 1975).
The Navajo Sandstone is a homogeneous feldspathic quartz arenite (Freeman and
Visher, 1975); composed of ~90% quartz, ~5% potassium feldspar, ~5% clays, and other
accessory minerals (Chan et al., 2005). The grains are weakly cemented with quartz,
hematite, or carbonate (Chan et al., 2004) and the grain size ranges 1/16 to 2 mm (Loope
and Rowe, 2005). Freeman and Visher (1975) describe the grain shape as rounded to
subrounded and well sorted with frosted surfaces. The sandstone is very porous, about
17%, and permeable which allows fluids to pass through it easily.
Chan and colleagues note that the colors of the Navajo range from brown to red to
white. The colors depend on the amount of iron present in the sandstone. The red color is
caused by the iron oxide content in the sandstone. When fluids containing hydrocarbons,
weak acids, or hydrogen sulfide move through the formation, iron is removed and the
sandstone is bleached white (Chan and Parry, 2002). The water source of the fluids is
saline brines from Pennsylvanian salts that have been removed by interaction with
meteoric water (Chan et al., 2000). As reduced brines moved up fault zones and
encountered oxygenated groundwater, the iron and manganese precipitated out as cement.

2.5 ST. PETER SANDSTONE
The St. Peter sandstone is an Ordovician formation in the Chazyan stage of the
Champlainian series (Unklesbay and Vineyard, 1992). The St. Peter sandstone is a pure
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white quartz arenite, 99.44% silica, and was formed in clear, shallow water. It is a
medium grained, well rounded and sorted, porous sandstone (Dake, 1921). Due to its
weak cementing, it generally lacks structures such as cross bedding or fractures (Indiana
Geologic Survey, 1997). In Missouri, where the samples used in this thesis experiments
were collected, the sandstone bluffs range in height from 18.3 to 30.5 meters, with a
sandy dolomite resting beneath and the Joachim dolomite overlaying the unit (Dake,
1921).
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3. METHODS

3.1 GENERAL INFORMATION
Several different methods were used to investigate various precipitation
mechanisms. Firstly, static batch tests were used to determine how concentrations of
ferrous ammonium sulfate and different minerals react. Then, drip tests were performed
based on the results of the batch tests, to evaluate iron oxide precipitation in a sand
packed column. Scanning Electron Microscopy (SEM) – Energy Dispersive
Spectroscopy (EDS) work was done on some of the samples to analyze elemental content
and observe how the results of the drip tests compared to the naturally occurring Moqui
Marbles. Finally, a controlled atmospheric reaction chamber was designed to study how
different gases alter the geochemical environments and the reactions between fluid and
rock.
Static batch tests were used to determine which minerals induce precipitation of
hematite (Fe2O3) or amorphous ferric-iron oxide (Fe3+). The different minerals chosen
were representative of minerals that may potentially form in evaporite settings on Earth
and Mars. These minerals include calcite (CaCO3), epsomite (MgSO4·7H2O), magnesite
(MgCO3), siderite (FeCO3), and gypsum (CaSO4·2H2O). The minerals were obtained
from the mineral collection at Missouri University of Science and Technology.
The drip tests were set up using a plastic carboy reservoir, a column containing
the sand and samples, two 0.02 µm filters, and plastic tubing. The plastic carboy
reservoir was placed in a ring stand on a shelf so the effect of gravity would force the
water to percolate through the reactor column. The plastic carboy reservoir was attached
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to the column via rubber tubing with a 0.02 µm filter attached to one end. This filter was
placed in a rubber stopper that fit into the top of the column, which was packed with
crushed grains of the St. Peter sandstone, a relatively pure quartz arenite, collected from
Pacific, Missouri. Then either samples of calcite, epsomite, or Dakota sandstone were
placed within the sand column. At the bottom of the column was another rubber stopper
and a filter. The two filters were used to help control the flow rate and prevent iron
oxidation flakes that precipitated in the plastic carboy reservoir from entering into the
system. The plastic carboy reservoir was filled daily with approximately 325 mL of iron
bearing solution passing through the column.
Another set of static batch tests was also completed. This set was prepared to
investigate whether iron could form from the weathering breakdown of the host rock (in
this case basalt) instead of coming from a water source. The basalt samples were from
the mineral collection at Missouri University of Science and Technology. Two samples
of basalt, weighing approximately 1.35g were placed in vessels at pH levels of 1, 2, and
3.

A blank test (without basalt) was also made at a pH of 3 to see if the vessels

themselves affected pH levels. The vessels were monitored for precipitation and
geochemical changes.
Finally, a reaction chamber was designed that allowed reactions between the rock
components and the iron bearing solution without the influence of oxygen from the lab.
One large tube was used to control the atmospheric environment using an inert gas flush
that prevented oxygen from entering the system. A smaller diameter tube inserted inside
the larger tube had PVC pipes attached that were used to monitor the pH and Eh
concentrations of the solution passing through the tube.
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SEM analysis was done to obtain spectra of the Elmer’s glue (sometimes used to
cement the loose sand in the columns together), Moqui Marble, and the two Dakota
sandstone samples, along with the basalt from the reaction chamber. Each sample was
mounted differently, depending on the type of analysis to be done.

3.2. STATIC BATCH TESTS WITH CALCITE, EPSOMITE, GYPSUM, MAGNESITE,
AND SIDERITE

Static batch tests were used to determine which minerals would induce
precipitation of hematite (Fe2O3), amorphous ferric-iron oxide (Fe3+), or hydroxide.
Several different minerals were chosen as representatives of minerals that could
potentially form in evaporate settings on Earth and Mars. These minerals included calcite
(CaCO3), epsomite (epsomite MgSO4.7H2O), gypsum (CaSO4.2H2O), magnesite
(MgCO3), and siderite (FeCO3). All minerals except epsomite, which was purchased as
Epsom salt at the local Wal-Mart, were derived from Missouri University of Sciences and
Technology mineral collection. The ferrous ammonium sulfate (Fe(NH4)2(SO4)2 · 6H2O)
used as a source for dissolved iron was obtained from Fischer Scientific.
The minerals, along with different concentrations of ferrous ammonium sulfate
(approximately 5.03 g) dissolved in water were placed in Teflon vessels (21 mL volume)
to initiate the tests. The Teflon vessels were filled with different concentrations of water,
ferrous ammonium sulfate, and potential evaporite minerals, with approximately the same
weights. Then, these vessels were placed in a 50°C oven and the pH and Eh were
periodically checked over an eleven month period.
There were four variations of the static batch test, each of which contained
different concentrations of water + ferrous ammonium sulfate + the selected mineral, as
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shown in Figure 3.1. Two different solutions were prepared for the batch tests. The first
contained 5g ferrous ammonium sulfate to 500 mL of water. The other contained 50g
ferrous ammonium sulfate to 500mL of water. The molal concentration of ferrous
ammonium sulfate used in the tests was calculated based upon the weights of ferrous
ammonium sulfate and water used, and found to be 0.0246 moles per kilogram. The
selected rocks and minerals used for the batch tests were calcite, gypsum, basalt, siderite,
and magnesite. Table 3.1 below is a matrix of the test procedures. A charcoal buffer was
added to tests with calcite to see if it would potentially inhibit the oxidation in the vessel.
The charcoal would also be used in the drip tests as a reductant in the plastic carboy
vessel used to provide the leachant solution. Once the calcite, gypsum, and basalt batch
tests were run, a static batch test was set up using siderite and magnesite. This test
included five Teflon vessels filled with different concentrations of ferrous ammonium
sulfate + water + either siderite or magnesite samples weighing approximately 0.50 g.
They were set up in the same manner as the calcite drip tests.

Figure 3.1. Calcite static batch test vessels. Static Batch Tests of vessels 2, 3, 4. Vessel
4 (far left) contains charcoal + ferrous ammonium sulfate+ water. Vessel 2 (middle) is 5
g ferrous ammonium sulfate + 500 mL of water + calcite. Vessel 3, 50 g/ 500 mL ferrous
ammonium sulfate + calcite.
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Table 3.1. Matrix of the calcite, siderite, gypsum, and magnesite static batch tests. The
molal concentration of ferrous ammonium sulfate used in the tests was calculated based
upon the weights of ferrous ammonium sulfate and water used, and found to be 0.0246
moles per kilogram.
Vessel
Number

Mineral

56
108

Gypsum
(CaSO4*2H2O)
Calcite (CaCO3)

59
113
113
62
59
108
38

Calcite (CaCO3)
Calcite (CaCO3)
Siderite
Siderite
Magnesite
Magnesite
None

Ferrous
Ammonium
Sulfate
5g

Water

5g

500 mL

50 g
50 g
5g
50 g
5g
50 g
5g

500 mL
500 mL
500 mL
500 mL
500 mL
500 mL
500 mL

Other

500 mL

Charcoal

After the vessels were removed from the oven, they were opened and closed at the
same time to avoid exposing any one of the vessels to more or less atmospheric
disturbance than the rest. Chemical analysis readings were also taken in the same order
each time so that the temperature was relatively the same with each test and would not
affect the readings. When testing the Eh and pH, buffer solutions of 4.0, 7.0, and 10.0
were first taken to calibrate the pH on the Accumet combination pH/Eh electrode.
Between each sample, the electrode was rinsed with distilled water and wiped dry to
reduce contamination between samples.

3.3 STATIC BATCH TEST –WITH BASALT
Preparation for basalt batch test was similar to the other batch tests. First,
calculations were performed to determine how much sulfuric acid and water was needed
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to achieve the desired pH levels. Calculations were done in order to figure out H+
concentrations at certain pH levels (pH = - log [H+]). Since a desired pH level was
already set, for example, 1, then taking the inverse log of 1, would provide the
concentration of hydrogen. The next step was to figure out the atomic weight of H2SO4
by calculating what weight percent of sulfuric acid is hydrogen (2.06%). Knowing the
desired pH and how much hydrogen is needed to achieve that pH level, the grams of
sulfuric acid per liter of water was calculated, resulting in 4.8932 g/L. Next, a simple
conversion was done to convert g/L to mL/L. The final solution was prepared by adding
2.65935 mL H2SO4 per 1 L water.
Once these values were calculated, the different concentrations could be made for
the desired starting leachant pH levels. Table 3.2 below shows the different
concentrations to achieve the desired pH. Each individual piece of basalt weighed 0.68 g,
two pieces were added to each vessel. The vessels were then placed in an oven at 50°C.
Once a week, readings were taken to determine if any pH changes occurred.

Table 3.2. Basalt static batch test matrix.
Solution

Water

pH

Basalt

30 g

180 g

1

Basalt

20 g from vessel 1

180 g

2

Basalt

20 g from vessel 2

180 g

3

Blank

20 g from vessel 2

180 g

3
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3.4 DRIP TESTS
Drip tests were set up to simulate when precipitation occurs. The drip tests
provide a flow of water, which would mimic what would be occurring in a rock body.
Different drip tests were performed; all were set up in a similar manner. The initial drip
test was set up using a calcite. Afterwards, more drip tests were initiated using epsomite
and two different types of calcite-cemented Dakota sandstone samples.
Before the drip test could begin, the St. Peter sandstone used in the tests as an
inert sand matrix had to be cleaned by agitation to remove potential contaminants. A
beaker containing the crushed sand was filled with water, and then by agitation, the
organics floated to the surface and spilled over the top. Next, the sand was rinsed three
times with deionized water, covered with aluminium foil, and placed in a 50°C oven for
drying.
The charcoal buffers shown in Figure 3.2 were placed in the plastic separatory
funnel to help prevent the onset of oxidation. The charcoal was cleaned by agitation in
the same manner as the sand. When the water no longer turned black, the charcoal was
placed in the 50°C oven to dry. Charcoal was placed in two different sized pipette tips
that were glued together using silicon glue.
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Figure 3.2. Charcoal buffer packets. They were used to reduce oxidation in plastic
separatory funnel.

The drip tests were set up using a plastic separatory funnel, a glass column or 60
mL plastic syringe containing the St Peter sand and potential mineral precipitant samples
(calcite, epsomite, and Dakota sandstone). Two 0.02 µm alumina filters, and plastic
tubing, were attached to the glass columns or plastic syringes. The plastic carboy
reservoir funnel was placed on a ring stand on a shelf so the column was gravity fed. The
plastic separatory funnel was attached to a glass column or syringe using a rubber tube
with a 0.02 µm filter attached to the end. This filter was placed in a stopper that fit into
the top of the column. The column was filled with crushed and cleaned St. Peter
sandstone. Samples of calcite, epsomite, or Dakota sandstone were placed equal
distances apart in the sand column. Another stopper and a filter were placed in the
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bottom of the tube. The two filters were used to help control the flow rate and also
prevent iron flakes from entering the system. The plastic separatory funnel was filled
daily with a fresh leachant solution and approximately 325 mL of solution would pass
through the column in a 24 hour period.
The first drip test involved a glass column packed with 40 cm of loose quartz sand
and five isolated grains of calcite, as shown in Figure 3.3. A sand slurry method, as
shown in Figure 3.4, was used to diminish the quantity of air bubbles trapped in the
column when packing the sand. This method was done by filling the column with water
first, then adding sand and crushed grains of calcite. The calcite grains were placed at
equal distances apart and grains 1, 3, and 5 were located near the outer edge of the tube
(for easy viewing), while grains 2 and 4 were in the middle. Through the 0.02µm filters,
the grains were exposed to slow flowing solution of water and ferrous (Fe2+) ammonium
sulfate at a steady flow rate. The solution added had 5g of ferrous ammonium sulfate to
500 g of water.
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Figure 3.3. Example of drip test set up. The blue arrow is pointing towards the plastic
carboy reservoir, yellow points towards the filter, red towards the rubber stoppers and
green towards the glass column.
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Figure 3.4. Sand slurry method. St. Peter sandstone which was placed in column using
the sand slurry method.

Another drip test was performed using the same experimental set up. This time,
the main evaporite mineral was epsomite (MgSO4.7H2O). This experiment was run two
different times using the grains in two different ways. The first run featured
approximately 3 grams of epsomite grains placed at equal distances apart in the column.
The next run had a fused mass of epsomite that was prepared by dissolving individual
epsomite grains in deionized water in a beaker, allowing the water to evaporate, and
placing the resulting recrystallized mass of epsomite into the reactor column.
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The final drip test used the same set up as the previous two. The only differences
were the specimen, the shape of the samples, and the use of a 60 mL plastic syringe. A
plastic syringe was chosen because cutting and extracting the final samples from the
plastic syringe would be easier than breaking the glass column while keeping the samples
intact. Figure 3.5 shows the new set up for the final drip test. Two different types of
Dakota sandstone clasts were used in this drip test. Dakota sandstone 1 (DK 1) was a
fossiliferous sandstone with a poorly cemented calcite matrix and Dakota sandstone 2
(DK 2) had a well cemented calcite matrix. Before drip tests, the sample clasts were
rounded by placing them in two separate polyethylene bottles containing crushed St.
Peter sandstone to help with abrasion. Then, these two polyethylene bottles were placed
on tumblers for 24 hours in an effort to mimic the spherical core of the Moqui Marbles.
The semi-spherical shape of the concretions is the geometry of the minimum free-energy
shape that forms in nature (Chan et al., 2004). The first test was set up using the St. Peter
sand slurry and two samples of DK 1, each being of the same approximate weight (2.0 g).
When iron precipitation was noted, the test was terminated and DK 2 was analyzed in the
same manner until precipitation occurred.
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Figure 3.5. Drip test set up. The plastic separatory funnel on the top shelf in the ring
stand connected to the 60 mL syringe.

3.5 SCANNING ELECTRON MICROSCOPY (SEM) EXAMINATION OF
SAMPLES
SEM was used to analyze the Moqui Marble, Elmer’s glue (used to hold the posttest column assembly together), both Dakota samples, and a grain of basalt to determine
whether phases were present along with the different elements. Mounting the samples, as
shown in Figure 3.6, was the first step in preparing to look at them in the SEM. The
Dakota sandstone samples were set in epoxy and polished while the Moqui Marble and
Elmer’s glue were pasted on a stud and coated with carbon. All samples were analyzed
by using the Energy Dispersive X-ray Spectroscopy, EDS, to check for the different
elements present.
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Figure 3.6. SEM samples. From left to right, Dakota 2 sandstone, Moqui Marble, and
Dakota 1 sandstone after preparation for SEM analysis.

The Moqui Marble sample was polished sequentially using 800, 600, 300, 3, 1,
0.5, and 0.03 µm grit sandpaper on a polishing turntable with a water wash. During
polishing, the sample began to fall apart because the water and stress induced by the
polishing process weakened the cement bonding. The remaining polished Moqui Marble
was then pasted on an aluminum stud with graphite glue and set to dry for 30 minutes.
Finally, the sample was carbon coated, to reduce electrical charging on the sample during
SEM/EDS analysis.
The Elmer’s glue was dripped on an aluminum stud and allowed to air dry for the
same amount of time as the Moqui Marble. Once dry, the glue was carbon coated. The
Elmer’s glue elements were tested using EDS to find out if it would cause interference
with the SEM/EDS analysis of the Dakota Sandstone samples and also the elements
present in the glue.
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The Dakota sandstones were the most difficult to prepare. First, the samples had
to be cut so they would fit in the SEM. Using a Buehler saw, which has a diamond
studded blade and utilizes water as lubricant, the samples were cut into a smaller form.
The samples were then set into a mold to which quick dry epoxy-resin hardener was
added, and then the entire assembly was placed in a vacuum to remove air bubbles during
the hardening process. After the epoxy dried, the samples were polished in the same
manner as was the Moqui Marble. Before carbon coating was applied, the samples were
covered in copper tape to help electrically ground them during SEM/EDS analysis.
The Hitachi S570 microscope was chosen for the analysis since it is equipped
with EDS. The parameters for the microscope’s EDS and backscatter were an
accelerating voltage of 15 kv and a working distance of 10 mm. The EDS detector
featured a tilt of 15 degrees and its magnification was varied between 1,000x and 1,500x.

3.6 NITROGEN AND ARGON ATMOSPHERE DRIP TESTS
The final drip test was set up using nitrogen and argon, which are found in the
Martian atmosphere. This test was used to see if iron could still precipitate in an anoxic
environment rich in an inert gas atmosphere largely devoid of oxygen. The design and
construction for this experimental apparatus was complicated and took six months to
complete.
First, a clear polypropylene tube approximately 0.9 meters tall with a diameter of
0.3 meters had eight holes drilled in it. This tube was to be the outside cylinder that
controlled the gas atmosphere used for testing (Figure 3.7). Inside the large tube was
another clear plastic tube that was smaller and shorter, approximately 0.6 meters tall and
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15.2 centimeters in diameter. This tube contained the sand and precipitant mineral
samples. The base of the larger-diameter outer tube had a covering made from Plexiglas
with four small holes drilled into it. One of these holes allowed gas to enter the system
via a rubber tube hooked up to the gas tank and another allowed water to leave the
system. The other two holes were blocked with silicon glue because they were not
needed. A groove was cut into the rounded piece of Plexiglas to create an airtight seal
onto the base when Vaseline was used. Then a funnel was propped up on the base to
support the smaller tube. A rubber stopper and filter were taped onto the bottom of the
inner tube using packing tape and Teflon tape to prevent leakage and help seal it into the
column.
The inner tube had four holes drilled in it, as well. These holes contained
sealable PVC pipes used as port openings that would allow pH and Eh values to be
measured “in situ” throughout the duration of the experiment, as shown in Figure 3.7.
These PVC pipes also extended out through the precut holes in the larger diameter outer
tube and the holes in the tube were sealed shut using packing tape in an attempt to
prevent oxygen from entering the system.
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Figure 3.7. Controlled atmosphere column. Close up view of the subsurface simulation
column with the four PVC ports visible. The sand filled inner column is located within
the outer column.

A small rubber tube was attached to the filter on the top of the inner tube allowing
water to pass from the reservoir, a five gallon jug with a valve on the bottom, to the
column. Then, a plastic bag was taped to outside of the outer tube, top of the drip
column, and reservoir. The column had a rubber tube running from it to the reservoir so
that the inert gas could reenter the reservoir and the drip column at a positive overpressure that prevented the room atmosphere from interacting with the system
components (Figure 3.8). Then, a tube was run from the large bag to the fume hood to
allow gas to escape the entire system.
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Figure 3.8. Controlled atmosphere column with argon tank. Controlled atmosphere drip
test set up with the argon tank and the 5 gallon reservoir on the shelf with rubber tubes
attached to the column for water flow with bags around the system to keep the gas in.

The nitrogen and argon gas reaction chamber containing samples of calcite,
basalt, and olivine (used after an article stating the Martian basalt was rich in olivine
(Martel, 2003) were run twice. Each test had the same set up as far as the system is
concerned with the exception of the filter size. The first time this test was executed, the
argon gas lasted 28 hours and the regulator was set at 3 psi. A 0.02 µm bottom filter was
used while the top filter was 5.0 µm to make sure a fluid pressure head was always
present. Starting at the bottom of the column and working towards the top, the mineral or
rock samples were calcite, epsomite, DK 2, DK 1, obsidian, and basalt. Once the argon

30
gas supply was depleted, the system changed from a reducing to an oxidizing
environment. The pH and Eh measurements were taken on a daily basis for nine days.
The second run was set up in a manner similar to the first. In the second
experiment, two consecutive argon tanks were used and these lasted approximately 60
hours. After exhaustion of the argon gas, the system was supplied with nitrogen gas to
maintain the reducing environment. This time the whole system was enclosed in bags to
keep the rubber tubes carrying the solution from oxidizing. The flow rate from the
reservoir was slowed down so the top rubber stopper would not leak as badly as the first
time. The samples were also changed in this run relative to the first; a calcite layer was
used between ports 1 and 2, a layer of basalt plus olivine was placed between ports 2 and
3, and no potential precipitant samples were included (“a blank test”) between port 3 and
4. Geochemical environments were again monitored during the testing by taking periodic
Eh and pH readings.
The basalt layer used in the column tests contained olivine because the basalt on
Mars is enriched with 10 – 15 % olivine. To prepare the samples, the weight of the basalt
was first taken to be 5.3045 g. Then, to make the sample similar to Mars composition
basalts, the weight needed to add 15% olivine was calculated (.7905 g) and added to the
basalt. The samples were crushed using a piston rock crusher and hammer. Both the
calcite and basalt samples were sieved through a 35 µm and 16 µm metal sieves prior to
being placed in the column. After sieving the samples, the next step was to figure out
how much of each sample to add so the sample geometric surface areas would be equal.
Given that calcite has a larger surface area than basalt per unit weight, the specific gravity
of calcite and basalt were determined from mineral reference sources to be 2.71 and 3.0,
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respectively. The required weight ratio of the basalt to the calcite to produce samples of
equal surface area was determined to equal 1 to 1.11. The appropriate weight of each of
the samples were then finally placed in the column though a sand slurry method.
Once the argon tanks were empty, nitrogen was introduced into the system and
run for approximately 48 hours to maintain the reducing environment. When the nitrogen
was close to running out, fluid samples were taken from the reservoir and each port for
ICP (Inductively Coupled Plasma) analysis. The samples were collected in a 20 mL
syringe with a 0.45 µm filter attached at the bottom. The filters were saved and labeled.
The filtered solutions were then acidified with high purity nitric acid prior to chemical
analysis.
The bottles used to hold the samples for chemical analysis were cleaned prior to
placing the solution from the column in them to reduce the possibility of contamination.
They were first washed with a mild soap solution containing a phosphate-free detergent
and rinsed thoroughly with tap water. Then, they were filled with a 5% HCl solution and
allowed to soak. After 30 minutes, they were rinsed three times with ASTM (American
Society for Testing and Materials) type 1 water (>18.0 megaohm resistance). After the
fourth rinse the water was left in and the vessels were placed in a 90°C oven and left
overnight. The vessels were removed and then the water was disposed of and the vessels
were then again rinsed with ASTM type 1 water. Finally, they were placed back in the
oven to dry for half an hour then taken out to cool.
Two beakers were also filled with solution from port 1 and port 4 and exposed to
oxygen. The pH and Eh readings were monitored and color changes were noted
throughout the two week duration of the post-testing experiment. This experiment was
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conducted to see how the solution from within the column reacts to Earth-atmospheric
conditions
After completion of the drip tests, the sand core was extracted for examination
under the microscope. First, the water flow was turned off and the ports were opened to
allow the water to drip from the system. Then, the sand was allowed to drain for 24
hours and the ports were removed. The sand in the core was then pushed out of the inner
tube with a rod and placed in a core box for collection of samples from different areas of
the core, particularly those where precipitation reactions had occurred. The extracted
core is shown in Figure 3.9.

Figure 3.9. Sand core sample extracted from the drip column. The top of the core is on
the left hand side of the picture and the bottom is on the right hand side.
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3.7 INDUCTIVELY COUPLED PLASMA – OPTICAL EMISSION
SPECTROMETER (ICP-OES)
Samples from all ports and the initial and final reservoir solution samples were
taken to be analyzed by using the ICP-OES. Before being sent to the ICP lab, the
concentration of iron present in the ferrous ammonium sulfate solution had to be
calculated so the dilutions on the standard samples for ICP analysis could be prepared
properly. First, the iron in weight percent had to be determined. Then, the amount of
iron present in the solution had to be calculated.
The samples were taken to the ICP lab and prepared as described in Table 3.3.
The leachant solutions were diluted 10 fold using 1 mL of solution and 9 mL of 1%
HNO3 solution. Then, the calibrations were set up using 0.2, 2, 20, and 200 ppm iron
standards. The standard solutions were prepared by starting with the highest and adding
2 mL of Fe, 2 mL of S, and 6 mL of 1% HNO3. Then the first solution was used to make
up the 20 ppm concentration and mixed with 9 mL of 1% HNO3. The other two standard
samples at 2 and 0.2 ppm concentrations were prepared by diluting in a similar manner as
the previous solutions. The blank sample for ICP analysis used was purely 1% HNO3.
The samples were placed in a rack in the order in which they were to be tested; going
least expected concentration to highest. The blank was to be tested first, followed by the
0.2 ppm, and others in ascending order to the 200 ppm calibration. Then, the blank was
analyzed three more times before the solutions were evaluated. The solutions were last to
be analyzed by the ICP with calibration checks of the standards again at the end of the
analytical run.
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Table 3.3. Set up for analysis by ICP-OES for each sample and blanks. The initial
solution is prepared from the dilution of a 1000 ppm standard stock solution.
Total Volume
(mL)
D

200 ppm

Fe Std
(mL)
10

S Std
(mL)
2

1HNO3
(mL)
2

6

D(mL)
C

20 ppm

10

1

9

1

9

1

9

C(mL)
B

2 ppm

10

A

0.2 ppm

10

Blank

Blank

B(mL)

All

35
4. RESULTS

4.1 STATIC BATCH TESTS USING CALCITE, GYPSUM, MAGNESITE, OR
SIDERITE AS AN IRON OXIDE PRECIPITANT
Static batch tests were used to determine which minerals would induce
precipitation. Minerals were chosen for the batch tests based on minerals currently
present in the rock outcrop where the Martian blueberries were found and/or minerals
that are found in evaporite settings.
Table 4.1 shows the results of the pH and Eh analyses from the tests over the
eleven month period they were conducted. The static batch test vessel containing water +
gypsum + ferrous ammonium sulfate did not precipitate iron in the same manner as the
other tests. Vessel 1 (vessel number 56 in Table 3.1 from Methods section), which
contained gypsum + water + ferrous ammonium sulfate, did, however, display a color
change. The color of the solution changed from clear to green, which suggested the
presence of reduced ferrous iron in the system (Figure 4.1). Vessels 2 (108) and 3 (59),
containing ferrous ammonium sulfate and calcite displayed a color change as well, from
clear to a rusty brown color. This color change was due to oxidation and the precipitation
of ferric iron following neutralization of the leachant solution after contact with the
calcite. The Eh and pH of all but one vessel, as shown in Figure 4.2, indicated that the
conditions went from acidic to basic. Vessel 2 had a starting pH of 4.2 and increased to
7.9 and Vessel 4 started at 7.5 and increased to 8.2. The only vessel that remained acidic,
with a starting pH of 4.8 and ending with 1.9, is the one with 5 g ferrous ammonium
sulfate to 50 mL of water (Vessel 3).
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Table 4.1. Environmental conditions for calcite and gypsum vessels. Eh (measured in
millivolts) and pH conditions of vessels over an 11 month period. Vessel 3 contained
water + calcite + ferrous ammonium sulfate (50g/500mL), Vessel 2 contained water +
calcite + ferrous ammonium sulfate (5g/500mL), and Vessel 4 contained water + calcite
+ 50 g ferrous ammonium sulfate + charcoal buffer. Vessel 1 contained water + 5 g
ferrous ammonium sulfate + gypsum.
Vessel 3
Date
2/17/2005
2/21/2005
2/24/2005
3/3/2005
3/8/2005
3/14/2005
3/21/2005
3/28/2005
4/5/2005
4/19/2005
4/26/2005
12/9/2005

Eh
115.4
90.4
181.9
202
223.4
249.2
264.2
271
278.3
278.9
282.2
294.1

pH
4.8
5.2
3.7
3.4
3
2.7
2.4
2.3
2.2
2.2
2.1
1.9

Vessel 2
Eh
153.6
119.4
111
3
-18.9
-29
-37.3
-38.4
-44.1
-50.4
-50.1
-76

pH
4.2
4.7
4.8
6.6
6.9
7.1
7.2
7.2
7.3
7.4
7.4
7.9

Vessel 4
Eh

Vessel 1
pH

-55.4
-57.5
-68.1
-72.7
-71.8
-69.7
-71.7
-78.2
-94.4

7.5
7.5
7.7
7.8
7.7
7.7
7.8
7.9
8.2

Eh

371.6
371.5

pH

0.77
0.76

Figure 4.1. Calcite static batch test vessels. Far left vessel contains gypsum plus
5g/500mL ferrous ammonium sulfate, the middle is the 5g/500mL of ferrous ammonium
sulfate + water + calcite, the far right is 50g/500mL of ferrous ammonium sulfate + water
+ calcite. Diameter of the vessels is approximately 2 inches.
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The potential chemical reaction taking place in the calcite vessel is producing a
ferric-hydroxide precipitate.
CaCO3 + Fe2+ + H2O → Fe(OH)3 + CaCO3

(1)

The calcite reacts with the iron and water to produce ferric-hydroxide and the calcite.
This reaction could explain the iron oxide coating on the calcite grain, since calcite
remains after the reaction occurs.

Figure 4.2. Eh/pH diagram for calcite and gypsum vessels. Eh/pH diagram showing how
the speciation of iron (and hence its solubility) is driven by changes in Eh and pH
following reactions between the starting ferrous ammonium sulfate solution and calcite
grains.
Blue = Vessel 2 Water + Calcite + Ferrous Ammonium Sulfate (5g/500mL), the outer
shell is being filled with electrons, causing an increase in the pH.
Red = Vessel 3 Water + Calcite + Ferrous Ammonium Sulfate (50g/500mL) the outer
shell is losing electrons causing a decrease in pH.
Green = Vessel 1 Water + ferrous ammonium sulfate + gypsum.
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The solution containing magnesite and ferrous ammonium sulfate displayed an
interesting color change from clear to dark blue/black color. When added to the higher
concentration of iron to water (50g ferrous ammonium sulfate to 500mL water), an
instant reaction occurred. The pH started out at 5 and rapidly dropped within one week’s
time. The lower concentration of iron to water plus magnesite a color change occurred,
however, not as quickly as with the higher concentration. It maintained an acidic pH
level throughout the duration of the experiment, starting at a pH of approximately 3 and
continuously dropping during the duration of the test to 1.8 after one month. The tests
with siderite did not react as quickly as those containing magnesite. Both magnesite and
siderite tests exhibited a color change (clear to rusty brown) and had a low pH reading.
All samples of magnesite and siderite continuously dropped in pH and rose in Eh, with
the exception of Vessel 113, which dropped drastically at first, but then slowly began to
rise. Figure 4.3 shows the color changes that occurred in the vessels. Table 4.2 gives the
pH and Eh results for the tests using magnesite and siderite as precipitants.
The potential chemical reactions taking place in the vessels are as follows:
MgCO3 + Fe2+ + H2O → Fe(OH)3 + MgCO3

(2)

2FeCO3 + H2O→ Fe2O3 + 2CO2 + 2H+

(3)

These reactions could be occurring in the static batch test vessels. In the magnesite
vessels, the mineral is reacting with the solution and precipitating ferric-hydroxide. In
the reaction with siderite, hematite is produced. The release in hydrogen explains the rise
in pH in the tests.
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(a)

(b)
Figure 4.3. Siderite and magnesite static batch test vessels. (a) left to right is the blank, 5
g ferrous ammonium sulfate + 500 mL water + magnesite, 50 g ferrous ammonium
sulfate + 500 mL water + magnesite. (b) From left to right is the blank, 5 g ferrous
ammonium sulfate + 500 mL water + siderite, 50 g ferrous ammonium sulfate + 500 mL
water + siderite. Diameter of the vessels is approximately 2 inches.
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Table 4.2. Environmental conditions of siderite and magnesite vessels. The pH and Eh
(measured in millivolts) conditions for the magnesite and siderite batch test. Vessel 38
was the control test with 5g ferrous ammonium sulfate + 500 mL of water. Vessel 59
held 5 g ferrous ammonium sulfate + 500 mL of water + magnesite. Vessel 108
contained 50 g ferrous ammonium sulfate + 500 mL of water + magnesite. Vessel 113
contained 5 g ferrous ammonium sulfate + 500 mL of water + siderite. Vessel 62 had
50 g ferrous ammonium sulfate + 500 mL of water + siderite.

Date
11/14/2007
11/16/2007
11/26/2007
12/3/2007
12/11/2007

Vessel 38
pH
Eh
3.6
2.5
2.1
287
2
294
1.9
297

Vessel 59
pH
Eh
3.6
2.4
2
289
2
291
2
295

Vessel 108
pH
Eh
3.5
5.3
2.6
260
2.4
271
2.2
284

Vessel 113
pH
Eh
3.2
2.3
2.4
249
2.8
247
2.9
243

Vessel 62
pH
Eh
3.5
3.6
2.2
280
2
295
1.8
301

4.2 STATIC BATCH TEST USING BASALT AS AN IRON OXIDE
PRECIPITANT
No color changes or iron precipitation occurred in the static batch test using basalt
as a potential iron precipitant. Table 4.3 gives results for the change in environmental
conditions, which were terminated after four months because no noticeable reactions
occurred. Figure 4.4 shows the pH and Eh diagram for the basalt static batch test. The
pH levels from all basalt tests remained below 4. Using the calculation for pH and
knowing the desired pH, the inverse log was taken to figure out the concentration of
hydrogen in the sulfuric acid which was 2.06 weight percent. Vessel 74 contained the
needed concentration plus 180 mL of water and never achieved a pH above 1.6. Vessel
65, contained 20 grams of solution from Vessel 74 plus another 180 mL of water to dilute
the solution, maintained a pH around 2. Vessel 51, contained 20 grams from Vessel 65
plus another 180 mL of water to once again dilute the solution, had an initial pH of 3 and
remained in that range throughout the duration of the experiment. Vessel 48, which
contained the same concentration as vessel 51 minus the basalt, was a control test to

41
measure any potential effect of the test vessel on solution pH. This control test
maintained a pH of 3 throughout the duration of the experiment indicating that the test
vessels were not influencing the pH of the test solution. Figure 4.5 shows the vessels
containing the basalt.

Table 4.3. Environmental conditions of basalt vessels. The pH and Eh (measured in
millivolts) results of the basalt static batch tests with basalt samples. Vessel 48 was a
control test without basalt being present.
Date
5/09/07
5/19/07
5/29/07
6/05/07
6/13/07
6/19/07
7/17/07
7/24/07
7/31/07

Open
10:05
AM
6:13
PM
5:05
PM
1:27
PM
2:00
PM
1:43
PM
7:18
PM
6:10
PM
6:12
PM

Close
10:21
AM
6:30
PM
5:25
PM
1:42
PM
2”13
PM
1:48
PM
7:35
PM
6:31
PM
6:34
PM

Vessel 74
pH
Eh

Vessel 65
pH
Eh

Vessel 51
pH
Eh

Vessel 48
pH
Eh

1.6

315.1

3.1

214.8

2.3

269.6

3.1

216.5

1.6

321.7

3.2

212.5

2.3

271.6

3.1

221.3

1.6

319.7

3.2

211.3

2.3

269.7

3.1

217.3

1.6

328.1

3.2

211.1

2.3

270.1

3.1

219.2

1.6

321.3

3.2

210.2

2.3

269.4

3.1

218.9

1.6

321.7

3.2

210.5

2.3

269.7

3.1

219.8

1.6

321.1

3.3

206.4

2.4

267.1

3.1

218.9

1.6

320.6

3.3

207.3

2.4

260.8

3.1

218.7

1.6

321.1

3.3

208.9

2.4

260.2

3.0

291.5
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Vessel 74
Vessel 51
Vessel 65
Vessel 48

Figure 4.4. Eh/pH diagram for basalt vessels. The pH and Eh diagram showing the
changes in the environmental conditions that occurred throughout the duration of the
basalt static batch tests. Vessel 74 is indicated by the green color, vessel 65 by the blue,
and vessels 51 and 48 by the purple. Vessels 51 and 48 share the same arrow because
they had the same results.
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Figure 4.5. Basalt static batch test vessels. Vessels containing basalt + olivine + ferrous
ammonium sulfate for the static batch test, note no color change. The approximate
diameter of the vessel is 2 inches.

4.3 DRIP TEST WITH CALCITE
Drip tests were set up to simulate what could be occurring in the rock body by
providing a flow of gravity fed water. The calcite grains induced the precipitation of iron
oxide, as shown in Figure 4.6, within 18 hours. The rhombohedral-shaped precipitation
zone mimicked the original shape of the calcite grain, as shown in Figure 4.7.
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CM
Figure 4.6. Iron precipitation of calcite grain in column. Iron precipitation on
calcite grain that occurred after 18 hours. Note that the precipitation zone of iron
closely mimics the rhombohedral-shape of the calcite grain that was added to the
drip test column at the initiation of the tests.
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Figure 4.7. Iron coating around calcite grain. Iron coating maintains the calcites
rhombohedral shape. Image was taken at 2X magnification. Calcite grain on the right
side is 1mm in length.

4.4 DRIP TEST WITH DAKOTA SANDSTONE SAMPLES
It took longer to induce iron oxide precipitation in the tests with Dakota samples
than in the calcite tests. Iron oxide precipitated around the Dakota 1 sample in a week,
while Dakota 2 took a week and a half. Dakota sandstone 1 was fossiliferous sandstone
with a poorly cemented calcite matrix and Dakota sandstone 2 had a well cemented
calcite matrix. The Dakota Sandstone drip test was the first to mimic the potential
processes that may have occurred during the formation of an actual Moqui Marble. In
this test, an iron semi-halo formed around the Dakota sandstone core. Knowing that the
calcite grain could induce the precipitation of iron oxide, a hypothesis was formed that
the calcite cement present in the sandstone samples should produce the same results. The
two different types of Dakota sandstone used in the test both produced iron oxide rims
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around grains, but with slightly different patterns. The well-cemented sandstone induced
the precipitation of an iron-rich ring directly adjacent to the surface of the Dakota
specimen, while the friable sandstone induced precipitation with a ring further from the
surface of the Dakota Sandstone, as shown in Figure 4.8. Neither sample produced an
entire halo, but each produced a half halo around the top surface of the grain from which
the solution flowing down the test column would first encounter the sample.

Precipitated Iron Rim

Cm.

Fe-oxide rim around poorlycemented
cemented Dakota Sandstone

Calcite cemented
sandstone

Moqui Marble

High magnification Image of
Fe-oxide rim from photo to
left

Fe-oxide rims around
well-cemented Dakota
Sandstone

Figure 4.8. Iron halos around the Dakota sandstone surfaces. The top left image shows
an actual Moqui Marble halo and iron halo created in the lab. The top right image
displays the iron halo formed around the poorly cemented Dakota Sandstone. The
bottom image displays the halo formed around the well cemented Dakota Sandstone. Top
right and bottom image were taken at 3X magnification (each magnified image is 6 cm
across).
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Both Dakota samples had interesting reactions occur. Between the samples
themselves and the iron halo, a carbonate layer seemed form, as shown in Figure 4.9.
The layer was tested using the fizz test, which involved dripping minute amounts of HCl
onto the sample to see if it reacted. The sample fizzed when in contact with HCl
indicating that it was composed of carbonate that released CO2 gas during the reaction.
The Dakota 2 sample had some shiny, metallic looking grains in the iron halo, as shown
in Figure 4.10. When one of these fragments was scratched, the tip of the tool used had
red powder present, as shown in Figure 4.11, indicating that the specks were composed of
an iron-rich phase (probably specular hematite).

Figure 4.9. Carbonate halo surrounding Dakota grain. White arrow points to the Dakota
sandstone sample, the cyan points to the iron oxide halo, and the green points to the
carbonate halo. Image was taken at 1X magnification (2 cm across).
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Figure 4.10. Specular hematite in Dakota sandstone halo. Shiny, metallic grains found in
the halo of the Dakota 2 sample assumed to be specular hematite. Image was taken at 4X
magnification (image is 8 cm across).

Figure 4.11. Results of specular hematite scratch test. Dental tool used to scratch the
metallic fragment which left a red residue on the tip. Arrow indicates position of
fragment scratched from the surface of the sample.
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4.5 SCANNING ELECTRON MICROSCOPY (SEM) ANALYSIS
An analysis of the glue sample was performed to determine the concentrations of
elements in the sample. The test was used to investigate whether these elements would
affect the SEM/EDS results since the cement that was applied after testing was Elmer’s
glue. The backscatter electron image of the glue indicates the presence of at least 2
phases, as shown in Figure 4.12. The darker grey is assumed to be the iron phase and the
light grey the silicon phase. The spectrum shows that silicon is the dominant elemental
component of the glue, followed by trace amounts of iron. The trace amounts of iron in
the glue should not affect the SEM/EDS detection of iron in the Dakota sandstone halos.
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Figure 4.12. Elmers glue EDS image and spectra. Top image is a backscatter image of
the Elmer’s glue. The bottom image is the EDS spectrum. The spectrum shows iron,
silicon, oxygen and carbon present in the sample.
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A phase-composition map of the Moqui Marble was obtained during the
SEM/EDS analysis. It distinctly shows two phases present in the Moqui Marble with the
teal-colored portion in the SEM image being a silicon-rich phase and the purple being an
iron-rich phase, as shown in Figure 4.13. The backscatter image of the Moqui Marble,
shown in Figure 4.14 helps verify the two distinct phases observed in the phase
composition map: the individual sand grains, which because of their high mineral
hardness were thought to be composed of quartz, and the iron oxide halo matrix material,
which also may contain manganese.

An EDS spectrum was obtained from the Moqui

Marble and showing the two phases seen in the backscatter image: dark and light. The
dark phase contained high amounts of silicon, confirming it is a quartz sandstone grain.
The light phase contained iron, meaning it is probably part of the halo of iron-oxide.
Figures 4.15 and 4.16 show the results of the spectra obtained.
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Figure 4.13. Phase map of the Moqui Marble. The top image is another backscatter
image in a different location on the sample. Two phases are present in the Moqui Marble
with the teal-colored portion being silicon and the purple being iron.
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Figure 4.14. Backscatter images of the Moqui Marble. The top image shows scratching
due to polishing. In both image, two distinct phases are seen. The dark phase is the
quartz sandstone grain and the light is the iron oxide halo.
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Figure 4.15. EDS spectra of Moqui Marble. EDS spectrum of the dark phase of the
Moqui Marble indicating a composition of silica. The spectrum shows carbon, oxygen,
manganese, aluminum, and silicon present in the sample.

Figure 4.16. EDS spectra of Moqui Marble light phase. EDS spectrum of the light phase
of the Moqui Marble indicating a composition of iron, silicon, manganese, and very little
aluminum.
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Spectra of the poorly cemented Dakota sandstone, which are shown in Figure
4.17 were also obtained. These spectrums showed the sample to contain sodium, oxygen,
carbon, aluminum, and silicon. Spectra were taken from two different places on the
sample. The unusual part of the spectrum is aluminum present where the iron should be
and no iron is present. The aluminum is thought to be a contaminant residue from the
polishing compound used. The oxygen and carbon appear as the composition of the
sandstone grains and the sodium seems to just fill in the background. The silicon peaks
are from the main Dakota sandstone grains. This test was inconclusive because unusual
elements showed up in the EDS. However, the samples were not ultrasonically cleaned,
which could have potentially helped remove excess polishing compounds. The phase
map shown in Figure 4.18 was also acquired.

Figure 4.17. EDS spectra of poorly cemented Dakota sandstone. EDS spectrum and
tables showing the elements present in the poorly cemented Dakota sandstone.
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Figure 4.18. Phase maps of the poorly cemented Dakota sandstone. The silicon and
carbon are the sandstone grains, while the aluminum and oxygen occupy the iron halo.

After the Dakota drip tests were repeated, the Dakota 1 sample was cemented
with epoxy and the Dakota 2 sample was cemented with glue and set into epoxy. The
Dakota 1 sample could not be analyzed due to charging of the sample during SEM/EDS
analysis. The Dakota 2 sample, on the other hand, could be analyzed. The white halo
between the surface of the Dakota sample and the iron halo contained silicon and
aluminum in high concentrations according to the EDS results shown in Figure 4.19. The
grains of sand were composed of silicon and oxygen, as shown in Figure 4.20, which was
expected because the sandstone is pure quartz sandstone. The specular hematite grains
were comprised of iron and magnesium. Finally, the cement around the grains also
contained iron, which was expected given the red color.
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Figure 4.19. EDS spectra and backscatter image of white halo. EDS spectra and
backscatter image of the white halo surrounding the Dakota 2 sandstone sample. Red
arrow points to the white halo the spectrum represents. The spectrum shows the presence
of silicon, aluminum, and oxygen.
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Figure 4.20. EDS spectra of sandstone grain, specular hematite and cement. The top left
spectra, yellow arrow, is the specular hematite (there are iron, silica, aluminum, and
magnesium peaks present), the top right, green arrow, is the sandstone grain (silica peak),
and the bottom left, red arrow, is the matrix cement (silica, aluminum (twice that in the
specular hematite), magnesium, and iron peaks).

4.6 CONTROLLED ATMOSPHERE DRIP TESTS
Argon and nitrogen were chosen as the flush gasses for these tests because they
are inert gasses that will not influence the redox state of the iron used in the tests. The
samples (calcite, Dakota sandstone, basalt, epsomite) never showed signs of precipitation,
but they were only in the chamber for two weeks.
In all of the sampling ports, the pH level went from relatively neutral to acidic as
the water containing ferrous ammonium sulfate made its way down the column. The

59
initial solution was acidic with a pH ranging from 3.3 to 3.7. Two measurements were
taken when each port was open. The first reading was the initial reading taken as soon as
the port was opened. Then, after waiting a minute to let some of the water from the
column flow-through and clear out of the port, another reading was taken. The reading
taken after the minute wait always showed a drop in pH levels. This result was expected
as the fresh solution would have a higher concentration of ferrous ammonium sulfate as it
had less time to lose the concentration to the system.
The second time the reaction chamber was used, it yielded expected results. The
basalt and olivine combination was expected to react with the leachant solution and drive
the pH up. The pH of the solution in port 2, located right below the basalt + olivine layer
(in this run only), had a beginning pH of 3.3, which equaled that of the solution in the
reservoir. The next day, the pH jumped to 5.3 and remained there for two days, then
proceeded to drop back down to a pH of 3.6, where it stayed for the duration of the
experiment. Figure 4.21 shows the basalt grain with some possible mineral phase(es)
precipitating on the surface. Figure 4.22 shows an olivine grain that exhibited no
noticeable changes. The calcite results were as expected, maintaining a neutral pH
throughout the duration of the test. Within 3 days, the calcite precipitated an iron layer
that mimicked the shape of the original calcite grain, as shown in Figure 4.23. Figure
4.24 shows the rhombohedral calcite grain with an iron coating after extraction from the
column. Table 4.4 gives the changes in the geochemical environments. Figure 4.25
shows potential reactions as displayed on pH and Eh diagrams for the reaction chamber,
which illustrate how each sample affected the initial pH of the solution (the red dot is the
starting point of the reservoir).
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Figure 4.21. Basalt grain with white precipitate grains. The phase is unknown since it
was not tested, but could possibly, be a zeolite mineral since these are commonly found
on altered basalt minerals in nature. Image was taken at 3X magnification (image is 6 cm
across).
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Figure 4.22. Olivine grain. An olivine grain showing no signs of changes following
testing. Image was taken at 2X magnification (image is 4 cm across).
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2 inches
Figure 4.23. Iron oxide precipitation around calcite layer. Calcite layer (white arrow)
located above port 1 displaying a red color due to iron precipitation (middle of column).
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Figure 4.24. Iron coating on the rhombohedral calcite grain. Image taken at 2X
magnification (image is 4 cm across).
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Table 4.4. Environmental results from flow through drip test. The pH and Eh results
from the flow through drip test. The calcite layer was located between ports 1 and 2, the
basalt + olivine layer was located between ports 2 and 3. The solution was collected
directly from the reservoir. Note that No in the column means no water was present in
the port.
Date
2007

Port 1

Port 2

Port 3

pH

Eh

pH

Eh

8/24 Initial
After
1
min

8.6

-144.8

8.2

-92.1

8

-78 No

No

8.7

-115.6

6.9

-19.9

6.8

-77 No

No

8/25 Initial
After
1
min

7.9

-68

6.8

-8.3

6.6

-1.4 No

No

7

-20.7

6.7

-3.9

6.8

-8.2 No

No

8/26 Initial
After
1
min

6.7

-2.6

5.9

43.2

4.4

122 No

No

6.7

-3.8

6.2

37.2

4.5

123 No

No

8/27 Initial
After
1
min

6.5

12.5

4.5 124.1

4.7

135 No

No

6.6

4.4

5.2

4.5

122 No

No

8/28 Initial
After
1
min

6.6

1.5

4.8 106.3 No

No

No

No

6.3

21.7

4.6 166.2 No

No

No

No

8/29 Initial
After
1
min

6.5

6

6.4

12.7

4.1 16.4

3.5

178

6.5

10.3

6.4

11.4

3.8

3.5

178

8/30 Initial
After
1
min

6.4

16.6

4.7

113 No

No

No

6.4

13.5

3.6 171.6 No

No

No

81.8

pH

Eh

Port 4

168

pH

Eh

Solution
pH

Eh

3.3

191.9

3.1

210.6

3.5

181.1

3.7

170.5

3.7

166.4

3.6

176.4

No

No

No

No

No

No
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Solution
Calcite
Basalt
Blank

Figure 4.25. Eh/pH diagram of controlled atmosphere drip test. The pH and Eh diagram
showing the changes that occurred throughout the duration of the controlled atmosphere
reaction tests. The red dot represents the reservoir fluid composition, which is the
solution (the starting point) and the arrows show the different reactions that occurred
during testing. The blank is where no minerals were located, just the St. Peter sandstone.
The calcite solution came from port 1, the basalt came from port 2, and the blank came
from port 3.

At the end of the flow-through column tests, solution was taken from the column
at port 1 and port 4 and exposed to atmospheric oxygen, Figure 4.26. The beaker test
results indicated, as expected, that iron began to precipitate almost immediately in an
oxygen-rich atmosphere. The solution from port 4, which had a higher concentration of
iron because it was the closest to the reservoir, had a more dramatic color change than the
solution from port 1 which was furthest from the leachant source. The pH and Eh
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readings were taken as well to examine the effect of oxidation occurring in the beakers.
Table 4.5 and 4.6 gives the results from the tests along with some observations that were
made throughout.

(a)

(b)

(c)

(d)

Figure 4.26. Before and after port solution. The solution before and after being exposed
to an atmospheric oxygen environment. Note the color change from the left picture to
the right picture. The solution went from clear to a rusty color. Top pictures (a and b)
are from port 1 and the bottom (c and d) are from port 4. Test was initiated on September
21, 2007 and ended on Monday October 8, 2007 (approximately 18 days duration).
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Table 4.5. Results of solution from Port 1. Two beakers were filled with solution from
port 1 and port 4 and exposed to oxygen in the laboratory air. The pH and Eh readings
were taken frequently at first to see how rapidly the changes occurred. As time
progressed, the readings were taken less frequently as the observable changes had fully
taken place.
Beaker B Port 1
Date
Time
Elapsed Time pH
Eh (mV) Observations
9/22/2007 11:30 AM
Start
5.9
49.5 Fluid clear
Fluid turning
11:35 AM
5 Mins
5.7
58.4 brown
11:40 AM
10 Mins
5.5
64.5
11:50 AM
20 Mins
5.3
77.4
12:00 PM
30 Mins
5.1
84.7
12:15 PM
45 Mins
5
98.8
12:30 PM
1Hr
4.9
102
Cloudy, can't see
1:00 PM
1.5 Hrs
4.7
110 through
Cloudy with some
1:30 PM
2 Hrs
4.6
116.1 particles
2:00 PM
2.5 Hrs
4.6
118.8
Solution clearing,
8:25 PM
8 Hrs 55 Mins
4.2
138.9 flocculation
9/23/2007
3:00 PM
26.5 Hrs
4
154.4
Bottom covered
9/24/2007
1:46 PM 50 Hrs 16 Mins
3.8
163 in flakes
Yellow colored
9/25/2007
5:45 PM 78 Hrs 15 Mins
3.7
170.2 water
9/26/2007
9:50 AM 94 Hrs 20 Mins
3.6
175.5
144 Hrs 25
9/28/2007 11:55 AM
Mins
4
173.2
241 Hrs 53
10/1/2007
1:23 PM
Mins
3.9
180.6
397 Hrs 10
Orange water,
Mins
10/8/2007 10:40 AM
3.8
190 flakes on bottom
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Table 4.6. Results of solution from Port 4. Two beakers were filled with solution from
port 1 and port 4 and exposed to oxygen in the laboratory air. The pH and Eh readings
were taken frequently at first to see how rapidly the changes occurred. As time
progressed, the readings were taken less frequently as the observable changes had fully
taken place.
Beaker IS24 Port 4
Date
Time
9/21/2007
1:50 PM
2:40 PM
3:30 PM
9/22/2007 10:30 AM
12:30 PM
2:00 PM

Start
50 Mins
1 Hr 40 Mins
20 Hrs 40 Mins
22 Hrs 40 Mins
24 Hrs 10 Mins

9/23/2007

8:30 PM
3:00 PM

30 Hrs 40 Mins
49 Hrs 10 Mins

9/24/2007
9/25/2007

1:45 PM
5:40 PM

71 Hrs 55 Mins
99 Hrs 50 Mins

9/26/2007
9/28/2007

9:46 AM
11:53 AM

10/1/2007

1:25 PM

10/8/2007

10:38 AM

115 Hrs 56
Mins
166 Hrs 3 Mins
239 Hrs 35
Mins
394 Hrs 48
Mins

pH Eh (mV) Observations
3.7
168.7 Clear
3.7
170
3.7
168.9
3.7
168.9
3.7
169.6
3.7
168.8
Minor flocculation
3.7
170.8 on bottom
3.6
175.9
Rusty colored
3.6
176.6 water
3.5
180.6
Flakes
accumulating on
3.5
183.1 bottom
4
176.6
3.9

181.6

3.8

190.4

Based upon the red color of the precipitants and the acidification of the solution
while these phases were forming, potential mineral phases that could have formed in the
vessels after oxidation are hematite (Fe2O3) and ferric-hydroxide (Fe(OH)3). The
potential chemical reactions that could have taken place are as follows:
2Fe3+ + 3H2O ⇒ Fe2O3 + 6H+

(4)

Fe3+ + 3H2O ⇒ Fe(OH)3 + 3H+

(5)

69
4.7 ANALYSIS OF SOLUTION SAMPLES
The iron and sulfur concentrations of the solution were tested using ICP-OES.
The highest concentration of iron was expected to be in the reservoir and the lowest in
port 1. However, the results disproved that theory, as shown in Table 4.7. Port 1 did
have a lower concentration of iron than did ports 2 and 3, but equaled the concentration
of port 4. Ports 2 and 3 followed the expected results (port 3 had higher concentrations of
iron and sulfur). The reservoir results were the most surprising because the reservoir
contained the lowest concentration of iron in the beginning when it was expected to have
the most. The sulfur concentration followed a pattern similar to iron.

Table 4.7. ICP-OES results for iron and sulfur. All ports were sampled on September
19, 2007.
Elements
S
Fe

P1
196 ppm
164 ppm

P2
214 ppm
167 ppm

P3
P4
R 9/12
222 ppm
218 ppm
198 ppm
171 ppm
164 ppm
137 ppm
P1 - Port 1
P2 - Port 2
P3 - Port 3
P4 - Port 4
R 9/12 - Reservoir sampled on September 12, 2007
R 9/12 - Reservoir sampled on September 19, 2007

R 9/19
220 ppm
158 ppm
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5. DISCUSSION

5.1 STATIC BATCH TESTS
The static batch tests were the initial precipitation tests. These batch tests were
used to set up and monitor environmental levels (Eh, pH, color change, etc.) with varied
concentrations of ferrous ammonium sulfate + water solution and different types of
minerals. They were also used to determine which minerals induced the precipitation of
iron and therefore which minerals should be used in the drip tests.
The results from the calcite batch test experiment showed that Eh and pH
conditions changed following reactions between aqueous ferrous iron (Fe2+) sulfate
solution and calcite. Vessel 2 contained 5 g ferrous ammonium sulfate + 500 mL of
water + calcite, vessel 3, 50 g/ 500 mL ferrous ammonium sulfate + calcite and vessel 4
had charcoal + ferrous ammonium sulfate + water. In vessels 2 and 4, an increase in the
Eh values occurred (vessel 2 went from 153.6 to -76 and vessel 4 went from -55.4 to 94.4 millivolts) indicating that the outer orbital shell of iron ions lost electrons. The pH
value went from acidic to basic (vessel 2 went from 4.2 to 7.9 and vessel 4 went from 7.5
to 8.2). The remaining Teflon vessel (3) containing calcite had the opposite reaction.
The Eh became more reducing (115.4 to 294.1) and the pH went from slightly acidic to
very acidic (4.8 to 1.9). Vessel 2 and 4 had a lower concentration of iron than vessel 3
did, which could explain the difference in the environmental conditions between those
vessels.
Magnesite and siderite both induced iron precipitation as well. Magnesite reacted
immediately when mixed with the 5g/500mL solution of ferrous ammonium sulfate. The
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color of the solution changed from clear to dark blue/black. When the vessel was opened
and cleaned out, no magnesite grains were visible at the bottom, only a black layer.
Reactions affecting the solution inside the vessel caused the precipitation of a new phase,
which was white in color and approximately 0.025 meters long, which is larger than the
grains that were originally placed in the vessel. However, when agitated, this phase
disappeared, so no analysis could be performed. The solution in the vessel containing
siderite took a day for a color change to occur. Both siderite vessels had a rusty color and
decreased in pH throughout the test (refer to Table 4.2 in section 4). The siderite grains
did not dissolve, instead seeming to maintain their original shape. The iron coating
mimicked the surface of the grains as it did in the calcite.
The static batch test with basalt produced no notable results. No color change
occurred with the sample solids or solutions, and the pH and Eh conditions remained
relatively consistent (0.1 to 0.2 units) throughout the duration of the experiment.
However, Martian basalt is said to be 10 – 15% iron rich olivine (Martel, 2003). The
basalt used in the experiments was thoelitic basalt, and thus likely contained only
pyroxene and plagioclase in a glassy matrix. One possible source of iron could be from
the host rock, then it would make sense that the iron came from the pyroxenes or olivine
enrichment. If olivine had been added, iron may have precipitated during the test. The
olivine-rich basalt article was not discovered until after the batch test had commenced.
The results from all batch tests prove that calcite, magnesite, and siderite have the
potential to induce the precipitation of hematite or other iron solids when mixed with the
right iron-bearing solution. Any of these minerals found on Mars may cause iron
precipitation. For these minerals, the high concentration of solution (50 g ferrous
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ammonium sulfate to 500 mL water) drives down the pH to an acidic level causing more
iron precipitation (color of solution is darker). The lower concentration of iron seems to
have the opposite effect in which the pH rises throughout the duration of the test and the
color of the solution is lighter. The higher the concentration of iron and more acidic
environment, the more likely iron precipitation is to occur.

5.2 DRIP TESTS
According to Chan et al. (2004), there is a three step process in the formation of
the Moqui Marbles. First, the detrital Fe-bearing silicate minerals that originally thinly
coated the quartz grains are broken down. Then reducing fluids transported the dissolved
iron bleaching the sandstone white. Finally, the fluid containing the iron mixes with
oxidizing groundwater, precipitating the concretions in episodic intervals. Testing the
third step of her theory is where my present set of experiments began.
Hematite and other ferric iron (Fe3+) oxides precipitated following reactions in the
drip test column. The calcite drip test showed that iron oxide could precipitate rather
quickly and also mimic the shape of the grain. This lead to the hypothesis that using a
rounded sample of calcite cemented sandstone should produce similar results. Tests
using epsomite (epsomite) and gypsum, on the other hand, did not induce the
precipitation of any iron compounds. The static batch tests demonstrated that gypsum
induced the precipitation of iron. The green coloration suggests the presence of reduced
ferrous (Fe2+) iron precipitates. Gypsum could have precipitated iron oxide in the
column, but it may have gone unnoticed. Epsom salt, on the other hand, never induced
the precipitation of iron.
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The drip test using the Dakota sandstone samples indicated that the calcitecemented quartz produced iron oxide hemispheres around rounded samples. The wellcemented Dakota sandstone produced a halo ring-like structure immediately adjacent to
the surface of the sample. In contrast, the more friable Dakota sandstone sample
produced a ring that was further from the surface with sand grains separating the sample
and the ring. The difference in the halo could be caused by organics in the rock. The
friable Dakota sample contained shell fragments. The organics could cause the iron to
bleach out of the area and the halo to form farther away from the surface of the rock
because that is the first place the iron could precipitate out due to the organics in the
system. The fossiliferous Dakota sandstone has fossil fragments still present in the
sample, which could contribute to the organic content. Possibly the solution could begin
to dissolve the shell fragments and redeposit them as a carbonate halo around the surface
of the sample and the iron halo would then precipitate around the carbonate halo. The
precipitation of those two sample types, friable and well cemented Dakota Sandstone,
seem to mimic each other and appear very similar in structure and halo precipitation.
Both Dakota Sandstone samples had iron oxide halos precipitate, however, the
location of the iron ring seemed to vary according to test length. A carbonate layer
appeared to precipitate in this area between the halo and the sandstone surface, but only
in the direction from where the leachant water was flowing. The ferrous ammonium
sulfate + water is thought to have dissolved part of the surface of the carbonate-cemented
sandstone and precipitate a carbonate layer. This carbonate layer showed banding with
some iron being present in the banded sections, which indicated the solution was
dissolving portions of the surface of the sandstone sample.
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The drip tests lead to the conclusion that iron precipitation occurred around less
permeable samples. When the iron bearing solution encountered a cemented rock,
precipitation occurred mimicking the shape of the rock. The calcite grain precipitated
iron around the surface, while maintaining the original shape of the calcite grain.
Similarly, precipitation around the surface seemed to happen for both the Dakota
sandstone samples. Also, this precipitation was noticed around St. Peter sandstone grains
that were not broken apart. All these samples induced iron precipitation when the
solution encountered a less permeable surface.

5.3 ANALYSIS ON SAMPLES AND EDS SPECTRA
SEM analysis was done on the Elmer’s glue, Moqui Marble, and the two Dakota
sandstone samples, along with the basalt from the reaction chamber. The Elmer’s glue
contained iron, which showed up on the EDS spectra. The iron did not seem to affect the
results of the Dakota samples.
The EDS spectra obtained during the analysis of the Moqui Marble sample
revealed the presence of iron-cemented silicon grains. Two phases appeared to be
present (Figure 4.22). The dark phase showed the presence of silicon and oxygen, which
was expected since the grains were pure silica. The light phase showed the highest iron
concentration, which means the cement was iron.
The Dakota sandstones proved the most interesting when it came to EDS work.
The poorly cemented Dakota sample showed silicon and aluminium as primary
components, but no iron was detected in the poorly cemented sample. When the wellcemented Dakota sample was analyzed, iron, magnesium, aluminium, and silicon were
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found (Figure 4.20). An iron-bearing phase was found to be the cement, while silica was
found to be the grains. The presence of metallic aluminium in both samples was puzzling
since there was no known aluminium source at the time those samples were run. The
aluminium was thought to have come from the polishing compounds used to prepare the
samples for analysis. However, this does not appear to be the case as the aluminium
would have shown up as bright spots in the SEM phase maps.
Another interesting component of the well-cemented Dakota sample was the
presence of specular hematite in the halo. The flakes in the halo were first thought to be
specular hematite because of their grey metallic color and left behind a red residue when
scratched. This was an interesting find since specular hematite occurs under conditions
such as extreme high temperature and pressure which was not present in the column.
EDS analysis of the grain indicated the presence of iron. The reason that specular
hematite occurred is still unknown and requires further investigation.
Finally, when EDS analyses were made from the supposed carbonate halo, the
results showed the presence of silicon and aluminum other than a carbonate mineral.
Either the halo was not analyzed properly or the wrong spot was chosen for halo analysis.
However, the fact that the halo immediately effervesced when acid was dropped on it
indicates that it was composed of a carbonate phase. Another interesting factor is that the
halo only precipitated on the side of the sample from the direction from which the water
flow was coming. The white halo had alternating carbonate and iron banding. The
solution appeared to dissolve the Dakota sample and precipitate a carbonate layer then a
thin iron layer, both separating the iron halo and the sample. The iron layer could have
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precipitated while more of the sample was being dissolved to produce another carbonate
layer.

5.4 CONTROLLED ENVIRONMENT DRIP TEST
Drip tests lead to the idea of having a final column with an anoxic environment.
The initial controlled environment flow through column gave some insights into how to
set up for the final run. Two calcite grains located between ports 1 and 2 could explain
why the pH remained in a relatively neutral state. Above port 1, the pH readings seemed
to start at a neutral level and drop to an acidic level within a matter of 3 days. No
significant mineral phase precipitation occurred in this experiment, but they may not have
been visible since it was hard to control the placement of the grains. Also, the duration of
the experiment was shorter than the final run. Initial leaks from the top rubber stopper
and port 1, which forced the water to flow through the column at a faster rate, could have
contributed to the lack of noticeable precipitation. Argon and nitrogen were chosen as
the flush gasses for these tests because they are inert gasses that will not influence the
redox state of the iron used in the tests and because several surplus tanks were available
without cost to this research program
The final flow through column had a layer of calcite above port 1 and a layer of
basalt plus 15% olivine above port 2 (Figure 5.1). The pH levels at port 2, below the
basalt and olivine, dropped initially, then rose dramatically (refer to Table 4.4) and finally
dropped to match the pH of the solution. However, the calcite caused the solution in the
column to remain at a neutral pH level (initial pH was 8.7 while final pH was 6.4),
regardless of the acidic solution from the reservoir. The calcite induced iron oxide
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precipitation within two days and the basalt and olivine exhibited a slight rusty color
change, but nothing comparable to the calcite.

Port 4

Port 3

Port 2

Port 1

Figure 5.1. Controlled atmosphere reaction chamber. The arrows on the right show the
locations of each port. The black arrow on the left is where the basalt/olivine layer was
located and the white arrow is where the calcite layer was placed.
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The pH of the solution contacting the basalt and olivine mix rose for two days
(pH = 6.9), then dropped back down to the starting leachant solution pH (3.6), where it
remained for the duration of the experiment. This could be due to the dynamic chamber
environment. The flow rate fluctuated on a regular basis because opening the ports
caused the water to flow by the basalt faster. The duration of the experiment could have
also have affected the solution pH. Had the test been allowed to run for a longer time,
another rise in pH may have occurred.
Looking at an experiment from the Geology 113 (Mineralogy) course at Missouri
University of Sciences and Technology, concerning glass and olivine that was placed
along with a small amount of deionized water in a sealed stainless steel reaction vessel,
and then heated at 200oC in an oven and baked for 56 days, some conclusions were
drawn about the results from the basalt and olivine in the chamber. Both the unreacted
and hydrated/reacted samples from the Mineralogy course were wet down with distilled
water and the pH was taken with litmus paper. The pH of the water contacting the
samples rose from approximately six for the unreacted glass to nine for the reacted
sample. On the surface of the hydrated glass, new mineral phases also were beginning to
precipitate, possibly an evaporite such as the ones found on the basalt grains from the
column. The olivine from the course experiment did not show such dramatic changes in
pH, only increasing by a level of one pH unit. The olivine, although visibly changed
from a green to a reddish-brown color, still did not weather as dramatically as the glass.
The Mineralogy course experiment could attempt explain the length of time it would take
for the blueberries to form on Mars and why the basalt caused no iron precipitation in the
column. With Mars cycles of wet and dry periods in the past, the basalt on Mars could
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have been dehydrated, and then once it was hydrated by the wet period, could have
oxidized given enough time.
The argon and nitrogen gasses also seemed to affect the precipitation of iron.
When the argon was flowing into the system, it kept iron precipitation in the reservoir to
a minimum. On the other hand, when the system was switched to nitrogen, the
precipitation in the reservoir was more apparent. The precipitates were very noticeable as
they became trapped in the 0.45 µm filters used to prepare samples for ICP analysis.
Even though the gasses affected the precipitation in the reservoir, they did not affect pH
levels of the solution in the reservoir.

5.5 IRON OXIDE CONCENTRATIONS FROM PORTS IN REACTION
CHAMBER
Iron precipitation should have lowered the concentration of iron measured during
ICP; however, that was not the case. It was proposed that as the iron traveled through the
column, the iron concentration was predicted to decrease as it flowed downward due to
reactions causing iron precipitation. However, that was not the case at all. The iron was
the lowest in the initial reservoir (137 ppm). The reservoir was expected to have iron in
the highest concentration because iron was directly added to the system through the
reservoir. Figure 5.1 above illustrates the final reaction chamber with the all the ports
labeled. Port 1 had the second lowest concentration if iron (164 ppm), as expected due
to the calcite layer. Ports 2 and 3 had relatively high concentrations (port 2 was 167 ppm
and port 3 was 171 ppm) which were expected because they were closer to the reservoir.
Port 4 had the same concentration of iron as port 1, which could be a direct result of the
lower concentration of iron in the reservoir. The reservoir may have appeared to have
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had a lower iron concentration because some of the iron from the ports could have been
removed during the precipitation process or during syringing of the solution collected to
be tested in ICP.

5.6 IRON PRECIPITATION RELATED TO MARS
Knowing so little about Martian blueberries’ method of formation, iron sources
and composition, it is hard to determine where these rocks came from and how they
formed. But, by examining possible formation mechanisms and conditions for Moqui
Marbles, a hypothesis about the formation of the Martian blueberries can be developed.
Moqui Marbles seem to form when iron-bearing water encounters a less permeable solid,
chemically reacts, and changes the micro-chemical environment (pH, Eh, iron content
present in the system, hydration) around the solid resulting in the saturation and
precipitation of iron around the solid surface. So how do these formation mechanisms
relate to formation of the Martian blueberries? Iron saturated water must have been
present on Mars, most likely in the form of groundwater. The groundwater flows through
the rock outcrop at Meridiani Planum and comes across a carbonate mineral in the
outcrop. Recently, in an article by McKee (2009), magnesium carbonate rocks in a
region of Mars called Nili Fossae was discovered with minor carbonate deposits found in
a couple of other sites. As the water continues to flow through the outcrop, iron oxide
accumulates around the grains and begins coat and mimic the shape of the grain. Over a
significant amount of time, the solution containing iron may begin to dissolve the grain,
as seen in the Dakota sandstone experiment, and form an iron oxide or hydroxide
concretion. However, how a complete rind is formed is still undetermined. The samples
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from the test provide little insight into this question because they all had a semi-halo
around the upper part of the grains where the solution first encountered the surface of the
rock.
The drip test models expanded on the ideas proposed by Chan et al. (2005)
starting on the second process proposed. Different minerals and environments (argon and
nitrogen) were used in the drip experiments. The results from the experiments could be
applied to the formation of the Moqui Marbles, especially the argon and nitrogen reaction
chamber, which simulated anoxic subsurface conditions.
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6. CONCLUSIONS

6.1 LAB SUMMARY
Carbonate minerals induced iron precipitation which was first seen in the static
batch tests. The geochemical environment changes were first noted during these tests
when different concentrations of solution reacted with different mineral specimens. From
these tests, the lower the concentration of iron the more the pH increases throughout the
test. The calcite precipitated iron oxide and had an increase in pH to a more neutral level.
Siderite had the same results as the calcite and produced a relatively neutral pH.
Magnesite also maintained a neutral pH but the grains themselves dissolved leaving
behind a white phase that disappeared upon agitation. Most of the batch tests displayed a
color change from clear to red-brown, indicating the formation of some form of ferric
iron precipitate of unknown mineralogy. The results of these tests show that carbonates
tend to buffer the pH and keep it at a neutral level, while evaporites (epsomite and
gypsum) seem to have the opposite effect and remain acidic throughout the duration of
the test.
The drip tests were used to further investigate the minerals from the batch tests
that induced precipitation of iron. These allowed the investigation of the reaction
between the minerals and the ferrous ammonium sulfate in a fairly controlled
environment. The halos, whether they were iron or iron and carbonate, produced in the
drip tests were able to be examined more closely through SEM. These tests also allowed
the opportunity to examine length of time required for a halo to precipitate.
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The flow through drip test shows that iron oxide can still precipitate in a nitrogen
or argon rich environment. Iron precipitated around the calcite grains, while an unknown
secondary grain precipitated on the surface of the basalt. The basalt layer did not display
a drastic color change like the calcite. This test also showed the effect of the gasses on
iron precipitation in the reservoir, where argon seemed to slow iron precipitation.
The ICP results showed various concentrations of iron in the column, but not as
they were predicted. Interestingly, the lowest concentration of iron was found to be in
the reservoir, which should have had the highest because iron was directly added to the
reservoir. Calcite lowered the iron concentration and had the second lowest
concentration, as expected. The basalt and olivine had only a slight effect on the iron
concentration.

6.2 PROJECT SUMMARY
Iron precipitation is induced by an iron-bearing solution encountering a solid such
as calcite or the Dakota sandstone samples. The iron precipitation mimics the shape of
the grain that the solution encountered. Another possibility would be organics found in
the rock, but this usually causes an adverse effect in which iron is leached from the rock
and creates a leached halo. The geochemical environment also affects the amount of iron
precipitated. The more acidic the environment, the less likely iron precipitation will
occur.
Given experimental results, iron precipitation was concluded to occur when an
iron-bearing solution encounters an entity containing calcite, whether it is a grain of
calcite or calcite in the matrix, and begins to precipitate around the surface. An increase
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in pH induced by reaction with the calcite likely resulted in a decrease in the solubility of
the iron, causing its precipitation. The iron precipitate was a reddish-brown color,
indicative of a change in the oxidation state from Fe2+ to Fe3+ accompanied the
precipitation process (Figure 4.2). However, the reason it precipitates in a circular
pattern is still unknown since all the halos produced in the experiments occurred in a
semi-circular pattern in the direction of flow.
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