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ABSTRACT
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Title of Study: Precipitation of aragonite under anoxic conditions. An experimental
study.
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Candidate for Degree of Master of Science
Calcium carbonate minerals (CaCO3) are important for our understanding of past
marine conditions as well as tools for constructing paleoclimate. However, very little
experimental work has been done to determine the influence of oxygen depletion on the
geochemistry of CaCO3. To determine how oxygen depletion affects elemental
incorporation and partitioning, aragonite was grown inorganically in artificial seawater at
pressures of 1 atm and 5 bars (0.1%CH4-N2 mixture). Solution of Na2CO3 was used to
induce aragonite precipitation. N2 was bubbled through solution in order to minimize
oxygen content and iron powder was used to trap remaining O2. Experimental products
(aragonite and fluid) were analyzed with ICP-MS, and isotope ratio mass spectrometer.
Results suggest that Eh affects incorporation of Mn, S, Cu, and V into aragonite. No
methane oxidation was observed.
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INTRODUCTION
Aragonite
Aragonite is a naturally occurring calcium carbonate mineral with the chemical
composition of CaCO3. It is one of the two most common polymorphs of calcium
carbonate, the other being calcite. Aragonite is formed by multiple physiochemical and
biological processes, and most commonly forms from precipitation in marine and
freshwater environments. Aragonite has an orthorhombic crystal structure which typically
exhibits acicular crystals radiating out in all directions. This is different than the
rhombohedral crystal structure exhibited by calcite.
Aragonite can be found in high pressure, low temperature metamorphic rocks, as
it is the high-pressure polymorph of calcite. It is commonly found naturally in the shells
of marine animals including many mollusks, as well as in the calcareous hard parts of
many corals. Aragonite can also be found inorganically in marine cements and
speleothems. At standard temperatures and pressures, aragonite is metastable, and alters
to calcite through geologic time. The dominant CaCO3 polymorph in the ocean has
alternated between aragonite and calcite since the early Paleozoic, resulting in either a
“calcite sea” or “aragonite sea.” The primary control on whether or not it is a calcite or
aragonite sea is the amount of magnesium in the seawater. Relatively low magnesium
levels results in a calcite sea, while relatively high magnesium levels results in a sea
1

containing aragonite and high-magnesium calcite. Modern seas beginning in the
Cenozoic period favor aragonite production (Stanley and Hardie, 1999). This has large
implications for the composition of marine animal hard parts.
Methane Seeps and Carbonate Proxies
Methane Seeps
Methane cold seeps are areas where hydrocarbon-rich fluids mostly consist of
methane with the addition of hydrogen sulfide which seeps out of the ocean floor. These
seeps are found worldwide in areas such as the Cascadia margin, the Gulf of Mexico, the
Black Sea, the Middle America margin, and the eastern Aleutian margin (Han et al.,
2008). These areas often form bacterial mats where consortium of microorganisms thrive
by metabolizing methane and sulfate. When the bacteria around these mats metabolize
methane and reduce sulfate ion, releasing bicarbonate (HCO3-) into the water. The release
of bicarbonate increases the alkalinity of the surrounding water, which promotes the
precipitation calcium carbonate that is then deposited on the seafloor (Luff and
Wallmann, 2003). This reaction can be described as (Boetius et al., 2000):
CH4 + SO42-

HCO3- + HS- + H2O

The authigenic carbonates found at these cold seeps are primarily high
magnesium calcites and aragonite. Multiple studies have reported that aragonite is the
preferential calcium carbonate polymorph precipitated around methane seeps (Aloisi et
al., 2000; Luff and Wallmann, 2003). Preferential aragonite precipitation is likely due to
increased fluid flow and efficient methane oxidation (Luff and Wallman, 2003). These
carbonates give off distinguishable isotopic signatures such as δ13C depletion and δ18O
enrichment relative to carbonates from control sites (Luff and Wallman, 2003).
2

Commonly, δ13C depletion is a result of methane oxidation, as the product of this
oxidation is CO2, which produces CO32- through reaction with water:
CO2 + H2O ⇌ H2CO3- ⇌ H+ +HCO3- (Bicarbonate) ⇌ 2H+ + CO32- (carbonate).
The depleted δ13C in CH4 is carried in the carbon throughout the entire reaction.
Hovland et al., (1987) reported that authigenic carbonates found in cold seeps in the
North Sea had a mean δ13C value of -56.1 ‰ PDB (in comparison to -6-+6 ‰ of δ13C of
carbonates from control sites). More recent studies have also shown this correlation. For
example, a study by Han et al., (2008) found that all of the carbonates precipitated around
cold seeps in the South China Sea were depleted in δ13C, ranging from -25.7 to -57.5 ‰
PDB. Conversely, all of the carbonates found in this study were enriched in δ18O with
PDB levels of +4.0 to +5.3 ‰. This 18O enrichment was interpreted as being the result of
carbonate precipitation from 18O-rich fluids. Aloisi et al., (2000) encountered 18O
enriched fluids as well, and attributed them to destabilization of gas hydrates, and the
seepage of Messinian brines (Aloisi et al., 2000).
It is possible that varying conditions in the seawater surrounding cold seeps could
lead to different isotopic signatures in precipitated calcium carbonate. Birgel et al.,
(2011) reported slightly higher δ13C values in aragonite compared to aragonite in other
methane seep studies, between -33.9 and -20.4 ‰ PDB as well as δ18O values between
+2.6 and +5.8 ‰ PDB. They suggested variations in redox conditions as a result of
seepage flux could alter these values. Average δ13C values in marine limestones range
from roughly -6 ‰ to 6 ‰ (Hudson, 1977). Average δ18O values in limestone range from
roughly -9 ‰ to -1 ‰ (Hudson, 1977). A graph of 13C and 18O ranges from various
carbonate producing environments can be seen in Figure 1, taken from Hudson (1977).
3

Figure 1

13

C and 18O crossplot for various carbonate environments.

Hudson, 1977
Trace element concentrations and partitioning have also been studied in
carbonates around methane seeps as a means of determining primary seawater
composition and the degree of diagenesis. Ge and Jiang (2013) studied methane seeps
from Panoche Hills, California and South China Sea. Both areas exhibited high Sr
concentrations and low Mn/Sr ratios. Pure aragonite samples in this study showed the
4

highest Sr concentrations. These samples which had ages ranging from 59 to 11.61Ma
showed similar Mn/Sr ratios and Sr concentrations when compared to modern methane
seeps found near California.
General Proxies
Understanding and determining both temperature and environmental evolution of
earth systems is a primary issue in geological sciences. Calcium carbonate (CaCO3) is
one of the most important and widely used minerals for paleoenvironmental and
paleoclimate reconstructions. Through time, a lot of invertebrate marine animals have
used CaCO3 polymorphs aragonite and calcite to construct their hard parts. These calcitic
hard parts are the primary constituents of deep-sea sediments. Among the marine
invertebrates, foraminifera shells are the primary providers of paleoceanographic
information. A suite of elemental and isotopic proxies preserved within these marine
fossils have been essential in our ability to understand and piece together past
environmental conditions, and to understand important controls on oceanic change
through time.
Among these proxies, the Mg/Ca ratios in foraminifera shells give us the ability to
record past surface water temperatures, 18O/16O ratios give us information on temperature
and the volume of continental ice and ocean circulation, and 13C/12C ratios give us
information about the amount of carbon stored as biomass as well as information on the
biological pump. The analysis of 18O/16O isotopic ratios in CaCO3 found within fossilized
marine animals remains one of the most important and widely used geochemical proxy. If
measured in foraminifera, it is possible to get information about the temperature of the
water at the time that the foraminifera lived in (Chappell and Shackleton, 1986). The use
5

of oxygen isotopic ratios is primarily based on the thermodynamic fractionation between
16

O and 18O that happens during precipitation of CaCO3 (Urey, 1947). The study of

18

O/16O ratios is has grown even more significant in recent years with the issues of

climate change. Understanding the effect that humans have on climate in modern times
requires a thorough interpretation of past sea level changes. It has been thought for some
time that glacial ice exhibits a lower 18O/16O ratio than in seawater. This means that when
the volume of the earth’s glacial ice rises then seawater shows relatively high ratio values
of 18O/16O. While this indirect method of estimating sea level changes, it is prone to error.
The 18O/16O ratios however can also be used in other methods to reconstruct past sea
levels.
Trace element studies have been very important in the realm of carbonate
geochemistry. The applications of studying trace element distributions in marine minerals
are numerous. Trace and rare earth element concentrations in the ocean are affected by
many processes such as river drainage, wind-blown sediment, and hydrothermal
circulation at mid-ocean ridges. Removal of these trace metals often happens by
biological uptake, such as the precipitation of CaCO3 in marine animal hard parts. Most
marine animals are made primarily of major elements such as carbon, hydrogen, nitrogen,
sodium, oxygen, phosphorus, calcium, magnesium, chlorine, and sulfur. However, a
number of trace elements such as manganese, strontium, and iron are critical for
carbonate growth mechanisms. Strontium isotopic ratios in calcium carbonate have been
used extensively as indicators of paleoclimate. A study by Kaufman et al., (1993)
reported that 87Sr/86Sr ratios in carbonates have increased monotonically over the past
100Ma. Variations in these values occur as a result of continental erosion, composition of
6

continental rocks, and hydrothermal flux in the ocean. Strontium isotope ratio levels have
shown cyclic changes throughout the Phanerozoic.
Experimental Studies of Calcium Carbonate
It has been established that both physical and chemical factors affect the
incorporation of trace elements into biogenic carbonates. This has resulted in numerous
experimental studies on CaCO3 precipitation. These studies focus primarily on isotopic
fractionation and elemental partitioning between calcium carbonate and fluid. Many of
these studies have tested how CaCO3 precipitation rate, fluid temperature, and fluid pH
control geochemistry of calcium carbonate minerals.
Researchers have been interested in these abiogenic controls on CaCO3
precipitation since the early part of the 20th century. An early study using artificial
seawater was conducted to test the effect that magnesium had on calcite precipitation.
Results showed that calcite precipitated much faster from seawater depleted in
magnesium, and that increased magnesium levels slowed the nucleation time of calcite
significantly (Pytkowicz, 1965). Such studies gave evidence that physical and chemical
processes do affect carbonate precipitation. However, due to the experimental nature of
these studies, it is important that more research is conducted. Many studies researching
the same topic have gotten different results, or attributed similar results to different
factors.
The study of partition coefficients is very important in interpreting proxies
through CaCO3 studies. For example, it is widely known that Mg/Ca ratios in
foraminifera shells are higher in calcite precipitated in warmer waters, meaning the
Mg/Ca ratio in calcite can be used as a paleothermometer. While the Mg/Ca ratio is
7

widely used for calcite, Sr/Ca ratios are important in aragonite. This has led to numerous
experimental studies of strontium incorporation into aragonite, to improve the
interpretation of paleoproxies. Sr2+ incorporation into aragonite was found to be mostly
independent of salt concentrations in solution (Holland et al., 1969). Zhong and Mucci,
(1989) also studied the effects of salinity on strontium partitioning in inorganically
precipitated aragonite. Their study found the incorporation of Sr2+ to be independent of
salinity and precipitation rate (Zhong and Mucci, 1989).
Another study reported an inverse relationship between temperature and Sr/Ca
ratios in both inorganically precipitated and coral aragonite (Kinsman and Holland,
1969). A study by Beck et al., (1992) used isotope dilution thermal ionization mass
spectrometry (ID-TIMS) which showed a 0.6% decrease in Sr/Ca per 1˚C. However,
discrepancies between different studies suggest that multiple factors influence partition of
trace elements between CaCO3 and fluid, which is why multiple experimental studies on
partitioning different elements are important in developing paleo multi-proxies. Those
multi-proxies allow us to isolate effects of various environmental parameters of
geochemistry of carbonate minerals.
A study done by Mucci and Morse (1983) in order to determine the effect of
multiple factors on Mg/Ca and Sr/Ca ratios in calcite. This study reported that
incorporation of Mg2+ and Sr2+ into calcite overgrowths were independent of saturation
state and precipitation rate, and are dependent on the solubility of the solution. This study
also reported that Mg2+ incorporation was dependent on the Mg2+/Ca2+ ratio of the parent
solution (Mucci and Morse, 1983). A further investigation was done on the incorporation
of Mg2+ into CaCO3 by Mucci (1987). In this study, Mg2+ incorporation was tested under
8

different temperatures during precipitation. He concluded that the distribution coefficient
of magnesium in calcite overgrowths precipitated from artificial seawater increased
linearly with temperatures between 5˚C and 40˚C (Mucci, 1987).
Recently, more work has been done on both calcite and aragonite polymorphs to
further understand abiogenic influence on crystal growth. Studying the behavior of
aragonite is important due to the fact we are now in an “aragonite sea”, and marine
invertebrates now use aragonite to build their skeletons, and have used aragonite in
various time periods throughout geologic history. An experimental study concluded that
the Mg/Ca coefficient between aragonite and seawater increased as crystal growth rate
increased (Gabitov et al., 2006, 2008). In contrast Sr/Ca was shown to be independent of
crystal growth rate (Gabitov et al., 2006). While significant amounts of research have
been done using Mg/Ca ratios as paleotemperature proxies, this studies results show that
there could be other factors involved, which may alter paleotemperature interpretations.
Other experimental work was done on aragonite to better determine the influence of
growth rate on crystal composition. Meece and Benninger (1993) studied the
incorporation of radionuclides such as Pu, U, Am, and Th into aragonitic corals. Their
study reported that uranium partition coefficients in aragonite exhibited an inverse
behavior with pH and precipitation rate. A study by Gabitov et al., (2008) showed further
evidence that growth rate affects the composition of aragonite. In this study both U/Ca
and Mg/Ca partition coefficients were heavily dependent on growth rates. However, this
dependence was only seen at growth rates similar to those of natural carbonate minerals
corals, and shells, and the partition coefficients of U/Ca and Mg/Ca were independent of
growth rates when rates were high (Gabitov et al., 2008).
9

Composition of Seawater
In order to begin an experimental study involving artificial seawater, it is
important to understand the physical-chemical controls on seawater and how they can be
attributed to the composition of major components of seawater. Major components of
seawater (Na+, Ca2+, Sr2+, Mg2+, K+, Cl-, SO42-, HCO3-, Br-, CO32-, B(OH)3, B(OH)4-, F-,
CO2) were shown to be relatively constant and have a control on the rates and equilibria
of processes in Earth’s oceans (Millero, 1996). These components affect multiple aspects
of the processes in the ocean including the carbonate system and the solubility of iron in
seawater.
The discovery that major components in seawater were relatively constant over
thousands to millions of years is the basis for the idea of salinity, a measurement of total
dissolved salts in seawater. Initially, the compositions of major components were
characterized relative to chorinity, the mass of the total Cl- and Br- in 1kg of seawater,
and was measured in parts per thousand. Values in grams of the major components of
seawater as a function of chlorinity are shown in Table 1 from Millero (1996). The sum
of these components multiplied by the chlorinity of a measured sample defines the
absolute salinity: SA = 1.815Cl.

10

Table 1

Composition of average seawater

Solute
g/Cl (‰)
Na+
0.5561
2+
Mg
0.06626
2+
Ca
0.02127
K+
0.02060
2+
Sr
0.00041
Cl0.99891
2SO4
0.14000
HCO30.00552
Br
0.00347
2CO3
0.00083
B(OH)40.000415
F
0.000067
B(OH)3
0.001002
∑=
1.81540
Cl = 19.374, pH=8.1, t=25˚C. Millero (1996).

Mol/ kg H2O
0.46907
0.05282
0.01028
0.01021
0.00009
0.54588
0.02824
0.00175
0.00084
0.00027
0.00010
0.00068
0.00031

However, recent research defines the salinity of seawater by using conductivity
measurements and is expressed as practical salinity units (PSU) in the practical salinity
scale (PSS). This scale is measured by conductivity of seawater relative to KCl and is
defined as 35.000 if the conductance ratio is 1 in a KCl solution containing a mass of
32.4536g of KCl per 1kg of solution at 15˚C (Poisson et al., 1980). This scale is valid
only from S = 2 to 42 (Hill, et al., 1986). Other researchers have released their own
versions of natural seawater composition as well, leading to the formation of artificial
seawater in which many experimental CaCO3 studies are conducted.
To prepare experiments involving inorganic precipitation of CaCO3, it is
necessary for it to precipitate in a solution resembling that of natural seawater but without
biological influences. Using artificial seawater provides a growth solution close to the
known composition of seawater. Lyman and Fleming (1940) produced a formula for
artificial seawater that had been widely used in early geochemical studies. However,
11

there were large differences between this artificial seawater solution (ASW) and natural
seawater of the same salinity for SO42-, Mg2+, Ca2+, and Sr2+, seen in Table 2 (Pytkowicz,
1965).
Table 2

Recipe for artificial seawater

Ion

Artificial seawater Natural seawater
(g/kg)
(g/kg)
Cl
19.353
19.353
Na+
10.764
10.76
2SO4
2.701
2.712
Mg2+
1.297
1.294
2+
Ca
0.406
0.413
K+
0.387
0.387
HCO3
0.142
0.142
Br
0.066
0.067
Sr2+
0.014
0.008
H3BO3
0.026
0.026
F0.001
0.001
Pytkowicz (1965)

% differences
0.0
0.0
-0.4
+0.2
-1.7
0.0
0.0
-1.5
+75
0.0
0.0

New ASW
(g/kg)
19.353
10.765
2.711
1.295
0.414
0.387
0.142
0.066
0.008
0.026
0.001

In addition to improving the percentages of each ion in the mixture, a revised
formula for salinity was also determined as seen in Table 2. These revisions seen as New
ASW in Table 2 brought the composition of artificial seawater within 1 mg/kg of natural
seawater for these primary constituents.
Table 3

Recipe for 1kg of 35.00‰ artificial seawater

Salt
NaCl
Na2SO4
KCl
NaHCO3
KBr
H3BO3
NaF
Pytkowicz, 1965

Molecular Weight
58.44
142.04
74.56
84.00
119.01
61.83
41.99
12

g/kg of H2O
23.926
4.008
0.677
0.196
0.098
0.026
0.003

Hypothesis and Objective of Study
The objective of this research is to use controlled laboratory conditions to
synthetically grow inorganic aragonite in a way that is analogous to oxygen reduced and
methane-bearing natural seawater environments. With data gathered from these
experiments, isotopic data and elemental partitioning between aragonite and seawater
were evaluated. This data should indicate whether or not methane oxidation, and
oxidation state as a result of fluid Eh-pH play a role in isotopic fractionation and
elemental partitioning of multivalent elements such as sulfur, manganese, vanadium, and
copper. Analysis of δ13C and δ18O values in methane-bearing experiments are compared
to data from previous studies of aragonite surrounding methane seeps. This could be used
to determine the effects that methane has on isotopic signatures in aragonite. Two series
of experiments were analyzed to determine if Eh-pH levels in the system could play a
role in the incorporation of elements with multiple valence states such as sulfur,
manganese, vanadium, and copper.

13

METHODS AND MATERIALS
Materials
In order to study the effects of various parameters and conditions on the inorganic
precipitation of aragonite, eight experiments were conducted and four experiments were
used for analysis. For each experiment, aragonite was inorganically precipitated in an
artificial seawater solution using H2O and Instant Ocean sea salt mix. For this study, an
artificial seawater based on the elemental composition determined by (Atkinson and
Bingman, 2010) for commercial seasalts was used.
In their report, eight salt mixes were purchased from That Fish Place, Lancaster
PA and analyzed for major cations, nutrient compounds, and trace elements. Inorganic
nutrients PO43-, NO3-, NH4+, and SiO33- were measured with a Technicon II Autoanalyzer.
Total alkalinity and pH were measured, and the elements Li, Si, Mo, Ba, V, Ni, Cr, Al,
Cu, Zn, Mn, Fe, Cd, Pb, Co, Ag, and Ti were measured using Inductively Coupled
Plasma Emission Spectroscopy. These results were adjusted to 35 ppt salinity and a
temperature of 25˚C. The elemental composition of the Instant Ocean mix compared to
seawater based on their results can be seen in Table 4.

14

Table 4

Instant Ocean mix vs natural seawater

Major Cations (mmol/kg-1)
Na+
K
Mg
Ca
Sr
Sum
Major Anions
ClSO42TCO2
TB
Trace (µmol/kg-1)
Li
Si
Mo
Ba
V
Ni
Cr
Al
Cu
Zn
Mn
Fe
Cd
Pb
Co
Ag
Ti

SW

Instant Ocean
470

462

10.2
53
10.3
0.09
607

9.4
52
9.4
0.19
594

SW
550
28
1.9
0.42
SW
20
5
0.1
0.04
0.04
0.004
0.003
0.002
0.001
0.001
0.0004
0.0001
0.0001
0.00006
0.00005
0.00001
0.00001

Instant Ocean
521
23
1.9
0.44
Instant Ocean
54
16
1.8
0.85
2.9
1.7
7.5
240
1.8
0.50
1.2
0.24
0.24
2.1
1.3
2.3
0.67

Atkinson and Bingman (2010)
Experimental Methods
Aragonite precipitation was induced by a one-time addition of 0.1M Na2CO3
solution into Instant Ocean artificial seawater in proportion of 80 ml to 1 L of ASW. The

15

presented geochemical data were collected from aragonite grown in unstirred ASW
solutions.
Methane-bearing Experiments
In order to test the hypothesis that the presence of CH4 alters the elemental
incorporation and isotopic fractionation in authigenic aragonite, three experiments
conducted under the presence of 0.1% CH4 – 99.9% N2 were setup in Swalm Laboratory
(David C. Swalm School of Chemical Engineering) using a variable pressure apparatus.
The pressure device is made of stainless steel with two input valves attached to it for
pressurizing the vessel with gas (Figure 4). A pressure release valve is connected to the
device which allows the vessel to be degassed. A fluid release valve is attached near the
bottom of the device to allow for fluid extraction without opening the vessel. The device
has a maximum fluid volume of 300 mL.
For the first experiment labeled as CH4-1, 250mL of Instant Ocean artificial
seawater consisting of 31.586 g of sea salt per L of H2O was filtered using a 45µm filter
and placed into Nalgene bottle cleaned with HCl and reverse osmosis purified water. This
artificial seawater mix was similar in all experiments. This solution was then transferred
to the pressure device. 16.5 mL of 0.1M Na2CO3 was vigorously stirred into solution in
order to increase the CO3 content of the artificial seawater. 1.65 mL of NaOH (sodium
hydroxide) was added as a means of increasing pH of the solution. To test the oxygen
trapping ability of iron, a glass vial with an open cap containing 6.4 g of FeO powder was
placed into solution as well. An additional 125 mL Nalgene bottle was added into the
pressure device. Placed inside this bottle was a glass slide which was scratched with
16

sandpaper in order to provide cavities for aragonite precipitation. An SEM image of the
FeO shavings can be seen in Figure 2.

Figure 2

Iron-oxide under SEM used in Experiment CH4-1

The pressure device was connected to a 0.1%CH4- N2 gas tank. In order to
remove all oxygen from the airspace above the solution, the tank was purged with
nitrogen three times. The device was pressurized to 5.5 bars. Temperature was monitored
throughout the duration of the experiment and was stable at 21.7°C.
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The pH of the solution measured in a subsample taken immediately after
pressurizing the vessel was 9.69. A second experiment labeled CH4-2 was conducted in
a similar way as CH4-1, however a non-oxidized iron powder was used in CH4-2 to
increase the oxygen trapping potential in comparison to the iron-oxide in the CH4-1
experiment (Figure 3). The initial pH of the system after pressurizing was 9.61. The
pressure throughout the duration of this experiment was stable at 4.5 bars. A third
experiment labeled CH4-3 was setup with the exact same methods except that no Na2CO3
was used and hematite powder was used to test the possibility of methane oxidation
without microbial activity, i.e. to give a source of O2.
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Figure 3

SEM image of iron powder used in various experiments

After the initial experiments were setup, 4 mL subsamples were collected by
extracting fluid out of the fluid release valve into an 8 mL Nalgene bottle. This was done
every day to measure changes in pH as an indicator of crystallization onset (Figure 5). As
CaCO3 precipitates, the pH of the surrounding solution decreases. As seen in Figure 5,
crystallization likely began during the first day of the experiment, as the pH changed
from 9.69 to 8.8 between measurements.
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Figure 4

Layout of Variable Pressure Apparatus

1, pressure gauge 2, gas input valve 3, gas release valve 4, fluid release valve 5, pressure
chamber
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Figure 5

Change in pH for experiment CH4-1

Oxidation-Reduction Experiments
A second set of experiments were conducted in order to test the effects of low
fluid oxidation reduction potential (ORP) and oxygen potential (Eh) on aragonite growth
and trace element incorporation. Temperature between experiments were varied between
8°C, 27°C, and room temperature, to test if changes in temperature altered the
geochemical response of the aragonite. In order to reduce Eh values, metallic iron was
added for trapping of oxygen dissolved in seawater fluid. Six experiments were setup in
the geochemical laboratory of the Department of Geosciences at MSU (005 Hilbun Hall).
The initial solution of artificial seawater used for all six experiments was 31.586 g of
Instant Ocean sea salt per L of H2O. Na2CO3 levels were 7.4% of the total volume of
solution and was kept constant for all experiments conducted in this series. Two
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experiments were conducted in a constant temperature bath to cool the solution below
room temperature (Figure 6).

Figure 6

Temperature bath setup

Experiment ORP-1 was setup using 514 mL of artificial seawater with 41mL of
Na2CO3 pumped into solution; this proportion was the same as in high-pressure
experiments. An additional 3 grams of Fe powder was added into solution, rather than in
glass vials as seen in the high-pressure experiments. The initial pH was measured at 9.61,
and the initial temperature was 10°C but was decreased to 8˚C. Experiment ORP-2 was
setup using the exact methods as ORP-1, except that this experiment was setup above
room temperature at 27°C. Experiment ORP-3 was setup identically to ORP-1 and ORP2, except that the temperature was kept at 8°C and was continuously stirred with a Teflon
covered stir bar using a sum-immersed magnetic stir plate (Lindberg/Blue).
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Experiment ORP-4 was conducted at 27˚C (identically to ORP-2), but without the
addition of Fe.
The purpose of this experiment (ORP-4) was a comparison of trace element
incorporation into aragonite precipitated at high Eh relative to aragonite grown at low Eh
(ORP-2). Experiment ORP-5 was conducted with 250 mL of artificial seawater and 20
mL of Na2CO3 stirred into solution. 2 grams of Fe was added into solution. 2 grams
instead of 3 grams of Fe seen in the previous experiments was added in order to
determine how different amounts of Fe affected Eh in the system. It is also possible that 2
grams of Fe has a larger effect on this experiment due to a smaller solution volume. The
overall fluid volume of this experiment is 270 mL compared to 555 mL seen in the
previous oxidation-reduction experiments. A sixth experiment was conducted as well,
however Na2CO3 was pumped too quickly into solution and caused immediate
crystallization, so it was unused in analysis and will not be detailed further in the paper.
A summary of all seven experiments can be seen in Table 5.
Table 5
Experiment

Summary of all experiments
T ˚C

Pressure (bars)

pH initial

pH final

Eh (V)

Fe (g)

Stirred

CH4-1
21.7
5.5
9.69
8.5
6.4* n-s
CH4-2
21.7
4.5
9.01
8.8
6.4 n-s
ORP1
8
1
9.01
8.78 -0.023
3 n-s
ORP2
27
1
9.62
8.46 0.0149
3 n-s
ORP3
8
1
9.65
8.8 0.179
0
s
ORP4
27
1
9.63
8.58 0.406
0 n-s
ORP0
21.3
1
9.57
8.6 -0.07
2 n-s
*Fe used in this experiment was oxidized prior to use. S = stirred, N-S = not stirred.
Na2CO3 ratio for all experiments = 80 mL Na2CO3 to 1 L of ASW
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Sample Preparation
Solid aragonite samples which precipitated from all experiments were cleaned and
stored on the frosted glass slides that they precipitated on. Initial fluids, subsamples, and
final fluids were placed into Nalgene bottles and kept frozen to avoid any evaporation.
Prior to being sent for ICP-MS analysis, glass slides coated with crystals from ORP
experiments were mounted into epoxy pucks for LA-ICP-MS. CH4 experiments were
removed from glass slides placed into a cleaned plastic vial which was placed in an
ultrasonicator bath. After sonication, the samples were placed into an oven to remove any
excess water and stored into another vial. Solids, final fluids, and initial seawater solution
were diluted with 2 % trace metal grade HNO3 for dilution ICP-MS analysis. The dilution
factors were 1:10,000 for CH4 solids, 1:7,151 for ORP-2 solids, and 1:6,336 for ORP-4.
The dilution factor was 1:100 for liquids.
Analytical Methods
Concentration data for both solids and fluids acquired from ICP-MS were used to
calculate partition coefficients between aragonite and fluid. Concentration values were
reported in either parts per million (ppm) or parts per billion (ppb). These were converted
into total mols in order to use them to calculate partition coefficients. Traditional partition
coefficients for minor elements between aragonite and fluid can be shown as a constant
of the exchange reaction:
CaAragonite + xFluid = xAragonite + CaFluid
𝑋/𝐶𝑎 𝑐𝑟𝑦𝑠𝑡𝑎𝑙

K= (

𝑋/𝐶𝑎 𝑓𝑙𝑢𝑖𝑑
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)

(1)

In this exchange reaction, x represents a minor or trace element. This method is
used for systems where elemental ratios in fluid are at near-constant values (Gaetani and
Cohen, 2006). However, these experiments were conducted in a closed system where
different degrees of incorporation of elements into aragonite strongly change element to
calcium ratios in the fluid during each individual run. Therefore, partition coefficients
(KDH) had to be calculated using the Doerner-Hoskins derivation for coprecipitation
𝐴𝑟𝑎𝑔𝑜𝑛𝑖𝑡𝑒

where 𝑚𝑖

represents the total number of moles of a particular element in the final

solid, and 𝑚𝑖𝐹𝑙𝑢𝑖𝑑 represents the total number of moles of an element in the final fluid
(Gaetani and Cohen, 2006). The Doerner-Hoskins relationship can be described as:
log (1 +

𝐴𝑟𝑎𝑔𝑜𝑛𝑖𝑡𝑒

𝑚𝑖

𝑚𝑖𝐹𝑙𝑢𝑖𝑑

𝑖/𝐶𝑎

) = 𝐾𝐷𝐻 log (1 +

𝐴𝑟𝑎𝑔𝑜𝑛𝑖𝑡𝑒

𝑚𝐶𝑎

𝐹𝑙𝑢𝑖𝑑
𝑚𝐶𝑎

)

(2)

In order to calculate system Eh, the oxidation-reduction potential (ORP) needed to
be converted. Since the ORP reading on the electrode is not relative to the Standard
Hydrogen Electrode, a voltage offset of 200 mV was added to the ORP reading in order
to calculate final Eh values that could be used for analysis. The Standard hydrogen
electrode has an absolute electrode potential of 4.44 at 25˚C.
Fluid Measurements
Fluid pH, ORP, and Eh measurements were conducted immediately after ending
the experiments, before collection of fluid samples. ORP measurements were taken using
a Hanna Instruments 3230B platinum electrode. Before collecting ORP measurements,
the electrode was calibrated using a single point relative mV calibration standard. After
standardizing the probe, it was rinsed with reverse-osmosis water and then immersed into
the final fluid from all ORP experiments immediately after ending each experiment. The
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electrode was kept immersed in the fluid for roughly 5 minutes until a steady reading was
achieved.
Fluid pH for subsamples, initial fluid, and final fluid for all experiments were
conducted using a Denver Instrument pH electrode at NBS scale. Before measuring the
pH of the experimental fluids, the electrode was calibrated using a three-point calibration
procedure. Three standard fluids were used for calibration with pH values of 4, 7, and 10.
The electrode was then rinsed with reverse-osmosis water and immersed into fluid
samples from each experiment for roughly 3 minutes until a steady reading was obtained.
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RESULTS AND DEDUCTIONS
Results
Aragonite precipitated over the course of six days. Each experiment showed a
steady decrease in the pH of the solution as aragonite precipitated out of solution (Figure
7). In experiments CH4-1 and CH4-2, a black substance consisting of MnO2 (based on
EDS SEM analysis) was also found in the final solution, possibly as a result of
contamination from gas input tubes. No aragonite precipitated in experiment CH4-3.
Lack of precipitation indicates that CH4 oxidation did not occur in the system, as it did
not react with the hematite O2 source.
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Figure 7

pH change for all experiments

Eh and ORP
The final artificial seawater solutions for the five ORP experiments were
measured for oxidation-reduction potential on the last day of the experiments. ORP-1 had
an ORP value of -223 mV, which translates to 0.423 V Eh. Experiment ORP-2 had an
ORP value of -185.1 mV and an Eh of 0.0149 V. Experiment ORP-3 had an ORP value
of -210 mV and an Eh of -0.01 V. ORP-4 had an ORP value of 206.3, and an Eh of
0.4063 V. ORP-5 had an ORP value of -270, with an Eh of -0.07 V. Experiments with the
addition of Fe powder (ORP -1 and ORP-2) showed significant decreases in fluid Eh.
SEM-EDS
Aragonite from both the high pressure experiments and experiments conducted at
atmospheric pressure conditions precipitated as hemispherical bundles which consist of
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fibrous crystals radiating outwards in all directions. Samples precipitated on glass slides
were observed by SEM image analysis at I2AT, Mississippi State University (Figure 8).
These aragonitic structures are called spherulites and are a common morphology for
synthetically precipitated aragonite (e.g. Holcomb et al., 2009). Energy Dispersive
Spectroscopy (EDS) analysis was also done at I2AT, Mississippi State University. EDS
results for the aragonite showed yielded only Ca, O, and C.

Figure 8

SEM image of aragonite spherulites

Image taken at I2AT, Mississippi State University
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A comparison image of sample CH4-1 and elemental abundance of Ca and O on
the crystals can be seen in Figure 9. The Ca and O element distribution was concentrated
on the hemispherical bundles seen in Figure 8, indicating precipitation of CaCO3.
Calcium, oxygen, and carbon elemental maps in Figure 9 correlate with the image seen in
Figure 6. Other elements detected by EDS were Na, Mg, and Si. The relative abundance
of other major elements can be seen in Figure 10. EDS analysis was done on the Fe
powder used in experiment CH4-1, and the Fe powder used on all subsequent
experiments. Results for the Fe powder used in CH4-1 show Fe at 59.37 weight %, and O
at 39.31 weight %.
This indicates that this powder was FeO, which would lower the oxygen trapping
ability of this powder. The second Fe powder used in CH4-2 and ORP experiments
showed an Fe weight percentage of 98.49 % with no oxygen detected. This indicates that
this Fe powder was non-oxidized, allowing it to react more readily with free oxygen in
the solutions. Images of both FeO and Fe powder samples can be seen in Figure 2 and
Figure 3.

Figure 9

Comparison of Ca concentration on aragonite crystals in SEM and EDS
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Figure 10

SEM-EDS image showing the relative abundance of elements in precipitated
aragonite
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XRD
Experiments ORP-2 and ORP-4 were analyzed using X-ray Powder Diffraction
(XRD) for mineral phase identification. The analysis was done in the Institute of Solid
State Physics at the Russian Academy of Sciences using a (Siemens D-500 Cu K-a1 with
PSD detector). Powder diffraction patterns for both experiments were compared to
aragonite XRD standards which were obtained from the University of Arizona. XRD
plots for both experiments are shown in Figures 11 and 12. The XRD signatures for both
ORP-2 and ORP-4 match the signatures of these aragonite standards. This confirms the
precipitation of aragonite, and no calcite was detected. Experiments ORP-1, ORP-3, and
ORP-0 were not analyzed for XRD due to either low amounts of aragonite precipitation
or the inability to separate aragonite and Fe on the glass slides.

Figure 11

XRD peaks for ORP-2 compared to peaks in an aragonite standard

32

Figure 12

XRD peaks for ORP-4 compared to peaks in an aragonite standard

Isotope Ratios Mass Spectrometry
Experiments CH4-1 and CH4-2 (refer to Table 6 for experimental conditions)
were analyzed for isotopic composition at the University of Arizona Isotope Laboratory.
Results of this analysis show a δ13C level of -2.47 ‰ VDPB and a δ18O level of -7.11 ‰
VDPB for CH4-1. CH4-2 results show a δ13C level of -2.08 ‰ VDPB and a δ18O level of
-5.31 ‰ VDPB. A δ13C and δ18O cross-plot for both experiments can be seen in Figure
13.
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Figure 13

δ13C and δ18O cross-plot for experiments 1 and 2

LA-ICP-MS
Four of the five ORP experiments (ORP-1, ORP-2, ORP-3, ORP-4) were
analyzed at RPI by Laser Ablation ICP-MS (LA-ICP-MS). Laser ablation data was
received in counts per second (CPS) for each element. Multiple spots from each sample
were analyzed for consistent peaks. An example peak for Ca from experiment ORP-2 can
be seen in Figure 14. These peaks were compared to NIST 610 standard values as
determined by Pearce et al., (1997) standard before being used for analysis. The NIST
610 standard sample for Ca peak can be seen in Figure 15. The NIST 610 standard shows
a more consistent calcium peak because this standard is a solid glass, whereas ORP
experiments are a few micron size crystals coated on glass.
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Figure 14

Example calcium peak in counts per second for ORP-2

Figure 15

Calcium peak in counts per second in the NIST 610 Standard

Pearce et al., (1997).
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Analysis of the LA-ICP-MS data obtained for experiments ORP-1 and ORP-3
showed an abnormally high Si reading. Intensity plots for both experiments indicated that
the laser had burned through the thin layer of aragonite and was measuring the glass from
the glass slide. Due to this, neither of these experiments could be used for LA-ICP-MS
analysis.
Dilution ICP-MS
Four experiments (CH4-1, CH4-2, ORP2, ORP4) were analyzed using dilution
ICP-MS for elemental concentrations. Of particular interest were the concentrations for
elements with multiple valence states such as S, Fe, Mn, V, and Cu in both fluid and
solids. Using the Doerner-Hoskins derivation seen in section 3.3, these concentrations
were calculated for partition coefficients between the solid aragonite and final fluids.
Partition coefficients for elements with multiple valence states were compared between
the two ORP experiments. Experiment ORP-2 (low Eh) had higher partition coefficients
for Mn/Ca and V/Ca when compared to ORP4 (high Eh), and had lower partition
coefficients for the S/Ca and Cu/Ca ratios. Comparisons between the two experiments for
these elements can be seen in Figure 16 and Figure 17. Error bars are not visible due to
being smaller than the symbol in the graph.
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Figure 16

D-H partition coefficients values of multi oxidation state elements in ORP-2
and ORP-4

ORP-2 contained Fe powder, and ORP-4 did not contain Fe powder

Figure 17

D-H partition coefficients values for sulfur in experiments ORP-2 and
ORP-4
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Because fluid wasn’t measured in experiment CH4-2, elemental ratios were
calculated for CH4-1 (contained FeO powder) and CH4-2 (contained Fe powder). S/Ca
ratios were higher in CH4-1 than CH4-2 (Figure 18). V/Ca ratios were calculated for both
CH4 experiments, with the V/Ca ratio being lower in CH4-1 and higher in CH4-2 (Figure
19). Cu/Ca values were lower in CH4-2 and higher in CH4-1 (Figure 20).

Figure 18

S/Ca ratio calculated in weight ratio for experiments CH4-1 and CH4-2
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Figure 19

V/Ca ratio calculated in weight ratio for experiments CH4-1 and CH4-2

Figure 20

Cu/Ca ratio calculated in weight ratio for experiments CH4-1 and CH4-2
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DISCUSSION
KSr/Ca and KMg/Ca for CH4-1, ORP-2, and ORP-4 show similar values to those
found in aragonite precipitated at similar temperatures by Gaetani and Cohen (2006).
This information shows that these experiments were not outliers to previously reported
data (Table 6).
Table 6

Doerner-Hoskins partition coefficient values for Sr and Mg between CH4-1,
ORP-2, CH4-1, and Gaetani Cohen (2006).

Experiment
KSr/Ca
KMg/Ca
CH4-1
0.9178512 0.002304
ORP-2
1.0009633 0.00106
ORP-4
0.95452 0.001134
Gaetani and Cohen (2006)
1.133 0.00133
Gaetani and Cohen (2006)
Methane-bearing Experiments
After analysis of CH4-1 and CH4-2, there is no indication that methane oxidation
occurred in the system, as evidenced by carbon and oxygen isotope ratios. The δ13C
values seen in Figure 13 are more in line with average δ13C in seawater carbonates (-6 ‰
– 6 ‰ VPDB). Methane derived carbonates exhibit δ13C levels between -36 ‰ to -60 ‰
(Hudson, 1977). The δ13C value is depleted in CH4, and this isotopic signature is retained
in the CO32-. It is possible that the method needs to altered, where CH4 interacts with the
entire water column the vessel, rather than just the airspace above the solution. Both δ13C
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and δ18O values were inconsistent between experiments as seen in Figure 13. While the
FeO shavings used in CH4-1 showed evidence of rusting after the experiment, FeO has a
lower potential of oxygen trapping than the Fe powder used in CH4-2. Oxygen trapping
was likely achieved to some degree in both of these experiments, but more so in
experiment CH4-2.
Experiment CH4-3 failed to precipitate aragonite due to the absence of Na2CO3,
also suggesting no methane oxidation occurred in the system which contained two
sources of O2: dissolved oxygen in the fluid and hematite. With the presence of the black
MnO2 substance, and inconsistent isotope ratios, contamination in the vessel was likely.
The 5.5 bars of pressure in these experiments when also compared to other experiments,
seemingly had no effect on aragonite precipitation or elemental incorporation into
aragonite.
Incorporation of Elements with Multiple Oxidation States
Minor and trace elements with multiple oxidation states were focused on in
analysis of both CH4 and ORP experiments. These elements include sulfur, manganese,
vanadium, and copper. Eh-pH values for ORP 2 and 4 were plotted on existing Eh-pH
diagrams. Eh-pH diagrams are useful in visualizing stability boundaries for various ion
species in an aqueous system. Stability changes in the system during precipitation of
aragonite can alter the incorporation of various elements with multiple oxidation states.
Eh measurements for ORP experiments are potentially higher than actual Eh in the
system during precipitation. This is because oxidation-reduction potential measurements
were not taken in situ, but by opening the cap on the Nalgene bottle, exposing the fluid to
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air. Elemental incorporation in aragonite in experiments ORP-2 and ORP-4 are more in
line with what is expected of a system even lower in Eh than what was measured.
Experiments ORP-2 and ORP-4 can be seen plotted on a copper Eh-pH diagram
taken from Takeno (2005) (Figure 21). The partition coefficient for Cu/Ca seen in Figure
16 agrees with the corresponding phase seen in the Eh-pH diagram, as Cu+ is less likely
to incorporate into aragonite during precipitation. This is because the charge of Cu in Cu+
stability field is 1+, while the charge of Cu in CuOH+ stability field is 2+. Ions with 2+
charge are more likely to replace Ca2+ during aragonite precipitation.
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Figure 21

ORP-2 and ORP-4 plotted on an Eh-pH diagram for copper species

Takeno (2005)
ORP experiments were plotted on a V-O-H phase diagram (Figure 22). Final EhpH measurements for ORP-4 lies in the VO2(OH)2- field ( V has 5+ charge), while ORP2 is close to the boundary with the (VO)2(OH)5- field (V has4+ charge). Assuming that
actual Eh was lower relative to measured Eh (due to contamination of fluid with oxygen
during ORP measurement) our results suggest that V4+ favorably incorporates into
aragonite relative to V5+. V/Ca ratios between CH4-1 and CH4-2 also show a higher
43

value in the Fe-bearing CH4-2 experiment compared to the FeO bearing CH4-1
experiment. This result suggests that the Fe-bearing CH4-2 was in a more anoxic system
than FeO-bearing CH4-1. Given this, the elemental ratios between the more anoxic CH42 and less anoxic CH4-1 should show the same patterns as seen between the anoxic ORP2, and ORP-4 which has more O2.

Figure 22

ORP-2 and ORP-4 plotted on an Eh-pH diagram for vanadium species

Takeno (2005)
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Both ORP experiments can be seen plotted on a sulfur Eh-pH diagram in Figure
23. While ORP-2 also falls into the SO42- field, the Eh reading is likely high as a result of
non in situ measurements. The actual Eh of the system likely falls into the HS- field,
which would correspond to the lower partition coefficient for S/Ca seen in Figure 16.
This is because SO42- is the primary sulfur species that incorporates into aragonite
(Pingitore et al., 1995). This correlation can also be seen between experiments CH4-1 and
CH4-2. KMn/Ca value for ORP-2 is higher than that of ORP-4. Mn2+ abundance in the
system would cause an increase in KMn/Ca for multiple reasons. Firstly, Mn2+ is the same
charge as Ca2+ and is more likely to replace Ca2+ during precipitation of aragonite.
Secondly, as the Eh in the system increases, the oxidation state of Mn begins to
change to Mn4+. As seen in the Mn phase diagram (Figure 24), Mn4+ reacts with oxygen¸
forming the solid pyrolusite MnO2. This reaction decreases the abundance of Mn in the
system at higher oxygen levels. Therefore, the anoxic ORP-2 experiment should have
higher Mn levels than that of ORP-4. Mn levels in CH4-1 and CH4-2 were not analyzed
due to the appearance of MnO2 contamination.
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Figure 23

ORP-2 and ORP-4 plotted on an Eh-pH diagram for sulfur species

Takeno (2005)
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Figure 24

ORP-2 and ORP-4 plotted on an Eh-pH diagram for manganese species

Takeno (2005)
In order to confirm that Mn, Cu, V, and S were not being added into the system
by the Fe powder and that those elements were not being incorporated into the Fe grains,
laser ablation data was analyzed for Fe peaks that match peaks of elements such as V, Cu,
Mn, and S. Analysis of these peaks in the Fe-bearing experiment ORP-2 confirm that
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these elements do not correspond to Fe peaks, and more closely match Ca peaks (Figures
25-28).

Figure 25

LA-ICP-MS peaks for Ca, Cu, and Fe in experiment ORP-2
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Figure 26

LA-ICP-MS peaks for Ca, V, and Fe in experiment ORP-2

Figure 27

LA-ICP-MS peaks for Ca, S, and Fe in experiment ORP-2
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Figure 28

LA-ICP-MS peaks for Ca, Mn, and Fe in experiment ORP-2
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CONCLUSIONS
1.

ORP Experiments conducted at 1 atm show that Eh does have an effect on
Mn, V, Cu, and S incorporation into aragonite. Fe-bearing experiments
with the lowest Eh showed higher values for KMn/Ca and KV/Ca¸ while
having lower values for KCu/Ca and KS/Ca. These results agree with what is
expected when correlating experimental conditions with existing Eh-pH
diagrams and SO42- being the only S species in aragonite.

2.

Experiments conducted at 5 bars of N2-0.1%CH4 gas mixture suggest that
Eh affects incorporation of V, Cu, and S into aragonite where V4+, Cu2+,
and S+6 are the favorable oxidation states.

3.

No methane oxidation was observed in presented experiments, lacking
methane oxidation microorganisms.

4.

The addition of Fe powder is an adequate method for trapping oxygen
during experimental aragonite precipitation. Experiments with Fe-powder
showed decreased system Eh when compared to experiments with no Fe.
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