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Abstract of the Thesis

Trace Element Mobility During Acid Aqueous Alteration of Martian Basalt
by
Lauren Jane Beavon
Master of Science
in
Geosciences
Stony Brook University

2010

It is widely believed that aqueous alteration on Mars has been strongly isftlienc
by low pH conditions over a considerable fraction of Martian geological hidtoevious
experimental work demonstrated that these low pH environments result in thegynodbil
elements, such as Fe(lll) and Al, that are relatively insoluble under mostuntzece
conditions on Earth. Although these studies have increased our understanding of major
element behavior, little is known about the mobility of trace elements under Martia
conditions. A series of aqueous alteration experiments on synthesized Marékn bas
reported in this thesis, allows better understanding of the potential mobility of Nindn,
Cr on the Martian surface. These elements were chosen because of theirtyania
rocks and soils analyzed on the Martian surface by the Mars Exploration Rovers.
Experiments were performed on a starting basalt composition similar to tagave

composition of the Martian upper crust over a range of pH (0-4) and under varying



degrees of crystallinity (glass and crystalline basalt). Siratgeriments were also

performed on natural chromites to assess their reactivity and the rolerbisihplays in

the mobility of Cr. In the basaltic glass experiments Ni was found to be the rolod¢ m
element, followed by Cr and then Zn. The mobility of cations in crystallindthgasa
dependent on their mineralogical setting. Consequently, Ni was also found to be the most
mobile element in the crystalline basalt due to its abundance in olivine, the most
susceptible mineral present. During the chromite alteration experimems)ighwas

found to dissolve non-stoichiometrically. The reactivity of basalt and chrovitlie

various acidic solutions is such that they could make an important contribution of Ni, Zn
and Cr ions to aqueous solutions on the Martian surface. However, the liberation of these
elements appears to depend on their coordination within the structure of thalmateri
cation in a network modifying site will be released into solution more readityaha in

a network forming site. This may be influenced by the presence of other catiohgiand t
availability to charge balance or compete for that site. Once mobile taklaplutions,

Ni, Zn and Cr may have been available for incorporation into secondary minera,phase

such as sulfates, oxides, chlorides and clays, or adsorption onto their surfaces.
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Chapter 1

Introduction

Understanding surficial processes on Mars is the key to constrainingdimagicc
conditions and the history of aqueous processes. Consequently, much effort has been put
into better understanding the Martian surface. Previous missions to Mars including
Viking, Pathfinder and Phoenix as well as the presently underway Mars Exploration
Rovers (MER) have provided important insight into the past and present conditions on
the surface. New mineralogical and chemical data derived from thesemsissipport
earlier suggestions that the surface of Mars has been influenced by liquid water
throughout much of its geologic historvidson et al.2006;Carr, 1996;Gellert et al,
2004;Grotzinger et al.2005;McLennan et a).2005;Squyres et al2004;Squyres and
Knoll, 2005]. High concentrations of sulfur and chlorine have been observed within soils
at the landing sites of Viking 1 and 2, Pathfinder, Spirit and Opportunity (Table 1). These
enrichments are believed to have been the result, ultimately, of volcanissntpaf
sulfur and chlorine that may have reacted with water vapor to form sulfuric and
hydrochloric acidsBanin et al, 1997;Burns 1987;Gaillard and Scaillet2009]. In
addition, a number of sulfate minerals, including the detection of jarosite on the
Meridiani Plains and a variety of ferric sulfates in the Columbia Hillguifé 1a),
indicate that much of the fluid alteration has been strongly influenced by low pH

conditions {ellert et al, 2004;Ming et al, 2008;Morris et al, 2006aRieder et al.



2004;Wang et al.2008;Yen et al.2008]. As a result, Martian rocks and soils have not
evolved in a manner comparable to those found on Earth, and it has been suggested that
the sulfur cycle, rather than the carbon cycle, has dominated surficial @®dessg

much of the Martian geological histolyigLennan and Grotzinge2008]. Consequently,
many Martian studies have focused on the weathering of basalts and the formation of
secondary minerals under acidic conditions.

A number of experimental weathering studies have attempted to understand acid
weathering in Martian environment8dker et al. 2000;Banin et al, 1997;Golden et al.
2005;Hurowitz et al, 2005;Tosca et al.2004]. Many studies have focused on using
terrestrial basalt compositions as Martian anal@gdké¢r et al. 2000;Banin et al, 1997;
Golden et al.2005;Morris et al, 2000a, 2000b]. However, the composition and
mineralogy of many common terrestrial basalts are significanfigrdiit from those of
the most common Martian basalts (Table 2). Some differences in composition, such as
silica content, have a profound affect on the reactivity of glass, which infeiémee
composition of weathering solutions and resulting secondary plzseskja 1993;Curti
et al, 2006;Glass 1984;Jantzen and Plodined984;0elkers 2001;0elkers and
Gislason 2001;White 1984]. In addition, the Fe-rich nature and common presence of
olivine in Martian basalts result in Fe- and Mg-rich fluids when altered arndflsuds
appear to best explain the nature of known and inferred Martian evaporite miperalog
[Tosca et al 2004 2005;Tosca and McLennarz006]. For these reasons, more recent
experimental work has been performed on synthetic Martian basalt compositiorterto bet
match the bulk chemistry of the rocks found on the surface of Mareyitz et al,

2005;Tosca et al.2004].



‘[6002irUUSTON pue JojAeuol) uaxel ereq 'S|ios abelane
1uasaidal os|e sasAjeue BupIA puee@psdsijeue |10S Yall-1snp 1noj Jo abelane ue sjuasaidal eyep Allunuoddo pue wids
‘'sasAeur asaY] AUOIYD pue INYINS JO suolenuaduod ybiy ayl 810N SJe|N Uo S|I0s Jo uonisodwod [eaiwayd T a|gel

- 00T 6'66 6'66 2101
G8'0 9.0 €.°0 280 o)
€8 129 189 G8'9 oS

- 2N /80 980 SO

- 90 8%'0 A0 O

- ¥8'¢ G2'¢ 86'C O%N

29 LE9 89'9 129 oed

G'9 8., €9/ €e'8 OB

- 1€0 9€'0 2€0 OUN

- 620 6€0 T€0 ¢040

L'1T 9'1¢ 6°LT 19T QOE

6L G'6 226 €86 fo%\v

69°0 /80 GO'T 68°0 ‘olL
Ly T'2Zv G'GY 6'GY 0Is

s psfiyd Sl||eA saly wnue|d IUelpusiy sure|d Aasno % IM

llos Bua oS Jepuyyled oS Auunypoddo oS ids S9pIXO




HiElE Image

i o T
M 7
: : E
k. |
v
'
L E . LA k
; P
-

* L]
ey
;

&7

* g j
.‘.'_.r. Spirit's Winner
Campaign Sile
i 4

Figure 1. (a) False color Pancam image of Paso Robles class soil. Bright
patches were measured to be high in sulfur and the soil is dominated by ferric
iron sulfates, silica, and Mg-sulfateédgn et al 2008]. (b) A picture taken by
the microscopic imager near Victoria Crater shows hematitic sjgisauplto

5 millimeters in diameter. (c) RATed hole on a rock called Uchben in the
Columbia Hills (the circle is 4.5 cm in diameter). The Rock Abrasion Tool
(RAT) makes in possible to analyze the interior of rocks, which have lower
concentrations of S and Cl than the rocks exterior. This indicates that
elevated S and Cl is not an intrinsic igneous characteristic. (d) An image of
Home Plate taken by the Mars Reconnaissance Orbiter's High Resolution
Imaging Science Experiment camera. Images courtesy of NASA.



Acidic alteration studies of synthesized Martian basalts have revealed that
solution chemistry is dominated by mineral dissolution rather than by chepacairg
or alteration of primary igneous minerals. Therefore, the difference iraprim
mineralogy of Martian rocks compared to those found on Earth greatlysatfiect
resulting fluid chemistry. These studies have also shown that low pH envir@asuit
in the mobility of elements, such as Fe(lll) and Al, that are relativebjubke under
most near surface conditions on Eatufowitz et al, 2006;Tosca et al.2004]. As
dissolved cations influence the types of secondary minerals that are presentunfatee s
(both residual and subsequent evaporation minerals), it is important to understand their
behavior. Although the above-mentioned studies have increased our understanding of
major element behavior, little is known about the mobility of trace elements under
Martian conditions.

The Alpha Particle X-ray Spectrometers aboard the Mars Explorationd_aree
able to determine the concentrations of a number of trace elements in rockdsaod soi
the surface of Mars, including Cr, Ni, and Zn. These elements, notably Cr and Ni, are
important petrogenetic indicators of igneous differentiation processes irstasain
sedimentary rocks on Earth have been used to evaluate both provenance and weathering
processesNlcLennan et al.1993,Taylor and McLennagnl985]. Although the nature of
Ni, Zn and Cr on Mars is not fully understood, attempts have been made to utilize these
elements to resolve a number of different issues.

One of these issues lies in understanding the origin of basalts found on the
Martian surface. Nickel-magnesium and chromium-magnesium ratiodbleane

employed as petrogenetic indicators for picritic basalts found at Guser &ndtto link



a possible connection between these Gusev basalts and olivine-phyric shergottites
[McSween et 812006]. Ni also shows a strong enrichment in hematite spherules found at
Meridiani Planum Burt et al, 2008;Morris et al, 2006b;Yen et al.2005;Yen et al.

2006] (Figure 1b) and in some cases this enrichment has been used to explain their
formation Knauth et al, 2005,Yen et al.2006]. Low abundances of Ni and Cr along

with other elements in samples analyzed in the Columbia Hills have been used as
signatures to relate different classes of rocks and €idsl et al, 2006, 2007a]. In a

final example Schmidt et al[2008a, 2008b] have explained the decreasing abundances
of Zn and Ni from east to west in the vicinity of Home Plate as a decreasepier&tune

within a hydrothermal setting (Figure 1d).

Results obtained from the hundreds of analysis performed on altered and
unaltered igneous rocks, sedimentary rocks and soils, at both landing sites have shown
that the trace elements Ni, Zn, and Cr are highly variable both among différelugies
and within individual lithological typelark et al, 2007b;Gellert et al, 2004;Rieder
et al, 2004] (Figure 2). The variability of these trace elements generates mangrgiest
about the processes that control their distribution. A meteoritic component, on the order
of 1% to 3%, might be partly responsible for elevated concentrations of nickel in some
soil samplesGellert et al, 2004;Yen et al.2006]. Volatile elements such as zinc can be
separated from magmas during degassing and be deposited as volcanic condensates
[Aiuppa et al. 2000a)Newsom and Hagertyt997;Squyres et 3l2007;Yen et al.2005].

On the other hand, agueous alteration of basalt, especially at low pH, may haveeaghobiliz
these elements making them available during the formation of evaporatels,oniviars

commonly are are Mg- and Fe-rich, and other secondary minerals. Alternatitiedse
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Figure 2. Plots of Ni, Zn and Cr versus MgO for Gusev and Meridiani soils, Gusev
RATed rocks, RATed Meridiani outcrop (Burns formation) and basaltic shergottites

elements remain relatively immobile during alteration, it could havdteekin residual
enrichments within the altered rock. In this case, if Ni, Zn and Cr are contained
predominantly within the siliciclastic components of the sedimentary rocksodsas
Mars, they may provide a useful provenance signature.

In this study we concentrate on a central question to addressing thesewssties:
is the nature of the mobility of Ni, Zn, and Cr during aqueous alteration under proposed
Martian conditions? To accomplish this, we present the results from a serieshoblat
pH alteration experiments performed on synthetic Martian basalt. Thaltmyst of the
basalt as well as the solution concentrations (i.e., pH) are varied in orderactehae a
number of different possible surface conditions.

While synthesizing our basalt to address this central question, we found that
chromite appears to be an important phase in some basalt with Martian composiéons. W

decided it would be beneficial for our study of Cr mobility to obtain a better



understanding of chromite dissolution. Accordingly, weathering experimemésaiso

performed on two chromites at a variety of pH’s and water-rock ratios.



Chapter 2

Materials and Methods

2.1 Basalt - Experimental Methods

2.1.1 Basalt Synthesis

The basaltic analog composition used in this study is based on an averagg Cl- a
S-free Pathfinder soil (PFS), originally derivedTysca et al[2004] with the addition of
Ni, Zn, and Cr (Table 2). The major element composition was chosen to approximate an
average Martian crust composition, while the trace element concentragonshosen
also being mindful of instrumental detection limits and the stability of relateerats.
This composition was selected prior to the landing of the MER rovers and so the average
composition of the Martian soils and average Martian crust is now much better
understood (e.gTaylor and McLennam2009). However, the average Pathfinder soil
composition is close enough to our current understanding of Martian crustal composition
that the benefit from previous experimental experience with this compoditisnd et
al., 2004] was felt to outweigh any slight compositional differences.

Two batches of synthetic basalt were prepared utilizing a mixture of peavder
oxide and silicate components designed to match the desired bulk chemical domposit
The components are each accurately weighed and placed into a mechanized agate mor
and pestle where they are ground and mixed together with ethanol for a period of 4 hours.

After the mixture is thoroughly homogenized, it is dried and loaded into 1-inch, 2.5
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diameter AgoPdy capsules. The capsule, which is sealed at one end, is placed into silica
glass tubing.

One major challenge we encountered while synthesizing our basalts was the
persistence of chromite at the calculated liquidus (see Appendix A). In orderéasks
and hopefully eliminate, the amount of chomite in our basalts we lowered the oxygen
fugacity using a wustite-magnetite redox buffer. The wustite-magrietfter is made
with a mixture of Féand FeOs; components that are ground until completely
homogenized. The mix is placed into silver foil, dried and sealed in silica tubing under
vacuum. The buffer mix is placed into a furnace and allowed to react for one wesk. Aft
this time the mix is removed from the silver foil and placed into platinum capshles. T
capsule containing the buffer is placed above thgPdiycapsule in the silica glass tube,
which is then sealed at one end. The open end of the tubing is drawn out into a thin
capillary using an oxy-acetylene torch and a piece of Fe metal is placeg @ngure 3).
The silica tube is then placed under vacuum while it is dried for a period of 40 minutes.
The silica tube assembly was chosen such that the basalt sample is atagiphp800
°C while the Fe metal is at 60C, which prevents any volatiles that may be released
from oxidizing the sample. While still under vacuum, the capillary is melted and
separated using the torch to create a sealed silica assembly.

Platinum wire is used to attach the silica tube assembly to a pair obdks;tr
which is slowly lowered into a vertical JgRhyc-wound furnace where it is raised above
its liquidus (Figure 3). To quench the sample a current is sent down the electrdaes in t
furnace to melt the platinum wire. The silica tube is released into a béalatd avater

forming basaltic glass. The basalt that was allowed to crystadliquenched after

11



To vacuum

Thermocouple P t-wound furnace
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tubing Sample holder
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AugPd,, Cold water

capsule
with sample

Figure 3. Schematic of basalt synthesis procedures

following a gradual step-by-step cooling path in which dwelling is permittddfarent
crystallization temperatures. We refer to these samples as engshalbalt. Due to the
temperature gradients within the furnace, only a small amount of basalt (ampgbely
300 mg) can be synthesized at one time.

A few extra steps were taken to synthesize both our glass and angdbaltialts.

First, Tosca et al[2004] had reported approximately 7 relative percefitiéss to the

12



AugoPdy walls while performing similar experiments. To compensate for the losstof Fe
the walls, an excess of Feas added to the oxide mixtures. Experimental observations
also showed a loss of both Zn and Ni to the walls of thgPptubing (see Appendix

A). This complication was overcome by adding extra NiO and ZnO to the oxidereixt
Lastly, the kinetics of plagioclase formation under laboratory conditions is losvy s
Tosca et al[2004] had success by nucleating plagioclase using a method that involved
sub-solidus equilibration of the oxide mixture prior to synthesis. Pre-reactingxta m
900°C for a period of ten days is believed to react Al, Ca and Si grains that form a
plagioclase seed that is stable up to higher temperaiimesd et al.2004]. Only one of
our attempts to form plagioclase using this method was succédsduéfore, only one
experiment was performed on the basalt that had crystallized plagi¢taigstalline

basalt experiment F) while the other experiments were performed oallongsbasalt

that did not contain plagioclase (experiments A-E).

2.1.2 Aqueous Batch Experiments

The resulting basalt was removed from the platinum capsule and crushed with a
metal mortar and pestle. The samples were sieved to limit the padileetiwveen 63
and 710 um. The products were then ultrasonically rinsed in acetone to remove ultrafine
particles and dried overnight. The dried basalt was divided up between five®Teflon
beakers that contained varying concentrations of sulfuric and hydrocotin order

to achieve a water-to-rock ratio of 10. Acid mixture concentrations dafinge a 1 M

13



H,SOy/0.25 M HCI mix to 10uM H,SOW/25 uM HCI, each with a S:Cl molar ratio of 4
(Table 3) which is comparable to typical Martian soils. Fluid samplestalesa
throughout the course of the 14 day alteration period. The samples were then diluted with
4% HNG;, filtered using 0.2Qum nylon syringe filters and refrigerated before further
analysis. The volume of sample removed during each sampling was such that upon
conclusion of the experiments less than 4% of the total starting fluid had been removed.
At the end of the 14 days, the beakers were placed into an oven where remaining
fluids were evaporated below 60°C to avoid volatilization of HEain et al, 1997].
After two days the beakers were removed from the oven and the remaining\veskds
rinsed in a vacuum filter with anhydrous ethanol using a 0.45um nitrocellulieseTihe
solids were allowed to air dry until all the ethanol had been evaporated. No attergts w

made to control the relative humidity of these experiments.

Table 3 Acid mixtures used in alteration experiments

Acid Mixture H,SO, (mol/L) HCI (mol/L)
A 1.0x 1€ 25x1C"
B, F 1.0x 1" 2.5x1(?
C 1.0 x 1(? 25x1C
D 1.0x1¢3 25x1C*
E 1.0 x 1¢* 2.5x1C°

14



2.2 Chromite — Experimental Methods

2.2.1 Chromite Composition and Aqueous Batch Experiments

The addition of chromium to our Martian basalt composition stabilized chromite
at 1248 C, a temperature that had been the calculated liquidus of the PFS chromium-free
basalt composition utilized in the previous stu@iggca et al.2004]. Chromite continued
to persist over a variety of conditions and it became clear that this is an impbdasat
in basalt compositions that were similar to those found on the Martian surface. To
increase our understanding of the processes that aid in chromite dissolution, we
performed a series of weathering experiments on two different chromites.

The chromites used in this study were natural samples. The chromite referred t
as C6 is from the Stillwater Complex in Montana. The second was a research grade
chromite obtained from Ward’s Scientific (49-5936) and will be referred to as G&V. T
compositions of both samples can be found in Table 4.

The samples were crushed and then chromite grains were hand picked under a
stereomicroscope in an attempt to exclude small amounts of other phases. Tke sampl
were then sieved to limit the particle size between 63 and 710 um and checked again for
unwanted phases. They were then ultrasonically rinsed in acetone and dried overnight.

The two sulfuric and hydrochloric acid mixtures utilized in these experimedts ha
the same concentrations as A and C seen in Table 3. Experiments were performed wit
fluid-to-chromite ratios of 10 and 100. A summary of the experiments performed can be
seen in Table 5. All fluid-chromite mixtures were enclosed in Téfeakers and
allowed to react at room temperature for a period of about 7 weeks. During thétiime

samples were taken and diluted with 4% HN&s with the basalt experiments, fluid
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Oxides, wt % cé CwW

MgO 11.52 12.77
Al,O3 18.96 8.48
Cr,03 43.73 58.73
MnO 0.17 0.17
FeO 24.86 19.49
TiO, 0.56 0.18
ZnO 0.07 0.07
NiO 0.13 0.11
Total 100.00 100.00

Table 4 Composition of chromites used in alteration experiments.
Compositions are an average of 10 analyses normalized to 100%.

C6 CW
pH water:rock pH water:rock
0 10:1 0 10:1
2 100:1 2 100:1
0 100:1 0 100:1
2 10:1 2 10:1

Table 5 Summary of chromite experiments performed in this study.
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samples were filtered using 0.2 nylon syringe filters and refrigerated before further
analysis. The volume of sample removed during each sampling was such that upon
conclusion of the experiments less than 4% of the total starting fluid had beerdemov
At the end of the experiments the remaining fluids were completely evaporatk of

the experiments with a starting pH of 2. The solutions in the experiments withiregstar

pH of 0 never fully evaporated.

2.3 Analytical Methods

In order to determine the accuracy of the synthesized basalt composition to the
target composition, all basaltic materials were chemically ardlyetore weathering. As
the compositions of the chromite samples were unknown they also had to be analyzed
before acid alteration. Chemical compositions were determined with a C@aewbax
Micro electron microprobe equipped with four wavelength-dispersive specaenaeid
a Kevex Analyst 8000 energy-dispersive detector. An accelerating voltagekV was
used during all analysig& beam current of 20 nA was used to analyze major elements
and the trace elements were analyzed using a beam current of 30 nA. Wheingnalyz
Na-bearing material the largest raster size possible was used te tkdloss of Na to
volatilization.

X-ray diffraction (XRD) was utilized to determine the initial mineralag the
crystalline basalt and to verify the purity of the chromites. All XRD aealygere

performed using a Scintag PAD X diffractometer with Gukadiation at 40 kV and 25
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mA. All data were collected between 10 and 70 degréewith a scan step size 0f02
degrees, except for the chromite samples, which were collected betsvard 20
degrees @. Diffraction patterns were matched to those in a Powder Diffraction File
(PDF), a phase identification database, using the Crystallographicd Séatct’
program.

All samples taken throughout the alteration periods were analyzed using a
Beckman Spectraspan SSVB Direct Current Plasma Atomic Emission Spetetrom
(DCP-AES) to determine the concentrations of dissolved cations in solution. The pH of
the solutions was calculated by entering complete solution analysis and &otdICI
concentrations into the geochemical modeling program Visual MINTEQ [Gustafss
2004]. This program is able to calculate the pH of solutions by charge balance from
speciation calculations. We were not able to measure pH directly in thedmisadin as
electrolyte solutions used with various pH electrodes might have contaminmated t
samples. However, elements commonly used in electrolyte solutions were not the
elements of interest in our chromite experiments. As a result, solution pH &irtimeite
experiments was also measured at the conclusion of their alteration.

At the end of the alteration process, all remaining fluids were evaporated and
residual materials were analyzed with the XRD (as described above).€to thet
presence of minor phases and poorly crystalline material all samples (egdiueli
chromite experiments with a starting pH of 0) were also examined with a3daani
1550 SFEG scanning electron microscope (SEM). All analyses were perforimgams
accelerating voltage of 15 kV. The SEM is also equipped with an EDAX energy

dispersive X-ray spectrometer, which is capable of identifying theeslincomponents

18



of individual particles. However, in order to obtain a somewhat quantitative chemical
formula, the surface of the particle has to have a relatively flat topogripthis study
most analyses were performed on samples with variable surface angles but
stoichiometric comparison between elements in the spectra can aid inyidgntiineral

phases.

19



Chapter 3

Results

3.1 Basalt and Glass Synthesis - Results

The resulting synthesized basalt composition, seen in Table 2, was determined
with an electron microprobe. The progrdELTS[Ghiorso and Sackl995] was used to
determine equilibrium modal mineralogy of crystalline basalts. Phasete@uiliere
calculated using the bulk glass composition as the starting material.datheantered
into the program included crystallization temperatures, a fixed oxygen fugadity
pressure of 1 bar. The calculated mineralogy was compared to the mineralogy in our
crystalline basalt in order to determine that the crystallized basattlesesto
equilibration.

The electron microprobe was also used to verify that the synthesizessglase
homogeneous. A cross section was taken of a quenched sample so that a number of point
analyses could be performed. It was found that there was very little @aiatihe
composition of the glass from one analysis to the next including analysis tleaiaken
right next to the capsule wall. This indicates that the glass was comietabgeneous
and that the Fe loss to the capsule walls was not just an edge effect. It was caihetide
the glass was close to if not completely homogeneous.

The target oxygen fugacity was in the range of the wustite-magbeffer. The

actual oxygen fugacity conditions of the crystallized basalt was cadulaing the
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program QUILF Andersen et al.1993]. The fugacity was calculated to be one log unit
above the FMQ buffer for the crystalline basalt without plagioclase and 0.1 tsg uni
below the FMQ buffer for the crystalline basalt with plagioclase. Even thougistte-
magnetite buffering capsule was utilized during the synthesis of thestslihe

resulting oxygen fugacities are not as reduced as the desired oxygetyfudasimay

be due to the formation of magnetite from wustite during oxidation within the buffer
capsule. The presence of the magnetite may have formed a barrier onhi@p of t
remaining material, which would prevent the oxidation of any additional wustite below
this barrier, hence, stopping any further reduction of the basalt. The mineraldsifior
olivine, pyroxene and the Fe-Ti oxides were also calculated using the QUIiufapro

(see Table 6).

3.2 Basalt Alteration Experiments - Results and Interpretations

Here we present the results for the basaltic glass and the crystadlaie Bach
results section will be followed by a brief discussion and interpretation of theFasit
solution analyses for each experiment can be found in Appendix B and a summary of

secondary phases found in the basalt experiments can be found in Table 7.
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3.2.1 Basaltic Glass - Solution Chemistry and Secondary Phases

Within the first 48 hours the basaltic glass that had been reacted with solution A
appeared as a while gel-like material. The glass in this experiradralmost completely
dissolved, releasing a very large number of ions into solution (Figure B1) that
precipitated when the solution became oversaturated. Similar to results foundongre
studies Tosca et al.2004], the most abundant elements in solution in experiment A are
Fe, Mg, Al and Na followed by Si and Ca (Figure B1). The presence of Si and Ca
enriched residual solids (see below) supports the idea that these two el@erentsore
abundant in solution but were quickly precipitated out when saturation states of a Si-
bearing phase and a Ca-bearing phase were exceeded.

The Na/Mg ratios shown in Figure 4a indicate that in the experiments with the
lowest pH solutions (A, B and C) the glass dissolves in near-stoichiometric ppoporti
with respect to major elements. Divalent and univalent network-modifyingeatsrare
stoichiometric in solution in experiment A, suggesting they are leached lbgrsim
methods (Figure 4b). In contrast, experiments D and E dissolved in a non-stoiclsiometri
manner that appears to have preferentially released univalent elereerigsussion
section below). Also in experiments D and E, the concentration of Fe in solution was
comparatively low, as was the Fe/Mg ratio during the last sampling of tkeseneents
(Figure 5a), suggesting iron oxidation in solution.

The trace elements Ni, Zn and Cr were also released in stoichiometric fanagport
in the lower pH solutions. For example, Cr and Al, two trivalent elements, weased
in close to stoichiometric proportions in experiments A and B (Figure 4a). Ni also
appears to have dissolved in close to stoichiometric proportions with respect to other

divalent elements (Figure 4a). At more basic pH’s however, dissolution became
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non-stoichiometric so that Ni was relatively more abundant in solution than Mg and Cr is
relatively more abundant than Al. When compared to each other these trace elements
appear to have been removed from the solid in the order: Ni > Cr > Zn (Figure 5b).

Figure 6 shows SEM micrographs of the basaltic glass grains for all five
experiments and the abundance of secondary phases formed in each one. The residual
solids found in these experiments consist of amorphous silica that has been padcipita
from solution, silica rich layers from leaching of the glass surface, and segonda
evaporite and oxide minerals (Table 7).

The residual solid found in experiment A consists mainly of amorphous silica
with only a very small amount of the original basaltic glass grains remgaiihe amount
of amorphous silica that has been precipitated in each experiment decreasgshs t
increases. In experiments B and C leached layers were found covering rhest of t
basaltic glass grains. These layers were found to be rich in Si and O and odygasaahal
detectable amounts of Al (determined by EDS). In places where these lhagebeen
removed fresh basaltic glass remained underneath. Both the precipitated amahghous s
and the leached layers can be seen in Figure 6.

The hydration states of the following minerals must be interpreted dgrasuho
attempts were made to control the relative humidity of these experimésidfate
phases were identified in experiments A-C upon evaporation. XRD analysisietentif
tamarugite (NaAl(SQ), « 6H,0O) and alunogen (AISOQy)s * 17H,0) in experiments A
(Figure 7). SEM/EDS analysis identified tamarugite in experimemicBrarified the
presence of alunogen in experiments A and B. A very similar Al phase, believed to be

alunogen, was also identified by SEM/EDS in experiment C. The Ca sulfate phases
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gypsum (CaS@e 2H,0) and anhydrite (CaS{Pwere identified by XRD and SEM/EDS
in experiment A. Gypsum was also found to be present in experiment B by both XRD
and SEM/EDS analysis, while anhydrite was only identified by XRD in thisriemnest.
Additionally, a small abundance of gypsum was found to be present by SEM/EDS in
experiments C and D.

Hexahydrite (MgS®+ 6H,0) was identified in experiment A with XRD (Figure
7) and a Mg sulfate with unknown water content was found by SEM/EDS analysis. Mg
was also present in Mg-bearing melanterite ((Fe,Mg)SH,0) that was found by
XRD and SEM/EDS in experiments A and B and by SEM/EDS in experiment C. Fe was
also identified in oxide phases by SEM/EDS in Experiments D and E only, which
supports the suggestion that these two experiments experienced oxidation in sol@tion (se

above).

3.2.2 Basaltic Glass - Interpretation and Discussion

When attempting to constrain processes that lead to the mobility of cations in
these experiments, it is essential to understand the structure of glasslidgto
Zachariaser{1932], glass is made up of glass-forming cations, (such as Si and Al) that
are surrounded by corner sharing oxygen tetrahedra. These cations (also known as
network-forming elements), together with oxygen atoms, are responsilbfefor
framework of glass. The atoms located in the structural cavities ofdimework are

referred to as network modifiers. When modifying elements (such as K andeNa) a
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Figure 6. Scanning electron micrographs of PFS glass: (a) reacted with solution A
(insert: gypsum), (b) reacted with solution B (inset: melanterite), &c}ed with
solution C, (d) reacted with solution D (left inset: iron oxides, right inset: gypgam
reacted with solution E (inset: Fe oxides), and (f) unreacted basalt.
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incorporated into the structure they may cause bond breakage between the wags-for
cations and the oxygen atoms, which results in depolmerization of the overall structure
[Bouska 1993;Casey and Bunkef990;Zachariasen]1932]. Accordingly, when the
abundance of network-modifying elements is increased there is a dearbasging
oxygens, which leads to an increase in structural disordeBmgska 1993].

As network-modifying elements are bound less tightly to the surrounding oxygen
atoms than network-forming elemenfathariasen1932], the rate at which an element
will be released into solution will depend on its coordination within the glass structure
(network-modifying vs. network-forming). For example, the network-modyfglement
Na will be released into solution preferentially when compared to Si, a netwarlkapr
element due to the stronger bonds within the network-forming sites. If onentleane
occupy both sites then the rate of release will depend on which site has theyragjorit
the ions. This is believed to be the reason for the silica-enriched layers we find i
experiments B and C. Due to their weaker bonding to the surrounding oxygen atoms, the
network-modifying elements are preferentially removed from the sudfabe basalt,
leaving behind a layer that contains mainly networking forming elemealsas Si.

Another important aspect to understanding the release of cations from gkeess is
valence of the element of interest. During the initial stage of glassudissaihe rate of
element release is proportional to the elements oxidation B@atiska,1993;0elkers
and Gislason2001;Zachariasen1932]. This is consistent with what we see in our
experiments and is illustrated with the Na/Mg ratio in solution (Figure 4pré&sously
mentioned, in experiments C and D it appears that univalent cations (Na in thigrease)

being released preferentially to divalent cations (Mg) within the network#ynoglisite.
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In the case of Ni, Cr, and Zn mobility, we must first discuss their coordination and
valency within the structure of glass. According to Roeder and Reynolds (1991), a Cr-
bearing basaltic melt at an oxygen fugacity equivalent to the FMQ boffiéains 70% of
its total Cr content as €rand 30% as Cf. However, the Gt within the melt is not
retained in glass due to an electron exchange reaction Withh&e occurs on quenching
[Berry et al, 2006]. Consequently, Cr is believed to occur exclusively HsitCour Fe-
bearing basaltic glass. Due to its high field stabilization energy,a@ntvahromium
occurs only in octahedral coordination in glass and most crystalline compd@iaids gt
al., 2006;Murck and Campbell1986].

In contrast, Ni is always found to be divalent in the oxygen fugacity range
relevant to this study. Its coordination within the structure of glass, hows\#little
more complex. Ni has been found to exist in 4- and 5- coordinatitingnd™'Ni,
respectively) in oxide glasses, the proportion of which is dependent on the composition of
the glassCalas et al, 2002;Cormier et al, 2001;Galoisy and Calas1991, 1992, 1993a,
1993b;Galoisy et al, 2000].1Ni is predominant in potassic glasses whili prevails
in glasses that contain higher field strength cations such as Na, Ca, atldigy and
Calas 1992, 1993a, 1993b]. As our glasses contain abundant amounts of these higher
field strength cations and very little K it is assurhédi is the predominant coordination.
Unlike "!Ni, PINi does not appear to have a direct connection with the silicate framework
[Calas et al, 2002].

Lastly, Zn is also found to be divalent in our oxygen fugacity range. There is
some disagreement as to what coordination this trace element takes indtugesof

glass. Some argue that Zn can be found in tetrahédzal)(or octahedral{zn)
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coordination, with a preference for tetrahedral coordinat@aids et al, 2002;Le Grand
et al.,2000]. In this situation, it is believed that ti&n/®'zn ratio increases as the
Zn/Na ratio decreases due to the Na ions ability to compensate the changefcbie
ZnOytetrahedraCalas et al.2002;Le Grand et al.2000]. Others have argued that Zn is
always found in four-fold coordination no matter the composition of the dgkedeify et
al., 2000;Cormier et al.,2001]. As there is an abundant amount of Na in our glass we
believe it is most likely that Zn is dominantly tetrahedrally coordinated.

As mentioned previously, both major and trace elements appear to be released
from the glass stoichiometrically in the experiments with the lowest pti@as. In
higher pH solutions Cr is released preferentially to Al, which can be exglaine
aluminum’s ability to fill in for silica in the framework of glass. Also, in exxpents D
and E, Ni is being released into solution preferentially to Mg although they &re bot
considered network-modifying elements. This may be due to the precipitatibg of
phases; even though none were found in these experiments they may be present in very
small quantities. As Ni and Cr occupy network-modifying sites they aferpngially
released over Zn, which is within the structure of the glasses frameworklefene
valency may explain the order in which Ni and Cr are being released. Bothefrdues
elements reside in the network-modifying sites but Ni, having a lower oxidadien s

gets released preferentially to Cr.
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3.2.3 Crystalline Basalt - Solution Chemistry and Secondary Phases

As previously mentioned, experiments were performed on two basalts with
different abundances of mineral phases (Table 6). Experiments A-E contained the
synthesized basalt that did not crystallize plagioclase, while experinvesd performed
on basalt that did contain plagioclase.

Similar to the results found ifosca et al[2004], Fe, Mg and Si are the elements
of highest abundance in solutions A-C and F (Figures B4-B7) indicating that olivine
dissolution controls the solution chemistry in these experiments. At the finalisgmpl
the Mg/Si ratio in these four solutions was close to stoichiometric with respiet
Mg/Si ratio in olivine (Figure 8a). Solutions D and E have Mg/Si ratios that are
progressively lower and appear to have dissolved with a Mg/Si ratio approdwhing t
stoichiometric proportions of pyroxene (Mg/Si ratio in pyroxene is 0.26). Abundances of
Mn and P in solution were high relative to those found in PFS glass solutions. This may
be due to the small amounts of these elements that are contained in the olivine.

Solution F (plagioclase-bearing sample) has much higher abundancearaf Ca
Al in solution compared to solution B (plagioclase-free sample) even though tleese tw
experiments have the same starting pH. The presence of plagioclase in theseasal
experiment F may explain the elevated concentrations of these elementgiongske
Discussion section below). As plagioclase contains essentially all bietlaad Al in the
basalt we can use the concentrations of these elements in solution to evaluate the
dissolution of plagioclase. The higher concentrations of Na relative to Al inasokiti
(Figure 8c) indicates non-stoichiometric dissolution with respect to plageac

Olivine also plays a role in the presence of the trace elements Ni and Zn in

solution. Figure 8a shows that in the low pH solutions Ni and Mg are being released
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stoichiometrically with respect to the Ni/Mg ratio in the olivine. At highldis however
there is a small increase in the Ni/Mg ratio, indicating a slightly highendance of Ni
relative to Mg. This is also the case for Zn relative to Mg although it isoetrsin this
figure. In all of the experiments performed, the Cr/Al ratio is much lower ttaGt/Al
ratio in chromite, which suggests faster release of Al from the oxides or dgioaldi
phase liberating Al into these solutions (Figure 8a). Relative to each bihérade
elements Ni, Zn and Cr appear to be removed from the plagioclase-frearbtsalt
order: Ni > Zn > Cr. However, in the experiment that utilized the plagiobkeseng
basalt, Cr is more readily leached than Zn.

As with the basaltic glass experiments, solutions A, B and F in the crystalli
basalt experiments resulted in the most secondary phases, where exparacsat
with solutions C, D and E have yielded increasingly fewer phases. Thaskeane
secondary phases from A to E correlates to the increase in initial pH of eaamsdlhé
abundance of secondary phases can be seen in Figure 9.

Amorphous silica was identified by EDS in all experiments except for E. The
largest abundances were found in experiments A, B and F while smaller amounts we
detected in experiments C and D. The amorphous silica was found as precipitated
aggregates in these experiments as well as layers in experiment & @yuThe
crystalline basalt employed in this experiment contains a large amoursadtibglass,
which explains why these layers are similar to the ones found in the PFS glass
experiments. These layers are formed by the preferential releagevoflaenodifying
elements from the glass (see above).

The presence of gypsum (CaSQH,0) was found in experiments B, C, D and F
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by SEM/EDS. Gypsum was found to be much more abundant in experiment F relative to
experiment B. This is most likely due to Ca concentrations in solution F, which are a
least 3 times higher than those in experiment B. Gypsum was also identié&Cbin
experiment F (Figure 10c).

The large amounts of Mg released into solution in these experiments produced
abundant Mg sulfate minerals in experiments A, B and F. XRD analysis showed the
presence of kieserite (MgQ®H,0) in experiment A. Circular objects found in this
experiment that were visible to the naked eye and identified as a Mg sulfate by t
SEM/EDS are believed to be kieserite (Figure 9a). The occurrence of daiahy
(MgSQ, » 6H,0) was found by XRD analysis in experiments B and F (Figure 10) and Mg
sulfates of unknown water content were also identified by SEM/EDS in these
experiments. As no attempts were made to control the relative humidity of these
experiments it is possible that some phases changed hydration states and nogbetroge
significance can be placed on the exact hydration states of the detectedadg-sul
minerals.

Fe sulfates were identified in experiments A, B and F. Experiment A yielBed a
sulfate phase when analyzed by SEM/EDS but XRD analysis did not displaynaaec
Fe phase. The hydration state was unable to be determined by SEM/EDS Idoeit wil
referred to as FeS®nH,0. In experiments B and F, melanterite ((Fe, Mg)STH,0)
was present in the XRD analyses (Figure 10) and SEM/EDS analysis cahtimsie
phase. The presence of Fe oxides were discovered in experiments D and E bDSEM/E
(Figure 9 d and e) although XRD analysis failed to identify any secondaeyiatsatn

these experiments.
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Figure 9. Scanning electron micrographs of PFS crystalline basalts: (a¢deaith
solution A (inset: FeS© nH,O), (b) reacted with solution B (inset: melanterite), (c)
reacted with solution C (inset: gypsum), (d) reacted with solution D (ingetum),
(e) reacted with solution E (inset: Fe oxide), and (f) crystalline badalipagioclase
reacted with solution B (inset: bright objects are believed to be melanterite)
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3.2.4 Crystalline Basalt - Interpretation and Discussion

The significant amount of protons consumed in the dissolution of these basalts
most likely caused the pH to rise in the solutions with a higher initial pHrg-B@).

The more acidic solutions (A and B) have larger buffering capacities, whtdirexheir
ability to keep a nearly constant pH. Although olivine dissolution controls the solution
chemistry in these experiments it is important to mention the addition of ekefraant
other phases. In low pH solutions there is preferential release of M2rsitepyroxene
[Burns,1993], which increases the concentrations of Ca (only found in M2 sites) and Mg
(but to a lesser extent as it is found in both M1 and M2 sites) relative BogBitley and
Chen 1993;Schott and Bernern985]. At higher pH, release of Mg from pyroxene is
very small or negligible causing essentially congruent dissolution of Mtivesto Si
[Schott and Bernerl985]. The decrease of Mg dissolution from pyroxene in less acidic
solutions may explain the overall progressive decrease in the Mg/Si rdtimareasing
initial pH (from experiment A to E).

Similar to pyroxene, the initial stage of plagioclase dissolution consiststonpr
replacement for the ionically bonded cations in the near surface of the miresiihg a
leached layerBlum and Stillings1995;Casey et al.1988;0elkers,2001;Schott and
Berner,1983;Stillings and Brantley1995]. The initial incongruent dissolution of
plagioclase increases the concentrations of Na, Ca, K and also Al in solution. As
mentioned before, these elements are present in solution at higher concerntratiens
experiment that contained plagioclase, solution F, relative to solution B, which did not
contain plagioclase.

The large abundance of Ni in these solutions is most likely being contriipobed

olivine, the phase that yields the largest concentration of Ni in the basaltsteritor
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olivine, Ni#* shows a preference for the M1 site over the M2 BiteWyn 1982;Burns
1970a, 1970b, 197Rasgupta 1972;Galoisy et al, 1995]. F&" also shows a preference
for the M1 site Brown,1982] while Mg has a relative enrichment in the M2 d8erps
1973]. According td?okrovsky and Scof2000], during the initial stage of forsterite
dissolution there is a slight preferential release of Fe relative to Mghughin
agreement with the faster dissolution of fayalite relative to forstéitieough it is
unclear whether this site preference has any affect over the fdsteseref Fe, it may
explain the preferential release of Ni, which favors the same siteyeeiatMg seen in
experiments and E. Alternatively, the precipitation of Mg phases during these
experiments would also increase the Ni/Mg ratio although none were detecitiaeby
XRD or SEM/EDS.

Additionally, Ni is abundant in the two spinels present in both of the synthesized
basalts. This element favors the octahedral sites in spinel due to the hygtedrfimid
stabilization energy it attains in this siturns,1970a;Patunc and Cabri1995].

However, Ni can also occupy tetrahedral sites in the spinel struBumes1970a] and
according tdReynoldq42005] will go into these tetrahedral sites in the presence of large
amounts of CY (see below). In our crystalline basalt, Ni also occurs in pyroxene but to a
lesser extent than the previously mentioned phases. In pyroxenes Ni prefefdssitesM

due to their smaller size and the larger crystal field stabilization erterigtains Brown,
1982;Burns,1970a, 1970b, 1973].

Zn is also present in the olivine but is much less abundant than Ni. The olivine in
the plagioclase-free basalt contains 0.15% Zn, which is about six times lesiseha

concentration of Ni. Like Ni, Zn also prefers the smaller M1 site in oliv&rewn,1982;

41



Burns1970a]. In both synthesized basalts the highest concentration of Zn is found in the
two spinel phases. Within the spinel structure, Zn does not obtain any crysital fiel
stabilization energy in octahedral sites and therefore it strongly favaorstthleedral sites
occupied by most divalent catiori3ynitz and Orgel1957;Lenaz et al 2004;McClure,
1957;Navrotsky and Kleppdal967;Paktunc and Cabril995]. Zn is also present in very
small quantities in the pyroxene and glass phases in both basalts. Although Zn can
occupy either octahedral site in the pyroxene structure it prefers theeMBrewn,
1982;Burns,1970a].

The two spinel phases in our synthesized basalts also contain the highest
concentration of Cr compared to the other phases present. As previously mentioned, at an
oxygen fugacity near the FMQ buffer, Cr occurs primarily &.Que to its very strong
octahedral site preference,*Cis always found in octahedral coordination in the spinel
structure Burns,1970a, 1973Burns and Burnsl975;Lenaz et al 2004;Murck and
Campbell,1986;Paktunc and Cabyi1995;Papike et al.2005;Reynolds2005]. Cf*
does not significantly partition into spinel because it must compete for sitesther
divalent cations, such as¥ewhich are commonly much more abundatéfson and
Jones 1998;Murck and Campbelll 986]. The spinel structure will be discussed in more
detail in a following section.

Cr** can, however, partition into olivine where it occupies the more distorted M1
site Burns 1970aMurck and Campbell1986]. It has been found that Cr concentrations
in olivine increase with decreasing oxygen fugadityifck and Campbelll986]. This
may explain why the olivine in our plagioclase-bearing basalt, which wataltized at a

lower oxygen fugacity, contains Cr, while the olivine in the plagioclase freé basa
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contains none. Consequently, the concentration of Cr in solution F is higher than in
solution B. As Ct' is stabilized in distorted octahedral sitBsijns and Burns]975] it
prefers the M2 sites in pyroxene while*Coccupies the M1 site®firns,1970a, 1970b].
However, Cr is only present in very small amounts in our pyroxenes.

Although Ni occurs in spinel and pyroxene, it is believed that olivine is the reason
for its high abundance in solution. Olivine is the fastest dissolving mineral phasas i
basalts so it is reasonable that Ni is more abundant than Zn and Cr in solution. The next
most abundant is Zn, most likely due to the small amount that is contained in olivine and
due to its position in the most mobile pyroxene site (see above). Excludingeeel,
Cr appears to be the least mobile of the three trace elements (Figure 8ip.nbss
likely due to the site it occupies in the spinel structure where it tends to beddsyg r
mobilized (see below). The basalt utilized in experiment F had higher abundances of Cr
than Zn in the olivine (most likely due to the lower oxygen fugacity in which it

crystallized), which explains the higher abundance of Cr in solution.

3.3 Chromite - Results

The compositions of both chromites were determined by electron microprobe and
can be seen in Table 4. It is important to note that these chromites may also soad&i
amounts of F& as calculated cation to oxygen ratios were slightly greater than 3:4. The
electron microprobe was also employed along with XRD patterns obtaineddtbm
chromites to determine the presence of other phases. Small amounts of oligne wer

found in the chromite sample referred to as CW. Although attempts were made to
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exclude the olivine phase from alteration experiments, it is possible thhasmoaints

were included. The C6 sample was found to be free of other phases.

3.4 Chromite Alteration Experiments - Results and Interpretations

Discussed below are the results for the experiments performed on the two
chromites C6 and CW. The solution chemistry will be followed by a discussion and
interpretation of the data. Full solution analyses for each experiment ¢aumniokein

Appendix B.

3.4.1 Chromites - Solution Chemistry

In all experiments performed, Mg and Fe are the most abundant elements in
solution (Appendix B8-B11). The experiments that utilized the CW chromite have much
higher concentrations of Mg and Fe in solution than the solutions reacted with C6. This
may be explained by small amounts of olivine that were included in the CW expexrime
as mentioned above. The next most abundant element in the C6 experiments is Al, while
Cr is the next most abundant element in the CW solutions. The variation of these two
elements in the solution chemistry appears to reflect the differing moatiens of Al
and Cr in the unweathered chromites (Table 4). The remaining elements {hrasaire

in low quantities in both chromites include Mn, Ti, Ni, and Zn. Consequently, these
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elements are not abundant in any of the experiments solution chemistry an@ ices@s
they are approaching detection limits.

Comparing element ratios in solution to those in the original chromites further
help to better understand how these chromites are dissolving. CW shows siniitartoes
C6 in the element ratio graphs; however, due to the higher abundances of Mg and Fe in
CW solutions their results do differ slightly and therefore will not be disdussgure
11a shows divalent element ratios, which appear to be dissolving in near to stoighiometr
proportions, except for the Fe/Mg ratio where Mg concentrations are higher thaofthose
Fe. The Al/Cr ratio shown in Figure 11b suggests that trivalent elememstabeing
released into solution in a stoichiometric manner relative to one another. When
comparing elements of different valences, it appears as if divalent catonesiag
released preferentially relative to trivalent ones (Figure 11b).

After the completion of the experiments the remaining materials in those
experiments whose solutions fully evaporated where analyzed. The fapiprated
samples included all of those with a staring pH of 2. No secondary phases weredentif
with XRD analyses. SEM/EDS analyses did identify a few phases (Higurbowever,
the hydration states of these phases is unknown. Mg sulfates were identiflexf thal
experiments that were analyzed. A Fe sulfate phase was also identifiecexperiment
with chromite C6 that had a 10:1 water:rock ratio and a starting pH of 2 (C6-10-pH2). F
sulfate cement, seen in Figure 12b, was found between the chromite grains imexiper
C6-100-pH2. In experiment CW-10-pH2, a Fe oxide phase was identified that also had

high concentrations of Cr (Figure 12d inset).
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3.4.2 Chromites - Interpretation and Discussion

Chromite belongs to the spinel group, which has the general formuyla;XY
There are two end members that exist in the spinel structure depending orrithetidist
of cations. The “normal” spinel structure contains the two trivalent catiohg in t
octahedral sites (X(3JO4). When the trivalent cations are distributed between both the
tetrahedral and octahedral sites (Y(XY)@he structure is referred to as “inverse”
[Murck and Campbell1986;Sack 1982]. It is important to understand which sites
elements occupy within a given structure as it has a direct affect ondts vettich they
are released. For example Al is an element that can occupy either tetrainekdior
octahedral sites in many different phases. However, octahedrally cootdiabes are
more rapidly leached that Al that occupies tetrahedral sitasdy and Bunkef990].

There appears to be no debate about the sites thiaadh Cf* occupy within the
spinel structure. As mentioned previously?Zstrongly favors the tetrahedral sites
[McClure, 1957;Navrotsky and Kleppal 967;Paktunc and Cabyi1995]. Mrf* also
occupies the tetrahedral site in chromiteipderson et al 2007;Reynolds et al2005],
most likely due to its inability to compete with trivalent ions for the octaheiles. CF*
has the highest octahedral site preference of any of the transition fivetetk and
Campbel] 1986, Oze et al., 2004] and as a result is always assumed to occupy the
octahedral site. Consequently, chromites tend to acquire a completely “nopmal” s
structure Murck and Campbell1986;Navrotsky and Kleppal967;Reynolds2005;
Verwey and Heilmanrl947].

However, some Ni bearing chromites have been known to deviate from “normal”
distribution as Ni* also has a large octahedral site prefereHemdlerson et al2007;

Navrotsky and Kleppal967]. On the other hand, Ni has been found to occupy tetrahedral
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sites in the presence of large amounts &f [Rreynolds2005]. A study by englet et al.

[1987] found that Ni will always occupy octahedral sites if the total Cr accéamiesss

than one third of the total cations in the spinel. This suggests that Cr occupies less than

half of the octahedral sites leaving more sites available for Ni. In the twmiths used

in this study, Cr accounts for much more than one third the total metal-ions imgliati

is mainly in tetrahedral coordination. Work bicClure [1957] indicates that AT is also

able to compete with Kfi for octahedral sites. Other studies also suggest a “normal”

spinel structure for Ni bearing chromitd3unitz and Orgel1957;Verwey and

Heilmann 1947] and therefore Ni is believed to be contained in the tetrahedral sites.
Similar to Ni, there is some debate over the structural positions that Fe, Mg, and

Al occupy.Paktunc and Cabij1995] argue that Féis always tetrahedrally coordinated

in chromite, while Mg and Af are the only major cations present in both sesthe

other handMcClure[1957] argues that Eehas a small octahedral site preference but

can be displaced by Alinto tetrahedral intersticeBa Silva et al[1980] andFatseas et

al. [1976] argue that Péand Fé" are distributed between both tetrahedral and octahedral

sites in the chromite structure. According to other work on spinelsisHeelieved to

have a small tetrahedral site preference but can be easily displaced dartipestitors,

such as Zfi, are presenfNatvrotsky and Kleppd 967:Verwey and HeilmanrL947].

Increased temperature has also been proposed as a cause for cation disordsiteésnong

[Lenaz et al.2004;0sborne et al.1981]. However, others argue that all Al- and Cr-

bearing spinels have “normal” structures, suggesting that all divaleohsatie in the

tetaherdral sites and all trivalent cations occupy the octahedralGéagasdr et al.,2008;

Irvine, 1965;Jackson 1969;0sborne et a 1981].

48



& W o
WD = ilmm 100pm File Mame = 072909-005.tif Signal A = RESD Date 28 Jul 2008

WD= iimm  100pm
Mag= 250X EHT =2000kV  Time 111:16:01 Mag= 120X I—(J

WO = 12mm 200um File Name = 072908-030.tf Signal A= RESD Date :25 Jul 2009

WD = 11mm 200pm File Name = 072909-013. tif Signal A =RESD Date 20 Jul 2009
Mag= 120X  |— EMT=2000kV Time 12:04:31

Mag= 120X  |—| EHT=2000kV  Time :11:33:31

WD = 1lmm 100pm File Name = 072009-022.tif Signal A = RBSD Date 128 Jul 2008

WD = 12mm 200um File Mame = 072909-031.tif Signal A= RBSD Date 28 Jul 2008
Meg= 120X EHT =20.00 kv Time:11:51:21

Mag= 109X EHT =20.00kv Time :12:05:23

Figure 12. Scanning electron micrographs of chromites: (a) C6-10-pH2, (b) C6-100-
pH2, (c) unreacted C6, (d) CW-10-pH2 (inset: Fe-Cr oxides covering a chronmitg gra
(e) CW-100-pH2 (inset: Mg Sulfate), and (f) unreacted CW.
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With so much uncertainty over which sites these elements occupy it is chajleng
to properly understand the manner in which chromite dissolves. Ultimately, the
composition of the chromite strongly influences the cation distribution among the
tetrahedral and octahedral sites. As Cr is such a large component in ourispiitiels
occupy a large majority of the octahedral sites. Consequently, we withass mostly
“normal” structure while discussing element release from our chremite

The observation that divalent cations appear to have been released preferentially
to trivalent cations might seem contradictory assuming the sites they andhgy
“normal” spinel structure. As we discussed in the previous sections, the method in which
glass and other minerals dissolve involves the initial release of cationshedarger
octahedral sites, while the elements in the tetrahedral sites haivgestbonds and are
more resistant, acting as the material’'s framework. However,pparant that the same
mechanism is controlling element release as in the basalt experimentbanuken
strengths are taken into consideration.

The crystal field theory and octahedral site preference energies mayepaovid
explanation for the incongruent dissolution we observe. Crystal field stabiizatergy
(CESE) is the net energy gained by an ion’s bonding d-electrons due to complex
formation and it indirectly describes an ion’s stability within the alystructure Qze et
al., 2004]. Octahedral site preference energy (OSPE) is the differetvaeeinethe crystal
field stabilization energy of the tetrahedral and octahedral §ites ¢t al.2004]. The
more negative these energies are the harder it is to remove the ion duertmtier st

bonds that are formed with the surrounding oxygens in this site. For examplea€r
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the most negative CFSE and OSPE of any of the transition metals and as aaelsult w
be one of the last ions to be removed from the spinel stru@aesdt al 2004].

In addition, according thavina et al [2002] and_enaz et al[2004],
modifications have to be made within the chromite’s structure to accommodatesvar
cation distributions. Tetrahedral bond distances may have to adjust in order fior certa
cations to occupy the octahedral siteaina et al, 2002]. The distortion in the structure
to accommodate various cations may influence the manner in which the cations are
released.

These theories support the observations made for our chromite alteration
experiments. The trivalent ions that have very strong octahedral site pref@encer
and Al) are not as abundant in solution as the divalent ions. Two instances are displayed
in Figure 11b where the elements Mg and Fe were released in much higher abundances
than Al and Cr . Another example that is not shown in Figure 11 is the Ni to Al ratio.
Even though both elements have large octahedral site preferences, Ni is much more
abundant in solution than Al. However, Al has a greater octahedral site preference
[Burdett et al, 1982] and with such considerable amounts of Al and Cr in these chromites
Ni most likely gets forced to occupy tetrahedral sites.

When comparing elements of the same valence it is also necessary to consider
their site preferences. Mhand Mg also have very little ability to compete with elements
that have very strong octahedral site preference. Therefore they arel®ikdto
occupy tetrahedral site and are consequently released in close to stoighiometr
proportions (Figure 11a). Ni appears to have been released in slightly higher

concentrations than Zn. Zn has a strong tetrahedral site preferencedgeraamd is
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expected to be more stable within these sites than Ni. The preferentiat &l d4g
relative to Fe (Figure 11a) may be explained by the assumption that some amaunt of F
in the chromites is trivalent Fe. Al, having a smaller octahedral siter@nefethan Cr,

was released in greater proportions.
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Chapter 4

Discussion and Conclusions

4.1 PES Basalt Experiments

The mineral assemblage contained in our basalt (Table 6) has been predicted for
basalts with Martian compositions using the MELTS progrsit§ween et 312004,

2006]. Varying abundances of these minerals have also been identified in rocks and soils
on the surface.

Previous alteration studies performed on basaltic materials have alsoésuftd r
similar to ours. Studies on basaltic glass have shown that the initial stepsn gla
dissolution involves the rapid preferential release of alkali and alkalirtereatals.
These network modifying elements are removed by a series of metal for prot@amge
reactions that occur at the surfaGagey and Bunkefl990;Gislason and Oelkey2003;
Jantzen and Plodined984;0elkers and GislasqQr2001;White et al, 1984]. In the
current study, the rate of element release was proportional to the elenesctyathich
confirms the occurrence of this surface reaction. A leached layetetepighe
modifying elements and enriched in the glass forming elements, suchaas $ormed
in our experiments similar to those found in previous stu@esgmus et a).1983;
Oelkers and Gislasqr2001;Tosca et al.2004;Wolff-Boenisch et 412004].

The next step in the dissolution of glass involves the destruction of its framework.

After the network modifiers are removed, a partial removal of Al atoms ocgukk b
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proton exchangeJelkers and Gislasqr2001]. The rest of the network-forming metals
are then slowly detached from a partially liberated glass netBarkska 1993;
Gislason and Oelker2003;0elkers and Gislasqr2001]. The liberated Si may be
precipitated as amorphous silica, a phase common in our experiments.

The composition of the basaltic glass also plays a major role in its dissolution
[Bouska 1993;Gislason and Oelker2003;Glass 1984;Jantzen and Plodined984;
Oelkers 2001;0elkers and GislasqQr2001]. Higher concentrations of Si produce
increased amounts of bridging oxygens and consequently a stronger framework.
Dissolution rates also depend on the concentrations of other cations suthaasifd,
which can fill in for Si in the network forming sites. The breaking of the Al-O an@F
bonds is quicker than the Si-O bonds and therefore the framework of the glass dissolves
faster when the abundance of these elements incréskeifs and GislasqQr2001]. The
concentration of modifiers also has an affect on the dissolution rates as their
incorporation into the structure results in bond breakage between the Si BodsRg
1993].

Under conditions that are similar to those found on Earth, olivine is the most
susceptible mineral to dissolution, followed by plagioclase, pyroxene and the id&s oxi
[Eggleton et al 1987;Nesbitt and Wilsanl992]. Olivine is also readily altered under
Martian-like conditions and as a result Mg and Fe dominate the solution chemistry
Accordingly, Mg and Fe sulfates, like those found in the current study, are coynmonl
produced Golden et al 2005;Tosca et al.2004]. Similar studies also found that
pyroxene and plagioclase are responsible for the large abundances of Al and Ca in

solution, which results in Al and Ca sulfat&ahin et al, 1997;Golden et al 2005;
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Tosca et al 2004]. Large amounts of amorphous silica that were found in this study are
similar to phases found in other Martian analog alteration stuggf et al, 2000;
Golden et al.2005;Morris et al.,2000b;Tosca et al.2004].

The secondary minerals identified in these experiments are also in good
agreement to those believed to have been identified on the Martian surface. High Si
deposits interpreted as amorphous silica have been detected at both MERIGlitds |
and Bandfield 2006;Haskin et al. 2005;Ming et al, 2006;Squyres et al 2008]. A
variety of secondary Fe oxides have also been identified at both Gusev Crater and
Meridiani Planum Christensen et al2004;Klingelhofer et al. 2004;Morris et al.,
2006a] as well as in Martian meteorit@sifiges and Grady2000]. Evidence for Ca-
sulfates, such as gypsum and anhydrite, has also been found in Martian meteorites
[Bridges and Grady2000] and on the surface in layered terrains and in the northern polar
region [Gendrin et al, 2005 Langevin et al.2005]. Fe- and Mg-rich sulfates including
jarosite and kieserite have also been identifi@erdrin et al. 2005;Klingelhofer et al.

2004;Ming et al, 2006;Morris et al, 2006aClark et al, 2005].

4.2 Chromite Experiments

There have been previous studies on chromium mobility due to chromite
dissolution under a variety of conditiorGdrnier et al.,2008;Geveci et al.2002;Hey,
1999;0ze et al.2004;Ulmer, 1974;Vardar et al, 1994]. The general conclusion of

these works is that chromite, although very resistant, will weather andiatierereases
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with increasing temperature and is at a minimum under intermediate pH conditions
Vardar et al [1994] found that metal release from the chromite structure is
stiochiometric. However, other studies report non-stoichiometric releas¢iaris Hey,
1999,0ze et al.2004].0ze et al[2004] found that Al and Mg are released preferentially

from the chromite structure compared to Cr, which is in agreement with our Bnding

4.3 Trace Elements

On the Earth’s continental crust granitic rocks and their metamorphic and
sedimentary products dominate the surface. As this is where most surbciesses
occur, the chemistry of terrestrial soils, sediments, and waters arelieahby
weathering process that affect more felsic glasses and mjrerelsas feldspars.
Consequently, the abundances of Ni, Zn, and Cr in the terrestrial upper crust are low
(Table 8). Most aqueous processes on Earth occur in the intermediate pH range, wher
the solubility of these trace elements is at a minimum. The very low crostadlances
and low mobility of Ni, Zn, and Cr under the conditions commonly found on Earth
results in low abundances of these elements in secondary terrestrial minerals

In contrast, Mars is a basaltic planet and the bulk composition of the crust is
estimated to have much higher abundances of Ni, Zn, and Cr (Table 8). Mafis gladse
mafic minerals, such as olivine, pyroxene, Fe-Ti oxides, and plagioclaseyalertiie
surface and consequently these phases control the fluid chemistry. The low pH

conditions, believed to have been active at some point during the Martian past, allow
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elements that would not be released under more moderate conditions to be mobilized. Ni,
Zn, and Cr are concentrated in theses mafic phases and are more soluble under these
lower pH conditions. As the current study has shown, these trace elements areareich m
mobile under Martian conditions than those conditions common on Earth, making them

readily available for secondary materials, such as evaporative processes

Table 8.Crustal concentrations of trace elements for Earth and Mars

Element (ppm) Earth' Mars?
Ni 44 337
Zn 71 320
Cr 83 2600

Data taken fronTaylor and McLennaf2009].
! Chemical composition of the upper continental trus
2 Estimate of bulk crustal composition

A few studies have looked at the mobility of the trace elements Ni, Zn, and Cr
under various conditions pertaining to Eadiuppa et al, 2000a, 2000)as and
Krishnaswami2007;Eggleton et al.1987;Elbaz-Poulichet et al1999;Hocella et al.,
1999;Neel et al.2007;Soubrand-Colin et al2005]. Although the mobility of each trace
element varies from study to study, the general conclusion is that Ni and Zor@e
mobile than Cr due to their concentrations in more readily weathered minerals. Some

studies report Cr to be essentially immobile due to its preferential lowetioin weather
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resistant minerals, while others report some degree of mobility. The diotdrg
findings can most likely be attributed to the various basalt compositions andaxtent
alteration in each study.

The small quantities of these elements that are released from altgnaicesses
may have a variety of fates. AccordingNesbitt and Wilsofil992] andSoubrand-Colin
et al.[2005], Ni and Cr may be incorporated into smectite and Fe-oxyhydroxides. Ni and
Zn strongly complexes to carbonate or bicarbonate if there is a large amoartiaiate
species presenf[uppa et al, 2000a, 2000b]. Zn can be immobilized by organo-minerals
phasesllatrille et al., 2003;Neel et al.2007] or by sorption onto Fe-bearing phases at
near neutral pHHudson-Edwards and Edward&005;Johnson 1986]. The low
hydroxyl solubility of CF* and its strong retention on soil particles limits its mobility in
soils and watersiendorf et al. 1995]. However, Gt can also be oxidized by manganese
oxides to Ct, mainly present in soils as HCfQwhich is a highly toxic and soluble
speciesBecquer et al 2003;Fendorf et al, 1995]. Once mobilized during oxidative
weathering on Earth, Cr enters the oceans and can be reducéttip @icrobes and
F&* bearing mineralsHrei et al, 2009]. However, the surface of Mars appears to be
devoid of organic material and consequently arfy/ @resent may not easily revert to the
non-toxic trivalent state. Abundant®pn the Martian surface could pose a threat to
astronaut health during potential manned missions, especially if it is presertarne
dust.

Many experimental studies have shown that Ni, Zn, and Cr can be incorporated
into the structure of Fe oxides and oxyhydroxides. These elements can sulostfete

goethite under highly alkaline conditiorSdrnell et al, 1992;Gerth, 1990;Kaur et al,
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2009;Schwertmannl989;Singh et al 2002:Wells and Gilkes1999;Wells et al, 2006].
Under similar conditions, Ni and Cr have also been found to incorporate into the hematite
structure §ileo et al, 2007;Singh et al 2000;Wells and Gilkes1999].

Ni and Zn have a tendency to be adsorbed on clay and oxide surfaces within pH
ranges of 3 to YArai, 2008;Beukes et al 2000;Koppelmann and Dillard1975;Madrid
et al.,1991;Puls et al, 1988;Scheidegger et al1997;Srivastava and Srivastay4990].

Many studies have looked at the adsorption of Ni and Zn onto cdlaitsltanov and

Stipp 2007;Zachara et al 1988, 1991] and clay minerals such as pyrophyllite, kaolinite,
gibbsite and montmorilloniteBrad|, 2004;Davidson et al 1991;Koppelman and

Dillard, 1975, 1977Nachtegaal and Spark2004;Scheidegger et al1996, 1997Singh

et al, 2001]. CP* can also be adsorbed by a variety of oxides and deagsl[[ 2004;
Zachara et al 1987].

Although these studies pertained to Earth-like conditions, many can also be
related to those minerals found on Mars. Hematite and goethite have been found at both
landing sites and may be possible sinks for Ni, Zn and Cr. The soils on the Martian
surface that are dominated by hematite spherules have a strong Ni-Faticorféen et
al., 2005 and 2006]. Mobilized Ni could be substituting for Fe during the formation of the
concretions or Ni may be adsorbing onto the surface of the hematite afoemistion.

According toClark et al [2007b] Ni, Cr and Zn can substitute for Al in the
montmorillonite structure, which is one of many clay minerals believed to beriren
the Martian surface. Carbonates have also been identified in Martian nesteoidtas a
possible phase in Martian dust. Ni, Zn and Cr can also get incorporated into theestructur

of many sulfatesJambor et al.2000], which dominate the Martian surface.
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4.4 Conclusions

In glass, trace element release rates are controlled by thedirad@mn within the
glass structure. Tetrahedrally coordinated elements are strongleotly bonded and
make up the framework of the glasses structure. Octahedrally coordireteshtd
modify the structure and are held less tightly during dissolution. In scgee tze site an
ion takes is dependent on the other cations that are present in close proximitgsiéls, a r
the composition of the glass has a large influence on its dissolution. In basalt however
their mineralogical setting determines the rate in which traceeeltisnwill be leached.

Under the oxidation conditions of terrestrial magmas Cr occurs predomiaantly
Cr*[Calas et al.2006]. Due to its large octahedral site preferenc¥,dlvays occupies
octahedral sites in the structure of glass and minerals. However, on Mars,oxigen
fugacities may be lower than those on Earth, some amount'aitdikely present in the
basalts Papike et al.2005].

As CF" is not retained on quenching to glass due to an electron exchange reaction
[Berry et al.,2006] any additional F will have little affect on the release of Cr from
glass. On the other hand, the amount &t Bresent in crystalline basalt will have a large
influence on Cr mobility, as was observed in our study. The basalt that czgstaltia
lower oxygen fugacity (utilized in experiment F) had Cr present in its olivinehwvisi
the fastest phase to alter. The basalt that crystallized at a highenduggeity did not
contain Cr in its olivine; instead most of its Cr was contained in the more nésista
phases, such as chromite. Consequently, experiment F had higher concentrations of Cr i

solution.
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The presence of other elements has a large influence on the site Ni occupies
within the structure of glass and many mineral phases. In glass, Ni m#ayasca
tetrahedrally or octahedrally coordinated element depending on the abundave®of |
high field strength cations. In mineral phases, like chromite for exampteajhave to
compete with other elements for certain sites within the structure. Howewausegheir
mineralogical setting controls the mobility of trace elements, compoaltvariations
will have a greater affect on glass. In other words, the site that Mpescwithin the
spinel structure will have little significance if Ni-bearing olivingresent, as olivine will
be altered considerably faster, whereas Ni in glass will be relegseddieg on the site
it occupies within the structure. Ni was found to be readily mobile in both theagldss
crystalline experiments performed in this study, most likely due to its netwodifying
position in the glass and the presence of Ni-bearing olivine in our basalt.

Similar to Ni, some argue that the coordination Zn occupies within the se&uctur
of glass will depend on the glasses composition. Others argue that Zn wyit alo@ipy
the tetrahedral site. In this study Zn was not readily weathered fem® Igading to the
conclusion that most of the Zn was tetrahedrally coordinated. Similar to theratieer t
elements in the basalt experiments, Zn was released according to itslogicat
setting. Zn was present in olivine but was not as abundance as Ni and consequently the
concentrations of Zn in solution were lower. The majority of Zn resided in &ss ghd
the more resistant oxides minerals.

This study has shown that the trace elements Ni, Zn and Cr can in fact be
mobilized from basalt under low pH conditions. Once mobilized, these trace elements

would most likely be available in solution during the formation of secondary minerals.
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Anomalous concentrations of Ni, Zn and Cr on Mars could be due to enrichments in these
minerals. This does not however rule out the addition of these elements from other

sources such as a meteoritic component or volcanic condensates.
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Appendix A

Summary of Challenges Encountered During Basalt Synthesis

Previous studies in our lab have successfully synthesized basalts of Martian
composition. Our methods are different due to a number of complications we
encountered while attempting to follow these previous procedures. Our first coraplicat
was the persistence of a spinel phase at 1246° C, the calculated liquidus from the
previous studyTosca et al.2004]. At first we interpreted this phase to be caused due to
the addition of GIO; powder in the mix. It was believed there was som@®4§emaining
at this temperature that nucleated the formation of a metastable chibongesure
complete homogenization of the sample higher temperatures were required.sdPeAu
alloy tubing that had been previously used was not capable of withstanding higher
temperatures and had to be replaced with a platinum capsule. As a consequence of the
higher temperatures a component of the mix became volatile and the platinumscapsule
needed to be sealed at both ends. The increased temperature experiments atso made i
impossible to nucleate plagioclase at lower temperatures, a proceduceigisevi
performed byTosca et al[2004] due to the slow kinetics of plagioclase crystallization in
synthetic systems (see the procedures section). As a result a défgperdch was used
in order to synthesize the crystalline basalt at lower temperatures. A nemasicreated
using uvarovite, a chromium rich garnet, as the source of chromium instea®ef &Lr
larger amount of Favas also added to the new oxide mix in order to replace the
significant loss of Fe to the platinum walls during synthesis. Previous exqmaim
studies have also shown absorption of Fe by platinum capsuledMergl, and Wyllie,

1973). After synthesis, the samples were analyzed with the electron mlmepand it

was found that the resulting Ni and Zn contents in the glass were minimal. These tw
elements have a high affinity for platinum, which might explain their low sewvethe

melt. As higher temperatures were no longer needed we returned to origindupeoce
using AwoPdy capsules. The loss of Ni and Zn to the capsule walls was predicted to
occur in these capsules as well but to a lesser extent. A series of nesweirecreated

with increased concentrations of Ni and Zn. The mix with a starting concentration of
10,000 ppm NiO and 5000 ppm ZnO resulted in a glass with 740 ppm NiO and 690 ppm
ZnO. The concentration of Fadded to the mix was decreased, as the amount of Fe loss
is not as substantial in AuPd capsules. Once a glass with this new mix wasiggadthe

and analyzed it became apparent that the metastability©f @rour previous

experiments was not the issue. The lower quantity ©&Bded to the mix and the
presence of a spinel phase in this sample led us to believe that the stabilinuteihn

this run was the result of higher oxygen fugacity.

According to studies on the solubility of chromite in basaltic melts, the ammom
content in a melt increases with decreasing oxygen fugacity, at constantaemgérhe
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increased content of chromium in the melt reflects the increase in4H€rratio with
decreasing oxygen fugacitilurck and Campbell1986;Roeder and Reynold$991].
Since Cf*prefers the melt relative to EfPapike et al.2005], and studies have shown
that CF*is not readily incorporated into the spinel structittarjson and Jone4998],
the stability of chromite is reduced. Other spinel phases would also be dasticdsl
Fe* concentrations would also decrease with decreasing oxygen fugacity.

To decrease the amount of chromite in our synthesized basalts we decided to
decrease the oxygen fugacity. The first redox buffer we utilized was thebdffer.
The amount of chromite in our basaltic glass decreased but a small amourgghersist
next buffer we tested was the wustite-magnetite buffer which is 3 loghatte QFM,
our original target oxygen fugacity. Although the samples were not as reduttes a
wustite-magnetite buffer we were unable to find any spinel phase undercomeasr
with the microprobe and the chemical composition was very similar to the target
composition. Therefore, we have concluded that our basaltic glass is free oftehrom
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Appendix B

Major Element Solution Analysis

Figures B1 through B7 display major and trace element solution data foiSall PF
basalt alteration experiments discussed. This data includes results foe ttiéérent
pH solutions (A-E) used in each experiment as well as the calculated pH vaduess F
B1 through B3 show results for PFS glass reactions. B4 through B6 show resBESfor
crystalline basalt without plagioclase. Figure B7 shows results andateltyH values
for the PFS crystalline basalt experiment with plagioclase that was ¢eddudy with
solution F. Figures B8 through B11 show solution chemistry for chromite expagsime
including both water to rock ratios and both pH solutions used. Figures B8 and B9 show
results for C6 experiments and Figures B10 and B11 show results for experiments
utilizing CW.
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PFS glass and (a through c) solution A, (d through f) solution B.
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Figure B2. Major and trace element solution concentrations during reaction with
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Figure B4. Major and trace element solution concentrations during reaction
with PFS crystalline basalt and (a through c) solution A, and (d through f)
solution B.
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Figure B5. Major and trace element solution concentrations during reaction with
PFS crystalline basalt and (a through c) solution C, and (d through f) solution D.
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Figure B6. Major and trace element solution concentrations during reaction with
PFS crystalline basalt and (a through c) solution E. (d) Calculated pH valugs duri
reaction.
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Figure B7. Major and trace element solution concentrations during reaction with
PFS crystalline basalt with plagioclase and (a through c) solution F. (d)l&att

pH values during reaction.
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Figure B8. Major and trace element solution concentrations during reaction with C6
and (a and b) solution A and (c and d) solution B, both with a water to rock ratio of
10. C6 reacted with (e and f) solution A with a water to rock ratio of 100.
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Figure B9. Major and trace element solution concentrations during reaction with C6
and (a and b) solutions B with a water to rock ratio of 100. (c) Calculated pH values
during reactions.
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Figure B10 Major and trace element solution concentrations during reaction with
CW and (a and b) solution A and (c and d) solution B, both with a water to rock
ratio of 10. CW reacted with (e and f) solution A with a water to rock ratio of 100.
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Figure B11 Major and trace element solution concentrations during reaction with
CW and (a and b) solution B with a water to rock ratio of 100. (c) Calculated pH
values during reaction.
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