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Abstract of the Dissertation
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Doctor of Philosophy
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Stony Brook University

2011

Ferric sulfates have attracted attention of geochemists #iecdiscovery of jarosite
on surface of Mars in 2004. To date, several ferric dfatve been identified or suggested
on Mars, including ferricopiapite, paracoquimbite, etc. These feuifates, formed in
evaporation or diagenetic processes, serve as mineralogidahegifor past water activity
on Mars. More than proving the presence of water, ferric sslfate hygroscopic and
display complex hydration and dehydration transitions with change diuamdity and

temperature, which suggest they may have application in tracingg@al@onment on Mars.



On Earth, ferric sulfate minerals are environmentally import®rimarily distributed
in acid mine drainage areas, ferric sulfates are hostsai@ous toxic metals and acidity.
Their dissolution and precipitation greatly affect water quality and Ermalonment.

In this dissertation research, phase stabilities and transformaatf ferric sulfates as
functions of temperature (T), relative humidity (RH) and atmosphmessure (P) were
studied in detail. Techniques were developed and applied in thexglede follow phase
transitions of ferric sulfatesn situ with changing environmental parameters and
simultaneously collecting X-ray diffraction (XRD) data. Condd with parallelex situ
studies employing humidity buffer technique, phase relationships amongdelfates and
the RH-T phase diagrams were delineated. Humidity angemture effects on the
evaporation of concentrated ferric sulfate solution were alsesiipated. Phase evolution
sequences from concentrated ferric sulfate solution, including phasasimg in both
precipitation and post-precipitation alteration processes, weraatbazed as a function of
relative humidity, temperature and time. A typical evolutioqusace Fe(SOy)3 solution
— (ferricopiapite, rhomboclase) kornelite— paracoquimbitewas identified at 40% to
60% RH at room temperature. An amorphous ferric sulfate fbrimen the Fex(SO4)
solutionat RH < 30%.

(H3O)Fe(SQ), was identified as a dehydration product of rhomboclase,
(HsO2)Fe(SQ), - 2H,0, at low RH or high temperature. The phase boundary between
these two compounds was resolved wiitlsitu XRD studies at controlled RH and T and
plotted in the RH-T phase diagram.

Temperature is shown to be an important factor dictating fewifate transition rates.
The low temperature as present on Mars (-160to 20 °C) could kinetically inhibit

intermediate hydration phases, such as ferricopiapite @ndnttorphous ferric sulfate, from



transforming to thermodynamically stable phases. This is plgse evolution maps
resolved in this study are complementary to calculated phageats. In situ T- and P-
controlled XRD experiments showed ferric sulfates could beligeb against variation of
RH at T < 0°C, indicating the diurnal RH variation (from almost 0 up to 100%0}he
present day Martian surface can not affect hydration state®sifferric sulfates, except
for a slight possibility to dehydrate ferricopiapite, which \icasd to be unstable at 6 °C

and RH <1%.
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Chapter 1

Introduction to Ferric Sulfates

Abstract

Ferric sulfates are present on Mars. These mineralsygredtopic and display
complex phase transitions as a function of temperature and redativielity, and so can
potentially serve as environmental indicators to past sedimesamonments on Mars.
This dissertation research aims at revealing the ferritatsulphase evolutions in
evaporative and diagenetic processes under different temperaturelatie rhumidity
conditions. This chapter briefly introduces ferric sulfates: tb@mnposition and crystal
chemistry, speciation and distribution on Mars, association withrasie drainage and

environmental impacts.

1.1. Introduction

The recent discovery of ferric sulfate minerals on Marsn@élhofer et al., 2004;
Squyres et al., 2004) and their occurrence as contamination ime@dirainage (AMD)
areas on Earth (Hammarstrom et al., 2005; Nordstrom and Alpers, a2%®) these
compounds of broad geochemical interest. On Mars, ferric sulfegeanaimportant
component of chemical sediments that preserve evidence of pastaotatdy, as these

minerals are of aqueous origin (Burns and Fisher, 1990; Squyres 200#). Further,



ferric sulfates display hysteretic or irreversible phasasitions related to change of
temperature (T) and relative humidity (RH) and therefore piald details on paleo-
environmental conditions on Mars (Madden et al.,, 2004). Despite theicage#é of
ferric sulfates, their stability and complex phase relationsisgpiinctions of T and RH
are not well characterized.

In AMD regions, ferric sulfates are efflorescent minefalsned from oxidation
of pyrite (FeQ) and other iron sulfide minerals (Hammarstrom et al., 2005). Under
conditions of high humidity or as a result of a rising groundwatelet ferric sulfates
will dissolve and pollute the local aquatic system in two w@ardstrom and Alpers,
1999). First, Fe(lll) hydrolysis will greatly increase thater acidity. Second, ferric
sulfate minerals are hosts of various toxic metals, e.g. CretBband will release the
sequestered toxic metals to the aquatic system upon dissolR@mnediation methods to
treat both acid and toxic metal pollution associated with sulfate are in need.

In order to make substantial progress in both fields of resealktartian sulfate
geochemistry and AMD remediation, a fundamental understanding o$ttheture,
stability and the chemistry of ferric sulfates, including tHs#havior with respect to
environmental changes, is necessary.

The main goal of this research is to establish phase relaifisnamong ferric
sulfates and to understand their formation and the diagdaratisitions under different
RH and T conditions. This is accomplished by a combinatiam sifu andex situX-ray
diffraction (XRD) methods. These methods are not only usefuldenmtifying ferric
sulfate phases, but also facilitate a quantitative evaluation iofctystal structures and

an understanding of phase transitions at the atomic ldumeitu XRD are carried out



using both commercial and custom-built environmental chambers desigretbwo

reproducible conditions of T and RH. The collected XRD data enatnlera thorough
understanding of the X-ray scattering behavior of ferric wilfainerals in order to
robustly interpret data from the CheMin instrument on the Maren8ei Laboratory
(Bish et al., 2007), which is scheduled to launch in November 2011. Alsoeseiarch
provides important complementary experimental data for on-going hgeocal

modeling work, an endeavor hindered by the lack of fundamental labositaties of

ferric sulfates.

1.2. Background

1.2.1. Crystal Chemistry of Ferric Sulfates

The term “ferric sulfates” used in this dissertation nefi® natural minerals or
synthetic inorganic compounds that mainly consist of ferric iofi"(R@d sulfate group
(SO%), with other possible components including structural watgd)Hydroxyl (OH),
hydronium (HO") and other metal cations (e.g’,KMg*"). For example, the term ferric
sulfate is applied to copiapite with a formule Tre®*,(SOy)s(OH), - 20H,0 in this thesis.
Table 1.1 lists common ferric sulfates.

The crystal structure of a ferric sulfate typically caméareQ octahedra and SO
tetrahedra. A Fefoctahedron may link to a S@trahedron or another Fg@ctahedron
through corner-sharing an oxygen atom. GenerallygBe@hedra do not share edges in
the crystal structure of ferric sulfates, and an, &frahedron does not directly connect

with another SQ The fact that S©Ogroups do not share oxygen can be explained from



the bond valance point of view: an S-O bond has a valance of 1.5, eduaMaddnce of
S(VI) divided by four; an S-O-S connection will have the bond valsooeof the two S-

O bonds equal to 3.0, much exceeding the charge %of vihich destabilizes such
connection. Water molecules in ferric sulfates are eitheatesbl--- connecting to other
atoms through hydrogen bonding, or bond to Fe by occupying part of tle six
oxygen sites in FeQoctahedra. Water molecules in ferric sulfates are essihpved
and reincorporated in response to changes of temperature or humidiyov& or
incorporation of HO usually necessitates a rearrangement of atoms in ringtuse,
which induces a phase transition. Figure 1.1 illustrates the wsuct ferricopiapite
(FE¥* 0 6 € 4(SQ)6(OH), - 20H,0), as an example showing the connections ofgFeO

octahedra, SExetrahedra and 4@ in ferric sulfates.

1.2.2. Ferric Sulfates on Mars

Ferric-bearing minerals are thought to contribute to the glrfioloring of Mars.
This belief was later confirmed by the Viking Lander X-r&yofescence spectroscopic
(XRFS) experiments in the late 1970s, which identified high coratgonis of ferric iron
amounting to 18 wt. % E®; in Martian fines and duricrust samples analyzed at both
Chryse and Utopia (Clark et al., 1982; Toulmin et al., 1977). High coatiens of
sulfur were also found as 8 wt.% $i@ the fines, and even higher in the duricrust (Clark
et al., 1982). Sulfur, assumed to be in the oxidized state as sufate was suggested
to mainly occur as calcium sulfate and magnesium sulfaek@nd Vanhart, 1981,
Gooding et al., 1988). Based on the Viking chemistry measurememtss BL987) first

predicted the presence of ferric sulfates including jarg@ita,K) Fes(SOs)-(OH)s) and



copiapite (M'Fes(SOy)s(OH), - 20H,0)) and the stabilization of these phases at low
temperatures and pH conditions in Martian permafrost. The meesenjarosite was
confirmed 17 years later from the Mossbauer (MB) spectemsored by Mars
Exploration Rovers (MER) Opportunity in the outcrops at Meridianinita
(Klingelhofer et al., 2004; Morris et al., 2006b). Miniature thermailssion (Mini-TES)
spectra quantified the jarosite to be about 5% by volume, with ancaddii5 to 35%
Mg- and Ca- sulfate in the outcrops (Christensen et al., 2004; hGéital., 2006).
Jarosite typically forms as a product of acid weatheringoofirch sediments and rocks
at pH < 4 (Dutrizac and Jambor, 2000; Stoffregen et al., 2000). Herue on Mars
provides mineralogical evidence for past aqueous processes, probablywatder
limited acid-sulfate condition (Klingelhofer et al., 2004; McLenntalg 2005; Morris et
al., 2006b; Squyres and Knoll, 2005).

Other than jarosite, an unidentified ferric-bearing phase terthe@8D3” is
observed in the MB spectra from the Opportunity Rover (Clark et al., 20@%is et al.,
2006b). This phase is closely associated with sulfur-rich outocks from the Burns
formation. The mineralogy of the Fe3D3 phase is suspected to (EEHOH),
schwertmannite (Re016(SOy)2(OH)12 - 10H,0) or super-paramagnetic hematite (Clark et
al., 2005; Farrand et al., 2007; Morris et al., 2006b). The XRD pattehe §Fe3D3”
phase to be collected in the Mars Science Laboratory program slasiidceonfirm the
phase identity.

Another ferric sulfate hydrate phase(s) distinct from jaecaitd the Fe3D3 phase
is detected in Paso Robles soils found on the northwest slope ofndudbbin Gusev

Crater (Gellert et al., 2006; Ming et al., 2006; Morris et al., 2P0ddis ferric sulfate



phase(s) accounts for 65% of the total Fe in the Paso Roblesvibithe remaining Fe
distributed in hematite, olivine and pyroxene, based on analysidMagsbauer
spectroscopic data (Morris et al., 2006a). Mass balance dalogldbased on Alpha
Particle X-ray Spectroscopic (APXS) measurement indicasefehiic sulfate(s) accounts
for about 25 to 29 wt. % of the Paso Robles composition, with an @uaitl5 wt. %
Mg-sulfate and Ca-sulfate content (Gellert et al., 2006; Mirad.e2006). Similar ferric
sulfate-rich soils, so named “Paso Robles class soils”, aceadiserved at two other
locations in Gusev Crater, including Arad in the Northern Inner Bamith of Husband
Hill and Tyrone Southeast of Home Plate, with the ferric silfdtase taking up to 86%
and 29% of the total Fe content, respectively (Arvidson et al., 2008;\adral., 2008).
The Paso Robles class soil may actually be more widesprehd subsurface in Gusev
Crater (Yen et al., 2008).

The mineralogy of the ferric sulfate phase(s) in Paso Robles class sumsiected
to be one or more of various ferric sulfate hydrates, including rhossdmcl
((H:O")Fe(SQ), - 3H,0), ferricopiapite (FesA{SQy)s(OH), - 20H0), fibroferrite
(Fe(OH)(SQ) - 5H,0) and paracoquimbite (K&0O,)s - 9H,0), based on the visible and
near infrared (Vis-NIR) reflectance spectra from the Splaver (Johnson et al., 2007).
Among these, ferricopiapite is further recognized to be the mostiging candidate for
the ferric sulfate phase in Paso Robles class soil due tlosts gpectral resemblance to
observed Vis-NIR spectra, thermal emission spectra and Mossipmetras(Lane et al.,
2008). Mixing with other ferric sulfates such as butlerite(@SQ, - 2H,0),
parabutlerite (Fe(OH)SO 2H,0), fibroferrite or metahohmanite (F&(SQ,), - 4H0) is

also possible (Lane et al., 2008).



Ferric sulfates are potentially widely distributed within avehr the equatorial
Valles Marineris canyon system. The Vis-NIR refleceamtata acquired from Mars
Reconnaissance Orbiter (MRO) Compact Reconnaissance Imagimgro8pser for
Mars (CRISM) revealed hydrated ferric sulfates, includmglronium jarosite and
probably dehydrated ferricopiapite, associated with opaline slich glass in finely
stratified deposits in this area (Milliken et al., 2008). Also@<tRISM data, Farrand et
al (2009) discovered a K-bearing jarosite in the Mawrth Vadiggan far from the Valles
Marineris canyon system (Farrand et al., 2009). Bishop et al. (208ly examined
the light-toned sulfate-bearing layered deposits in Juventae Chasthdound the Vis-
NIR spectral features of polyhydrated sulfate outcrops are mossistent with
ferricopiapite, melanterite (FeQO 7H,O) or starkeyite (MgS©- 4H,0O), though a
specific mineral can not be uniquely identified. The ferric-bgapmlyhydrated sulfates
are also observed in West Candor Chasma (Mangold et al., 2008).

Similar Vis-NIR spectra indicate that polyhydrated sufadee also observed in
the etched terrains in Meridiani Planum by Observatoire pourina klogie, 'Eau, les
Glaces et I'Activite” (OMEGA) imaging spectrometer on libdhe Mars Express
spacecraft (Arvidson et al., 2005; Bibring et al.,, 2005; Gendrin et al.,, 2005).
Polyhydrated sulfates such as copiapite {fF@(SOy)s(OH), - 20H,0)), epsomite
(MgSQ, - 7TH,0) or halotrichite (FeA(SQy)4 - 22H,0) are suggested in the study of
Gendrin et al (2005). Further analyses of the OMEGA data shtaseaite (Fe(OH)SO
- 3H,0) or schwertmannite may be better candidate minerals fopahgdydrated

sulfates (Poulet et al., 2008).



In short, there are three types of ferric sulfates discoverddrson Mars: (1)
Jarosite, which is unambiguously identified from MB spectra eritdMani Planum, is
also found in Valles Marineris and Mawrth Vallis, but not in Gugenater. (2)
Polyhydrated sulfates, a mixture of various ferric and non-festdtfates with
ferricopiapite being probably the major component, are found in PasesRdbks soils
in Gusev Crater, in Valles Marineris, and in the etched terrem&&eridiani Planum.
They are mostly present in layered formations in the subsurfé@eCandidate ferric
sulfate for Fe3D3 found on Meridiani Planum, possibly schwertmanniteydnates of
Fe(SQ)(OH). The MB spectrum of the Fe3D3 mineral is different fjamsite or Paso
Robles sulfates. The observed distribution of these three tygesiofsulfates is also
summarized in Table 1.2.

Beside ferric sulfate, Mg- and Ca- sulfate are also idedtitind they are usually
associated with ferric sulfates inside or surrounding Véflagneris canyon system, at
Meridiani Planum and Gusev Crater (Bibring et al., 2006; Christerisn 2004; Clark
et al., 2005; Gendrin et al., 2005; Klingelhofer et al., 2006; Squyres andl RA0b).
Mg- and Ca- sulfate are also found in north polar region, wiegrie fsulfate is absent
(Kounaves et al., 2010; Langevin et al., 2005).

Ferric sulfate minerals typically form from acid and oxinatweathering of Fe-
rich and S-rich minerals such as pyrite (he&d pyrrhotite (F&g). The presence of
ferric sulfate minerals on Mars implies an existence of amy wet and acidic
environment in Mar’s early evolution (Bibring et al., 2006; Hurowitalet 2005; King
and McSween, 2005). The acidic environment and deposition of sulfates ceuhrtimat

so-called “theiikian” era, the second era in the proposed threktam@an geological



history, after the “phyllosian” era when phyllosilicates fedrmat a pH-neutral aqueous
condition, and before the *“siderikian” era dominated by anhydrouscfesxide
formation during a slow superficial weathering, where liquidewavas not playing a

major role (Bibring et al., 2006).

1.2.3. Ferric Sulfates associated with acid mine drainage (AMD)

Acid mine drainage (AMD) refers to acidic water outflow frometal mines and
coal mines, where the oxidation and dissolution of sulfide minerals provides the source of
acidity, and various metal cations (e.g*F&n**, PF") and sulfate anions (S in the
water. The primary mineral contributing to AMD is pyritee) on a global scale, with
other sulfides such as pyrrhotite {6g and chalcopyrite (CuFgfthat can be important
in some local environments (Hammarstrom et al., 2005; Jambor 20@0). Acid water
occurs naturally as a result of weathering of sulfide-contairuoks, but mining activity
that exposes large amounts of sulfide minerals to air, rhenfial groundwater, greatly
exacerbates environmental problems. World-famous AMD sites intladeMountain
mine in California and the Tinto River in Spain.

Ferric sulfates forming in AMD sites as evaporites frommideand sulfate rich
solutions include minerals coquimbite, copiapite, rhomboclase, roenjariisite, etc.
Ferric sulfate minerals represent a more advanced stagedritiaion sequence and are
located further downstream from iron sulfide ores, compared to festdizes such as
melanterite (FeS© 7H,0) that are usually proximal to the ores (Jambor et al., 2000).
The pH of solutions precipitating ferric sulfates are genetadlow 3, above this pH

precipitation of ferric hydroxides and oxyhydroxides such ashigdrite and goethitenf



FeOOH) will be favored. An exception is precipitation of schavartnite under a pH
range from 4.5 to 6.5, in the presence of abundagt 8Csolution (Bigham et al., 1996).
Based on field measurements, the pH of water in equilibrium wigwaother ferric
sulfate minerals is: pH = 1 to 2.35 for jarosite; pH = -1 for copapiH = -2.5 to -3.6 for
rhomboclase (Jambor et al., 2000; Nordstrom and Alpers, 1999; Nordstrom et al., 2000).

Most ferric sulfates are readily soluble, and exhibit a rapsphaese to local
climate change. Formation and dissolution of ferric sulfatesgiaynportant role in the
storage and transport of acidity. Due to the strong hydrolysist effethe ferric ion,
dissolution of iron sulfates caused by rainfalls or changeeas@al humidity can
dramatically increase the water acidity (Nordstrom et al., 2000).

The formation of iron sulfate minerals often results in the séigiesn of many
toxic metals. For example, lead mainly coprecipitates witbsjge (Giere et al., 2003),
and arsenic tends to go into coquimbite (Romero et al., 2006) and cofiapiieson et
al., 2005). Dissolution of the host minerals will release thectmetals into the aquatic
system (Alpers et al., 1994). rainstorm events with the onsbeofvet season after a
prolonged dry period can lead to fish kills downstream of some AR&S €lambor et al.,
2000). Knowledge of the stability of these iron sulfate minerals ruotanging
environment conditions is necessary to choose a safe, effectivecandmec way to

remediate contamination.

1.2.4. Relative humidity effect on sulfate hydration
Relative humidity (RH) is the measure of the amount of watgonia a gaseous

mixture of air and water vapor. It equals the partial pressuneater vapord,) divided
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by the saturated water vapor pressirg)(at a temperature, with a value ranging from 0

to 1, usually expressed as a percentage, as shown by the equation below:

RH = S 100% (Eq. 1.1)
€

The denominator in the above equation, the saturated water vapor presgurs @
function of temperature, so RH is also related to temperéiyre RH is generally not
affected by air pressure or air composition. Figure 1.2 is aopltte saturated water
vapor pressure as a function of temperature, calculated from empiricibagquaovided
by (Buck, 1981). Details of the Buck’s equations will be describedhapter 5 where
the equations are needed to calculate low temperature RH.

Many sulfate minerals are hydrated, and have various hydistates stabilized
at different conditions of RH and T. Changes of hydration states stedied on several
metal sulfate species in laboratory under controlled RH and Tydimg Na-sulfate
(Linnow et al., 2006), Mg-sulfate (Chou and Seal, 2003b; Vaniman et al.,, Zo£J4l)-
sulfate (Chou et al., 2002; Peterson and Grant, 2005), Co-sulfate (Gh&ealn 2005a),
Ni-sulfate (Chou and Seal, 2003a), Cu-sulfate (Chou et al., 2002) andfaie-g@hou
and Seal, 2005b). Experimental methods applied in these studies alkiavbumidity
control apparatus used to equilibrate the sample under constant RHaamudardevice
that can sense different hydration states. For example,ribe eéstudies performed by
Chou and Seal (2002; 2003a,b; 2005a,b) employed a weight balance to mbasure t
weight gain or loss caused by hydration or dehydration theremgtraining the
equilibrium T and RH boundaries. The studies from Peterson and Grant @uD5)
Linnow et al (2006) utilized XRD to discern phases. A humidity comsystem installed

on the diffractometer ensured the phase transitions under varied RHbeofdllowedin
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situ by XRD. Results from these studies are generally showrR&$ & phase diagram,
where stability fields of different hydration states areasafed by phase boundaries.
Figure 1.3 shows the RH-T phase diagram of ferrous sulfate byfosh the paper by
Peterson and Grant (2005). The phase boundary between rozenitg (F¢£0) and
melanterite (FeS§ 7H,0O) extends from the bottom left corner, representing low T and
low RH, toward the upright corner, representing high T and high Riks is a general
shape for hydration-dehydration phase boundaries, as higher T andRéiMawvor the

less hydrated phase, and vice versa.

1.3. Outline of the Thesis and Significant Results

The main objective of this research is to resolve phaseorehtps among
common ferric sulfate phases as functions of RH and T, and to chr&aacthe
evaporation of concentrated ferric sulfate solutions and post-evaporatsfotmations.
The principal experimental methods are situandin situ RH and T -controlled XRD
methods. Technical details will be introduced in experimental rdediestions in
following chapters.

Chapter 2 focuses on phase transitions of ferric sulfateslaem@intemperatures
(22 — 25 °C) and at different RH (0 — 75%). Hydration serieswvof polymorphs of
Fe(SQOy)3 and dehydration series from concentrated ferric sulfate solwti@nsesolved
with ex situhumidity buffer methods and situ XRD method with dynamic RH control.

The important observations include: evaporation of concentratd® @ solution at

12



40% to 60% RH initially crystallizes ferricopiapite and rhomhbseel that further evolves
to kornelite and paracoquimbite; an amorphous ferric sulfate forms at < 30% RH.

Chapter 3 extends the phase evolution study to non-ambient temperatines
phase evolution maps as function of RH, T and time are presentedn JiheRH and T
— controlled XRD method identified a transition from paracoquimbitéetac sulfate
pentahydrate at 80 °C. A previously proposed RH-T phase diagrastifedewith the
new experiment results. Both Chapter 2 and Chapter 3 focus ¢ Belll) — 3 SQ-—

n H,O” system where the overall Fe/S atomic ratio is fixeddoal to 2/3 with variable
amounts of water.

In Chapter 4, the RH-T phase diagram of a more acidic ferrfatsuhydrate
system, Fe(lll) — 2 S~ n H,O with the Fe/S ratio equal to 1/2, is explored using RH
and T -controlledin situ XRD methods. Rhomboclase ¢bBh)Fe(SQ), - 2H,0)
dehydrates to form (#D)Fe(SQ), at high T or low RH. The boundary is mapped in the
RH-T phase diagram.

In Chapter 5jn situ XRD methods are developed to study the stability of several
important ferric sulfates under simulated Martian surfici@hgerature and pressure
conditions. Most of the studied ferric sulfates are stable fBih?E€ to 20 °C, except for
ferricopiapite which dehydrates at 6 °C and 0.6% RH.

Chapter 6 addresses the structure of ferrinydrite, a nanodnestdtrric
oxyhydroxide that is positively identified on Mar and that has aedieic relationship
with ferric sulfate.

Chapter 7 is a summation of the state of ferric sulfate neédsd¢a date with a

perspective on future research directions and tasks.
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The appendix characterizes the crystal structure and therop@rpes of a new
ferric sulfate phase found as an intermediate product in the tloydraf trigonal

Fe(SQy)3 and in the dehydration process from ferric sulfate solution.
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Table 1.1 List of common ferric sulfates

Mineral name Formula

Reference

1. Fe(SQy)s - n KO

Mikasaite Fe(SQy)3 (rhombohedral)
(synthetic) FE(SOy)3 (Mmonoclinic)
(synthetic) FESOy)3 - 5H,O
Lausenite* FESOy)3 - 6H,0

Kornelite Fe(SQy)s- 7.25—-7.75 KO
Coquimbite FESOy)3 - 9H,O
Paracoquimbite  RESOy)3 - 9H,O
Quenstedtite FASQOy)3 - 11H,0

2. with hydronium or hydroxyls
Rhomboclase (D2)Fe(SQ); - 2H,0

Ferricopiapite FesASOy)s(OH), - 20H,O
Butlerite Fe(OH)(S® - 2H,0
Fibroferrite Fe(OH)(SQ - 5H.0O
Metahohmannite RO(SQ); - 4HO

Schwertmannite Fei6016(SOs)2(OH)12 - 10H0

3. mixed with other metal cations

Copiapite group  MFey(SOy)s(OH), - 20H,0

(M = Fe*, Mg**, C&h)
MFes(SOy)2(OH)s

(M = K", Na', H;0")
FEFe(SQy)s - 14H:,0

Fe“'Fe(SQy)s - 22H:,0

Jarosite group

Roemerite
Bilinite

(Christidis and Rentzeperis, 1976;
Miura et al., 1994)

(Christidis and Rentzeperis, 1975)
(Majzlan et al., 2005)
(Majzlan et al., 2005)
(Ackermann et al., 2009; Robinson
and Fang, 1973)
(Fang and Robinson, 1970)
(Ackermann et al., 2009; Robinson
and Fang, 1971)
(Thomas et al., 1974)

(Majzlan and Kiefer, 2006;
Mereiter, 1974; Peterson et al.,
2009)

(Fanfani et al., 1973; Majzlan and
Kiefer, 2006)

(Fanfani et al., 1971)

(Scordari, 1981)

(Scordari et al., 2004)

(Bigham et al., 1996; Fernandez-
Martinez et al., 2010)

(Majzlan and Michallik, 2007;
Susse, 1972)
(Inami et al., 2000)

(Fanfani et al., 1970)
(Hawthorne et al., 2000)

* Lausenite, with an empirical formula 804} - 6H,0, is suspected to be same with
the ferric sulfate pentahydrateJf20y); - 5H,O by Majzlan et al (2005).

¥ Schwertmennite is nanocrystalline and the structure is notestablished. For details
of the latest structural models, refer to Fernandez-Martinez et al (2010).
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Table 1.2 Ferric sulfates identified and suspected on Mars

Ferric sulfate Sites of occurrence Reference

Jarosite Meridiani Planum Klingelhofer et al. (2004)
Morris et al. (2006b)

Valles Marineris Milliken et al. (2008)
Mawrth Vallis Farrand et al. (2009)
Polyhydrated  Gusev Crater: Morris et al. (2006a)
sulfates, Paso Robles, Arad and Tyronne Johnson et al. (2007)
most probably Possibly widespread in subsurface Lane et al (2008)
ferricopiapite
Valles Marineris Milliken et al. (2008)
Juventae Chasma Bishop et al. (2009)
West Candor Chasma Mangold et al. (2008)
Meridiani Planum Gendrin et al. (2005)

Etched terranes

Fe3D3, possibly Meridiani Planum Morris et al. (2006)
schwertmannite Clark et al. (2005)
or Fe(SQ)(OH) Farrand et al. (2007)
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Figure 1.1. Crystal structure plot of ferricopiapite based onsthecture reported in
Fanfani et al (1973). Brown octahedra representsFg@ups; yellow tetrahedra
represent S@Ogroups; red spheres represent oxygen atoms; smaller grey spheresntepre
hydrogen atoms. An isolated,® and an HO bonded to Fe are shown in the picture
(Not all H,O in the structure are plotted for clarity). The OH group midepiapite is

located at the bridging oxygen site of two corner-shared; Be@hedra. Dashed lines
represent the lattice of the unit cell.
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Figure 1.2. The saturated water vapor pressure at temperatmes2f®o °C to 80 °C,
calculated from equations provided in Buck (1981). Note the saturgted p@essure is
not zero below the freezing point of water.
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Chou et al (2002)
Hemingway et al, (2003)
Malinin et al. (1979)
melantere( 100%F e) decreasing
melanterite{100%Fe) increasing
melanterite (83%Fe) decreasing
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T Ll T
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% Relative Humidity
Figure 1.3. RH-T phase diagram for melanterite-rozenite from Peters@rant(2005).

The solid, dashed and dotted lines represent this phase boundary meastneg in

independent studies from Chou et al. (2002), Malinin et al. (1979) and Heryireg\ah
(2003).
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Chapter 2

Phase Transitions of Ferric Sulfates at Room Teatpex and Different

Relative Humidity

This Chapter published as:

Xu, W.Q., Tosca, N.J., McLennan, S.M., and Parise, J.B. (2009) Humidity-inded
phase transitions of ferric sulfate minerals studied byn situ and ex situ X-
ray diffraction. American Mineralogist, 94(11-12), 1629-1637.

Abstract

Phases encountered in the hydration of monoclinic and trigonal anwisydr
Fe(SOy)3 and evaporation of HS0Oy); solutions were explored usimg situ andex situ
X-ray diffraction (XRD) under dynamic relative humidity (RH)ntrol at room
temperature (22 — 25 °C). Both monoclinic and trigonal forms gfSkg); remained
anhydrous at 11% RH or below, and underwent the following phase evolatjoarge:
anhydrous F£SQy); — (ferricopiapite, rhomboclase) kornelite— paracoquimbite at
RH between 33% and 53% as a function of time. Evaporation of aqueg&Ofe
solutions at 40% < RH < 60% resulted in precipitation of ferricopagid rhomboclase,
followed by a transition to kornelite and then paracoquimbite in p@giegation aging
processes at the same humidity levels. Evaporation at RH < 38&uced an
amorphous ferric sulfate phase. The presence of some feriateshifdrates and their

stability under varying RH are not only determined by the finahidity level, but also
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by the intermediate stages and hydration history (i.e, eifieericopiapite or

paracoquimbite can be a stable phase at 62% RH depending on th&ohyhistory).

The sensitivity to humidity change and path-dependent transitidiesriof sulfates make
them potentially valuable indicators of paleo-environmental conditmms past water
activity on Mars. The phase relationships reported herein cpnrhehderstanding the
diagenesis of ferric sulfate minerals, and are applicable tohgetdcal modeling of
mineral solubility in multi-component systems, an endeavor hinderetthédoyeed for

fundamental laboratory studies of ferric sulfate hydrates.

2.1. Introduction

An exciting result of recent Mars exploration is the observatiomyalfrated
minerals (including hydrous sulfate minerals and phyllosil®at¢hat constitute an
important fraction of sedimentary minerals on Mars (Bibringlgt2005; Gendrin et al.,
2005; McLennan and Grotzinger, 2008; Poulet et al., 2005; Squyres et al., 20G4).
presence of these hydrated minerals implies water once plaggghiéicant role in
Martian surficial evolution. Detailed understanding of the foromatstability and post-
depositional evolution of these minerals is crucial in reconstigictimcient Martian
environments.

Among these hydrated minerals, ferric sulfates are capablelding uniquely
detailed information on the environmental conditions of the past and pidsetidn
surface, because their stability is governed by important vasiablch as pH, redox

conditions, temperature (T) and relative humidity (RH). To da&teersl ferric sulfate
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minerals have been confirmed or strongly suspected at various @latiee Spirit and
Opportunity sites from Mossbauer or infrared spectroscopy datéyding jarosite
((Na,K,H:O) ' Fex(SQy)2(OH)s), rhomboclase ((D)Fe(SQ), - 3H,0), ferricopiapite
(Fer.6ASOw)6(OH), - 20H,0), fibroferrite (Fe(OH)(SQ - 5H,0), and schwertmannite
(Fe6016(S)2(OH);2 - 10H,0) (Farrand et al., 2007; Johnson et al., 2007; Klingelhofer
et al., 2004; Lane et al., 2008; Morris et al., 2006; Poulet et al., 2008etYa., 2008).
The presence of sulfate minerals in evaporative settings imgpligarmer, wetter and
more acidic environment might have existed in Mar’s early higityring et al., 2006;
Hurowitz and McLennan, 2007; King and McSween, 2005). Some workers have also
suggested that the formation and distribution of ferric sulfate raly@n the Martian
surface may be influenced by post-depositional diagenetic aqueoussa®¢Bibring et
al.,, 2007; Tosca et al.,, 2008). In addition, ferric sulfates found withis soithe
Columbia Hills and Inner Basin of Gusev Crater are likelpassed with hydrothermal
and fumarolic processes (Morris et al., 2008; Wang et al., 2008; Yen et al., 2008).
Sulfate minerals are known to display path-dependent phase tassds a
function of RH. For example, kieserite (Mg&O H,O) transforms to hexahydrite
(MgSQ, - 6H,0O) or epsomite (MgS®- 7H,O) when exposed to humid air, while
subsequent desiccation produces an amorphous phase rather than K\éseiitan et
al., 2004). These results suggest that kieserite might not occuacesphfluenced by
surface cycles of hydration and dehydration (Vaniman et al., 200d)jla®y, Fe-sulfate
minerals crystallize in multiple hydration states thatase sensitive to the changes in
RH. Furthermore, as we show in this study, Fe(lll) hydrolysia significantly

complicate hydration and dehydration reactions, and characteribege tcomplex
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reaction pathways allows ferric sulfates to be used as iamgottacers of paleo-
environmental conditions.

Two parallel experimental protocols were followed to study thegkthilities
and transformations in the ferric sulfate systemefl$ituRH equilibration of the sample
followed by characterization with powder X-ray diffraction (XRI[®) in situ monitoring
of changes in the diffraction signature as RH was varied. Wndex situmethod is
well suited for the study of long-term stability, situ XRD with dynamic RH control
provides a more efficient way to examine the details of phiaseges and to elucidate
transient phases that may form over the course of the reactenRH-controlledn situ
method was previously used to follow the phase transitions or stiuctumage of
inorganic clay minerals (Chipera, 1997) and sulfates, including Mgtsu{V/animan et
al., 2004), Fe(ll)-sulfate (Peterson and Grant, 2005) and Na-suliateo{i et al., 2006).
Previous studies conducted by Chou and Seal (Chou and Seal, 2003a; Chou and Seal,
2003b; Chou and Seal, 2005a; Chou and Seal, 2005b; Chou and Seal, 2007; Chou et al.,
2002) determined the equilibrium T and RH boundaries between neighbodragiby
states of several bivalent metal sulfates by measuring ¢ightvgain or loss caused by
hydration or dehydration. To date, little work has been donbaracterize the Fe(lll)-
sulfate interaction with water vapor, a common interaction in aoié ufrainage (AMD)
environments on Earth as well as on the Martian surface. Inttioig, sve explored the
stability and phase evolution among Fe(lll)-sulfate hydratesfasction of RH at room
temperature (22 — 25 °C). Results will also be used to estabtistabase which will

enable a more thorough understanding of the X-ray scattering belohf@ric sulfate
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minerals in order to robustly interpret data from the CheMin ingninon the Mars

Science Laboratory (Bish et al., 2007), which is scheduled to launch in 2011.

2.2. Experimental Methods

2.2.1. Sample preparation

Ferric sulfate (F€S(Oy)3) was selected as the starting material for hydration
experiments. It has two polymorphs: a monoclinic and a trigomase (Christidis and
Rentzeperis, 1975; Christidis and Rentzeperis, 1976). Only the trigoasé ihas been
found in nature as the mineral mikasaite (Miura et al., 1994). Tdmocfinic ferric
sulfate (M-Fe(SQy)s) used in this study was purchased from Alfa-Aesar (Puraftonic
99.998%, metals basis) and was used without further purification. Thedmlile was
verified to be M-FgSQOy); by powder XRD. The trigonal ferric sulfate (T-FeOy)s)
was prepared by heating the ferric sulfate hydrate from Baker (Baker Analyzé&d
Assay Fg(SO4) > 73.0%) at 350 °C for 2 hours. The purity and the anhydrous state of
the prepared trigonal H&O4) were further confirmed by XRD and thermogravimetric
analysis (TGA). The TG curve, shown in Figure 2.1, indicates ahvkeigs of less than
2% before the desulfation of the prepared trigonal3@4) at 640 — 750 °C. The final
desulfation product, determined to be pure hematiteefOs) from XRD, weighted
39.5% of the initial sample weight. The weight is consisterit thi¢ theoretical value of
40% calculated from the ratio of molecular weightsMW,, , /MW, o, -

The reason for the selection of anhydroug$®@4} as the starting sample is two

folded: first, it has the simplest stoichiometry in all fesidfates (Table 1.1 in Chapter
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1); second, the Fe/S ratio of 2/3 is representative of quite aripartant ferric sulfates
including coquimbite (F£SQOy); - 9H,O) and kornelite (F£SQy)s; - 7.25H0).
Coquimbite is the most commonly found ferric sulfate in AMD sitémmbor et al.,
2000). It is useful to explore the hydration ob({&€y,); under different RH to form the
more complex ferric sulfate hydrates. The result could beribes with a phase
evolution map (Levi, 1998), which is not necessarily related to the [{brgadibrium)
diagram. Phase evolution maps also characterize the intermgldésties encountered as
a function of time and other system variables (RH, T, Presstak, The ferric sulfate
hydration (or dehydration) evolution map will point out the different \walferric

sulfate phases depending on the path taken during the evolution of RH.

2.2.2.In situXRD with Dynamic RH control

Phase characterization was performed with two laboratory Xliffractometers,
each of which was equipped with custom-built sample chambers capfablemidity
control. A Bruker® General Area Detector Diffraction Sys{@&@ADDS) equipped with
a HI-STAR area detector was configured as shown in Figure 2.Ka €@aliation § =
1.7903 A), instead of the commonly usedK@Guradiation, was used to avoid Fe
fluorescence from samples. The diffractometer hagzdranslation stage on which is
mounted a Kaptdhpolyimide capillary enclosed in a sample environment chamber. A
V-Gen Il RH generator (InstruQuéstnot shown in the Figure 2.2) was used to
dynamically control the humidity in the sample chamber. The Bhkégator uses a so-
called two-temperature principle. The input gas, either aiX0gas, first flows into a

water bath at temperaturg, wWhere the water vapor reaches saturation pressure at T
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The vapor-saturated gas then passes through a condenser chamber atiutienTpéra <

T1). The gas is over-saturated atand part of the water vapor will be condensed into
liquid. The water vapor in the condenser chamber is now at the edtstate at I
Then the gas is transported out of the condenser chamber to the shapleer at
temperature 3 (T3 > T;). The RH in the sample chamber is determined bgnid &

following this equation:

rH = &(T2) 1006 (Eq. 2.1)
e,(T;)

e,(T,) is the saturated water vapor pressureagiide,(T,) is the saturated water vapor

—

pressure atd Tz > T, ensures,(T,) > €,(T,) so that no water vapor will be condensed

in the sample chamber or on the sample (Fig. 1.2 in Chapter 1).s Istdlly, F is room
temperature equals to ~23 = 1 °C. The required RH is achievedjlsstiag the T,
which is program-controlled.

Humid air generated from the V-Gen Il first passed throughatsealed transfer
tube, through a manifold and finally into a polyimide capillary (1 mmiameter) sealed
in an 8 cm long Kaptdhfilm chamber (Fig. 2.2). Sample powders, merged with the
amorphous borosilicate glass wool substrates, were loaded in thedtop the capillary.
The use of the substrate facilitates better contact with huimlzy anaximizing surface
area, and avoided blocking the air flow. During the experintieatairflow rate was set
to 100 cc/min. A hygrometer was placed just above the capitiamyeasure both T and
RH. To identify temperature gradients, an additional thermocoupleneasted in the

manifold to measure the air temperature before it entered theacapill
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2.2.3. Humidity-buffer method

In addition toin situ studies, samples were also stored at a range of RH levels
from 11% to 75% at room temperature (22 — 25 °C) to investigateiaesabver
prolonged time scales. The humidity-buffer method, where a satusatedolution
produces a stable RH, was used to control the RH inside the contaimenes powder
samples were disseminated at the base of a trial and stosdthvas in Figure 2.3. The
RH in the container is in equilibrium with the saturated salitewl (humidity buffer).
The equilibrium RH is specific to the salt, and varies with teatpee. Greenspan
(Greenspan, 1977) evaluated previous experimental data on varioustesatsadt
solutions, and estimated the equilibrium RH as a function of temperafable 2.1 lists
humidity buffer salts used in this study, along with the documentedhaadured RH for
each. The RH buffers were also used to test the calibrati®Hoprobe (Rotronic®,
Hygroclip SCO5; accuracy: £ 1.5 %RH, £ 0.3 °C at 23 £ 5 °C), usindugp S&milar to
Figure 2.3 except for provision of an opening in the cover for inserting the probe.

XRD patterns of the powder samples preserved in RH buffer eedie
periodically collected and analyzed with the Scintag PAD-Xa¥X-diffractometer. The
sample chamber on the Scintag (Fig. 2.4) differs from the oneeoBADDS instrument
in that it operates in Bragg-Brentano rather than Debye-Sclyggoenetry. The chamber
body is made from lucite with X-ray-transparent Kaftofim windows. The
hygrometer is placed 1 cm above the sample plate through the opettiegfront panel
to monitor RH and T. Two other openings on the panel allow mounting ofcaddiRH
and T probes, or used as gas inlet and outlet when dynamic RH ¢emieelded. Figure

2.4 shows the static RH control mode, achieved by simply placingnadity buffer
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inside the chamber. To collect XRD data, powder samples were yjtiakkferred into
the chamber, in which the RH was pre-adjusted to match the condisioile the RH
buffer cells, to prevent hydration or dehydration of the sample duldtg collection.
CuKa radiation & = 1.54178 A) was used throughout experiments performed on the
Scintag diffractometer which is able to discriminate Fe fluoregceBata were collected
using a step mode with a step size of 0.02° and a count rate of 3.0 seepstkp, and
analyzed for phase information. Table 1.1 in Chapter 1 servdte ggimary database
for phase identification. In cases there were peaks unable taléeed to the phases
listed in Table 1.1, an extensive search in Inorganic Crystal GteuBtatabase (ICSD)
and Powder Diffraction File (PDF) database would be performedePduaantification
was done by a rough Rietveld refinement (Rietveld, 1969) of the podRIE data using
the programs GSAS (Larson and Von Dreele, 2000) and it is gragpéréace EXPGUI
(Toby, 2001), where scale factors for each crystalline phase neéned with adjusted
cell parameters and specimen shift (zero correction) andgreéiles. An error of 10%

in estimated phase percentage is normally expected.

2.3. Results

2.3.1. Long-ternex situstudy using humidity-buffer method
2.3.1.1. Hydration of M-F£SOy)3

M-Fey)(SOy)s powder samples stored in different buffer cells at room T (22 — 25
°C) underwent different hydration pathways over time. Figure 2.5 shimsvevolved

ferric sulfate phases in different RH conditions versus storage. ti For identified
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crystalline phases, estimated weight proportions were given.ail®eaif the phase
evolution are described below.

The anhydrous state of M-K80,); appeared to remain stable over all reaction
times at 11% RH. At 33% RH, a slow transition to a mixture haimboclase and
ferricopiapite was observed. The mixture appeared to be a yadjgregate showing the
color of ferricopiapite. The crystallites were no larger tBapm, since no coherent
domains could be discerned under microscope. Rhomboclase finely intesgew
ferricopiapite so that its white color could hardly be seen underostope, but its
presence was confirmed by XRD. The same transition also adpeat3% and 53%
RH cells but with an increased transition rate, as indicatedhb proportions of
rhomboclase and ferricopiapite in the samples at 25 days. At #8%3% RH, the
mixture of rhomboclase and ferricopiapite subsequently transformed nelikerthen
paracoquimbite over longer times, as the color of the sampledt@irom yellow to white
and pinkish white that are colors of kornelite and paracoquimbigurd-2.6 shows the
change of the sample XRD pattern along this transition at 53% RH62% RH,
ferricopiapite formed as a wet yellow paste less than two détgs the hydration
experiment started. However, rhomboclase, which co-formed withdpiajaite at lower
RH, did not appear, probably because rhomboclase, a highly soluble niiresed et al.,
2007), was dissolved under this humidity level. This explanation was roexfiby arin
situ experiment on the GADDS showing the deliquescence point of rhoméowsias
between 58% and 60% RH at 25 °C. Also, the ferricopiapite pastétsvdbating liquid

appeared to be stabilized at 62% RH, did not transform to koraslgéown in 43% and

37



53% RH cells. At 75% RH, the sample was completely dissolneldaaclear amber

solution was formed.

2.3.1.2. Hydration of T-F£SQy)3

The phase evolution for T-K&Oy); at different RH levels involved the same
hydrate phases as identified in the M{5€,); experiments --- ferricopiapite,
rhomboclase, kornelite and paracoquimbite (Fig. 2.7). But this seagglistinct from
the hydration series of M-KH&Oy); (Fig. 2.5) in two ways: first, the T-H&O,); phase
absorbed water much more rapidly than M{B€&y)s. At 33%, 43%, 53% RH, T-
Fe(SQy)s turned to a solid-liquid suspensions within hours. Solid phases formed® afte
to 5 days. A higher water-absorbing rate could be related tdeaedf surface structure
or a smaller particle size thus larger specific surfa®a. The exact reason was not
further investigated in this study. The second difference thas an unidentified
intermediate phase(s) formed along with ferricopiapite and rhdadmat 43% and 53%
RH. Figure 2.8 shows the XRD patterns for the transformatiob8%tRH containing
this unknown phase. The XRD signature of this phase is further adtnesske
discussion part in this chapter. The Crystal structure of thepimase is addressed in

Appendix.

2.3.1.3. Dehydration from concentrated(S€y); solution
To study the evaporation of ferric sulfate solution and the rduignsiof the
observed phase changes in the hydration experiments, the clearnstbutned from T-

Fe(SQys in the 75% RH buffer cell was transferred to lower RH conditioi$e
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experimental set-up was as shown in Figure 2.3, except thattmgles were liquid
drops. The starting solution contains 41 wt. %($€y)s;. The concentration is
calculated by measuring the weight of starting 7($€x); and the resultant solution
equilibrated in the 75% RH cell. Figure 2.9 shows the evolution of ppesagpitated at
different RH along with post-evaporation phase evolution.

At 62% RH, ferricopiapite precipitated as a yellow paste mesoént of the
sample observed at the same RH during the hydration process of both anhydreus form
Fe(SQys. In the 53% and 43% RH cells, ferricopiapite and rhomboclase tedal
between 36 and 48 hours and no visible liquid phase remained. A slow tmaatsfarto
kornelite and paracoquimbite occurred thereafter, but ferricopiapitehantboclase still
dominated the overall phase assemblage after 60 days. At 33%d&kfjuid became
extremely viscous and gradually (25 — 30 days) solidified to formard transparent
amber-like amorphous material. Rhomboclase appeared after 50 daybsequent
reaction. At RH< 11%, the amber-colored amorphous solid formed within 24 hours
retaining the morphology of the starting liquid drops. No crystafiimeses formed over

two months of observation.

2.3.1.4. Dehydration of the ferricopiapite paste

The ferricopiapite paste stored in the 62% RH cell was loaded loat8dintag
Diffractometer with the RH inside the chamber stabilized at 53% by humiditgr{&ig.
2.3). XRD patterns plotted in Figure 2.10 were collected over 72 hours without removing
the sample. From beginning up to 12 hours, rhomboclase and kornelite fordhgicbwa,

while the ferricopiapite decreased. After 12 hours, rhomboclade pé@ak intensities
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began decreasing while kornelite peak intensities continued to iacrédter 60 hours,
kornelite was the only phase in the product with the rhomboclase arerticepiapite
phase both diminished. The kornelite product was then taken out of fitaetdiheter
and re-preserved in the 62% RH buffer cell. The sample sloelydrated to
paracoquimbite after months, instead of reverting to ferricopippsée with co-existing

liquid (Fig. 2.11).

2.3.2. Short-ternin situ study using RH generator
2.3.2.1. Hydration of M-F£SOy)3

Figure 2.12(a, b, c) shows the time-resolved XRD data collectedh@®@DS (Fig.
2.2) depicting the hydration of M-H&Oy)3 from 40% to 68% over 92 hours. The same
phase evolution sequence was observed as inexhsitu studies: M-FgSQy); 2>
(rhomboclase, ferricopiapite» kornelite at RH< 60%. At 68% RH, kornelite
diminished while ferricopiapite increased. Note that kornelite rgdlgeransformed to
paracoquimbite upon aging at 43%0RH < 62%, as reported in 2.3.1.1 to 2.3.1.4. The
apparent transformation from kornelite to ferricopiapite at &8% actually dissolution
of kornelite followed by re-crystallization of ferricopiapit&XRD data shown in Figure
2.12(d) indicates the subsequent dehydration at 60 — 50% RH produced kdroelite

the wet ferricopiapite, which is consistent with the result in 2.3.1.4.

2.3.2.2. Hydration of T-F£SQy)3
Figure 2.13 shows time-resolved XRD data collected on GADDS. (Ei2)

recording the hydration process of TA8); at 45% RH. The T-R€SO,); diffraction
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peaks disappeared rapidly as the starting sample hydrated toaf@uspension, as
observed in thex situexperiment. After 10 hours, both rhomboclase and ferricopiapite
began crystallizing. The peak & 2 12° could not be indexed to either rhomboclase or
ferricopiapite. This reflection has the same d-spacing (8.4 Ahe strongest reflection
from the unknown phase observed in the ex situ experiment (Fig. 2@&p thwat the
differences in 2 values shown in Figure 2.8 and 2.13 are due to different X-ray
wavelengths used on the Scintag K6y and GADDS (CK&oa) instruments. These
observations indicate this reflection very likely arises fromsdume unknown phase in
both experiments. Thex situexperiment result discovered in section 2.3.1.2 was well

reproduced.

2.4. Discussion

All experiments performed in this study were chemically canstd to the
simplest Fe-S@H,0 system: Molar ratio Fe/SQvas 2/3 as determined by the purity of

the starting material, and the amount gOHvas varied with RH.

2.4.1. Hydration series

At least five ferric sulfate hydrate phases were involvedhi tiydration of
Fe(SQy)s and subsequent dehydration experiments: ferricopiapite, rhomboclase,
kornelite, paracoquimbite and an unknown phase particularly found in the hydration of T-
Fe(SO),. One major difference from other metal sulfate hydsstg&tems is that the

hydrolysis strongly affects the ferric sulfate phase evolutidhis is manifested by the
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formation of hydronium-bearing rhomboclase and hydroxyl-bearingcépiapite from

anhydrous F£€S(Oy); exposed to water vapor:

10 Fe(SQy)s + 90 HO (9) ==> 3 FeedSO:)s(OH)2* 20H,0 + 6 (HO)Fe(SQ). - 3H0

(Eq. 2.2)

For the reaction with T-RESQy)s, the product side should also include the unknown
phase. The reverse reaction of equation 2.2 was not observed tudlis $he mixture
of the ferricopiapite and rhomboclase tends to neutralize eachtotleeentually form

kornelite:

3 Fa 6ASQ)s(OH), - 20H0 + 6 (HO)Fe(SQ)2- 3H,O <==> 10 FgSOy)3- 7.25H0

+ 17.5 HO(g) (Eq. 2.3)

The forward reaction happens at modest RH from 33% to 53%. The relaciics is
dependent on the RH as higher RH facilitates the forward reaétsoimdicated in Figure
2.5, the forward reaction proceeds more quickly at 53% RH than at 43%RMery
slowly at 33% RH and was not able to reach equilibrium after 1$6. ddhe reverse
reaction happens when the RH is higher than the deliquescence poimadit&dout still
lower than that of ferricopiapite (refer to section 2.3.2.1). Whileddde is not the most

stable form at the modest RH conditions, it does finally transform to paracoquimbite

Fe(SOy)s- 7.25H0 + 1.75 HO ==> Fe(SQy)s- 9H,0 (Eq. 2.4)
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The RH-T boundary between kornelite and paracoquimbite was natarprfocus of
the current study, although it can be concluded that the equilibriurehi@tdd be below
43% at 22 to 25 °C, since the hydration transition was observed iratigs (refer to

section 2.3.1.1).

2.4.2. Path-dependant reactions

The particular ferric sulfate phases formed are determineohnhpby the RH, but
also by the path taken to the final RH conditions. Results ilbee.3.1.1 and 2.3.1.2
showed that one-step hydration of the anhydrous ferric sulfate aR&2¥%roduced the
wet ferricopiapite paste, which was stable if there was nbdudhange in RH. On the
other hand, as shown in section 2.3.1.3, kornelite formed by dehydrating the
ferricopiapite paste at 53% RH transformed to paracoquimbiterrétiae back to
ferricopiapite when RH was re-elevated to 62%. We speculat¢hthalifference in the
pH of the coating solution might be responsible for ferricopiapitastoaming to
kornelite. When ferricopiapite was the only solid phase stabiazr&2% RH through a
one-step hydration of HSOy)3, the coating solution had to be acidic in order to balance
the hydroxyls in ferricopiapite (Ee{SQw)s(OH), - 20H,0), as the experiment system
should have no net hydroxyls. The pH of the coating solution was prostablyithin
the stability range of ferricopiapite, and therefore theepasuld be well preserved. The
paucity of coating solution and its close adsorption on ferricopiaptalpted a precise
measurement of pH by a probe method. The pH test paper attaclredhentvet

ferricopiapite indicated a pH value close to 1, fairly consistettit the predicted lower
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pH boundary for ferricopiapite at about 0 in previous modeling work (Mati@h, 2008;
Tosca et al., 2007). Reducing the RH to 53% evaporated more watea} soe coating

solution finally became sufficiently acidic to convert ferricopiapite to &loe

2.4.3. Dehydration series

Evaporation of concentrated 80,); solution is also affected by environmental
RH. At RH > 33%, ferricopiapite is the first solid phase tgstallize. Rhomboclase
may or may not precipitate, depending on whether the RH is lower tii@an
deliquescence point (58 — 60% at 25 °C). This precipitation process sarbal
described by Equation 2.1 in this chapter. Kornelite was not obs&wvedstallize
directly from solution in this study, but forms by subsequent &iberaof initially
crystallized ferricopiapite. At RH conditions from 43% to 62%, kommefradually
transforms to paracoquimbite over extended storage time (Fig. 2.5,nd.72.9),
Paracoquimbite appears to be the most thermodynamically statveofdierric sulfate
hydrate at this RH range. This initial precipitation ofit@piapite rather than kornelite
or paracoquimbite may provide insight into the polymerization processncentrated
ferric sulfate solution. Evaporation at < 33% RH results in themdton of amorphous
ferric sulfate. This may result from a high evaporation tetder low RH conditions
which reduces the water activity of the solution so quickly thahibits the formation of
any crystalline ferric sulfate hydrates. As the diurhatttiations of RH on the Martian
surface range broadly from 10% to 90% (Peterson and Wang, 2006), téfaie,sif

precipitated from a transient fluid phase formed under high RH congitrould most
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likely stay as the initial precipitation phase like ferricgii@ or the amorphous ferric

sulfate (Fig. 2.9).

2.4.4. The unindexed ferric sulfate phase

One of the transitional phases formed during the J[S&&)3; hydration process is
not identified. This phase appears as a white powder, whichfiresiatergrowth with
ferricopiapite and rhomboclase, and is therefore difficult to olatgpnre phase powder.

In the XRD data (Fig. 2.8) this unknown phase has two distinct low-gref&s at
d=16.7 A and 8.4 A). The relationship between the two d-spacings sutisesigher-

angle peak probably has an index twice that of the lower one (2h).2k@& comparison,
ferricopiapite has peak 010 (d=18.3 A) and 020 (d=9.2 A) to the left of thotee
unknown phase (Fig. 2.8). The unknown phase does not occur in the hydration of M-
Fe(SOy)s, which may imply a different hydration mechanism, probably due to the
structural difference of the two anhydrous ferric sulfate polymorghsAppendix, we

show the unindexed phase can also be formed by evaporating concdetrateslilfate
solution, though the synthesis was not reproducible. Crystal structure of thisphiase
addressed in Appendix.

Some known ferric sulfate minerals were not yet found in thidystsuch as
ferric sulfate pentahydrate (80Q,); - 5H,0O) (Majzlan et al., 2005), coquimbite [(Fe,
Al 2(SOy)3 - 9H,O] (Fang and Robinson, 1970) and quenstedtite($E®); -+ 11H0)
(Thomas et al., 1974). Of these, ferric sulfate pentahydratdatasfound as a phase
primarily formed at elevated temperatures, which will be addces detail in Chapter 3;

coquimbite, previously believed to be a polymorph of paracoquimbite, mawllgct
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require the presence of aluminum in the structure, while paracogeimkat pure ferric
phase (Majzlan et al., 2010). Furthermore, the relationship betidan(SO,); and T-
Fe(SQy)s is not yet clear, and no direct conversion between the two phasgst leen

found.
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Table 2.1. Humidity buffers used in this study

Humidity Buffer Reported equilibrium RH (%) RH measured in this
salts 20°C 25°C study (£1% error)

LiCl 11.31 +0.31 11.30 £ 0.27 11.4 at 23.5°C
MgCl, 33.07 £0.18 32.78 £0.16 33.7 at 22.8°C
K2(COs)2 43.16 +0.33 43.16 £ 0.39 42.9 at 24.3°C
Mg(NOs3), 54.38 +£0.28 52.89 +£0.22 53.0 at 22.4°C
NH4NO; 66.9* 62.7* 61.7 at 23.8°C

NaCl 75.47 +0.14 75.29 £ 0.12 74.3 at 22.8°C

* data were adapted from (Adams and Merz, 1929); others were from (Greenspan, 1977)
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Figure 2.1. TG and DSC (Differential Scanning Calorimetricladat the prepared
trigonal Fe(SQOy);. A DSC endothermic peak correlates with a weight loss at agtthd
to 750 °C, indicating the decomposition obfS,); forming hematite.
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Figure 2.2. The humidity chamber on GADDS diffractometer with dynamic RHatontr
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Figure 2.5. Phase evolution map of Mx{fS0,); under static RH. Figures in the pie chart
indicate the weight percentages of the phases present. Thaee &a¢ not given for
liquid phases, or the crystalline phase that coexists with a liquid.
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Figure 2.6. XRD data showing the hydration process of MSt&); at 53% RH.
Several peaks were marked with the initials of corresponding ahimames, either
followed by the index numbers in parenthesis or RoEerricopiapiteR: Rhomboclase;
K: Kornelite; P: Paracoquimbite. The change of peak intensities clearly shomwsse
transformation from ferricopiapite and rhomboclase to kornelite, then to paracoguimbit
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coexist with them.
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Figure 2.8. XRD data showing the hydration process of ,{S&&); at 53% RH.F:
FerricopiapiteR: RhomboclaseK: Kornelite; P: Paracoquimbitel): Unknown phase.
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percentages. These values are not given for amorphous or liquid pirakesgrystalline
phases that coexist with them.

60



K(210)

K(020) K(021)

K(200)

K:100%

K{220) K(11-1)

F(010)

F(1-1-1) _
Fi121) F:100%

F(01-1)

5 10 15 20

20

Figure 2.10.In situ XRD data showing the dehydration of the sample from 62% RH
bottle at 53% RH. Four lines indicate 0, 12, 36 and 60 hours stay at 53% RH from bottom
to top. Percentages are the weight proportions of each phasatedtifrom Rietveld
refinement. F: Ferricopiapite;R: RhomboclaseK: Kornelite. It can be seen that
rhomboclase crystallized at the beginning, but converted to kornelite after 60 hours
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Figure 2.11. XRD data showing kornelite transforming to paracoquirabi&2% RH.
Five lines indicate 0, 7, 23, 43 and 79 days preservation of kornelite poatdit% RH
from bottom to top. Percentages are the weight proportions of eaah gdtamated from
Rietveld refinementK: Kornelite; P: Paracoquimbite.
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Figure 2.12. The hydration process of M{S©,); as recorded by time-resolved XRD
data from the GADDS diffractometer. 6 2ange from 4° to 36.5° is plotted on the
horizontal axis. The vertical time axis is marked with the ®é&ps and their duration.
Some peaks are marked with the initials of corresponding minerasnand diffraction
index, F: FerricopiapiteR: RhomboclaseK: Kornelite, P: Paracoquimbite. Note that the
broad peak at 7° is produced by the scattering from Kapton® cgaltel the chamber
wall. (a). M-Fe(SQy); transformed to ferricopiapite and rhomboclase at 50% RH.
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Figure 2.12(b). Kornelite crystallized at 55% RH. Rhomboclase quididappeared
when RH was raised to 60%, indicated by a sudden drop of the peaktyngdrisl.3°
along with an apparent shift to highet, Zaused by the loss of R(020) contribution.
Ferricopiapite diffraction peaks also decreased slowly in iitfeas60% RH as kornelite
peaks intensified.
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Figure 2.12(c). Kornelite dissolution and ferricopiapite cryzafion with a residual
solvent phase as RH increased to 68%.
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Figure 2.12(d). The subsequent dehydration process reversed thgotrams(c) as
ferricopiapite transformed to kornelite.
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Figure 2.13. Time-resolved XRD data depicting the hydration B&TSOy); at 45% RH

at room T. The starting T-H&0Oy); dissolved quickly at 45% RH (lower patterns). At 10

hours, the XRD pattern has few diffraction peaks, indicatiragla df long-range order in

the sample, which corresponds to the intermediate suspension phaselQAfieurs,

Rhomboclase, ferricopiapite and a small amount of the unidentified phasgttallized

out (peak marked with U).
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Chapter 3

Phase Transitions of Ferric Sulfates at non-Roompkzature

and the RH — T phase diagram and phase evolutips ma

Abstract

Evolution of concentrated KH&O,)s solution, a process including both the
evaporation of the solution and the post-evaporation aging of the precipitategjdied st
at 2 °C and 50 °C under controlled relative humidity (RH). At 5@AG RH from 42%
to 47%, the starting solution underwent the following phase evolution sequence
Fe(SQy)s solution — (ferricopiapite, rhomboclase}» kornelite at 42% RH, or
paracoquimbite at 46 — 47% RH. At 2 °C and RH from 34% to 43%, theti@stof the
above sequence, the precipitation of ferricopiapite and rhomboclase veaseohdut
the subsequent combination, to form a single ferric sulfate hydhatee, did not occur
over 385 days. At both temperatures and RBil%, amorphous ferric sulfate formed.
The amorphous ferric sulfate was more stabilized at low RH tonslj e.g. RH< 11%,
than higher RH, at which it would transform to crystalline peasferhomboclase and
ferricopiapite, as observed at 31% RH and 50 °C. Combining thesiés resth our
previous study at room temperature (RT), the ferric sulfate ghadetion at 2 °C, 25 °C
and 50 °C were mapped and compared. Temperature (T) strongtys dfie ferric

sulfate evolution kinetics, and low T may delay the evolution fraaching an
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equilibrium state. Also, an RH and T-controlledsitu X-ray diffraction (RH-T-XRD)
method was used to study phase transitions of ferric sulfatetegdaa25 — 80 °C. A
dehydration of paracoquimbite 80,); - 9HO) to form ferric sulfate pentahydrate
(Fex(SQy)s - 5H0) was identified at 80 °C. These results are discussed wrdveously

constructed ferric sulfate RH — T phase diagram by Ackermann et al. (2009).

3.1. Introduction

Ferric sulfate minerals have been found at several locabtiethe surface of
Mars, including Meridiani planum (Farrand et al., 2007; Klingelhofex.e2004; Poulet
et al., 2008) and Gusev crater (Johnson et al., 2007; Lane et al., 200§; & er2@08)
where in situ measurements were performed by rovers, and also locations such as
Juventae Chasma (Bishop et al.,, 2009; Milliken et al., 2008) which were
spectroscopically scanned by orbiters. Ferric sulfates meagnore widely distributed
within or near Valles Marineris (Milliken et al., 2008). On Barerric sulfates are
mostly found at acid mine drainage (AMD) regions as secondamgrais deposited from
acidic sulfate waters formed by the oxidation or sulfide misefidmmarstrom et al.,
2005; Jambor et al., 2000; Nordstrom and Alpers, 1999). As shown in Chafaeic2,
sulfates are very hygroscopic and display complex phase transitiimschange of
humidity (Xu et al., 2009). These minerals exhibit the potential todeel to extract
detailed information on depositional and post-depositional environmentsutihiyg
requires a comprehensive knowledge of the mineral stabilityransitions as a function

of environmental variables including temperature (T), relative huyn{&H), pressure
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(P), atmospheric composition, etc. To date, most of the relevant ftasens are still
to be established. Majzlan and colleagues recently reportedatigmamic data for a
series of ferric sulfate minerals (Ackermann et al., 2009zMdajet al., 2006; Majzlan et
al., 2005) and constructed an RH-T phase diagram (Ackermann et al., 202@n\da
al., 2006; Majzlan et al., 2005). In Chapter 2, we reported the feunifate phase
transitions at room temperature (RT) under different RH conditioisest byex situand
in situ X-ray diffraction (XRD) methods. Here, we explore the evapmraof ferric
sulfate solutions and the subsequent phase changes at 2 °C and 50 °Qeausiage
method, and built the phase evolution map for ferric sulfate at the thfeerent

temperatures as a function of time and RH.

3.2. Experimental Methods

3.2.1. Sample preparation and thesitumethod

Concentrated ferric sulfate solution was prepared by deliquescihgdi@us
ferric sulfate at 84% RH and 25 °C in a potassium chloride humiditferbetll.
Humidity buffers are saturated solutions of a salt, e.g. KCI, wproduces a constant
RH in a closed space at equilibrium. The equilibrium RH is Spewfthe salt, and
varies with temperature. The setup of the humidity cell usddsrstudy was depicted in
Figure 2.3. The anhydrous ferric sulfate, prepared using é¢tieoeh described in Chapter
2, quickly hydrated to become a slurry after a few hours at 84%aRHtinally turned to
a clear brown solution with a constant weight after 7 days. Theeotaton of the

solution was calculated to be 40 wt. %,(&€y);. The solution was then stored in a
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series of humidity buffer cells in a laboratory refrigerand in an iso-temperature oven
set to 50 °C. The amount of the solution in each humidity buffer esllabout 1.5 — 2.0
g. The temperature fluctuation in the refrigerator was meassr@cb to 2.5 °C, and that
in the oven was measured as 51 to 52 °C. All humidity buffers ustulsistudy are
listed in table 3.1 with the reported and measured RH for each humidity buffer.

XRD patterns of the precipitates were collected on a Rigakim&HlVv
diffractometer that operates in Bragg-Brentano geometry andQugés radiation § =
1.54178 A). The diffractometer has a high-speed semiconductor element one
dimensional X-ray detector capable of energy discrimination noirgdite the effect of Fe
fluorescence (Szczygiel et al.,, 2009). Due to its relativelyrtsharvest time of a
diffraction pattern, usually less than 10 minutes, no control opasnvironment was
used for general sample identity check. A second XRD pattaas e@ollected
immediately after the first pattern for the same samplensure the sample was not
degrading or transforming to other phases during data collection.e Bhaatifications
were done with Rietveld refinement (Rietveld, 1969) using the progré@@sSGLarson
and Von Dreele, 2000) and it is graphic interface EXPGUI (Tob®91R0 In these
calculations scale factors, cell parameters, specimenasitifpeak profile parameters for
each crystalline phase were refined. Since determinatidimegbhase fraction was the
major objective, the atomic parameters for each phase week dt published values.

References for published ferric sulfate structures are listed ie Tabin Chapter 1.

3.2.2.In situRH-T-XRD method
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In situ RH-T-XRD experiments were performed on the Rigaku Ultimavith a
commercial environmental chamber and humidity control system edtéishi and
Toraya, 2004). Target RH was achieved by mixing dry and vgaterated nitrogen gas
of different proportions, and was under dynamic computer control. Tadrgeas
achieved by five cartridge heaters placed in the wall ofetheronmental chamber to
maintain a homogeneous thermal field inside, when a tempeadh&ethan room T was
needed. An RH probe was placed ~2 cm above the sample stagestwentba RH and
T in the chamber. The sample stage was also a differecdiahg calorimetry (DSC)
device. In preparation of a specimen, sample powder was spread @r#<0.25 mm
aluminum pan. Because ferric sulfate solution was found to oxitlin@raum at T > 70
°C, a kapton polyimide film was attached onto the aluminum pan to dueict contact
of the sample powder with the pan. For experiments performed afThitite gas T
measured by the RH probe had to be maintained as close to the sample TdriBathee
DSC thermocouple as possible to avoid thermal gradients; Rkbigst dependent on T
and the differential T was kept no larger than 1 °C throughout the mqeal run.
XRD data were continually collected during experiment with tke s€anning range
selected according to positions of the characteristic peatkee gthases of interest. The
scanning speed was optimized depending on the trade-off between rthketsigoise

ratio in each scan and the time resolution needed to reveal the transition process.

3.3. Results

3.3.1. Dehydration of RESOy)3 solution at 2 °C
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Table 3.2 lists the phases evolved from the($@&); solution at 2 °C and
different RH. The XRD patterns are shown in Figure 3.1. Yellowdt-like aggregates
resembling the “ferricopiapite + rhomboclase” assemblage formad% RH and 43%
RH after a storage time of 40 days at 2 °C. Little changheotolor or morphology of
the yellow aggregates was observed thereafter. XRD takemayB88b confirmed that
the products were still ferricopiapite and rhomboclase with no ptieses present. The
small variation of peak intensities between the XRD patternsatetl on day 265 and
day 385, such as pattednand patterre in Figure 3.1, may be due to sample preparation,
and not related to any real change of the amount of ferricopiapiterteomboclase.
Estimated weight proportions based on the Rietveld fitting df @attern were given in
table 3.2. At 57 % RH, a yellow ferricopiapite paste formed &fedays, and did not
evolve further in the remaining experiment time. The formatiorewfcbpiapite paste
was also observed at 62% RH and RT (Fig. 2.9 in Chapter 2. sdlations stored at
73% and 75% RH remained liquid. The solutions stored at 0% and 11% rigfbtraed
within 10 days to an amorphous solid retaining the morphology of theéngtéiquid
drops, and stayed in the amorphous state without a trend of transfdomengstalline

phases over 385 days (Fig. 3.1).

3.3.2. Dehydration of RLE5Qy)3 solution at 50 °C

Results of the dehydration of this solution are summarized in TaBland the
XRD data are plotted in Figure 3.2. Similar to the experimanBTaand 2 °C, initial
evaporation products from the X®80Q,)s; solution were either ferricopiapite and

rhomboclase or amorphous ferric sulfate, depending on the RH l@W&l.amorphous
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ferric sulfate formed at 0%, 11% and 31% RH, above which rhomboelade
ferricopiapite precipitated. At 31% RH, a clear amber-likedsbist formed within 2
days, and then turned dark and less uniform in color and transparRty data taken
after 20 days indicated the growth of rhomboclase from the amorphods #dler 40
days, ferricopiapite along with rhomboclase were observed in thelsa The
crystallization of the amorphous ferric sulfate to rhnomboclasealgasfound in a similar
aging experiment at RT and 33% RH after 50 days (Fig. 2.9 in @hapt where
ferricopiapite was not found to have formed. Clearly, high temperaitcelerated the
crystallization of the amorphous ferric sulfate at 30% RH. Tim@rphous sulfate
remained amorphous at 0% and 11% RH. At higher humidity, the inipedigipitated
rhomboclase and ferricopiapite combined to form kornelite at 42% Rldracoquimbite
at 46% and 47% RH. These transformations were also observed irs sitidRd and

similar RH levels (Fig. 2.5, 2.7 and 2.9 in Chapter 2).

3.3.3.In situRH-T-XRD results

We attempted to reproduce transformations observed gitustudies inin situ
experiments. RH and T can be adjusted continuously rather lestigcted to the few
RH levels set by humidity buffers. After phase evolution mappingx situstudies,n
situ studies allow the transition boundaries to be studied in more dBtaihcoquimbite,
kornelite, ferricopiapite and rhomboclase were studied. These samgiesobtained
from the products of previousx situ humidity cell experiments. A total of six
experiments were performed. RH-T steps in each experimetisted in Table 3.4 to

3.9 along with the corresponding phase transitions. The selections Bff ahdRduration
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at each step were aimed at giving a representative coverége BfRH domain: T from

50 °C to 80 °C, RH from 0% to 90%.

3.3.3.1. Paracoquimbite

The paracoquimbite is stable at 40 °C and 60 °C over a total of 29 hittuiRhv
ranging from 50% down to 4% (Table 3.4). At 80 °C, the transformatiom fr
paracoquimbite to crystalline §80Qy); - 5H,O was observed. The structure of(S€y);
- BH,O was recently characterized and suspected to be same agi@gy reported
mineral, lausenite (Majzlan et al., 2005). To avoid any confusio®, ctystalline
Fe(SQy)s - 5H,O is named as pentahydrate in this study. The initial detect
pentahydrate formation was at 30% RH in the RH downslope from 5@% tat 80 °C,
by the barely observable occurrence of the (021) reflection 38y. As RH continued
down to 3%, the growth of pentahydrate apparently halted as the @Rt}ion ceased
to increase Iin intensity. Meanwhile, the paracoquimbite peaks cottioudecrease,
indicating the instability of paracoquimbite under this low RH cooditi In the
following increase in RH, the growth of pentahydrate resumedO& RH. The
transformation was more rapid at medium RH (40 — 60%) and slowed dduwghar RH
(70 — 80%). The amount of paracoquimbite diminished after 18 hours exposaire t
humidity above or equal to 70% RH (Fig. 3.4). The temperature wasddweased to
60 °C and RH was varied from 80% to 4%. No change in the pentahjaratzl under
these conditions was found over 37 hours.

The paracoquimbite to pentahydrate transformation was repeatgdaudifferent

RH-T route (Table 3.5, Fig. 3.5). The result is consistent thélffirst run. At 80 °C and
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3% RH, the paracoquimbite peak intensity decreased with no pentahyuratther
crystalline phases forming, indicative of an amorphization prcaatedss condition. The
amorphization of paracoquimbite at the same RH and T condition s@a®laserved in
the first run (Table 3.4, Fig. 3.3), though the decrease of paracotgiipaaik intensity in

Figure 3.3 was not as prominent as in Figure 3.5.

3.3.3.2. Paracoquimbite and rhomboclase

A sample consisting of a mixture of paracoquimbite and rhomboadde 3.6)
showed no change from 1% to 50% RH at 50 °C. The rhomboclase startddmysat
60% RH, and the paracoquimbite remained and was not affectdtk listsolution of

rhomboclase.

3.3.3.3. Paracoquimbite and kornelite
A mixture of paracoquimbite and kornelite (Table 3.7) showed both ghase
remained at 30 °C from 10 to 68% RH. The kornelite gradually dissotvéd% RH,

while the paracoquimbite remained.

3.3.3.4. Ferricopiapite and rhomboclase

A mixture of ferricopiapite and rhomboclase crystallized frdra £e(SOy)s3
solution showed that upon increasing RH at 26 °C, the rhomboclase dissddz8d RH
and the ferricopiapite remained as a crystalline solid (T&8de Fig. 3.6). Upon
decreasing RH from 65% RH, paracoquimbite occurred at 55% RH aldhgthe

disappearance of the ferricopiapite (Fig. 3.7). The instalufityet ferricopiapite paste
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at dehydration was also observed in the previous study at RT, wigeferticopiapite
paste transformed to kornelite upon dehydration at 53% RH, as e@portsection
2.3.1.4. Different from that study, the transition product hegaracoquimbite rather
than kornelite. Direct transition from ferricopiapite and rhombectasparacoquimbite
was also found in theex situ experiment at 50 °C in this study. The formed
paracoquimbite began dissolving at 80% RH. Before it was €liigolved, RH was
lowered. Below 65% RH, the paracoquimbite XRD peaks intensified, thdjca re-
crystallization of paracoquimbite as a result of evaporationer Alfis step, T was raised
to 50 °C. The paracoquimbite was deliquescent at 70 — 75% RH. The seaspeen
allowed to totally dissolve at 75% RH before RH was loweredndokerricopiapite and
rhomboclase precipitated at 60% RH and 45% RH, respectivelg. r@sult is consistent
with the observed phase evolution sequenaexisituexperiments, where ferricopiapite
and rhomboclase were observed as the initial precipitates frg®@ solution.

The same starting sample, mixture of ferricopiapite and rhomsmclvas run
under a different RH-T route. T was set to 50 °C throughout theriexent (Table 3.9).
Paracoquimbite started to grow at 55% RH. At 60% RH, the amoutioofboclase
quickly diminished indicating deliquescence. The paracoquimbite growamitinued
while the amount of ferricopiapite decreased. At 70% RH, the paracbeidissolved
while the ferricopiapite remained. Upon decreasing RH, the amoufatrrafopiapite
increased slightly at 60% RH, and then decreased to zero at 50% andRM0%
Paracoquimbite and rhomboclase appeared at 50% RH and 40% RH,iveBp€€ty.
3.8). The extraordinarily strong intensity of the ferricopiap@20j and (030) Bragg

peaks and the weakness of the (01-1) and the (1-1-1) peaks at 60%r&Huedo the
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effects of preferred orientation (Fig. 3.8). Further, the diffee in dehydrating the wet
ferricopiapite in these two run is the formation of rnomboclase is¢hend run (Fig. 3.7
and 3.8). The mixture of rhomboclase and paracoquimbite was alsevaxbseitheex

situ experiment at 50 °C and 46% RH (Table 3.3). The presence of rhongboclas
((HsO>")Fe(SQ), - 2H,0) without ferricopiapite (FasASQs)s(OH), - 20H,0) is difficult

to understand, considering the starting(§€y)3; solution has no net protons. This means

if rnomboclase, which contains protons in its structure, crystallian OH-bearing phase

is supposed to form to keep the net protons in the system to be @&®.possible
explanation is the presence of an OH-bearing amorphous phase irxtinenwhich can

not be easily verified by XRD.

3.4. Discussion

3.4.1. Phase evolution of K80y); solution

Figure 3.9 (a, b, c) illustrates the phase evolution of contedtiae(SQOy)s;
solution at 2 °C, 25 °C and 50 °C as a function of RH and time. allAthree
temperatures, depending on the RH, there are four initial sta)eBe(SQy); solution;
(2) ferricopiapite + solution; (3) ferricopiapite + rhomboclase; d#)orphous ferric
sulfate. The first state, K&Oy)3 solution, is stable at RH > 70%. The second state,
ferricopiapite + solution, forms at RH between about 60% and 70%, and keuld
stabilized if there were no further changes of RH. Thenent solution has to be acidic
to balance the hydroxyl group in the ferricopiapite; @& 0,)s(OH), - 20H,0) structure

in order to maintain zero net hydroxyls in the system. The paotitemnant solution
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and its close adsorption on ferricopiapite prohibited an effectiveunement of pH by a
probe method. A pH test paper attached onto the wet ferricopilagitated a pH close
to 1, higher than the predicted lower pH boundary for ferricopiapiteafitomat about O
from previous modeling work (Marion et al., 2008; Tosca et al., 2007) hwéxplains
why the “ferricopiapite + solution” state could remain stablthist RH range. Note the
“ferricopiapite + solution” state was not observed ingResituexperiment at 50 °C, due
to the limited RH levels set by available humidity buffers. tBig state was observed in
thein situ experiment (Table 3.7 and 3.8).

The third state, ferricopiapite + rhomboclase, formed at about 35% < 5%,
as an apparently homogeneous yellow aggregate. This state tabtetas the RH range
it is formed, and will evolve to kornelite or paracoquimbite dependmthe RH and T.
The evolution kinetics is also affected by RH and T. At 25 °C and p@/Hlite tips were
seen growing on the yellow aggregates after one to two months. Whéseminerals
could be kornelite or paracoquimbite depending on the RH (Fig. 3A8)2 °C, the
combination of ferricopiapite and rhomboclase could be preserved owear avithout
further transformation, indicating kinetic inhibition. The effect RH on reaction
kinetics is also remarkable. Within the RH range from 35% to 55§hehiRH always
accelerates the reaction of ferricopiapite with rhomboclases fBaiction is probably a
dissolution and recrystallization process in the microscopie sadlere locally dissolved
rhomboclase releases strong acid that destabilized ferricapiapligher RH increases
the probability of local dissolution and thus facilitates the tansdtion to a more stable

single hydrate phase like kornelite or paracoquimbite.
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The fourth state, hydrated amorphous ferric sulfate, forms at<B®o. An
empirical formula of FESOy)3 - 5.5 HO is obtained by quantifying the water content
with thermogravimetric analysis. This state was not observedbtoesto any crystalline
phases at 11% RH or below, but at RH > 30%, rhomboclase and ferriced@pit.

This transformation proceeds more quickly at higher T.

3.4.2. RH-T phase diagram

Ackermann et al (2009) provided a RH-T phase diagram s£f5Bg)3; based on
thermodynamic measurements. Figure 3.10 is a reproduction pfdthgiam with the
experimental data from this study overlain. Two rectangl&O&C mark the result of
the in situ experiment on paracoquimbite. The one extending from 20% to 80% RH is
the observed transition from paracoquimbite to pentahydrate. Aneittangle from 0
to 10% RH shows the amorphization of paracoquimbite. Also, the growth of
pentahydrate was halted at this RH range. The squab#s ‘& mark the results @&x
situ experiments. The open squares at 42% RH and 50 °C shows the evaporation of
Fe(SQy)s solution evolving to kornelite, consistent with the predicted kornelitbles
field. The solid square marks the formation of paracoquimbite atRE%nd 50 °C,
which suggests paracoquimbite should be the stable phase at thisooondhe phase
boundary between the kornelite and paracoquimbite should go betwesslithequare
and the open square. Two open triangles at 23 °C marks the formatioaafqpambite
observed inex situdehydration experiment at RT, and they are within the predicted

paracoquimbite field. So owx situexperiment results generally agree with the phase
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diagram based on thermodynamic data, with the caveat that theitespaehcoquimbite
phase boundary be moved to include the solid square in the paracoquimbite stable field.

Thein situexperimental results at 80 °C, the transformation from paracoqgeimbit
to pentahydrate from 20% to 80% RH, does not correlate well withhthge diagram by
Ackermann et al. (2009), as the conditions transforming to pentakyalpparently cross
into the kornelite stability field (Fig. 3.10). It is possiblettkarnelite can not be formed
through dehydrating paracoquimbite, which only produces pentahydrate. ofbgeref
these results do not reject the presence of a kornelite fiéld &€. But the boundary
between pentahydrate and kornelite certainly needs more charaitirriza

Also marked in Figure 3.10 are two solid triangles showing theguiscence of
paracoquimbite observed in situ experiments. A deliquescence line should be placed

around 70% to 80% RH to show the solid-liquid phase boundary.

3.4.3. Implication for ferric sulfates on Mars

The current Martian surface is exposed to temperature fi&® *C to 20 °C,
ultraviolet radiation and relative humidity from 100% down to almosi depending on
latitude, season and time of day. The Martian atmosphere consists mosily aricChas
an atmospheric pressure of 6 mbar with 50% variance. Of thegeoremental
parameters, the Gtmosphere is unlikely to affect the chemistry of the BeflIi$Q, —
H,O system, since the concentrated(56y)s solution is very acidic (pH ~ 1) and no
carbonates can precipitate. The total atmospheric pressure shoblel aatirect factor
affecting stability of hydrated minerals. Instead, the paptiessure of water vapor is

likely to be the key factor. In our study, the water vapor pressure imei@idzed as RH,
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the vapor pressure divided by the saturated vapor pressure dtcalgatemperature.
RH, which is also a better parameter to use than the absoltée veor pressure
because it represents water activity directly related toepbagsilibrium. The ultraviolet
radiation is not considered here, but has been investigated in aulessshowing no
obvious effects on stabilities of hydrate minerals (Cloutis et al., 2008; €ktwai., 2007;
Yen et al., 1999). Cloutis et al (2008) found ultraviolet light mighhamce the
dehydration of hexahydrite (MgQ©6H,0).

Temperature is surely an important factor to mineral stlsihd evolution. The
current study only covers temperature above ice point, with someapwveith the
highest temperatures found in Martian equatorial regions during sumoo® time.
Though not covering most of the temperature range present ontMaesjaporation and
phase transitions studied from 2 to 80 °C could be used to predict the bejideioic
sulfates and the solution at lower T. An effect of low T drématically slowed down or
hindered the evaporation of £80,); solution and subsequent evolution to the final
stable state, most probably paracoquimbite. As shown in the thodgien maps in
Figure 3.9, the third initial evolution state, the mixture of é@piapite and rhomboclase,
sustained for at least a year without further transitions’&t 2Even longer preservation
of this initial state can be expected at lower T. Theeseffect was also observed for the
transition from the amorphous ferric sulfate to crystalline phaddence these initial
evolution phases, ferricopiapite, rhomboclase and amorphous ferrie arkavery likely

to be identified on Mars, though they do not appear in the phase diagram.
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Table 3.1. Humidity buffers used in this study

RH buffer salt Reported equilibrium RH (%) at different T
0°C 5°C 20 °C 25 °C 50 °C 55 °C

LiCl 11.23 £ 0.54 11.26 + 0.47 11.31 +0.31 11.30 £ 0.27 11.10 £ 0.22 11.03 £ (.23
MgCl, 33.66 + 0.33 33.60 £ 0.28 33.07 £ 0.18 32.78 £ 0.16 30.54 + 014 29.93+0.16
K2(CO3), 43.13 £ 0.66 43.13 £ 0.50 43.16 + 0.33 43.16 £ 0.39 n/a n/a
Mg(NOs3), 60.35 + 0.55 58.86 + 0.43 54.38 + 0.28 52.89 £0.22 45.44 + 0/60 n/a
NHsNO; n/a n/a 66.9* 62.7* 48.1* n/a
NaNG; n/a 78.57 £ 0.52 75.36 £ 0.35 74.25+0.32 69.04 +0.42 68.15 + 0.49
NaCl 75.51+0.34 75.65 + 0.27 75.47 +0.14 75.29 +0.12 74.43 £ 0|19 74.41 +0.24
KCI 88.61 + 0.53 87.67 + 0.45 85.11 + 0.29 84.34 £ 0.26 81.20 + 0,31 80.70 + 0.35

RH measured in this study (+1.5% error)
LiCl 11.4at1.5°C 11.4 at 23.5 °C 11.3at51.0 °C
MgCl, 34.0at 1.7 °C 33.7 at 22.8 °C 3l.1at51.5°C
K2(COs), 43.3at 1.6 °C 42.9 at 24.3 °C 42.4 at 52.1 °C
Mg(NOz3), 57.4at 1.7 °C 53.0 at 22.4 °C 45.9 at 51.8 °C
NHsNO; 73.0at1.9°C 61.7 at 23.8 °C 46.8 at 51.4 °C
NaNG; n/a n/a 69.0 at 51.0 °C
NaCl 749 at 2.0 °C 74.3 at 22.8 °C 73.9 at 51.8 °C
KCI n/a 84.0 at 23.0 °C n/a
Drierite® 0.0at 1.0 °C 0.0 at 22.1 °C 0.0 at 50.9 °C

* data were adapted from (Adams and Merz, 1929); others were from (Greenspan, 1977)
¥ drierite is essentially CaSOwith CoChb as a moisture indicator.
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Table 3.2.

Evolved phases from the(S€)); solution at 2 °C and different RH.

RH (%) | Phases at 265 days (wt. %) Phases at 385 days (wt. %)
0 amorphous ferric sulfate amorphous ferric sulfate
11 amorphous ferric sulfate amorphous ferric sulfate
34 rhomboclase (61) rhomboclase (63)
ferricopiapite (39) ferricopiapite (37)
43 rhomboclase (43) rhomboclase (31)
ferricopiapite (57) ferricopiapite (69)
57 ferricopiapite ferricopiapite
coating solution coating solution
73 solution solution
75 solution solution
Table 3.3. Evolved phases from the(B5€)); solution at 50 °C and different RH.
RH (%) |Phases at 20 days (wt. %) Phases at 40 days (wt. %)
0 amorphous ferric sulfate amorphous ferric sulfate
11 amorphous ferric sulfate amorphous ferric sulfate
31 rhomboclase rhomboclase (86)
amorphous ferric sulfate pentahydrate (14)
42 rhomboclase (60) rhomboclase (48)
ferricopiapite (40) ferricopiapite (41)
pentahydrate (11)
46 rhomboclase (50) rhomboclase (35)
ferricopiapite (50) paracoquimbite (65)
47 rhomboclase (42) rhomboclase (13)
ferricopiapite (58) paracoquimbite (87)
69 solution solution
74 solution solution
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Table 3.4. In situ RH-T experiment --- paracoquimbite -1

ly

T(°C) | RH and time Phase change
40 50%, 2 hrs; 40%, 2 hrs; 30%, 2 hrs;| Starting: Paracoquimbite
20%, 2 hrs; 10%, 2 hrs; 4%, 7 hrs | No change
60 50%, 2 hrs; 40%, 2 hrs; 30%, 2 hrs;| No change
20%, 2 hrs; 10%, 2 hrs; 4%, 2 hrs
80 50%, 2 hrs; 40%, 2 hrs; 30%, 2 hrs;| Paracoquimbite decreased slightly
20%, 2 hrs; 10%, 2 hrs; 3%, 2 hrs | Pentahydrate formed at 30% RH
(Fig. 3.3)
80 3%, 2 hrs; 10%, 2 hrs; Paracoquimbite decreased slight
Pentahydrate growth halted
80 20%, 2 hrs Paracoquimbite decreased slightly
Pentahydrate continued to increase
(Fig. 3.4)
80 30%, 2 hrs; 40%, 2 hrs; 50%, 2 hrs;| Paracoquimbite decreased
60%, 2 hrs Pentahydrate increased
80 70%, 2 hrs; 80%, 2 hrs; 70%, 3 hrs;| Paracoquimbite decreased slowly
80%, 5 hrs Pentahydrate increased slowly
80 70%, 6 hrs Paracoquimbite diminished
Pentahydrate remained (Fig. 3.4)
60 80%—> 10%, 10% RH change per | No change
step, 3 hrs stay at each step
60 4%, 3 hrs No change
60 70%, 4 hrs; 75%, 7 hrs; 80%, 3 hrs No change
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Table 3.5. In situ RH-T experiment --- paracoquimbite -2

T(°C) | RH and time Phase transformation
50 80%—> 10%, 10% RH change per | Starting: Paracoquimbite
step, 2 hrs stay at each step No change
50 5%, 2 hrs No change
60 4%, 3 hrs No change
70 3%, 3 hrs No change
80 3%, 3 hrs Paracoquimbite decreased
(amorphization; Fig. 3.5)
80 10%, 3 hrs; 20%, 3 hrs Paracoquimbite decreased
80 30%, 3 hrs; 40%, 3 hrs; 30%, 3 hrs Paracoquimbite decreased
Pentahydrate formed at 30% RH
80 20%, 3 hrs; 10%, 3 hrs; 1%, 3 hrs Paracoquimbite decrease slight
Pentahydrate increase halted
60 10%-> 80%, 10% RH change per | No change
step, 3 hrs stay at each step
60 70%, 3 hrs; 60%, 3 hrs No change
80 70%, 3 hrs; 80%, 3 hrs; 70%, 3 hrs No change
80 60%, 3 hrs; 50%, 3 hrs; 40%, 7 hrs Paracoquimbite decreased

Pentahydrate increased
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Table 3.6. In situ RH-T experiment --- paracoquimbite and rhomboclase

T(°C) | RH and time Phase change

50 30%, 2 hrs; 20%, 2 hrs; 10%, 2 hrs;| Paracoquimbite and rhomboclase
1%, 4 hrs; 20%, 2 hrs; 30%, 2 hrs | No change

50 40%, 2 hrs; 50%, 2 hrs; 60%, 2 hrs;| Paracoquimbite remained no chang

70%, 3 hrs

Rhomboclase diminished at 60%

(deliguescence)

Table 3.7. In situ RH-T experiment --- paracoquimbite and kornelite

e

T(°C) | RH and time Phase change
30 10%, 2 hrs; 20%, 2 hrs; 30%, 2 hrs;| Paracoquimbite and kornelite
40%, 2 hrs; 50%, 2 hrs; 60%, 2 hrs | No change
29 68%, 2 hrs; 70%, 4 hrs Paracoquimbite remained no cha

Kornelite diminished at 70%

(deliquescence)

Inge
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Table 3.8. In situ RH-T experiment --- Ferricopiapite and rhomboclase -1

45%, 4 hrs; 40%, 20 hrs

Rhomboclase formed at 45% RH

T(°C) | RH and time Phase change
26 60%, 2 hrs Ferricopiapite and rhomboclase
No change
26 65%, 2 hrs Ferricopiapite remained no change
Rhomboclase diminished
(deliguescence) (Fig. 3.6)
26 70%, 2 hrs; 65%, 3 hrs; 60%, 3 hrs Ferricopiapite remained no change
26 55%, 3 hrs Ferricopiapite diminished
Paracoquimbite formed
(Fig. 3.7)
26 50%, 3 hrs; 45%, 3 hrs; 40%, 2 hrs;| No change, only paracoquimbite
30%, 3 hrs
26 60%, 1 hrs; 65%, 3 hrs; 70%, 3 hrs No change
26 75%, 4 hrs; 80%, 3 hrs; 75%, 2 hrs;| No change
70%, 2 hrs; 65%, 2 hrs
28 80%, 2 hrs; 81%, 2 hrs Paracoquimbite decreased slowly
(deliquescence)
28 81%, 3 hrs; 84%, 2 hrs Paracoquimbite decreased
26 75%, 3 hrs; 70%, 3 hrs No change
26 65%, 3 hrs Paracoquimbite increased
26 60%, 3 hrs; 55%, 3 hrs; 50%, 3 hrs Paracoquimbite increased
50 30%, 2 hrs; 40%, 2 hrs; 50%, 2 hrs;| No change, still paracoquimbite
60%, 2 hrs, 63%, 2 hrs
50 70%, 6 hrs Paracoquimbite decreased slowly
(deliguescence)
50 75%, 6 hrs Paracoquimbite diminished
50 70%, 2 hrs; 65%, 3 hrs No change
50 60%, 4 hrs; 55%, 4 hrs; 50%, 4 hrs;| Ferricopiapite formed at 60% RH
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Table 3.9. In situ RH-T experiment --- Ferricopiapite and rhomboclase -2

T(°C) | RH and time Phase change

50 40%, 3 hrs; 45%, 3 hrs; 50%, 3 hrs Ferricopiapite and rhomboclase
No change

50 55%, 3 hrs Paracoquimbite formed

50 60%, 3 hrs Paracoquimbite increased

Ferricopiapite decreased
Rhomboclase diminished
(deliguescence)

50 65%, 3 hrs No change

Only ferricopiapite and

paracoquimbite

50 70%, 6 hrs Paracoquimbite diminished
Ferricopiapite remained

50 60%, 3 hrs Ferricopiapite increased

50 50%, 3 hrs Ferricopiapite decreased

Paracoquimbite formed

50 40%, 3 hrs Ferricopiapite diminished
Paracoquimbite increased

Rhomboclase formed
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5 10 15 20 25 30

5 10 15 20 25 30
2-theta

Figure 3.1. XRD data of the evolved phases at 2 °C. Pattern (aRH,%ay 385; (b)
34% RH, Day 265; (c) 34% RH, Day 385; (d) 43% RH, Day 265; (e) 43% Ry 3B5;

() 57% RH, Day 385. Peaks are marked with mineral name iniRaler rhomboclase,
F for ferricopiapite.
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RR

RRR

5 10 15 20 25 30
2-theta
Figure 3.2. XRD data of the evolved phases at 50 °C. PatteBi¥&)RH, Day 20; (b)
31% RH, Day 40; (c) 42% RH, Day 20; (d) 42% RH, Day 40; (e) 46%D¥y, 20; (f)
46% RH, Day 40; (e) 47% RH, Day 20; (f) 47% RH, Day 40. Peaksnarged with
mineral name initials: R for rhomboclase, F for ferricopiapitefor kornelite, P for
paracoquimbite.
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was collected at 70% RH showing the complete transformation to pentahydrate.
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Figure. 3.9 (a) Phase evolution map of concentratgbBg); solution at (a) 2 °C, (b)25
°C and (c) 50 °C.
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Figure 3.9 (b) Phase evolution map of concentrate(5Bg); solution at (a) 2 °C, (b)25
°C and (c) 50 °C. Note that slash boundaries show the occurretive pihase on the
right side, but do not mean extinction of the previously formed phasesex&mple, the
triangle at 60 days and 53% RH drops in the region of kornelite, bisathple at this
stage still contain ferricopiapite and rhomboclase, other than kornelite.
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Figure 3.9 (c) Phase evolution map of concentrateSEx); solution at (a) 2 °C, (b)25
°C and (c) 50 °C.
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Figure 3.10. RH — T phase diagram for(5€y); reproduced from Ackermann et al.
(2009) with added observations in this study. The rectangle at 80té6dag from
20% to 80% RH is the observed transition from paracoquimbite to perddédydThe
rectangle from 0 to 10% RH is the amorphisation of paracoquimbite.op&n squares
at 50 °C marks the evaporation ohL{&0,); solution evolved to pentahydrate. The solid
square at 50 °C shows the formation of paracoquimbite. Two open tgaagk3 °C
marks the formation of paracoquimbite observeeXsitudehydration experiment at RT.
Two solid triangles showing the deliquescence of paracoquimbite otserve situ
experiments. The circle is the formation of kornelite as obseby Chipera et al.
(2007). The diamond is the formation of pentahydrate as observedkieymenn et al.
(2009).
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Chapter 4

(H:0)Fe(SQ), Formed by Dehydrating Rhomboclase and Its Potentia

Existence on Mars

This Chapter published as:

Xu, W.Q., Parise, J.B. and Hanson, J. (2009) @@)Fe(SQ,), Formed by
Dehydrating Rhomboclase and Its Potential Existence on Mars. rAerican
Mineralogist, 95(10), 1408-1412.

Abstract

The phase transitions in the 2 Fe(lll) — 3,5 H,O system were described in
Chapter 2 and Chapter 3. In this Chapter, we focus on the Fe(lli3&, 2 n H,O
system with a Fe/S ratio equal to %2. A representative phase in this systesmboclase
with a formula (HO,)Fe(SQ), - 2H,O. The stability of this mineral phase was explored
under different temperature (T) and relative humidity (RH) conditiortee rhomboclase
transforms to a solid crystalline phase;@hFe(SQ). upon dehydration. The structure
of (H30)Fe(SQ), is found to be the same as a recently reported structunendetd
from single crystal diffraction by Peterson et al. (2009), who hegited the same
compound using a hydrothermal method. The phase boundary between rhonmdatlase
(H30)Fe(SQ), as a function of T and RH was determined by environment-contialled
situ X-ray diffraction (XRD) method. The stability of B)Fe(SQ). vs rhomboclase

was further evaluated under a simulated Martian condition of cuns®o RH, T = -
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20 °C, and 6 mbar of GO Both phases remained after 14 days with no observable
transitions. This result suggests that hydrate ferric sulfiaterals might not respond to
diurnal RH fluctuation under the extremely slowed kinetics exgeote the Martian

surface.

4.1. Introduction

Rhomboclase, (#D.)Fe(SQ), - 2H,O, is a common secondary ferric sulfate
mineral found in acid mine drainage (AMD) regions (Buckby et al., 2B@8ymarstrom
et al., 2005; Jambor et al., 2000; Keith et al., 2001; Nordstrom and Alpers, TBS).
mineral is also suggested as a potential hydrated ferfatesuh the sulfur-rich soils at
Gusev Crater on Mars (Johnson et al.,, 2007; Lane et al., 2008; Yen 220&), In
laboratory studies, rhomboclase is found in evaporites of a broma themically
weathering synthetic Martian basalts (Hurowitz et al., 2005;a 'asd McLennan, 2009;
Tosca et al.,, 2004). Ferric sulfates, including rhomboclase, aretisenso
environmental changes such as relative humidity (RH) and tempef@juand thus can
act as mineral indicators of current and past sedimentary enwdrdamPrecipitates from
aqueous Fe(ll)-SEH,O systems were studied previously (Jonsson et al., 2006; King
and McSween, 2005; Marion et al., 2008; Tosca et al., 2007). Rhomboclasegtesipi
at pH < -1.8 (Marion et al.,, 2008), lower than the pH of solution from which
ferricopiapite  (FgsASOy)s(OH), - 20H0) (-1 < pH < 1) and jarosite
((K,Na,HsO)Fe&(OH)s(S04)) (1 < pH < 3) precipitate (Jonsson et al., 2006; Tosca et al.,

2008). In field studies, rhomboclase is found to be stable in contéctvader -3.6 < pH
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< 2.5 (Jambor et al., 2000). Though primarily precipitating atreifiiepH conditions, a
laboratory study has shown rhomboclase and ferricopiapite can dpHaitec by
evaporation of a ferric sulfate solution with molar ratid*f20,% = 2/3 (Xu et al., 2009).
The mixture of rhomboclase and ferricopiapite may combine to fornekiFe(SQy)3

» 7.25H0) and paracoquimbite (K&Oy)s * 9H,0) in the diagenesis process (Xu et al.,
2009). Conversion of ferricopiapite to rhomboclase was also observed) dhen
dehydration of ferricopiapite, probably due to a subtle change of emardal acidity
(Freeman et al., 2009). Thermodynamic data for a series af &iifates are recently
reported by J. Majzlan and colleagues (Ackermann et al., 2009]javiagt al., 2006;
Majzlan et al., 2005; Majzlan et al., 2004) and these data help exipbophase stability
relations in the Fe(lll)-SEH,O system. Here we evaluate the stability of rhomboclase
with changes of RH and T, and find a transition to a dehydrated pka&€FE€(SQ)..
Powder XRD shows the dehydrated phase has the same strigctioat r@cently reported
from a single crystal (§D)Fe(SQ). (Peterson et al., 2009), synthesized hydrothermally
at 140 °C. Further experiments under simulated Martian conditions sedjgbe

dehydrated phase may exist on the current Martian surface.

4.2. Experimental Methods

4.2.1. Sample preparation
Rhomboclase was synthesized according to methods described itertégeire
(Majzlan et al., 2006): mixing 2 g of anhydrous ferric sulfaté,g of water and 2.5 g of

sulfuric acid (95.9% 5O, by mass) to produce a solution. The solution was evaporated
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at ambient conditions (20 °C, 10-30% RH). A white solid forming dftexe days was
confirmed as rhomboclase by XRD. The product was vacuumefiltand rinsed with
deionized water and ethanol to remove any surfag&OiHand then dried in air. The
yield was calculated as 68% based on the amount of Fe used syritiesis. The

preparation of anhydrous ferric sulfate was same as described in Chapter 2.

4.2.2. Thermal Analysis

Thermogravimetric (TG) and differential scanning calorinee{)SC) analysis
were performed on a Netzsch STA 449C Jupiter® simultaneous TG-PB&atus.
Powder sample of freshly prepared rhomboclase was loaded in an alumibbe amith a
hole in the cover for gas release, and heated from room tempecaB@@ tC at a rate of

3 °C/min under Nflow.

4.2.3. Temperature-resolved XRD

In situ synchrotron XRD data were collected at the X7B beamline atl#tenal
Synchrotron Light Source, to follow the dehydration of rhomboclase unsieg IT.
Sample powders were loaded into Kapton® polyimide capillariéis &i0.5 mm inner
diameter. The X-ray beam height was matched to capillampeter using variable slits.
An air-blower type heater was used to control the temperatude thé control
thermocouple placed in contact with the outside of the capillaoybiy 1996). The
heater was programmed to heat in a range from 30 °C to 180&Cas& of 1 °C/min.
XRD data were collected continuously on a MAR345 2-dimensional detettorl20

seconds exposure time, plus 80 seconds readout time before thefstaet next
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exposure. The time resolution was 200 seconds per exposure fori¢seoseliffraction
patterns. The sample-to-detector distance, X-ray beam cewtehe tilt of the detector
relative to the incident beam were calibrated using a stan@dgdowder (NIST SRM
660a). The X-ray wavelength used was 0.31840(4) A, also determitietheistandard
LaBs powder. The collected 2-D raw data were converted to traditioteadsity versus
20 plot using the program Fit2D (Hammersley et al., 1996). RH wasandrolled in

this experiment.

4.2.4. RH-resolved DSC-XRD

To investigate the combined effects of both RH and T on rhomboclase stability,
situ powder diffraction data were collected on a Rigaku® Ultima-If¥fatttometer with
a built-in environmental chamber and devices to control both T and Rshi(l&nd
Toraya, 2004). Cuk radiation § = 1.541782&) was used in conjunction with a high-
speed semiconductor element one-dimensional X-ray detector eapbkenergy
discrimination to eliminate the effect of Fe fluorescence is éxperiment (Szczygiel et
al., 2009). The same sample stage used for environment control alss &lB&
measurement. In preparation of a specimen, sample powder wad spte a 7x7x0.25
mm aluminum pan. The sample pan was placed onto the DSC heatjaghstde a
DSC reference pan. The DSC data were less sensitive camfmarthe TG-DSC
apparatus due to the smaller sample size used and the opdrecnacessitated by the
simultaneous XRD measurement.

During the experiment, T was maintained at several arbitralyes between

room T and 90 °C. At each T, RH was varied at a rate of 0.1% ipetero cross the
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phase boundary from both sides. Five cartridge heaters placed inlitloé tha sample
chamber helped maintain a homogeneous thermal field inside. The tbhepteoc
measuring the chamber T and the thermocouple below the sampiedizated a T
gradient of < 1 °C during the experiment. This is important sineidR strongly
temperature dependent. XRD data were collected repeatedly spanfingnge from 8°
to 14° within a scan rate of 6 °/min. Thi® 2ange covers reflection (020) of
rhomboclase and reflection (010) of the@Fe(SQ), that are the most intense peaks of
each phase.

Without using a RH control, a DSC-XRD experiment to study thentaler
decomposition of rhomboclase was performed on Ultima-IV using angesdte of 1

°C/min to 225 °C under 30 cc/minow.

4.2.5. Simulating Martian conditions

Minerals on the Martian surface are exposed to an atmosphersticgnsiainly
of CO, with about 6 mbar pressure. A good simulation of the Martian atmaspaerbe
achieved using a simple vacuum line, with powder samples loatedlass ampoules
that can be attached and detached. To simulate Martian sedaddions, the whole
vacuum system was first evacuated, and then filled with 6.1 m@ara@d 0.8 mbar
water vapor at room T (20 °C), which would create an atmosphene5®# RH and 6
mbar atmospheric pressure at -20 °C. The sample container hgas ctosed,
disconnected from the vacuum line and kept in a freezer set at -28B&Cause it is a
sealed system, the RH in the container will drop or rise wheerwapor is absorbed to

or released from the sample. To maintain a constant RH and trakeei like an open
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system, the sample container was briefly reconnected to the vacuum hngagaand the
water vapor concentration was allowed to equilibrate. Afteddys, the samples were
taken out and their XRD patterns were taken at ambient conditions (2A3% RH).
There was about a 3-minute exposure of the sample to atmosphér@néporting the
samples to the diffractometer and collecting XRD datajrited out this short exposure

did not induce any change of the sample phases (see below).

4.3. Results and Discussion

4.3.1. Thermal decomposition of rhomboclase
TG and DSC

Figure 4.1 shows the TG and DSC profiles for rhomboclase. Threehenuat
events were recorded at 91, 150 and 195 °C, respectively. The firsthemmaot
corresponded to a 17% weight loss, equal to the weight ratio gO3ntblecules over

rhomboclase: 3x MW, , /MW, 0=168% .  The compound after this

Hs0;) Fe(SQ)),2H
dehydration step would have a nominal formula agOjHe(SQ),. This formula was
later confirmed by the structural information obtained fiorsitu XRD data (see below).
The second and third endotherms were overlapping with each other asdntipée
weight dropped continuously to 63.5% of the initial weight. The finadpet was
monoclinic Fg(SQy)s; according to XRD. This is consistent with the TG result:

MWFSZ(Sq)3/(2>< MVV(HSOZ)Fe(SQ)Z»ZHZO): 62.3%. The reactions happening at the second step

of weight loss could be written as:
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2 (HsO)Fe(SQ), ==> Fg(S04) + 2H,0(g) + SO, (Eq. 4.1)

This is both a dehydration and a desulfation process. The endoth&&@ &€
corresponds to the decomposition of@Fe(SQ), to Fe(S04), as confirmed by DSC-
XRD data (see below). No solid phase transition occurred durirthitdehermal event
at 195 °C, but a continuous weight drop was recorded in TG. This tslikebg due to
the evaporation of sulfuric acid. Enthalpies of transition wereutzitd from the DSC
data by integrating peak areas: -478.9 J/g, -164.1 J/g and -134.9 Mg forete thermal

events from low to high temperature.

In situ T-resolved synchrotron XRD

T-resolved XRD data on heating rhomboclase revealed a twosstegture
change at 73 °C and 128 °C, shown in Figure 4.2. The intermediate phaserbé8yC
and 128 °C was found to be {®B)Fe(SQ), according to XRD (Peterson et al., 2009). At

128 °C, (HO)Fe(SQ), decomposed to monoclinic K8Oy)s.

DSC-XRD data

Figure 4.3 shows the laboratory XRD series recording tené decomposition
of rhomboclase along with the simultaneously collected DSC data.sdrhe two-step
transformation from rhomboclase to ;B)Fe(SQ). and then to monoclinic KHSOy)s3
was revealed from XRD. Correspondingly, two endotherms at 95 °C and 1%&réC
recorded in the DSC data at each transition point. A concave uphape of the DSC

curve between 150 min and 190 min was probably due to the evaporatig8@jf Hhat
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also caused the 195 °C endotherm in the DSC measurement shownran4&Rju The
shape difference was possibly caused by different DSC set{sgp Experimental

Methods).

4.3.2. RH-T phase diagram

A phase diagram showing the stability of rhomboclase an@)fF€(SQ). as a
function of RH and T is plotted in Figure 4.4. Each data point wasnelot&iom an RH-
resolved DSC-XRD experiment, in which the dehydration or hydratianimguced by
varying RH while maintaining a constant temperature. Figure 4.5sstie\RH-induced
dehydration of rhomboclase to {B)Fe(SQ), at 72 °C. The transition to §B)Fe(SQ).
happened at 8% RH, as recorded by XRD and DSC. Each transitiowitRHhe
corresponding T is listed in Table 4.1. Notice in Figure 4.4 thae thppears to be a
hysteresis between the hydration RH and dehydration RHaytieation RH is higher
than the dehydration RH at the same T. The equilibrium RH should be within the domain
confined by the measured points. The expected phase boundary is drawn in Figure 4.4.

Rhomboclase is commonly found in AMD regions, usually under very acidic
conditions where pH could be as low as -3.6 (Nordstrom et al., 2000). thBut
dehydrated phase was never reported. This is expectableéifeophase diagram (Fig.
4.4) where RH is required to reach 2 — 4 % or below to favor the dramegion to the
dehydrated phase at 20 — 50 °C. Such dry condition is not normally fouhiliin
regions. However, the dehydrated phase may still be preskighatemperature spots,
like close to fumaroles or under burial conditions. A good exampiekigsaite, trigonal

(Fe, Alx(SOy)s, an extremely hygroscopic mineral. It was discovered aroundgesal
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escape fractures, where temperatures are around 300 °C to heeapirteral from
absorbing HO (Miura et al., 1994).

Also mapped in Figure 4.4 is the deliquescence boundary of rhomdoclas
Rhomboclase is dissolved when RH reaches 60 — 65 % at 25 — 40 °C. Sdtetidis of
rhomboclase will acidify streams due to*Faydrolysis and the release of hydronium
ions (HO"). In general, ferric sulfates have stronger acidificatiorceffean other metal
sulfates upon dissolution due to the*Fhydrolysis. Other than acidity, the released
metal ions like ZA" and CG" also contaminate the aquatic system. Field observations
show the water quality is worse in humid seasons than in dry sedsenso the
dissolution or deliquescence of these efflorescent minerals (ldestrom et al., 2005).
Mapping the deliguescence boundary for common ferric sulfates willisedul in

predicting local water quality combined with a weather forecast.

4.3.3. Stability under simulated Martian condition

Both rhomboclase and the dehydrated samples were stored forsLdraiegy the
simulated conditions of the Martian surface, 6 mbar air presS08é RH and -20 °C.
Neither was rhomboclase detected in thgQfe(SQ), sample from XRD, nor was
(H30)Fe(SQ), found in the rhomboclase sample. According to the RH-T phase miiagra
as shown in Figure 4.4, the experimental condition (-20 °C, 50% RH) stadlulato the
rhomboclase stability region, assuming the phase boundary line catrégolated to
below 0 °C. So the absence of rhomboclase in th®)Fe(SQ). sample may be due to
the extremely slow kinetics at -20 °C. Also, the absence of rhoad®atdicated there

was little influence of the short exposure to the atmosphere daengRD measurement,
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as the ambient condition (21 °C, 23% RH) was supposed to favor the traatsiorno
rhomboclase. Even though this experimental result did not confirm wpeties was
more favored in the conditions used to simulate the Martian suyntagrovided a lower
limit of how slow the hydration or dehydration might be on Mars. d&loee,
rhomboclase, or (#0)Fe(SQ),, if present on the surface of Mars, will not respond to the
diurnal fluctuation of RH, e.g. RH varies from <1% to 100% at the gikiander 1 site
during summertime (Savijarvi, 1995). The suggestion that low T on Mans c
dramatically slow down the kinetics is also supported by spsszipic observations that
sulfate deposits in East Candor did not show changes in hydratiorog&at® years

(Roach et al., 2009).

4.3.4. Comparison between the two Fe(lll) S@ H,O systems

Mineral phases encountered in the 2 Fe(lll) — 3-S@OH,0 system varied with
RH and T were described in Chapter 2 and Chapter 3. In this chapter, phases in the Fe(lll)
— 2 SQ-n H,O system are described. In the system with Fe/S = 2/3raletharges
are balanced between¥and SG* groups, and there are no net charges from the proton
— hydroxyl pairs. In the system with Fe/S = 1/2, extragm®t(or hydroniums) are
required to compensate the positive charge deficiency, which makesy#tem more
acidic than the 2 Fe(lll) — 3 S& n H,O system, thereby producing different ferric
sulfate phases. In the 2 Fe(lll) — 3 SOn H,O system, neutral ferric sulfates like
paracoquimbite, kornelite and pentahydrate are the thermodynamstablle phases,
with rhomboclase and ferricopiapite also forming as intermediateephaWhile in the

Fe(lll) — 2 SQ - n HO system, rhomboclase and its dehydrated version are the only
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phases present in the RH-T phase diagram (Fig. 4.4). The diffaneeral assemblages
evolved reflect the chemistry especially the pH in the twoesyst which is consistent
with field and laboratory studies of the precipitation pH of theseerals (Jambor et al.,
2000; Marion et al., 2008; Tosca et al., 2008).

In a short summary, the combined RH-DSC-XRD method was used tothtud
thermal stability of rhomboclase. A transformation from rhomisecta (HO)Fe(SQ)-
at high T or low RH conditions was observed, and mapped in the Bik&3e diagram.
The successful application of the DSC-XRD technique provided a promising futuise fo
use in exploring mineral stability and phase transition, in casglex heat signatures

need to be deconvolved and correlated with structural changes.
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Table 4.1. Experimental transition RH and T between rhomboclase a@JF@{SQ).
and the deliquescence RH of rhomboclase.

RH (+1.0%)

Temp (x1 °C)

Dehydration Hydration Deliquescence
22 1.0 3.0 59.2
42 2.1 7.2 70.5
52 2.7 8.1
62 5.2 11.8
72 8.0 12.0
82 12.4 16.0
92 15.3 19.2
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Figure 4.1. TG and DSC data for rhomboclase
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Chapter 5

Ferric sulfates under low temperature and low aphesc pressure close to

conditions on present day Martian surface

Abstract

A novel temperature (T) and atmospheric pressure (P) - contiolitl powder
X-ray diffraction method was developed and used to study the staifiltydrated ferric
sulfates including ferricopiapite, rhomboclase, kornelite, paracoquinfeitec sulfate
pentahydrate and an amorphous ferric sulfate under low atmosph8r& t® 20.0 mbar)
and low T (-30 °C). All sulfates studied retained their strustate-30 °C within the
experiment timescale, 20 to 40 hours. Ferricopiapite showed sighghbtfaghydration
at -30 °C and 3.6 mbar and 15% relative humidity (RH). Upon increasmpgetature,
ferricopiapite was destabilized at ~6 °C and 3.6 mbar and 0.6% RHa amew
unidentified phase was formed; rhomboclase was destabilized at 2@ “¥6ambar and
0% RH; kornelite, paracoquimbite, ferric sulfate pentahydrate andntoephous ferric
sulfate remained stable at 25 °C and B mbar for at least 10 hours. These results
suggest ferricopiapite and rhomboclase, if present in Martian e@latgions where
temperature may reach above 0 °C during summer time, may be alehlytly form other
ferric sulfate phases not recorded in the present databaseneWhehases need to be

further characterized in future work.
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5.1. Introduction

The phase evolution maps based on results reported in Chapter Z2kd 4 ich
set of results pertaining to the ferric sulfates phase diageags function of T and RH.
However, these studies were performed at conditions of tertegttnaspheric pressure
and temperature above 0 °C. On Mars, atmospheric pressure is arouibdrt m
temperatures range from -150 °C to 20 °C depending on latitude, seasbmeuad a
day. The differences between the actual Martian environment fendsiinulated
environment add difficulties in application of the laboratory reswatsnterpreting or
predicting the mineral phases on Mars. Clearly, the resaptsted in Chapter 2 and 3
need to be tested under conditions relevant to current Martian conditions.

Creating simultaneous low P, low T and controlled and measurable RH
environments is particularly challenging at today’s technolodguits et al., 2007). One
practical solution is to inject pure water vapor to the systlite measuring the pressure
of water vapor so that the RH can be calculated. This methodhpydied using the
vacuum line setup to study the stability of rhomboclase, as bedan Chapter 4. One
difficulty with this setup is to cool the whole vacuum line down to a practicglesature
relevant to Mars’ surface. An alternative approach is to @esmple vial, remove it
from the vacuum line and store in a freezer. Repeatedly rectmg the sample vial to
the vacuum line day after day in order to make an approximatian topen system
would inevitably raises complications such as the influence of tatype fluctuations.

In this study, a new T and P - controlledsitu powder X-ray diffraction method was

developed on the Rigaku Ultima diffractometer, and used to investilga stability of
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several important ferric sulfates at low T and low P thatypieal of present conditions

on Martian surface.

5.2. Experimental Methods

5.2.1. (T, P)-controllech situ XRD

The in situ XRD experiments were performed on the Rigaku Ultima-IV
diffractometer using (i radiation § = 1.54178 A). It is equipped with a one-
dimensional X-ray detector working in Fe fluorescence reduction mode. A kiageé is
incorporated so that the samples can be cooled to as low as ligtedhperature (-180
°C) under vacuum (Fig. 5.1). Powder samples are loaded into a coppee $eniaier
that has a high thermal conductivity to allow quick transfer of fiemn the sample. The
thermocouple is shallowly buried into the copper stage in contdctthgtsample holder
placed right on it. After loading the sample, the sample stamge emclosed in an
aluminum cover used to enhance cooling performance (Fig. 5.1b). LiguglitNected
from the back of the diffractometer to cool the stage, the alumicover and the sample.
For the best cooling performance, a vacuum environment is requiraeitb the heat
transferring from the surrounding air to the sample. The vacuachisved with a cap
sealing the sample stage connected to an air pump (Fig. 5.Ta)y windows on the cap
are made of aluminum foil.

For the purpose of simulating a low-P (not vacuum) and open environment, the
above set up was slightly modified. A digital air pressure meés connected to the

chamber through the gas release port at the bottom of the capt soetladar pressure
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inside the chamber could be monitored (Fig. 5.1c). The chamber wasllpaealed
when the pressure meter was installed. An air flow rate ofric into the chamber was
estimated when the inside air pressure was below 100 mbar, based on medsafrdme
chamber volume and the recovery time from O mbar to 100 mbar. gt Ruin the
chamber was achieved by adjusting the valve on the tube connectegtoribea more
open valve would result in lower P. During experiments, XRD pattevas
continuously collected from 4° to 30° of 2-theta at a scansiegd of 0.5 °/min. Each
scan took 52 minutes plus an interval time of 6 minutes between sthaskRH and T

inside the diffractometer hutch were also recorded.

5.2.2. Sample preparation

Ferric sulfate samples were prepared by dehydrating: feuifate solution at
different RH and T using the humidity buffer method introduced in Ch&pteiThe
sample of ferricopiapite (Ee{SQOy)s(OH), - 20H,0) mixed with rhomboclase
((HsO2")Fe(SQ), - 2H,0) and paracoquimbite (K&OQs)s - 9H,O) was obtained by
evaporating concentrated £80); solution (40 wt. %) at 50 °C and 46% RH for 30
days. The amorphous ferric sulfate was prepared by dehydFa80s); solution at 25
°C and 11% RH for 7 days. The mixture of pentahydrate($%)s; - 5H,O) and
kornelite (Fe(SQy)s - 7.25H0) was prepared by heating the amorphous ferric sulfate

hydrate to 90 °C in a sealed Teflon bottle for 5 days.

5.3. Results
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5.3.1. Ferricopiapite, rhomboclase and paracoquimbite

The sample containing these three phases remained at -30 °C a@addow total
of 30 hours: 20.0 mbar for 10 hours, 8.3 mbar for 10 hours and 3.6 mbar for 10 hours.
Figure 5.2 shows four patterns collected at the start of¥perienent and at the end of
each pressure step. A slight shift of the ferricopiapitégpeavard high 2 angles was
observed at P = 3.6 mbar. The shift of the ferricopiapite (020) ipe@ak4°, small but
clearly observed as it moved rightward and merged under the left shaildbe
paracoquimbite (102) peak (Fig. 5.2). The shift of peaks to higher amdjtated a
contraction of the ferricopiapite unit cell, which might be causeddhydration at this
pressure (P = 3.6 mbar). The bulk structure of the ferricopiapite did not change.

The sample then warmed as the flow of liquig was stopped. The pressured
was kept at 3.6 mbar. Figure 5.3 shows the recorded XRD patterns. Pattethgdjss
scan before the warming sequence began. It is same as the |sdgded (d) in Figure
5.2. Pattern (e) is the first scan collected while the saimpiereased to 9.1 °C. Notice
the drop of the ferricopiapite (1-40) peak 8t=221.5° from pattern (d) to pattern (e),
indicating decomposition of the ferricopiapite. The sample temperatuthis point was
6.0 °C. So the ferricopiapite was not stable at P = 3.6 mbar an6.0 °C. In the next
scan, pattern (f), the ferricopiapite was seen fully decompaseéduaned amorphous.
Meanwhile, some weak peaks showed up but could not be related to any kmagvn fe
sulfate phases. These unidentified peaks include: U-& at?1.8°, U-2 at @ = 13.4°
and U-3 at2=17.1°. Rhomboclase peaks intensities started to decrease in the third scan

when T was increased to above 20 °C. The rhomboclase (020) peabavd/s of the
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initial intensity after 15 hours staying at room temperat@ge°C), as shown in pattern

(h). The paracoquimbite remained unchanged in the whole experiment.

5.3.2. Pentahydrate and kornelite

The pentahydrate and the kornelite were subjected to a slowar and low-P
process as described above and did not show any sign of decomposgidn4f The
sample was cooled to -30 °C, maintained under these conditions for 22 houas. thew
heated to 0 °C and maintained under this condition for 10 hours, and finalysit
allowed to warm to room T (24.8 °C) and maintained for another 13 hours.aiiThe
pressure was kept at 6.0 mbar during the whole experiment. A pezk a9.7°
appeared soon after the beginning of the experiment, and reazmeaximum intensity
after 4 hours, though still very weak (Fig. 5.4). During the reshefekperiment, this
peak remained at a stable intensity until it was apparentlceedwhen the sample was
warmed to room temperature. This new peak could possibly be the rHas@{@20)
peak. To be cautious, this peak was still marked as unidentifidd tUFigure 5.4. It
should be noted that this unidentified phase was not transformed from the pentabrydrate
the kornelite, whose peaks remained unchanged during the whole experlfriein. a
transformation from either of these two phases, the growth of thgphase should not
be expected to stop after 4 hours while P/T conditions were not chalige most likely
that this new phase formed from a small amount of amorphous rhatetiee starting
sample, which means the starting sample was not purely a mistukernelite and

pentahydrate as expected.
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5.3.3. Amorphous ferric sulfate
The amorphous ferric sulfate remained after 20 hours at -30 °@rantber 13
hours at room T (24.7 °C), as shown in Figure 5.5. Pressure was inmeindd 6 mbar

during the experiment.
5.4. Discussion

5.4.1. Calculation of water vapor pressure and RH

The stability of a hydrated mineral with respect to aigagverned by the water
vapor pressure in the gas phase, assuming the gas is not readtiiaie anineral stability
is only affected by hydration or dehydration. In this studywh&er vapor pressure in
the sample chamber was not directly measured, by could be dewwvedhe measured
total air pressure and RH based on the following equation:

e =¢,(T,) RH,-R/R, (Eg.5.1)
In the abovegs is the water vapor pressure inside the sample chamiggr,,) is the
saturated vapor pressureTat--- the temperature in the diffractometer hutétt, is the
measured relative humidity in the diffractometer hutch. The prodii¢hese two,

e,(T,)-RH, , is the water vapor pressure in the diffractometer huRgfis the measured

pressure in the sample chambeg. isthe atmospheric pressure, equal to 1013 mbar. In

calculation ofe,(Ty), the following empirical equation from Buck (1981) was used:

(Eq. 5.2)

e,(T,)= L0007+ 3.46><1(T6F{))><6.1121ex;{ 17.5021, j

24097+T,
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With the value of; obtained, we calculate the RH inside the alumiorer by dividing
e by the saturated vapor presswg€ls). The equation used to calculagry) is listed

below, and is also given by Buck (1981).

(Eq. 5.3)

&(T,)= (LO003+ 418x10° Ps)x6.1115ex;{ 22452, j

27255+,

Ts in the above equation is the air temperature engie@ aluminum cover (Fig. 5.1b). In
practice, the sample temperature was used (e.g°C30 This assumes the air in the
aluminum cover reached the temperature of the samplable 5.1 listed the P/T

conditions and the calculated RH for the experimenthe experimental observations
can now be correlated with RH. At -30 °C, the layum state of the ferricopiapite was
maintained at above 35% RH; the slight dehydratoourred at 15% RH (Fig. 5.2).

Upon increasing temperature, the ferricopiapiteodgmosed at 6 °C and 0.6% RH and
the unknown ferric sulfate phase(s), indicated bgkpU-1, U-2 and U-3, began to grow
(Fig. 5.3). The rhomboclase decomposed at 20 W0 RH. The paracoquimbite,

pentahydrate, kornelite and the amorphous ferrifateuwere apparently stable at the

conditions listed in Table 5.1 (Fig. 5.4 and Ficph)5

5.4.2. Implications for Martian ferric sulfates

Ferricopiapite has been proposed as a ferric tsuBpecies contained in Paso
Robles soils in Gusev crater (Bishop et al., 20i8)nson et al.,, 2007) and in sulfate
sediments in and nearing Valles Marineris (Bishomle 2009; Mangold et al., 2008;
Milliken et al., 2008). As shown in this studyyrieopiapite dehydrates and transforms
to an unidentified phase, when the surface temyperas above 6 °C and the humidity is
below 15%, a condition present on the surface ofect Mars (Fig 5.3). However,
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whether this dehydration process actually occuamdars can not be confirmed, until
the unidentified phase is better characterizede@alty with infrared (IR) spectroscopy,
the spectroscopic method used in most remote gen®ers to Mars in commission.
Rhomboclase and paracoquimbite were also suggeastedndidate components
in Paso Robles soils based on the visible to ieftaspectra from the Spirit Rover
(Johnson et al., 2007). According to this stutipnnboclase decomposes and transforms
to an amorphous state at 0% RH and around 20 @€ §38). Rhomboclase was also
found to dehydrate to form crystalline {B)Fe(SQ), at RH below 4% at 20 °C in a
previous experiment (see Fig. 4.4 in Chapter 4)e different dehydration products, the
amorphous material versus crystallines@yFe(SQ),, are probably due to the slight
difference in RH, where the vacuum set up in thislyg could effectively draw the RH
down to zero, while the range of RH < 1% was nateced using the humidity generator
in the previous study. The dehydration of rhomaselto crystalline ($0)Fe(SQ), or
further to the amorphous state is possible on Maing summer afternoons when the
dehydration RH and T conditions may be satisfidracoquimbite showed no change in

the studied conditions, and would probably remaichanged if present on Mars.
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Table 5.1. T, P and RH conditions for the threeeexpent runs

Step /
elapse(hours)

1/10
2/10
3/10
4120

1/22
2/10
3/13

1/20
2/13

Ts(°C) Ps(mbar)  Th (°C) RH;, (%)

Calculated RH
(%)

Ferricopiapite, rhomboclase and paracoquimbite

-30.0 20.0 24.7-254
-30.0 8.3 24.6 -24.9
-30.0 3.6 24.8-24.9

-30.0 to 24.9 3.6 24.8 -24.9

Pentahydrate and kornelite

-30.0 6.0 24.0-24.8
0 6.0 24.8-24.9
O0to 24.9 6.0 24.8 -24.9

Amorphous ferric sulfate
-30.0 6.0 23.6 —24.0
-30.0to 24.7 6.0 24.0 - 24.7

53 - 58
52 -54
50 -55
52 -53

51 -57
53-54
53 -54

60 — 63
60 — 63

86 — 98

35-37

15-16
1@ to

24 - 28
16-17
1.7t00

27 - 29
20 to
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Figure 5.1. The low-T and low-P setup on the ddfoanetera, sample stagdy, sample
stage enclosed in an aluminum cowgithe pressure meter and the vacuum pump
connected to the stage.
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Figure 5.2. XRD patterns of ferricopiapite, rhomlase and paracoquimbite at -30 °C
and low P: (a) the®iscan at P = 20.0 mbar; (b) thé"€can after 10 hours at P = 20.0
mbar; (c) the 20 scan after another 10 hours at P = 8.3 mbar;he)30" scan after
another 10 hours at P = 3.6 mbar. Some peaks anleechwith mineral name initial&R(
for rhomboclaseP for paracoquimbiteF for ferricopiapite) and miller indices. CuaK
radiation was used.
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Figure 5.3. XRD patterns of the sample recordethduhe natural warming process at P
= 3.6 mbar: (d) before the warming process, thees@hpattern shown in Figure 5-1; (e)
the F'scan with T increased from -27.2 °C to 9.1 °C;ti® 2“ scan with T increased
from 12.0 °C to 20.0 °C; (g) thé®3scan with T increased from 20.5 °C to 22.7 °Q; (h
the 18" scan, T at 24.5 °C. Some peaks are marked witlenali name initialsR for
rhomboclaseP for paracoquimbitel: for ferricopiapite) and miller indices. Unideimnid
peaks are labeled as U-1, U-2 and U-3.
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Figure 5.4 XRD patterns of the pentahydrate andktimgelite at 6.0 mbar and -30 °C to
room T: (a) the $scan at T = -30 °C; (b) thd"Scan after 4 hours at T = -30 °C; (c) the
22" scan after 21 hours at T = -30 °C; (d) th&%32an after anther 10 hours at T = 0 °C;
(e) the 48 scan after another 13 hours at room T. Some pa@kmarked with mineral
name initials K for kornelite,P for pentehydrate) and miller indices. U-4 marks a
unidentified peak.
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Figure 5.5 XRD patterns of the amorphous ferri¢agalat 6.0 mbar and -30 °C and room
T: (a) the ' scan at T = -30 °C; (b) the ®@can after 19 hours at T = -30 °C; (c) th& 33
scan after another 13 hours at room T.

141



Chapter 6

Structural Water in Ferrihydrite and ConstraintgsTiProvides on Possible

Structure Models

This Chapter published as:

Xu, W.Q., Hausner, D.B, Harrington, R., Lee, P.L., Strongin, D.R. and Pargs J.B.
(2011) Structural water in ferrinydrite and constraints this provides on
possible structure models. American Mineralogist, in press.

Abstract

Ferrihydrite, a nanocrystalline ferric oxyhydroxide ubiquitous on Earth and has
been positively identified on Mars. The dry thekrtransformation of ferrihydrite to
hematite was investigated using combinations ainlbgravimetric (TG) and differential
scanning calorimetric (DSC) analysis, along with situ DSC and pair distribution
function (PDF) analysis of X-ray total scatteringtal andn situ temperature controlled
infrared (IR) spectroscopy. TG data show a 25.6.1%%6 weight loss below 300 °C,
ascribed to the removal of surface water since RB&ysis shows no change in the
structure of ferrinydrite up to this temperaturBhe transformation to hematite occurs at
a DSC peak temperature of 415 + 1 °C at a heatitggaf 10 °C/min, with no obvious
weight change during or after the transformatidm. situ PDF analysis indicates the
ferrihydrite bulk structure remained intact up twme tdirect transition to crystalline

hematite, with no intermediate phases, crystalinamorphous, formedin situ IR data
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shows the extent of absorption attributable to (tdtshing in ferrihydrite at 215 °C
dropped to 10% of its room temperature value. @&hessults suggest ferrihydrite
contains very little structural OH: the molar ratb OH/Fe is 0.18 = 0.01. A recently
proposed akdalaite-like ferrihydrite model has af#/k2 equal to 0.2, consistent with this
result. The 3-phase model proposed by Drits eétaal an average formula close to
FeOOH, with an OH/Fe equal to 1.0, far more thaggyssted by our experiments. Based
on the constraints set by the estimated water nbraed the PDF signatures, we
examined possible anion packing types and locakttral motifs in ferrihydrite, and
demonstrate that ABAC is the only feasible packiye and that a peak at 3.44(2) A in

PDF provides indirect evidence for the presendetodhedral Fe.

6.1. Introduction

Ferrihydrite is a widely occurring nanocrystallinen oxyhydroxide mineral, also
referred as “colloidal ferric oxide”, “ferric hydxade” and “hydrous ferric oxide” in the
literature. Found in weathered rocks and sedimdatshydrite plays a crucial role in
iron cycling on earth and controls the iron concamdn in aquatic systems: it forms as
the immediate precipitate by fast polymerizatiod ancleation of hydrolyzed ferric ions
as pH increases (Schwertmann et al., 1999). Ktk is often a precursor to more
crystalline iron oxides and oxyhydroxides such amétite ¢-Fe,0O3) and goethite of-
FeOOH) (Schwertmann et al., 1999). The presencierohydrite on Mars has been
suggested in previous studies (Bishop et al., 18%8gelhofer et al., 2004), and may

have a diagenetic relationship with ferric sulfasesh as schwertmannite (Tosca et al.,
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2008). Ferrihydrite has a large surface area tmodg affinity for a wide range of metal
ions, so it functions as a sorbent of toxic conteants such as Pb, Cd, and As (Jambor
and Dutrizac, 1998; Harrington et al., 2010). Adustry, ferrihydrite is used in catalysis
and metallurgical processing (Jambor and Dutri2888). Ferrihydrite is also believed
to form the core of ferritin, a biological iron sage protein (Harrison et al., 1967),
although positive structural characterization & térritin core is lacking.

Despite its importance to industry and environnremediation, the structure of
ferrihydrite has been an issue of debate for a tong. Several chemical formulae for
ferrinydrite have been reported, including widelyed ones such as 5f& « 9H,0
(Schwertmann and Cornell, 1991) angH®s « 4H,O (Towe and Bradley, 1967). Due
to its nanocrystallinity, a clear structure deteration from the broad Bragg reflections
in the X-ray diffraction (XRD) pattern has provedffidult and controversial.
Ferrihydrite is conventionally named as “2-line” ‘@-line” based on the number of
characteristic broad Bragg peaks in the XRD pattefifhe XRD peak positions are
reproduced by a hexagonal unit cell (a = 5.08 A 8.4 A) with closest packing of
anions (Towe and Bradley, 1967). In other propasats, 2.96 A and 5.95 A are used
for the length ofa (Harrison et al., 1967; Eggleton and Fitzpatrit@38; Michel et al.,
2007a), but they are inherently related by a sulsuper-lattice relationship (Drits et al.,
1993). Drits et al. (1993) evaluated previous medehsed on the similarity of the
simulated and experiment XRD patterns and extenXiedy absorption fine structure
(EXAFS) data (Manceau and Drits, 1993), proposingtheee-component model
containing a defect-free ferrihydrite, a defectiferrinydrite and an ultradispersed

hematite phase. These authors suggested the damesfscoherent scattering domains
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(CSD) as the main difference between the 2-line @hide ferrihydrite. The structural
similarity of 2-line and 6-line variants of ferritlsite and the CSD difference was
confirmed by transmission electron microscopy (TEM pair distribution function
(PDF) analysis of X-ray total scattering data (Mitét al., 2007Db).

Prior tests of proposed structure models for fgdilie have attempted to fit
laboratory-based diffraction data and concentratedfitting the Bragg data alone,
including the peak broadening. Generally the pealetastic diffuse scattering
contributions from atoms in the nano-particle sraig coherently is difficult to
distinguish from the inelastic scattering and oftuse scattering that is usually folded
into the background corrections. Fitting just be Bragg component inherently limits
our ability to discriminate between competing msder the atomic arrangements when
the observed data to parameters needed to desiceilveodel is small, as they are in the
case of ferrihydrite where some proposed modelsnaitg-phasic.

In principle, the total elastic scattering (Braggdiffuse) contains all elastic
scattering from relevant short, intermediate andylcange atom correlations. The pair
distribution function, G(r), is derived by Fourigransforming the experimentally
observed total structure factor (Waseda, 1980),),S@erived from the normalized
observed total elastic scatterirgfr)exp = (2/7) | Q[S(Q) — 1]sin(Qr)dQwhere Q is the
magnitude of the wave vector, Q =®sf0/L. This is an experimentally observable
function. The atomic PDF is defined @8)model = 4mtt[p(r)-po] Wherep(r) andpo are the
local and average atomic number densities, reyadgtiandr is the radial distance.
G(r)model is the probability of finding an atom at a distancfrom a reference atom

weighted by the number of interatomic distancestaedelative scattering power of the
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atoms involved. This quantity can be derived frammodel of proposed atomic
arrangements and can be compared toQrg.,, derived experimentally. Full-profile
fitting of the PDF has proven to be a powerful taghe; it is used routinely to test
proposed models for atomic arrangements in nanstalfine materials and serves as a
basis for structure refinement (Proffen and Bilénd999; Petkov et al., 2002; Billinge
and Kanatzidis, 2004). Specifically for ferrihyidyithe PDF is a real space 1-D map of
interatomic distances that is more information riban the 2- or 6-line XRD pattern.
Because it inherently has a higher data to paramatie than when Bragg data alone are
considered, the PDF is more sensitive to draméfierdnces in proposed models and can
be fitted with appropriate models with a high lee¢lconfidence. PDF has a proven
track record in discerning the structure of nantgas (Michel et al., 2005; Paglia et al.,
2006; Billinge, 2008; Petkov et al., 2009).

Michel et al (2007) found that the PDF calculatednf the three-component
model of Drit's et al (1993) — designated as thenddel here — did not reproduce the
experimental PDF measured from ferrihydrite pregdng several techniques. Instead a
new single phase model (Michel et al., 2007a) —Nkhmodel — with an ideal formula
Fe0014(OH),, structurally similar to a natural alumina hydrakdalaite (AlgO14(OH),)
was proposed. The PDF derived from this modelodyres features of the experimental
PDF very well. This new model is refuted (Ranc@mnt Meunier, 2008; Manceau, 2009;
Hiemstra and Van Riemsdijk, 2009), with one delzatatering on the presence, absence
and extent of tetrahedral Fe (tet-Fe) in ferringdriwhile the M-model contains 20% of
Fe in tetrahedral sites, previous X-ray absorpti@ar edge structure (XANES) and

extended X-ray absorption fine structure (EXAFidsts tend to dismiss the existence
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of tet-Fe (Manceau and Drits, 1993, Manceau an@s;a997), although the presence of
tet-Fe on the surface has been shown to be a giggithao et al., 1994).

Besides tet-Fe, a major difference between the rid- M-models concerns the
amount of structural OH: the D-model has a moléoraf OH/Fe roughly equal to 1.0,
while this ratio for the M-model is 0.22. Thus,camately measuring the amount of
structural OH in ferrihydrite, as opposed to swfagbsorbed water, is critical in
constraining possible structure models. Studig¢beriast few decades did not clarify this
issue but rather led to more open questions. TavdeBradley (1967) found the absence
or limited amount of hydroxyl water by IR and DTAdbelieved water in ferrihydrite
existed as either absorbed or chemically combinel@enlar water. Their IR measuring
procedure, involving the use of KBr disks, wasraeestioned by Russell (1979), who
found the amount of OH groups in ferrihydrite wdsowat half of the amount in
akaganeite f-FeOOH). Stanjek and Weidler (1992) dehydratediHgdrite without
transformation to a more crystalline phase, althotige humps in their XRD patterns
became a little sharper, and derived a formulaepf 40, .4 OH)o.74 with the OH/Fe ratio
equal to 0.42. Childs et al (1993) questionednieessity of HO and OH in ferrihydrite
at all, based on the observation that the OH/Fe rtuld be reduced to less than 0.1
with no phase change being manifested in the XRE2pa Weidler (1997) reported that
under low humidity condition a small portion of fiéydrite (<3%) transformed to
hematite and goethite after hours of heating at 420 while high humidity would
accelerate the transition. Hiemstra and Van Rigkng@009) developed a surface
structural model for ferrihydrite and estimated tieerinydrite core had an average

composition close to FeOOH, with a mass densityBdl5 g/cm, consistent with the
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D-model, but less than the 4.9 gftralculated from the M-model. Most recently,
Michel et al (2010) revised the M-model by insegtdb - 50% vacancy to the Fe2 and
Fe3 sites. Those vacancies were suspected tdlée With protons as hydroxyls to
balance the total charge. The revised model hésraula Fg Ogss5(OH)74 ¢« 3H0,
satisfying the above estimated density. Michekle(2010) also found the vacancy
defects could be filled by hydrothermal treatmehtaocitrate-containing ferrihydrite
suspension, producing a low-defect phase namedftferhaving the same ferrihydrite
structure with the Fe sites almost fully occupied.

In this study, we investigate the dry transformatiof 2-line ferrihydrite to
hematite using thermogravimetric and different@drming calorimetric analysis (TG and
DSC), temperature controlled infrared spectroscapg anin situ DSC-PDF method.
These techniques allow us to follow the reactioannattempt to quantify the amount of
structural HO/OH in ferrinydrite and provide further constrainbn the ferrihydrite
structural model. It should be noted that using ithsitu DSC-PDF method has an
advantage over traditional XRD method on studyimg ferrinydrite transformation. If
ferrinydrite transforms to an intermediate nano@fime phase before changing to
hematite, it would be difficult for XRD to charadt®e or even to detect this phase,
because the structural change will be reflectedth®y change of diffuse scattering
signatures mostly immersed in the background. XRihgs Cu radiation generally
resolves to Q = N range, insufficient to disclose detailed localisture information.
PDF analysis uses total scattering data with Qoup5t - 30A%, especially sensitive to

subtle structural changes in local (< 5 A) andrimiediate (< 15 A) range.
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6.2. Experimental Methods

Samples of 2-line ferrihydrite were prepared by thoation of the method of
Schwertmann and Cornell (1991). Briefly, 0.1 Mumns of anhydrous ferric chloride
were neutralized using 1 M sodium hydroxide sohlyticesulting in the formation of a
suspension of 2-line ferrihydrite. Samples wenetrifeiged and washed with deionized
water (18 M2) then dried at room temperature. Ferrihydrite [dasiwere characterized
by XRD and TEM. XRD showed two broad diffraction xmaa corresponding to d-
spacings of approximately 0.25 and 0.15 nm. TEMfiomed that the 2-line particles
were nominally 2 nm in diameter.

TG and DSC measurement was performed on a NetZ§8h489C Jupiter®
simultaneous TG-DSC apparatus. Samples loadedimiah crucibles were heated from
room temperature to 1000 °C at a rate of 10 °Cumiter nitrogen flow.

In situ DSC-PDF measurements were preformed usimgdified Linkanf DSC
600 device mounted on synchrotron beamline 1-IDt@Gha Advanced Photon Source
(APS) at Argonne National Laboratory, IL (Fig. 6.1pesigned for operating with an
optical microscope, the DSC furnace has a 2 mm indlee center of both the cover and
the bottom. The furnace is enclosed in an alumistage by removable lids at both
sides with glass windows. During data collectiboth glass windows were removed and
a 3 mm hole was drilled in the base of the alumimmuatible to allow X-ray access to the
sample and to avoid parasitic scattering. The itahs of DSC measurement is
inevitably degraded due to air convection. Howgwhe DSC measurements made

concurrently with collection of the total scatteyidata does allow us to correlate changes
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in the more precise measurements in the laborapparatus with measurements at the
APS.

For measurements at the beamline, finely powdeeedhfdrite samples were
packed in a 5.5 mm long Kapton® capillary cappethwjiass wool at both ends (Fig.
6.1). The length of the capillary matched the alwm crucible diameter so that the
specimen was locked at the center of the cruciltleshould be noted that locking the
capillary in the crucible did not seal the sampler, did the glass wool seal the sample.
Water vapor was free to escape out of the capillgpgn heating. When closed, the
furnace cover added a gentle press to the cruoMdih ensured an intimate contact
between the crucible and the DSC element in the.b&amples were heated to 380 °C at
a rate of 4 °C/min and held at this temperatureofee hour. The 380 °C upper limit was
set by the decomposition temperature of Kapton@ {#100 °C). For PDF analysis, an
empty capillary heated using the above strategyiged the blanks to subtract out
contributions from the sample container. Throudtiba heating process, 2-dimensional
scattering data were collected using an amorphoasea detector continuously with a
20 second exposure time per frame (Chupas et @07)2 The sample-to-detector
distance, X-ray beam center and the tilt of thedet relative to the incident beam were
calibrated using a CeGtandard (NIST diffraction intensity standard 6é4a). The X-
ray wavelength was 0.1241@) Raw datasets were converted to a traditionahsity
versus B (or Q) plot using the program Fit2D (Hammersleglet1996).

The G(r) curves were generated using the prografgetX2 (Qiu et al., 2004).
This process includes a subtraction of backgrowattexing from the converted raw data

(Intensity versus Q), followed by corrections fangple absorption, secondary scattering,
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Compton scattering, Laue diffuse scattering andghteig correction to obtain the
structure function S(Q). Experimentally, the resioin of G(r) is restricted by the cutoff
value of Q for the Fourier transform. In this expent, data were useable to g of
25A°L,

In situ IR data were collected using a Golden Gate Attetbdotal Reflectance
(ATR) (Specac) accessory capable of heating to°8)@nd a Nicolet 670 spectrometer
(Thermo Scientific) equipped with a MCT-detecto&pectra were collected as single
beam spectra of 100 co-added scans reprocessedstagia¢ clean diamond at the
appropriate temperature. Samples were placedeoATIR element at room temperature
from solution and dried under a stream of nitrogeimg a home built gas flow cell.

Flow of dry nitrogen was maintained through heating drying of the samples.

6.3. Results

TG and DSC
Figure 6.2 shows both the TG and DSC curves faihf@rite heated to 1000°C.

The endothermic peak below 300 °C corresponding teeight loss of 25.6 + 0.1%

indicates the removal of surface-adsorbed watehowit disruption of the ferrihydrite

structure (see PDF results below). An exothermineoccurred at 415 + 1 °C (peak
temperature), which is conventionally assignedh ttansformation to hematite (Towe
and Bradley, 1967). Note there is no apparent@bmeight loss related to this event.
Rather, the total gradual weight loss from 300 6A.®00 °C is 1.5 + 0.1% of the initial

sample weight, equal to an OH/Fe ratio of 0.18G40.Additional DSC data collecteal
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situ on the APS synchrotron beamline (DSC-PDF) showes first dehydration

endotherm (Fig. 6.3), but did not show the exoth@wonresponding to the hematite
transition as the transition occurred during thé 38 holding period and went too slowly
to be detected by this less sensitive DSC-PDF apgmr The poorer sensitivity
compared to the laboratory instrument is due tosthaller quantity of sample and poor
insulation required to allow adequate X-ray accedlespite these difficulties, the
recorded temperature profile shows good temperatméol throughout the experiment

(Fig. 6.3).

Temperature-resolved XRD and PDF

A stack plot of rawin situ temperature resolved XRD lines from 30 °C to 380 °
is shown in Figure 6.4. The time interval betwésa neighboring profiles is about 330
seconds, representing a temperature increase of 22 °C. Reflections assignable to
hematite appear at about 380 °C; this is the onlgtalline phase formed. Prior to this
transition, the only change in the XRD signature2dine ferrihydrite is that the two
broad reflections become slightly sharper, consistath previous reports (Stanjek and
Weidler, 1992).

Figure 6.5 shows a cascade plot of the reducedd&Dd-function of temperature.
Up to 380 °C, all the atom pair correlations renthig same, indicating no change of the
basic ferrinydrite structure, although slight pesiifts were observed. The shifting of
peak apexes was tracked in Figure 6.5b. The mak99(2)A, 3.07(2)A and 3.44(2R
are generally assigned to the first shell Fe-Oadist, Fe-Fe distance between edge-

sharing Fe® octahedra, and Fe-Fe distance between cornemgh&eQ octahedra,
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respectively. Upon heating, the Fe-O distance tshed slightly. The d(Fe-R@je
increased a little while d(Fe-Rg)er decreased. These subtle changes probably reflect
minor structural distortions caused by removal wface water and heating. During the
transition to hematite, d(Fe-kgy. was decreased from 3.07(&) down to 2.98(2)1&,
while the (Fe-Fe)merpeak split into features at 3.39(&)and 3.66(2)& In a standard
hematite structure, each oct-Fe is surrounded Kgcé-sharing (d = 2.9@), 3 edge-
sharing (d = 2.972'&), and 9 corner-sharing oct-Fe (d =3.36 and 3&71 Values in
parentheses are calculated based on the known ikemsiaticture (Blake et al., 1966).
Due to the limited Qax (25 A'l) available in these experiments, the generatedsRID&
not of high enough resolution to distinguish theHeedistance of face-sharing octahedra
from that of edge-sharing ones. The single pezﬂ@&,& represents contributions from
both. Therefore, the shift of the (Fe-&gdpeak is probably due to the addition of face-
sharing oct-Fe when ferrihydrite transforms to het@a This indicates that ferrihydrite
may normally contain much less face-sharing octdegeties than the hematite does. It
should be noted that the absolute positions ofetlpesks could be biased by calibration
or experimental settings, but the relative movemang reliable since data were collected
in situ on the same sample and processed in the same manne

Figure 6.6 is an extension of the PDF data in lEduba to a higher, in order to
follow the changes in crystallinity. The crystib grew at the beginning of the 380 °C
holding period, the same time that the local stmectrearranged to hematite. This is
consistent with the sole exotherm at 415 °C inDI&C plot (Fig. 6.2). Previous studies
have found two exotherms and attributed the lattex to hematite crystallite growth

(Campbell et al., 1997).
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Temperature-resolved IR

In-situ ATR-FTIR was used to observe the mid irdthitOH stretching region.
Samples were heated to 215°C, held there for 30utesnand returned to room
temperature. These conditions were chosen basddeoresults obtained in the DSC-
PDF study, in order to dehydrate ferrihydrite whileeping it from transforming to
hematite. Figure 6.7 shows the obtained spectteere is approximately a 90% loss of
adsorption area in the spectrum taken at 215°C aozdpwith the spectrum prior to

heating.

6.4. Discussion

6.4.1. Water in ferrinydrite

TG and DSC analysis indicated that ferrinydrite Elswater and most hydroxyls
prior to the transition to hematite, while the s#ion itself involved no more than a 2
wt.% change, equal to an OH/Fe ratio of 0.18. ifhsitu PDF study showed the bulk
ferrinydrite structure was maintained until itsniséormation to hematite. This is further
confirmed byin situ IR measurements with T control, which indicateak #pproximately
90% of the OH stretch signal is removed at 215 Hene ferrihydrite does not transform
to hematite. From these experiments we infer thast of the water associated with
ferrinydrite is surface-adsorbed water, and its ldses not affect the basic structure.
Structural OH per mole Fe is no more than 0.18es€&hresults do not favor any structural

model with an OH/Fe ratio significantly higher th@ui8.
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In the D-model (the three-component model), thectefe phase has a hexagonal
ABACA layer stacking sequence with cavities for gramolecules and Fe randomly
occupying 50 % of the octahedral sites. This gigeformula FeOOH « nyD. The
defect-free phase is similar to feroxyhiteHeOOH) thus has a formula FeOOH. Both
phases have an OH/Fe ratio no less than 1.0. Hitcedomponent is an ultradispersed
phase, which could be nanocrystalline hematite aghemite. The formula of this third
phase should be §@; with no structural water. Since the third compdns a minor
phase, the mixture of the three should still haneagerage OH/Fe ratio of about 1.0.
This ratio is contradictory to our TG results, whindicate the OH/Fe ratio should be
close to 0.18. For comparison, one can check tealdta of goethite (a-FeOOH) in the
supporting material of Cole et al (2004), whichatchg shows a 10 wt.% drop at the
transition point, as predicted by the stoichiometifne model of Michel et al (2007) has
an ideal formula of RgO14(OH), with an OH/Fe ratio of 0.2, very close to the tesu
this study.

One issue in the ferrihydrite structural debateths discrepancy between
calculated densities from proposed models and thas®ined from experiment.
Rancourt and Meunier (2008) pointed out that thenbdel has a calculated density of
4.90 g/cmi, much greater than the measured value of 3.96°gfom Towe and Bradley
(Rancourt and Meunier, 2008). This discrepancy ibaycaused by surface-absorbed
water, which is not included in the M-model, buséd on this study accounts for 25
wt.% of a typical ferrihydrite sample. It is exped that adsorbed water will reduce the
bulk density of ferrihydrite compared to the deysit the particle core. This effect has

also been discussed by Hiemstra and Van Riesma8(K9) in their modeling of the
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ferrinydrite surface structure. Their study showleel mineral core had a density of 4.15
+ 0.1 g/cm, not much higher than the measured value, 3.96°gfoom Towe and
Bradley (1967). Recently, Michel et al (2010) s=d the model by incorporating more
vacancies in the Fe sites, and proposed a new farnofi ferrihydrite core,
Fe; 0s5(OH);4. This revised model gives a more consistent tignisut also includes
more OH in the structure with the OH/Fe ratio reagh0.90, much higher than the
predicted structural OH/Fe ratio (0.18) in thisdstu Michel et al (2010) also found
hydrothermal aging of a citrate-containing ferrintel suspension transformed the
ferrinydrite to a low-defect “ferrifh” phase. Imis process, structural hydroxyls were
replaced by iron in the vacant sites. A CSD growds also indicated by PDF data. This
2-line ferrihydrite-> ferrith > hematite transformation process does not occtivardry
heating of ferrihydrite studied here. Unlike thBRPdata in Michel et al (2010) paper
showing obvious changes in the short range comekkivhen ferrihydrite transformed to
ferrifh, thein situ PDF data in this study did not reveal any pronednchanges in those
correlations (Fig. 6.5) or the growth of the CShy(F6.6) prior to the transformation to

hematite.

6.4.2. Structure analysis

Hexagonal close packing of oxygen atoms has beggested for the ferrihydrite
structure from XRD indexing (Towe and Bradley, 1p@nd TEM data (Janney et al.,
2000; Janney et al., 2001), at least for the megamponent. Therefore, solving the
ferrihydrite structure involves finding a properi@mn packing type and then filling the

octahedral and tetrahedral interstices created tiélstoichiometric amount of Fe atoms.
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Starting with a three-layer unit, two packing typm® available: ABA and ABC, as
shown in Figure 6.8. When filling in Fe atoms, wegim with simplifying assumptions: 1)
Fe only goes to octahedral sites, since tet-Fanbbeen positively confirmed; 2) oct-Fe
coordination polyhedra do not share faces with anether, as face-sharing is not

supported by the PDF result.

(1) ABA stacking

Figure 6.8a illustrates three layers in ABA packinghe central O atom has 6
octahedral sites around it, each filled with a E@a At most 3 of the 6 sites can be
filled without face-sharing. If every O atom bortds3 Fe atoms, extending the ABA 3-
layer stack to large particle sizes, say > 100 giwes an effectively infinite ABAB
sequence and an overall Fe/O ratio equal to “bjsfdequence is finite, say < 2 nm as it
might be for ferrinydrite, then the Fe/O ratioes$ than 2. So the ideal formula for this
stacking sequence is FeEOOH. Goethitd=-€OOH) is an example of this packing type
with %2 of the octahedral interstices occupied fomgnalternating double strips of Fe-O
octahedra. As discussed above, the stoichiomet@CH contains too much structural
OH to explain the experimentally observed TG or dinatures for ferrihydrite.
Reducing the amount of OH requires a higher Fe/@ r&kom charge balance
consideration. The calculated OH/Fe ratio of Ord@uires a Fe/O ratio equal to 0.63.
Since the coordination number of Fe is set to bex§gen needs to bond with 3.8 Fe
atoms on average; this would necessitate facerghait-Fe. So ABA packing is not

appropriate.
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(2) ABC

Figure 6.8b shows the ABC packing type. Each Omatmnnects with 6
octahedral sites as in ABA, but none share a fakethe figure only four sites are
occupied. With the ABC packing, the required Onateonding to 3.8 Fe atoms can be
easily satisfied, but the ABC packing can not pazdthe 3.44A peak observed in the
experimental PDF (Fig. 6.5) for the following reasoThere is only one kind of corner-
sharing oct-Fe in this packing type, Fel-O-Fe2sla®wn in Figure 6.8b. Ideally, the
distance between Fel and Fe2 is equal to twickeoFe-O bond length, which would be
3.9 ~ 4.0A. However, the PDF data (Fig. 6.5) have the cesharing peak at 3.4A.

At 4 A in the PDF is a negative peak, indicating a pkEcteon density much lower than
the average. So ABC packing is not appropriate.

Based on the preceding discussion both packingstgpe rejected. This is not
possible as any three adjacent layers must fail ame type or the other. It can only be
that one or both of our limiting assumptions, thetrahedral Fe-coordination is not
present and that there is no polyhedral face stpadre incorrect. Face-sharing oct-Fe
appeared in the double-chain structure model pexpby Janney et al (2000). But the
currentin situ PDF data provide strong evidence that face-shartdre in not present in
ferrihydrite. The remaining explanation, the preseof tet-Fe, produces the required
Fe/O ratio.

The Fe-Fe peak at 3.44in the PDF (Fig. 6.5) can be produced by threegyqf
corner-sharing configurations, as shown in Figuge @wo require the presence of tet-Fe
(Fig. 6.9a and b). The configuration in 9b is fdun maghemite and magnetite. The

third type is a bent corner-sharing oct-Fe in tlBAfpacking type shown in 9c, found in
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hematite and goethite (for illustration purpossjpamember ring as found in hematite is
drawn, but not required for this configuration).in& the ABA packing can not

accommodate enough Fe in octahedral sites withoautirg)y a face, one or both of the
configurations in 9a and 9b have to be presene FThaA peak serves as indirect proof
to the presence of tet-Fe. The M-model employedstructure motifs shown in Figure
6.9a and c.

Indexing of XRD and of TEM data suggested a celigth of 9.4A in the c
direction (Towe and Bradley, 1967; Harrison et B67; Drits et al., 1993; Eggleton and
Fitzpatrick, 1988; Janney et al., 2000). Consitetihe distance between neighboring
oxygen layers is 2.3 ~ 24, there will be 4 layers of oxygen in a repeat uinve use
this cell length. This leaves two types of packingtotal: ABAB or ABAC. As
discussed above, the ABAB packing can not accomteodaough Fe to reach the
required Fe/O ratio of 0.63, even if tet-Fe is wka. Figure 6.9a illustrates the ABA
packing with a tet-Fe. If there is another B lagbove it, the tet-Fe will share three top
edges with three octahedral sites above. Tet-Beinghan edge with Oct-Fe is not
energetically favorable, nor is it proposed or sumx from PDF data or other
experimental evidence. Leaving those sites unaedupill cause too many vacancies in
the framework and will not give the required Fe#fa.

If the packing sequence is ABAC, the tet-Fe withihcorners with the octahedral
sites above it, just like the tetrahedral siteohA\l13 Keggin cluster (Casey, 2006).
Therefore ABAC packing is the only choice, and edi¢his packing type is used in most
proposed structure models for ferrihydrite, inchglthe D- and M-models (Drits et al.,

1993; Michel et al., 2007a).
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With the ABAC packing sequence established andcthgis length equal to the
thickness of four oxygen layers (9 to 9&) there remains some ambiguity over the
length of the hexagonal a-axis. Different valub2.86 A, 5.08A and 5.95A have been
proposed, all consistent with hexagonal closeskipgc In seeking an appropriate a-axis
length for the structure model, there is no needige a large cell if a smaller one
provides a structure solution that serves all tkgeeemental data equally well. The M-
model (Michel et al., 2007a) has the longest a-bagth and the largest cell volume in
all proposed ferrihydrite models so far: a = 505 = 9.04A. So the authors first chose
this unit cell and the ABAC anion packing sequenaed attempted to explore the
possibility of alternative Fe atom arrangementdaciRg Fe atoms in the octahedral or
tetrahedral interstices must satisfy three requar@si (1) one or more of the structure
motifs shown in Figure 6.9 have to be present i dlternative structure model to
produce the 3.44 peak in PDF; (2) no face-sharing octahedral sitetetrahedral sites
could be occupied at the same time; (3) a Fe/® dtise to 0.63. These requirements
greatly limited the freedom of filling Fe atomstime cell. It turned out there were no
other possible Fe atom arrangements. The M-madeiqes the sole structure solution
consistent with this unit cell. Next, does an digugood structure solution exist in a
smaller unit cell? We argue that the answer is be smaller the unit cell is the more
difficult for the required structure motifs drawm Figure 6.9 to fit in the cell due to the
size. It takes little effort to rule out the pdskiy of an equally good structure model

with a smaller cell.

6.4.3. The debate over ferrihydrite structure
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A growing body of evidence suggests the atomicngeeaent in ferrihydrite,
regardless of grain size, synthesis conditiondasarreconstruction, morphology, site-
disorder and defect density can be described lyghesmodel (Drits et al, 1993; Michel
et al, 2007b; Michel et al, 2010). The naturehafttmodel is the subject of considerable
debate however. The most recently proposed mod®lithel et al (2007) consists of a
single phase while that proposed by Drits et aB8)%nd defended by Rancourt and
Meunier (2008) and Manceau (2009) consists of tlpbases. Neither model fits
significant features perfectly in either the laliorg XRD data or PDFs derived from
synchrotron X-ray and neutron diffraction data. r Eaample, while the M-model is
supported by PDF analysis, it is criticized for jediction of strong Bragg intensity
where weak peaks are observed in the diffractida danceau, 2009). While the M-
model provides robust fits to PDFs derived fromidewariety of synthetic conditions,
calculation of the Bragg data alone from this mpdseing a fully periodic structure, is
bound to be misleading. Such a calculation proslugasurprisingly, sharp diffraction
features (Manceau, 2009), in a pattern with nouddf scattering due to intermediate
range ordering, anisotropic peak broadening aneratiffraction effects due to grain size,
grain morphology and surface reconstruction. Thebtlel, consisting of a single phase,
does require elaboration. However it is clearlyapzeterized, if somewhat ideally, and
the algorithms used for the calculation of the P&E both well known and readily
available (Proffen and Neder, 1997; Qiu et al, 200&laborations of the M-model to
date suggest it is useful, even if it does notaéttee full picture (Pinney et al., 2009).

In the case of the D-model (Drits et al, 1993), gheameterization and algorithms

used to calculate diffraction data from those medale neither clearly stated nor are
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they readily available. It is clear from the measoent of thermal and physical
properties discussed here that the multiphase mmdelosed is far too water rich, and
even with the larger degrees of freedom inherefitting data with three rather than one
phase, at best fits the available data only as aslhe M-model. We combined TGA
andin situ PDF methods to quantify the structural OH in feydrite, and found the
OH/Fe ratio close to 0.18. The M-model with the/B&i= 0.2 is consistent with this
result, while the D-model has much more struct@idlthan observed. We demonstrated
that ABAC is the only feasible packing type basadle estimated structural OH content
and PDF signatures, and provided three structurfartbat could explain the 3.44 A
peak in PDF data, which is indirect evidence foe fhresence of tetrahedral Fe in

ferrihydrite.
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a. ABA packing & Fe b. ABC packing

Figure 6.8. Octahedral Fe sites in ABA and ABC [raghkype.
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Figure 6.9. Three types of configurations able todpce the 3.44 A Fe-Fe. Distances
shown in the figure are calculated assuming nocttral distortions and Fe-O bond
length equal to 1.94.
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Chapter 7

Conclusions

The stability and transformation of ferric sulfates functions of relative humidity
(RH), temperature (T) and atmospheric pressurev@?g resolved in this research. This
leads to a more detailed understanding of the heha¥ this group of minerals, their
formation and interaction with moist air. This onfnation provides the basis for
interpretation of ferric sulfate minerals on Maasid provides mineralogical constraints
for recovering information on local paleo-enviromtee Nonetheless, the ferric sulfate
systems studied here, including the “2 Fe(lll) S@,— n H,O” and “Fe(lll) - 2 SQ—n
H,O” systems, are still too basic to reflect the mafate brine chemistry on early Mars.
The effects of other cations (e.g MgC&™) and anions (e.g. ¢lon the speciation and

evolution of ferric sulfates should be studiedutufe research.

7.1. Achievements

Phases encountered in the two ferric sulfate hgdigstems, 2 Fe(lll) - 3 30N
H,O and Fe(lll) — 2 S©-n H,O, were characterized with RH and T in Chapter 2n@
4. Low T and low P effects on ferric sulfates stgbwere addressed in Chapter 5.

Below is a brief summary of major scientific acteewvents in this research.

(1) 2 Fe(lll) = 3 S@—n HLO phase evoluiton
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The evaporation of concentrated,S8€); solution and subsequent diagenetic
transformations of precipitated ferric sulfates evstudied in a series ek situandin situ
experiments performed at T ranging from ~ 0 °C @°8 and RH ranging from 0% to
80%. Results fronex situexperiments were plotted in RH-Time phase evotutiaps
(Fig. 3.8 in Chapter 3). The evolution of,f204} solution displays the following major
features: (a) at mid-RH, ~ 40% to ~ 60%, ferricpg® and rhomboclase are the initial
precipitates; they combine to form single ferridfatie hydrates such as kornelite (Fig.
3.8b), paracoquimbite (Fig. 3.8b and 3.8c) or testilfate pentahydrate (Fig. 3.8c) in the
post-precipitation evolution (diagenetic procegepending on RH and T; (b) at low-RH,
< 30%, the FESO4} solution evolves to an amorphous solid withoutstalizing; the
amorphous ferric sulfate remains at 0% and 11%Ritslowly transforms to crystalline

rhomboclase at ~ 30% RH.

(2) Fe(lll) — 2 SQ— n KO phase map

Studies of the RH-T phase diagram for the Fe(l1D SQ — n H,O system show
reversible transformation between rhomboclase digD)Fe(SQ),, as well as the
deliqguescence boundary of rhomboclase (Fig. 4®Bis transformation was kinetically

inhibited at -20 °C.

(3) Ferric sulfates at Low T and Low P
Results reported in Chapter 5 indicate that undaulated low-T and low-P
conditions, ferricopiapite was not stable at 6 °@ 8.6 mbar and 0.6% RH, and

transformed to a new phase which was not identififthomboclase transformed to an
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amorphous phase at 20 °C and 3.6 mbar and 0% Rtder @erric sulfates including
kornelite, paracoquimbite, ferric sulfate pentalayerand the amorphous ferric sulfate
remained stable at 25 °C andk® mbar. All the above mentioned ferric sulfatesrav
apparently stable at -30 °C against variations Bf RIt is expected that these ferric

sulfates will remain stable at even lower tempegatu

7.2. Limitations

The research contributes to fundamental knowledderoc sulfate stabilities and
phase transitions as functions of RH and T. Howesagplication of the results to
interpretation or prediction of Martian ferric satiés is limited by the differences between
the simulated environmental conditions and theaatanditions on Mars, as well as the
differences in chemistry between the studied fesulfate solution and the sulfate brine

on ancient Mars.

(1) Difference in chemistry

The explored ferric sulfate hydrate systems, 215efI3 SQ,—n H,O and Fe(lll)
— 2 SQ-n H,0, are too simple to be close to a Martian sulfatee that consists of
significant amount of extra ions. For exampleritesulfates observed on Mars generally
coexist with Mg- sulfates and Ca- sulfates. Thespnce of Mg and C4&'is likely to
alter the ferric sulfate speciation, e.g. Mg-cofimpnay be favored to precipitate over
ferricopiapite.

The pH of the studied concentrated ferric sulfatieition was below 1. Sulfate

brines of a similar pH is supposed to occur atlaéisé stage of the hypothesized aqueous
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sedimentary history on Mars (Bibring et al., 200@)ere water is mostly evaporated and
pH is very low. Therefore, the evolved ferric sitdfs studied in this research only
represent part of the ferric sulfate group minemilserved on Mars that primarily
precipitate at pH < 1, e.g. ferricopiapite and rhociase. Jarosite and schwertmannite,
also confirmed or suggested on Mars, were not etluh this research due to their high
formation pH, e.g. 2 < pH < 4 for jarosite, 4 < g6 for schwertmannite (Tosca et al.,

2007). Jarosite and schwertmannite should be edvarfuture RH-T studies.

(2) Difference in environmental parameters

There are four differences between the simulatedlitions in this research and
actual Martian conditions: (1) the atmospheric cosifon; (2) the low atmospheric
pressure on Mars; (3) the low temperature on M@$;the presence of stronger
ultraviolet radiation than on Earth. The influesad these environmental parameters on
ferric sulfate stability and chemistry have beescdssed in detail in Chapter 3, section
3.4.3. For the first aspect, the difference inapheric composition is not expected to
affect speciation and stability of ferric sulfatedo experiments were done under QD
Martian atmospheric contents in this research, mxtiee one studying rhomboclase
stability using the vacuum line setup, which does reveal any effect of COon
rhomboclase (Section 4.3.3). For the second aspleet difference in atmospheric
pressure should not be directly related to theilgtalof hydrated minerals. Instead,
water vapor pressure or RH is directly related #@sdeffect has been thoroughly
investigated in this research. For the third aspbe low temperature on Mars could

dramatically slow down the reaction kinetics. Tki$ect was observed in thex situ
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experiments from ~ 0 °C to 50 °C presented in Girapt Direct characterization of
several ferric sulfate phases at low temperatd@ {€) was also performed in Chapter 5.
However, due to the slower kinetics, extensivedlistudies on sulfate brine evaporation
at low temperature are not realistic. For the to@spect, the effect of ultraviolet light
was not included in the current research. ExposurdV was suspected to affect the
hydration states of Mg-sulfate in a previous st(@loutis et al., 2007). The ultraviolet

light effect should be incorporated in future sagdi

(3) Unidentified ferric sulfate phases

At least two new crystalline ferric sulfate phasese discovered in this research.
One is an intermediate phase formed along withcfgprapite and rhomboclase during
the hydration of trigonal RESO4}) or the evaporation of K&S0O4) solution (Chapter 2
and Appendix). The synthesis of this phase iscoatpletely reproducible, probably due
to an as yet to be discovered optimal synthesisertmas not been discovered. Its
structure is mostly determined with single crystddraction data and reported in some
detail in Appendix. The other new phase was foasda dehydration product of
ferricopiapite at 6 °C and 3.6 mbar (Chapter 5h diystal structure characterization was
attempted on this phase. There are more unidettférric sulfate phases reported by
other scientists (Chipera et al., 2007; Freemaal.e2009). The phase diagram will not

be complete without identifying these unknown plsaamed their stability field.

7.3. Future directions
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Two main directions are proposed here for futueeearch in this field of
laboratory simulation of Martian sulfate mineralogimd sedimentary history: (1)
continue study of basic ferric sulfate chemistryg. ¢eompleting phase diagrams and
characterizing the unknown phases; (2) improvedstmeilation of Martian conditions in
laboratory based research, especially by addimguidtiet radiation irex situandin situ

experiments. In detail, three projects are listeldw:

(1) Systematic study of Fe(lll) - $OH,O speciation

Posnjak and Merwin (1922) published a paper thatmened the speciation of
ferric sulfate and ferric oxide and oxyhydroxidete system, R©; — SQ — H,O. They
proposed a FK®; — SQ — H,O ternary phase diagram. This work provided useful
information on various ferric sulfate stability abtions. With much advanced
technology at present days and more comprehensnavlkdge of ferric sulfate
chemistry and crystallography, it is necessary devaluate the F®; — SQ — H,0
system. This study is also expected lead to degownidentified phases and their
stability conditions.

Methods Initial slurries are prepared by mixing J88, 98% sulfuric acid and
water of different ratios, then loading and seatedeflon bombs stored at 50 °C to 200
°C for enough long time, 5 to 20 days dependingeomperature, to let the system reach
equilibrium. The solid and liquid phases produgelll be analyzed for speciation and
ion concentration. A total of 150 to 200 hydrothat reactions are expected to complete
the mapping of the ternary phase diagrams at diftsiemperature from 50 °C to 200 °C.

This work is right now being conducted.

181



(2) Ferric and ferrous sulfates hydration and detaggbn under ultraviolet radiation
Ultraviolet light is one potentially important emonmental factor that affects the
stability of hydrate mineral (Cloutis et al., 200But has not been considered in the
current research. This project is going to aimnaestigating the effect of ultraviolet
radiation on ferric sulfate hydrates, withsitu andex situXRD methods similar to used
in this research. Ferrous sulfates should alsodiaded in the study for their diagenetic

relationships with ferric sulfate.
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Appendix

Crystal structure of a new ferric sulfate hydrate
(H:O)Fe(OH)(SQy)s - 7TH,O

Abstract

A new phase precipitates from concentrated($@,); solutions along with
ferricopiapite (FeeASOy)s(OH):20H,0) and rhomboclase (g@)Fe(SQ)23H,0) at
room temperature (RT) and 43% relative humidity YRHIts crystal structure was
determined from synchrotron single-crystal X-rajfrdction data. This new phase is
triclinic, space groug1, with cell parametera = 7.563(2)1&, b= 15.075(3),&, C=
16.387 (3)A, a = 94.969(7)°p = 91.851(7)°y = 89.998(7)°, V = 1835.6(7A°, Z = 4.
The structure is composed of PE8O,),(OH)(H.0)s]* clusters, isolated SO anions,
disordered water molecules and hydronium ions. él@w, the site assignment of water
molecules and hydronium ions remains ambiguousis few phase was previously
observed as an intermediate hydration productigérial Fe(SOy)s, as shown in Figure
2.8 in Chapter 2.

Al. Synthesis and Characterization

Anhydrous FgSQy); was prepared by heating ferric sulfate hydratenfib T.
Baker (Baker Analyzed, Assay KX80j)); > 73.0%) at 340°C for 2 hours.
Thermogravimetric analysis (TGA) confirmed its adigus state, and powder XRD
indicated it as pure triclinic RHSOy); (ICSD-22368). For a typical synthesis, 1.34 g
Fe(SOy); was mixed with 1.74 g distilled water to producel@ar dark brown solution
formed after sonication for 0.5 hours. This santwas then evaporated at 43% RH and
room T (~22°C). The stable RH condition was ackéely the humidity buffer method
described in Chapter 2: the sample was preserveddiosed container with saturated
K2CO; solution and an excess of solig®0O;. A yellow precipitate formed after 10
days.

Powder X-ray diffraction (XRD) pattern of the yelMoproduct was taken on a
Rigaku Ultima IV diffractometer using CwkKradiation { = 1.54178/3) and a high-speed
semiconductor element one-dimensional detectoridad Fe fluorescence suppression.
Preliminary XRD results suggest the product was mmsad of ferricopiapite,
rhomboclase and the new iron sulfate phase that pragously observed iex situ
hydration experiments on trigonal X80y); (Fig. 2.8 in Chapter 2). The three phases
were not evenly distributed in the vial, with thewnphase agglomerated at the bottom
10% (volume estimate) of the precipitate whereidepiapite was very rare (Fig. Al).
Single crystals of the new phase are plate-liké Wit shortest dimension no larger than
5 um. Crystals tend to form piles, strongly bolahg the shortest dimension and are not
easily separated, making it very difficult to fiad single crystal. A microcrystal of this
phase (5 x 29 x 136 um) was taken to the AdvandemoR Source and data were
collected at ChemMatCars (beamline No. 15-IDB),ngsa three-circle Bruker D8
diffractometer equipped with an APEXIl detector. heT radiation wavelength was
0.41328(1)A. The raw data were processed using the APEX-tesof software
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(Bruker, 2006). The crystal was found to be a 8@&n with the two individuals related
by a 180.0° rotation about the real axis [1 0 The data were integrated based on the
two components. Absorption correction was perfarmsing TWINABS. The structure
was solved and refined using SHELXL97 (SheldriddQ&).

Combined thermogravimetric and differential scagnialorimetric analysis (TG
and DSC) was conducted on a Netzsch STA 449C Jjupiteultaneous TG-DSC
apparatus, in order to constrain the water contetite structure. 9.0 mg powder sample
used to collect XRD data shown in Figure A1l waslézhinto an alumina crucible, and
heated from room temperature to 800°C at a ral®uT/min under M protection.

A2. Results and Discussion

A2.1. Crystal Structure

The crystal structure of the new iron sulfate phasmsists of isolated
[Fex(SOy)2(OH)(H20)e]* clusters and [SE” groups, disordered#® and HO', as shown
in Figure A2. H atoms on the cluster were not tedafrom the XRD data, but their
association with O is consistent with the calcolasi of bond valence shown in Table A3
(Brown and Altermatt, 1985). In the cation clustsch F& is octahedrally coordinated
by three HO molecules, two O atoms from two [§© groups in cis configuration and
one OH bridging to the other Fe A similar structure motif exists in copiapiteogp
minerals, except that the clusters in copiapite lameed by [SQ]*. Seven O sites,
designated from O39 to O45 in Table A2, are disted on the z = 0 plane (Fig. A2).
The occupancies of these sites were assigned aeddi®d HO and HO™ based on the
scattering powder and charge balance calculatibime seven sites can be divided into
two groups based on the inter-atomic distances) @R9 to O42 in one group and 043
to O45 in the other. The total site occupancyawhegroup was constrained to 2 during
the refinement, which gave reasonable displacerpanameters for all sites. This
assignment of total occupancy was in agreement with TG data shown below.
However, unrealistically short O-O distances, d(@39-044) is 1.43, requires that a
maximum summed occupancy of 1 be assigned to eacip.g Refinement of this model
for total occupancy resulted in non-positive thdriparameters, suggesting the sites
contain atoms heavier than oxygen, possibly sulfiite shape of the two groups of sites
resembles SPand S@Q, and the S-O bond can be as short as A.43However, these
sites can not be S@nd SQ or SQ?, because there was no reductant for reducing SO
in the starting materials: ferric sulfate and watdBesides, for the purpose of charge
balance, these two groups of sites need to beiymgittharged. The current structure
solution still assumes those sites are disordergd &hd HO", but it is not conclusive
due to the reasons discussed above. The ambigyitpbably due to the quality of XRD
data that is limited by the quality of the singhystal. The crystals grown in this study
had a platy morphology with a thickness smallentBaum. Most of the crystals show
undulatory extinctions under crossed polars.

A2.2. Thermal properties

TG and DSC data were plotted in Figure A3. Thresght loss events were
recorded in TG with a total weight loss equal toO%2. XRD of the heating product
confirmed it as pure hematite-Fe,03). Two more heating runs to 200°C and 400°C
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were performed. The heating products up to thesermediate temperatures were
amorphous indicated by XRD. Since Fe was conseirvede solid phases throughout
the heating, the percentage of Fe in the initiahga was calculated to be 19.6% based
on the resultant hematite. This value could b&éh&rrused to estimate the water content
in the new phase. The estimation takes accoutiiteofact that the starting sample was a
mixture of the new phase, rhomboclase and ferraqof®. To get the proportions of each
phase, quantitative Rietveld analysis was performétd TOPAS 4.1 (Bruker, 2008;
Rietveld, 1969). Scale factors and specimen glefe refined. The weight percentages
were 82% for the new phase, 15% for rhomboclase3éhdor ferricopiapite. Since the
percentage of Fe in rhomboclase and ferricopiagritel7.4% and 21.2% based on their
formulas, the percentage of Fe in the new phasecalaslated to be 19.9%. Applying
this value to the formula, [HSO)(OH)(H:20)]" (H30)" SO - x H,0, x was then
calculated to be 1.0. The formula could be reemitas (HO)Fe(OH)(SQy)s - 7H:0.
The TG result supports the occupancy assignmernhé&disordered ¥ sites discussed
earlier.

A2.3. Diagenetic relations with other ferric suHat

In the previous study, the same three phase mixnokiding ferricopiapite,
rhomboclase and the new ferric sulfate phase wsas @bserved at the initial hydration
stage of trigonal F£€SQy); at 43% and 53% RH and room T. The mixture tramséa to
kornelite (Fe(SQy)s - 7.25H0) then paracoquimbite (K&Oy)s - 9H,O) after months.
That hydration condition was the same as the pitatign condition used in the current
study - 43% RH and room T (~22°C). It should b&dahat this preparation condition
does not guarantee the formation of this new fewi€ate phase. In fact, this is the only
time that this new phase was successfully madetalfly three attempts using the same
preparation method, with the other two times ontystallizing ferricopiapite and
rhomboclase. Even in this successful synthesessndw phase only took a small part of
all the precipitates in which ferricopiapite an@miboclase still dominated. The optimal
crystallization condition of the new phase is ntgac. Its close association with
ferricopiapite is understandable considering thdyares similar structure motif
[Fex(SQOy)2(OH)(H.0)]*. The new phase, like ferricopiapite, is also dasiable phase
in the evolution of ferric sulfate solution, whiehill finally evolve to paracoquimbite
under the condition of synthesis, 43% RH and 22 °C.
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Table Al. Crystallographic information for {6)Fe(OH)(SQy)s - 7H,O

Empirical formula

Formula weight

Collection temperature (K)
Wavelength é)

Symmetry

Space group

Unit cell dimensionsﬁ( and °)

Volume &%)

Z

Calculated density (g/cih
Absorption coefficient (mrf)
F(000)

Goodness of fit

R [I/s >2]

R (all reflections)

(HO)F&(OH)(SQ)s - 7TH0

544.31

298
0.41328(2)
Triclinic

P-1
a=17.463(2)
b =15.075(3)
c = 16.387(3)
a = 94.969(7)
B =91.851(7)
v = 89.998(7)
1835.6(7)
4
1.969
0.417
1073

1.040
R =0.0707
wR =0.1788
R =0.0977
WR =0.1973
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Table A2. Coordinates and displacement parametettoms

Atom X y Z U Occ.
Fel 0.34879(16)  0.89577(7) 0.30290(8) 0.0143(3) 1
Fe2 0.84661(16)  0.56957(7) 0.30185(7) 0.0133(3) 1
Fe3 1.16177(16)  0.40161(7) 0.28476(7) 0.0139(3) 1
Fed 0.66517(16)  1.06116(7) 0.29151(7) 0.0140(3) 1
s1 0.7611(3) 0.38654(13)  0.19375(13)  0.0151(4) 1
S2 0.2667(3) 1.06255(13)  0.20099(13)  0.0159(4) 1
S3 0.6829(3) 0.87599(13)  0.18522(13)  0.0166(4) 1
S4 0.7869(3) 0.85619(13)  0.50473(13)  0.0160(4) 1
S5 1.1736(3) 0.56835(12)  0.17694(13)  0.0150(4) 1
S6 0.2866(3) 0.63954(13)  0.50397(13)  0.0161(4) 1
01 0.6448(8) 0.3120(4) 0.2059(4) 0.0257(15) 1
02 0.9459(8) 0.3626(4) 0.2182(4) 0.0229(14) 1
03 0.7051(8) 0.4650(3) 0.2515(4) 0.0208(14) 1
04 0.7530(10) 0.4088(5) 0.1107(4) 0.0365(18) 1
05 0.2088(8) 0.9946(4) 0.2561(4) 0.0207(14) 1
06 0.2624(10) 1.0253(5) 0.1178(4) 0.0348(17) 1
o7 0.1480(8) 1.1382(4) 0.2133(4) 0.0249(15) 1
08 0.4507(8) 1.0940(4) 0.2273(4) 0.0255(15) 1
09 0.7791(9) 0.8190(4) 0.2395(5) 0.0333(17) 1
010 0.7059(10) 0.8510(5) 0.0994(4) 0.0389(19) 1
011 0.4868(8) 0.8703(4) 0.2000(4) 0.0205(14) 1
012 0.7413(8) 0.9694(4) 0.2051(4) 0.0242(15) 1
013 0.7499(9) 0.7925(4) 0.4343(4) 0.0349(19) 1
014 0.6886(9) 0.9387(4) 0.4921(4) 0.0267(15) 1
015 0.7276(9) 0.8209(4) 0.5798(4) 0.0300(16) 1
016 0.9825(9) 0.8716(5) 0.5134(4) 0.0298(16) 1
017 1.2382(8) 0.4804(4) 0.2016(4) 0.0217(14) 1
018 0.9800(8) 0.5775(4) 0.1981(4) 0.0193(13) 1
019 1.1811(10) 0.5697(4) 0.0897(4) 0.0293(15) 1
020 1.2775(9) 0.6388(4) 0.2218(4) 0.0291(16) 1
021 0.2554(9) 0.6879(5) 0.4307(5) 0.0369(19) 1
022 0.1871(9) 0.5555(4) 0.4919(4) 0.0262(15) 1
023 0.2229(9) 0.6903(4) 0.5776(4) 0.0313(17) 1
024 0.4802(8) 0.6247(4) 0.5145(4) 0.0278(15) 1
025 0.4534(8) 0.7889(4) 0.3510(4) 0.0210(13) 1
026 0.2076(9) 0.9246(4) 0.4059(4) 0.0227(14) 1
027 0.1530(8) 0.8107(4) 0.2542(4) 0.0220(14) 1
028 0.5345(8) 0.9754(4) 0.3493(3) 0.0168(12) 1
029 0.7087(9) 0.5589(4) 0.4048(4) 0.0261(14) 1
030 0.6527(8) 0.6504(4) 0.2566(4) 0.0241(14) 1
031 0.9589(9) 0.6833(4) 0.3508(4) 0.0221(14) 1
032 1.0348(8) 0.4968(4) 0.3441(3) 0.0172(13) 1
033 1.1082(9) 0.3202(4) 0.3720(5) 0.0331(17) 1
034 1.2910(9) 0.3010(4) 0.2198(4) 0.0256(15) 1
035 1.3996(8) 0.4309(4) 0.3456(4) 0.0255(15) 1
036 0.7961(9) 1.1549(4) 0.2349(4) 0.0286(16) 1
037 0.8998(8) 1.0401(4) 0.3505(4) 0.0244(14) 1
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038 0.6144(9) 1.1540(4) 0.3833(5) 0.0344(18) 1
039 0.391(2) 0.8860(15)  -0.0400(10)  0.051(7) 0.44(2)
040 0.042(4) 0.8834(15)  -0.0201(14)  0.099(12) 0.48(3)
041 0.261(3) 0.7796(11)  0.0436(14)  0.051(8) 0.38(2)
042 0.1538(19)  0.3502(9) 1.0171(9) 0.047(5) 0.60(2)
043 0.405(2) 0.4026(10)  0.9429(9) 0.057(5) 0.61(2)
044 0.2642(18)  0.8673(7) 0.0202(7) 0.055(5) 0.75(3)
045 0.2210(12)  0.4211(6) 0.9707(6) 0.032(3) 0.79(2)
Atom Uq1 Uz, Usz Uzz Uiz Ug;
Fel 0.0110(7)  0.0110(5)  0.0214(7) _ 0.0031(4) _ 0.0028(5)  -0.0019(5)
Fe2 0.0110(7)  0.0104(5) 0.0187(6) 0.0011(4)  0.0029(5)  0.0002(4)
Fe3 0.0091(7)  0.0120(5) 0.0211(7)  0.0034(5)  0.0009(5)  0.0005(4)
Fed 0.0093(7)  0.0104(5) 0.0226(7)  0.0014(5)  0.0022(5)  -0.0023(4)
s1 0.0112(11) 0.0124(9)  0.0214(11) 0.0000(8)  -0.0003(8)  -0.0013(8)
s2 0.0126(11) 0.0129(9)  0.0226(12) 0.0036(8)  0.0012(9)  0.0019(8)
s3 0.0150(11) 0.0134(9)  0.0211(11) -0.0004(8) 0.0035(9)  0.0004(8)
sS4 0.0127(11) 0.0153(9)  0.0199(11) 0.0004(8)  -0.0001(9)  -0.0004(8)
S5 0.0131(11) 0.0118(8)  0.0205(11) 0.0014(8)  0.0056(9)  -0.0026(8)
S6 0.0129(11) 0.0175(9) 0.0183(11) 0.0043(8)  0.0011(8)  -0.0014(8)
o1 0.007(3)  0.018(3)  0052(5)  -0.001(3) 0.004(3)  -0.004(2)
02 0.005(3)  0.020(3)  0.043(4)  -0.004(3) 00013  0.003(2)
03 0.024(4)  0010(2)  0.028(4)  -0.007(2)  0.005(3)  -0.002(2)
04 0.044(5)  0037(4)  0027(4)  -0.004(3)  -0.001(3)  0.007(3)
05 0.018(3)  0013(3)  0.034(4)  0011(2)  0.004(3)  0.001(2)
06 0.043(5)  0.037(4)  0.024(4)  0000(3)  -0.001(3)  -0.003(3)
07 0.014(4)  0014(3)  0.048(4)  0012(3)  0.005(3)  0.004(2)
08 0010(3)  0.025(3)  0.043(4)  0014(3)  -0.004(3)  -0.003(2)
09 0.022(4)  0018(3)  0.062(5)  0.016(3)  -0.006(3)  0.004(3)
010 0.039(5)  0.044(4)  0033(4)  -0010(3) 0019(3)  -0.005(3)
011 0.015(3)  0.023(3)  0023(3)  -0.0023) 0.007(3)  -0.006(2)
012 0.020(4)  0018(3)  0.035(4)  0000(3)  0011(3)  -0.005(3)
013 0.026(4)  0.034(4)  0040(4)  -0.022(3) -0.008(3)  0.006(3)
014 0.034(4)  0022(3)  00233)  0002(3)  -0.0093)  0.012(3)
015 0.020(4)  0.035(4)  0038(4)  0021(3)  0012(3)  0.005(3)
016 0.013(4)  0.045(4)  0032(4)  -0.001(3) 0.006(3)  -0.009(3)
017 0013(3)  0.019(3)  0.034(4)  0.007(3)  0.008(3)  0.007(2)
018 0011(3)  0.025(3)  0022(3)  0.003(3)  0010(2)  0.003(2)
019 0.038(4)  0031(3)  0.020(3)  0.009(3)  0010(3)  -0.001(3)
020 0.022(4)  0018(3)  0.046(4)  -0.0083)  0.000(3)  -0.004(3)
021 0.020(4)  0.052(4)  0043(5)  0031(4)  -0.014(3)  -0.011(3)
022 0.030(4)  0.022(3)  00253)  -0.001(3)  -0.007(3)  -0.009(3)
023 0.033(4)  0030(3)  0030(4)  -0011(3) 00233  -0.008(3)
024 0.013(4)  0.043(4)  0029(4)  0.006(3)  0.003(3)  0.005(3)
025 0018(3)  0.020(3)  0.026(4)  0.009(3) 00013  -0.003(2)
026 0.022(4)  00253)  0022(3)  -0.001(3) 0012(3)  -0.004(3)
027 0.017(4)  0016(3)  0032(4)  -0.001(3)  0.002(3)  -0.004(2)
028 0.018(3)  0018(3)  0015(3)  0.004(2)  0.004(2)  0.000(2)
029 0.024(4)  0.0293)  0027(4)  0008(3)  0013(3)  0.001(3)
030 0.014(4)  0021(3)  0037(4)  0.004(3)  -0.0033)  0.005(2)

204



031
032
033
034
035
036
037
038
039
040
041
042
043
044
045

0.023(4)
0.017(3)
0.017(4)
0.021(4)
0.012(4)
0.017(4)
0.015(4)
0.022(4)
0.018(10)
0.16(3)
0.068(17)
0.040(9)
0.056(11)
0.090(11)
0.029(6)

0.016(3)
0.020(3)
0.039(4)
0.016(3)
0.039(4)
0.021(3)
0.031(3)
0.023(3)
0.104(17)
0.073(16)
0.018(9)
0.043(8)
0.061(9)
0.034(6)
0.032(5)

0.026(4)
0.015(3)
0.048(5)
0.040(4)
0.026(4)
0.051(5)
0.028(4)
0.055(5)
0.028(10)
0.063(17)
0.069(17)
0.058(10)
0.057(10)
0.042(8)
0.035(6)

-0.005(2)
0.006(2)
0.028(3)
0.000(3)
0.006(3)
0.018(3)
0.000(3)
-0.018(3)
-0.005(10)
-0.003(13)
0.021(9)
-0.010(6)
0.019(8)
0.000(5)
0.006(4)

-0.001(3)
0.004(2)
0.014(3)
0.010(3)
-0.001(3)
0.006(3)
-0.001(3)
0.015(3)
0.010(7)
-0.055(16)
-0.035(12)
0.020(7)
0.024(7)
0.019(6)
-0.010(4)

-0.003(2)
0.010(2)
0.003(3)
0.005(3)
-0.001(3)
0.000(3)
-0.001(3)
-0.008(3)
-0.023(9)
-0.004(16)
-0.031(9)
-0.007(6)
0.016(7)
0.000(6)
-0.002(4)
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Table A3. Bond lengths and bond valence calculation

Bond Bond length Bond Atom Bond H atom
(A) valence valence sum attached
Fel-O28 1.927(6) 0.635 Fel 3.106
Fel-025 2.002(6) 0.519 Fed 3.198
Fel-O5 2.011(6) 0.506 S2 6.149
Fel-011 2.013(6) 0.503 S3 6.100
Fel-026 2.034(6) 0.476 028 1.235 1
Fel-O27 2.041(6) 0.467 025 0.519 2
Fe4-028 1.948(6) 0.600 05 1.919 0
Fe4-08 1.974(6) 0.559 011 1.924 0
Fe4-012 1.989(6) 0.537 026 0.476 2
Fe4-038 2.009(6) 0.509 027 0.467 2
Fe4-037 2.011(6) 0.506 08 1.992 0
Fe4-O36 2.025(6) 0.487 012 2.013 0
S2-06 1.428(7) 1.698 038 0.509 2
S2-07 1.449(6) 1.605 037 0.506 2
S2-08 1.491(6) 1.433 036 0.487 2
S2-05 1.496(6) 1.413 06 1.698 0
S3-010 1.439(7) 1.649 o7 1.605 0
S3-09 1.461(7) 1.554 010 1.649 0
S3-012 1.480(6) 1.476 09 1.554 0
S3-011 1.494(6) 1.421

Note: O-H bond valence is 0.73 v.u. for a bond teraj 1.0A. Bond valance calculation
was based on data published in Brown and Alter(da&5s).
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Figure Al. XRD pattern of the new phase with mirffeymboclase and ferricopiapite.
Peak indexes are marked. R: rhomboclase; F: f@apde. Cuky radiation was used.
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Figure A2. Crystal structure of g@)Fe(OH)(SQy); - 7H,O. Red balls are O atoms of
disordered water and hydronium ions, except thenoswdked with O28, the bridging OH
between two Fefoctahedra.
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Figure A3. TG and DSC data of {8))Fe(OH)(SQy)s3 - 7H,O with minor rhomboclase
and ferricopiapite.
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