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Abstract of the Dissertation 
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in  
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2011  

 

Ferric sulfates have attracted attention of geochemists since the discovery of jarosite 

on surface of Mars in 2004.  To date, several ferric sulfates have been identified or suggested 

on Mars, including ferricopiapite, paracoquimbite, etc.  These ferric sulfates, formed in 

evaporation or diagenetic processes, serve as mineralogical evidence for past water activity 

on Mars.  More than proving the presence of water, ferric sulfates are hygroscopic and 

display complex hydration and dehydration transitions with change of air humidity and 

temperature, which suggest they may have application in tracing paleo-environment on Mars.   
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On Earth, ferric sulfate minerals are environmentally important.  Primarily distributed 

in acid mine drainage areas, ferric sulfates are hosts for various toxic metals and acidity.  

Their dissolution and precipitation greatly affect water quality and local environment.   

In this dissertation research, phase stabilities and transformations of ferric sulfates as 

functions of temperature (T), relative humidity (RH) and atmospheric pressure (P) were 

studied in detail.  Techniques were developed and applied in this research to follow phase 

transitions of ferric sulfates in situ with changing environmental parameters and 

simultaneously collecting X-ray diffraction (XRD) data.  Combined with parallel ex situ 

studies employing humidity buffer technique, phase relationships among ferric sulfates and 

the RH-T phase diagrams were delineated.  Humidity and temperature effects on the 

evaporation of concentrated ferric sulfate solution were also investigated.  Phase evolution 

sequences from concentrated ferric sulfate solution, including phases occurring in both 

precipitation and post-precipitation alteration processes, were characterized as a function of 

relative humidity, temperature and time.  A typical evolution sequence, Fe2(SO4)3 solution 

→ (ferricopiapite, rhomboclase) → kornelite → paracoquimbite, was identified at 40% to 

60% RH at room temperature.  An amorphous ferric sulfate formed from the Fe2(SO4)3 

solution at RH < 30%.  

(H3O)Fe(SO4)2 was identified as a dehydration product of rhomboclase, 

(H5O2)Fe(SO4)2 · 2H2O, at low RH or high temperature.  The phase boundary between 

these two compounds was resolved with in situ XRD studies at controlled RH and T and 

plotted in the RH-T phase diagram.  

Temperature is shown to be an important factor dictating ferric sulfate transition rates.  

The low temperature as present on Mars (-150 °C to 20 °C) could kinetically inhibit 

intermediate hydration phases, such as ferricopiapite and the amorphous ferric sulfate, from 
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transforming to thermodynamically stable phases.  This is why phase evolution maps 

resolved in this study are complementary to calculated phase diagrams.  In situ T- and P-

controlled XRD experiments showed ferric sulfates could be stabilized against variation of 

RH at T < 0 °C, indicating the diurnal RH variation (from almost 0 up to 100%) on the 

present day Martian surface can not affect hydration states of most ferric sulfates, except 

for a slight possibility to dehydrate ferricopiapite, which was found 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 minerals are hygroscopic and display 

complex phase transitions as a function of temperature and relative humidity, and so can 

potentially serve as environmental indicators to past sedimentary environments on Mars.  

This dissertation research aims at revealing the ferric sulfate phase evolutions in 

evaporative and diagenetic processes under different temperature and relative humidity 

conditions.  This chapter briefly introduces ferric sulfates: their composition and crystal 

chemistry, speciation and distribution on Mars, association with acid mine drainage and 

environmental impacts.   

 

1.1. Introduction 

 

The recent discovery of ferric sulfate minerals on Mars (Klingelhofer et al., 2004; 

Squyres et al., 2004) and their occurrence as contamination in acid mine drainage (AMD) 

areas on Earth (Hammarstrom et al., 2005; Nordstrom and Alpers, 1999) make these 

compounds of broad geochemical interest.  On Mars, ferric sulfates are an important 

component of chemical sediments that preserve evidence of past water activity, as these 

minerals are of aqueous origin (Burns and Fisher, 1990; Squyres et al., 2004).  Further, 
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ferric sulfates display hysteretic or irreversible phase transitions related to change of 

temperature (T) and relative humidity (RH) and therefore may yield details on paleo-

environmental conditions on Mars (Madden et al., 2004).  Despite the significance of 

ferric sulfates, their stability and complex phase relationships as functions of T and RH 

are not well characterized.  

In AMD regions, ferric sulfates are efflorescent minerals formed from oxidation 

of pyrite (FeS2) and other iron sulfide minerals (Hammarstrom et al., 2005).  Under 

conditions of high humidity or as a result of a rising groundwater table, ferric sulfates 

will dissolve and pollute the local aquatic system in two ways (Nordstrom and Alpers, 

1999).  First, Fe(III) hydrolysis will greatly increase the water acidity.  Second, ferric 

sulfate minerals are hosts of various toxic metals, e.g. Cr, Pb, etc, and will release the 

sequestered toxic metals to the aquatic system upon dissolution.  Remediation 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 research – Martian sulfate 

geochemistry and AMD remediation, a fundamental understanding of the structure, 

stability and the chemistry of ferric sulfates, including their behavior with respect to 

environmental changes, is necessary.  

 The main goal of this research is to establish phase relationships among ferric 

sulfates and to understand their formation and the diagenetic transitions under different 

RH and T conditions.  This is accomplished by a combination of in situ and ex situ X-ray 

diffraction (XRD) methods.  These methods are not only useful for identifying ferric 

sulfate phases, but also facilitate a quantitative evaluation of their crystal structures and 

an understanding of phase transitions at the atomic level.  In situ XRD are carried out 
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using both commercial and custom-built environmental chambers designed to allow 

reproducible conditions of T and RH.  The collected XRD data enable a more thorough 

understanding of the X-ray scattering behavior of ferric sulfate minerals in order to 

robustly interpret data from the CheMin instrument on the Mars Science Laboratory 

(Bish et al., 2007), which is scheduled to launch in November 2011.  Also, this research 

provides important complementary experimental data for on-going geochemical 

modeling work, an endeavor hindered by the lack of fundamental laboratory studies of 

ferric sulfates. 

 

1.2. Background 

 

1.2.1. Crystal Chemistry of Ferric Sulfates 

 The term “ferric sulfates” used in this dissertation refers to natural minerals or 

synthetic inorganic compounds that mainly consist of ferric ion (Fe3+) and sulfate group 

(SO4
2-), with other possible components including structural water (H2O), hydroxyl (OH), 

hydronium (H3O
+) and other metal cations (e.g. K+, Mg2+).  For example, the term ferric 

sulfate is applied to copiapite with a formula Fe2+Fe3+
4(SO4)6(OH)2 · 20H2O in this thesis.  

Table 1.1 lists common ferric sulfates. 

 The crystal structure of a ferric sulfate typically contains FeO6 octahedra and SO4 

tetrahedra.  A FeO6 octahedron may link to a SO4 tetrahedron or another FeO6 octahedron 

through corner-sharing an oxygen atom.  Generally, FeO6 octahedra do not share edges in 

the crystal structure of ferric sulfates, and an SO4 tetrahedron does not directly connect 

with another SO4.  The fact that SO4 groups do not share oxygen can be explained from 
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the bond valance point of view: an S-O bond has a valance of 1.5, equal to the valence of 

S(VI) divided by four; an S-O-S connection will have the bond valence sum of the two S-

O bonds equal to 3.0, much exceeding the charge of O2-, which destabilizes such 

connection.  Water molecules in ferric sulfates are either isolated --- connecting to other 

atoms through hydrogen bonding, or bond to Fe by occupying part or all of the six 

oxygen sites in FeO6 octahedra.  Water molecules in ferric sulfates are easily removed 

and reincorporated in response to changes of temperature or humidity.  Removal or 

incorporation of H2O usually necessitates a rearrangement of atoms in the structure, 

which induces a phase transition.  Figure 1.1 illustrates the structure of ferricopiapite 

(Fe3+
0.67Fe3+

4(SO4)6(OH)2 · 20H2O), as an example showing the connections of FeO6 

octahedra, SO4 tetrahedra and H2O in ferric sulfates.   

 

1.2.2. Ferric Sulfates on Mars 

 Ferric-bearing minerals are thought to contribute to the surficial coloring of Mars.  

This belief was later confirmed by the Viking Lander X-ray fluorescence spectroscopic 

(XRFS) experiments in the late 1970s, which identified high concentrations of ferric iron 

amounting to 18 wt. % Fe2O3 in Martian fines and duricrust samples analyzed at both 

Chryse and Utopia (Clark et al., 1982; Toulmin et al., 1977).  High concentrations of 

sulfur were also found as 8 wt.% SO3 in the fines, and even higher in the duricrust (Clark 

et al., 1982).  Sulfur, assumed to be in the oxidized state as sulfate anion, was suggested 

to mainly occur as calcium sulfate and magnesium sulfate (Clark and Vanhart, 1981; 

Gooding et al., 1988).  Based on the Viking chemistry measurements, Burns (1987) first 

predicted the presence of ferric sulfates including jarosite ((Na,K)+Fe3(SO4)2(OH)6) and 



 5

copiapite (M2+Fe4(SO4)6(OH)2 · 20H2O))  and the stabilization of these phases at low 

temperatures and pH conditions in Martian permafrost.  The presence of jarosite was 

confirmed 17 years later from the Mossbauer (MB) spectra measured by Mars 

Exploration Rovers (MER) Opportunity in the outcrops at Meridiani Planum 

(Klingelhofer et al., 2004; Morris et al., 2006b).  Miniature thermal emission (Mini-TES) 

spectra quantified the jarosite to be about 5% by volume, with an additional 15 to 35% 

Mg- and Ca- sulfate in the outcrops (Christensen et al., 2004; Glotch et al., 2006).  

Jarosite typically forms as a product of acid weathering of iron-rich sediments and rocks 

at pH < 4 (Dutrizac and Jambor, 2000; Stoffregen et al., 2000).  Its presence on Mars 

provides mineralogical evidence for past aqueous processes, probably under water-

limited acid-sulfate condition (Klingelhofer et al., 2004; McLennan et al., 2005; Morris et 

al., 2006b; Squyres and Knoll, 2005).    

 Other than jarosite, an unidentified ferric-bearing phase termed “Fe3D3” is 

observed in the MB spectra from the Opportunity Rover (Clark et al., 2005; Morris et al., 

2006b).  This phase is closely associated with sulfur-rich outcrop rocks from the Burns 

formation.  The mineralogy of the Fe3D3 phase is suspected to be Fe(SO4)(OH), 

schwertmannite (Fe16O16(SO4)2(OH)12 · 10H2O) or super-paramagnetic hematite (Clark et 

al., 2005; Farrand et al., 2007; Morris et al., 2006b).  The XRD pattern of the “Fe3D3” 

phase to be collected in the Mars Science Laboratory program should easily confirm the 

phase identity. 

 Another ferric sulfate hydrate phase(s) distinct from jarosite and the Fe3D3 phase 

is detected in Paso Robles soils found on the northwest slope of Husband Hill in Gusev 

Crater (Gellert et al., 2006; Ming et al., 2006; Morris et al., 2006a).  This ferric sulfate 
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phase(s) accounts for 65% of the total Fe in the Paso Robles soils with the remaining Fe 

distributed in hematite, olivine and pyroxene, based on analysis of Mossbauer 

spectroscopic data (Morris et al., 2006a).  Mass balance calculations based on Alpha 

Particle X-ray Spectroscopic (APXS) measurement indicate this ferric sulfate(s) accounts 

for about 25 to 29 wt. % of the Paso Robles composition, with an additional 15 wt. % 

Mg-sulfate and Ca-sulfate content (Gellert et al., 2006; Ming et al., 2006).  Similar ferric 

sulfate-rich soils, so named “Paso Robles class soils”, are also observed at two other 

locations in Gusev Crater, including Arad in the Northern Inner Basin south of Husband 

Hill and Tyrone Southeast of Home Plate, with the ferric sulfate phase taking up to 86% 

and 29% of the total Fe content, respectively (Arvidson et al., 2008; Morris et al., 2008).  

The Paso Robles class soil may actually be more widespread in the subsurface in Gusev 

Crater (Yen et al., 2008).    

 The mineralogy of the ferric sulfate phase(s) in Paso Robles class soil is suspected 

to be one or more of various ferric sulfate hydrates, including rhomboclase 

((H3O
+)Fe(SO4)2 · 3H2O), ferricopiapite (Fe4.67(SO4)6(OH)2 · 20H2O), fibroferrite 

(Fe(OH)(SO4) · 5H2O) and paracoquimbite (Fe2(SO4)3 · 9H2O), based on the visible and 

near infrared (Vis-NIR) reflectance spectra from the Spirit Rover (Johnson et al., 2007).  

Among these, ferricopiapite is further recognized to be the most promising candidate for 

the ferric sulfate phase in Paso Robles class soil due to its close spectral resemblance to 

observed Vis-NIR spectra, thermal emission spectra and Mossbauer spectra (Lane et al., 

2008).  Mixing with other ferric sulfates such as butlerite (Fe(OH)SO4 · 2H2O), 

parabutlerite (Fe(OH)SO4 · 2H2O), fibroferrite or metahohmanite (Fe2O(SO4)2 · 4H2O) is 

also possible (Lane et al., 2008).   



 7

Ferric sulfates are potentially widely distributed within and near the equatorial 

Valles Marineris canyon system.  The Vis-NIR reflectance data acquired from Mars 

Reconnaissance Orbiter (MRO) Compact Reconnaissance Imaging Spectrometer for 

Mars (CRISM) revealed hydrated ferric sulfates, including hydronium jarosite and 

probably dehydrated ferricopiapite, associated with opaline silica and glass in finely 

stratified deposits in this area (Milliken et al., 2008).  Also using CRISM data, Farrand et 

al (2009) discovered a K-bearing jarosite in the Mawrth Vallis region far from the Valles 

Marineris canyon system (Farrand et al., 2009).  Bishop et al. (2009) closely examined 

the light-toned sulfate-bearing layered deposits in Juventae Chasma, and found the Vis-

NIR spectral features of polyhydrated sulfate outcrops are most consistent with 

ferricopiapite, melanterite (FeSO4 · 7H2O) or starkeyite (MgSO4 · 4H2O), though a 

specific mineral can not be uniquely identified.  The ferric-bearing polyhydrated sulfates 

are also observed in West Candor Chasma (Mangold et al., 2008).    

 Similar Vis-NIR spectra indicate that polyhydrated sulfates are also observed in 

the etched terrains in Meridiani Planum by Observatoire pour la Mine´ralogie, l’Eau, les 

Glaces et l’Activite´ (OMEGA) imaging spectrometer on board the Mars Express 

spacecraft (Arvidson et al., 2005; Bibring et al., 2005; Gendrin et al., 2005).  

Polyhydrated sulfates such as copiapite ((Fe2+Fe4(SO4)6(OH)2 · 20H2O)), epsomite 

(MgSO4 · 7H2O) or halotrichite (FeAl2(SO4)4 · 22H2O) are suggested in the study of 

Gendrin et al (2005).  Further analyses of the OMEGA data show amaranite (Fe(OH)SO4 

· 3H2O) or  schwertmannite may be better candidate minerals for the polyhydrated 

sulfates (Poulet et al., 2008).    
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 In short, there are three types of ferric sulfates discovered so far on Mars: (1) 

Jarosite, which is unambiguously identified from MB spectra in Meridiani Planum, is 

also found in Valles Marineris and Mawrth Vallis, but not in Gusev Crater. (2) 

Polyhydrated sulfates, a mixture of various ferric and non-ferric sulfates with 

ferricopiapite being probably the major component, are found in Paso Robles class soils 

in Gusev Crater, in Valles Marineris, and in the etched terranes in Meridiani Planum.  

They are mostly present in layered formations in the subsurface.  (3) Candidate ferric 

sulfate for Fe3D3 found on Meridiani Planum, possibly schwertmannite or hydrates of 

Fe(SO4)(OH).  The MB spectrum of the Fe3D3 mineral is different from jarosite or Paso 

Robles sulfates.  The observed distribution of these three types of ferric sulfates is also 

summarized in Table 1.2.   

 Beside ferric sulfate, Mg- and Ca- sulfate are also identified, and they are usually 

associated with ferric sulfates inside or surrounding Valles Marineris canyon system, at 

Meridiani Planum and Gusev Crater (Bibring et al., 2006; Christensen et al., 2004; Clark 

et al., 2005; Gendrin et al., 2005; Klingelhofer et al., 2006; Squyres and Knoll, 2005).  

Mg- and Ca- sulfate are also found in north polar region, where ferric sulfate is absent 

(Kounaves et al., 2010; Langevin et al., 2005).  

 Ferric sulfate minerals typically form from acid and oxidative weathering of Fe-

rich and S-rich minerals such as pyrite (FeS2) and pyrrhotite (Fe7S8).  The presence of 

ferric sulfate minerals on Mars implies an existence of a warm, wet and acidic 

environment in Mar’s early evolution (Bibring et al., 2006; Hurowitz et al., 2005; King 

and McSween, 2005).  The acidic environment and deposition of sulfates dominated the 

so-called “theiikian” era, the second era in the proposed three-era Martian geological 
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history, after the “phyllosian” era when phyllosilicates formed at a pH-neutral aqueous 

condition, and before the ‘‘siderikian’’ era dominated by anhydrous ferric oxide 

formation during a slow superficial weathering, where liquid water was 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 from metal mines and 

coal mines, where the oxidation and dissolution of sulfide minerals provides the source of 

acidity, and various metal cations (e.g, Fe2+, Zn2+, Pb2+) and sulfate anions (SO4
2-) in the 

water.  The primary mineral contributing to AMD is pyrite (FeS2) on a global scale, with 

other sulfides such as pyrrhotite (Fe7S8) and chalcopyrite (CuFeS2) that can be important 

in some local environments (Hammarstrom et al., 2005; Jambor et al., 2000).  Acid water 

occurs naturally as a result of weathering of sulfide-containing rocks, but mining activity 

that exposes large amounts of sulfide minerals to air, rainfall and groundwater, greatly 

exacerbates environmental problems.  World-famous AMD sites include Iron Mountain 

mine in California and the Tinto River in Spain.  

Ferric sulfates forming in AMD sites as evaporites from ferric and sulfate rich 

solutions include minerals coquimbite, copiapite, rhomboclase, roemerite, jarosite, etc.  

Ferric sulfate minerals represent a more advanced stage in the oxidation sequence and are 

located further downstream from iron sulfide ores, compared to ferrous sulfates such as 

melanterite (FeSO4 · 7H2O) that are usually proximal to the ores (Jambor et al., 2000).  

The pH of solutions precipitating ferric sulfates are generally below 3, above this pH 

precipitation of ferric hydroxides and oxyhydroxides such as ferrihydrite and goethite (α-
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FeOOH) will be favored.  An exception is precipitation of schwertmannite under a pH 

range from 4.5 to 6.5, in the presence of abundant SO4
2- in solution (Bigham et al., 1996).  

Based on field measurements, the pH of water in equilibrium with a few other ferric 

sulfate minerals is: pH = 1 to 2.35 for jarosite; pH = -1 for copiapite, pH = -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 rapid response to local 

climate change.  Formation and dissolution of ferric sulfates play an important role in the 

storage and transport of acidity.  Due to the strong hydrolysis effect of the ferric ion, 

dissolution of iron sulfates caused by rainfalls or change in seasonal humidity can 

dramatically increase the water acidity (Nordstrom et al., 2000).   

The formation of iron sulfate minerals often results in the sequestration of many 

toxic metals.  For example, lead mainly coprecipitates with jarosite (Giere et al., 2003), 

and arsenic tends to go into coquimbite (Romero et al., 2006) and copiapite (Jamieson et 

al., 2005).  Dissolution of the host minerals will release the toxic metals into the aquatic 

system (Alpers et al., 1994).  rainstorm events with the onset of the wet season after a 

prolonged dry period can lead to fish kills downstream of some AMD sites (Jambor et al., 

2000).  Knowledge of the stability of these iron sulfate minerals under changing 

environment conditions is necessary to choose a safe, effective and economic way to 

remediate contamination.  

 

1.2.4. Relative humidity effect on sulfate hydration 

 Relative humidity (RH) is the measure of the amount of water vapor in a gaseous 

mixture of air and water vapor.  It equals the partial pressure of water vapor (ew) divided 



 11 

by the saturated water vapor pressure (e*
w) at a temperature, with a value ranging from 0 

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

%100
*
×=

w

w

e

e
RH                 (Eq. 1.1) 

The denominator in the above equation, the saturated water vapor pressure (e*
w), is a 

function of temperature, so RH is also related to temperature (T).  RH is generally not 

affected by air pressure or air composition.  Figure 1.2 is a plot of the saturated water 

vapor pressure as a function of temperature, calculated from empirical equations provided 

by (Buck, 1981).  Details of the Buck’s equations will be described in Chapter 5 where 

the equations are needed to calculate low temperature RH.   

 Many sulfate minerals are hydrated, and have various hydration states stabilized 

at different conditions of RH and T.  Changes of hydration states were studied on several 

metal sulfate species in laboratory under controlled RH and T, including Na-sulfate 

(Linnow et al., 2006), Mg-sulfate (Chou and Seal, 2003b; Vaniman et al., 2004), Fe(II)-

sulfate (Chou et al., 2002; Peterson and Grant, 2005), Co-sulfate (Chou and Seal, 2005a), 

Ni-sulfate (Chou and Seal, 2003a), Cu-sulfate (Chou et al., 2002) and Zn-sulfate (Chou 

and Seal, 2005b).  Experimental methods applied in these studies all involve a humidity 

control apparatus used to equilibrate the sample under constant RH and T and a device 

that can sense different hydration states.  For example, the series of studies performed by 

Chou and Seal (2002; 2003a,b; 2005a,b) employed a weight balance to measure the 

weight gain or loss caused by hydration or dehydration thereby constraining the 

equilibrium T and RH boundaries.  The studies from Peterson and Grant (2005) and 

Linnow et al (2006) utilized XRD to discern phases.  A humidity control system installed 

on the diffractometer ensured the phase transitions under varied RH could be followed in 
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situ by XRD.  Results from these studies are generally shown as a RH-T phase diagram, 

where stability fields of different hydration states are separated by phase boundaries.  

Figure 1.3 shows the RH-T phase diagram of ferrous sulfate hydrate from the paper by 

Peterson and Grant (2005).  The phase boundary between rozenite (FeSO4 · 4H2O) and 

melanterite (FeSO4 · 7H2O) extends from the bottom left corner, representing low T and 

low RH, toward the upright corner, representing high T and high RH.  This is a general 

shape for hydration-dehydration phase boundaries, as higher T and lower RH favor 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 phase relationships among 

common ferric sulfate phases as functions of RH and T, and to characterize the 

evaporation of concentrated ferric sulfate solutions and post-evaporation transformations.  

The principal experimental methods are ex situ and in situ RH and T -controlled XRD 

methods.  Technical details will be introduced in experimental method sections in 

following chapters.  

 Chapter 2 focuses on phase transitions of ferric sulfates at ambient temperatures 

(22 – 25 ˚C) and at different RH (0 – 75%).  Hydration series of two polymorphs of 

Fe2(SO4)3 and dehydration series from concentrated ferric sulfate solutions are resolved 

with ex situ humidity buffer methods and in situ XRD method with dynamic RH control.  

The important observations include: evaporation of concentrated Fe2(SO4)3 solution at 
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40% to 60% RH initially crystallizes ferricopiapite and rhomboclase 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 temperatures.  The 

phase evolution maps as function of RH, T and time are presented.  The In situ RH and T 

– controlled XRD method identified a transition from paracoquimbite to ferric sulfate 

pentahydrate at 80 °C.  A previously proposed RH-T phase diagram is rectified with the 

new experiment results.  Both Chapter 2 and Chapter 3 focus on the “2 Fe(III) – 3 SO4 – 

n H2O” system where the overall Fe/S atomic ratio is fixed to equal to 2/3 with variable 

amounts of water.   

In Chapter 4, the RH-T phase diagram of a more acidic ferric sulfate hydrate 

system, Fe(III) – 2 SO4 – n H2O with the Fe/S ratio equal to 1/2, is explored using RH 

and T -controlled in situ XRD methods.  Rhomboclase ((H5O2)Fe(SO4)2 · 2H2O) 

dehydrates to form (H3O)Fe(SO4)2 at high T or low RH.  The boundary is mapped in the 

RH-T phase diagram.  

In Chapter 5, in situ XRD methods are developed to study the stability of several 

important ferric sulfates under simulated Martian surficial temperature and pressure 

conditions.  Most of the studied ferric sulfates are stable from -30 °C to 20 °C, except for 

ferricopiapite which dehydrates at 6 °C and 0.6% RH.   

Chapter 6 addresses the structure of ferrihydrite, a nanocrystalline ferric 

oxyhydroxide that is positively identified on Mar and that has a diagenetic relationship 

with ferric sulfate.   

Chapter 7 is a summation of the state of ferric sulfate research to date with a 

perspective on future research directions and tasks.  
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 The appendix characterizes the crystal structure and thermal properties of a new 

ferric sulfate phase found as an intermediate product in the hydration of trigonal 

Fe2(SO4)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. Fe2(SO4)3 · n H2O  

Mikasaite Fe2(SO4)3 (rhombohedral) (Christidis and Rentzeperis, 1976; 
Miura et al., 1994) 

(synthetic) Fe2(SO4)3 (monoclinic) (Christidis and Rentzeperis, 1975) 
(synthetic) Fe2(SO4)3 · 5H2O (Majzlan et al., 2005) 
Lausenite* Fe2(SO4)3 · 6H2O (Majzlan et al., 2005) 
Kornelite Fe2(SO4)3 · 7.25 – 7.75 H2O (Ackermann et al., 2009; Robinson 

and Fang, 1973) 
Coquimbite Fe2(SO4)3 · 9H2O (Fang and Robinson, 1970) 
Paracoquimbite Fe2(SO4)3 · 9H2O (Ackermann et al., 2009; Robinson 

and Fang, 1971) 
Quenstedtite Fe2(SO4)3 · 11H2O (Thomas et al., 1974) 
 
2. with hydronium or hydroxyls  

Rhomboclase (H5O2)Fe(SO4)2 · 2H2O (Majzlan and Kiefer, 2006; 
Mereiter, 1974; Peterson et al., 
2009) 

Ferricopiapite Fe4.67(SO4)6(OH)2 · 20H2O (Fanfani et al., 1973; Majzlan and 
Kiefer, 2006) 

Butlerite Fe(OH)(SO4) · 2H2O (Fanfani et al., 1971) 
Fibroferrite Fe(OH)(SO4) · 5H2O (Scordari, 1981) 
Metahohmannite Fe2O(SO4)2 · 4H2O  (Scordari et al., 2004) 
Schwertmannite$ Fe16O16(SO4)2(OH)12 · 10H2O (Bigham et al., 1996; Fernandez-

Martinez et al., 2010) 
 
3. mixed with other metal cations 
Copiapite group M2+Fe4(SO4)6(OH)2 · 20H2O 

(M = Fe2+, Mg2+, Ca2+) 
(Majzlan and Michallik, 2007; 
Susse, 1972) 

Jarosite group M+Fe3(SO4)2(OH)6 
(M = K+, Na+, H3O

+) 
(Inami et al., 2000) 

Roemerite Fe2+Fe2(SO4)4 · 14H2O (Fanfani et al., 1970) 
Bilinite Fe2+Fe2(SO4)4 · 22H2O (Hawthorne et al., 2000) 

* Lausenite, with an empirical formula Fe2(SO4)3 · 6H2O, is suspected to be same with 
the ferric sulfate pentahydrate Fe2(SO4)3 · 5H2O by Majzlan et al (2005).  
$ Schwertmennite is nanocrystalline and the structure is not well established.  For details 
of the latest structural models, refer to Fernandez-Martinez et al (2010). 



 24 

Table 1.2 Ferric sulfates identified and suspected on Mars 
 
Ferric sulfate Sites of occurrence Reference 

Jarosite Meridiani Planum  

 

 

Valles Marineris 

 

Mawrth Vallis 

 

Klingelhofer et al. (2004) 

Morris et al. (2006b) 

 

Milliken et al. (2008) 

 

Farrand et al. (2009) 

Polyhydrated 

sulfates, 

most probably 

ferricopiapite 

Gusev Crater:  

    Paso Robles, Arad and Tyronne 

    Possibly widespread in subsurface 

 

Valles Marineris 

 

    Juventae Chasma 

 

    West Candor Chasma 

 

Meridiani Planum 

    Etched terranes 

 

Morris et al. (2006a) 

Johnson et al. (2007) 

Lane et al (2008) 

 

Milliken et al. (2008) 

 

Bishop et al. (2009) 

 

Mangold et al. (2008) 

 

Gendrin et al. (2005) 

 

Fe3D3, possibly 

schwertmannite 

or Fe(SO4)(OH) 

Meridiani Planum Morris et al. (2006) 

Clark et al. (2005) 

Farrand et al. (2007) 
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Figure 1.1. Crystal structure plot of ferricopiapite based on the structure reported in 
Fanfani et al (1973).  Brown octahedra represent FeO6 groups; yellow tetrahedra 
represent SO4 groups; red spheres represent oxygen atoms; smaller grey spheres represent 
hydrogen atoms.  An isolated H2O and an H2O bonded to Fe are shown in the picture 
(Not all H2O in the structure are plotted for clarity).  The OH group in ferricopiapite is 
located at the bridging oxygen site of two corner-shared FeO6 octahedra.  Dashed lines 
represent the lattice of the unit cell.  
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Figure 1.2. The saturated water vapor pressure at temperatures from -20 °C to 80 °C, 
calculated from equations provided in Buck (1981).  Note the saturated vapor pressure is 
not zero below the freezing point of water.  
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Figure 1.3. RH-T phase diagram for melanterite-rozenite from Peterson and Grant (2005). 
The solid, dashed and dotted lines represent this phase boundary measured in three 
independent studies from Chou et al. (2002), Malinin et al. (1979) and Hemingway et al. 
(2003).  
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Chapter 2 

 

Phase Transitions of Ferric Sulfates at Room Temperature and Different 

Relative Humidity 

 

This Chapter published as: 

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

 

Abstract 

 

 Phases encountered in the hydration of monoclinic and trigonal anhydrous 

Fe2(SO4)3 and evaporation of Fe2(SO4)3 solutions were explored using in situ and ex situ 

X-ray diffraction (XRD) under dynamic relative humidity (RH) control at room 

temperature (22 – 25 °C).  Both monoclinic and trigonal forms of Fe2(SO4)3 remained 

anhydrous at 11% RH or below, and underwent the following phase evolution sequence: 

anhydrous Fe2(SO4)3 → (ferricopiapite, rhomboclase) → kornelite → paracoquimbite at 

RH between 33% and 53% as a function of time.  Evaporation of aqueous Fe2(SO4)3 

solutions at 40% < RH < 60% resulted in precipitation of ferricopiapite and rhomboclase, 

followed by a transition to kornelite and then paracoquimbite in post-evaporation aging 

processes at the same humidity levels.  Evaporation at RH < 33% produced an 

amorphous ferric sulfate phase.  The presence of some ferric sulfate hydrates and their 

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

paracoquimbite can be a stable phase at 62% RH depending on the hydration history).  

The sensitivity to humidity change and path-dependent transitions of ferric sulfates make 

them potentially valuable indicators of paleo-environmental conditions and past water 

activity on Mars.  The phase relationships reported herein can help in understanding the 

diagenesis of ferric sulfate minerals, and are applicable to geochemical modeling of 

mineral solubility in multi-component systems, an endeavor hindered by the need for 

fundamental laboratory studies of ferric sulfate hydrates.  

 

2.1. Introduction 

 

An exciting result of recent Mars exploration is the observation of hydrated 

minerals (including hydrous sulfate minerals and phyllosilicates), that constitute an 

important fraction of sedimentary minerals on Mars (Bibring et al., 2005; Gendrin et al., 

2005; McLennan and Grotzinger, 2008; Poulet et al., 2005; Squyres et al., 2004).  The 

presence of these hydrated minerals implies water once played a significant role in 

Martian surficial evolution.  Detailed understanding of the formation, stability and post-

depositional evolution of these minerals is crucial in reconstructing ancient Martian 

environments.  

Among these hydrated minerals, ferric sulfates are capable of yielding uniquely 

detailed information on the environmental conditions of the past and present Martian 

surface, because their stability is governed by important variables such as pH, redox 

conditions, temperature (T) and relative humidity (RH).  To date, several ferric sulfate 
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minerals have been confirmed or strongly suspected at various places at the Spirit and 

Opportunity sites from Mossbauer or infrared spectroscopy data, including jarosite 

((Na,K,H3O)+Fe3(SO4)2(OH)6), rhomboclase ((H3O
+)Fe(SO4)2 · 3H2O), ferricopiapite 

(Fe4.67(SO4)6(OH)2 · 20H2O), fibroferrite (Fe(OH)(SO4) · 5H2O), and schwertmannite 

(Fe16O16(SO4)2(OH)12 · 10H2O) (Farrand et al., 2007; Johnson et al., 2007; Klingelhofer 

et al., 2004; Lane et al., 2008; Morris et al., 2006; Poulet et al., 2008; Yen et al., 2008). 

The presence of sulfate minerals in evaporative settings implies a warmer, wetter and 

more acidic environment might have existed in Mar’s early history (Bibring et al., 2006; 

Hurowitz and McLennan, 2007; King and McSween, 2005).  Some workers have also 

suggested that the formation and distribution of ferric sulfate minerals on the Martian 

surface may be influenced by post-depositional diagenetic aqueous processes (Bibring et 

al., 2007; Tosca et al., 2008).  In addition, ferric sulfates found within soils in the 

Columbia Hills and Inner Basin of Gusev Crater are likely associated 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 transitions as a 

function of RH.  For example, kieserite (MgSO4 · H2O) transforms to hexahydrite 

(MgSO4 · 6H2O) or epsomite (MgSO4 · 7H2O) when exposed to humid air, while 

subsequent desiccation produces an amorphous phase rather than kieserite (Vaniman et 

al., 2004).  These results suggest that kieserite might not occur in places influenced by 

surface cycles of hydration and dehydration (Vaniman et al., 2004).  Similarly, Fe-sulfate 

minerals crystallize in multiple hydration states that are also sensitive to the changes in 

RH.  Furthermore, as we show in this study, Fe(III) hydrolysis can significantly 

complicate hydration and dehydration reactions, and characterizing these complex 
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reaction pathways allows ferric sulfates to be used as important tracers of paleo-

environmental conditions.  

Two parallel experimental protocols were followed to study the phase stabilities 

and transformations in the ferric sulfate system: (1) ex situ RH equilibration of the sample 

followed by characterization with powder X-ray diffraction (XRD); (2) in situ monitoring 

of changes in the diffraction signature as RH was varied.  While the ex situ method is 

well suited for the study of long-term stability, in situ XRD with dynamic RH control 

provides a more efficient way to examine the details of phase changes and to elucidate 

transient phases that may form over the course of the reaction.  The RH-controlled in situ 

method was previously used to follow the phase transitions or structural change of 

inorganic clay minerals (Chipera, 1997) and sulfates, including Mg-sulfate (Vaniman et 

al., 2004), Fe(II)-sulfate (Peterson and Grant, 2005) and Na-sulfate (Linnow 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 neighboring hydration 

states of several bivalent metal sulfates by measuring the weight gain or loss caused by 

hydration or dehydration.  To date, little work has been done to characterize the Fe(III)-

sulfate interaction with water vapor, a common interaction in acid mine drainage (AMD) 

environments on Earth as well as on the Martian surface.  In this study, we explored the 

stability and phase evolution among Fe(III)-sulfate hydrates as a function of RH at room 

temperature (22 – 25 °C).  Results will also be used to establish a database which will 

enable a more thorough understanding of the X-ray scattering behavior of ferric sulfate 
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minerals in order to robustly interpret data from the CheMin instrument on 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 (Fe2(SO4)3) was selected as the starting material for hydration 

experiments.  It has two polymorphs: a monoclinic and a trigonal phase (Christidis and 

Rentzeperis, 1975; Christidis and Rentzeperis, 1976).  Only the trigonal phase has been 

found in nature as the mineral mikasaite (Miura et al., 1994).  The monoclinic ferric 

sulfate (M-Fe2(SO4)3) used in this study was purchased from Alfa-Aesar (Puratronic®, 

99.998%, metals basis) and was used without further purification.  The bulk sample was 

verified to be M-Fe2(SO4)3 by powder XRD.  The trigonal ferric sulfate (T-Fe2(SO4)3) 

was prepared by heating the ferric sulfate hydrate from J. T. Baker (Baker Analyzed®, 

Assay Fe2(SO4)3 > 73.0%) at 350 °C for 2 hours.  The purity and the anhydrous state of 

the prepared trigonal Fe2(SO4)3 were further confirmed by XRD and thermogravimetric 

analysis (TGA).  The TG curve, shown in Figure 2.1, indicates a weight loss of less than 

2% before the desulfation of the prepared trigonal Fe2(SO4)3 at 640 – 750 °C.  The final 

desulfation product, determined to be pure hematite (α-Fe2O3) from XRD, weighted 

39.5% of the initial sample weight.  The weight is consistent with the theoretical value of 

40% calculated from the ratio of molecular weights --- 
34232 )(SOFeOFe MWMW . 

The reason for the selection of anhydrous Fe2(SO4)3 as the starting sample is two 

folded: first, it has the simplest stoichiometry in all ferric sulfates (Table 1.1 in Chapter 
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1); second, the Fe/S ratio of 2/3 is representative of quite a few important ferric sulfates 

including coquimbite (Fe2(SO4)3 · 9H2O) and kornelite (Fe2(SO4)3 · 7.25H2O).  

Coquimbite is the most commonly found ferric sulfate in AMD sites (Jambor et al., 

2000).  It is useful to explore the hydration of Fe2(SO4)3 under different RH to form the 

more complex ferric sulfate hydrates.  The result could be described with a phase 

evolution map (Levi, 1998), which is not necessarily related to the phase (equilibrium) 

diagram.  Phase evolution maps also characterize the intermediate phases encountered as 

a function of time and other system variables (RH, T, Pressure, etc).  The ferric sulfate 

hydration (or dehydration) evolution map will point out the different evolved ferric 

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

 

2.2.2. In situ XRD with Dynamic RH control 

Phase characterization was performed with two laboratory X-ray diffractometers, 

each of which was equipped with custom-built sample chambers capable of humidity 

control.  A Bruker® General Area Detector Diffraction System (GADDS) equipped with 

a HI-STAR area detector was configured as shown in Figure 2.2.  CoKα radiation (λ = 

1.7903 Å), instead of the commonly used CuKα radiation, was used to avoid Fe 

fluorescence from samples.  The diffractometer has a xyz translation stage on which is 

mounted a Kapton® polyimide capillary enclosed in a sample environment chamber.  A 

V-Gen II RH generator (InstruQuest®, not shown in the Figure 2.2) was used to 

dynamically control the humidity in the sample chamber.  The RH generator uses a so-

called two-temperature principle. The input gas, either air or N2 gas, first flows into a 

water bath at temperature T1, where the water vapor reaches saturation pressure at T1.  
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The vapor-saturated gas then passes through a condenser chamber at temperature T2 (T2 < 

T1).  The gas is over-saturated at T2 and part of the water vapor will be condensed into 

liquid.  The water vapor in the condenser chamber is now at the saturated state at T2.  

Then the gas is transported out of the condenser chamber to the sample chamber at 

temperature T3 (T3 > T2).  The RH in the sample chamber is determined by T2 and T3 

following this equation: 

( )
( )

%100
3

*
2

*

×=
Te

Te
RH

w

w                 (Eq. 2.1) 

( )2
* Tew  is the saturated water vapor pressure at T2, and ( )3

* Tew  is the saturated water vapor 

pressure at T3.  T3 > T2 ensures ( )3
* Tew  > ( )2

* Tew  so that no water vapor will be condensed 

in the sample chamber or on the sample (Fig. 1.2 in Chapter 1).  In this study, T3 is room 

temperature equals to ~23 ± 1 °C. The required RH is achieved by adjusting the T2, 

which is program-controlled.  

Humid air generated from the V-Gen II first passed through a heat-sealed transfer 

tube, through a manifold and finally into a polyimide capillary (1 mm in diameter) sealed 

in an 8 cm long Kapton® film chamber (Fig. 2.2).  Sample powders, merged with the 

amorphous borosilicate glass wool substrates, were loaded in the top end of the capillary.  

The use of the substrate facilitates better contact with humid air by maximizing surface 

area, and avoided blocking the air flow.  During the experiment, the airflow rate was set 

to 100 cc/min.  A hygrometer was placed just above the capillary to measure both T and 

RH.  To identify temperature gradients, an additional thermocouple was mounted in the 

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

In addition to in situ studies, samples were also stored at a range of RH levels 

from 11% to 75% at room temperature (22 – 25 °C) to investigate reactions over 

prolonged time scales.  The humidity-buffer method, where a saturated salt solution 

produces a stable RH, was used to control the RH inside the containers where powder 

samples were disseminated at the base of a trial and stored, as shown in Figure 2.3.  The 

RH in the container is in equilibrium with the saturated salt solution (humidity buffer).  

The equilibrium RH is specific to the salt, and varies with temperature.  Greenspan 

(Greenspan, 1977) evaluated previous experimental data on various saturated salt 

solutions, and estimated the equilibrium RH as a function of temperature.  Table 2.1 lists 

humidity buffer salts used in this study, along with the documented and measured RH for 

each.  The RH buffers were also used to test the calibration of RH probe (Rotronic®, 

Hygroclip SC05; accuracy: ± 1.5 %RH, ± 0.3 °C at 23 ± 5 °C), using a setup similar 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 cells were 

periodically collected and analyzed with the Scintag PAD-X X-ray diffractometer.  The 

sample chamber on the Scintag (Fig. 2.4) differs from the one on the GADDS instrument 

in that it operates in Bragg-Brentano rather than Debye-Scherrer geometry.  The chamber 

body is made from lucite with X-ray-transparent Kapton® film windows.  The 

hygrometer is placed 1 cm above the sample plate through the opening in the front panel 

to monitor RH and T.  Two other openings on the panel allow mounting of additional RH 

and T probes, or used as gas inlet and outlet when dynamic RH control is needed.  Figure 

2.4 shows the static RH control mode, achieved by simply placing a humidity buffer 
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inside the chamber.  To collect XRD data, powder samples were quickly transferred into 

the chamber, in which the RH was pre-adjusted to match the condition inside the RH 

buffer cells, to prevent hydration or dehydration of the sample during data collection.  

CuKα radiation (λ = 1.54178 Å) was used throughout experiments performed on the 

Scintag diffractometer which is able to discriminate Fe fluorescence.  Data were collected 

using a step mode with a step size of 0.02° and a count rate of 3.0 seconds per step, and 

analyzed for phase information.  Table 1.1 in Chapter 1 served as the primary database 

for phase identification.  In cases there were peaks unable to be indexed to the phases 

listed in Table 1.1, an extensive search in Inorganic Crystal Structure Database (ICSD) 

and Powder Diffraction File (PDF) database would be performed. Phase quantification 

was done by a rough Rietveld refinement (Rietveld, 1969) of the powder XRD data using 

the programs GSAS (Larson and Von Dreele, 2000) and it is graphic interface EXPGUI 

(Toby, 2001), where scale factors for each crystalline phase were refined with adjusted 

cell parameters and specimen shift (zero correction) and peak profiles.  An error of 10% 

in estimated phase percentage is normally expected.  

 

2.3. Results 

 

2.3.1. Long-term ex situ study using humidity-buffer method 

2.3.1.1. Hydration of M-Fe2(SO4)3 

 M-Fe2(SO4)3 powder samples stored in different buffer cells at room T (22 – 25 

°C) underwent different hydration pathways over time.  Figure 2.5 shows the evolved 

ferric sulfate phases in different RH conditions versus storage time.  For identified 
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crystalline phases, estimated weight proportions were given.  Details of the phase 

evolution are described below.  

The anhydrous state of M-Fe2(SO4)3 appeared to remain stable over all reaction 

times at 11% RH.  At 33% RH, a slow transition to a mixture of rhomboclase and 

ferricopiapite was observed.  The mixture appeared to be a yellow aggregate showing the 

color of ferricopiapite.  The crystallites were no larger than 2 µm, since no coherent 

domains could be discerned under microscope.  Rhomboclase finely intergrew with 

ferricopiapite so that its white color could hardly be seen under microscope, but its 

presence was confirmed by XRD.  The same transition also appeared in 43% and 53% 

RH cells but with an increased transition rate, as indicated by the proportions of 

rhomboclase and ferricopiapite in the samples at 25 days.  At 43% and 53% RH, the 

mixture of rhomboclase and ferricopiapite subsequently transformed to kornelite then 

paracoquimbite over longer times, as the color of the sample turned from yellow to white 

and pinkish white that are colors of kornelite and paracoquimbite.  Figure 2.6 shows the 

change of the sample XRD pattern along this transition at 53% RH.  At 62% RH, 

ferricopiapite formed as a wet yellow paste less than two days after the hydration 

experiment started.  However, rhomboclase, which co-formed with ferricopiapite at lower 

RH, did not appear, probably because rhomboclase, a highly soluble mineral (Tosca et al., 

2007), was dissolved under this humidity level.  This explanation was confirmed by an in 

situ experiment on the GADDS showing the deliquescence point of rhomboclase was 

between 58% and 60% RH at 25 °C.  Also, the ferricopiapite paste with its coating liquid 

appeared to be stabilized at 62% RH, did not transform to kornelite as shown in 43% and 
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53% RH cells.  At 75% RH, the sample was completely dissolved and a clear amber 

solution was formed.   

 

2.3.1.2. Hydration of T-Fe2(SO4)3 

The phase evolution for T-Fe2(SO4)3 at different RH levels involved the same 

hydrate phases as identified in the M-Fe2(SO4)3 experiments --- ferricopiapite, 

rhomboclase, kornelite and paracoquimbite (Fig. 2.7).  But this series was distinct from 

the hydration series of M-Fe2(SO4)3 (Fig. 2.5) in two ways: first, the T-Fe2(SO4)3 phase 

absorbed water much more rapidly than M-Fe2(SO4)3.  At 33%, 43%, 53% RH, T-

Fe2(SO4)3 turned to a solid-liquid suspensions within hours.  Solid phases formed after 3 

to 5 days.  A higher water-absorbing rate could be related to a different surface structure 

or a smaller particle size thus larger specific surface area.  The exact reason was not 

further investigated in this study.  The second difference was that an unidentified 

intermediate phase(s) formed along with ferricopiapite and rhomboclase at 43% and 53% 

RH.  Figure 2.8 shows the XRD patterns for the transformations at 53% RH containing 

this unknown phase.  The XRD signature of this phase is further addressed in the 

discussion part in this chapter.  The Crystal structure of the new phase is addressed in 

Appendix.   

 

2.3.1.3. Dehydration from concentrated Fe2(SO4)3 solution 

To study the evaporation of ferric sulfate solution and the reversibility of the 

observed phase changes in the hydration experiments, the clear solution formed from T-

Fe2(SO4)3 in the 75% RH buffer cell was transferred to lower RH conditions.  The 
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experimental set-up was as shown in Figure 2.3, except that the samples were liquid 

drops.  The starting solution contains 41 wt. % Fe2(SO4)3.  The concentration is 

calculated by measuring the weight of starting T-Fe2(SO4)3 and the resultant solution 

equilibrated in the 75% RH cell.  Figure 2.9 shows the evolution of phases precipitated at 

different RH along with post-evaporation phase evolution.  

At 62% RH, ferricopiapite precipitated as a yellow paste reminiscent of the 

sample observed at the same RH during the hydration process of both anhydrous forms of 

Fe2(SO4)3.  In the 53% and 43% RH cells, ferricopiapite and rhomboclase crystallized 

between 36 and 48 hours and no visible liquid phase remained.  A slow transformation to 

kornelite and paracoquimbite occurred thereafter, but ferricopiapite and rhomboclase still 

dominated the overall phase assemblage after 60 days.  At 33% RH, the liquid became 

extremely viscous and gradually (25 – 30 days) solidified to form a hard transparent 

amber-like amorphous material.  Rhomboclase appeared after 50 days of subsequent 

reaction.  At RH ≤ 11%, the amber-colored amorphous solid formed within 24 hours 

retaining the morphology of the starting liquid drops.  No crystalline phases 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 onto the Scintag 

Diffractometer with the RH inside the chamber stabilized at 53% by humidity buffer (Fig. 

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 formed and grew, 

while the ferricopiapite decreased.  After 12 hours, rhomboclase XRD peak intensities 
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began decreasing while kornelite peak intensities continued to increase.  After 60 hours, 

kornelite was the only phase in the product with the rhomboclase and the ferricopiapite 

phase both diminished.  The kornelite product was then taken out of the diffractometer 

and re-preserved in the 62% RH buffer cell.  The sample slowly rehydrated to 

paracoquimbite after months, instead of reverting to ferricopiapite paste with co-existing 

liquid (Fig. 2.11).  

 

2.3.2. Short-term In situ study using RH generator 

2.3.2.1. Hydration of M-Fe2(SO4)3 

Figure 2.12(a, b, c) shows the time-resolved XRD data collected on GADDS (Fig. 

2.2) depicting the hydration of M-Fe2(SO4)3 from 40% to 68% over 92 hours.  The same 

phase evolution sequence was observed as in the ex situ studies: M-Fe2(SO4)3 � 

(rhomboclase, ferricopiapite) � kornelite at RH ≤ 60%.  At 68% RH, kornelite 

diminished while ferricopiapite increased.  Note that kornelite generally transformed to 

paracoquimbite upon aging at 43% ≤ RH ≤ 62%, as reported in 2.3.1.1 to 2.3.1.4.  The 

apparent transformation from kornelite to ferricopiapite at 68% was actually dissolution 

of kornelite followed by re-crystallization of ferricopiapite.  XRD data shown in Figure 

2.12(d) indicates the subsequent dehydration at 60 – 50% RH produced kornelite from 

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

 

2.3.2.2. Hydration of T-Fe2(SO4)3  

Figure 2.13 shows time-resolved XRD data collected on GADDS (Fig. 2.2) 

recording the hydration process of T-Fe2(SO4)3 at 45% RH.  The T-Fe2(SO4)3 diffraction 
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peaks disappeared rapidly as the starting sample hydrated to form a suspension, as 

observed in the ex situ experiment.  After 10 hours, both rhomboclase and ferricopiapite 

began crystallizing.  The peak at 2θ = 12° could not be indexed to either rhomboclase or 

ferricopiapite.  This reflection has the same d-spacing (8.4 Å) as the strongest reflection 

from the unknown phase observed in the ex situ experiment (Fig. 2.8).  Note that the 

differences in 2θ values shown in Figure 2.8 and 2.13 are due to different X-ray 

wavelengths used on the Scintag (CuKα) and GADDS (CoKα) instruments.  These 

observations indicate this reflection very likely arises from the same unknown phase in 

both experiments.  The ex situ experiment result discovered in section 2.3.1.2 was well 

reproduced.   

 

2.4. Discussion 

 

All experiments performed in this study were chemically constrained to the 

simplest Fe-SO4-H2O system: Molar ratio Fe/SO4 was 2/3 as determined by the purity of 

the starting material, and the amount of H2O was varied with RH.  

 

2.4.1. Hydration series 

At least five ferric sulfate hydrate phases were involved in the hydration of 

Fe2(SO4)3 and subsequent dehydration experiments: ferricopiapite, rhomboclase, 

kornelite, paracoquimbite and an unknown phase particularly found in the hydration of T-

Fe2(SO)4.  One major difference from other metal sulfate hydrate systems is that the 

hydrolysis strongly affects the ferric sulfate phase evolution.  This is manifested by the 
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formation of hydronium-bearing rhomboclase and hydroxyl-bearing ferricopiapite from 

anhydrous Fe2(SO4)3 exposed to water vapor: 

 

10 Fe2(SO4)3 + 90 H2O (g) ==> 3 Fe4.67(SO4)6(OH)2 · 20H2O + 6 (H3O)Fe(SO4)2 · 3H2O  

                   (Eq. 2.2) 

 

For the reaction with T-Fe2(SO4)3, the product side should also include the unknown 

phase.  The reverse reaction of equation 2.2 was not observed in this study.  The mixture 

of the ferricopiapite and rhomboclase tends to neutralize each other to eventually form 

kornelite: 

 

3 Fe4.67(SO4)6(OH)2 · 20H2O + 6 (H3O)Fe(SO4)2 · 3H2O <==> 10 Fe2(SO4)3 · 7.25H2O  

+ 17.5 H2O(g)           (Eq. 2.3) 

  

The forward reaction happens at modest RH from 33% to 53%. The reaction kinetics is 

dependent on the RH as higher RH facilitates the forward reaction. As indicated in Figure 

2.5, the forward reaction proceeds more quickly at 53% RH than at 43% RH, but very 

slowly at 33% RH and was not able to reach equilibrium after 130 days.  The reverse 

reaction happens when the RH is higher than the deliquescence point of kornelite but still 

lower than that of ferricopiapite (refer to section 2.3.2.1).  While kornelite is not the most 

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

 

Fe2(SO4)3 · 7.25H2O + 1.75 H2O ==> Fe2(SO4)3 · 9H2O                 (Eq. 2.4) 
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The RH-T boundary between kornelite and paracoquimbite was not a primary focus of 

the current study, although it can be concluded that the equilibrium RH should be below 

43% at 22 to 25 °C, since the hydration transition was observed in this range (refer to 

section 2.3.1.1).   

 

2.4.2. Path-dependant reactions 

The particular ferric sulfate phases formed are determined not only by the RH, but 

also by the path taken to the final RH conditions.  Results in sections 2.3.1.1 and 2.3.1.2 

showed that one-step hydration of the anhydrous ferric sulfate at 62% RH produced the 

wet ferricopiapite paste, which was stable if there was no further change 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 paracoquimbite rather than back to 

ferricopiapite when RH was re-elevated to 62%.  We speculate that the difference in the 

pH of the coating solution might be responsible for ferricopiapite transforming to 

kornelite.  When ferricopiapite was the only solid phase stabilized at 62% RH through a 

one-step hydration of Fe2(SO4)3, the coating solution had to be acidic in order to balance 

the hydroxyls in ferricopiapite (Fe4.67(SO4)6(OH)2 · 20H2O), as the experiment system 

should have no net hydroxyls.  The pH of the coating solution was probably still within 

the stability range of ferricopiapite, and therefore the paste could be well preserved.  The 

paucity of coating solution and its close adsorption on ferricopiapite prohibited a precise 

measurement of pH by a probe method.  The pH test paper attached onto the wet 

ferricopiapite indicated a pH value close to 1, fairly consistent with the predicted lower 
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pH boundary for ferricopiapite at about 0 in previous modeling work (Marion et al., 2008; 

Tosca et al., 2007).  Reducing the RH to 53% evaporated more water, so that the coating 

solution finally became sufficiently acidic to convert ferricopiapite to kornelite.  

 

2.4.3. Dehydration series 

Evaporation of concentrated Fe2(SO4)3 solution is also affected by environmental 

RH.  At RH > 33%, ferricopiapite is the first solid phase to crystallize.  Rhomboclase 

may or may not precipitate, depending on whether the RH is lower than the 

deliquescence point (58 – 60% at 25 °C).  This precipitation process can also be 

described by Equation 2.1 in this chapter.  Kornelite was not observed to crystallize 

directly from solution in this study, but forms by subsequent alteration of initially 

crystallized ferricopiapite.  At RH conditions from 43% to 62%, kornelite gradually 

transforms to paracoquimbite over extended storage time (Fig. 2.5, 2.7 and 2.9), 

Paracoquimbite appears to be the most thermodynamically stable form of ferric sulfate 

hydrate at this RH range.  This initial precipitation of ferricopiapite rather than kornelite 

or paracoquimbite may provide insight into the polymerization process in concentrated 

ferric sulfate solution.  Evaporation at < 33% RH results in the formation of amorphous 

ferric sulfate.  This may result from a high evaporation rate under low RH conditions 

which reduces the water activity of the solution so quickly that it inhibits the formation of 

any crystalline ferric sulfate hydrates.  As the diurnal fluctuations of RH on the Martian 

surface range broadly from 10% to 90% (Peterson and Wang, 2006), ferric sulfate, if 

precipitated from a transient fluid phase formed under high RH condition, would most 
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likely stay as the initial precipitation phase like ferricopiapite or the amorphous ferric 

sulfate (Fig. 2.9). 

 

2.4.4. The unindexed ferric sulfate phase 

One of the transitional phases formed during the T-Fe2(SO4)3 hydration process is 

not identified.  This phase appears as a white powder, which has a fine intergrowth with 

ferricopiapite and rhomboclase, and is therefore difficult to obtain a pure phase powder.  

In the XRD data (Fig. 2.8) this unknown phase has two distinct low-angle peaks at 

d=16.7 Å and 8.4 Å).  The relationship between the two d-spacings suggests the higher-

angle peak probably has an index twice that of the lower one (2h 2k 2l).  For comparison, 

ferricopiapite has peak 010 (d=18.3 Å) and 020 (d=9.2 Å) to the left of those of the 

unknown phase (Fig. 2.8).  The unknown phase does not occur in the hydration of M-

Fe2(SO4)3, which may imply a different hydration mechanism, probably due to the 

structural difference of the two anhydrous ferric sulfate polymorphs.  In Appendix, we 

show the unindexed phase can also be formed by evaporating concentrated ferric sulfate 

solution, though the synthesis was not reproducible.  Crystal structure of this phase is also 

addressed in Appendix.  

 Some known ferric sulfate minerals were not yet found in this study, such as 

ferric sulfate pentahydrate (Fe2(SO4)3 · 5H2O) (Majzlan et al., 2005), coquimbite [(Fe, 

Al)2(SO4)3 · 9H2O] (Fang and Robinson, 1970) and  quenstedtite (Fe2(SO4)3 · 11H2O) 

(Thomas et al., 1974).  Of these, ferric sulfate pentahydrate was later found as a phase 

primarily formed at elevated temperatures, which will be addressed in detail in Chapter 3; 

coquimbite, previously believed to be a polymorph of paracoquimbite, may actually 
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require the presence of aluminum in the structure, while paracoquimbite is a pure ferric 

phase (Majzlan et al., 2010).  Furthermore, the relationship between M-Fe2(SO4)3 and T-

Fe2(SO4)3 is not yet clear, and no direct conversion between the two phases has yet been 

found. 
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Table 2.1. Humidity buffers used in this study 
 

Humidity Buffer 

salts 

Reported equilibrium RH (%) RH measured in this 

study (±1% error) 20°C 25°C 

LiCl 11.31 ± 0.31 11.30 ± 0.27 11.4 at 23.5°C 

MgCl2 33.07 ± 0.18 32.78 ± 0.16 33.7 at 22.8°C 

K2(CO3)2 43.16 ± 0.33 43.16 ± 0.39 42.9 at 24.3°C 

Mg(NO3)2 54.38 ± 0.28 52.89 ± 0.22 53.0 at 22.4°C 

NH4NO3 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 Calorimetric) data of the prepared 
trigonal Fe2(SO4)3.  A DSC endothermic peak correlates with a weight loss at around 640 
to 750 °C, indicating the decomposition of Fe2(SO4)3 forming hematite.   
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Figure 2.2. The humidity chamber on GADDS diffractometer with dynamic RH control 
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Figure 2.3. The scheme of the humidity container used to preserve samples under 
constant RH 
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Figure 2.4. Set-up on Scintag Diffractometer using static RH control mode 
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Figure 2.5. Phase evolution map of M-Fe2(SO4)3 under static RH. Figures in the pie chart 
indicate the weight percentages of the phases present.  These values are 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 M-Fe2(SO4)3 at 53% RH.  
Several peaks were marked with the initials of corresponding mineral names, either 
followed by the index numbers in parenthesis or not. F: Ferricopiapite; R: Rhomboclase; 
K : Kornelite; P: Paracoquimbite. The change of peak intensities clearly shows a phase 
transformation from ferricopiapite and rhomboclase to kornelite, then to paracoquimbite. 
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Figure 2.7. Phase evolution map of T-Fe2(SO4)3 at different RH levels. Figures in the pie 
chart indicate the proportions of the phases present in weight percentages. These values 
are not given for amorphous, liquid or unknown phases, or the crystalline phases that 
coexist with them.  
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Figure 2.8. XRD data showing the hydration process of T-Fe2(SO4)3 at 53% RH.  F: 
Ferricopiapite; R: Rhomboclase; K : Kornelite; P: Paracoquimbite; U: Unknown phase. 
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Figure 2.9. Phase evolution of concentrated ferric sulfate solution at different RH levels 
over time. Figures in the pie chart indicate the proportions of the phase in weight 
percentages. These values are not given for amorphous or liquid phases, or the crystalline 
phases that coexist with them. 
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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 phase estimated from Rietveld 
refinement.  F: Ferricopiapite; R: Rhomboclase; K : 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 paracoquimbite at 62% RH. 
Five lines indicate 0, 7, 23, 43 and 79 days preservation of kornelite powders at 62% RH 
from bottom to top. Percentages are the weight proportions of each phase estimated from 
Rietveld refinement.  K : Kornelite; P: Paracoquimbite. 
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Figure 2.12. The hydration process of M-Fe2(SO4)3 as recorded by time-resolved XRD 
data from the GADDS diffractometer.  2θ range from 4° to 36.5° is plotted on the 
horizontal axis. The vertical time axis is marked with the RH steps and their duration.  
Some peaks are marked with the initials of corresponding mineral names and diffraction 
index, F: Ferricopiapite; R: Rhomboclase; K : Kornelite, P: Paracoquimbite. Note that the 
broad peak at 7° is produced by the scattering from Kapton® capillary and the chamber 
wall. (a). M-Fe2(SO4)3 transformed to ferricopiapite and rhomboclase at 50% RH. 
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Figure 2.12(b). Kornelite crystallized at 55% RH. Rhomboclase quickly disappeared 
when RH was raised to 60%, indicated by a sudden drop of the peak intensity at 11.3° 
along with an apparent shift to higher 2θ, caused by the loss of R(020) contribution. 
Ferricopiapite diffraction peaks also decreased slowly in intensity at 60% RH as kornelite 
peaks intensified. 
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Figure 2.12(c). Kornelite dissolution and ferricopiapite crystallization with a residual 
solvent phase as RH increased to 68%. 
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Figure 2.12(d). The subsequent dehydration process reversed the transition in (c) as 
ferricopiapite transformed to kornelite.  
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Figure 2.13. Time-resolved XRD data depicting the hydration of T-Fe2(SO4)3 at 45% RH 
at room T. The starting T-Fe2(SO4)3 dissolved quickly at 45% RH (lower patterns). At 10 
hours, the XRD pattern has few diffraction peaks, indicating a lack of long-range order in 
the sample, which corresponds to the intermediate suspension phase. After 10 hours, 
Rhomboclase, ferricopiapite and a small amount of the unidentified phase(s) crystallized 
out (peak marked with U).  
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Chapter 3 

 

Phase Transitions of Ferric Sulfates at non-Room Temperature 

and the RH – T phase diagram and phase evolution maps 

 

Abstract 

 

Evolution of concentrated Fe2(SO4)3 solution, a process including both the 

evaporation of the solution and the post-evaporation aging of the precipitates, was studied 

at 2 °C and 50 °C under controlled relative humidity (RH).  At 50 °C and RH from 42% 

to 47%, the starting solution underwent the following phase evolution sequence: 

Fe2(SO4)3 solution → (ferricopiapite, rhomboclase) → kornelite at 42% RH, or 

paracoquimbite at 46 – 47% RH.  At 2 °C and RH from 34% to 43%, the first step of the 

above sequence, the precipitation of ferricopiapite and rhomboclase was observed, but 

the subsequent combination, to form a single ferric sulfate hydrate phase, did not occur 

over 385 days.  At both temperatures and RH ≤ 31%, amorphous ferric sulfate formed.  

The amorphous ferric sulfate was more stabilized at low RH conditions, e.g. RH ≤ 11%, 

than higher RH, at which it would transform to crystalline phases of rhomboclase and 

ferricopiapite, as observed at 31% RH and 50 °C.  Combining these results with our 

previous study at room temperature (RT), the ferric sulfate phase evolution at 2 °C, 25 °C 

and 50 °C were mapped and compared.  Temperature (T) strongly affects the ferric 

sulfate evolution kinetics, and low T may delay the evolution from reaching an 
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equilibrium state.  Also, an RH and T-controlled in situ X-ray diffraction (RH-T-XRD) 

method was used to study phase transitions of ferric sulfate hydrates at 25 – 80 °C.  A 

dehydration of paracoquimbite (Fe2(SO4)3 · 9H2O) to form ferric sulfate pentahydrate 

(Fe2(SO4)3 · 5H2O) was identified at 80 °C.  These results are discussed with a previously 

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

 

3.1. Introduction 

 

Ferric sulfate minerals have been found at several localities on the surface of 

Mars, including Meridiani planum (Farrand et al., 2007; Klingelhofer et al., 2004; Poulet 

et al., 2008) and Gusev crater (Johnson et al., 2007; Lane et al., 2008; Yen et al., 2008) 

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 may be more widely distributed 

within or near Valles Marineris (Milliken et al., 2008).  On Earth, ferric sulfates are 

mostly found at acid mine drainage (AMD) regions as secondary minerals deposited from 

acidic sulfate waters formed by the oxidation or sulfide minerals (Hammarstrom et al., 

2005; Jambor et al., 2000; Nordstrom and Alpers, 1999).  As shown in Chapter 2, ferric 

sulfates are very hygroscopic and display complex phase transitions with change of 

humidity (Xu et al., 2009).  These minerals exhibit the potential to be used to extract 

detailed information on depositional and post-depositional environments; this utility 

requires a comprehensive knowledge of the mineral stability and transitions as a function 

of environmental variables including temperature (T), relative humidity (RH), pressure 



 70 

(P), atmospheric composition, etc.  To date, most of the relevant phase relations are still 

to be established.  Majzlan and colleagues recently reported thermodynamic data for a 

series of ferric sulfate minerals (Ackermann et al., 2009; Majzlan et al., 2006; Majzlan et 

al., 2005) and constructed an RH–T phase diagram (Ackermann et al., 2009; Majzlan et 

al., 2006; Majzlan et al., 2005).  In Chapter 2, we reported the ferric sulfate phase 

transitions at room temperature (RT) under different RH conditions studied by ex situ and 

in situ X-ray diffraction (XRD) methods.  Here, we explore the evaporation of ferric 

sulfate solutions and the subsequent phase changes at 2 °C and 50 °C using the same 

method, and built the phase evolution map for ferric sulfate at the three different 

temperatures as a function of time and RH.  

 

3.2. Experimental Methods 

 

3.2.1. Sample preparation and the ex situ method  

Concentrated ferric sulfate solution was prepared by deliquescing anhydrous 

ferric sulfate at 84% RH and 25 °C in a potassium chloride humidity buffer cell.  

Humidity buffers are saturated solutions of a salt, e.g. KCl, which produces a constant 

RH in a closed space at equilibrium.  The equilibrium RH is specific to the salt, and 

varies with temperature.  The setup of the humidity cell used in this study was depicted in 

Figure 2.3.  The anhydrous ferric sulfate, prepared using the method described in Chapter 

2, quickly hydrated to become a slurry after a few hours at 84% RH, and finally turned to 

a clear brown solution with a constant weight after 7 days.  The concentration of the 

solution was calculated to be 40 wt. % Fe2(SO4)3.  The solution was then stored in a 
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series of humidity buffer cells in a laboratory refrigerator and in an iso-temperature oven 

set to 50 °C.  The amount of the solution in each humidity buffer cell was about 1.5 – 2.0 

g.  The temperature fluctuation in the refrigerator was measured as 0.5 to 2.5 °C, and that 

in the oven was measured as 51 to 52 °C.  All humidity buffers used in this study 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 Rigaku Ultima-IV 

diffractometer that operates in Bragg-Brentano geometry and uses CuKα radiation (λ = 

1.54178 Å).  The diffractometer has a high-speed semiconductor element one-

dimensional X-ray detector capable of energy discrimination to eliminate the effect of Fe 

fluorescence (Szczygiel et al., 2009).  Due to its relatively short harvest time of a 

diffraction pattern, usually less than 10 minutes, no control of sample environment was 

used for general sample identity check.  A second XRD pattern was collected 

immediately after the first pattern for the same sample to ensure the sample was not 

degrading or transforming to other phases during data collection.  Phase quantifications 

were done with Rietveld refinement (Rietveld, 1969) using the programs GSAS (Larson 

and Von Dreele, 2000) and it is graphic interface EXPGUI (Toby, 2001).  In these 

calculations scale factors, cell parameters, specimen shift and peak profile parameters for 

each crystalline phase were refined.  Since determination of the phase fraction was the 

major objective, the atomic parameters for each phase were fixed at published values.  

References for published ferric sulfate structures are listed in Table 1.1 in Chapter 1.  

 

3.2.2. In situ RH-T-XRD method 
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In situ RH-T-XRD experiments were performed on the Rigaku Ultima IV with  a 

commercial environmental chamber and humidity control system installed (Kishi and 

Toraya, 2004).  Target RH was achieved by mixing dry and water-saturated nitrogen gas 

of different proportions, and was under dynamic computer control.  Target T was 

achieved by five cartridge heaters placed in the wall of the environmental chamber to 

maintain a homogeneous thermal field inside, when a temperature other than room T was 

needed.  An RH probe was placed ~2 cm above the sample stage to measure the RH and 

T in the chamber.  The sample stage was also a differential scanning calorimetry (DSC) 

device.  In preparation of a specimen, sample powder was spread onto a 7×7×0.25 mm 

aluminum pan.  Because ferric sulfate solution was found to oxidize aluminum at T > 70 

°C, a kapton polyimide film was attached onto the aluminum pan to avoid direct contact 

of the sample powder with the pan.  For experiments performed at high T, the gas T 

measured by the RH probe had to be maintained as close to the sample T measured by the 

DSC thermocouple as possible to avoid thermal gradients; RH is strongly dependent on T 

and the differential T was kept no larger than 1 °C throughout the experimental run.  

XRD data were continually collected during experiment with the 2-θ scanning range 

selected according to positions of the characteristic peaks of the phases of interest.  The 

scanning speed was optimized depending on the trade-off between the signal to noise 

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

 

3.3. Results 

 

3.3.1. Dehydration of Fe2(SO4)3 solution at 2 °C 
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Table 3.2 lists the phases evolved from the Fe2(SO4)3 solution at 2 °C and 

different RH.  The XRD patterns are shown in Figure 3.1.  Yellow flower-like aggregates 

resembling the “ferricopiapite + rhomboclase” assemblage formed at 34% RH and 43% 

RH after a storage time of 40 days at 2 °C.  Little change of the color or morphology of 

the yellow aggregates was observed thereafter.  XRD taken on day 385 confirmed that 

the products were still ferricopiapite and rhomboclase with no other phases present.  The 

small variation of peak intensities between the XRD patterns collected on day 265 and 

day 385, such as pattern d and pattern e in Figure 3.1, may be due to sample preparation, 

and not related to any real change of the amount of ferricopiapite and rhomboclase.  

Estimated weight proportions based on the Rietveld fitting of each pattern were given in 

table 3.2.  At 57 % RH, a yellow ferricopiapite paste formed after 50 days, and did not 

evolve further in the remaining experiment time.  The formation of ferricopiapite paste 

was also observed at 62% RH and RT (Fig. 2.9 in Chapter 2).  The solutions stored at 

73% and 75% RH remained liquid.  The solutions stored at 0% and 11% RH transformed 

within 10 days to an amorphous solid retaining the morphology of the starting liquid 

drops, and stayed in the amorphous state without a trend of transforming to crystalline 

phases over 385 days (Fig. 3.1).   

 

3.3.2. Dehydration of Fe2(SO4)3 solution at 50 °C  

Results of the dehydration of this solution are summarized in Table 3.3 and the 

XRD data are plotted in Figure 3.2.  Similar to the experiments at RT and 2 °C, initial 

evaporation products from the Fe2(SO4)3 solution were either ferricopiapite and 

rhomboclase or amorphous ferric sulfate, depending on the RH level.  The amorphous 
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ferric sulfate formed at 0%, 11% and 31% RH, above which rhomboclase and 

ferricopiapite precipitated.  At 31% RH, a clear amber-like solid first formed within 2 

days, and then turned dark and less uniform in color and transparency.  XRD data taken 

after 20 days indicated the growth of rhomboclase from the amorphous solid.  After 40 

days, ferricopiapite along with rhomboclase were observed in the sample.  The 

crystallization of the amorphous ferric sulfate to rhomboclase was also found in a similar 

aging experiment at RT and 33% RH after 50 days (Fig. 2.9 in Chapter 2), where 

ferricopiapite was not found to have formed.  Clearly, high temperature accelerated the 

crystallization of the amorphous ferric sulfate at 30% RH.  The amorphous sulfate 

remained amorphous at 0% and 11% RH.  At higher humidity, the initially precipitated 

rhomboclase and ferricopiapite combined to form kornelite at 42% RH or paracoquimbite 

at 46% and 47% RH.  These transformations were also observed in studies at RT and 

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

 

3.3.3. In situ RH-T-XRD results 

 We attempted to reproduce transformations observed in ex situ studies in in situ 

experiments.  RH and T can be adjusted continuously rather being restricted to the few 

RH levels set by humidity buffers.  After phase evolution mapping by ex situ studies, in 

situ studies allow the transition boundaries to be studied in more detail.  Paracoquimbite, 

kornelite, ferricopiapite and rhomboclase were studied.  These samples were obtained 

from the products of previous ex situ humidity cell experiments.  A total of six 

experiments were performed.  RH-T steps in each experiment are listed in Table 3.4 to 

3.9 along with the corresponding phase transitions.  The selections of T, RH and duration 
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at each step were aimed at giving a representative coverage of the T-RH 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 hours with RH 

ranging from 50% down to 4% (Table 3.4).  At 80 °C, the transformation from 

paracoquimbite to crystalline Fe2(SO4)3 · 5H2O was observed.  The structure of Fe2(SO4)3 

· 5H2O was recently characterized and suspected to be same as a previously reported 

mineral, lausenite (Majzlan et al., 2005).  To avoid any confusion, the crystalline 

Fe2(SO4)3 · 5H2O is named as pentahydrate in this study.  The initial detection of 

pentahydrate formation was at 30% RH in the RH downslope from 50% to 3% at 80 °C, 

by the barely observable occurrence of the (021) reflection (Fig. 3.3).  As RH continued 

down to 3%, the growth of pentahydrate apparently halted as the (021) reflection ceased 

to increase in intensity.  Meanwhile, the paracoquimbite peaks continued to decrease, 

indicating the instability of paracoquimbite under this low RH condition.  In the 

following increase in RH, the growth of pentahydrate resumed at 20% RH.  The 

transformation was more rapid at medium RH (40 – 60%) and slowed down at higher RH 

(70 – 80%).  The amount of paracoquimbite diminished after 18 hours exposure to air 

humidity above or equal to 70% RH (Fig. 3.4).  The temperature was then decreased to 

60 °C and RH was varied from 80% to 4%.  No change in the pentahydrate formed under 

these conditions was found over 37 hours.  

 The paracoquimbite to pentahydrate transformation was repeated using a different 

RH-T route (Table 3.5, Fig. 3.5).  The result is consistent with the first run.  At 80 °C and 
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3% RH, the paracoquimbite peak intensity decreased with no pentahydrate or other 

crystalline phases forming, indicative of an amorphization process at this condition.  The 

amorphization of paracoquimbite at the same RH and T condition was also observed in 

the first run (Table 3.4, Fig. 3.3), though the decrease of paracoquimbite peak 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 rhomboclase (Table 3.6) 

showed no change from 1% to 50% RH at 50 °C.  The rhomboclase started dissolving at 

60% RH, and the paracoquimbite remained and was not affected by the dissolution of 

rhomboclase.   

 

3.3.3.3. Paracoquimbite and kornelite 

 A mixture of paracoquimbite and kornelite (Table 3.7) showed both phases 

remained at 30 °C from 10 to 68% RH.  The kornelite gradually dissolved at 70% RH, 

while the paracoquimbite remained.  

 

3.3.3.4. Ferricopiapite and rhomboclase 

 A mixture of ferricopiapite and rhomboclase crystallized from the Fe2(SO4)3 

solution showed that upon increasing RH at 26 °C, the rhomboclase dissolved at 65% RH 

and the ferricopiapite remained as a crystalline solid (Table 3.8; Fig. 3.6).  Upon 

decreasing RH from 65% RH, paracoquimbite occurred at 55% RH along with the 

disappearance of the ferricopiapite (Fig. 3.7).  The instability of wet ferricopiapite paste 
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at dehydration was also observed in the previous study at RT, where the ferricopiapite 

paste transformed to kornelite upon dehydration at 53% RH, as reported in section 

2.3.1.4.  Different from that study, the transition product here is paracoquimbite rather 

than kornelite.  Direct transition from ferricopiapite and rhomboclase to paracoquimbite 

was also found in the ex situ experiment at 50 °C in this study.  The formed 

paracoquimbite began dissolving at 80% RH.  Before it was fully dissolved, RH was 

lowered.  Below 65% RH, the paracoquimbite XRD peaks intensified, indicating a re-

crystallization of paracoquimbite as a result of evaporation.  After this step, T was raised 

to 50 °C.  The paracoquimbite was deliquescent at 70 – 75% RH.  The sample was then 

allowed to totally dissolve at 75% RH before RH was lowered down.  Ferricopiapite and 

rhomboclase precipitated at 60% RH and 45% RH, respectively.  This result is consistent 

with the observed phase evolution sequence in ex situ experiments, where ferricopiapite 

and rhomboclase were observed as the initial precipitates from Fe2(SO4)3 solution.   

 The same starting sample, mixture of ferricopiapite and rhomboclase, was run 

under a different RH-T route.  T was set to 50 °C throughout the experiment (Table 3.9).  

Paracoquimbite started to grow at 55% RH.  At 60% RH, the amount of rhomboclase 

quickly diminished indicating deliquescence.  The paracoquimbite growth continued 

while the amount of ferricopiapite decreased.  At 70% RH, the paracoquimbite dissolved 

while the ferricopiapite remained.  Upon decreasing RH, the amount of ferricopiapite 

increased slightly at 60% RH, and then decreased to zero at 50% and 40% RH.  

Paracoquimbite and rhomboclase appeared at 50% RH and 40% RH, respectively (Fig. 

3.8).  The extraordinarily strong intensity of the ferricopiapite (020) and (030) Bragg 

peaks and the weakness of the (01-1) and the (1-1-1) peaks at 60% RH were due to the 
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effects of preferred orientation (Fig. 3.8).  Further, the difference in dehydrating the wet 

ferricopiapite in these two run is the formation of rhomboclase in the second run (Fig. 3.7 

and 3.8).  The mixture of rhomboclase and paracoquimbite was also observed in the ex 

situ experiment at 50 °C and 46% RH (Table 3.3).  The presence of rhomboclase 

((H5O2
+)Fe(SO4)2 · 2H2O) without ferricopiapite (Fe4.67(SO4)6(OH)2 · 20H2O) is difficult 

to understand, considering the starting Fe2(SO4)3 solution has no net protons.  This means 

if rhomboclase, which contains protons in its structure, crystallizes, an OH-bearing phase 

is supposed to form to keep the net protons in the system to be zero.  One possible 

explanation is the presence of an OH-bearing amorphous phase in the mixture, which can 

not be easily verified by XRD. 

 

3.4. Discussion 

 

3.4.1. Phase evolution of Fe2(SO4)3 solution 

 Figure 3.9 (a, b, c) illustrates the phase evolution of concentrated Fe2(SO4)3 

solution at 2 °C, 25 °C and 50 °C as a function of RH and time.  At all three 

temperatures, depending on the RH, there are four initial states: (1) Fe2(SO4)3 solution; 

(2) ferricopiapite + solution; (3) ferricopiapite + rhomboclase; (4) amorphous ferric 

sulfate.  The first state, Fe2(SO4)3 solution, is stable at RH > 70%.  The second state, 

ferricopiapite + solution, forms at RH between about 60% and 70%, and could be 

stabilized if there were no further changes of RH.  The remnant solution has to be acidic 

to balance the hydroxyl group in the ferricopiapite (Fe4.67(SO4)6(OH)2 · 20H2O) structure 

in order to maintain zero net hydroxyls in the system.  The paucity of remnant solution 
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and its close adsorption on ferricopiapite prohibited an effective measurement of pH by a 

probe method.  A pH test paper attached onto the wet ferricopiapite indicated a pH close 

to 1, higher than the predicted lower pH boundary for ferricopiapite formation at about 0 

from previous modeling work (Marion et al., 2008; Tosca et al., 2007), which explains 

why the “ferricopiapite + solution” state could remain stable at this RH range.  Note the 

“ferricopiapite + solution” state was not observed in the ex situ experiment at 50 °C, due 

to the limited RH levels set by available humidity buffers.  But this state was observed in 

the in situ experiment (Table 3.7 and 3.8).  

The third state, ferricopiapite + rhomboclase, formed at about 35% < RH < 55%, 

as an apparently homogeneous yellow aggregate.  This state is not stable at the RH range 

it is formed, and will evolve to kornelite or paracoquimbite depending on the RH and T.  

The evolution kinetics is also affected by RH and T.  At 25 °C and 50 °C, white tips were 

seen growing on the yellow aggregates after one to two months.  These white minerals 

could be kornelite or paracoquimbite depending on the RH (Fig. 3.9).  At 2 °C, the 

combination of ferricopiapite and rhomboclase could be preserved over a year without 

further transformation, indicating kinetic inhibition.  The effect of RH on reaction 

kinetics is also remarkable.  Within the RH range from 35% to 55%, higher RH always 

accelerates the reaction of ferricopiapite with rhomboclase.  This reaction is probably a 

dissolution and recrystallization process in the microscopic scale, where locally dissolved 

rhomboclase releases strong acid that destabilized ferricopiapite.  Higher RH increases 

the probability of local dissolution and thus facilitates the transformation to a more stable 

single hydrate phase like kornelite or paracoquimbite.   
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The fourth state, hydrated amorphous ferric sulfate, forms at RH <30%. An 

empirical formula of Fe2(SO4)3 · 5.5 H2O is obtained by quantifying the water content 

with thermogravimetric analysis. This state was not observed to evolve to any crystalline 

phases at 11% RH or below, but at RH > 30%, rhomboclase and ferricopiapite form.  

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 of Fe2(SO4)3 based on 

thermodynamic measurements.  Figure 3.10 is a reproduction of their diagram with the 

experimental data from this study overlain.  Two rectangles at 80 °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.  Another rectangle from 0 

to 10% RH shows the amorphization of paracoquimbite.  Also, the growth of 

pentahydrate was halted at this RH range.  The squares at 50 °C mark the results of ex 

situ experiments. The open squares at 42% RH and 50 °C shows the evaporation of 

Fe2(SO4)3 solution evolving to kornelite, consistent with the predicted kornelite stable 

field.  The solid square marks the formation of paracoquimbite at 46% RH and 50 °C, 

which suggests paracoquimbite should be the stable phase at this condition.  The phase 

boundary between the kornelite and paracoquimbite should go between the solid square 

and the open square.  Two open triangles at 23 °C marks the formation of paracoquimbite 

observed in ex situ dehydration experiment at RT, and they are within the predicted 

paracoquimbite field.  So our ex situ experiment results generally agree with the phase 
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diagram based on thermodynamic data, with the caveat that the kornelite-paracoquimbite 

phase boundary be moved to include the solid square in the paracoquimbite stable field.  

The in situ experimental results at 80 °C, the transformation from paracoquimbite 

to pentahydrate from 20% to 80% RH, does not correlate well with the phase diagram by 

Ackermann et al. (2009), as the conditions transforming to pentahydrate apparently cross 

into the kornelite stability field (Fig. 3.10).  It is possible that kornelite can not be formed 

through dehydrating paracoquimbite, which only produces pentahydrate.  Therefore, 

these results do not reject the presence of a kornelite field at 80 °C.  But the boundary 

between pentahydrate and kornelite certainly needs more characterization.   

Also marked in Figure 3.10 are two solid triangles showing the deliquescence of 

paracoquimbite observed in 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 from -150 °C to 20 °C, 

ultraviolet radiation and relative humidity from 100% down to almost zero depending on 

latitude, season and time of day.  The Martian atmosphere consists mostly of CO2 and has 

an atmospheric pressure of 6 mbar with 50% variance.  Of these environmental 

parameters, the CO2 atmosphere is unlikely to affect the chemistry of the Fe(III) – SO4 – 

H2O system, since the concentrated Fe2(SO4)3 solution is very acidic (pH ~ 1) and no 

carbonates can precipitate.  The total atmospheric pressure should not be a direct factor 

affecting stability of hydrated minerals.  Instead, the partial pressure of water vapor is 

likely to be the key factor.  In our study, the water vapor pressure is parameterized as RH, 
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the vapor pressure divided by the saturated vapor pressure at a particular temperature.  

RH, which is also a better parameter to use than the absolute water vapor pressure 

because it represents water activity directly related to phase equilibrium.  The ultraviolet 

radiation is not considered here, but has been investigated in a few studies showing no 

obvious effects on stabilities of hydrate minerals (Cloutis et al., 2008; Cloutis et al., 2007; 

Yen et al., 1999).  Cloutis et al (2008) found ultraviolet light might enhance the 

dehydration of hexahydrite (MgSO4 · 6H2O).  

Temperature is surely an important factor to mineral stability and evolution.  The 

current study only covers temperature above ice point, with some overlap with the 

highest temperatures found in Martian equatorial regions during summer noon time.  

Though not covering most of the temperature range present on Mars, the evaporation and 

phase transitions studied from 2 to 80 °C could be used to predict the behavior of ferric 

sulfates and the solution at lower T.  An effect of low T is it dramatically slowed down or 

hindered the evaporation of Fe2(SO4)3 solution and subsequent evolution to the final 

stable state, most probably paracoquimbite.  As shown in the three evolution maps in 

Figure 3.9, the third initial evolution state, the mixture of ferricopiapite and rhomboclase, 

sustained for at least a year without further transitions at 2 °C.  Even longer preservation 

of this initial state can be expected at lower T.  The same effect was also observed for the 

transition from the amorphous ferric sulfate to crystalline phases.  Hence these initial 

evolution phases, ferricopiapite, rhomboclase and amorphous ferric sulfate are very 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 ± 0.23 
MgCl2 33.66 ± 0.33 33.60 ± 0.28 33.07 ± 0.18 32.78 ± 0.16 30.54 ± 0.14 29.93 ± 0.16 
K2(CO3)2 43.13 ± 0.66 43.13 ± 0.50 43.16 ± 0.33 43.16 ± 0.39 n/a n/a 
Mg(NO3)2 60.35 ± 0.55 58.86 ± 0.43 54.38 ± 0.28 52.89 ± 0.22 45.44 ± 0.60 n/a 
NH4NO3 n/a n/a 66.9* 62.7* 48.1* n/a 
NaNO3 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 
KCl 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 11.4 at 1.5 °C 11.4 at 23.5 °C 11.3 at 51.0 °C 
MgCl2 34.0 at 1.7 °C 33.7 at 22.8 °C 31.1 at 51.5 °C 
K2(CO3)2 43.3 at 1.6 °C 42.9 at 24.3 °C 42.4 at 52.1 °C 
Mg(NO3)2 57.4 at 1.7 °C 53.0 at 22.4 °C 45.9 at 51.8 °C 
NH4NO3 73.0 at 1.9 °C 61.7 at 23.8 °C 46.8 at 51.4 °C 
NaNO3 n/a n/a 69.0 at 51.0 °C 
NaCl 74.9 at 2.0 °C  74.3 at 22.8 °C 73.9 at 51.8 °C 
KCl n/a 84.0 at 23.0 °C n/a 
Drierite$ 0.0 at 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 CaSO4, with CoCl2 as a moisture indicator.  
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Table 3.2. Evolved phases from the Fe2(SO4)3 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) 

ferricopiapite (39) 

rhomboclase (63)  

ferricopiapite (37) 

43 rhomboclase (43) 

ferricopiapite (57) 

rhomboclase (31) 

ferricopiapite (69) 

57 ferricopiapite 

coating solution 

ferricopiapite 

coating solution 

73 solution solution  

75 solution solution 

 

 

Table 3.3. Evolved phases from the Fe2(SO4)3 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 

amorphous ferric sulfate 

rhomboclase (86)  

pentahydrate (14) 

42 rhomboclase (60) 

ferricopiapite (40) 

rhomboclase (48) 

ferricopiapite (41) 

pentahydrate (11) 

46 rhomboclase (50) 

ferricopiapite (50) 

rhomboclase (35) 

paracoquimbite (65) 

47 rhomboclase (42) 

ferricopiapite (58) 

rhomboclase (13) 

paracoquimbite (87)  

69 solution solution 

74 solution solution 
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Table 3.4. In situ RH-T experiment --- paracoquimbite -1 

T(°C) RH and time Phase change 

40 50%, 2 hrs; 40%, 2 hrs; 30%, 2 hrs; 

20%, 2 hrs; 10%, 2 hrs;   4%, 7 hrs 

Starting: Paracoquimbite 

No change 

60 50%, 2 hrs; 40%, 2 hrs; 30%, 2 hrs; 

20%, 2 hrs; 10%, 2 hrs;   4%, 2 hrs 

No change 

80 50%, 2 hrs; 40%, 2 hrs; 30%, 2 hrs; 

20%, 2 hrs; 10%, 2 hrs;   3%, 2 hrs 

Paracoquimbite decreased slightly 

Pentahydrate formed at 30% RH 

(Fig. 3.3) 

80   3%, 2 hrs; 10%, 2 hrs;  Paracoquimbite decreased slightly 

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; 

60%, 2 hrs  

Paracoquimbite decreased 

Pentahydrate increased  

80 70%, 2 hrs; 80%, 2 hrs; 70%, 3 hrs;  

80%, 5 hrs 

Paracoquimbite decreased slowly 

Pentahydrate increased slowly 

80 70%, 6 hrs Paracoquimbite diminished 

Pentahydrate remained (Fig. 3.4) 

60 80% � 10%, 10% RH change per 

step,  3 hrs stay at each step 

No change 

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 

step,  2 hrs stay at each step 

Starting: Paracoquimbite 

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 slightly 

Pentahydrate increase halted 

60 10% � 80%, 10% RH change per 

step,  3 hrs stay at each step 

No change 

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; 

  1%, 4 hrs; 20%, 2 hrs; 30%, 2 hrs 

Paracoquimbite and rhomboclase 

No change 

50 40%, 2 hrs; 50%, 2 hrs; 60%, 2 hrs; 

70%, 3 hrs 

Paracoquimbite remained no change 

Rhomboclase diminished at 60% 

(deliquescence) 

 

 

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

T(°C) RH and time Phase change 

30 10%, 2 hrs; 20%, 2 hrs; 30%, 2 hrs; 

40%, 2 hrs; 50%, 2 hrs; 60%, 2 hrs 

Paracoquimbite and kornelite 

No change 

29 68%, 2 hrs; 70%, 4 hrs Paracoquimbite remained no change 

Kornelite diminished at 70% 

(deliquescence) 
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Table 3.8. In situ RH-T experiment --- Ferricopiapite and rhomboclase -1 

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 

(deliquescence) (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; 

30%, 3 hrs 

No change, only paracoquimbite 

26 60%, 1 hrs; 65%, 3 hrs; 70%, 3 hrs No change 

26 75%, 4 hrs; 80%, 3 hrs; 75%, 2 hrs; 

70%, 2 hrs; 65%, 2 hrs 

No change 

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; 

60%, 2 hrs, 63%, 2 hrs 

No change, still paracoquimbite 

50 70%, 6 hrs Paracoquimbite decreased slowly 

(deliquescence) 

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; 

45%, 4 hrs; 40%, 20 hrs 

Ferricopiapite formed at 60% RH 

Rhomboclase formed at 45% 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 

(deliquescence) 

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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Figure 3.1. XRD data of the evolved phases at 2 °C.  Pattern (a) 11% RH, Day 385; (b) 
34% RH, Day 265; (c) 34% RH, Day 385; (d) 43% RH, Day 265; (e) 43% RH, Day 385; 
(f) 57% RH, Day 385.  Peaks are marked with mineral name initials: R for rhomboclase, 
F for ferricopiapite. 
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Figure 3.2. XRD data of the evolved phases at 50 °C.  Pattern (a) 31% RH, Day 20; (b) 
31% RH, Day 40; (c) 42% RH, Day 20; (d) 42% RH, Day 40; (e) 46% RH, Day 20; (f) 
46% RH, Day 40; (e) 47% RH, Day 20; (f) 47% RH, Day 40.  Peaks are marked with 
mineral name initials: R for rhomboclase, F for ferricopiapite, K for kornelite, P for 
paracoquimbite. 
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Figure 3.3. XRD patterns showing transformation of paracoquimbite-1 to pentahydrate at 
80 °C and RH 50% down to 3%.  Pentahydrate (021) peak is observed at 30% RH (not 
easy to see here due to the plot scale).  Several paracoquimbite peaks are marked with 
letter P and their Miller indices.  
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Figure 3.4. XRD patterns showing paracoquimbite-1 transforming to pentahydrate at 80 
°C with increasing RH.  Pentahydrate peaks are marked with their Miller indices.  
Paracoquimbite peaks are marked with letter P and the indices.  The pattern at the top 
was collected at 70% RH showing the complete transformation to pentahydrate.  
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Figure 3.5. XRD patterns showing the paracoquimbite-2 destabilized at 80 °C and 3% 
RH over 3 hours.  Paracoquimbite peaks, marked with letter P and the indices, decrease 
in intensity from bottom to top.  Due to preferred orientation effect induced by the sample 
preparation, reflections perpendicular to c axis is stronger than normal, e.g. P(006).   
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Figure 3.6. XRD patterns showing the deliquescence of rhomboclase and the retaining of 
ferricopiapite at 26 °C and 65% RH.  Several peaks are marked with the mineral name 
initial and Miller indices.  
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Figure 3.7. XRD patterns showing the formation of paracoquimbite out of the wet 
ferricopiapite at 26 °C with deceasing RH.  Some peaks are marked with the mineral 
name initial and Miller indices. 
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Figure 3.8. XRD patterns showing the formation of paracoquimbite and rhomboclase 
from the wet ferricopiapite at 50 °C with decreasing RH.  Some peaks are marked with 
the mineral name initial and Miller indices. 
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Figure. 3.9 (a) Phase evolution map of concentrated Fe2(SO4)3 solution at (a) 2 °C, (b)25 
°C and (c) 50 °C. 
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Figure 3.9 (b) Phase evolution map of concentrated Fe2(SO4)3 solution at (a) 2 °C, (b)25 
°C and (c) 50 °C.  Note that slash boundaries show the occurrence of the phase on the 
right side, but do not mean extinction of the previously formed phases.  For example, the 
triangle at 60 days and 53% RH drops in the region of kornelite, but the sample at this 
stage still contain ferricopiapite and rhomboclase, other than kornelite.   
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Figure 3.9 (c) Phase evolution map of concentrated Fe2(SO4)3 solution at (a) 2 °C, (b)25 
°C and (c) 50 °C. 
 
 



 104 

 
Figure 3.10. RH – T phase diagram for Fe2(SO4)3 reproduced from Ackermann et al. 
(2009) with added observations in this study.  The rectangle at 80 °C extending from 
20% to 80% RH is the observed transition from paracoquimbite to pentahydrate.  The 
rectangle from 0 to 10% RH is the amorphisation of paracoquimbite. Two open squares 
at 50 °C marks the evaporation of Fe2(SO4)3 solution evolved to pentahydrate.  The solid 
square at 50 °C shows the formation of paracoquimbite. Two open triangles at 23 °C 
marks the formation of paracoquimbite observed in ex situ dehydration experiment at RT.  
Two solid triangles showing the deliquescence of paracoquimbite observed in in situ 
experiments.  The circle is the formation of kornelite as observed by Chipera et al. 
(2007).  The diamond is the formation of pentahydrate as observed by Ackermann et al. 
(2009).  
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Chapter 4 

 

(H3O)Fe(SO4)2 Formed by Dehydrating Rhomboclase and Its Potential 

Existence on Mars 

 

This Chapter published as: 

Xu, W.Q., Parise, J.B. and Hanson, J. (2009) (H3O)Fe(SO4)2 Formed by 
Dehydrating Rhomboclase and Its Potential Existence on Mars. American 
Mineralogist, 95(10), 1408-1412. 

 

Abstract 

 

The phase transitions in the 2 Fe(III) – 3 SO4 – n H2O system were described in 

Chapter 2 and Chapter 3.  In this Chapter, we focus on the Fe(III) – 2 SO4 – n H2O 

system with a Fe/S ratio equal to ½.  A representative phase in this system is rhomboclase 

with a formula (H5O2)Fe(SO4)2 · 2H2O.  The stability of this mineral phase was explored 

under different temperature (T) and relative humidity (RH) conditions.  The rhomboclase 

transforms to a solid crystalline phase, (H3O)Fe(SO4)2 upon dehydration.  The structure 

of (H3O)Fe(SO4)2 is found to be the same as a recently reported structure determined 

from single crystal diffraction by Peterson et al. (2009), who synthesized the same 

compound using a hydrothermal method.  The phase boundary between rhomboclase and 

(H3O)Fe(SO4)2 as a function of T and RH was determined by environment-controlled in 

situ X-ray diffraction (XRD) method.  The stability of (H3O)Fe(SO4)2 vs rhomboclase 

was further evaluated under a simulated Martian condition of constant 50% RH, T = -
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20 °C, and 6 mbar of CO2.  Both phases remained after 14 days with no observable 

transitions.  This result suggests that hydrate ferric sulfate minerals might not respond to 

diurnal RH fluctuation under the extremely slowed kinetics expected on the Martian 

surface.  

 

4.1. Introduction 

 

 Rhomboclase, (H5O2)Fe(SO4)2 · 2H2O, is a common secondary ferric sulfate 

mineral found in acid mine drainage (AMD) regions (Buckby et al., 2003; Hammarstrom 

et al., 2005; Jambor et al., 2000; Keith et al., 2001; Nordstrom and Alpers, 1999).  This 

mineral is also suggested as a potential hydrated ferric sulfate in the sulfur-rich soils at 

Gusev Crater on Mars (Johnson et al., 2007; Lane et al., 2008; Yen et al., 2008).  In 

laboratory studies, rhomboclase is found in evaporites of a brine from chemically 

weathering synthetic Martian basalts (Hurowitz et al., 2005; Tosca and McLennan, 2009; 

Tosca et al., 2004).  Ferric sulfates, including rhomboclase, are sensitive to 

environmental changes such as relative humidity (RH) and temperature (T) and thus can 

act as mineral indicators of current and past sedimentary environments.  Precipitates from 

aqueous Fe(III)-SO4-H2O systems were studied previously (Jonsson et al., 2006; King 

and McSween, 2005; Marion et al., 2008; Tosca et al., 2007).  Rhomboclase precipitates 

at pH ≤ -1.8 (Marion et al., 2008), lower than the pH of solution from which  

ferricopiapite (Fe4.67(SO4)6(OH)2 · 20H2O) (-1 < pH < 1) and jarosite 

((K,Na,H3O)Fe3(OH)6(SO4)2) (1 < pH < 3) precipitate (Jonsson et al., 2006; Tosca et al., 

2008).  In field studies, rhomboclase is found to be stable in contact with water -3.6 < pH 



 107 

< 2.5 (Jambor et al., 2000).  Though primarily precipitating at different pH conditions, a 

laboratory study has shown rhomboclase and ferricopiapite can co-precipitate by 

evaporation of a ferric sulfate solution with molar ratio Fe3+/SO4
2- = 2/3 (Xu et al., 2009).  

The mixture of rhomboclase and ferricopiapite may combine to form kornelite (Fe2(SO4)3 

• 7.25H2O) and paracoquimbite (Fe2(SO4)3 • 9H2O) in the diagenesis process (Xu et al., 

2009).  Conversion of ferricopiapite to rhomboclase was also observed during the 

dehydration of ferricopiapite, probably due to a subtle change of environmental acidity 

(Freeman et al., 2009).  Thermodynamic data for a series of ferric sulfates are recently 

reported by J. Majzlan and colleagues (Ackermann et al., 2009; Majzlan et al., 2006; 

Majzlan et al., 2005; Majzlan et al., 2004) and these data help explore the phase stability 

relations in the Fe(III)-SO4-H2O system.  Here we evaluate the stability of rhomboclase 

with changes of RH and T, and find a transition to a dehydrated phase, (H3O)Fe(SO4)2.  

Powder XRD shows the dehydrated phase has the same structure as that recently reported 

from a single crystal (H3O)Fe(SO4)2 (Peterson et al., 2009), synthesized hydrothermally 

at 140 °C.  Further experiments under simulated Martian conditions suggested the 

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 in the literature 

(Majzlan et al., 2006): mixing 2 g of anhydrous ferric sulfate, 2.5 g of water and 2.5 g of 

sulfuric acid (95.9% H2SO4 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 after three days was 

confirmed as rhomboclase by XRD.  The product was vacuum-filtered and rinsed with 

deionized water and ethanol to remove any surface H2SO4 and then dried in air.  The 

yield was calculated as 68% based on the amount of Fe used in the synthesis.  The 

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

 

4.2.2. Thermal Analysis 

 Thermogravimetric (TG) and differential scanning calorimetric (DSC) analysis 

were performed on a Netzsch STA 449C Jupiter® simultaneous TG-DSC apparatus. 

Powder sample of freshly prepared rhomboclase was loaded in an alumina crucible with a 

hole in the cover for gas release, and heated from room temperature to 300 °C at a rate of 

3 °C/min under N2 flow. 

 

4.2.3. Temperature-resolved XRD 

 In situ synchrotron XRD data were collected at the X7B beamline at the National 

Synchrotron Light Source, to follow the dehydration of rhomboclase under rising T. 

Sample powders were loaded into Kapton® polyimide capillaries with a 0.5 mm inner 

diameter.  The X-ray beam height was matched to capillary diameter using variable slits.  

An air-blower type heater was used to control the temperature with the control 

thermocouple placed in contact with the outside of the capillary (Norby, 1996).  The 

heater was programmed to heat in a range from 30 °C to 180 °C at a rate of 1 °C/min.  

XRD data were collected continuously on a MAR345 2-dimensional detector with 120 

seconds exposure time, plus 80 seconds readout time before the start of the next 
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exposure.  The time resolution was 200 seconds per exposure for the series of diffraction 

patterns.  The sample-to-detector distance, X-ray beam center and the tilt of the detector 

relative to the incident beam were calibrated using a standard LaB6 powder (NIST SRM 

660a).  The X-ray wavelength used was 0.31840(4) Å, also determined with the standard 

LaB6 powder.  The collected 2-D raw data were converted to traditional intensity versus 

2θ plot using the program Fit2D (Hammersley et al., 1996).  RH was not controlled in 

this experiment.  

 

4.2.4. RH-resolved DSC-XRD 

To investigate the combined effects of both RH and T on rhomboclase stability, in 

situ powder diffraction data were collected on a Rigaku® Ultima-IV diffractometer with 

a built-in environmental chamber and devices to control both T and RH (Kishi and 

Toraya, 2004).  CuKα radiation (λ = 1.54178 Ǻ) was used in conjunction with a high-

speed semiconductor element one-dimensional X-ray detector capable of energy 

discrimination to eliminate the effect of Fe fluorescence in this experiment (Szczygiel et 

al., 2009).  The same sample stage used for environment control also allows DSC 

measurement.  In preparation of a specimen, sample powder was spread onto a 7×7×0.25 

mm aluminum pan.  The sample pan was placed onto the DSC heating stage beside a 

DSC reference pan.  The DSC data were less sensitive compared to the TG-DSC 

apparatus due to the smaller sample size used and the open crucible necessitated by the 

simultaneous XRD measurement.  

During the experiment, T was maintained at several arbitrary values between 

room T and 90 °C.  At each T, RH was varied at a rate of 0.1% per minute to cross the 
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phase boundary from both sides.  Five cartridge heaters placed in the wall of the sample 

chamber helped maintain a homogeneous thermal field inside.  The thermocouple 

measuring the chamber T and the thermocouple below the sample pan indicated a T 

gradient of < 1 °C during the experiment.  This is important since RH is strongly 

temperature dependent.  XRD data were collected repeatedly spanning a 2θ range from 8° 

to 14° within a scan rate of 6 °/min.  This 2θ range covers reflection (020) of 

rhomboclase and reflection (010) of the (H3O)Fe(SO4)2 that are the most intense peaks of 

each phase.  

Without using a RH control, a DSC-XRD experiment to study the thermal 

decomposition of rhomboclase was performed on Ultima-IV using a heating rate of 1 

°C/min to 225 °C under 30 cc/min N2 flow.  

 

4.2.5. Simulating Martian conditions 

 Minerals on the Martian surface are exposed to an atmosphere consisting mainly 

of CO2 with about 6 mbar pressure.  A good simulation of the Martian atmosphere can be 

achieved using a simple vacuum line, with powder samples loaded into glass ampoules 

that can be attached and detached.  To simulate Martian surface conditions, the whole 

vacuum system was first evacuated, and then filled with 6.1 mbar CO2 and 0.8 mbar 

water vapor at room T (20 °C), which would create an atmosphere with 50% RH and 6 

mbar atmospheric pressure at -20 °C.  The sample container was then closed, 

disconnected from the vacuum line and kept in a freezer set at -20 °C.  Because it is a 

sealed system, the RH in the container will drop or rise when water vapor is absorbed to 

or released from the sample.  To maintain a constant RH and make it more like an open 
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system, the sample container was briefly reconnected to the vacuum line each day and the 

water vapor concentration was allowed to equilibrate.  After 14 days, the samples were 

taken out and their XRD patterns were taken at ambient conditions (21 °C, 23% RH).  

There was about a 3-minute exposure of the sample to atmosphere for transporting the 

samples to the diffractometer and collecting XRD data; it turned 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.  Three endothermic 

events were recorded at 91, 150 and 195 °C, respectively.  The first endotherm 

corresponded to a 17% weight loss, equal to the weight ratio of 3 H2O molecules over 

rhomboclase: %8.163
224252 2)()( =× ⋅ OHSOFeOHOH MWMW .  The compound after this 

dehydration step would have a nominal formula as (H3O)Fe(SO4)2.  This formula was 

later confirmed by the structural information obtained from in situ XRD data (see below).  

The second and third endotherms were overlapping with each other and the sample 

weight dropped continuously to 63.5% of the initial weight.  The final product was 

monoclinic Fe2(SO4)3 according to XRD.  This is consistent with the TG result: 

( ) %3.622
22425342 2)()()( =× ⋅ OHSOFeOHSOFe MWMW .  The reactions happening at the second step 

of weight loss could be written as: 
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2 (H3O)Fe(SO4)2 ==> Fe2(SO4)3 + 2H2O(g) + H2SO4           (Eq. 4.1) 

 

This is both a dehydration and a desulfation process.  The endotherm at 150 °C 

corresponds to the decomposition of (H3O)Fe(SO4)2 to Fe2(SO4)3, as confirmed by DSC-

XRD data (see below).  No solid phase transition occurred during the third thermal event 

at 195 °C, but a continuous weight drop was recorded in TG.  This is most likely due to 

the evaporation of sulfuric acid.  Enthalpies of transition were calculated from the DSC 

data by integrating peak areas: -478.9 J/g, -164.1 J/g and -134.9 J/g for the three thermal 

events from low to high temperature.  

 

In situ T-resolved synchrotron XRD 

 T-resolved XRD data on heating rhomboclase revealed a two-step structure 

change at 73 °C and 128 °C, shown in Figure 4.2.  The intermediate phase between 73 °C 

and 128 °C was found to be (H3O)Fe(SO4)2 according to XRD (Peterson et al., 2009).  At 

128 °C, (H3O)Fe(SO4)2 decomposed to monoclinic Fe2(SO4)3.  

 

DSC-XRD data 

 Figure 4.3 shows the laboratory XRD series recording the thermal decomposition 

of rhomboclase along with the simultaneously collected DSC data.  The same two-step 

transformation from rhomboclase to (H3O)Fe(SO4)2 and then to monoclinic Fe2(SO4)3 

was revealed from XRD.  Correspondingly, two endotherms at 95 °C and 157 °C were 

recorded in the DSC data at each transition point.  A concave upward shape of the DSC 

curve between 150 min and 190 min was probably due to the evaporation of H2SO4, that 
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also caused the 195 °C endotherm in the DSC measurement shown in Figure 4.2.  The 

shape difference was possibly caused by different DSC settings (see Experimental 

Methods).  

 

4.3.2. RH-T phase diagram 

 A phase diagram showing the stability of rhomboclase and (H3O)Fe(SO4)2 as a 

function of RH and T is plotted in Figure 4.4.  Each data point was obtained from an RH-

resolved DSC-XRD experiment, in which the dehydration or hydration was induced by 

varying RH while maintaining a constant temperature.  Figure 4.5 shows the RH-induced 

dehydration of rhomboclase to (H3O)Fe(SO4)2 at 72 °C.  The transition to (H3O)Fe(SO4)2 

happened at 8% RH, as recorded by XRD and DSC.  Each transition RH with the 

corresponding T is listed in Table 4.1.  Notice in Figure 4.4 that there appears to be a 

hysteresis between the hydration RH and dehydration RH: the hydration 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).  But the 

dehydrated phase was never reported.  This is expectable from the phase diagram (Fig. 

4.4) where RH is required to reach 2 – 4 % or below to favor the transformation to the 

dehydrated phase at 20 – 50 °C.  Such dry condition is not normally found in AMD 

regions.  However, the dehydrated phase may still be present at high temperature spots, 

like close to fumaroles or under burial conditions.  A good example is mikasaite, trigonal 

(Fe, Al)2(SO4)3, an extremely hygroscopic mineral.  It was discovered around coal gas 
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escape fractures, where temperatures are around 300 °C to keep the mineral from 

absorbing H2O (Miura et al., 1994).  

 Also mapped in Figure 4.4 is the deliquescence boundary of rhomboclase.  

Rhomboclase is dissolved when RH reaches 60 – 65 % at 25 – 40 °C.  The dissolution of 

rhomboclase will acidify streams due to Fe3+ hydrolysis and the release of hydronium 

ions (H3O
+).  In general, ferric sulfates have stronger acidification effect than other metal 

sulfates upon dissolution due to the Fe3+ hydrolysis.  Other than acidity, the released 

metal ions like Zn2+ and Cu2+ also contaminate the aquatic system.  Field observations 

show the water quality is worse in humid seasons than in dry seasons due to the 

dissolution or deliquescence of these efflorescent minerals (Hammarstrom et al., 2005). 

Mapping the deliquescence boundary for common ferric sulfates will be useful 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 for 14 days under the 

simulated conditions of the Martian surface, 6 mbar air pressure, 50% RH and -20 °C.  

Neither was rhomboclase detected in the (H3O)Fe(SO4)2 sample from XRD, nor was 

(H3O)Fe(SO4)2 found in the rhomboclase sample.  According to the RH-T phase diagram 

as shown in Figure 4.4, the experimental condition (-20 °C, 50% RH) should fall into the 

rhomboclase stability region, assuming the phase boundary line can be extrapolated to 

below 0 °C.  So the absence of rhomboclase in the (H3O)Fe(SO4)2 sample may be due to 

the extremely slow kinetics at -20 °C.  Also, the absence of rhomboclase indicated there 

was little influence of the short exposure to the atmosphere during the XRD measurement, 
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as the ambient condition (21 °C, 23% RH) was supposed to favor the transformation to 

rhomboclase.  Even though this experimental result did not confirm which species was 

more favored in the conditions used to simulate the Martian surface, it provided a lower 

limit of how slow the hydration or dehydration might be on Mars. Therefore, 

rhomboclase, or (H3O)Fe(SO4)2, 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 Viking Lander 1 site 

during summertime (Savijarvi, 1995).  The suggestion that low T on Mars can 

dramatically slow down the kinetics is also supported by spectroscopic observations that 

sulfate deposits in East Candor did not show changes in hydration state over 2 years 

(Roach et al., 2009).  

 

4.3.4. Comparison between the two Fe(III) – SO4 – n H2O systems 

 Mineral phases encountered in the 2 Fe(III) – 3 SO4 – n H2O system varied with 

RH and T were described in Chapter 2 and Chapter 3.  In this chapter, phases in the Fe(III) 

– 2 SO4 – n H2O system are described.  In the system with Fe/S = 2/3, electron charges 

are balanced between Fe3+ and SO4
2- groups, and there are no net charges from the proton 

– hydroxyl pairs.  In the system with Fe/S = 1/2, extra protons (or hydroniums) are 

required to compensate the positive charge deficiency, which makes this system more 

acidic than the 2 Fe(III) – 3 SO4 – n H2O system, thereby producing different ferric 

sulfate phases.  In the 2 Fe(III) – 3 SO4 – n H2O system, neutral ferric sulfates like 

paracoquimbite, kornelite and pentahydrate are the thermodynamically stable phases, 

with rhomboclase and ferricopiapite also forming as intermediate phases.  While in the 

Fe(III) – 2 SO4 – n H2O 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 different mineral assemblages 

evolved reflect the chemistry especially the pH in the two systems, which is consistent 

with field and laboratory studies of the precipitation pH of these minerals (Jambor et al., 

2000; Marion et al., 2008; Tosca et al., 2008).   

 In a short summary, the combined RH-DSC-XRD method was used to study the 

thermal stability of rhomboclase.  A transformation from rhomboclase to (H3O)Fe(SO4)2 

at high T or low RH conditions was observed, and mapped in the RH-T phase diagram.  

The successful application of the DSC-XRD technique provided a promising future for its 

use in exploring mineral stability and phase transition, in case complex 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 and (H3O)Fe(SO4)2 
and the deliquescence RH of rhomboclase. 

Temp (±1 °C) 
RH (±1.0%) 

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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Figure 4.2. T-resolved synchrotron XRD data showing the thermal decomposition of 
rhomboclase to (H3O)Fe(SO4)2 then to monoclinic Fe2(SO4)3 at high T (no RH control). 
Some reflections are indexed for rhomboclase at the bottom, (H3O)Fe(SO4)2 in the 
middle and monoclinic Fe2(SO4)3 at the top. 
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Figure 4.3. DSC-XRD data showing the thermal decomposition of rhomboclase to 
(H3O)Fe(SO4)2 and to monoclinic Fe2(SO4)3 (no RH control). 
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Figure 4.4. RH-T phase diagram of rhomboclase. Diamond spot represents the 
dehydration (RH, T) of rhomboclase; Square represents the hydration (RH, T) of 
(H3O)Fe(SO4)2; Triangle represents the deliquescence (RH, T) of rhomboclase. 
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Figure 4.5. DSC-XRD data showing the RH-induced dehydration of rhomboclase to 
(H3O)Fe(SO4)2 at 72°C 
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Chapter 5 

 

Ferric sulfates under low temperature and low atmospheric pressure close to 

conditions on present day Martian surface 

 

Abstract 

 

 A novel temperature (T) and atmospheric pressure (P) - controlled in situ powder 

X-ray diffraction method was developed and used to study the stability of hydrated ferric 

sulfates including ferricopiapite, rhomboclase, kornelite, paracoquimbite, ferric sulfate 

pentahydrate and an amorphous ferric sulfate under low atmospheric P (3.6 to 20.0 mbar) 

and low T (-30 °C).  All sulfates studied retained their structures at -30 °C within the 

experiment timescale, 20 to 40 hours.  Ferricopiapite showed signs of slight dehydration 

at -30 °C and 3.6 mbar and 15% relative humidity (RH).  Upon increasing temperature, 

ferricopiapite was destabilized at ~6 °C and 3.6 mbar and 0.6% RH, and a new 

unidentified phase was formed; rhomboclase was destabilized at 20 °C and 3.6 mbar and 

0% RH; kornelite, paracoquimbite, ferric sulfate pentahydrate and the amorphous ferric 

sulfate remained stable at 25 °C and P ≤ 6 mbar for at least 10 hours.  These results 

suggest ferricopiapite and rhomboclase, if present in Martian equatorial regions where 

temperature may reach above 0 °C during summer time, may be dehydrated to form other 

ferric sulfate phases not recorded in the present database. The new phases 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 2 to 4 yield a rich 

set of results pertaining to the ferric sulfates phase diagenesis as a function of T and RH.  

However, these studies were performed at conditions of terrestrial atmospheric pressure 

and temperature above 0 °C.  On Mars, atmospheric pressure is around 6 mbar; 

temperatures range from -150 °C to 20 °C depending on latitude, season and time of a 

day.  The differences between the actual Martian environment and the simulated 

environment add difficulties in application of the laboratory results to interpreting or 

predicting the mineral phases on Mars.  Clearly, the results reported 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 technology (Cloutis et al., 2007).  One 

practical solution is to inject pure water vapor to the system while measuring the pressure 

of water vapor so that the RH can be calculated.  This method was applied using the 

vacuum line setup to study the stability of rhomboclase, as described in Chapter 4.  One 

difficulty with this setup is to cool the whole vacuum line down to a practical temperature 

relevant to Mars’ surface.  An alternative approach is to seal a sample vial, remove it 

from the vacuum line and store in a freezer.  Repeatedly reconnecting the sample vial to 

the vacuum line day after day in order to make an approximation to an open system 

would inevitably raises complications such as the influence of temperature fluctuations.  

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

developed on the Rigaku Ultima diffractometer, and used to investigate the stability of 
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several important ferric sulfates at low T and low P that are typical of present conditions 

on Martian surface.  

 

5.2. Experimental Methods 

 

5.2.1. (T, P)-controlled in situ XRD 

The in situ XRD experiments were performed on the Rigaku Ultima-IV 

diffractometer using CuKα radiation (λ = 1.54178 Å).  It is equipped with a one-

dimensional X-ray detector working in Fe fluorescence reduction mode.  A low-T stage is 

incorporated so that the samples can be cooled to as low as liquid N2 temperature (-180 

°C) under vacuum (Fig. 5.1).  Powder samples are loaded into a copper sample holder 

that has a high thermal conductivity to allow quick transfer of heat from the sample.  The 

thermocouple is shallowly buried into the copper stage in contact with the sample holder 

placed right on it.  After loading the sample, the sample stage was enclosed in an 

aluminum cover used to enhance cooling performance (Fig. 5.1b).  Liquid N2 is injected 

from the back of the diffractometer to cool the stage, the aluminum cover and the sample.  

For the best cooling performance, a vacuum environment is required to avoid the heat 

transferring from the surrounding air to the sample.  The vacuum is achieved with a cap 

sealing the sample stage connected to an air pump (Fig. 5.1c).  X-ray 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 meter was connected to the 

chamber through the gas release port at the bottom of the cap, so that the air pressure 
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inside the chamber could be monitored (Fig. 5.1c).  The chamber was not fully sealed 

when the pressure meter was installed.  An air flow rate of 2 cc/min into the chamber was 

estimated when the inside air pressure was below 100 mbar, based on measurement of the 

chamber volume and the recovery time from 0 mbar to 100 mbar.  The target P in the 

chamber was achieved by adjusting the valve on the tube connected to the pump: a more 

open valve would result in lower P.  During experiments, XRD patterns were 

continuously collected from 4° to 30° of 2-theta at a scanning speed of 0.5 °/min.  Each 

scan took 52 minutes plus an interval time of 6 minutes between scans.  The RH and T 

inside the diffractometer hutch were also recorded.  

 

5.2.2. Sample preparation 

 Ferric sulfate samples were prepared by dehydrating ferric sulfate solution at 

different RH and T using the humidity buffer method introduced in Chapter 2.  The 

sample of ferricopiapite (Fe4.67(SO4)6(OH)2 · 20H2O) mixed with rhomboclase 

((H5O2
+)Fe(SO4)2 · 2H2O) and paracoquimbite (Fe2(SO4)3 · 9H2O) was obtained by 

evaporating concentrated Fe2(SO4)3 solution (40 wt. %) at 50 °C and 46% RH for 30 

days.  The amorphous ferric sulfate was prepared by dehydrating Fe2(SO4)3 solution at 25 

°C and 11% RH for 7 days.  The mixture of pentahydrate (Fe2(SO4)3 · 5H2O) and 

kornelite (Fe2(SO4)3 · 7.25H2O) was prepared by heating the amorphous ferric sulfate 

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

 

5.3. Results 

 



 130 

5.3.1. Ferricopiapite, rhomboclase and paracoquimbite 

 The sample containing these three phases remained at -30 °C and low P for a 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 the experiment and at the end of 

each pressure step.  A slight shift of the ferricopiapite peaks toward high 2-θ angles was 

observed at P = 3.6 mbar.  The shift of the ferricopiapite (020) peak is 0.04°, small but 

clearly observed as it moved rightward and merged under the left shoulder of the 

paracoquimbite (102) peak (Fig. 5.2).  The shift of peaks to higher angle indicated a 

contraction of the ferricopiapite unit cell, which might be caused by dehydration at this 

pressure (P = 3.6 mbar).  The bulk structure of the ferricopiapite did not change.   

 The sample then warmed as the flow of liquid N2 was stopped.  The pressured 

was kept at 3.6 mbar.  Figure 5.3 shows the recorded XRD patterns.  Pattern (d) is the last 

scan before the warming sequence began.  It is same as the pattern labeled (d) in Figure 

5.2.  Pattern (e) is the first scan collected while the sample T increased to 9.1 °C.  Notice 

the drop of the ferricopiapite (1-40) peak at 2θ = 21.5° from pattern (d) to pattern (e), 

indicating decomposition of the ferricopiapite.  The sample temperature at this point was 

6.0 °C.  So the ferricopiapite was not stable at P = 3.6 mbar and T = 6.0 °C.  In the next 

scan, pattern (f), the ferricopiapite was seen fully decomposed and turned amorphous.  

Meanwhile, some weak peaks showed up but could not be related to any known ferric 

sulfate phases.  These unidentified peaks include: U-1 at 2θ = 11.8°, U-2 at 2θ = 13.4° 

and U-3 at 2θ = 17.1°.  Rhomboclase peaks intensities started to decrease in the third scan 

when T was increased to above 20 °C.  The rhomboclase (020) peak was about ¼ of the 
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initial intensity after 15 hours staying at room temperature (25 °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 similar low-T and low-P 

process as described above and did not show any sign of decomposition (Fig. 5.4).  The 

sample was cooled to -30 °C, maintained under these conditions for 22 hours.  It was then 

heated to 0 °C and maintained under this condition for 10 hours, and finally it was 

allowed to warm to room T (24.8 °C) and maintained for another 13 hours.  The air 

pressure was kept at 6.0 mbar during the whole experiment.  A peak at 2θ = 9.7° 

appeared soon after the beginning of the experiment, and reached its maximum intensity 

after 4 hours, though still very weak (Fig. 5.4).  During the rest of the experiment, this 

peak remained at a stable intensity until it was apparently reduced when the sample was 

warmed to room temperature.  This new peak could possibly be the rhomboclase (020) 

peak.  To be cautious, this peak was still marked as unidentified (U-4) in Figure 5.4.  It 

should be noted that this unidentified phase was not transformed from the pentahydrate or 

the kornelite, whose peaks remained unchanged during the whole experiment.  If it is a 

transformation from either of these two phases, the growth of the new phase should not 

be expected to stop after 4 hours while P/T conditions were not changed.  It is most likely 

that this new phase formed from a small amount of amorphous material in the starting 

sample, which means the starting sample was not purely a mixture of kornelite and 

pentahydrate as expected.   
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5.3.3. Amorphous ferric sulfate 

 The amorphous ferric sulfate remained after 20 hours at -30 °C and another 13 

hours at room T (24.7 °C), as shown in Figure 5.5.  Pressure was maintained at 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 a gas is governed by the water 

vapor pressure in the gas phase, assuming the gas is not reactive and the mineral stability 

is only affected by hydration or dehydration.  In this study, the water vapor pressure in 

the sample chamber was not directly measured, by could be derived from the measured 

total air pressure and RH based on the following equation: 

( ) 0PPRHTee shhws ⋅⋅=                (Eq. 5.1) 

In the above, es is the water vapor pressure inside the sample chamber.  ew(Th) is the 

saturated vapor pressure at Th --- the temperature in the diffractometer hutch.  RHh is the 

measured relative humidity in the diffractometer hutch.  The product of these two, 

( ) hhw RHTe ⋅ , is the water vapor pressure in the diffractometer hutch.  Ps is the measured 

pressure in the sample chamber.  P0 is the atmospheric pressure, equal to 1013 mbar.  In 

calculation of ew(Th), the following empirical equation from Buck (1981) was used: 

( ) 








+
××+= −

h

h
hw T

T
PTe

97.240
502.17

exp1121.6)1046.30007.1( 0
6            (Eq. 5.2) 
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With the value of es obtained, we calculate the RH inside the aluminum cover by dividing 

es by the saturated vapor pressure, ei(Ts).  The equation used to calculate ei(Ts) is listed 

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

( ) 








+
××+= −

s

s
ssi T

T
PTe

55.272

452.22
exp1115.6)1018.40003.1( 6            (Eq. 5.3) 

Ts in the above equation is the air temperature inside the aluminum cover (Fig. 5.1b).  In 

practice, the sample temperature was used (e.g. -30 °C).  This assumes the air in the 

aluminum cover reached the temperature of the sample.  Table 5.1 listed the P/T 

conditions and the calculated RH for the experiments.  The experimental observations 

can now be correlated with RH.  At -30 °C, the hydration state of the ferricopiapite was 

maintained at above 35% RH; the slight dehydration occurred at 15% RH (Fig. 5.2).  

Upon increasing temperature, the ferricopiapite decomposed at 6 °C and 0.6% RH and 

the unknown ferric sulfate phase(s), indicated by peak U-1, U-2 and U-3, began to grow 

(Fig. 5.3).  The rhomboclase decomposed at 20 °C and 0% RH.  The paracoquimbite, 

pentahydrate, kornelite and the amorphous ferric sulfate were apparently stable at the 

conditions listed in Table 5.1 (Fig. 5.4 and Fig. 5.5).  

 

5.4.2. Implications for Martian ferric sulfates 

 Ferricopiapite has been proposed as a ferric sulfate species contained in Paso 

Robles soils in Gusev crater (Bishop et al., 2008; Johnson et al., 2007) and in sulfate 

sediments in and nearing Valles Marineris (Bishop et al., 2009; Mangold et al., 2008; 

Milliken et al., 2008).  As shown in this study, ferricopiapite dehydrates and transforms 

to an unidentified phase, when the surface temperature is above 6 °C and the humidity is 

below 15%, a condition present on the surface of current Mars (Fig 5.3).  However, 
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whether this dehydration process actually occurred on Mars can not be confirmed, until 

the unidentified phase is better characterized, especially with infrared (IR) spectroscopy, 

the spectroscopic method used in most remote sensing rovers to Mars in commission.  

Rhomboclase and paracoquimbite were also suggested as candidate components 

in Paso Robles soils based on the visible to infrared spectra from the Spirit Rover 

(Johnson et al., 2007).  According to this study, rhomboclase decomposes and transforms 

to an amorphous state at 0% RH and around 20 °C (Fig. 5.3).  Rhomboclase was also 

found to dehydrate to form crystalline (H3O)Fe(SO4)2 at RH below 4% at 20 °C in a 

previous experiment (see Fig. 4.4 in Chapter 4).  The different dehydration products, the 

amorphous material versus crystalline (H3O)Fe(SO4)2, are probably due to the slight 

difference in RH, where the vacuum set up in this study could effectively draw the RH 

down to zero, while the range of RH < 1% was not covered using the humidity generator 

in the previous study.  The dehydration of rhomboclase to crystalline (H3O)Fe(SO4)2 or 

further to the amorphous state is possible on Mar during summer afternoons when the 

dehydration RH and T conditions may be satisfied.  Paracoquimbite showed no change in 

the studied conditions, and would probably remain unchanged if present on Mars.   
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Table 5.1. T, P and RH conditions for the three experiment runs 
 

Step / 

elapse(hours)  

Ts (°C) Ps (mbar) Th (°C) RHh (%) Calculated RH 

(%) 

 

Ferricopiapite, rhomboclase and paracoquimbite 

1 / 10 -30.0 20.0 24.7 – 25.4 53 – 58 86 – 98 

2 / 10 -30.0 8.3 24.6 – 24.9 52 – 54 35 – 37 

3 / 10 -30.0 3.6 24.8 – 24.9 50 – 55 15 – 16 

4 / 20 -30.0 to 24.9 3.6 24.8 – 24.9 52 – 53 16 to 0 

 

Pentahydrate and kornelite 

1 / 22 -30.0 6.0 24.0 – 24.8 51 – 57 24 – 28 

2 / 10 0 6.0 24.8 – 24.9 53 – 54 1.6 – 1.7 

3 / 13 0 to 24.9 6.0 24.8 – 24.9 53 – 54 1.7 to 0 

 

Amorphous ferric sulfate 

1 / 20 -30.0 6.0 23.6 – 24.0 60 – 63 27 – 29 

2 / 13 -30.0 to 24.7 6.0 24.0 – 24.7 60 – 63 29 to 0 
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a 

b 

c 
Figure 5.1. The low-T and low-P setup on the diffractometer. a, sample stage; b, sample 

stage enclosed in an aluminum cover; c, the pressure meter and the vacuum pump 
connected to the stage.  
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Figure 5.2. XRD patterns of ferricopiapite, rhomboclase and paracoquimbite at -30 °C 
and low P: (a) the 1st scan at P = 20.0 mbar; (b) the 10th scan after 10 hours at P = 20.0 
mbar; (c) the 20th scan after another 10 hours at P = 8.3 mbar; (d) the 30th scan after 
another 10 hours at P = 3.6 mbar.  Some peaks are marked with mineral name initials (R 
for rhomboclase, P for paracoquimbite, F for ferricopiapite) and miller indices.  CuKα 
radiation was used.  
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Figure 5.3. XRD patterns of the sample recorded during the natural warming process at P 
= 3.6 mbar: (d) before the warming process, the same (d) pattern shown in Figure 5-1; (e) 
the 1st scan with T increased from -27.2 °C to 9.1 °C; (f) the 2nd scan with T increased 
from 12.0 °C to 20.0 °C; (g) the 3rd  scan with T increased from 20.5 °C to 22.7 °C; (h) 
the 15th scan, T at 24.5 °C.  Some peaks are marked with mineral name initials (R for 
rhomboclase, P for paracoquimbite, F for ferricopiapite) and miller indices.  Unidentified 
peaks are labeled as U-1, U-2 and U-3. 
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Figure 5.4 XRD patterns of the pentahydrate and the kornelite at 6.0 mbar and -30 °C to 
room T: (a) the 1st scan at T = -30 °C; (b) the 5th scan after 4 hours at T = -30 °C; (c) the 
22nd scan after 21 hours at T = -30 °C; (d) the 32nd scan after anther 10 hours at T = 0 °C; 
(e) the 45th scan after another 13 hours at room T.  Some peaks are marked with mineral 
name initials (K  for kornelite, P for pentehydrate) and miller indices.  U-4 marks an 
unidentified peak.   
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Figure 5.5 XRD patterns of the amorphous ferric sulfate at 6.0 mbar and -30 °C and room 
T: (a) the 1st scan at T = -30 °C; (b) the 20th scan after 19 hours at T = -30 °C; (c) the 33rd 
scan after another 13 hours at room T.  
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Chapter 6 

 

Structural Water in Ferrihydrite and Constraints This Provides on Possible 

Structure Models 

 

This Chapter published as: 

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

 

Abstract 

 

Ferrihydrite, a nanocrystalline ferric oxyhydroxide, is ubiquitous on Earth and has 

been positively identified on Mars.  The dry thermal transformation of ferrihydrite to 

hematite was investigated using combinations of thermogravimetric (TG) and differential 

scanning calorimetric (DSC) analysis, along with in situ DSC and pair distribution 

function (PDF) analysis of X-ray total scattering data and in situ temperature controlled 

infrared (IR) spectroscopy.  TG data show a 25.6 ± 0.1% weight loss below 300 °C, 

ascribed to the removal of surface water since PDF analysis shows no change in the 

structure of ferrihydrite up to this temperature.  The transformation to hematite occurs at 

a DSC peak temperature of 415 ± 1 °C at a heating rate of 10 °C/min, with no obvious 

weight change during or after the transformation.  In situ PDF analysis indicates the 

ferrihydrite bulk structure remained intact up to the direct transition to crystalline 

hematite, with no intermediate phases, crystalline or amorphous, formed.  In situ IR data 
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shows the extent of absorption attributable to OH stretching in ferrihydrite at 215 °C 

dropped to 10% of its room temperature value.  These results suggest ferrihydrite 

contains very little structural OH: the molar ratio of OH/Fe is 0.18 ± 0.01.  A recently 

proposed akdalaite-like ferrihydrite model has an OH/Fe equal to 0.2, consistent with this 

result.  The 3-phase model proposed by Drits et al has an average formula close to 

FeOOH, with an OH/Fe equal to 1.0, far more than suggested by our experiments.  Based 

on the constraints set by the estimated water content and the PDF signatures, we 

examined possible anion packing types and local structural motifs in ferrihydrite, and 

demonstrate that ABAC is the only feasible packing type and that a peak at 3.44(2) Å in 

PDF provides indirect evidence for the presence of tetrahedral Fe.  

 

6.1. Introduction 

 

Ferrihydrite is a widely occurring nanocrystalline iron oxyhydroxide mineral, also 

referred as “colloidal ferric oxide”, “ferric hydroxide” and “hydrous ferric oxide” in the 

literature.  Found in weathered rocks and sediments, ferrihydrite plays a crucial role in 

iron cycling on earth and controls the iron concentration in aquatic systems: it forms as 

the immediate precipitate by fast polymerization and nucleation of hydrolyzed ferric ions 

as pH increases (Schwertmann et al., 1999).  Ferrihydrite is often a precursor to more 

crystalline iron oxides and oxyhydroxides such as hematite (α-Fe2O3) and goethite (α-

FeOOH) (Schwertmann et al., 1999).  The presence of ferrihydrite on Mars has been 

suggested in previous studies (Bishop et al., 1993; Klingelhofer et al., 2004), and may 

have a diagenetic relationship with ferric sulfates such as schwertmannite (Tosca et al., 
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2008).  Ferrihydrite has a large surface area and strong affinity for a wide range of metal 

ions, so it functions as a sorbent of toxic contaminants such as Pb, Cd, and As (Jambor 

and Dutrizac, 1998; Harrington et al., 2010).  In industry, ferrihydrite is used in catalysis 

and metallurgical processing (Jambor and Dutrizac, 1998).  Ferrihydrite is also believed 

to form the core of ferritin, a biological iron storage protein (Harrison et al., 1967), 

although positive structural characterization of the ferritin core is lacking.  

Despite its importance to industry and environment remediation, the structure of 

ferrihydrite has been an issue of debate for a long time.  Several chemical formulae for 

ferrihydrite have been reported, including widely cited ones such as 5Fe2O3 • 9H2O 

(Schwertmann and Cornell, 1991) and Fe5HO8 • 4H2O (Towe and Bradley, 1967).  Due 

to its nanocrystallinity, a clear structure determination from the broad Bragg reflections 

in the X-ray diffraction (XRD) pattern has proved difficult and controversial.  

Ferrihydrite is conventionally named as “2-line” or “6-line” based on the number of 

characteristic broad Bragg peaks in the XRD pattern.  The XRD peak positions are 

reproduced by a hexagonal unit cell (a = 5.08 Å, c = 9.4 Å) with closest packing of 

anions (Towe and Bradley, 1967).  In other proposed cells, 2.96 Å and 5.95 Å are used 

for the length of a (Harrison et al., 1967; Eggleton and Fitzpatrick, 1988; Michel et al., 

2007a), but they are inherently related by a sub- or super-lattice relationship (Drits et al., 

1993). Drits et al. (1993) evaluated previous models based on the similarity of the 

simulated and experiment XRD patterns and extended X-ray absorption fine structure 

(EXAFS) data (Manceau and Drits, 1993), proposing a three-component model 

containing a defect-free ferrihydrite, a defective ferrihydrite and an ultradispersed 

hematite phase.  These authors suggested the dimension of coherent scattering domains 
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(CSD) as the main difference between the 2-line and 6-line ferrihydrite.  The structural 

similarity of 2-line and 6-line variants of ferrihydrite and the CSD difference was 

confirmed by transmission electron microscopy (TEM) and pair distribution function 

(PDF) analysis of X-ray total scattering data (Michel et al., 2007b).  

Prior tests of proposed structure models for ferrihydrite have attempted to fit 

laboratory-based diffraction data and concentrated on fitting the Bragg data alone, 

including the peak broadening.  Generally the peaked elastic diffuse scattering 

contributions from atoms in the nano-particle scattering coherently is difficult to 

distinguish from the inelastic scattering and other diffuse scattering that is usually folded 

into the background corrections.  Fitting just to the Bragg component inherently limits 

our ability to discriminate between competing models for the atomic arrangements when 

the observed data to parameters needed to describe the model is small, as they are in the 

case of ferrihydrite where some proposed models are multi-phasic.  

In principle, the total elastic scattering (Bragg + diffuse) contains all elastic 

scattering from relevant short, intermediate and long-range atom correlations.  The pair 

distribution function, G(r), is derived by Fourier transforming the experimentally 

observed total structure factor (Waseda, 1980), S(Q), derived from the normalized 

observed total elastic scattering: G(r)exp  = (2/π) ∫ Q[S(Q) – 1]sin(Qr)dQ, where Q is the 

magnitude of the wave vector, Q = 4πsinθ/λ.  This is an experimentally observable 

function.  The atomic PDF is defined as G(r)model = 4πr[ρ(r)-ρ0] where ρ(r) and ρ0 are the 

local and average atomic number densities, respectively, and r is the radial distance.  

G(r)model is the probability of finding an atom at a distance r from a reference atom 

weighted by the number of interatomic distances and the relative scattering power of the 
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atoms involved.  This quantity can be derived from a model of proposed atomic 

arrangements and can be compared to the G(r)exp derived experimentally.  Full-profile 

fitting of the PDF has proven to be a powerful technique; it is used routinely to test 

proposed models for atomic arrangements in nano-crystalline materials and serves as a 

basis for structure refinement (Proffen and Billinge, 1999; Petkov et al., 2002; Billinge 

and Kanatzidis, 2004).  Specifically for ferrihydrite, the PDF is a real space 1-D map of 

interatomic distances that is more information rich than the 2- or 6-line XRD pattern.  

Because it inherently has a higher data to parameter ratio than when Bragg data alone are 

considered, the PDF is more sensitive to dramatic differences in proposed models and can 

be fitted with appropriate models with a high level of confidence.  PDF has a proven 

track record in discerning the structure of nanoparticles (Michel et al., 2005; Paglia et al., 

2006; Billinge, 2008; Petkov et al., 2009).  

Michel et al (2007) found that the PDF calculated from the three-component 

model of Drit’s et al (1993) – designated as the D-model here – did not reproduce the 

experimental PDF measured from ferrihydrite prepared by several techniques.  Instead a 

new single phase model (Michel et al., 2007a) – the M-model – with an ideal formula 

Fe10O14(OH)2, structurally similar to a natural alumina hydrate, akdalaite (Al10O14(OH)2) 

was proposed.  The PDF derived from this model reproduces features of the experimental 

PDF very well.  This new model is refuted (Rancourt and Meunier, 2008; Manceau, 2009; 

Hiemstra and Van Riemsdijk, 2009), with one debate centering on the presence, absence 

and extent of tetrahedral Fe (tet-Fe) in ferrihydrite.  While the M-model contains 20% of 

Fe in tetrahedral sites, previous X-ray absorption near edge structure (XANES) and 

extended X-ray absorption fine structure (EXAFS) studies tend to dismiss the existence 
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of tet-Fe (Manceau and Drits, 1993, Manceau and Gates, 1997), although the presence of 

tet-Fe on the surface has been shown to be a possibility (Zhao et al., 1994).  

Besides tet-Fe, a major difference between the D- and M-models concerns the 

amount of structural OH: the D-model has a molar ratio of OH/Fe roughly equal to 1.0, 

while this ratio for the M-model is 0.22.  Thus, accurately measuring the amount of 

structural OH in ferrihydrite, as opposed to surface absorbed water, is critical in 

constraining possible structure models.  Studies in the last few decades did not clarify this 

issue but rather led to more open questions.  Towe and Bradley (1967) found the absence 

or limited amount of hydroxyl water by IR and DTA and believed water in ferrihydrite 

existed as either absorbed or chemically combined molecular water.  Their IR measuring 

procedure, involving the use of KBr disks, was later questioned by Russell (1979), who 

found the amount of OH groups in ferrihydrite was about half of the amount in 

akaganeite (β-FeOOH).  Stanjek and Weidler (1992) dehydrated ferrihydrite without 

transformation to a more crystalline phase, although the humps in their XRD patterns 

became a little sharper, and derived a formula of Fe1.75O2.26(OH)0.74 with the OH/Fe ratio 

equal to 0.42.  Childs et al (1993) questioned the necessity of H2O and OH in ferrihydrite 

at all, based on the observation that the OH/Fe ratio could be reduced to less than 0.1 

with no phase change being manifested in the XRD pattern.  Weidler (1997) reported that 

under low humidity condition a small portion of ferrihydrite (<3%) transformed to 

hematite and goethite after hours of heating at 170 °C, while high humidity would 

accelerate the transition.  Hiemstra and Van Riemsdijk (2009) developed a surface 

structural model for ferrihydrite and estimated the ferrihydrite core had an average 

composition close to FeOOH, with a mass density about 4.15 g/cm3, consistent with the 
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D-model, but less than the 4.9 g/cm3 calculated from the M-model.  Most recently, 

Michel et al (2010) revised the M-model by inserting 45 - 50% vacancy to the Fe2 and 

Fe3 sites.  Those vacancies were suspected to be filled with protons as hydroxyls to 

balance the total charge.  The revised model has a formula Fe8.2O8.5(OH)7.4 • 3H2O, 

satisfying the above estimated density.  Michel et al (2010) also found the vacancy 

defects could be filled by hydrothermal treatment of a citrate-containing ferrihydrite 

suspension, producing a low-defect phase named “ferrifh”, having the same ferrihydrite 

structure with the Fe sites almost fully occupied.  

In this study, we investigate the dry transformation of 2-line ferrihydrite to 

hematite using thermogravimetric and differential scanning calorimetric analysis (TG and 

DSC), temperature controlled infrared spectroscopy and an in situ DSC-PDF method.  

These techniques allow us to follow the reaction in an attempt to quantify the amount of 

structural H2O/OH in ferrihydrite and provide further constraints on the ferrihydrite 

structural model.  It should be noted that using the in situ DSC-PDF method has an 

advantage over traditional XRD method on studying the ferrihydrite transformation.  If 

ferrihydrite transforms to an intermediate nanocrystalline phase before changing to 

hematite, it would be difficult for XRD to characterize or even to detect this phase, 

because the structural change will be reflected by the change of diffuse scattering 

signatures mostly immersed in the background. XRD using Cu radiation generally 

resolves to Q = 6 Ǻ-1 range, insufficient to disclose detailed local structure information.  

PDF analysis uses total scattering data with Q up to 25 - 30 Ǻ-1, especially sensitive to 

subtle structural changes in local (< 5 Å) and intermediate (< 15 Å) range.  
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6.2. Experimental Methods 

 

Samples of 2-line ferrihydrite were prepared by modification of the method of 

Schwertmann and Cornell (1991).  Briefly, 0.1 M solutions of anhydrous ferric chloride 

were neutralized using 1 M sodium hydroxide solution, resulting in the formation of a 

suspension of 2-line ferrihydrite.  Samples were centrifuged and washed with deionized 

water (18 MΩ) then dried at room temperature.  Ferrihydrite samples were characterized 

by XRD and TEM. XRD showed two broad diffraction maxima corresponding to d-

spacings of approximately 0.25 and 0.15 nm.  TEM confirmed that the 2-line particles 

were nominally 2 nm in diameter.  

TG and DSC measurement was performed on a Netzsch STA 449C Jupiter® 

simultaneous TG-DSC apparatus. Samples loaded in alumina crucibles were heated from 

room temperature to 1000 °C at a rate of 10 °C/min under nitrogen flow. 

In situ DSC-PDF measurements were preformed using a modified Linkam® DSC 

600 device mounted on synchrotron beamline 1-ID-C at the Advanced Photon Source 

(APS) at Argonne National Laboratory, IL (Fig. 6.1).  Designed for operating with an 

optical microscope, the DSC furnace has a 2 mm hole in the center of both the cover and 

the bottom.  The furnace is enclosed in an aluminum stage by removable lids at both 

sides with glass windows.  During data collection, both glass windows were removed and 

a 3 mm hole was drilled in the base of the aluminum crucible to allow X-ray access to the 

sample and to avoid parasitic scattering.  The sensitivity of DSC measurement is 

inevitably degraded due to air convection.  However, the DSC measurements made 

concurrently with collection of the total scattering data does allow us to correlate changes 
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in the more precise measurements in the laboratory apparatus with measurements at the 

APS.   

For measurements at the beamline, finely powdered ferrihydrite samples were 

packed in a 5.5 mm long Kapton® capillary capped with glass wool at both ends (Fig. 

6.1).  The length of the capillary matched the aluminum crucible diameter so that the 

specimen was locked at the center of the crucible.  It should be noted that locking the 

capillary in the crucible did not seal the sample, nor did the glass wool seal the sample.  

Water vapor was free to escape out of the capillary upon heating.  When closed, the 

furnace cover added a gentle press to the crucible, which ensured an intimate contact 

between the crucible and the DSC element in the base.  Samples were heated to 380 °C at 

a rate of 4 °C/min and held at this temperature for one hour.  The 380 °C upper limit was 

set by the decomposition temperature of Kapton® film (400 °C).  For PDF analysis, an 

empty capillary heated using the above strategy provided the blanks to subtract out 

contributions from the sample container.  Throughout the heating process, 2-dimensional 

scattering data were collected using an amorphous-Si area detector continuously with a 

20 second exposure time per frame (Chupas et al., 2007).  The sample-to-detector 

distance, X-ray beam center and the tilt of the detector relative to the incident beam were 

calibrated using a CeO2 standard (NIST diffraction intensity standard set 674a).  The X-

ray wavelength was 0.1241(2) Ǻ.  Raw datasets were converted to a traditional intensity 

versus 2θ (or Q) plot using the program Fit2D (Hammersley et al., 1996).  

The G(r) curves were generated using the program PDFgetX2 (Qiu et al., 2004).  

This process includes a subtraction of background scattering from the converted raw data 

(Intensity versus Q), followed by corrections for sample absorption, secondary scattering, 
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Compton scattering, Laue diffuse scattering and weighting correction to obtain the 

structure function S(Q).  Experimentally, the resolution of G(r) is restricted by the cutoff 

value of Q for the Fourier transform.  In this experiment, data were useable to a Qmax of  

25 Ǻ-1.  

In situ IR data were collected using a Golden Gate Attenuated Total Reflectance 

(ATR) (Specac) accessory capable of heating to 300 °C and a Nicolet 670 spectrometer 

(Thermo Scientific) equipped with a MCT-detector.  Spectra were collected as single 

beam spectra of 100 co-added scans reprocessed against the clean diamond at the 

appropriate temperature.  Samples were placed on the ATR element at room temperature 

from solution and dried under a stream of nitrogen using a home built gas flow cell.   

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

 

6.3. Results 

 

TG and DSC 

Figure 6.2 shows both the TG and DSC curves for ferrihydrite heated to 1000°C. 

The endothermic peak below 300 °C corresponding to a weight loss of 25.6 ± 0.1% 

indicates the removal of surface-adsorbed water without disruption of the ferrihydrite 

structure (see PDF results below).  An exothermic event occurred at 415 ± 1 °C (peak 

temperature), which is conventionally assigned to the transformation to hematite (Towe 

and Bradley, 1967).  Note there is no apparent abrupt weight loss related to this event. 

Rather, the total gradual weight loss from 300 °C to 1000 °C is 1.5 ± 0.1% of the initial 

sample weight, equal to an OH/Fe ratio of 0.18 ± 0.01.  Additional DSC data collected in 
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situ on the APS synchrotron beamline (DSC-PDF)  showed the first dehydration 

endotherm (Fig. 6.3), but did not show the exotherm corresponding to the hematite 

transition as the transition occurred during the 380 °C holding period and went too slowly 

to be detected by this less sensitive DSC-PDF apparatus.  The poorer sensitivity 

compared to the laboratory instrument is due to the smaller quantity of sample and poor 

insulation required to allow adequate X-ray access.  Despite these difficulties, the 

recorded temperature profile shows good temperature control throughout the experiment 

(Fig. 6.3).  

 

Temperature-resolved XRD and PDF 

A stack plot of raw in situ temperature resolved XRD lines from 30 °C to 380 °C 

is shown in Figure 6.4.  The time interval between two neighboring profiles is about 330 

seconds, representing a temperature increase of 21 ~ 22 °C.  Reflections assignable to 

hematite appear at about 380 °C; this is the only crystalline phase formed.  Prior to this 

transition, the only change in the XRD signature of 2-line ferrihydrite is that the two 

broad reflections become slightly sharper, consistent with previous reports (Stanjek and 

Weidler, 1992).  

Figure 6.5 shows a cascade plot of the reduced PDF as a function of temperature.  

Up to 380 °C, all the atom pair correlations remain the same, indicating no change of the 

basic ferrihydrite structure, although slight peak shifts were observed.  The shifting of 

peak apexes was tracked in Figure 6.5b.  The peaks at 1.99(2) Ǻ, 3.07(2) Ǻ and 3.44(2) Ǻ 

are generally assigned to the first shell Fe-O distance, Fe-Fe distance between edge-

sharing FeO6 octahedra, and Fe-Fe distance between corner-sharing FeO6 octahedra, 
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respectively.  Upon heating, the Fe-O distance shortened slightly.  The d(Fe-Fe)edge 

increased a little while d(Fe-Fe)corner decreased.  These subtle changes probably reflect 

minor structural distortions caused by removal of surface water and heating.  During the 

transition to hematite, d(Fe-Fe)edge was decreased from 3.07(2) Ǻ down to 2.98(2) Ǻ, 

while the (Fe-Fe)corner peak split into features at 3.39(2) Ǻ and 3.66(2) Ǻ.  In a standard 

hematite structure, each oct-Fe is surrounded by 1 face-sharing (d = 2.90 Ǻ), 3 edge-

sharing (d = 2.97 Ǻ), and 9 corner-sharing oct-Fe (d =3.36 and 3.71 Ǻ).  Values in 

parentheses are calculated based on the known hematite structure (Blake et al., 1966).  

Due to the limited Qmax (25 Ǻ-1) available in these experiments, the generated PDFs are 

not of high enough resolution to distinguish the Fe-Fe distance of face-sharing octahedra 

from that of edge-sharing ones.  The single peak at 2.98 Ǻ represents contributions from 

both.  Therefore, the shift of the (Fe-Fe)edge peak is probably due to the addition of face-

sharing oct-Fe when ferrihydrite transforms to hematite.  This indicates that ferrihydrite 

may normally contain much less face-sharing oct-Fe moieties than the hematite does.  It 

should be noted that the absolute positions of these peaks could be biased by calibration 

or experimental settings, but the relative movements are reliable since data were collected 

in situ on the same sample and processed in the same manner.  

Figure 6.6 is an extension of the PDF data in Figure 6.5a to a higher r , in order to 

follow the changes in crystallinity.  The crystallites grew at the beginning of the 380 °C 

holding period, the same time that the local structure rearranged to hematite.  This is 

consistent with the sole exotherm at 415 °C in the DSC plot (Fig. 6.2).  Previous studies 

have found two exotherms and attributed the latter one 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 infrared OH stretching region.  

Samples were heated to 215°C, held there for 30 minutes and returned to room 

temperature.  These conditions were chosen based on the results obtained in the DSC-

PDF study, in order to dehydrate ferrihydrite while keeping it from transforming to 

hematite.  Figure 6.7 shows the obtained spectra.  There is approximately a 90% loss of 

adsorption area in the spectrum taken at 215°C compared with the spectrum prior to 

heating.  

 

6.4. Discussion 

 

6.4.1. Water in ferrihydrite 

TG and DSC analysis indicated that ferrihydrite lost all water and most hydroxyls 

prior to the transition to hematite, while the transition itself involved no more than a 2 

wt.% change, equal to an OH/Fe ratio of 0.18.  The in situ PDF study showed the bulk 

ferrihydrite structure was maintained until its transformation to hematite.  This is further 

confirmed by in situ IR measurements with T control, which indicated that approximately 

90% of the OH stretch signal is removed at 215 °C where ferrihydrite does not transform 

to hematite.  From these experiments we infer that most of the water associated with 

ferrihydrite is surface-adsorbed water, and its loss does not affect the basic structure.  

Structural OH per mole Fe is no more than 0.18.  These results do not favor any structural 

model with an OH/Fe ratio significantly higher than 0.18.  
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In the D-model (the three-component model), the defective phase has a hexagonal 

ABACA layer stacking sequence with cavities for water molecules and Fe randomly 

occupying 50 % of the octahedral sites.  This gives a formula FeOOH • nH2O.  The 

defect-free phase is similar to feroxyhite (δ-FeOOH) thus has a formula FeOOH.  Both 

phases have an OH/Fe ratio no less than 1.0.  The third component is an ultradispersed 

phase, which could be nanocrystalline hematite or maghemite.  The formula of this third 

phase should be Fe2O3 with no structural water.  Since the third component is a minor 

phase, the mixture of the three should still have an average OH/Fe ratio of about 1.0.  

This ratio is contradictory to our TG results, which indicate the OH/Fe ratio should be 

close to 0.18.  For comparison, one can check the TG data of goethite (a-FeOOH) in the 

supporting material of Cole et al (2004), which clearly shows a 10 wt.% drop at the 

transition point, as predicted by the stoichiometry.  The model of Michel et al (2007) has 

an ideal formula of Fe10O14(OH)2 with an OH/Fe ratio of 0.2, very close to the result in 

this study.  

One issue in the ferrihydrite structural debate is the discrepancy between 

calculated densities from proposed models and those obtained from experiment.  

Rancourt and Meunier (2008) pointed out that the M-model has a calculated density of 

4.90 g/cm3, much greater than the measured value of 3.96 g/cm3 from Towe and Bradley 

(Rancourt and Meunier, 2008).  This discrepancy may be caused by surface-absorbed 

water, which is not included in the M-model, but based on this study accounts for 25 

wt.% of a typical ferrihydrite sample.  It is expected that adsorbed water will reduce the 

bulk density of ferrihydrite compared to the density of the particle core.  This effect has 

also been discussed by Hiemstra and Van Riesmdijk (2009) in their modeling of the 
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ferrihydrite surface structure.  Their study showed the mineral core had a density of 4.15 

± 0.1 g/cm3, not much higher than the measured value, 3.96 g/cm3 from Towe and 

Bradley (1967).  Recently, Michel et al (2010) revised the model by incorporating more 

vacancies in the Fe sites, and proposed a new formula of ferrihydrite core, 

Fe8.2O8.5(OH)7.4.  This revised model gives a more consistent density, but also includes 

more OH in the structure with the OH/Fe ratio reaching 0.90, much higher than the 

predicted structural OH/Fe ratio (0.18) in this study.  Michel et al (2010) also found 

hydrothermal aging of a citrate-containing ferrihydrite suspension transformed the 

ferrihydrite to a low-defect “ferrifh” phase.  In this process, structural hydroxyls were 

replaced by iron in the vacant sites.  A CSD growth was also indicated by PDF data.  This 

2-line ferrihydrite � ferrifh � hematite transformation process does not occur in the dry 

heating of ferrihydrite studied here.  Unlike the PDF data in Michel et al (2010) paper 

showing obvious changes in the short range correlations when ferrihydrite transformed to 

ferrifh, the in situ PDF data in this study did not reveal any pronounced changes in those 

correlations (Fig. 6.5) or the growth of the CSD (Fig. 6.6) prior to the transformation to 

hematite.  

 

6.4.2. Structure analysis 

Hexagonal close packing of oxygen atoms has been suggested for the ferrihydrite 

structure from XRD indexing (Towe and Bradley, 1967) and TEM data (Janney et al., 

2000; Janney et al., 2001), at least for the major component.  Therefore, solving the 

ferrihydrite structure involves finding a proper anion packing type and then filling the 

octahedral and tetrahedral interstices created with the stoichiometric amount of Fe atoms.  
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Starting with a three-layer unit, two packing types are available: ABA and ABC, as 

shown in Figure 6.8. When filling in Fe atoms, we begin with simplifying assumptions: 1) 

Fe only goes to octahedral sites, since tet-Fe has not been positively confirmed; 2) oct-Fe 

coordination polyhedra do not share faces with one another, as face-sharing is not 

supported by the PDF result.  

 

(1) ABA stacking 

Figure 6.8a illustrates three layers in ABA packing.  The central O atom has 6 

octahedral sites around it, each filled with a Fe atom.  At most 3 of the 6 sites can be 

filled without face-sharing.  If every O atom bonds to 3 Fe atoms, extending the ABA 3-

layer stack to large particle sizes, say > 100 nm, gives an effectively infinite ABAB 

sequence and an overall Fe/O ratio equal to ½; if this sequence is finite, say < 2 nm as it 

might be for ferrihydrite, then the Fe/O ratio is less than ½.  So the ideal formula for this 

stacking sequence is FeOOH.  Goethite (α-FeOOH) is an example of this packing type 

with ½ of the octahedral interstices occupied forming alternating double strips of Fe-O6 

octahedra.  As discussed above, the stoichiometry FeOOH contains too much structural 

OH to explain the experimentally observed TG or IR signatures for ferrihydrite.  

Reducing the amount of OH requires a higher Fe/O ratio from charge balance 

consideration.  The calculated OH/Fe ratio of 0.18 requires a Fe/O ratio equal to 0.63.  

Since the coordination number of Fe is set to be 6, oxygen needs to bond with 3.8 Fe 

atoms on average; this would necessitate face-sharing oct-Fe.  So ABA packing is not 

appropriate.  
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(2) ABC 

Figure 6.8b shows the ABC packing type.  Each O atom connects with 6 

octahedral sites as in ABA, but none share a face.  In the figure only four sites are 

occupied.  With the ABC packing, the required O atom bonding to 3.8 Fe atoms can be 

easily satisfied, but the ABC packing can not produce the 3.44 Ǻ peak observed in the 

experimental PDF (Fig. 6.5) for the following reason.  There is only one kind of corner-

sharing oct-Fe in this packing type, Fe1-O-Fe2, as shown in Figure 6.8b.  Ideally, the 

distance between Fe1 and Fe2 is equal to twice of the Fe-O bond length, which would be 

3.9 ~ 4.0 Ǻ.  However, the PDF data (Fig. 6.5) have the corner-sharing peak at 3.44 Ǻ.  

At 4 Ǻ in the PDF is a negative peak, indicating a pair-electron density much lower than 

the average.  So ABC packing is not appropriate.  

Based on the preceding discussion both packing types are rejected.  This is not 

possible as any three adjacent layers must fall into one type or the other.  It can only be 

that one or both of our limiting assumptions, that tetrahedral Fe-coordination is not 

present and that there is no polyhedral face sharing, are incorrect.  Face-sharing oct-Fe 

appeared in the double-chain structure model proposed by Janney et al (2000).  But the 

current in situ PDF data provide strong evidence that face-sharing oct-Fe in not present in 

ferrihydrite.  The remaining explanation, the presence of tet-Fe, produces the required 

Fe/O ratio.  

The Fe-Fe peak at 3.44 Ǻ in the PDF (Fig. 6.5) can be produced by three types of 

corner-sharing configurations, as shown in Figure 6.9.  Two require the presence of tet-Fe 

(Fig. 6.9a and b).  The configuration in 9b is found in maghemite and magnetite.  The 

third type is a bent corner-sharing oct-Fe in the ABA packing type shown in 9c, found in 
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hematite and goethite (for illustration purpose, a six member ring as found in hematite is 

drawn, but not required for this configuration).  Since the ABA packing can not 

accommodate enough Fe in octahedral sites without sharing a face, one or both of the 

configurations in 9a and 9b have to be present.  The 3.44 Ǻ peak serves as indirect proof 

to the presence of tet-Fe.  The M-model employed the structure motifs shown in Figure 

6.9a and c.  

Indexing of XRD and of TEM data suggested a cell length of 9.4 Ǻ in the c 

direction (Towe and Bradley, 1967; Harrison et al., 1967; Drits et al., 1993; Eggleton and 

Fitzpatrick, 1988; Janney et al., 2000).  Considering the distance between neighboring 

oxygen layers is 2.3 ~ 2.4 Ǻ, there will be 4 layers of oxygen in a repeat unit if we use 

this cell length.  This leaves two types of packing in total: ABAB or ABAC.  As 

discussed above, the ABAB packing can not accommodate enough Fe to reach the 

required Fe/O ratio of 0.63, even if tet-Fe is allowed.  Figure 6.9a illustrates the ABA 

packing with a tet-Fe.  If there is another B layer above it, the tet-Fe will share three top 

edges with three octahedral sites above.  Tet-Fe sharing an edge with Oct-Fe is not 

energetically favorable, nor is it proposed or supported from PDF data or other 

experimental evidence.  Leaving those sites unoccupied will cause too many vacancies in 

the framework and will not give the required Fe/O ratio.  

If the packing sequence is ABAC, the tet-Fe will share corners with the octahedral 

sites above it, just like the tetrahedral site in δ-Al 13 Keggin cluster (Casey, 2006).  

Therefore ABAC packing is the only choice, and indeed this packing type is used in most 

proposed structure models for ferrihydrite, including the D- and M-models (Drits et al., 

1993; Michel et al., 2007a).  
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With the ABAC packing sequence established and the c-axis length equal to the 

thickness of four oxygen layers (9 to 9.4 Ǻ), there remains some ambiguity over the 

length of the hexagonal a-axis.  Different values of 2.96 Ǻ, 5.08 Ǻ and 5.95 Ǻ have been 

proposed, all consistent with hexagonal closest packing.  In seeking an appropriate a-axis 

length for the structure model, there is no need to use a large cell if a smaller one 

provides a structure solution that serves all the experimental data equally well.  The M-

model (Michel et al., 2007a) has the longest a-axis length and the largest cell volume in 

all proposed ferrihydrite models so far: a = 5.95 Ǻ, c = 9.04 Ǻ.  So the authors first chose 

this unit cell and the ABAC anion packing sequence, and attempted to explore the 

possibility of alternative Fe atom arrangements.  Placing Fe atoms in the octahedral or 

tetrahedral interstices must satisfy three requirements: (1) one or more of the structure 

motifs shown in Figure 6.9 have to be present in the alternative structure model to 

produce the 3.44 Ǻ peak in PDF; (2) no face-sharing octahedral sites or tetrahedral sites 

could be occupied at the same time; (3) a Fe/O ratio close to 0.63.  These requirements 

greatly limited the freedom of filling Fe atoms in the cell.  It turned out there were no 

other possible Fe atom arrangements.  The M-model provides the sole structure solution 

consistent with this unit cell.  Next, does an equally good structure solution exist in a 

smaller unit cell?  We argue that the answer is no.  The smaller the unit cell is the more 

difficult for the required structure motifs drawn in Figure 6.9 to fit in the cell due to the 

size.  It takes little effort to rule out the possibility 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 atomic arrangement in ferrihydrite, 

regardless of grain size, synthesis conditions, surface reconstruction, morphology, site-

disorder and defect density can be described by a single model (Drits et al, 1993; Michel 

et al, 2007b; Michel et al, 2010).  The nature of that model is the subject of considerable 

debate however.  The most recently proposed model by Michel et al (2007) consists of a 

single phase while that proposed by Drits et al (1993) and defended by Rancourt and 

Meunier (2008) and Manceau (2009) consists of three phases.  Neither model fits 

significant features perfectly in either the laboratory XRD data or PDFs derived from 

synchrotron X-ray and neutron diffraction data.  For example, while the M-model is 

supported by PDF analysis, it is criticized for its prediction of strong Bragg intensity 

where weak peaks are observed in the diffraction data (Manceau, 2009).  While the M-

model provides robust fits to PDFs derived from a wide variety of synthetic conditions, 

calculation of the Bragg data alone from this model, using a fully periodic structure, is 

bound to be misleading.  Such a calculation produces, unsurprisingly, sharp diffraction 

features (Manceau, 2009), in a pattern with no diffuse scattering due to intermediate 

range ordering, anisotropic peak broadening and other diffraction effects due to grain size, 

grain morphology and surface reconstruction.  The M-model, consisting of a single phase, 

does require elaboration.  However it is clearly parameterized, if somewhat ideally, and 

the algorithms used for the calculation of the PDF are both well known and readily 

available (Proffen and Neder, 1997; Qiu et al, 2004).  Elaborations of the M-model to 

date suggest it is useful, even if it does not reveal the full picture (Pinney et al., 2009).  

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

used to calculate diffraction data from those models, are neither clearly stated nor are 
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they readily available.  It is clear from the measurement of thermal and physical 

properties discussed here that the multiphase model proposed is far too water rich, and 

even with the larger degrees of freedom inherent in fitting data with three rather than one 

phase, at best fits the available data only as well as the M-model.  We combined TGA 

and in situ PDF methods to quantify the structural OH in ferrihydrite, and found the 

OH/Fe ratio close to 0.18.  The M-model with the OH/Fe = 0.2 is consistent with this 

result, while the D-model has much more structural OH than observed.  We demonstrated 

that ABAC is the only feasible packing type based on the estimated structural OH content 

and PDF signatures, and provided three structure motifs that could explain the 3.44 Å 

peak in PDF data, which is indirect evidence for the presence of tetrahedral Fe in 

ferrihydrite.  
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Figure 6.1. The schematic diagram of the DSC device for the DSC-PDF experiment
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Figure 6.2. TG and DSC data for 2-line ferrihydrite. Sample weight dropped to 74.4% at 
300°C, and to 72.9% at 1000°C. The broad hump over 750°C in the DSC curve is due to 
a common baseline drift, not related to a real thermal event.
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Figure 6.3. Temperature profile and DSC data collected in the in situ DSC-PDF 
experiment. The endotherm at 94°C corresponds to the removal of adsorbed water. From 
3000 second, there is an enormous baseline drift which makes the DSC data above 200°C 
not informative. The kink at 5200 second is due to a change from heating to holding 
sample temperature. 
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Figure 6.4. In situ X-ray scattering data showing the change of 2-line ferrihydrite to 
hematite. Hematite reflections indexes are shown at the top. 
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Figure 6.5. PDF data series showing the local structural change of ferrihydrite 
transforming to hematite 
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Figure 6.6. PDF data extended to 40Å to show the mid-range structure. Correlations 
between 20 to 40 Å started to show up at 380˚C, the same time hematite began to form.  
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Figure 6.7. In situ ATR-FTIR of ferrihydrite, from top to bottom: under N2 flow at 25°C, 
after heating to 215°C for 30 mins then cooled to 25°C and exposed to atmospheric 
moisture, after heating to 215°C for 30 mins then cooled to 25°C under N2 flow, 215°C 
under N2 flow. The sharp absorption bands around 2850 and 2920 cm-1 come from the 
diamond ATR element and mismatches in some lattice absorption within the diamond. 
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Figure 6.8. Octahedral Fe sites in ABA and ABC packing type.  
 

Fe1 

Fe2 
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Figure 6.9. Three types of configurations able to produce the 3.44 Å Fe-Fe. Distances 
shown in the figure are calculated assuming no structural distortions and Fe-O bond 
length equal to 1.96 Ǻ.  
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Chapter 7 

 

Conclusions 

 

 The stability and transformation of ferric sulfates as functions of relative humidity 

(RH), temperature (T) and atmospheric pressure (P) were resolved in this research. This 

leads to a more detailed understanding of the behavior of this group of minerals, their 

formation and interaction with moist air.  This information provides the basis for 

interpretation of ferric sulfate minerals on Mars, and provides mineralogical constraints 

for recovering information on local paleo-environments.  Nonetheless, the ferric sulfate 

systems studied here, including the “2 Fe(III) – 3 SO4 – n H2O” and “Fe(III) – 2 SO4 – n 

H2O” systems, are still too basic to reflect the real sulfate brine chemistry on early Mars.  

The effects of other cations (e.g Mg2+, Ca2+) and anions (e.g. Cl-) on the speciation and 

evolution of ferric sulfates should be studied in future research.   

 

7.1. Achievements 

 Phases encountered in the two ferric sulfate hydrate systems, 2 Fe(III) – 3 SO4 – n 

H2O and Fe(III) – 2 SO4 – n H2O, were characterized with RH and T in Chapter 2, 3 and 

4.  Low T and low P effects on ferric sulfates stability were addressed in Chapter 5.  

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

 

(1) 2 Fe(III) – 3 SO4 – n H2O  phase evoluiton  
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The evaporation of concentrated Fe2(SO4)3 solution and subsequent diagenetic 

transformations of precipitated ferric sulfates were studied in a series of ex situ and in situ 

experiments performed at T ranging from ~ 0 °C to 80 °C and RH ranging from 0% to 

80%.  Results from ex situ experiments were plotted in RH-Time phase evolution maps 

(Fig. 3.8 in Chapter 3).  The evolution of Fe2(SO4)3 solution displays the following major 

features: (a) at mid-RH, ~ 40% to ~ 60%, ferricopiapite and rhomboclase are the initial 

precipitates; they combine to form single ferric sulfate hydrates such as kornelite (Fig. 

3.8b), paracoquimbite (Fig. 3.8b and 3.8c) or ferric sulfate pentahydrate (Fig. 3.8c) in the 

post-precipitation evolution (diagenetic process), depending on RH and T; (b) at low-RH, 

< 30%, the Fe2(SO4)3 solution evolves to an amorphous solid without crystallizing; the 

amorphous ferric sulfate remains at 0% and 11% RH, but slowly transforms to crystalline 

rhomboclase at ~ 30% RH.   

 

(2) Fe(III) – 2 SO4 – n H2O phase map 

Studies of the RH-T phase diagram for the Fe(III) – 2 SO4 – n H2O system  show 

reversible transformation between rhomboclase and (H3O)Fe(SO4)2, as well as the 

deliquescence boundary of rhomboclase (Fig. 4.4).  This transformation was kinetically 

inhibited at -20 °C.  

 

(3) Ferric sulfates at Low T and Low P 

Results reported in Chapter 5 indicate that under simulated low-T and low-P 

conditions, ferricopiapite was not stable at 6 °C and 3.6 mbar and 0.6% RH, and 

transformed to a new phase which was not identified.  Rhomboclase transformed to an 
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amorphous phase at 20 °C and 3.6 mbar and 0% RH.  Other ferric sulfates including 

kornelite, paracoquimbite, ferric sulfate pentahydrate and the amorphous ferric sulfate 

remained stable at 25 °C and P ≤ 6 mbar.  All the above mentioned ferric sulfates were 

apparently stable at -30 °C against variations of RH.  It is expected that these ferric 

sulfates will remain stable at even lower temperature.   

 

7.2. Limitations 

The research contributes to fundamental knowledge of ferric sulfate stabilities and 

phase transitions as functions of RH and T.  However, application of the results to 

interpretation or prediction of Martian ferric sulfates is limited by the differences between 

the simulated environmental conditions and the actual conditions on Mars, as well as the 

differences in chemistry between the studied ferric sulfate solution and the sulfate brine 

on ancient Mars.  

 

(1) Difference in chemistry 

The explored ferric sulfate hydrate systems, 2 Fe(III) – 3 SO4 – n H2O and Fe(III) 

– 2 SO4 – n H2O, are too simple to be close to a Martian sulfate brine that consists of 

significant amount of extra ions.  For example, ferric sulfates observed on Mars generally 

coexist with Mg- sulfates and Ca- sulfates.  The presence of Mg2+ and Ca2+
 is likely to 

alter the ferric sulfate speciation, e.g. Mg-copiapite may be favored to precipitate over 

ferricopiapite.  

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

brines of a similar pH is supposed to occur at the last stage of the hypothesized aqueous 
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sedimentary history on Mars (Bibring et al., 2006), where water is mostly evaporated and 

pH is very low.  Therefore, the evolved ferric sulfates studied in this research only 

represent part of the ferric sulfate group minerals observed on Mars that primarily 

precipitate at pH < 1, e.g. ferricopiapite and rhomboclase.  Jarosite and schwertmannite, 

also confirmed or suggested on Mars, were not studied in this research due to their high 

formation pH, e.g. 2 < pH < 4 for jarosite, 4 < pH < 6 for schwertmannite (Tosca et al., 

2007).  Jarosite and schwertmannite should be covered in future RH-T studies.  

 

(2) Difference in environmental parameters  

 There are four differences between the simulated conditions in this research and 

actual Martian conditions: (1) the atmospheric composition; (2) the low atmospheric 

pressure on Mars; (3) the low temperature on Mars; (4) the presence of stronger 

ultraviolet radiation than on Earth.  The influences of these environmental parameters on 

ferric sulfate stability and chemistry have been discussed in detail in Chapter 3, section 

3.4.3.  For the first aspect, the difference in atmospheric composition is not expected to 

affect speciation and stability of ferric sulfates.  No experiments were done under CO2 or 

Martian atmospheric contents in this research, except the one studying rhomboclase 

stability using the vacuum line setup, which does not reveal any effect of CO2 on 

rhomboclase (Section 4.3.3).  For the second aspect, the difference in atmospheric 

pressure should not be directly related to the stability of hydrated minerals.  Instead, 

water vapor pressure or RH is directly related and its effect has been thoroughly 

investigated in this research.  For the third aspect, the low temperature on Mars could 

dramatically slow down the reaction kinetics.  This effect was observed in the ex situ 
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experiments from ~ 0 °C to 50 °C presented in Chapter 3.  Direct characterization of 

several ferric sulfate phases at low temperature (-30 °C) was also performed in Chapter 5.  

However, due to the slower kinetics, extensive direct studies on sulfate brine evaporation 

at low temperature are not realistic.  For the fourth aspect, the effect of ultraviolet light 

was not included in the current research.  Exposure to UV was suspected to affect the 

hydration states of Mg-sulfate in a previous study (Cloutis et al., 2007).  The ultraviolet 

light effect should be incorporated in future studies.  

 

(3) Unidentified ferric sulfate phases 

 At least two new crystalline ferric sulfate phases were discovered in this research.  

One is an intermediate phase formed along with ferricopiapite and rhomboclase during 

the hydration of trigonal Fe2(SO4)3 or the evaporation of Fe2(SO4)3 solution (Chapter 2 

and Appendix).  The synthesis of this phase is not completely reproducible, probably due 

to an as yet to be discovered optimal synthesis route has not been discovered.  Its 

structure is mostly determined with single crystal diffraction data and reported in some 

detail in Appendix.  The other new phase was found as a dehydration product of 

ferricopiapite at 6 °C and 3.6 mbar (Chapter 5).  No crystal structure characterization was 

attempted on this phase.  There are more unidentified ferric sulfate phases reported by 

other scientists (Chipera et al., 2007; Freeman et al., 2009).  The phase diagram will not 

be complete without identifying these unknown phases and their stability field.  

 

7.3. Future directions  
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 Two main directions are proposed here for future research in this field of 

laboratory simulation of Martian sulfate mineralogy and sedimentary history: (1) 

continue study of basic ferric sulfate chemistry, e.g. completing phase diagrams and 

characterizing the unknown phases; (2) improved the simulation of Martian conditions in 

laboratory based research, especially by adding ultraviolet radiation in ex situ and in situ 

experiments.  In detail, three projects are listed below: 

 

(1) Systematic study of Fe(III) – SO4 – H2O speciation 

 Posnjak and Merwin (1922) published a paper that examined the speciation of 

ferric sulfate and ferric oxide and oxyhydroxide in the system, Fe2O3 – SO3 – H2O.  They 

proposed a Fe2O3 – SO3 – H2O ternary phase diagram.  This work provided useful 

information on various ferric sulfate stability conditions.  With much advanced 

technology at present days and more comprehensive knowledge of ferric sulfate 

chemistry and crystallography, it is necessary to reevaluate the Fe2O3 – SO3 – H2O 

system.  This study is also expected lead to discovery unidentified phases and their 

stability conditions.  

 Methods: Initial slurries are prepared by mixing Fe2O3, 98% sulfuric acid and 

water of different ratios, then loading and sealed in Teflon bombs stored at 50 °C to 200 

°C for enough long time, 5 to 20 days depending on temperature, to let the system reach 

equilibrium.  The solid and liquid phases produced will be analyzed for speciation and 

ion concentration.  A total of 150 to 200 hydrothermal reactions are expected to complete 

the mapping of the ternary phase diagrams at different temperature from 50 °C to 200 °C.  

This work is right now being conducted.  
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(2) Ferric and ferrous sulfates hydration and dehydration under ultraviolet radiation 

Ultraviolet light is one potentially important environmental factor that affects the 

stability of hydrate mineral (Cloutis et al., 2007), but has not been considered in the 

current research.  This project is going to aim at investigating the effect of ultraviolet 

radiation on ferric sulfate hydrates, with in situ and ex situ XRD methods similar to used 

in this research.  Ferrous sulfates should also be included in the study for their diagenetic 

relationships with ferric sulfate.  
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Appendix 
 

Crystal structure of a new ferric sulfate hydrate 
 (H3O)Fe2(OH)(SO4)3 · 7H2O 

 
Abstract 
 

A new phase precipitates from concentrated Fe2(SO4)3 solutions along with 
ferricopiapite (Fe4.67(SO4)6(OH)2·20H2O) and rhomboclase ((H3O)Fe(SO4)2·3H2O) at 
room temperature (RT) and 43% relative humidity (RH).  Its crystal structure was 
determined from synchrotron single-crystal X-ray diffraction data.  This new phase is 
triclinic, space group P1, with cell parameters a = 7.563(2) Ǻ, b = 15.075(3) Ǻ, c = 
16.387 (3) Ǻ, α = 94.969(7)°, β = 91.851(7)°, γ = 89.998(7)°, V = 1835.6(7) Ǻ3, Z = 4.  
The structure is composed of [Fe2(SO4)2(OH)(H2O)6]

+ clusters, isolated SO4
2- anions, 

disordered water molecules and hydronium ions.  However, the site assignment of water 
molecules and hydronium ions remains ambiguous.  This new phase was previously 
observed as an intermediate hydration product of trigonal Fe2(SO4)3, as shown in Figure 
2.8 in Chapter 2.   
 
A1. Synthesis and Characterization 
 

Anhydrous Fe2(SO4)3 was prepared by heating ferric sulfate hydrate from J. T. 
Baker (Baker Analyzed, Assay Fe2(SO4)3 > 73.0%) at 340°C for 2 hours.  
Thermogravimetric analysis (TGA) confirmed its anhydrous state, and powder XRD 
indicated it as pure triclinic Fe2(SO4)3 (ICSD-22368).  For a typical synthesis, 1.34 g 
Fe2(SO4)3 was mixed with 1.74 g distilled water to produce a clear dark brown solution 
formed after sonication for 0.5 hours.  This solution was then evaporated at 43% RH and 
room T (~22°C).  The stable RH condition was achieved by the humidity buffer method 
described in Chapter 2: the sample was preserved in a closed container with saturated 
K2CO3 solution and an excess of solid K2CO3.  A yellow precipitate formed after 10 
days.  

Powder X-ray diffraction (XRD) pattern of the yellow product was taken on a 
Rigaku Ultima IV diffractometer using CuKα radiation (λ = 1.54178 Ǻ) and a high-speed 
semiconductor element one-dimensional detector capable of Fe fluorescence suppression.  
Preliminary XRD results suggest the product was composed of ferricopiapite, 
rhomboclase and the new iron sulfate phase that was previously observed in ex situ 
hydration experiments on trigonal Fe2(SO4)3 (Fig. 2.8 in Chapter 2).  The three phases 
were not evenly distributed in the vial, with the new phase agglomerated at the bottom 
10% (volume estimate) of the precipitate where ferricopiapite was very rare (Fig. A1). 
Single crystals of the new phase are plate-like with the shortest dimension no larger than 
5 µm.  Crystals tend to form piles, strongly bond along the shortest dimension and are not 
easily separated, making it very difficult to find an single crystal.  A microcrystal of this 
phase (5 × 29 × 136 µm) was taken to the Advanced Photon Source and data were 
collected at ChemMatCars (beamline No. 15-IDB), using a three-circle Bruker D8 
diffractometer equipped with an APEXII detector.  The radiation wavelength was 
0.41328(1) Ǻ.  The raw data were processed using the APEX-II suite of software 
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(Bruker, 2006).  The crystal was found to be a 50/50 twin with the two individuals related 
by a 180.0° rotation about the real axis [1 0 0].  The data were integrated based on the 
two components.  Absorption correction was performed using TWINABS.  The structure 
was solved and refined using SHELXL97 (Sheldrick, 2008).  

Combined thermogravimetric and differential scanning calorimetric analysis (TG 
and DSC) was conducted on a Netzsch STA 449C Jupiter simultaneous TG-DSC 
apparatus, in order to constrain the water content in the structure.  9.0 mg powder sample 
used to collect XRD data shown in Figure A1 was loaded into an alumina crucible, and 
heated from room temperature to 800°C at a rate of 10°C/min under N2 protection.  
 
A2. Results and Discussion 
 
A2.1. Crystal Structure 

The crystal structure of the new iron sulfate phase consists of isolated 
[Fe2(SO4)2(OH)(H2O)6]

+ clusters and [SO4]
2- groups, disordered H2O and H3O

+, as shown 
in Figure A2.  H atoms on the cluster were not located from the XRD data, but their 
association with O is consistent with the calculations of bond valence shown in Table A3 
(Brown and Altermatt, 1985).  In the cation cluster, each Fe3+ is octahedrally coordinated 
by three H2O molecules, two O atoms from two [SO4]

2- groups in cis configuration and 
one OH bridging to the other Fe3+.  A similar structure motif exists in copiapite group 
minerals, except that the clusters in copiapite are linked by [SO4]

2-.  Seven O sites, 
designated from O39 to O45 in Table A2, are distributed on the z = 0 plane (Fig. A2).  
The occupancies of these sites were assigned to disordered H2O and H3O

+ based on the 
scattering powder and charge balance calculation.  The seven sites can be divided into 
two groups based on the inter-atomic distances, with O39 to O42 in one group and O43 
to O45 in the other.  The total site occupancy of each group was constrained to 2 during 
the refinement, which gave reasonable displacement parameters for all sites.  This 
assignment of total occupancy was in agreement with the TG data shown below.  
However, unrealistically short O-O distances, e.g. d(O39-O44) is 1.43 Ǻ, requires that a 
maximum summed occupancy of 1 be assigned to each group.  Refinement of this model 
for total occupancy resulted in non-positive thermal parameters, suggesting the sites 
contain atoms heavier than oxygen, possibly sulfur.  The shape of the two groups of sites 
resembles SO2 and SO3, and the S-O bond can be as short as 1.43 Ǻ.   However, these 
sites can not be SO2 and SO3 or SO3

2-, because there was no reductant for reducing SO4
2- 

in the starting materials: ferric sulfate and water.  Besides, for the purpose of charge 
balance, these two groups of sites need to be positively charged.  The current structure 
solution still assumes those sites are disordered H2O and H3O

+, but it is not conclusive 
due to the reasons discussed above.  The ambiguity is probably due to the quality of XRD 
data that is limited by the quality of the single crystal.  The crystals grown in this study 
had a platy morphology with a thickness smaller than 5 µm.  Most of the crystals show 
undulatory extinctions under crossed polars.  
 
A2.2. Thermal properties 

TG and DSC data were plotted in Figure A3.  Three weight loss events were 
recorded in TG with a total weight loss equal to 72.0%.  XRD of the heating product 
confirmed it as pure hematite (α-Fe2O3).  Two more heating runs to 200°C and 400°C 
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were performed.  The heating products up to these intermediate temperatures were 
amorphous indicated by XRD.  Since Fe was conserved in the solid phases throughout 
the heating, the percentage of Fe in the initial sample was calculated to be 19.6% based 
on the resultant hematite.  This value could be further used to estimate the water content 
in the new phase.  The estimation takes account of the fact that the starting sample was a 
mixture of the new phase, rhomboclase and ferricopiapite.  To get the proportions of each 
phase, quantitative Rietveld analysis was performed with TOPAS 4.1 (Bruker, 2008; 
Rietveld, 1969).  Scale factors and specimen shift were refined.  The weight percentages 
were 82% for the new phase, 15% for rhomboclase and 3% for ferricopiapite.  Since the 
percentage of Fe in rhomboclase and ferricopiapite are 17.4% and 21.2% based on their 
formulas, the percentage of Fe in the new phase was calculated to be 19.9%.  Applying 
this value to the formula, [Fe2(SO4)2(OH)(H2O)6]

+ (H3O)+ SO4
2- · x H2O, x was then 

calculated to be 1.0.  The formula could be rewritten as (H3O)Fe2(OH)(SO4)3 · 7H2O.  
The TG result supports the occupancy assignment for the disordered H2O sites discussed 
earlier.  
 
A2.3. Diagenetic relations with other ferric sulfates 

In the previous study, the same three phase mixture including ferricopiapite, 
rhomboclase and the new ferric sulfate phase was also observed at the initial hydration 
stage of trigonal Fe2(SO4)3 at 43% and 53% RH and room T.  The mixture transformed to 
kornelite (Fe2(SO4)3 · 7.25H2O) then paracoquimbite (Fe2(SO4)3 · 9H2O) after months.  
That hydration condition was the same as the precipitation condition used in the current 
study - 43% RH and room T (~22°C).  It should be noted that this preparation condition 
does not guarantee the formation of this new ferric sulfate phase.  In fact, this is the only 
time that this new phase was successfully made of totally three attempts using the same 
preparation method, with the other two times only crystallizing ferricopiapite and 
rhomboclase.  Even in this successful synthesis, the new phase only took a small part of 
all the precipitates in which ferricopiapite and rhomboclase still dominated.  The optimal 
crystallization condition of the new phase is not clear.  Its close association with 
ferricopiapite is understandable considering they share similar structure motif 
[Fe2(SO4)2(OH)(H2O)6]

+.  The new phase, like ferricopiapite, is also a metastable phase 
in the evolution of ferric sulfate solution, which will finally evolve to paracoquimbite 
under the condition of synthesis, 43% RH and 22 °C.  
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Table A1. Crystallographic information for (H3O)Fe2(OH)(SO4)3 · 7H2O 
 
Empirical formula (H3O)Fe2(OH)(SO4)3 · 7H2O 

Formula weight 544.31 

Collection temperature (K) 298 

Wavelength (Ǻ) 0.41328(2) 

Symmetry Triclinic 

Space group P -1 

Unit cell dimensions (Ǻ and °) a = 7.463(2) 

b = 15.075(3) 

c = 16.387(3) 

α = 94.969(7) 

β = 91.851(7) 

γ = 89.998(7) 

Volume (Ǻ3) 1835.6(7) 

Z 4 

Calculated density (g/cm3) 1.969 

Absorption coefficient (mm-1) 0.417 

F(000) 1073 

Goodness of fit 1.040 

R [I/s >2] 

 

R (all reflections) 

R = 0.0707 

wR = 0.1788 

R = 0.0977 

wR = 0.1973 

 



 203 

Table A2. Coordinates and displacement parameters of atoms 
 

Atom x y z Ueq Occ. 
Fe1 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 
Fe4 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 
O1 0.6448(8) 0.3120(4) 0.2059(4) 0.0257(15) 1 
O2 0.9459(8) 0.3626(4) 0.2182(4) 0.0229(14) 1 
O3 0.7051(8) 0.4650(3) 0.2515(4) 0.0208(14) 1 
O4 0.7530(10) 0.4088(5) 0.1107(4) 0.0365(18) 1 
O5 0.2088(8) 0.9946(4) 0.2561(4) 0.0207(14) 1 
O6 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 
O8 0.4507(8) 1.0940(4) 0.2273(4) 0.0255(15) 1 
O9 0.7791(9) 0.8190(4) 0.2395(5) 0.0333(17) 1 
O10 0.7059(10) 0.8510(5) 0.0994(4) 0.0389(19) 1 
O11 0.4868(8) 0.8703(4) 0.2000(4) 0.0205(14) 1 
O12 0.7413(8) 0.9694(4) 0.2051(4) 0.0242(15) 1 
O13 0.7499(9) 0.7925(4) 0.4343(4) 0.0349(19) 1 
O14 0.6886(9) 0.9387(4) 0.4921(4) 0.0267(15) 1 
O15 0.7276(9) 0.8209(4) 0.5798(4) 0.0300(16) 1 
O16 0.9825(9) 0.8716(5) 0.5134(4) 0.0298(16) 1 
O17 1.2382(8) 0.4804(4) 0.2016(4) 0.0217(14) 1 
O18 0.9800(8) 0.5775(4) 0.1981(4) 0.0193(13) 1 
O19 1.1811(10) 0.5697(4) 0.0897(4) 0.0293(15) 1 
O20 1.2775(9) 0.6388(4) 0.2218(4) 0.0291(16) 1 
O21 0.2554(9) 0.6879(5) 0.4307(5) 0.0369(19) 1 
O22 0.1871(9) 0.5555(4) 0.4919(4) 0.0262(15) 1 
O23 0.2229(9) 0.6903(4) 0.5776(4) 0.0313(17) 1 
O24 0.4802(8) 0.6247(4) 0.5145(4) 0.0278(15) 1 
O25 0.4534(8) 0.7889(4) 0.3510(4) 0.0210(13) 1 
O26 0.2076(9) 0.9246(4) 0.4059(4) 0.0227(14) 1 
O27 0.1530(8) 0.8107(4) 0.2542(4) 0.0220(14) 1 
O28 0.5345(8) 0.9754(4) 0.3493(3) 0.0168(12) 1 
O29 0.7087(9) 0.5589(4) 0.4048(4) 0.0261(14) 1 
O30 0.6527(8) 0.6504(4) 0.2566(4) 0.0241(14) 1 
O31 0.9589(9) 0.6833(4) 0.3508(4) 0.0221(14) 1 
O32 1.0348(8) 0.4968(4) 0.3441(3) 0.0172(13) 1 
O33 1.1082(9) 0.3202(4) 0.3720(5) 0.0331(17) 1 
O34 1.2910(9) 0.3010(4) 0.2198(4) 0.0256(15) 1 
O35 1.3996(8) 0.4309(4) 0.3456(4) 0.0255(15) 1 
O36 0.7961(9) 1.1549(4) 0.2349(4) 0.0286(16) 1 
O37 0.8998(8) 1.0401(4) 0.3505(4) 0.0244(14) 1 
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O38 0.6144(9) 1.1540(4) 0.3833(5) 0.0344(18) 1 
O39 0.391(2) 0.8860(15) -0.0400(10) 0.051(7) 0.44(2) 
O40 0.042(4) 0.8834(15) -0.0201(14) 0.099(12) 0.48(3) 
O41 0.261(3) 0.7796(11) 0.0436(14) 0.051(8) 0.38(2) 
O42 0.1538(19) 0.3502(9) 1.0171(9) 0.047(5) 0.60(2) 
O43 0.405(2) 0.4026(10) 0.9429(9) 0.057(5) 0.61(2) 
O44 0.2642(18) 0.8673(7) 0.0202(7) 0.055(5) 0.75(3) 
O45 0.2210(12) 0.4211(6) 0.9707(6) 0.032(3) 0.79(2) 

 
Atom U11 U22 U33 U23 U13 U12 

Fe1 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) 
Fe4 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) 
S4 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) 0.052(5) -0.001(3) 0.004(3) -0.004(2) 
O2 0.005(3) 0.020(3) 0.043(4) -0.004(3) 0.001(3) 0.003(2) 
O3 0.024(4) 0.010(2) 0.028(4) -0.007(2) 0.005(3) -0.002(2) 
O4 0.044(5) 0.037(4) 0.027(4) -0.004(3) -0.001(3) 0.007(3) 
O5 0.018(3) 0.013(3) 0.034(4) 0.011(2) 0.004(3) 0.001(2) 
O6 0.043(5) 0.037(4) 0.024(4) 0.000(3) -0.001(3) -0.003(3) 
O7 0.014(4) 0.014(3) 0.048(4) 0.012(3) 0.005(3) 0.004(2) 
O8 0.010(3) 0.025(3) 0.043(4) 0.014(3) -0.004(3) -0.003(2) 
O9 0.022(4) 0.018(3) 0.062(5) 0.016(3) -0.006(3) 0.004(3) 
O10 0.039(5) 0.044(4) 0.033(4) -0.010(3) 0.019(3) -0.005(3) 
O11 0.015(3) 0.023(3) 0.023(3) -0.002(3) 0.007(3) -0.006(2) 
O12 0.020(4) 0.018(3) 0.035(4) 0.000(3) 0.011(3) -0.005(3) 
O13 0.026(4) 0.034(4) 0.040(4) -0.022(3) -0.008(3) 0.006(3) 
O14 0.034(4) 0.022(3) 0.023(3) 0.002(3) -0.009(3) 0.012(3) 
O15 0.020(4) 0.035(4) 0.038(4) 0.021(3) 0.012(3) 0.005(3) 
O16 0.013(4) 0.045(4) 0.032(4) -0.001(3) 0.006(3) -0.009(3) 
O17 0.013(3) 0.019(3) 0.034(4) 0.007(3) 0.008(3) 0.007(2) 
O18 0.011(3) 0.025(3) 0.022(3) 0.003(3) 0.010(2) 0.003(2) 
O19 0.038(4) 0.031(3) 0.020(3) 0.009(3) 0.010(3) -0.001(3) 
O20 0.022(4) 0.018(3) 0.046(4) -0.008(3) 0.000(3) -0.004(3) 
O21 0.020(4) 0.052(4) 0.043(5) 0.031(4) -0.014(3) -0.011(3) 
O22 0.030(4) 0.022(3) 0.025(3) -0.001(3) -0.007(3) -0.009(3) 
O23 0.033(4) 0.030(3) 0.030(4) -0.011(3) 0.023(3) -0.008(3) 
O24 0.013(4) 0.043(4) 0.029(4) 0.006(3) 0.003(3) 0.005(3) 
O25 0.018(3) 0.020(3) 0.026(4) 0.009(3) 0.001(3) -0.003(2) 
O26 0.022(4) 0.025(3) 0.022(3) -0.001(3) 0.012(3) -0.004(3) 
O27 0.017(4) 0.016(3) 0.032(4) -0.001(3) 0.002(3) -0.004(2) 
O28 0.018(3) 0.018(3) 0.015(3) 0.004(2) 0.004(2) 0.000(2) 
O29 0.024(4) 0.029(3) 0.027(4) 0.008(3) 0.013(3) 0.001(3) 
O30 0.014(4) 0.021(3) 0.037(4) 0.004(3) -0.003(3) 0.005(2) 
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O31 0.023(4) 0.016(3) 0.026(4) -0.005(2) -0.001(3) -0.003(2) 
O32 0.017(3) 0.020(3) 0.015(3) 0.006(2) 0.004(2) 0.010(2) 
O33 0.017(4) 0.039(4) 0.048(5) 0.028(3) 0.014(3) 0.003(3) 
O34 0.021(4) 0.016(3) 0.040(4) 0.000(3) 0.010(3) 0.005(3) 
O35 0.012(4) 0.039(4) 0.026(4) 0.006(3) -0.001(3) -0.001(3) 
O36 0.017(4) 0.021(3) 0.051(5) 0.018(3) 0.006(3) 0.000(3) 
O37 0.015(4) 0.031(3) 0.028(4) 0.000(3) -0.001(3) -0.001(3) 
O38 0.022(4) 0.023(3) 0.055(5) -0.018(3) 0.015(3) -0.008(3) 
O39 0.018(10) 0.104(17) 0.028(10) -0.005(10) 0.010(7) -0.023(9) 
O40 0.16(3) 0.073(16) 0.063(17) -0.003(13) -0.055(16) -0.004(16) 
O41 0.068(17) 0.018(9) 0.069(17) 0.021(9) -0.035(12) -0.031(9) 
O42 0.040(9) 0.043(8) 0.058(10) -0.010(6) 0.020(7) -0.007(6) 
O43 0.056(11) 0.061(9) 0.057(10) 0.019(8) 0.024(7) 0.016(7) 
O44 0.090(11) 0.034(6) 0.042(8) 0.000(5) 0.019(6) 0.000(6) 
O45 0.029(6) 0.032(5) 0.035(6) 0.006(4) -0.010(4) -0.002(4) 
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Table A3. Bond lengths and bond valence calculation 
 
Bond Bond length 

(Ǻ) 

Bond 

valence 

Atom Bond 

valence sum 

H atom 

attached 

Fe1-O28 1.927(6) 0.635 Fe1 3.106  

Fe1-O25 2.002(6) 0.519 Fe4 3.198  

Fe1-O5 2.011(6) 0.506 S2 6.149  

Fe1-O11 2.013(6) 0.503 S3 6.100  

Fe1-O26 2.034(6) 0.476 O28 1.235 1 

Fe1-O27 2.041(6) 0.467 O25 0.519 2 

Fe4-O28 1.948(6) 0.600 O5 1.919 0 

Fe4-O8 1.974(6) 0.559 O11 1.924 0 

Fe4-O12 1.989(6) 0.537 O26 0.476 2 

Fe4-O38 2.009(6) 0.509 O27 0.467 2 

Fe4-O37 2.011(6) 0.506 O8 1.992 0 

Fe4-O36 2.025(6) 0.487 O12 2.013 0 

S2-O6 1.428(7) 1.698 O38 0.509 2 

S2-O7 1.449(6) 1.605 O37 0.506 2 

S2-O8 1.491(6) 1.433 O36 0.487 2 

S2-O5 1.496(6) 1.413 O6 1.698 0 

S3-O10 1.439(7) 1.649 O7 1.605 0 

S3-O9 1.461(7) 1.554 O10 1.649 0 

S3-O12 1.480(6) 1.476 O9 1.554 0 

S3-O11 1.494(6) 1.421    

 
Note: O-H bond valence is 0.73 v.u. for a bond length of 1.0 Ǻ.  Bond valance calculation 
was based on data published in Brown and Altermatt (1985). 
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Figure A1. XRD pattern of the new phase with minor rhomboclase and ferricopiapite. 
Peak indexes are marked. R: rhomboclase; F: ferricopiapite. CuKα radiation was used. 
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Figure A2. Crystal structure of (H3O)Fe2(OH)(SO4)3 · 7H2O. Red balls are O atoms of 
disordered water and hydronium ions, except the one marked with O28, the bridging OH 
between two FeO6 octahedra. 
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Figure A3. TG and DSC data of (H3O)Fe2(OH)(SO4)3 · 7H2O with minor rhomboclase 
and ferricopiapite. 
  


