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Abstract 

     Fibroferrite [Fe(OH)SO4•5H2O] is a product of the AMD (acid mine drainage) process and 

forms by chemical weathering and oxidation of iron sulfides in hydrothermal and magmatic ore 

deposits. The present work consists of two distinct parts. The first part is a crystallographic and 

optical study of 30 samples of  fibroferrite from natural occurences and mine waste. The second 

part covers the description of all the experimental attempts to synthesize fibroferrite. Powder-

diffraction data were collected and the Rietveld refinement procedure was conducted for each of 

the 30 natural samples in order to refine the values of the lattice constants of each sample. The a 

and c values of the lattice constants of fibroferrite measured in this study were found to conform 

to the values reported in the most recent literature. Optical observations were conducted, using a 

spindle stage, on each of the 30 natural samples. The purpose of the optical analysis was the 

selection of crystals adequate for a single crystal X-ray diffraction study. Samples were selected 

for a study on a rotating anode source and further studies at a synchrotron facility. None of the 

selected crystals was suitable for a single crystal X-ray diffraction study and the unit cell could 

not be found. Energy dispersive X-ray spectroscopy chemical analyses using a scanning electron 

microscope were performed on the 10 natural samples supplied by the Royal Ontario Museum 

and the Canadian Museum of Nature. The energy dispersive X-ray spectroscopy chemical 

analyses did not allow a real understanding of the level of substitutions of other cations for ferric 

iron within the atomic structure of fibroferrite. Several experiments were performed in order to 

synthesize fibroferrite. Commercially available reagents were used. All the experimental attempts 

conducted failed in synthesizing fibroferrite. A too restricted Eh and pH range of the laboratory 

conditions at which the experiments were conducted and the formation of metastable phases 

could be evoked as reasons of this failure. 
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1.  Introduction 

     Fibroferrite [Fe(OH)SO4•5H2O] is the end-member of a series of four basic iron sulfates with 

chemical formula [Fe(OH)SO4•nH2O]. The other members of the series are amarantite  

[Fe(OH)SO4•3H2O] and the two polymorphs butlerite and parabutlerite [Fe(OH)SO4•2H2O] 

(Scordari, 1981). 

     Iron sulfates form by chemical weathering and the consequent oxidation of iron sulfides 

(pyrite, marcasite, pyrrhotite, chalcopyrite) in hydrothermal and magmatic ore deposits. These 

sulfates constitute an intermediate step in a complex series of oxidation, dehydration, and 

neutralization reactions culminating in the precipitation of iron oxyhydroxides (Jerz & Rimstidt, 

2003; Burns, 1987). 

 

     In the case of pyrite and marcasite the overall reaction is: 

  

FeS2+15/4O2+7/2H2O=Fe(OH)3+2H2SO4                                 (Eq. 1) (Jerz & Rimstidt, 2003) 

 

     The reaction describing the oxidation of pyrrhotite consists of: 

 

FeS1-x+9-3x/4O2+5-x/2H2O=(1-x)Fe(OH)3+H2SO4     (Eq. 2)  (Jerz & Rimstidt, 2003) 

 

     On the whole, this chain of reactions is known as the AMD (acid mine drainage) process 

(based mainly on  the Fe-S-O-H system, iron sulfides, iron sulfates, iron oxyhydroxides) (Eq. 1,2) 

and results in the outflow of acidic water from metal or coal mine wastes (Jerz & Rimstidt, 2003). 

The main concern of acid mine drainage is the toxicity for various biota of some semimetals and 
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heavy metals (e.g., As, Zn, Cd, Ni, Cr) mobilized by the oxidation reactions along with dangerous 

consequences for the environment (Jambor et al., 2005). As already mentioned, dehydration, 

neutralization and oxidation reactions are involved in the conversion of ferrous sulfides into iron 

oxyhydroxides (Jerz & Rimstidt, 2003). The precipitation of each specific mineralogical phase 

depends on the rate and prevalence of the aforementioned three types of reactions (Jerz & 

Rimstidt, 2003). 

     In more detail, the precipitation of iron sulfate minerals is caused by the evaporation of acidic 

solutions rich in iron and sulphates in surficial environments (Jerz & Rimstidt, 2003). 

Iron sulfate and other iron-bearing sulfate minerals are constituents of both terrestrial and Martian 

regolith. These minerals may occur in gossans capping oxidized ore deposits in arid regions, 

volcanic sulfatara deposits (e.g., coquimbite and jarosites) or, like the alunite-jarosite group, be 

the result of  hydrothermal alteration of volcanic rocks (Burns, 1987). 

     Iron sulfate mineral deposits are common in base metal deposits, coal deposits, tailings, waste 

rock piles and are spatially related to oxidizing iron sulfide minerals. Their considerable solubility 

is the reason why iron sulfate minerals are found in sheltered sites such as rock overhangs 

(preserved in this way from rain dissolution), or during drier times of the year, as a consequence 

of the migration of iron sulfate solutions to the surface and subsequent evaporation (Jerz & 

Rimstidt, 2003). Other ferric iron sulfate minerals (e.g., fibroferrite and botryogen) are 

hydrolysed at neutral pH to orange brown residues containing lepidocrocite (Burns, 1987). 

     Examples of paragenetic sequences are given by the hydrated sulfates in the Sydney Coalfield 

of Cape Breton Island, Nova Scotia (Zodrow et al., 1979). Aluminocopiapite and associated 

minerals were discovered in the Sydney Coalfield under different atmospheric conditions (mines, 

mine dump, exposed coal) at both underground and surface areas. For the formation of 

aluminocopiapite, oxidation of pyrite, some secondary minerals and the presence of aluminium-
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rich sediments are assumed (Zodrow et al., 1979). The results of the alteration derive from a 

process of regeneration of the hydrated sulfates, according to the sequence pyrite, melanterite, 

fibroferrite and aluminocopiapite (Fig. 1.1). Fibroferrite was found as an alteration of melanterite, 

both in glass vials and the coal mine environment. In more detail, a return of air (“used” air 

underground) in the mine may result in a variation of fO2, oxidation of Fe2+ and formation of 

fibroferrite from pyrite (Zodrow et al., 1979). 
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Fig.1.1 General outline of paragenesis for some hydrated sulfate minerals in the Sydney 

Coalfield, Nova Scotia (Zodrow et al., 1979). 
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1.1. Reason for this study 
 

     The present work consists of two distinct parts. The first part is a crystallographic and optical 

study of samples of fibroferrite from natural occurences and from mine waste. The second part 

covers the description of all the experimental attempts to synthesize fibroferrite. 

     The purpose of the optical studies was the selection of crystals adequate for a single crystal X-

ray diffraction study. A single crystal study of fibroferrite would have confirmed or confuted the 

results of (Scordari, 1981), while giving a better characterization of the symmetry and the 

determination of the positions of the hydrogen bonds of fibroferrite. In fact, Scordari (1981) only 

inferred the positions of the hydrogen bonds of fibroferrite (Chapter 5). A study of the variation 

of the unit cell dimensions as a function of the mineral composition was sought in order to 

understand the limits of chemical substitution within the fibroferrite structure. 

     A second goal was the synthesis of fibroferrite to study the degree of aluminium substitution 

for ferric iron in this mineral (Chapter 6). This would have aided in the understanding of  the 

level of aluminum attenuation and environmental impact in terms of metal liberation upon 

dissolution of this iron sulphate. 
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2.  Previous work on fibroferrite 

     Fibroferrite was extensively studied from a mineralogical and chemical point of view by 

several authors starting from the first half of the nineteenth century. In the present chapter, a 

summary of the previous work conducted on fibroferrite will be described. The main properties of 

fibroferrite, the chemical analysis and the crystallographic studies conducted by the several 

authors are grouped in form of tables, in order to allow an immediate comparison between them 

(Table 2.1, Table 2.2, Table, 2.3 and Table 2.4). 
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2.1. Contribution on fibroferrite 

 

Table 2.1   Main properties of fibroferrite. 

A
ut

ho
r  

Property 

 

Description 

Luster shining, silky on fibrous face, dull on that of the laminae 

Transparency Translucent 

Colour pale greenish gray; externally yellowish from adhering sulphur 

Taste slightly acid and astringent 

(P
ri

de
au

x,
 1

84
1)

 

Solubility 

in cold water, little or none; the fibres fall asunder: on applying 
heat, the colour changes to orange and the hot water dissolves a 
portion, acquiring its taste. In muriatic acid swells like sponge, 
assuming a rich orange colour and soon dissolves, except a little 
residue of sulfur and earth. By dry heat, in tube dosed at one 
end, the fibres separate and become orange-coloured, giving off 
much water and a little sulphur. By increased heat, sulfuric acid 
is driven off and the residue left red. In open tube, much the 
same: on charcoal, before the blowpipe, exhales the odour of 
sulfur; it shrinks exceedingly, leaving a iron oxide residue 

Luster silky 

Habit 
fine acicular crystals macroscopically. radiating crystals 
forming parts of radiating aggregations. Under the microscope, 
the crystals showed no terminations 

(H
ea

dd
en

, 1
90

5)
 

Colour greenish white 
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Table 2.1   (continued) 
A

ut
ho

r  

Property 

 

Description 

Habit slender crystals and tufts of crystal bundles 

Colour 

 
from colourless to slightly yellowish or brownish under the 
microscope (larger crystals) 
 

Pleochroism pale amber yellow to colourless 

(W
al

ke
r,

 1
92

2)
 

 

Crystal system 

 
at the microscope, always straight extinction, so the mineral was 
thought to be orthorhombic. 
 

Luster silky 

Hardness 2-3 

Colour pale greenish-yellow  

Gravity 1.92 

Optical properties 
straight extinction, biaxial (+), crystals oriented along c, 
colourless parallel to c, low birefringence (yellow), no 
pleochroism 

Cleavage perfect parallel to c axis, imperfect along the base (A
ng

el
el

li 
&

 C
ha

ud
et

, 1
93

7)
 

 

Crystallographic 
system orthorombic 
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Table 2.1   (continued) 
A

ut
ho

r  

Property 

 

Description 

Habit tendency of fibroferrite to dehydrate into a soft incoherent mass 
of radiating fibres when exposured to air 

Colour grayish white colour in efflorescent crusts, to a silky greenish 
gray on fresh fractures 

Pleochroism α=colorless,  β = colorless,  γ = pale brownish yellow 

Refractive indices nα = 1.513,   nβ = 1.535,   nγ = 1.571 

(B
an

dy
, 1

93
8)

 

Crossed polarized 
light 

always straight extinction, so the mineral was thought to be 
orthorhombic. 

Habit Prismatic elongated elongated along the c axis 

(G
or

do
n,

  1
94

2)
 

Cleavage Perfect basal (001) 

Colour White microscopically, colourless under microscope along Z 

(P
ri

de
r,

 1
94

3)
   

Refractive indices nω = 1.533,   nε= 1.575 

(C
és

br
on

,1
96

4)
 

Refractive indices nω = 1.532,   nε= 1.570 
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Table 2.2   Chemical analysis. 
 

wt% 

Author 

C
om

po
un

d 

Pr
id

ea
ux

 (1
) 

H
ea

dd
en

 (2
) 

W
al

ke
r 

(3
) 

Sc
ha

ri
ze

r 
(4

) 

L
in

ck
 (5

) 

M
an

as
se

 (6
) 

M
an

as
se

 (7
) 

A
ng

el
el

li 
&

 
C

ha
ud

et
 (8

) 

C
és

br
on

 (9
) 

C
és

br
on

 (1
0)

 

Fe2O3 31 30.22 32.68 31.19 30.83 29.63 30.47 30.66 30.83 30.80 

FeO - - 0.28 - - - - - - - 

SO3 26 31.57 32.48 30.82 31.21 30.05 30.30 30.66 30.91 30.73 

Free 
sulphur - - - - - - - 0.40 - - 

H2O 33 37.06 33.20 37.49 36.93 36.73 37.63 37.44 38.26 38.21 

CaO - trace - - - - - - - - 

MgO - trace - - - - - - - - 

Na2O - 0.59 - - - - - - - - 

Insoluble 10 0.10 1.08 0.50 1.03 3.59 2.19 0.84 - - 

Total 100 99.54 99.72 100 100 100 100.59 100 100 99.74 

 

(1) (Prideaux, 1841) 
(2) (Headden, 1905) 
(3) (Walker, 1922) 
(4) (Scharizer, 1927) 
(5) (Linck, 1889 cited in Scharizer, 1927, p.342) 
(6) (Manasse, 1908 cited in Scharizer, 1927, p.342) 
(7) (Manasse, 1911 cited in Scharizer, 1927, p.342) 
(8) (Angelelli & Chaudet, 1937) 
(9) (Césbron, 1964) 
(10) (Césbron, 1964) 
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Table 2.3   Crystallographic study on fibroferrite. 

 

Author 
Crystallographic 

system 
monoclinic rhombohedral

a(Å) 7.45 - 

b(Å) 12.10 - 

c(Å) 7.65 - 

(Toussaint, 1956 cited in 

Césbron, 1964, p. 135) 

β(°) 110° 07' - 

a(Å) - 24.14 

c(Å) - 7.63 (Césbron, 1964) 

c/a - 0.316 

a(Å) - 24.176 
(Scordari, 1981) 

c(Å) - 7.656 
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Table 2.4 X-ray powder diffraction data from Cetine mine (Sabelli & Santucci, 1987), 
Tierra Amarilla (Césbron, 1964) and (Toussaint, 1956 cited in Césbron, 1964, 
p. 135). 

 
Cetine (*) T. Amarilla (§) Toussaint (◊) 

dobs I/I0 dcalc hkl dobs I/I0 dhkl 

12.10 100 12.076 110 12.07 100 12.5 
- - - 101 7.18 5 7.18 

6.98 42 6.972 300 6.96 60 7.00 
6.18 13 6.172 021 6.16 40 6.19 
6.03 8 6.038 220 6.03 10 6.01 
5.50 10 5.496 211 5.48 5 5.50 
4.62 5 4.621 131 4.62 10 4.62 
4.57 53 4.564 140 4.55 20 4.58 
4.31 13 4.316 401 4.31 10 4.33 
4.07 35 4.064 321 4.06 40 4.07 
3.754 5 3.760 012 3.77 5 3.77 
3.588 5 3.590 202 3.58 5 3.59 
3.505 5 3.511 241 - - - 
3.485 7 3.486 600 - - - 
3.443 22 3.441 122 3.43 60 3.46 

- - - 511 3.35 20 3.35 
3.346 33 3.349 250 3.35 20 - 

- - - 312 3.18 5 3.19 
3.134 17 3.136 431 3.13 20 3.14 
2.989 25 2.990 232 2.98 80 3.00 
2.784 30 2.783 701 - - - 
2.784 30 2.783 351 2.78 60 2.79 

 
(*) The cell parameters relative to fibroferrite from Cetine mine are a(Å) = 24.152(3), 

c(Å)=7.645(2). 
(§) The cell parameters relative to fibroferrite from T. Amarilla are a(Å)=24.14, c(Å)= 7.63. 
(◊) The cell parameters relative to fibroferrite from (Toussaint, 1956 cited in Césbron, 1964, p. 

135) are   a(Å)= 7.45,   b(Å)= 12.10,   c(Å)= 7.65,   β(°)=110° 07'. 
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The following list includes the most relevant contribution on fibroferrite: 

 

• The first work on fibroferrite dates back to (Prideaux, 1841) and was limited to macroscopic 

observations and chemical analysis (Table 2.1 and Table 2.2). 

 

• Linck (1889 cited in Césbron, 1964, p.135) observed an oblique extinction of some fibres of  

fibroferrite,  which is not consistent with the modern observation of rhombohedral symmetry 

of (Scordari, 1981). Further chemical analysis were performed (Table 2.2). 

 

• Headden (1905) described a mineral found 30 miles southwest from Green River, Utah, 

U.S.A. (Table 2.1 and Table 2.2). 

 

• Larsen (1921 cited in Césbron, 1964, p.135) found a parallel extinction and deduced that 

fibroferrite is orthorhombic. 

 

• Walker (1922) described a specimen of fibroferrite from Quatsino, British Columbia, Canada 

(Table 2.1 and Table 2.2). 

 

• Scharizer (1927) reported chemical analyses personally conducted and other from (Linck, 

1889), (Manasse, 1908), (Manasse, 1911) (Table 2.2). 

 

• Angelelli and Chaudet (1937) described specimen from Santa Elena mine, San Juan a 

Calingasta, Argentina (Table 2.1 and Table 2.2), finding biaxial optics. 
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• Bandy (1938) gave detailed chemical and optical descriptions of the mineralogy of 

Chuquicamata, Quetena and Alcaparrosa (Chile), three sulfate deposits near Calama, in 

Northern Chile, (Table 2.1). The refractive indices that were measured were not consistent 

with the rhombohedral symmetry  of (Scordari, 1981). 

 

• Gordon (1942) reviewed the work of (Angelelli and Chaudet, 1937) on a specimen of 

fibroferrite from La Alcaparrosa, Chile, providing a goniometric investigation, (Table 2.1). 

This goniometric investigation attributed the mineral to the orthorhombic system. 

 

• Prider (1943) conducted optical determinations on samples collected in Yetar Spring, Helena 

River, Western Australia, (Table 2.1). 

 

• Toussaint (1956 cited in Césbron, 1964, p. 135) conducted crystallographic studies on 

fibroferrite, (Table 2.3). 

 

• A new perspective was introduced by (Césbron, 1964) when he conducted crystallographic, 

chemical and thermal analyses on ferric iron sulfates from the Atacama desert, Chile. From 

the first studies of (Césbron, 1964), fibroferrite seemed to be either monoclinic or 

orthorhombic. Subsequently, a Debeye-Scherrer camera and photographic film were used 

(and presumably 2θ angles were measured, indexing the pattern based on the unit cell). As a 

result, the hkil reflections satisfied the condition -h+k+l= 3n. All the properties reported by 

(Césbron, 1964) are summarized in (Table 2.1, Table 2.2 and Table 2.3). From the thermal 

studies of (Césbron, 1964), the dehydration of fibroferrite starts at 130°C. Fibroferrite alters 

naturally into a light yellow powder of parabutlerite. 
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• Rossman (1976) reported optical, infrared absorption and magnetic susceptibility data for 

ferric iron hydroxyl sulfate minerals and compounds, including butlerite [Fe(OH)SO4•2H2O], 

parabutlerite [Fe(OH)SO4•2H2O] and fibroferrite [Fe(OH)SO4•5H2O]. The study of 

(Rossman, 1976) created the basic understanding of the coordination of Fe3+ in fibroferrite. In 

fact, the relationships between the intensity of colour, indices of refraction, pleochroism were 

observed. The greatest intensity of the Fe3+  absorption band and the highest refractive index 

occur when the vibration direction of the incident light is aligned with the cation chain. 

 

• Scordari (1981) collected intensities from a thin fibre of fibroferrite from Saint Felix de 

Paillères, France, extended along [001], corroborating the data of Césbron (1964). The 

presence of the centre of symmetry was confirmed by the electron density map (R3- space 

group). From a three-dimensional Patterson synthesis, iron and sulfur atoms were determined, 

whereas the geometry and positions of the hydrogen bonds were only inferred. The 

aforementioned crystal structure analysis was undertaken to establish the correct symmetry 

and the exact water content of fibroferrite, to make clear the structural relationships between 

some known ferric iron hydroxy sulphates and fibroferrite, to ascertain if there were plausible 

structural reasons for regarding possible phases with a lower content than fibroferrite, as 

separate minerals (Table 2.3). 

 

• Sabelli and Santucci (1987) reported further X-ray powder diffraction data of fibroferrite 

from Cetine mine, Tuscany, Italy, and compared them with the data from Césbron (1964) 

from Tierra Amarilla (Table 2.4). 
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3.  Introduction to the samples studied 

     A total of 30 natural samples of fibroferrite were obtained from various sources. Table 3.1 lists 

the 30 samples of fibroferrite studied and includes the deposit of origin and the supplier from 

which each sample was obtained. In the present chapter, a summary of the occurrences of 

fibroferrite and a description of each deposit mentioned in Table 3.1 are presented. The 

description of each deposit (with references) follows the same order with which each sample is 

listed in Table 3.1. The occurrences were selected in order to cover a wide range of localities 

from both Northern and Southern America and Europe. The goal was to evaluate the existence of 

a regularity in the chemical composition and the lattice constants of fibroferrite. 

 

 

3.1.  Occurrence of fibroferrite 

     In the present paragraph a summary of the main occurrences of fibroferrite is provided. The 

following information was obtained from Palache et al. (1951, p. 616). 

     “Fibroferrite was found as a secondary mineral associated with copiapite, botryogen, 

szomolnokite, melanterite, epsomite, jarosite, gypsum. Originally from Tierra Amarilla near 

Copiapò, Chile; it was found even in Quetena and with amarantite and hohmannite at 

Chuquicamata, Chile. In veins up to three meters in width at the Santa Elena mine, La 

Alcaparrosa, San Juan, Argentina. In Bohemia on Valachov Hill near SKřivaň and as a 

weathering of pyritic slates in the Praha district. From Skouriotissa, Cyprus. In the Blyava sulfate 

deposit in the southern Urals, ex U.S.S.R. In Italy, at Cetine, near Rosia, Siena and Capo 

Calamita and Vigneria on Elba. From the mine of Paillières, Department of Gard, France and 

from Pöham, Salzburg, Austria. From Yetar Spring near Childlows, Westren Australia. In the 
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U.S.A. from Red Cliff and Cimarron, Colorado. From Genette Mountain, Arizona. In California, 

in the pyrrhotite deposit at Island Mountain, Trinity County; with krausite, coquimbite and other 

sulfates in the Calico Hills near Borate, San Bernardino County and in the Redington mine at 

Knoxville, Napa County. In Canada from Quatsino, British Columbia, in bog iron ore.” 
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Table 3.1  List of the 30 samples of fibroferrite studied, with relative deposit and supplier.  (*) 

N
um

be
r 

Sy
m

bo
l 

Label Occurrence Supplier 

1 ■ M14250 Anyox, Hidden Creek Mine 
British Columbia, Canada 

Royal Ontario 
Museum 

2 ■ CMNMC42306 Napa Co. Mine, California, 
U.S.A 

Canadian Museum of 
Nature 

3 ■ M8094 Red Cliff Colorado, U.S.A Royal Ontario 
Museum 

4 ■ CMNMC59603 Dexter Mine, Calf Mesa Emery Co, 
Utah, U.S.A 

Canadian Museum of 
Nature 

5 ■ M21521 Sierra Gorda Alcaparosa Mine, 
Chile 

Royal Ontario 
Museum 

6 ■ M7093 Copiapò, Chile Royal Ontario 
Museum 

7 ■ E1459 Tierra Amerilla, Chile Royal Ontario 
Museum 

8 ■ M12938 Lefka, Skouriotissa Mine, 
Cyprus 

Royal Ontario 
Museum 

9 ■ M30262 Gard, France Royal Ontario 
Museum 

10 ■ M12054 Cetine mine, Italy Royal Ontario 
Museum 

11 ▲ 23-08-08-1 Axel Heiberg Island, Canada Queen’s University 

12 ▲ 23_08_08_02 
 

Axel Heiberg Island, Canada Queen’s University 
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Table 3.1   (continued) 

N
um

be
r 

Sy
m

bo
l 

Label Occurrence Supplier 

13 ▲ 23_08_08_03 Axel Heiberg Island, Canada Queen’s University 

14 ● 978GM_219 Pennsylvanian Sydney Coalfield, Nova 
Scotia, Canada  Queen’s University 

15 ● 978GM_323 Pennsylvanian Sydney Coalfield, 
Nova Scotia, Canada  Queen’s University 

16 ● 978GM_324 Pennsylvanian Sydney Coalfield, 
Nova Scotia, Canada  Queen’s University 

17 ● 978GM_326 Pennsylvanian Sydney Coalfield, 
Nova Scotia, Canada  Queen’s University 

18 ● 978GM_327 Pennsylvanian Sydney Coalfield, 
Nova Scotia, Canada  Queen’s University 

19 ● 978GM_338 Pennsylvanian Sydney Coalfield, 
Nova Scotia, Canada  Queen’s University 

20 ● 978GM_339 Pennsylvanian Sydney Coalfield, 
Nova Scotia, Canada  Queen’s University 

21 ● 978GM_342 Pennsylvanian Sydney Coalfield, Nova 
Scotia, Canada  Queen’s University 

22 ● 978GM_343 Pennsylvanian Sydney Coalfield, 
Nova Scotia, Canada  Queen’s University 

23 ● 978GM_350 Pennsylvanian Sydney Coalfield, 
Nova Scotia, Canada  Queen’s University 

24 ● 978GM_351 Pennsylvanian Sydney Coalfield, 
Nova Scotia, Canada  Queen’s University 
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Table 3.1   (continued) 

N
um

be
r 

Sy
m

bo
l 

Label Occurrence Supplier 

25 ● 978GM_352 Pennsylvanian Sydney Coalfield, 
Nova Scotia, Canada Queen’s University 

26 ● 978GM_353 Pennsylvanian Sydney Coalfield, 
Nova Scotia, Canada  Queen’s University 

27 ● 978GM_354 Pennsylvanian Sydney Coalfield, 
Nova Scotia, Canada Queen’s University 

28 ● 978GM_362 Pennsylvanian Sydney Coalfield, 
Nova Scotia, Canada Queen’s University 

29 ● 978GM_363 Pennsylvanian Sydney Coalfield, 
Nova Scotia, Canada Queen’s University 

30 ● 978GM_457 Pennsylvanian Sydney Coalfield, 
Nova Scotia, Canada Queen’s University 

 
(*)  The symbols were chosen in order to distinguish the samples supplied by the Royal Ontario 

Museum and the Canadian Museum of Nature (square “■”), from the samples from Axel 
Heiberg Island, Canada (triangle “▲”) and the ones from the Pennsylvanian Sydney 
Coalfield, Nova Scotia, Canada (circle “●”). 
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3.2.  Sample M14250 

     Anyox, Hidden Creek Mine British Columbia, Canada, is the deposit from which sample 

M14250 was extracted. The supplier was the Royal Ontario Museum. The following information 

was found in MacDonald et al. (1996). 

 

 

3.2.1.  Hidden Creek Mine 

     The Hidden Creek Deposit represents the largest accumulation of massive sulfides in the 

Anyox pendant, a volcanic sedimentary succession preserved as a roof pendant along the Eastern 

Margin of the Coast Plutonic Complex in the west central British Columbia. It consists of eight 

ore zones of variable size occurring near the volcanic sedimentary contact. The primary ore zones 

are characterized by lenticular to sheet-like, massive sulfide bodies of pyrite, pyrrhotite and 

chalcopyrite and minor sphalerite and magnetite. The ore lenses lie within altered sediments. 

Stockwork veins in the upper volcanic and lower sedimentary sequence represent footwall feeders 

to the massive sulfide lenses. The volcanic rocks consist of tholeiitic basalts and basaltic 

andesites. An increase in the hydrothermal alteration is visible in proximity to the mineralized 

zones. Epidote-chlorite-quartz alteration predominates in the footwall volcanic rocks.  The 

sedimentary sequence is characterized outward by a quartz chlorite core to a quartz-sericite-pyrite 

margin. The common gangue  minerals are quartz and calcite in the sediment hosted ores, 

whereas Mg-Ca-Al characterize the volcanic-hosted ores. A marked association occurs between 

chalcopyrite and pyrrhotite in the sulfide lenses and in the underlying vein network. 
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3.3.  Sample CMNMC42306 

     CMNMC42306 comes from the Napa Co. Mine, California, in the U.S.A. The supplier was 

the Canadian Museum of Nature. The following information was obtained from Murray (1996). 

 

 

3.3.1.  Napa Co. Mine 

     The upper part of the Napa Valley near the town of Calistoga, California, is dominated by 

Jurassic to Cretaceous eugeosynclinal Franciscan assemblage and Late Tertiary (Pliocene) 

Sonoma volcanic rocks. The upper Napa Valley lies within the southern end of the Mayacmas 

Mountains which are characterized by a series of northwest-trending  folded and faulted blocks 

and thrust plates. The volcanic rocks include andesite, basalt and minor rhyolite flows with 

inrebedded and discontinuous layers of tuff, tuff-breccias, agglomerate and scoria. The 

Quaternary alluvium is marked by alternating deposits of highly permeable alluvial flood-plain 

and channel deposits consisting of sands and gravels with interbeds of less permeable to 

impervious volcanic ash deposits (Taylor et al., 1981 cited in Murray, 1996, p.1116). 

 

 

3.4.  Sample M8094 

     Sample M8094 comes from Red Cliff, Colorado, in the U.S.A. The supplier was the Royal 

Ontario Museum. The following information was derived from Means (1915). 
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3.4.1.  Red Cliff Mine 

     The Red Cliff or Battle Mountain District is located in the southeastern part of Eagle 

Mountain, Colorado, about 20 miles north-northwest of Leadville and 75 miles south west from 

Denver. The district is everywhere covered by sediments except in the Eagle River canyon and 

Homestake Creek valley, where granite basement was reached by erosion. The basement upon 

which the sediments rest is a pre-Cambrian biotite granite. Its primary constituents are quartz, 

biotite, orthoclase and microcline, with albite, magnetite, pyrite and apatite as accessories. The 

orthoclase is locally altered to sericite and biotite to muscovite. The ore deposits of the district are 

confined to a relatively small area, the largest part of which lies in the canyon of the  Eagle River, 

between Red Cliff and Gilman. The deposits consist of fissure veins in the granite carrying 

principally gold and silver with some copper, lead and zinc. Replacement of the quartzite 

consisting of zinc-blende and galena bodies, also narrow veins carrying gold and silver. 

Replacement of the limestones comprising large bodies of zinc-blende and galena bodies and 

considerable deposits of chalcopyrite and pyrite. 

 

 

3.5.  Sample CMNMC59603 

     Sample CMNMC59603 comes from Dexter Mine, Calf Mesa, Emery Co, Utah, in the U.S.A. 

The supplier was the Canadian Museum of Nature. The following information was  obtained from 

Rosenzweig and Gross (1954). 

 

 

3.5.1.  Dexter Mine 

     The Dexter Mine No. 7 deposit is in the Triassic Shinarump conglomerate which caps Calf 

Mesa. The ore horizon is about 25 feet above the contact of the Shinarump and the underlying 
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Moenkopi Formation (Akright, 1953 cited in Rosenzweig & Gross, 1954, p.471). The shales and 

mudstones of the Moenkopi Formation form a steep slope below the Shinarump cliff. Sulfate 

minerals are found cementing the talus fragments lying directly below the ore  horizon. The 

typical sulfate minerals are goldichite, coquimbite, halotrichite, roemerite, alunogen, copiapite, 

melanterite, fibroferrite, voltaite, butlerite, parabutlerite, chalcanthite and diadochite. The 

essential minerals of the uranium deposit are metazetnerite, pyrite and chalcopyrite. 

 

 

3.6.  Sample M21521 

     Sample M21521 comes from Sierra Gorda Alcaparosa Mine, in Chile. The supplier was 

the Royal Ontario Museum. The following information was derived from Quadra Mining LTD 

(2009). 

 

3.6.1.  Sierra Gorda Alcaparosa Mine 

     The Sierra Gorda mining district is located between the Cordillera de La Costa to the west and 

the Cordillera de los Andes to the east.  The district lies close to the eastern edge of the 

intermediate valley, near where it gives way to the pre-Cordillera. The deposits at Sierra Gorda 

includes three types of mineralization. The first is the hypogene copper sulfides, consisting 

mainly of chalcopyrite, although bornite has been recognized as an accessory. The leach oxide 

zone is the result of in situ oxidation of the hypogene sulfides. The leach oxide zone extends from 

the surface to the variable depth of up to 200 meters and is grouped into copper-rich zones and 

copper leached or barren zones. The Supergene copper sulfides is an irregular zone of secondary 

copper sulfide enrichment, dominated by chalcocite. 
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3.7.  Samples M7093 and E1459 
 

     Samples M7093 and E1459 come from Copiapò and Tierra Amerilla mines, Central  Atacama 

Province, in Chile. The supplier was the Royal Ontario Museum. The following information was 

found in Segerstrom (1965). 

 

 

3.7.1.  Copiapò and Tierra Amerilla mines 

     Geologically, the central part of Atacama Province constitutes the north-striking intrusive 

contact between the Andean batholith and other intrusions, some of them in the form of sills, 

interrupt the continuity of the rocks to the east. The layered sequence consist of Lower Jurassic 

and Lower Cretaceous sedimentary rocks and lavas, unconformably overlain by Upper 

Cretaceous and Tertiary continental sedimentary rocks, tuffs and lavas. Almost all the mine 

workings are for copper, gold, silver and iron. 

 

 

3.8.  Sample M12938 

     Sample M12938 is from the Skouriotissa Mine, Lefka,  in Cyprus. The supplier was the Royal 

Ontario Museum. The following information was obtained in Govett (1972). 

 

 

3.8.1.  Skouriotissa Mine 

     The sulfide deposits occur in a pillow lava and dyke sequence (the Troodos Volcanic 

Complex) peripheral to the Troodos Massif which forms a mountainous range trending 

northwest-southeast in central-southern Cyprus. The Troodos Massif consists of ultrabasic 
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plutonic rocks (the Troodos Plutonic Complex) fringed mostly by gabbros with multiple diabase 

dykes (the Diabase dykes). The pillow lava sequence is Jurassic-Cretaceous in age and is overlain 

uncomformably by sedimentary rocks of Upper Cretaceous age.  The lava sequence comprises 

basalts and olivine basalts. The sulfide bodies occur as flat-topped, basin shaped bodies within the 

lava series. The orebodies are dominantly massive pyrite with minor chalcopyrite and sphalerite 

in their lower levels and dominantly conglomeratic, porous pyrite towards their top. 

 

 

3.9.  Sample M30262 

     Sample M30262 comes from the Gard Mine, France. The supplier was the Royal Ontario 

Museum. The following information was derived from Lacerda and Bernard (1984). 

 

 

3.9.1.  Gard Mine 

     Most of the ores extracted from Les Malines mining district come from Pb-Zn apparently 

formed by the in-filling of paleo-karstic caves. These cavities derive from a solution of Cambrian 

dolomites by meteoric circulation of water below the uncomformity separating the Triassic and/or 

Mesozoic from the Hercynien basement. The mineralizations record all the main geological 

events which affected the dolomitic rock since its deposition (sedimentary features, 

synmetamorphic deformation, and post-schistosity fracturing prior to the Permo-Triassic 

unconformity).  
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3.10.  Sample M12054 

     Sample M12054 comes from Cetine di Cotorniano Mine, Siena Province, in Italy. The 

supplier was the Royal Ontario Museum. The following information was obtained in Olmi et al. 

(1993). 

 

3.10.1.  Cetine di Cotorniano Mine 

     The Cetine mine is situated around 20 km southwest of Siena (Italy), on the far eastern flank 

of the Colline Metallifere. It consists of an antimony deposit. The epigenetic mineralization is 

connected to a late phase of the Pliocene-Pleistocene Apennine magmatism. At its base, the local 

geological succession comprises quartzitic/phyllitic terrains of the so-called Tuscan basement, 

which are Paleozoic to Triassic in age. These are overlain by a strongly weathered Triassic 

evaporate formation known as the "Calcare Cavernoso". The ore at the Cetine mine consists of 

stibnite in small pods disseminated within this highly silicified limestone. Numerous sulfate 

minerals (such as uklonskovite, jurbanite, rostite, tamarugite, ferrinatrite and sideronatrite), as 

well as an interesting suite of rare stibnite alteration minerals (such as cetineite, peretaite and 

klebelsbergite, onoratoite) occur in the mine. 

 

 

3.11.  Samples 23-08-08-1,  23-08-08-2, 23-08-08-3 
 

     Samples 23-08-08-1, 23-08-08-2, 23-08-08-3 and come from Axel Heiberg Island, in the High 

Arctic, Canada. The supplier was Queen’s University. The following information was obtained 

from Pollard et al. (1998). 
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3.11.1.  Axel Heiberg Island 

     The Axel Heiberg Island is located in the Canadian High Arctic. The geology is complex, 

consisting of folded and faulted sedimentary rocks, ranging from Triassic to Tertiary in age. 

Upper Paleozoic evaporites locally intrude the overlying sedimentary/clastic rocks.  Glaciers 

cover 30-35% of Axel Heiberg Island. Small ice caps and isolated cirque and valley glaciers are 

widespread. The area is characterized by two groups of mineralized springs near the McGill Field 

Station at Expedition Fiord on the west central Axel Heiberg Island. Each spring group consists 

of 20-40 outlets spread over several hundred square meters. The minerals precipitated in 

association with spring activity range from simple salt crusts to complex channels, terraced 

mounds and cascade structures. Precipitates are mainly black to pale grey in colour and in few 

locations orange and yellow. These precipitates are composed primarily of calcite and gypsum. 

 

 
 

3.12.  Samples from 978GM-219 to 978GM-457 
 

     The samples from 978GM-219 to 978GM-457 come from the Pennsylvanian Sydney 

Coalfield, Cape Breton Island, in Nova Scotia, Canada. The supplier was Queen’s University. 

The following information was found in Zodrow (2005). 

 

 

3.12.1.  Pennsylvanian Sydney Coalfield 

     Pennsylvanian Sydney Coalfield, Nova Scotia, Canada, is a submarine coal mine. The coal 

was mainly sulfurous and pyrite-rich (ca. 5% total sulfur). Exposure to the atmosphere oxidized 

the sulfides [mainly fine grained pyrite, (Zodrow, 1983 cited in Zodrow, 2005, p.145)],  forming 

sequences of secondary hydrated sulfate minerals. Roof rocks in collieries basically consist of 
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sequences of clastic sedimentary rocks. Included are shale, silty shale (overbank deposits), 

sandstones (channel lag, crevasse-splays), and mud rocks (Zodrow, 1983 cited in Zodrow, 2005, 

p.148). As confirmed by Jamieson et al. (2003 cited in Zodrow, 2005, p.149), copiapite is the 

stable end phase of a paragenetic sequence of hydrated sulfate minerals. As already mentioned, 

(Chapter 1), fibroferrite forms as an alteration of melanterite, as a consequence of a variation of 

fO2 and oxidation of Fe2+, according to the paragenetic sequence pyrite, melanterite, fibroferrite 

and aluminocopiapite, (Fig.1.1) (Zodrow, 1979). 
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4.  Experimental methods 

 

 

4.1.  X-ray powder diffraction and Rietveld refinement  

     Powder-diffraction data were collected for each of the 30 natural samples that were obtained 

from various sources. Subsequently, a Rietveld refinement procedure was followed on each 

diffraction spectra in order to refine the values of the lattice constants of each sample (Fig. 4.1 

and Fig. 4.2). The values of the lattice constants a and c for each sample were plot on a diagram 

together with the lattice constants from Césbron (1964), Scordari (1981), Sabelli and Santucci, 

(1987) (Fig. 4.3). Table 4.1 lists the 30 samples of fibroferrite and the samples studied by 

Césbron (1964), Scordari (1981), Sabelli and Santucci, (1987) and includes the cell dimensions 

with relative error and X-ray powder diffraction analytical results.  

 

 

4.2.  Description of the Rietveld Method 

     In the Rietveld Method of analysis of powder diffraction data, the crystal structure is refined 

by fitting the entire profile of the diffraction pattern to a calculated profile (Albinati & Willis, 

2006). The model of the structure is refined by least-square minimization of the residual: 

 

 (Eq. 3) (Albinati & Willis, 2006) 

 

where yi(obs.) is the intensity measured at a point i in the diffraction pattern corrected for the 

background intensity bi, wi is its weight and yi(calc.)] is the calculated intensity. The summation 
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runs over all N data points. The calculated intensity is evaluated by means of the following 

equation: 

 

 (Eq. 4) (Albinati & Willis, 2006) 

 

where s is the scale factor, mk the multiplicity factor for the kth reflection, Lk is the Lorentz-

polarization factor, Fk is the structure factor and Gik is the peak shape function. The applied 

constraint is the space group. A fundamental problem of the Rietveld Method is the formulation 

of a suitable peak-shape function. If Hk is the full-width at half maximum (FWHM), the angular 

dependence of the  FWHM for a Gaussian-peak shape function may be written in the form of: 

 

  (Eq. 5) (Albinati & Willis, 2006) 

 

where U, V and W are half-width parameter independent of θk (Caglioti, Paoletti and Ricci, 1958 

cited in Albinati & Willis, 2006, p.710). 
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Table 4.1 List of the 30 samples of fibroferrite from natural and mine waste settings 
studied with relative lattice constants and X-ray powder diffraction analytical 
results.  (*) 

 

N
um

be
r 

Sy
m

bo
l 

Label a (Ǻ) 
(*) 

c (Ǻ) 
(*) 

X-ray powder diffraction 
analytical results 

1 ■ M14250 24.18120(8) 7.663000(1) Fibroferrite, butlerite 

2 ■ CMNMC42306 24.16328(1) 7.638527(4) Fibroferrite, butlerite 

3 ■ M8094_1 24.17011(8) 7.650475(2) Fibroferrite, butlerite 

4 ■ CMNMC59603 24.15601(7) 7.663184(2) Fibroferrite, butlerite 

5 ■ M21521 24.18966(6) 7.659948(2) Fibroferrite, butlerite 

6 ■ M7093 24.16702(7) 7.726843(2) Fibroferrite, butlerite 

7 ■ E1459 24.17960(**) 7.668814(**) Fibroferrite, butlerite 

8 ■ M12938 24.18857(5) 7.668957(1) Fibroferrite, butlerite 

9 ■ M30262 24.18658(9) 7.663189(1) Fibroferrite, butlerite 

10 ■ M12054 24.17389(5) 7.666577(2) Fibroferrite, butlerite 

11 ▲ 23-08-08-1 24.19458(3) 7.666827(1) Fibroferrite, gypsum 

12 ▲ 23_08_08_02 24.16136(4) 7.651770(1) Fibroferrite, gypsum 
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Table 4.1   (continued) 

N
um

be
r 

Sy
m

bo
l 

Label a (Ǻ) 
(*) 

c (Ǻ) 
(*) 

X-ray powder diffraction 
analytical results 

13 ▲ 23_08_08_03 24.16597(2) 7.653794(7) Fibroferrite, gypsum 

14 ● 978GM_219 24.15802(3) 7.657189(1) Fibroferrite, butlerite 

15 ● 978GM_323 24.15948(2) 7.656668(1) Fibroferrite 

16 ● 978GM_324 24.16087(2) 7.652933(5) Fibroferrite, copiapite 

17 ● 978GM_326 24.16447(2) 7.656606(4) Fibroferrite, copiapite 

18 ● 978GM_327 24.16884(2) 7.654461(4) Fibroferrite, copiapite 

19 ● 978GM_338 24.16972(2) 7.655957(5) Fibroferrite, copiapite 

20 ● 978GM_339 24.18392(8) 7.642368(2) Fibroferrite, copiapite 

21 ● 978GM_342 24.15928(5) 7.658006(2) Fibroferrite, copiapite 

22 ● 978GM_343 24.16710(2) 7.657191(5) Fibroferrite, copiapite 

23 ● 978GM_350 24.16538(2) 7.657153(4) Fibroferrite, copiapite 

24 ● 978GM_351 24.17196(2) 7.656049(6) Fibroferrite, copiapite 

25 ● 978GM_352 24.16783(2) 7.656219(5) Fibroferrite, copiapite 
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Table 4.1   (continued) 

N
um

be
r 

Sy
m

bo
l 

Label a (Ǻ) 
(*) 

c (Ǻ) 
(*) 

X-ray powder diffraction 
analytical results 

26 ● 978GM_353 24.16719(2) 7.656530(5) Fibroferrite, copiapite 

27 ● 978GM_354 24.16978(1) 7.655775(4) Fibroferrite, copiapite 

28 ● 978GM_362 24.17249(3) 7.658451(9) Fibroferrite, copiapite 

29 ● 978GM_363 24.16588(3) 7.655914(1) Fibroferrite, copiapite 

30 ● 978GM_457 24.16698(2) 7.655575(6) Fibroferrite, copiapite 

31  Césbron 24.12000 7.630000   

32  Scordari 24.17600 7.656000   

33  Sabelli & 
Santucci 24.15200 7.645000   

 
(*) The numbers in parenthesis refer to the relative error of the Rietveld Refinement. 
 
(**) Not detected 
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Fig. 4.1 Example of powder diffraction pattern of sample M14250 from Hidden Creek Mine, 
British Columbia, Canada fitted to a calculated profile by Rietveld method. In red the 
observed pattern, in blue the calculated one. Peaks of Both fibroferrite (green) and 
butlerite (red) were detected. Calculated peak positions for the two phases are indicated 
on the top of the diagram. References pattern for fibroferrite from Scordari (1981). 
References pattern for butlerite from Fanfani et al. (1971). 
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Fig. 4.2 Detail of the powder diffraction pattern of sample M14250 from Hidden Creek Mine, 
British Columbia, Canada, fitted to a calculated profile by Rietveld method for 2θ=5-
25°. References pattern for fibroferrite from Scordari (1981). References pattern for 
butlerite from Fanfani et al. (1971). 
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4.3.  Sample preparation 

     A small amount (approximately 10 mg) of each of the 30 samples was ground in a mortar by 

means of a pestle. A fine powder was obtained for each of the aforementioned samples. A small 

amount of each powder (<1 mg) was taken by means of a spatula and placed on an oriented 

silicon zero-background holderplate. The powder was  distributed over the surface, pressed and 

flattened by means of pressure applied from a glass plate. The zero-background holder was 

inserted and fixed into a steel bottom plates. Zero-background holders plate were  used in order to 

minimize the scattering which results in a high background when such small amounts of sample 

are used, sharpen the Bragg peaks and obtain values of the lattice parameters as accurately as 

possible. 

 

 

4.4.  Data collection 

     A Panalytical X’Pert theta-theta diffractometer and an X’celerator position-sensitive detector 

equipped with an incident-and diffracted-beam soller slits and ¼° divergence and ½°  antiscatter 

slits was employed. The normal focus Cu X-ray tube (and sometimes Co) was operated at 40 kV 

and 45mA. Profiles were taken with an effective minimum step size of 0.0170° 2θ and an 

effective scan step time of 101.4422 seconds. The data were refined with the Rietveld refinement 

HIGHSCORE Program. Data were collected in the range 2θ=5-70°. The total exposure time was 

1h and 45 min for each sample. 
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4.5.  Data analysis 

     The XRD pattern of Fig. 4.1 displays the presence of peaks of both fibroferrite and butlerite. 

This was not the case for every sample. In other cases, other impurities such as gypsum or 

copiapite were identified (Table 4.1). Background, lattice constants, scale factor, preferred 

orientation, overall temperature factor and the profile parameters U, V, W were initially refined 

with the constraint of the R-3- and P21/m space groups for fibroferrite and butlerite, respectively. 

In the case of the preferred orientation, the shape of the crystal [h=0, k=0, l=1] was imposed. The 

initial lattice constants were the values of Scordari (1981) (a=24.1760 Å,   c=7.656 Å). 

 

 

4.6.  Final fit 

     The X-ray diffraction data and Rietveld fit for sample M14250 from Anyox, Hidden Creek 

Mine, British Columbia, Canada, are shown in Figure 4.1 and 4.2. The observed pattern is 

displayed in red, the calculated in blue. The fit is generally quite good for the samples that were 

studied. The most serious discrepancies occur for the peak widths and intensities for some 

reflections. The observed profile displays higher intensities than the calculated one. The 

excitation of the Fe CEP (Critical Excitation Potential) of the samples by the Cu Kα incident 

radiation resulted in an increase of the intensity of the observed profile peaks and background. 

The FWHM (full width half maximum, function of profile parameters U, V, W) is wider in the 

observed pattern than in the calculated one (e.g., 2θ= 7.30°, 12.672°, 14.31°, 14.68°, 28.15°). The 

shape of the observed profile is asymmetric in comparison with the calculated one (e.g., 2θ= 

19.41°, 26.63°).  This is most likely the result of the preferred orientation of the crystals in the 

sample mount. A preferred orientation arises from the needle-shaped habit of the crystals, which 

determines a non-random distribution of the ground crystallites and a consequent distortion of the 



 

 39

reflection intensities. As already mentioned, in order to minimize this effect of distortion of the 

intensity peaks, the preferred orientation parameter was included among the refined parameters. 

 

 

4.7.  Lattice constants 

    All the a and c values of the lattice constants of fibroferrite measured in this study fall in a 

range a=24.152-24.1946 Å and c=7.63-7.6789 Å, and are similar to the cell dimensions found by  

Scordari (1981) and Sabelli and Santucci (1987) (Fig. 4.3). An exception (24.12 Å) is represented 

by the a value of the lattice constants from Césbron (1964) and is likely due to the inaccuracy of 

measurement of this early study. Césbron (1964) used a Debeye-Scherrer camera and 

photographic film and this is prone to systematic error unless corrected by the use of an internal 

standard. Figure. 4.3 displays the distribution of the values of the cell dimensions a and c for the 

samples studied. The discrepancies displayed by the values of the a and c cell dimensions 

depends on the chemistry of the different occurrences from which each sample derives and on the 

level and type of substitutions for ferric iron within the atomic structure of each crystal. Taking 

point 32 [coinciding with Scordari (1981)] as the reference crystal, the points from 1 to 10 (Table 

4.1) are more distant from point 32, whereas the values from 14 to 30 are more concentrated 

around it. A higher diversity is exhibited by points 14, 15 and 21. Points 12 and 13 display a 

homogeneous behaviour. Conversely, point 11 is much further from point 32. Point 4 has an 

unique location quite distant from point 32. The value of the c cell dimension of point 6 (sample 

M7093) is 7.7268 Å. The heterogeneous behaviour of points 1-10 may be explained considering 

the different occurrences of these samples. On the other hand, samples 23-08-08-02 and 23-08-

08-03 (points 12 and 13) and 978GM_219-978_457 (points from 14 to 30) come all from Axel 

Heiberg Island or Cape Breton Island, respectively. Sample M7093 comes from Copiapò, Chile. 
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The discrepancy showed by sample M7093 and the sample of Scordari (1981) indicates a quite 

different level and type of cationic substitution for ferric iron within the atomic structure of the 

two crystals. The choice to take the sample of Scordari (1981) as the reference value is arbitrary. 

In fact, the level and identity of cationic substitutions for ferric iron within the atomic structure of 

this specific crystal is unknown. 
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Comparison of lattice constant values
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Fig. 4.3 Lattice constants a and c of the 30 samples of fibroferrite determined, inferred by 
Rietveld refinement and lattice constant parameters from Césbron (1964), Scordari 
(1981), Sabelli and Santucci (1987). The numbers and the symbols displayed in the 
diagram correspond to the list of Table 4.1. 
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4.8.  Energy dispersive X-ray spectroscopy chemical analyses 

     Energy dispersive X-ray spectroscopy chemical analyses using a scanning electron microscope 

were conducted on the 10 natural samples supplied by the Royal Ontario Museum and Canadian 

Museum of Nature. The reason for this selection was motivated by the results of the X-ray 

powder diffraction analysis. In fact, the only mineral impurity found in the fibroferrite was 

represented by butlerite (Table 4.1). Samples with copiapite as impurity were discarded.  

Copiapite could have contaminated fibroferrite, affecting the chemical analysis. On the other 

hand, fibroferrite and butlerite belong to the same series of ferric iron sulfates and display a 

similar chemistry. The purpose of the analysis was to identify the presence of possible elements 

substituting for ferric iron within the atomic structure of fibroferrite. To understand the possible 

presence of substitutes for ferric iron (e.g., Al, Mg, Ti, Cr, Mn, Co, Ni, Cu, Zn) a comparison 

with standards of known concentration was conducted. GSD-10 (Stream Sediment), NBS88a 

(Dolomitic Limestone), GXR-1 (Jasperoid), GRX-4 (Copper Mill-Head), UB-N (Serpentine) and 

WMS-1 (Sulfide ore) standards were used. Table 4.2 lists the concentration of Al, Mg, Mn and Ti 

in wt% and Cu, Zn, Ni, Cr and Co in ppm in the aforementioned standards. The concentrations of 

interest for each element are highlighted in bold. The detection limit of the machine for each 

element was estimated from the performance of the EDS analysis when studying these standards. 

 

 

4.9.  Sample preparation 

     A small amount (<1 mg) of each of the 10 selected samples was placed on a SEM pin mount 

and pressed by means of a spatula. The samples were not carbon coated. The samples were placed 

in an AMRAY 1830 SEM. The voltage adopted was 20 kV, working distance 25 mm, counting 

time of 200 sec and beam size 5 (the number 5 of the beam size is a relative number with no 
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units. 5 is the default. Bigger beam sizes have smaller numbers, smaller beam sizes have bigger 

numbers). The same procedure was followed in the case of the selected standards.  
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Table 4.2 Concentration of Al, Mg, Mn and Ti in wt% and Ni, Zn, Cr and Co in ppm in 
the standards.  (*) 

 

 
(*) The concentration of the aforementioned elements in standards GSD-10, NBS88a, GXR-1, 

GXR-4 and UB-N was reported from Geostandards Newsletter. In the case of standard 
WMS-1, GeoRem (Geological and Environmental Reference Materials) was consulted at 
http://georem.mpch-mainz.gwdg.de/. 

 

 

Standard 
Al 

(wt%) 

Mg 

(wt%) 

Mn 

(wt%) 

Ti 

(wt%) 

Ni 

(ppm) 

Zn 

(ppm) 

Cr 

(ppm) 

Co 

(ppm) 

GSD-10 2.84 0.12 0.13 0.21 30.2 46 136 15.3 

NBS88a 0.19 21.29 0.03 0.02 - - - - 

GXR-1 6.63 0.36 0.11 0.06 41 760 12 8.2 

GXR-4 13.6 2.75 0.02 0.48 42 73 64 14.6 

UB-N 2.9 35.21 0.12 0.11 2000 85 2300 100 

WMS-1 - - - - 35000 160 - 1710 
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4.10.  Results of the EDS chemical analyses 

     Only clear Fe, S and O peaks were detected in the spectrum of sample M14250 (Fig. 4.4). No 

other peaks were detected. As far as Mg is concerned, GSD-10 and GRX-4 standards were used 

to evaluate the detection limit of the machine. The concentration of Mg in GSD-10 and GRX-4 

standards are 0.12 and 2.75 wt%, respectively. In the case of GSD-10 standard versus sample 

M14250 (Fig. 4.5), the spectra do not allow a discrimination between a real peak and the 

background. In the case of a real peak, the concentration of Mg in sample M14250 is below the 

concentration of Mg in GSD-10 standard (0.12 wt%). In the case of background, the detection 

limit of the machine is above the concentration of Mg in GSD-10 standard. In the case of GRX-4 

standard versus sample M14250 (Fig. 4.6), a peak for Mg is clearly visible in the spectrum of 

GRX-4 standard. The only sure thing that may be deduced is that the concentration of Mg in 

sample M14250 is below the concentration of Mg in GRX-4 standard (2.75 wt%). 

     Similarly, NBS88a and UB-N standards were used to evaluate the detection limit of the 

machine for Al. The concentration of Al in NBS88a and  UB-N standards are 0.19  and 2.90 wt%, 

respectively. In both the cases, no clear peaks for Al were detected either in the spectra of the two 

standards or sample M14250 (Fig. 4.7 and Fig. 4.8). The detection limit of the machine for Al 

must be above the concentration of Al in UB-N standard (2.90 wt%). From a further comparison 

of M14250 spectrum with GRX-1 (Al 6.63 wt%) (Fig. 4.9), a clear peak for Al is visible in the 

spectrum of GRX-1 standard. It may be deduced that the detection limit of the machine for Al is 

below 6.63 wt%. 

     In the case of Mn, a comparison of the spectrum of sample M14250 with GSD-10 (Mn 0.13 wt 

%), GXR-1 (Mn 0.11 wt %) and UB-N (Mn 0.12 wt %) spectra was conducted, respectively (Fig. 

4.10, Fig. 4.11 and Fig. 4.12). No peak for Mn was detected for sample M14250 and the 

standards. The only thing that may be deduced is that the detection limit of the machine for Mn is 
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above 0.13 wt%. 

     Similarly,  in the case of Ti, from a comparison of the spectrum of  sample M14250 with the 

spectrum of GRX-4 (Ti 0.48 wt%), no peaks for Ti are detected for both the aforementioned 

sample and standard (Fig. 4.13). The only thing that may be concluded is that the detection limit 

of the machine for Ti is above 0.48 wt%. 

     As far as the trace elements are concerned (Cu, Zn, Ni, Cr and Co), GXR-1 were used as 

standard for Zn (760 ppm), GRX-4 for Cu (6520 ppm), UB-N for Cr (2300 ppm) and Ni (2000 

ppm) and  WMS-1 for Ni (35000 ppm),  Co (1710 ppm) and Cu (12400 ppm), respectively. 

     In the case of Zn, no peaks were detected for both sample M14250 and GXR-1 standard (Fig. 

4.14). The detection limit of the machine for Zn is above 760 ppm (0.08 wt%).  In the case of Cu, 

no peaks were detected in either sample M14250 or standard in GRX-4 (Fig. 4.15). The detection 

limit of the machine is above 6520 ppm (0.65 wt%). On the other hand, in the case of WMS-1, 

the spectrum does not allow a discrimination between a real peak and the background for the 

standard (Fig. 4.16). No peak was detected for sample M14250. In this case, it is hard to say if the 

detection limit of the machine is below 1.2 wt% or the concentration of Cu in sample M14250 is 

below 1.2 wt%. 

     WMS-1 displays a similar situation in the case of Ni (Fig. 4.17). Even in this case, it is hard to 

say if the detection limit of the machine is below 35000 ppm (3.5 wt%) or the concentration of Ni 

in sample M14250 is below 3.5 wt%. In the case of UB-N standard, in the spectra of both 

standard and sample M14250 no peak for Ni was detected (Fig. 4.18). 

     In the case of Cr, from the absence of any peak for both standard UB-N and sample M14250 it 

is possible to say that the detection limit of the machine is above 2300 ppm (0.2 wt%) (Fig. 4.19). 

     Finally, in the case of Co, the spectra of WMS-1 standard and sample M14250 do not allow a 

discrimination between a real peak and the background for standard WMS-1 (Fig. 4.20). In this 
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case, it is hard to say if the detection limit of the machine is above 1710 ppm (0.1 wt%) or the 

concentration of Co in sample M14250 is below 0.1 wt%. 
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Fig. 4.4  Energy dispersive X-ray spectroscopy spectrum of sample M14250 from Anyox, 

Hidden Creek Mine, British Columbia, Canada. Peaks of Fe, S and O only are visible. 
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Fig. 4.5 Comparison between the energy dispersive X-ray spectroscopy spectrum of sample 

M14250 and the energy dispersive X-ray spectroscopy spectrum of GSD-10 standard. 
In the case of Mg, both spectra do not allow a discrimination between a real peak and 
the background.  
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Fig. 4.6 Comparison between the energy dispersive X-ray spectroscopy spectrum of sample 

M14250 and the energy dispersive X-ray spectroscopy spectrum of GRX-4 standard. In 
the case of Mg, a peak for Mg is clearly visible in the spectrum of GRX-4 standard. The 
concentration of Mg in sample M14250 is below the concentration of Mg in GRX-4 
standard (2.75 wt%). 
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Fig. 4.7 Comparison between the energy dispersive X-ray spectroscopy spectrum of sample 

M14250 and the energy dispersive X-ray spectroscopy spectrum of NBS88a standard. 
In the case of Al, both spectra do not allow a discrimination between a real peak and the 
background. 
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Fig. 4.8 Comparison between the energy dispersive X-ray spectroscopy spectrum of sample 

M14250 and the energy dispersive X-ray spectroscopy spectrum of UB-N standard. In 
the case of Al, both spectra do not allow a discrimination between a real peak and the 
background. 
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Fig. 4.9 Comparison between the energy dispersive X-ray spectroscopy spectrum of sample 

M14250 and the energy dispersive X-ray spectroscopy spectrum of GXR-1 standard. In 
the case of Al, a clear peak for Al is visible in the spectrum of GRX-1 standard. It may 
be deduced that the detection limit of the machine for Al is below 6.63 wt%. 
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Fig. 4.10 Comparison between the energy dispersive X-ray spectroscopy spectrum of sample 

M14250 and the energy dispersive X-ray spectroscopy spectrum of GSD-10 
standard. In the case of Mn, both spectra do not allow a discrimination between a real 
peak and the background. 
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Fig. 4.11 Comparison between the energy dispersive X-ray spectroscopy spectrum of sample 

M14250 and the energy dispersive X-ray spectroscopy spectrum of GXR-1 standard. 
In the case of Mn, both spectra do not allow a discrimination between a real peak and 
the background. 
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Fig. 4.12 Comparison between the energy dispersive X-ray spectroscopy spectrum of sample 

M14250 and the energy dispersive X-ray spectroscopy spectrum of UB-N standard. In 
the case of Mn, both spectra do not allow a discrimination between a real peak and the 
background. 
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Fig. 4.13 Comparison between the energy dispersive X-ray spectroscopy spectrum of sample 

M14250 and the energy dispersive X-ray spectroscopy spectrum of GRX-4 standard. 
No peaks for Ti are detected for both the aforementioned sample M14250 and 
standard. 
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Fig. 4.14 Comparison between the energy dispersive X-ray spectroscopy spectrum of sample 

M14250 and the energy dispersive X-ray spectroscopy spectrum of GXR-1 standard. 
In the case of Zn, no peaks were detected for both sample M14250 and GXR-1 
standard. 
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Fig. 4.15 Comparison between the energy dispersive X-ray spectroscopy spectrum of sample 

M14250 and the energy dispersive X-ray spectroscopy spectrum of GRX-4 standard. 
In the case of Cu, no peaks were detected in either sample M14250 or standard in 
GRX-4. 
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Fig. 4.16 Comparison between the energy dispersive X-ray spectroscopy spectrum of sample 

M14250 and the energy dispersive X-ray spectroscopy spectrum of WMS-1 standard. 
In the case Cu, the spectrum of the standard does not allow a discrimination between a 
real peak and the background for the standard. 
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Fig. 4.17 Comparison between the energy dispersive X-ray spectroscopy spectrum of sample 

M14250 and the energy dispersive X-ray spectroscopy spectrum of WMS-1 standard. 
In the case Ni, the spectrum of the standard does not allow a discrimination between a 
real peak and the background for the standard. 
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Fig. 4.18 Comparison between the energy dispersive X-ray spectroscopy spectrum of sample 

M14250 and the energy dispersive X-ray spectroscopy spectrum of UB-N standard. In 
the case of Ni, in the spectra of both standard and sample M14250 no peak for Ni was 
detected. 

 



 

 63

 

 
 
 
Fig. 4.19 Comparison between the energy dispersive X-ray spectroscopy spectrum of sample 

M14250 and the energy dispersive X-ray spectroscopy spectrum of UB-N standard. In 
the case of Cr, the spectrum of the standard does not allow a discrimination between a 
real peak and the background for the standard. 
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Fig. 4.20 Comparison between the energy dispersive X-ray spectroscopy spectrum of sample 

M14250 and the energy dispersive X-ray spectroscopy spectrum of WMS-1standard. 
In the case of Co, the spectrum of the standard does not allow a discrimination 
between a real peak and the background for the standard. 
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Table 4.3 Atomic percentage (at%) of Al, Mg, Mn, Ti, Ni, Zn, Cr and Co in the standards 
taken into consideration. 

 

 

 

 

 

 

 

 

Standard 
Al 

(at%) 

Mg 

(at%) 

Mn 

(at%) 

Ti 

(at%) 

Ni 

(at%) 

Zn 

(at%) 

Cr 

(at%) 

Co 

(at%) 

GSD-10 0.10526 0.00494 0.00237 0.00439 0.00005 0.00007 0.00026 0.00003 

NBS88a 0.00704 0.87595 0.00055 0.00042 - - - - 

GXR-1 0.24572 0.01481 0.00200 0.00125 0.00007 0.00116 0.00002 0.00001 

GXR-4 0.50405 0.11315 0.00036 0.01003 0.00007 0.00011 0.00012 0.00002 

UB-N 0.10748 1.44867 0.00218 0.00230 0.00341 0.00013 0.00442 0.00017 

WMS-1 - - - - 0.05963 0.00024 - 0.00290 
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4.11.  Discussion of the results of the EDS chemical analyses 
 

     The standards were selected in order to have a concentration range of approximately 0.1-3.5 

wt% for each element. The difficulty in finding an adequate standard for each element was related 

to the low element concentration chosen to evaluate the detection limit of the machine and to the 

stock available. In many cases, a discrimination between a real peak and background was difficult 

to achieve. However, a comparison between the atomic percentages of the concentrations of Al, 

Mg, Ti, Cr, Mn, Co, Ni, Cu and Zn in the selected standards and microprobe analysis by Zodrow 

(1978) on a sample of fibroferrite from Cape Breton Island (sample 978GM-221) suggests that 

the substitutions of other cations for ferric iron in fibroferrite are modest (Table 4.3 and Table 

4.4). In fact, taking into consideration that in the analysed sample 978GM-221 there must have  

been some impurities from other iron sulfates (e.g., copiapite), the weight percentage of Mg and 

Al do not exceed 0.12 and 0.26 wt%, that is 0.00494 and 0.00964 at % in the octahedral site, 

respectively. The atomic percentage for each element was calculated dividing the corresponding 

weight percentage by the atomic mass. From the energy dispersive X-ray spectroscopy chemical 

analyses the concentration of Mg is certainly below 2.75 wt% (0.11315 at %). Nothing sure may 

be said about the detection limit of the machine as far as Al is concerned. In the case of Mn, Ti 

the weight percentages do not exceed 0.05 and 0.001 wt%, that is 0.00091 and 0.00002 at %, 

respectively. Similarly, the weight percentages of Cu, Zn, Ni and Cr in (Table 4.4) are 0.007, 

0.02, 0.004 and 0.004 wt%, respectively. The relative atomic percentages are 0.00011, 0.00031, 

0.00007 and 0.00008 at % in the octahedral site, respectively. Nothing sure may be said about the 

detection limit of the machine as far as Mn, Ti, Cu, Zn, Ni and Cr are concerned. The estimation 

of the detection limit of the machine for Mn, Ti, Cu, Zn, Ni and Cr was complicated by the fact 

that these are transition elements with atomic number close to Fe. The emitted characteristic X-

rays are more energetic than Al and Mg. As a consequence, the detection limits of the 
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aforementioned elements are lower than the one of Al and Mg. 
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Table 4.4  Microprobe analyses of a sample of fibroferrite from the Sydney 
 Coalfield,  Nova  Scotia,  Cape Breton  Island, Canada,  from the 
 Technical Service. Sample 978GM-221 (Zodrow, 1978).  (*) 

 
Sample 978GM-221 

Cation Wt% At% 

Aluminum (Al) 0.260 0.00964 
Arsenic (As) 0.030 0.00040 
Barium (Ba) 0.008 0.00006 
Calcium (Ca) 0.060 0.00150 
Chromium (Cr) 0.004 0.00008 
Copper (Cu) 0.007 0.00011 
Iron (Fe) 19.20 0.34381 
Magnesium (Mg) 0.120 0.00494 
Manganese (Mn) 0.050 0.00091 
Molybdenum (Mo) 0.003 0.00003 
Nickel (Ni) 0.004 0.00007 
Sodium (Na) 0.004 0.00017 
Potassium (K) 3.020 0.07724 
Phosphorus (P) 0.010 0.00032 
Lead (Pb) 0.020 0.00010 
Antimony (Sb) 0.030 0.00025 
Silicon (Si) 0.010 0.00036 
Tin (Sn) 0.020 0.00017 
Titanium (Ti) 0.001 0.00002 
Vanadium (V) 0.020 0.00039 
Zinc (Zn) 0.020 0.00031 
Carbon (C) 15.600 1.29881 
Hydrogen (H) 2.200 2.18267 
Sulfur (S) 7.250 0.22610 

 

(*) The presence of elements such Ca, Na, K, Si and C may be due to contamination from coal, 
muscovite, limestones and shell-rich calcareous rocks occurring in the Pennsylvanian 
Sydney Coalfield, Nova Scotia, Canada (Zodrow, 2005). Substitutions of these elements for 
ferric iron in the octahedral sites should be excluded for a reason of charge balance and ionic 
size. The weight percentages for each element were reported from (Zodrow, 2005), the 
atomic percentages were personally calculated. 
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4.12.  Optical analysis 

     Optical observations were conducted on each of the 30 natural samples obtained from the 

various sources (Table 4.5). The purpose of the optical studies was to identify a sample from 

which crystals suitable for a single crystal X-ray diffraction study could be obtained. It was 

planned that a single crystal study of fibroferrite would have corroborated or refuted the results of 

Scordari (1981), while providing a better characterization of the symmetry and the determination 

of the positions of the hydrogen bonds of fibroferrite. Initially, several crystals were sent to Dr. J. 

Britten of the Brockhouse Institute for Materials Research for study on a rotating anode source 

(McMaster University), but the crystals were not suitable. Subsequently, further crystals were 

sent to the Service Crystallography at Advanced Photon Sources (Chemistry Department, 

IUMSC, Indiana University). Optical microscope and a spindle stage device were used to perform 

the optical examination in the Department of Geological Sciences and Geological Engineering at 

Queen’s University. A brief description of the spindle stage device and of the two aforementioned 

facilities are provided (§§ 4.14 - 4.16.1 - 4.16.2, respectively). In reference to the description of 

the crystals contained within each sample (Table 4.5), all the crystals displayed acicular habit, 

occurring in the form of more or less radially diverging fibres. Some were finer grained than 

others. 

 

 

4.13.  Sample selection 

     A very small amount of material (<10 crystals) of each sample was  placed on a glass slide 

with two drops of an oil with suitable refractive index (1.526-1.528). The crystals were separated 

and moved away from the rest of the crystals by means of a needle. The result was the isolation of 

a crystal. At a subsequent time, each selected crystal was collected using a pair of tweezers and 
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observed at crossed-polarized light. The selected crystals had to meet the requirements of straight 

extinction, high interference colours (high retardation) indicating a relatively thick crystal. The 

difficulty in isolating a single crystal was due to the arrangement of the slender fibres  in bundles. 

In Figure 4.21, the optical microscope photograph of sample M8094 from Red Cliff, Colorado, 

U.S.A., shows the polycrystalline nature of the samples. The name fibroferrite is truly an 

appropriate name for this mineral. 
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Fig. 4.21 Optical microscope photograph (cross polarized light) of sample M8094 

from Red Cliff, Colorado, U.S.A. Scale (1:45.44). The sample is immersed 
in oil (oil refractive index 1.526). 
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4.14.  Description of the spindle stage device 

     The spindle stage represents a very simplified accessory for the polarized microscope, 

employed to characterize and indentify single crystals. It consists of a one-axis rotation device, 

onto which a single crystal is mounted. The spindle stage data are based on a polar coordinate 

system of S and E angles. The S angle is  the coordinate for the plane within the crystal that is 

presently parallel to the microscope stage, whereas E is the angle between the spindle axis and 

any vector with its origin at the end of the spindle (Gunter et al., 2004). In practice, E is the angle 

between a vibration direction (or any direction within the crystal) and the spindle axis. An 

adequate rotation on S will position a principal vibration direction parallel to the plane of the 

microscope stage and a correct rotation of the microscope stage will rotate that direction parallel 

to the lower polarizer (Gunter et al., 2004). The extinction data set for a crystal from sample 

M14250  is given in Table 4.6 and lists the extinction position (Ms values) for every 10° of S, 

from 0° to 180° (Table 4.6). Figure 4.22 gives the stereographic plot of the EXCALIBR results. 

. 

 

4.15.  Spindle stage and optical observations 

     One of the selected crystals (from sample M14250 from Anyox, Hidden Creek Mine, British 

Columbia, Canada) was mounted on a  spindle stage device in order to characterize the relative 

refractive indices. The data of the crystal extinction (Ms) were recorded for different settings of S 

at 10° intervals. In practice, in order to collect the Ms data, the spindle axis was oriented precisely 

E-W (reference position Mr). The crystal was rotated from Mr into Ms (extinction position 

between crossed nicols). At this point, the Ms extinction value was measured and entered into the 

program EXCALIBR Spindle Stage Version 8.19.00. The program calculated the S and Es 
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coordinates to measure ε’ (generic case of rhombohedral cleavage cut along a random direction) 

and ω refractive indices. By using the S and M values produced by EXCALIBR it was possible to 

align  the ε’ and ω  parallel to the plane of the stage.  The stage could then be rotated so the one of 

the directions was coincident with the plane of polarization of the incident light. The Becke line 

method and suitable oils were employed to characterize the values of the ε’ and ω refractive 

indices (1.530<nω< 1.532 and 1.572<nε<1.574). In the earlier literature on fibroferrite, the mineral 

was classified as orthorhombic, biaxial (+), with refractive indices nX= 1.533,  nY=1.534 and  nZ= 

1.575 (Winchell & Winchell, 1933 cited in Angelelli & Chaudet, 1937, p.51 ) and nX= 1.513-

1.518, nY=1.518-1.535 and nZ= 1.561-1,571 (Palache et al., 1951). All the samples described 

display needle-shaped habit of the crystals forming slender fibres radially diverging (Figure 4.21). 

The strong pleochroism ran from deep brownish to pale yellow (Table 4.5). The determination of 

the colors was subjective. By means of the Becke line method and the employment of suitable 

oils, the refractive indices of the grain from the sample M14250 were characterized as 1.530<nω< 

1.532 and 1.572<nε<1.574 (Table 4.5). Other samples were studied assuming the needles lay flat 

on the glass plate and the minimum refractive index was greater that the oil used. All 

measurements were made at room temperature (22-24°C). In the case of sample M14250 Na light 

was used. For all the remaining measurements white light was used. 
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Table 4.5 Optical analyses of the 30 samples of fibroferrite from natural and mine waste  
settings. 

 
Optical analyzes 

 

Number Label Description Refractive indices 

   ω ε' 

1 M14250 

Some euhedral crystals, 
needle-shaped habit, elongated 
along [001]. Some slender 
fibres radially diverging, or in 
form of matted aggregates 

1.530<nω<1.532 
light yellow 

1.572<nε<1.574 
deep brownish 

yellow 

2 CMNMC42306 

Needle-shaped habit, elongated 
along [001].  Some slender 
fibres radially diverging 
composed by assemblages of 
slender long needle-shaped 
crystals 

nω>1.526 
light yellow 

nε>1.526 
deep brownish 

yellow 

3 M8094 

Needle-shaped habit, elongated 
along [001].  Some slender 
fibres radially diverging 
composed by assemblages of 
slender long needle-shaped 
crystals 

nω>1.526 
light yellow 

nε>1.526 
deep brownish 

yellow 

4 CMNMC59603 

Needle-shaped habit, elongated 
along [001].  Some slender 
fibres radially diverging 
composed by assemblages of 
slender long needle-shaped 
crystals 

nω>1.526 
light yellow 

nε>1.526 
deep brownish 

yellow 

5 M21521 
Needle-shaped habit, elongated 
along [001].  Some slender 
fibres radially diverging 

nω>1.526 
light yellow 

nε>1.526 
deep brownish 

yellow 

6 M7093 

Needle-shaped habit, elongated 
along [001].  Some slender 
fibres parallel to one another.  
Both regular and segmented 
edges 

nω>1.526 
light yellow 

nε>1.526 
deep brownish 

yellow 
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Table 4.5   (continued) 
 

Optical analyzes 

 

Number Label Description Refractive indices 

   ω ε' 

7 E1459 

Fibre shape from sub-parallel 
to radially diverging with 
extremely irregular and 
segmented edges 

nω>1.526 
light yellow 

nε>1.526 
deep brownish 

yellow 

8 M12938 

Very irregular edges. Fibres 
composed by needle-shaped 
crystals forming random 
aggregates 

nω>1.526 
light yellow 

nε>1.526 
deep brownish 

yellow 

9 M30262 

Extremely irregular and 
corroded edges. Needle-shaped 
crystal formed radially 
diverging fibres 

nω>1.526 
light yellow 

nε>1.526 
deep brownish 

yellow 

10 M12054 

Crystal shape sub-angular to 
sub-euhedral, Slender fibres 
formed by needle-shaped 
crystals elongated  along [001]. 

nω>1.526 
light yellow 

nε>1.526 
deep brownish 

yellow 

11 23-08-08-1 

Needle-shaped habit, elongated 
along [001].  Some slender 
fibres radially diverging 
composed by assemblages of 
slender long needle-shaped 
crystals 

nω>1.526 
light yellow 

nε>1.526 
deep brownish 

yellow 

12 23_08_08_02 

Needle-shaped habit, elongated 
along [001].  Some slender 
fibres radially diverging 
composed by assemblages of 
slender long needle-shaped 
crystals 

nω>1.526 
light yellow 

nε>1.526 
deep brownish 

yellow 
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Table 4.5   (continued) 
 

Optical analyzes 

 

Number Label Description Refractive indices 

   ω ε' 

13 23_08_08_03 

Needle-shaped habit, elongated 
along [001].  Some slender 
fibres radially diverging 
composed by assemblages of 
slender long needle-shaped 
crystals 

nω>1.526 
light yellow 

nε>1.526 
deep brownish 

yellow 

4 978GM_219 

Needle-shaped habit, elongated 
along [001].  Some slender 
fibres radially diverging 
composed by assemblages of 
slender long needle-shaped 
crystals 

nω>1.526 
light yellow 

nε>1.526 
deep brownish 

yellow 

15 978GM_323 

Needle-shaped habit, elongated 
along [001].  Some slender fibres 
radially diverging composed by 
assemblages of slender long 
needle-shaped crystals 

nω>1.526 
light yellow 

nε>1.526 
deep brownish 

yellow 

16 978GM_324 

Needle-shaped habit, elongated 
along [001].  Some slender fibres 
radially diverging composed by 
assemblages of slender long 
needle-shaped crystals 

nω>1.526 
light yellow 

nε>1.526 
deep brownish 

yellow 

17 978GM_326 

Needle-shaped habit, elongated 
along [001].  Some slender fibres 
radially diverging composed by 
assemblages of slender long 
needle-shaped crystals 

nω>1.526 
light yellow 

nε>1.526 
deep brownish 

yellow 

18 978GM_327 

Needle-shaped habit, elongated 
along [001].  Some slender fibres 
radially diverging composed by 
assemblages of slender long 
needle-shaped crystals 

nω>1.528 
light yellow 

nε>1.528 
deep brownish 

yellow 
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Table 4.5   (continued) 
 

Optical analyzes 

 

Number Label Description Refractive indices 

   ω ε' 

19 978GM_338 

Needle-shaped habit, elongated 
along [001].  Some slender fibres 
radially diverging composed by 
assemblages of slender long 
needle-shaped crystals 

nω>1.528 
light yellow 

nε>1.528 
deep brownish 

yellow 

20 978GM_339 

Needle-shaped habit, elongated 
along [001].  Some slender fibres 
radially diverging composed by 
assemblages of slender long 
needle-shaped crystals 

nω>1.528 
light yellow 

nε>1.528 
deep brownish 

yellow 

21 978GM_342 

Needle-shaped habit, elongated 
along [001].  Some slender fibres 
radially diverging composed by 
assemblages of slender long 
needle-shaped crystals 

nω>1.528 
light yellow 

nε>1.528 
deep brownish 

yellow 

22 978GM_343 

Needle-shaped habit, elongated 
along [001].  Some slender fibres 
radially diverging composed by 
assemblages of slender long 
needle-shaped crystals 

nω>1.528 
light yellow 

nε>1.528 
deep brownish 

yellow 

23 978GM_350 

Needle-shaped habit, elongated 
along [001].  Some slender fibres 
radially diverging composed by 
assemblages of slender long 
needle-shaped crystals 

nω>1.528 
light yellow 

nε>1.528 
deep brownish 

yellow 

24 978GM_351 

Needle-shaped habit, elongated 
along [001].  Some slender fibres 
radially diverging composed by 
assemblages of slender long 
needle-shaped crystals 

nω>1.528 
light yellow 

nε>1.528 
deep brownish 

yellow 
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Table 4.5   (continued) 
 

Optical analyzes 

 

Number Label Description Refractive indices 

   ω ε' 

25 978GM_352 

Needle-shaped habit, elongated 
along [001].  Some slender fibres 
radially diverging composed by 
assemblages of slender long 
needle-shaped crystals 

nω>1.528 
light yellow 

nε>1.528 
deep brownish 

yellow 

26 978GM_353 

Needle-shaped habit, elongated 
along [001].  Some slender fibres 
radially diverging composed by 
assemblages of slender long 
needle-shaped crystals 

nω>1.528 
light yellow 

nε>1.528 
deep brownish 

yellow 

27 978GM_354 

Needle-shaped habit, elongated 
along [001].  Some slender fibres 
radially diverging composed by 
assemblages of slender long 
needle-shaped crystals 

nω>1.528 
light yellow 

nε>1.528 
deep brownish 

yellow 

28 978GM_362 

Needle-shaped habit, elongated 
along [001].  Some slender fibres 
radially diverging composed by 
assemblages of slender long 
needle-shaped crystals 

nω>1.528 
light yellow 

nε>1.528 
deep brownish 

yellow 

29 978GM_363 

Needle-shaped habit, elongated 
along [001].  Some slender fibres 
radially diverging composed by 
assemblages of slender long 
needle-shaped crystals 

nω>1.528 
light yellow 

nε>1.528 
deep brownish 

yellow 

30 978GM_457 

Needle-shaped habit, elongated 
along [001].  Some slender fibres 
radially diverging composed by 
assemblages of slender long 
needle-shaped crystals 

nω>1.528 
light yellow 

nε>1.528 
deep brownish 

yellow 
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Table 4.6 Spindle-stage data of a fibre of sample M14250 from Hidden Creek Mine,  
British Columbia, Canada.  (*) 
 

S Ms Es CALC 
(Es) 

Es- CALC 
(Es) 

0.00 78.5 167.82 165.02 2.80 

10.00 77.9 166.62 165.29 1.34 

20.00 78.2 165.72 165.99 -0.26 

30.00 79.1 168.52 167.10 1.42 

40.00 80.3 170.02 168.61 1.42 

50.00 81.2 169.42 170.47 -1.05 

60.00 83.1 172.42 172.64 -0.22 

70.00 85.3 173.32 175.06 -1.73 

80.00 86.9 179.42 177.64 1.78 

90.00 89.1 179.82 180.31 -0.48 

100.00 91.2 2.62 2.96 -0.34 

110.00 93.2 5.12 5.52 -0.39 

120.00 94.2 8.12 7.88 0.24 

130.00 96.9 7.22 9.99 -2.76 

140.00 97.5 11.32 11.77 -0.45 

150.00 99.3 12.92 13.19 -0.27 

160.00 99.5 16.42 14.21 2.21 

170.00 100.3 17.02 14.81 2.21 

180.00 102.4 15.22 14.98 0.25 

190.00 101.6 14.32 14.71 -0.39 

200.00 100.9 13.32 14.01 -0.69 

210.00 100.3 12.62 12.90 -0.27 

220.00 98.9 12.82 11.39 1.43 

230.00 97.7 8.82 9.53 -0.70 

240.00 96.6 6.22 7.36 -1.13 

250.00 95.0 5.12 4.94 0.18 

260.00 93.2 1.62 2.36 -0.73 
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Table 4.6   (continued) 
 

 
(*) The values of S, Ms and Es are expressed in degrees (º). 

 

S Ms Es CALC 
(Es) 

Es- CALC 
(Es) 

270.00 92.2 0.52 -0.31 0.83 

280.00 91.0 177.02 177.04 -0.01 

290.00 86.8 175.02 174.48 0.54 

300.00 84.5 174.02 172.12 1.91 

310.00 84.0 168.32 170.01 -1.69 

320.00 81.7 167.82 168.23 -0.40 

330.00 81.1 165.32 166.81 -1.48 

340.00 78.9 166.02 165.79 0.24 

350.00 79.7 161.82 165.19 -3.36k 
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Fig. 4.22   Stereographic plot of the EXCALIBR results. 
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4.16.  Single crystal X-ray diffraction study 

 

 

4.16.1.  Brockhouse Institute for Material Research (McMaster University) 

     This modern triple axis x-ray diffraction laboratory is based on an 18 kW rotating anode X-ray 

source. The diffractometer is configurable in high resolution and low-resolution modes 

appropriate to different experimental requirements, spanning the range from small angle X-ray 

scattering (SAXS), to wide-angle diffraction. It is outfitted with the capability to handle samples 

under extreme environmental conditions, including a new capability to access sample 

temperatures as low as 0.3 K. 

(Available at http://www.brockhouse.mcmaster.ca/research/analytical_tools.html) 

 

 

4.16.2.  Service Crystallography at Advanced Photon Sources (Chemistry Department, 
IUMSC, Indiana University) 

 
     SCrAPS (Service Crystallography at Advanced Photon Sources) is a collaboration directed at 

providing academic service crystallographers with access to the specialized instrumentation and 

tunable / high-brilliance radiation available only at synchrotron sources located at national 

laboratories. The project involves a cooperative of crystallographers who take turns measuring 

problematic samples collected from the entire group during time at a participating beamline. 

Synchrotrons deliver tunable high-intensity X-ray beams with a very low divergence. This allows 

for measuring micro-crystals that cannot be studied at laboratory sources at all and at reasonably 

short exposure times. 

(Available at http://www.iumsc.indiana.edu/synchrotron/scraps.html). 
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4.16.3.  Sample preparation 

     The crystals were examined in oil and then extracted and mounted. The thin fibers of the 

crystals selected were quite flexible. The amount of epoxy was minimized in order to reduce the 

scattering as much as possible. 

 

 

4.16.4.  Results of the single crystal X-ray diffraction study 

     Initially, five crystals from sample CMNMC59603 (Dexter Mine, Calf Mesa, Emery Co, 

Utah, U.S.A.) and sample M14250 (Anyox, Hidden Creek Mine, British Columbia, Canada) were 

sent to Brockhouse Institute for Material Research (McMaster University) to the attention of Dr. 

J. Britten. An 18 kW Cu rotating anode X-ray source with a parallel focused beam, a 2θ of 

78.177° and a Smart6000 detector were employed. The detector was 4.2 cm of distance from the 

sample and the air scatter was considerable. The largest crystal was 0.1mm x .02mm x .02mm in 

size. This crystal gave streaked diffraction spots due to multiple fibres in the crystal. The smallest 

crystals gave single and sharp spots, but too weak to determine a unit cell. At a second time,  five 

further crystals from the same occurrences were directed to Dr. Yu-Sheng Chen at Service 

Crystallography at Advanced Photon Sources (Chemistry Department, IUMSC, Indiana 

University). The crystals were approximately 75 μm x10 μm in size. The material was very 

fibrous and most crystals consisted more properly of bundles of thinner fibres. Unfortunately, the 

crystals were too small to diffract even with synchrotron radiation. Crystal M14250A showed 

weak diffraction spots, but it did not appear to be a single crystal and the unit cell could not be 

found. 
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Fig. 4.23 2D diffraction image of the largest crystal (0.1mm x .02mm x .02mm in size) 
examined at Brockhouse Institute for Material Research (McMaster University). This 
crystal gave streaked diffraction spots due to multiple fibres in the crystal. 
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5.  Reasons of the limited metal incorporation in fibroferrite 

     From the EDS chemical analyses the substitutions of other cations for ferric iron in fibroferrite 

is limited in comparison to similar sulfates. The cause of this restricted metal incorporation in 

fibroferrite seems to be connected to a higher distortion of the octahedra compared with other 

iron sulfates (Table 5.1). In addition, a role of the geometry of the O…H bonds of the structural 

water molecules of fibroferrite in “tightening” the octahedra could be involved. The result would 

be a significant prevention of the metal incorporation within the atomic structure of fibroferrite. A 

definite characterization of the O…H bonds of the structural water molecules in fibroferrite has 

yet to be determined. One of the goals of the single-crystal X-ray diffraction study at McMaster 

University and Service Crystallography at Advanced Photon Sources (Chemistry Department, 

IUMSC, Indiana University) was  the determination of the positions of the hydrogen bonds of 

fibroferrite, in order to implement the work already provided by Scordari (1981). The 

determination of the positions of the hydrogen bonds of fibroferrite were inferred. In fact, 

Scordari (1981) obtained the positions of iron and sulphur atoms by the three-dimensional 

Patterson synthesis, which provided enough scattering and allowed the remaining non-hydrogen 

atoms to be relocated by difference. The failure of the present study in finding a single crystal 

suitable for structure determination by X-ray diffraction made the characterization of the 

configuration of the hydrogen bonds of fibroferrite impossible to achieve. As a consequence, a 

comparative review of the literature on four iron sulfates and relative polyhedral parameters 

obtained personally by means of the software XTALDRAW (average bond length, average edge 

length, polyhedral volume, polyhedral angle variance and mean polyhedral quadratic elongation) 

was used (Table. 5.1). The goal was to investigate the reason for the low metal incorporation in 

the atomic structure of fibroferrite in comparison with these other four iron sulfates. The 

structures, hydrogen bonds and polyhedral parameters of fibroferrite, copiapite, coquimbite and 
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butlerite were compared. An additional comparison of the structure and polyhedral parameters of 

amarantite was done (Table 5.1). 
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Table 5.1   List of average bond lengths, average edge lengths, polyhedral volumes, 
polyhedral angle variance and mean polyhedral quadratic elongation for 
ferricopiapite, magnesiocopiapite, fibroferrite, butlerite and coquimbite 
calculated using the software XTALDRAW.  (*) 

 
 

 

Iron sulfate 
Po

ly
he

dr
on

 
Average 

Bond   
Length (Å)

Average 
Edge 

Length 
(Å) 

Polyhedral 
Volume 

(Å3) 

Polyhedral 
Angle 

Variance 
(°) 

Mean  
Polyhedral 
Quadratic 
Elongation

Mg 2.0674 2.9236 11.7758 1.0763 1.0003 

Fe1 2.0055 2.8354 10.7305 4.5184 1.0019 

Fe2 1.9969 2.8230 10.5493 14.9168 1.0044 

S1 1.4733 2.4044 1.6374 7.0829 1.0017 

S2 1.4723 2.4042 1.6372 0.9525 1.0003 

Magnesiocopiapite 
(Süsse, 1972) 

S3 1.4785 2.4142 1.6583 0.5552 1.0002 

Fe1 1.9867 2.8091 10.4130 8.5309 1.0030 

Fe2 2.0118 2.8438 10.7856 15.2837 1.0045 

Fe3 2.0191 2.8539 10.9393 7.1781 1.0030 

S1 1.4739 2.4041 1.6353 14.5588 1.0033 

S2 1.4751 2.4085 1.6453 2.2734 1.0008 

Ferricopiapite 
(Majzlan et al., 

2006) 

S3 1.4907 2.4328 1.6948 9.2488 1.0022 

Fe 2.0076 2.8350 10.7308 12.9196 1.0041 Fibroferrite 
(Scordari, 1981) S 1.4726 2.4044 1.6376 1.9307 1.0007 

Fe 2.0124 2.8467 10.8497 0.9830 1.0018 Butlerite 
(Fanfani et al., 

1971) S 1.4401 2.3516 1.5322 0.5542 1.0005 
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Table 5.1   (continued) 

 
(*) - The angle variance is a measure of the distortion of the intra-polyhedral bond angles 

from the ideal polyhedron (Robinson et al., 1971). It may be defined as: 
 

λ= Σ [(li/lo)2/n] 
 
 
 - The quadratic elongation is a measure of the distortion of bond lengths from the ideal 

polyhedron (Robinson et al., 1971). It may be defined as: 
 

σ2 = Σ[(θi/θo)2/(n-1)] 
 

 

Iron sulfate 

Po
ly

he
dr

on
 

Average 
Bond   

Length (Å)

Average 
Edge 

Length 
(Å) 

Polyhedral 
Volume 

(Å3) 

Polyhedral 
Angle 

Variance 
(°) 

Mean  
Polyhedral 
Quadratic 
Elongation

Fe1 2.0268 2.8649 10.9081 42.0904 1.0127 

Fe2 2.0167 2.8499 10.7715 35.3647 1.0112 

S1 1.4757 2.4090 1.6471 4.1817 1.0011 

Amarantite 
(Süsse, 1968) 

S2 1.4778 2.4128 1.6553 2.0220 1.0006 

Al1 1.9068 2.6966 9.2412 0.7942 1.0002 

Fe2 2.0262 2.8652 11.0768 2.9685 1.0008 

Fe3 1.9934 2.8179 10.5212 9.1125 1.0028 

Coquimbite 
(Majzlan et al., 

2006) 

S 1.4748 2.4082 1.6448 1.7444 1.0007 
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5.1. Comparative review of the literature on the structures and hydrogen bonds of 
fibroferrite, copiapite, coquimbite, butlerite and amarantite 

 

 

5.1.1.  Structure: Fibroferrite 

     Fibroferrite [Fe3+(SO4)(OH)•5H2O] is characterized by hydroxyl-bridged linear chains of 

[Fe3+(OH)2(H2O)2O2] octahedra and SO4 tetrahedra sharing corners running parallel to the c axis 

(Scordari, 1981) (Fig. 5.1). Hydrogen bonds link each of these chains to three neighbouring 

identical chains and structural water molecules occupy the channels between them (Scordari, 

1981) (Fig. 5.1). The ferric iron is octahedrally surrounded by two water molecules, two hydroxyl 

groups and two sulfate oxygen atoms. The average Fe-O distance is 2.01 Å [the longest distances 

are the Fe-Ow bonds (2.06 Å), intermediate values belong to the Fe-Os distances (2.01 Å), 

whereas the shortest are the Fe-OH distances (1.95 Å)]. The bond angles for Fe3+ range from 83.9 

to 97.1°, denoting a distorted octahedron (Scordari, 1981). Each sulfate tetrahedron shares two 

oxygen corners with Fe 3+ octahedra. On the other hand, the other two non-bridging corner 

oxygens, O(2) and O(3), are involved in hydrogen bonds between the chains (Scordari, 1981). 

The non-bridging terminal S-O bonds within the tetrahedron are shorter than the bridging S-O 

bonds (Scordari, 1981). 
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Fig. 5.1  A schematic diagram of the structure of fibroferrite. The structure of fibroferrite 
consists of hydroxyl-bridged {Fe(OH)(H2O)2SO4} spiral chains built of 
[Fe(OH)2(H2O)2O2] octahedra (green) and SO4 tetrahedra (yellow) sharing corners and 
running parallel to the c axis (Scordari, 1981). Pictures obtained by the Program 
ATOMS. 
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5.1.2.  Structure: Copiapite 

     The general formula of copiapite is AFe3+
4(SO4)6(OH)2(H2O)20, where A = Fe2+, 2/3Fe3+, 

2/3Al3+, Mg and Zn. In copiapite, two structural types AL and MG may be distinguished, where 

AL = Al3+, Fe2+, Fe3+ with continuous solid solution  between Al3+ and Fe3+, whereas MG = Mg2+, 

Zn2+ and Ni2+. On the other hand, the series between Mg2+- Al3+, Mg2+- Fe3+ and  Mg2+-Al3+-Fe3+  

are discontinuous (Majzlan and Michallik, 2007) (Fig. 5.2 and Fig. 5.3). If the A site is occupied 

by Fe3+ or Al3+, the condition of electrostatic neutrality requires one third of the A sites to be 

vacant. The presence of these vacancies may cause a re-arrangement of the hydrogen bond 

network (Majzlan and Kiefer 2006 cited in Majzlan and Michallik, 2007, p.556). 
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Fig. 5.2 The structure of magnesiocopiapite (MG structural type) consists of infinite 

tetrahedral-octahedral chains and isolated octahedrally coordinated A sites (Majzlan & 
Michallik, 2007). In blue the Mg octahedra (A site) isolated from the infinite chains 
and connected to them via a network of hydrogen bonds. In green the (Fe1) and (Fe2) 
octahedra, in yellow the (S1), (S2), (S3) tetrahedra, forming infinite octahedral-
tetrahedral chains. Pictures obtained by the Program ATOMS. 
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Fig. 5.3  The structure of ferricopiapite (AL structural type) consists of infinite tetrahedral-

octahedral chains and isolated octahedrally coordinated A sites (Majzlan & Michallik, 
2007). In green the Fe1 octahedra (A site) isolated from the infinite chains and 
connected to them via a network of hydrogen bonds. Also in green the (Fe2) and (Fe3) 
octahedra, in yellow the (S1), (S2), (S3) tetrahedra, forming infinite octahedral-
tetrahedral chains. The main differences between the two structural types are in the 
orientation of the isolated octahedra and the orientation of the sulfate tetrahedra within 
the infinite chains (Majzlan & Michallik, 2007). Pictures obtained by the Program 
ATOMS. 
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5.1.3.  Structures: Butlerite and Amarantite 

 
     In butlerite [Fe3+(SO4)(OH)•2H2O], ferric iron is at the origin of the cell, octahedrally 

surrounded by two water molecules, two hydroxyl groups and two oxygen atoms coordinated by 

two different SO4 groups (Fanfani et al., 1971) (Fig. 5.4). Both the distances connecting the 

cation to the oxygen atoms of SO4 tetrahedra and the hydroxyl groups have an average length of 

1.97 Å. On the other hand, the Fe-O distances are remarkably longer (2.09 Å) (Fanfani et al., 

1971). The distances with the SO4 tetrahedra between S and O linked to other cations are 

considerably longer than those where oxygen atoms only participate in hydrogen bonding 

(Fanfani et al., 1971). 

     In amarantite [Fe3+(SO4)(OH)•3H2O], four of the Fe octahedra form isolated groups which are 

linked by SO4 tetrahedra to form chains along the c axis (Süsse, 1967) (Fig. 5.5). 
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Fig. 5.4 The structure of butlerite consists of [Fe(H2O)2(OH)2O2] coordination octahedra at 
inversion centres connected by opposite OH groups to form an infinite chain along the 
b axis. Ferric ion at the origin of the cell is octahedrally surrounded by two water 
molecules, two hydroxyl groups, and two oxygen atoms belonging to two different 
SO4 groups (Fanfani et al., 1971). In green the [Fe(H2O)2(OH)2O2] coordination 
octahedra, in yellow the SO4 tetrahedra. Pictures obtained by the Program ATOMS. 
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Fig. 5.5 In amarantite Fe3+(SO4)(OH)•3H2O, four of the Fe octahedra form isolated groups 
which are linked by SO4 tetrahedra to form chains along the c axis (Süsse, 1967). In 
green, the (Fe1) and (Fe2) octahedra, in yellow the (S1), (S2) tetrahedra. Pictures 
obtained by the Program ATOMS. 
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5.1.4.  Structure: Coquimbite 

     Coquimbite [Fe2
3+(SO4)3•9H2O] is marked by clusters of six tetrahedra and three iron 

octahedra sharing only corners (Fig. 5.6). Each unit cell contains two centrosymmetrically related 

clusters originating a discontinuous zig-zag chain of S tetrahedra and iron octahedra parallel to 

the c-axis (Fang & Robinson,1970). Hydrogen-bonds connect each cluster to the next one. The 

chains are organized so that channels parallel to a1 and a2 are formed. H2O molecules fill these 

channels. 

     In coquimbite, two different Fe octahedra share O(3) and O(4). Furthermore, the average 

Fe(1)-O distance is 2.006 Å. The related octahedral angles are quite regular (88.1-91.3°). On the 

other hand, Fe(2) is surrounded by three oxygen atoms, three H2O molecules (average Fe-O 

distance 1.990 Å), with the largest angular deviation (84.7-93.6°) (Fang & Robinson,1970). The 

(Al 90, Fe10) octahedron is surrounded by six H2O molecules, where the mean distance is 1.889 Å 

(Fang & Robinson,1970). The related octahedral angles are quite regular (88.6-91.6°). Two 

distinct coquimbite-like structural types exist, with a remarkable difference in the occupation of 

the metal sites by Fe and Al (DeMartin et al., personal communication). The typical and first 

structural type is characterized by three non-equivalent octahedrally-coordinated metal sites. 

The first of these, M(1), is at the center of an isolated M(1)(H2O)6 octahedron. On the other 

hand, M(2) is coordinated entirely by sulfate ions. Finally, M(3) is coordinated by three 

oxygens of the sulfate ions and by three water molecules. Clusters M(2)M(3)2(SO4)6(H2O)6 

made by two M(3)- and one M(2)-centered octahedra and six SO4 tetrahedra, sharing only 

corners, are present. In addition, six “free” water molecules exist. M(1) is occupied 

prevalently by Al, whereas M(2) and M(3) by Fe (DeMartin et al., personal communication). 

The second structural type is marked by octahedrally coordinated M(1) and M(2) sites entirely 

occupied by Fe. The M(1) and M(2) sites are linked exclusively to the oxygen atoms of the 
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sulfate ions. In addition, M(3)(H2O)6 units and “free” water molecules subsist. The M(3) site is 

occupied by Al only. The M(1) and M(2) octahedra share corners with sulfate tetrahedra and 

alternate to form infinite columns along [0 0 1] (DeMartin et al., personal communication). 
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Fig. 5.6  The dominant structural feature of coquimbite is a discontinuous chain, composed of 
alternating Fe octahedra and S tetrahedra, parallel to, and approximately one-half the 
length of the c axis. The syrnmetry causes the chain to be repeated in the upper one-half 
of the cell. The individual chain segments are linked through hydrogen bonds only. The 
geometrical arrangement of the chains gives rise to "channe1s," paralleling the a1 and a2 
axes, which are occupied by water molecules linked to the chains by hydrogen bonds 
(Fang & Robinson,1970). The M(1), M(2), M(3) octahedral are in orange and green, 
respectively. In yellow the SO4 tetrahedra. Pictures obtained by the Program ATOMS.  

 



 

 100

5.2.  Hydrogen bonds 

     In fibroferrite the hydrogen bonds are organized so that Ow(8) and Ow(9) organize double 

hydrogen bonded six sided rings around the three-fold axis. Ow(6) and Ow(9) connect the rings 

to the Fe-O-S chains. Each of OH(5), Ow(9) and Ow(10) gives a hydrogen to one of the two non-

bridging corners of SO4 tetrahedron O(2). On the other hand, one hydrogen is donated to the 

remaining O(3) corner by Ow (6) and Ow (7). The rest of the network of hydrogen bonds is given 

by the interaction of the hydrogen of Ow (10) with O(1) and the remaining protons of Ow(6), Ow 

(7), Ow(8) and Ow(9) with the structural waters (Scordari, 1981). The hydrogen bonds fall in the 

category of weak hydrogen bonds, all the distances exceeding 2.70 Å. As already mentioned, the 

positions of the hydrogen bonds of fibroferrite were deduced based on calculated distances 

beween oxygens and bond-valence considerations. 

     As far as copiapite is concerned, a distinction must be drawn between ferricopiapite (AL type) 

and magnesiocopiapite (MG type). All the hydrogen bonds in ferricopiapite may be classified as 

weak hydrogen bonds, having lengths larger than 2.70 Å (Libowitzky & Beran, 2004 cited in 

Majzlan & Kiefer, 2006, p.1234). The only exception is represented by O15w–D4–O8 (2.56 Å), 

which falls in the category of strong hydrogen bonds (Libowitzky & Beran, 2004 cited in Majzlan 

& Kiefer, 2006, p.1234). The intricate system of hydrogen bonds in ferricopiapite has been 

extensively studied by (Majzlan & Kiefer, 2006). The hydrogen bonding-system in 

magnesiocopiapite remains unknown (Majzlan & Kiefer, 2006). 

     In butlerite, the hydrogen bonds are all weak, having lengths between 2.60 and 2.86 Å. 

     The hydrogen system in coquimbite is quite intricate (Fang & Robinson,1970). In coquimbite, 

a cyclohexane-like chair configuration of the hydrogen-bond pattern in the water molecules was 

recently identified (DeMartin et al., personal communication). The O…H distances within the 

chair are in the range 1.90-1.96 Å.  A lengthening of the interatomic S-O distance occurs when an 
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oxygen atom is also linked to an Fe atom (Fang & Robinson,1970). In coquimbite, the S-O(3) and 

S-O(4) distances are longer than the two oxygens connected only to S (Fang & Robinson,1970).  

 

 

5.3.  Comparison of polyhedral parameters 

     Table 5.1 presents the parameters that describe the dimensions and distortion indices of the 

octahedral site  in the various structures that were studied. Fibroferrite displays an average 

octahedral angle variance of 12.9196°,  much higher compared with the average octahedral angle 

variances of magnesiocopiapite (1.0763°) and ferricopiapite (8.5309°) in the A site. The 

distortion of the octahedral site in fibroferrite is due to a compression (or maybe stretching) along 

the -3 axis, which alters the octahedral angles. The mean octahedral quadratic elongation of 

fibroferrite and ferricopiapite are 1.0041 and 1.0030, respectively. On the other hand, the mean 

octahedral quadratic elongation of  magnesiocopiapite is one order of magnitude lower (1.0003). 

The average octahedral volumes of all these iron sulfates are quite different (going from 9.2412 

Å3 in the M(1) site of coquimbite, to 11.7758 Å3 in the A site of magnesiocopiapite). 

Magnesiocopiapite displays the longest average octahedral bond length (2.0674 Å in the A site). 

Conversely, coquimbite exhibits the shortest average octahedral bond length (1.9068 Å in the 

M(1) site). Similarly, magnesiocopiapite displays the longest average octahedral edge length 

(2.9236 Å in the A site) and coquimbite the shortest (2.6966 Å in the M(1) site). 
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5.4.  Conclusions and future work 

      In copiapite the flexibility of the hydrogen bonds and the presence of vacancies in the A site 

(when occupied by Fe3+ or Al3+) are responsible for the higher metal incorporation. This 

flexibility of the structure is visible even considering the average octahedral angle variances of 

the A site in magnesiocopiapite (1.0763) and ferricopiapite (8.5309) and their mean octahedral 

quadratic elongations (1.0003 for magnesiocopiapite and 1.0030 ferricopiapite respectively). 

Also, in copiapite there are multiple possible sites for substitution whereas in fibroferrite there is 

only one site available. A similar flexibility is clear in coquimbite, displaying two distinct 

structural types, as shown by (DeMartin et al., personal communication) (§ 5.1.4) . On the other 

hand, fibroferrite displays the strongest octahedral distortion (angle variance 12.9196), but very 

little is known about the role of hydrogen bonds in hindering metal substitutions, likewise in 

butlerite. As already mentioned, the failure to determine the positions of the hydrogen bonds of 

fibroferrite prevented an understanding of the role of  the geometry of the O…H bonds of the 

structural water molecules and their role in “tightening” the octahedra, hindering a remarkable 

metal incorporation. A comparison of fibroferrite with copiapite and secondarily coquimbite, 

highlighted the importance of an investigation on the positions and geometry of the hydrogen-

bonds of fibroferrite. In fact, copiapite and fibroferrite are both basic iron sulfates, but copiapite is 

able to incorporate a much larger range of cations, both divalent and trivalent, with a wider range 

of ionic size (Table. 5.2). Copiapite incorporates more Al3+ than fibroferrite. Al3+ and Fe3+ have 

the same charge and comparable ionic size (0.51 and 0.64 Å, respectively). From a theoretical 

point of view, a substitution of Al3+ for Fe3+ should be favoured in the octahedral site of 

fibroferrite. As Jerz and Rimstidt (2003) pointed out, copiapite and fibroferrite derive from a 

process of gradual oxidation of pyrrhotite, followed by the formation of melanterite 

[Fe2+SO4•7H2O]. Copiapite, fibroferrite, or halotrichite would follow. The specific mineral that 
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crystallizes is a function of the local solution composition, relative humidity, and degree of 

oxidation. Fibroferrite is stable at a higher relative humidity percentage than copiapite (63-88 % 

in fibroferrite against 50%-63% in copiapite). On the other hand, from laboratory experiments 

conducted by the aforementioned (Jerz & Rimstidt 2003), at high relative humidities, the Al-

bearing stable sulfate is halotrichite [Fe2+Al2(SO4)4•22H2O]. In other words, a high relative 

humidity would be consistent with two separate mineralogical phases, such as fibroferrite (Fe3+-

bearing) and halotrichite (Al3+-bearing), instead of one incorporating both Al3+ and Fe3+, such as 

copiapite. 

     As far as the other cations are concerned, the structure of fibroferrite seems to be too “rigid” to 

adapt to such a charge and size imbalance that divalent and larger cations (Mg, Ti, Mn, Fe2+, Co, 

Ni, Cu, Zn) could cause (Table 5.2). For instance, Mg (0.66 Å) displays a ionic radius compatible 

with substitutions for Fe3+(0.64 Å), but the divalent charge would cause a charge imbalance. 

Furthermore, the lack of multiple possible sites for substitution in fibroferrite minimizes the 

incorporation of cations such as Ti2+ (0.94 Å), Mn2+(0.80 Å), Fe2+(0.74 Å), Co+2(0.72 Å), 

Ni+2(0.69 Å), Cu+2(0.96 Å) and Zn2+(0.74 Å). On the other hand, Cr3+(0.63 Å) is the only cation 

compatible with substitutions for Fe3+ (Table 5.2) for charge and ionic radius. However, the 

energy dispersive X-ray spectroscopy chemical analyses was unable to provide an understanding 

of the level of incorporation of Cr3+ in the atomic structure of fibroferrite. 

    The subject of future work could be a continuation of the investigation of the geometry and 

positions of the hydrogen-bonds of fibroferrite, in order to understand better this limited metal 

incorporation in the octahedral site of the aforementioned ferric iron sulfate. The use of high 

resolution powder work could help to investigate the hydrogen-bonds. In any case, the preferred 

orientation displayed by fibroferrite would represent a limitation on the achievement of this goal. 
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Table 5.2  Ionic radii of Mg2+, Al3+, Ti2+, Cr3+, Mn2+, Fe2+, 
Fe3+, Co2+, Ni2+, Cu2+ and Zn2+. 

 

Cation Ionic radius 
(Å) 

Mg2+ 0.66 

Al3+ 0.51 

Ti2+ 0.94 

Cr3+ 0.63 

Mn2+ 0.80 

Fe2+ 0.74 

Fe3+ 0.64 

Co2+ 0.72 

Ni2+ 0.69 

Cu2+ 0.96 

Zn2+ 0.74 
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6.  Synthesis experiments 

     The following section covers all the experimental attempts pursued in order to synthesize 

fibroferrite. Once fibroferrite had been synthesized, the original goal would have been the Al–

doping of fibroferrite. The variation of  the cell dimensions of fibroferrite with the increase of the 

incorporation of this cation in the octahedral site would have helped to understand the level of Al-

storage and environmental impact in terms of metal liberation upon dissolution. In fact, once 

dissolved in water, iron sulfates liberate the metals stored in their atomic structure. The choice of 

Al3+  was related to the charge and ionic size compatibility of this cation with Fe3+ (0.51 Å for  

Al3+ versus 0.64 Å for Fe3+). The difficulty personally encountered to rationalize my experimental 

conditions was due to the  fact that fibroferrite belongs to an extremely wide series of hydrated 

iron sulfates, very similar in compositions, stability fields and consequent stoichiometries (Table 

6.1). Furthermore, the restricted laboratory Eh and pH range and the lack of an appropriate aging 

time turned to my disadvantage. Such close similarities between one hydrated iron sulfate and all 

the others and the difficulty to recreate laboratory conditions that could be as representative as 

possible of the extremely varied facets of nature forced me to put myself in the shoes of a 

Medieval Alchemist in search of the Philosopher’s Stone. Sometime, the unpredictability of the 

result  was motivated by the uncertainty and fortuitousness created by the presence of non a 

priori determinable accidental factors. 
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Table. 6.1 Minerals occurring in the system Fe-S-O-H. From  
 (Jerz & Rimstidt, 2003). 

 
System Fe-S-O-H 

Name Formula 

hematite Fe2
3+O3 

goethite Fe3+OOH 
hydrous ferric oxide Fe3+(OH)3•nH2O 
maghemite Fe2

3+O3  (*)  
quenstedtite Fe2

3+(SO4)3•10H2O 
coquimbite Fe2

3+(SO4)3•9H2O 
paracoquimbite Fe2

3+(SO4)3•9H2O  (**) 
kornelite Fe2

3+(SO4)3•7H2O 
lausenite Fe2

3+(SO4)3•6H2O 
hohmannite Fe2

3+(SO4)2(OH)2•7H2O 
metahohmannite Fe2

3+(SO4)2(OH)2•3H2O 
fibroferrite Fe3+(SO4)(OH)•5H2O 
amarantite Fe3+(SO4)(OH)•3H2O 
butlerite Fe3+(SO4)(OH)•2H2O 
parabutlerite Fe3+(SO4)(OH)•2H2O 
bilinite Fe2+Fe23+(SO4)4•22H2O 
römerite Fe2+Fe23+(SO4)4•14H2O 
copiapite Fe2+Fe4

3+(SO4)6(OH)2•20H2O 
ferricopiapite Fe5

3+O(SO4)6OH•20H2O 
melanterite Fe2+SO4•7H2O 
ferrohexahydrite Fe2+SO4•6H2O 
siderotil Fe2+SO4•5H2O 
rozenite Fe2+SO4•4H2O 
szomolnokite Fe2+SO4•H2O 
rhomboclase H3OFe3+ (SO4)2•3H2O 
hydronium jarosite H3OFe3

3+(SO4)2(OH)6 
schwertmannite Fe3+

16O16(OH)12(SO4)2 
 

(*)    Polymorph of hematite 
(**)  Polymorph of coquimbite  
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6.1.  Previous synthesis experiments in the Fe2O3-SO3-H2O system 

     Since the beginning of the twentieth century, various experiments have been conducted in 

order to synthesize ferric iron sulfates. For instance, Cameron and Robinson (1907 cited in 

Posnjak & Merwin, 1922, p.1965) saturated ferric sulfate solutions of various strengths with 

freshly precipitated ferric hydroxide at 25°C for 4 months. Subsequently, Applebey and Wilkes 

(1922 cited in Valyashko, 1997, p.16), Baskerville and Cameron (1935 cited in Valyashko, 1997, 

p.16) performed experiments in the Fe2O3-SO3-H2O system at approximately the same range of 

temperatures (18- 25°C). However, the most elaborate study concerning the synthesis of ferric 

iron sulfates were carried by Posnjak and Merwin (1922). In the aforementioned experiments, 

Posnjak and Merwin (1922) worked at higher temperatures, such as 50, 75, 110, 140, and 200°C, 

respectively. Commercially available reagents with chemical formulae 2Fe2O35SO3•17H2O and 

Fe2O3 4SO3•9H2O were employed by Posnjak and Merwin (1922 cited in Valyashko, 1997, p.16). 

Afterwards, variable amounts of sulfuric acid were added. Mixtures of 25 g or 100 g (when 

extremely diluted) were sealed in a Jena glass tube, in order to maintain a definite equilibrium  

pressure for each temperature and concentration. Each tube was heated in a resistance furnace 

within a steel bomb at a constant temperature of approximately 5°C, for a time period of up to 

several weeks (Posnjak & Merwin, 1922 cited in  Valyashko, 1997, p.16). As a result, a total of 

twelve crystalline phases among basic, normal and acid ferric sulfates were synthesized. The 

following crystalline phases were encountered in this investigation between 50 and 200°C: 

ferricopiapite Fe5
3+O(SO4)6OH•20H2O, hydroniumjarosite H3OFe3

3+(SO4)2(OH)6, butlerite 

Fe3+(SO4)(OH)•2H2O, lausenite Fe2
3+(SO4)3•6H2O, kornelite Fe2

3+(SO4)3•7H2O, coquimbite 

Fe2
3+(SO4)3•9H2O and rhomboclase H3OFe3+(SO4)2•3H2O, but no fibroferrite. It is possible that 

fibroferrite is not stable above 50 °C. In fact, in nature, fibroferrite grows at lower temperatures 

than this. 
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6.2.  Synthesis experiments personally conducted 

     In the attempt to synthesize fibroferrite, several experiments were performed. All the 

experiments and the seven methodologies followed are summarized in Table 6.2, with relative 

starting solution, composition, temperature, pH and X-ray powder diffraction analytical results. 

The powder-diffraction data were collected from 5°- 70°2θ. Cu Kα or Co Kα radiation were used 

(Ni and Fe filtered, respectively), employing a Panalytical X’Perttm theta-theta diffractometer and 

an X’celerator position-sensitive detector provided with incident-and diffracted-beam soller slits 

and 1/2° divergence and 1° anti-scatter slits. The normal-focus  X-ray tube was run at  45 mA, 40 

kV. The profiles were taken with a step interval of 0.0170 (º), with an effective counting time per 

step of 10.3381 seconds. 
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Table 6.2 Summary of the synthesis experiments. Each method, relative starting solution 
composition, temperature, pH, X-ray powder diffraction analytical results and 
goal are explained. 

 

M
et

ho
d 

Starting solution composition 
(ml) 

T 
(°C) pH Goal 

X-ray powder 
diffraction 
analytical 

results 

 
{[Fe2

3+(SO4)]•5H2O+[NH4(OH)]} 
solution 

[NH4(OH)(27%)] 

1 

125 ml 25ml 

22 
÷ 
25 

9 

Creation of an 
initial basic 

solution. 
Crystallization 
of a basic iron 

sulfate 

Mascagnite  
[(NH4)2SO4] 

2 Fe2+(SO4)•7H2O (g) 
H2SO4  
1 mol 
(ml) 

deionised 
H2O 
(ml) 

  

hydrolysis of 
fibroferrite 

from 
melanterite in 
presence of 
very diluted 

H2SO4 

 
2.1 

 
60 (*) 200 250 

22 
÷ 
25 

2  

Rozenite 
[Fe2+(SO4)•4H2O]

2.2 60 (**) 150 600 
22 
÷ 
25 

4.5  Rozenite 
[Fe2+(SO4)•4H2O]

 
(*) The solution was heated, stirred and oxygenated for one night, with the purpose of oxidizing 

Fe2+ to Fe3+. 
(**) The solution was  oxygenated  for one day and one night. 
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Table 6.2   (continued) 
 

 
(§)   The solution was  oxygenated  for one day and one night. 
(§§)   The solution was  heated and oxygenated for  a whole night. 

 

 

 

M
et

ho
d 

Starting solution composition 
(ml) 

T 
(°C) pH Goal 

X-ray powder 
diffraction 
analytical  

results 

2 Fe2+(SO4)•7H2O 
(g) 

H2SO4 
1 mol 
(ml) 

deionised 
H2O 
(ml) 

22÷25 2 

hydrolysis 
of 

fibroferrite 
from 

melanterite 
in 

presence 
of very 
diluted 
H2SO4 

 

2.3 100 (§) 150 160 22÷25 1.5  Rozenite 
[Fe2+(SO4)•4H2O] 

2.4 100 (§§) 5-25 
drops 125 22÷25 3   Rozenite 

[Fe2+(SO4)•4H2O] 
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Table 6.2   (continued) 
 

 
(◊)  One night and half a day in the refrigerator. 

M
et

ho
d 

Starting solution composition 
(ml) 

T 
(°C) pH Goal 

X-ray powder 
 diffraction 
 analytical 

 results 

3 

[Fe2
3+ 

(SO4)]• 
xH2O 

(g) 

H2SO4 
1 mol 
(ml) 

Copiapite 
(g) 

deionised 
H2O 
(ml) 

  

alter the 
temperature 

of 
crystallization 

 

3.1 88 (◊) 20   3.3 1.5  
Copiapite 

Fe2+Fe3+
4(SO4)6 

(OH)2•20(H2O) 

3.2 80 (◊) 20  20 3.3 1.5  
Copiapite 

Fe2+Fe3+
4(SO4)6 

(OH)2•20(H2O) 
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Table 6.2   (continued) 

 

 

 

M
et

ho
d 

Starting solution composition 
(ml) 

T 
(°C) pH Goal 

X-ray powder 
 diffraction 
 analytical 

 results 

3 

[Fe2
3+ 

(SO4)]• 
xH2O 

(g) 

H2SO4 
1 mol 
(ml) 

Copiapite 
(g) 

deionised 
H2O 
(ml) 

  

alter the 
temperature 

of 
crystallization 

 

3.3   9 0.36 3.3 1.5  
Copiapite 

Fe2+Fe3+
4(SO4)6 

(OH)2•20(H2O) 

3.4 40   20 
22 
÷ 
25 

1.5  
Copiapite 

Fe2+Fe3+
4(SO4)6 

(OH)2•20(H2O) 

3.5 10   15 
22 
÷ 
25 

1.5  
Copiapite 

Fe2+Fe3+
4(SO4)6 

(OH)2•20(H2O) 
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Table 6.2   (continued) 

 
(#)  Two nights and three days in the refrigerator. 

 

 
 

M
et

ho
d 

Starting solution composition 
(ml) 

T 
(°C) pH Goal 

X-ray powder 
 diffraction 
 analytical 

 results 

3 

[Fe2
3+ 

(SO4)]• 
xH2O 

(g) 

H2SO4 
1 mol 
(ml) 

Copiapite 
(g) 

deionised 
H2O 
(ml) 

  

alter 
the 

temperature 
of 

crystallization 

 

3.6 (#)  3 20 3.3 1.5  
Rhomboclase 

H5Fe3+O2 
(SO4)2•2(H2O) 
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Table 6.2   (continued) 

 

 

Method Starting solution composition 
(ml) 

T 
(°C) pH Goal 

X-ray powder 
 diffraction 
 analytical 

 results 

[Fe2
3+ 

(SO4)]• 
xH2O 

(g) 

deionised 
H2O 
(ml) 

KI 
in 

solution 
(g) 

KI 
in 
a 

beaker 
(g) 

  

control of the 
dynamic 
relative 

humidity 
(RH%) of 

crystallization 

 

4.1 

140 30 35 17 24 2  
Copiapite 

Fe2+Fe3+
4(SO4)6 

(OH)2•20(H2O)

[Fe2
3+ 

(SO4)]• 
xH2O 

(g) 

deionised 
H2O 
(ml) 

LiCl 
in 

solution 
(g) 

LiCl 
in 
a 

beaker 
(g) 

  

control of the 
dynamic 
relative 

humidity 
(RH%) of 

crystallization 

 

4.2 

140 30 20 15 24 2  
Copiapite 

Fe2+Fe3+
4(SO4)6 

(OH)2•20(H2O)
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Table 6.2   (continued) 

 

 

 

 

M
et

ho
d 

Starting solution composition 
(ml) 

T 
(°C) pH Goal 

X-ray powder 
 diffraction 
 analytical 

 results 

Coq+paraq 
(g) 

Ca(OH)2 
(ml) 

deionised 
H2O 
(ml) 

KI 
in 

solution 
(g) 

KI 
in 
a 

beaker 
(g) 

  

Alteration of 
the pH of 

crystal 
growth by 
means of a 
Ca(OH)2 
solution 

 

5 

2 12drops 12 31 15 3.3 12  Gypsum 
CaSO4•2H2O 

Coq+paraq 
(g) 

deionised 
H2O 
(ml) 

KI 
in 

solution 
(g) 

KI 
in 

a beaker 
(g) 

  

favour the 
incorporation 
of structural 

water 
molecules 

 

6 

2 9 27.7 16.7 24 1.5  
Copiapite 

Fe2+Fe3+
4(SO4)6 

(OH)2•20(H2O)
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Table 6.2   (continued) 

 
(□) The container was left in the refrigerator for approximately three months. 
(□□)  The X-ray diffraction analyses were contucted after  three months from the beginning of 

the experiment. 
 

M
et

ho
d 

Starting solution composition 
(ml) 

T 
(°C) Goal 

X-ray powder 
 diffraction 
 analytical 

 results 

7 py 
(g) 

deionised 
H2O 
(ml) 

KI 
in 

solution 
(g) 

KI 
in 
a 

beaker 
(g) 

 oxidation 
of pyrite  

7.1 2.6 (□) 12 30 15 3.3  Pyrite (FeS2) 

7.2 2.3 (□□) 8 16.3 15 24  Pyrite (FeS2) 
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     The purpose of the first experiment was to create an initial basic solution and cause the 

crystallization of a hydrated basic iron sulfate, by means of the incorporation of hydroxyl within 

the structure. The chemicals employed were ACROS brand [Fe2
3+(SO4)]•5H2O and Goldex brand 

[NH4(OH)]. The hydroxyl liberated from [NH4(OH)] could have combined with the solution of 

[Fe2
3+(SO4)]•5H2O, crystallizing into a mixture of hydrated basic ferric iron sulphate and NH4-

bearing mineral. The relative XRD analyses were conducted ten days later and resulted in 

mascagnite [(NH4)2SO4] (Method 1, Fig. 6.1). 
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Fig. 6.1 Powder-diffraction pattern of the first type of experiments conducted. 
 Mascagnite [(NH4)2SO4]. 
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     The second procedure was based on considerations drawn from Zodrow et al. (1979) on 

hydrated sulfates from coal mines in the Sydney coalfield on Cape Breton Island and on the 

alteration showed by the samples. According to this paper, fibroferrite grows directly from 

melanterite [Fe2+(SO4)•7H2O]. Similarly, Scull (1951) noticed that fibroferrite hydrolizes readily 

from melanterite in the presence of very diluted H2SO4, temperatures  lower than 15°C and pH 

lower than 5. In the same way, in the lower workings of the old Commonwealth Mine in the 

Steamboat Hills, Washoe County, Nevada, gelatinous ferrous sulfate stalactites (up to 40 cm in 

length) and 15 cm long stalagmites were deposited by vadose water descending through the 

oxidized and sulfide zones. Melanterite grew in association with water weakly charged with 

sulfuric acid. Consequently,  fibroferrite formed by the oxidation and hydration of part of the 

melanterite in very diluted acid (Scull, 1951). Fisher brand Fe2+(SO4)•7H2O, H2SO4 1 mol and 

deionised H2O were used for this reason. The obtained solutions were oxidized. Four experiments 

falling into this category were conducted. In all the four procedures the relative solution was 

oxidized by means of air coming from a tube. The goal was the oxidation of Fe2+ into the ferric 

state. The synthesized compound was [Fe2+(SO4)•4H2O] in all the four cases (Method 2, Fig. 6.2). 
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Fig. 6.2  Powder-diffraction pattern of the second type of experiments conducted. 
Rozenite [Fe2+(SO4)]•4H2O. 
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     Chipera et al. (2007) used chemical reagents of known composition [Fe3+-sulfate-5-hydrate 

chemical reagent (CAS 142906-29-4)] in the form of a fine yellow powder and Fe3+-sulfate-

reagent (CAS # 10028-22-5). As a result, they synthesized fibroferrite, roemerite, ferricopiapite, 

coquimbite, kornelite, rhomboclase, mikasaite, and amorphous matter. In order to emulate this 

type of experiment the third method was based on mixtures of Alfa Aesar brand 

[Fe2
3+(SO4)]•xH2O and H2SO4 1 mol. In the case of experiments (3.3) and (3.6), copiapite 

obtained from experiment (3.1) was used, instead of Alfa Aesar brand [Fe2
3+(SO4)]•xH2O, 

(Method 3, Fig. 6.3 and Fig. 6.4). The goal was to investigate the effects of a change of the  

temperature of crystallization, conserving some of the solutions in a refrigerator at 3.3°C. The 

proportions of the ingredients were changed in the course of the experiments in order to alter pH 

and level of hydration. Copiapite Fe2+Fe3+
4(SO4)6(OH)2•20(H2O) and rhomboclase 

H5Fe3+O2(SO4)2•2(H2O) crystallized. 
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Fig. 6.3 Powder-diffraction pattern of the third type of experiments conducted. 
Copiapite Fe2+Fe3+

4(SO4)6(OH)2•20(H2O). 
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Fig. 6.4 Powder-diffraction pattern of the third type of experiments conducted. 
Rhomboclase H5Fe3+O2(SO4)2•2(H2O). 
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     The fourth type of experiments was based on the humidity buffer method. The goal was to 

control the dynamic relative humidity (RH%) of crystallization from ferric iron sulfate solutions 

at room temperature (22-25°C), in accordance with Xu et al. (2009). In fact, ferric iron sulfates 

exhibit path-dependent transitions as a function of the dynamic relative humidity (RH%) (Jerz & 

Rimstidt, 2003;  Xu et al., 2009). Hermetic transparent plastic boxes and an adequate selection of 

relative humidity controlling salts were used for this purpose (Fig. 6.6). Fibroferrite is stable  at 

RH% ranges from approximately 63 to 88% (Jerz & Rimstidt, 2003). In order to promote the 

evaporation required for crystal growth, the necessary relative humidity RH% range had to 

exceed the relative humidity RH% of the laboratory (15-20%). The salts selected should have 

allowed the time for the formation of crystals, avoiding the formation of amorphous matter. The 

Lists of Greenspan (1976) were consulted to select appropriate salts. For this reason, LiCl (RH% 

13%), MgCl2 (RH% 33%), Mg(NO3)2 (RH% 55%), KI (RH% 70%), NaCl (RH% 75%), KCl 

(RH% 86%) and K2(NO3) (RH% 93%) were employed. Three beakers were employed in each 

box. Dry crystals of the chosen salt were put in the first beaker in order to absorb some of the 

humidity arising from the experimental solution. Into the second beaker a saturated salt solution 

was poured. In fact, if a tray of crystals alone is not included, the saturated solution does not have 

enough buffering capacity to maintain a constant humidity. Once all the crystals in the saturated 

solution are dissolved (due to the increased humidity from the evaporation of the experimental 

solution), the crystals in the first tray begin to deliquesce and buffer the humidity in the chamber. 

In the third one, a solution of [Fe2
3+ (SO4)]•xH2O was decanted until a clear red liquid was 

obtained. On each box a hole was created. The hole was sealed by means of a plastic tube closed 

by a cap. The different RH% were measured by means of a humidity probe inserted into the tube 

for around a hour for each box. Only the solutions from the humidity buffer boxes containing KI 

and LiCl crystallized into copiapite Fe2+Fe3+
4(SO4)6(OH)2•20(H2O) (Methods 4.1-4.2, Fig.6.5). 
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Fig. 6.5 Powder-diffraction pattern of the fourth type of experiments conducted. 
Copiapite Fe2+Fe3+

4(SO4)6(OH)2•20(H2O). 
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Fig. 6.6 RH% buffer box of KI. RH% 70% as in (Greenspan, 1976). The three beakers of 
[Fe2

3+(SO4)]•xH2O solution, KI saturated solution and KI are displayed. 
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     The goal of the fifth type of experiments was the alteration of the pH of crystal growth of  

[Fe2
3+(SO4)]•xH2O solution by buffering the solution with a Ca(OH)2 solution. The starting 

material consisted of a mixture of coquimbite + paracoquimbite (Method 5, Fig. 6.7). The 

synthesized compound was gypsum only (CaSO4•2H2O). 
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Fig. 6.7 Powder-diffraction pattern of the fifth type of experiments conducted.  

CaSO4•2H2O. 
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     Further humidity buffer experiments (sixth type) were undertaken starting from a mixture of 

coquimbite and paracoquimbite. The salt employed was KI (RH% 70%), in accordance with 

Greenspan (1976) (Method 6, Fig. 6.8). The procedure followed was analogous to Method 4. 

Instead of a decanted ferric iron solution, in the third beaker a mixture of coquimbite and 

paracoquimbite was put. Coquimbite and paracoquimbite are the ferric iron sulfates 

Fe3+(SO4)3•9H2O. The purpose was to favour the incorporation of structural water molecules at 

favourable RH%. Copiapite Fe2+Fe3+
4(SO4)6(OH)2•20(H2O) crystallized. 
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Fig. 6.8 Powder-diffraction pattern of the sixth type of experiments conducted.  
Copiapite Fe2+Fe3+

4(SO4)6(OH)2•20(H2O). 
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     A seventh type of experiment focused on the oxidation of pyrite. KI was used as humidity 

buffer  similarly to Method 5 and 7 (Method 7, Fig. 6.9). The purpose was to oxidize pyrite, 

promoting the alteration into melanterite and fibroferrite at a favourable (RH% 70%) (Greenspan, 

1976), according to Zodrow et al. (1979) and Jerz and Rimstidt (2003). The experiments were 

conducted at room temperature (24°C) and 3.3°C (in a refrigerator) during a time period of 

approximately four months. No reaction was observed. Only Pyrite (FeS2) and Quartz (SiO2) 

(already present) were detected. 
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Fig. 6.9 Powder-diffraction pattern of the seventh experiment conducted.  
Pyrite (FeS2) and Quartz (SiO2). 
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6.3.  Discussion of experimental results and conclusions 

     All the experiments conducted failed to synthesize fibroferrite. Conversely, other 

mineralogical phases or amorphous matter were obtained. In fact, crystal growth is a complex 

phenomenon, based on both thermodynamic and kinetic factors, such as phase equilibria, 

nucleation, solution supersaturation and atomic scale crystal growth mechanism. Furthermore, 

processes of transport and stability may be involved.  Nucleation may be defined as the process 

for which a small portion of the new phase is able to exceed the energetic barrier preventing the 

growth (Mutaftschiev, 1993). The failure in synthesizing fibroferrite may be due to the 

aforementioned factors and a conjunction of several other reasons. Processes at the atomic scale, 

such as defect creation and annihilation, with formation of metastable phases may be included. 

     As suggested by Zodrow et al. (1979), the aforementioned synthesized mineralogical phases 

seem to be a sort of “precursor” of  fibroferrite, connected to one another by a “genetic 

correlation” characterized by complex relationships of growth mechanics and dynamics. Chipera 

et al. (2008) noticed a green ooze migrating through the snow on the side of a spoil pile of a mill 

at Leadville, Colorado. The obtained sample had separated into a brownish coloured sediment 

and a bright red liquid. The brown sediment was composed of relatively pure fibroferrite. As 

already mentioned, Chipera et al. (2007) synthesized fibroferrite, roemerite, ferricopiapite, 

coquimbite, kornelite, rhomboclase, mikasaite, and amorphous matter. Saturated salt solutions 

were used for this purpose. Chipera et al. (2007) placed the Fe+3-sulfate solution into a -50°C 

freezer, resulting in a quite pliable viscous substance. The difference between the experiments 

taken and Chipera et al. (2007) lies in the drying temperature. In fact, drying temperature from 50 

to 200°C were adopted. These procedures may have enhanced a possible “passage” from one iron 

sulfate phase to another affecting the kinetics of the reaction. Similarly, the differences between 

the experiments conducted by Chipera et al. (2007) and my experimental attempts could lie in a 
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wider Eh and pH range in the former, favouring the oxidation of Fe2+ into the ferric state. 

Conversely, the environmental conditions in which I operated could have prevented the 

aforementioned process. When ferric iron solutions were used, the formation of copiapite could 

represent a metastable phase. The lack of an appropriate aging time could have precluded further 

alteration of this compound. Analogously, in the case of Method 7 (pyrite as starting compound) 

a too short aging time should be evoked. 
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