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Abstract

Identifying the impurities that promote the selection of specific twin laws of gypsum has
relevant implications for the geological studies aimed at interpreting the gypsum depositional
environments both in ancient and modern deposits. However, because of the limited knowledge
of morphological, crystallographic, and optical characteristics of the five twin laws of gypsum,
relatively little has been done to understand which impurities exert a critical role in the selection
of different twin laws and how this may impact our awareness about their occurrence in nature.
Typically, the 100 contact twin law has been the only twin law of gypsum known so far in
nature. Still, some sedimentological-stratigraphic studies suggested this might not be the only
widespread one. In this thesis, we firstly provided a geometric-crystallographic background of
the five twin laws of gypsum, allowing researchers to recognize the twin laws only by the
measurement of 1) their re-entrant angle value and ii) the extinction angle formed between the
two individuals using crossed polarizers in optical microscopy. Moreover, we designed specific
crystal growth laboratory experiments to improve our understanding of different habits and twin
laws of gypsum occurring 1) in a pure system; ii) with and without the addition of carbonate
ions in solution; iii) in the presence and absence of sulfide oxidation. The main results suggest
that the crystal aspect ratio (length/width crystal ratio), the different orientation of primary fluid
inclusions with respect to the twin plane, and the main elongation of the sub-crystals making
the twin, should be a useful tool to distinguish between 100 and 101 twin laws, whose geometry
1s otherwise very hard to distinguish, especially in rock samples. Moreover, gypsum twins
obtained by crystal growth laboratory experiments are compared with those detected in natural
environments and i) the occurrence of the 101 twin law is suggested occurring in evaporitic-
sedimentary environments; ii) the overall chemical species resulting from H,S oxidation in
solution may be involved in triggering the precipitation of 100 contact twins during the

Messinian Salinity Crisis.



The results presented in this thesis 1) describe which among the twin laws of gypsum are
possible in a pure solution and, for the first time, establish a correlation between different
gypsum habits and evaporation rates, so contributing to a better understanding of gypsum
growth morphology in evaporitic environments; ii) provide new insights into the mineralogical
implications of twinned gypsum crystals and their potential use as a tool for a deeper
comprehension of the natural gypsum deposits; iii) may contribute to the debate on the origin
of ancient Salt giants, where 100 gypsum contact twins constitute a typical mineral component,
providing new experimental data and stimulating further research in the field of the sulfur cycle

in sedimentary environments.



Thesis outline and declarations

This work consists of five chapters:

Chapter 1 firstly introduces only the crystal growth basic concepts required to
understand the results described in the manuscript. A complete treatment about
crystallography and crystal growth principles can be found in the excellent textbooks
by Mutaftschiev, 2001; Rigault, 2005; Dhanaraj et al., 2010. Moreover, it also
provides an overview of the literature i) on the equilibrium habit of gypsum crystals;
i1) on the effects of solution chemistry on the crystal growth habit; and iii) suggests
a reason why the study of twinned gypsum crystals has been a challenging task in
recent decades and describes the contribution of this manuscript to the topic.
Chapter 2 contains a brief geometric-crystallographic description of the five twin
laws of gypsum and their identification by means of optical microscopy. Moreover,
it shows which single and twinned habits of gypsum arise from the evaporation of a
pure solution, relating them to different evaporation rates. The first part of Chapter
2 (“Geometric-crystallographic background to identify the different gypsum twin
laws and habits”) reproduces a paragraph of a peer-reviewed publication in J. App!.
Cryst. (Cotellucci et al., 2023a), whereas the second part of the chapter is a
reproduction of a peer-reviewed publication in Cryst. Growth Des. (Cotellucci et al.,
2023Db).

In chapter 3 the effect of calcium carbonate (CaCOs3) on gypsum (CaSO4-2H,0)
growth morphology is described by performing temperature-controlled laboratory
experiments with and without adding carbonate ions. This chapter is a
reproduction of a peer-reviewed publication in J. Appl. Cryst. (Cotellucci et al.,

2023a).



Chapter 4 presents a basic setup to precipitate gypsum from mixing of gaseous H2S
and Ca(OH); solution and by evaporating a Ca*>*-S0%~ rich solution.
Finally, in chapter 5, concluding remarks, and a summary of the results described

in previous chapters, are reported.



CONTENTS

ABSTRACT ....eeeeeeeeeeeeeeeneceeecsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssse 2
THESIS OUTLINE AND DECLARATIONS ....ccovvriiiieiineneneneeennnens 4
CHAPTER 1 .....iiiiiiiiiiiiiiniinieeeeeeeeeeeessesesesssssssssssssssssssssssssssssssssssssans 10
INtrodUCTIiON .cceeeeeeeeeeeeeeeeeeeeeeeneeeeesesssessssssssssssssssssssssssssssssssssssssssssssssee 10
1.1. Background information ............cceeeeccsscsnneccssssnnseccssssssseccssssssssssnes 10
1.1.0. GYPSUM STFUCTUIE ittt ettt s e e e e et e eaba s e e s e e e eeaabaansesseeassensssnnns 10
O O A O Y1y - 1 I Lo g o' 1= SR 11

1.1.3. Periodic Bond Chain theory coupled with computational methods: a

methodological approach to calculate surface energies .......ooooccvviieeeeeiieeccciiieeeee e, 12
1.2. Equilibrium and growth habit of gypsum: the significance of the
on-field-experimental data to improve theoretical models........................ 14

1.3. Different gypsum crystal habits: the main chemical and physical

factors responsible for the morphological variability .........ccccceeeuerricrnnnnes 17
1.3.1. Calcium-SUlfate ratio ......ceeieiiieeieiiiee e 20
1.3.2. The effect of inorganic and organic additives as efficient habit modifier’s......... 21

1.4 Research objectives and main results .........coeieevcercrscnnicsssnnecsssnnecsnnees 22

CHAPTER 2 ...ourrrrennniiiiccisssssssssssssssssssscsssssssssssssssssssssssssssssssssssssss 25

The effect of different evaporation rates on gypsum habit:

mineralogical implications for natural gypsum deposits.............. 25



2.1, INEFOAUCTION eeeeeeeeeeeeeneeeeereeneeeeeereseeesesssssssecessssssssssssssssssssssssssssssssssssses 25
2.2. MaterialS and MEthoOdS...uuuueeeeereeneieeeeeneeceereeneescerreseesseesssssssccsssssssssses 27
2.3. ReSults and diSCUSSIONS .ceeeeeereeereeneereeeeeneeceereeseecessesssssssssssssssssssssssossses 29

2.3.1. Geometric-crystallographic background to identify the different gypsum twin

QWS AN NADITS ..eiiiiiiee e e e e s e e 29
2.3.2. The effect of different evaporation rates on gypsum habit..........cccccccovveeeennenn. 31
2.3.3. Hypothetical morphogenetic mechanism of the asymmetric curvature............. 35

2.3.4. Mineralogical implication: do the “swallowtail” gypsum twins represent
(o L T=T =T a1 AT T N PP 39
2.3.5 The curved gypsum habit: from laboratory experiments to natural environment

40

PR X 001 1 T8 11 K 11) 1 KRN 41

101 contact twins in gypsum experimentally obtained from
calcium carbonate enriched solutions: mineralogical implications

for natural gypsum depoSsits.....eeiicccsccsnnrrccsssssnnnreccssssnssnccssscnssneces 43

3.1, INErOdUCHION ..cccceeecreeissnncssnnecsnnnnsnecssseesssnessssessssessssncssseessssesssssssssssssane 43
3.2. Materials and methods..........ceuueecneeisneecssnencsennsnncssnecsssecssseccssescsnee 44
3.3. Results and DiSCUSSIONS......cccveeereecsseeessreessanecssnecssecssseesssessssessssecssse 45
3.3.1. Gypsum twin growth MorpholOZIES.......eeeiiiiiieiiciirierieeeeecerree e 45
3.3.2. The role of COs? ions in the formation of 101 gypsum contact twin law........... 48

3.3.3. Mineralogical Implications .........coiiiicciiiiiee e 51



3.3.4. Fluid inclusion directions in 101 CONtACt tWINS c..vevvevevereeeeeerererseeeeeereseseseeeeneens 52
R S 601) 1 T4 1) 1 11) 1 WSS 54
CHAPTER 4.....ueeeeeereeneereenncceressccssassesssesssssssssesssssssssssssssssssssssssses 56

Growth of gypsum from sulfide-rich solutions in an abiotic

oxidizing environment: preliminary results.......ccccecceeeeccscccnnereccen 56
4.1.  INtrOdUCHION cccueeeecrieeiisinneecssnneesssnneesssneecsssencsssssecssssnsssssassssssesssssansses 56
4.2. Materials and Methods .........cceevvericivnnicsisnnicsssnnicssssnecssnssessssssessnseenes 57

A N =4 o 1= 4 [ 4 1 1= | 58
4.3. Results and diSCUSSIONS ....cccccerieicrricisnnicsssnnicsssnsecssssnesssnssessssssessassesses 60
72 O 1) 1 T! LT 11 1 RN 63

SUMMARY AND CONCLUDING REMARKS.......cccccevvreecernnes 65

REFERENCES ....cciiiiiiiiiiiiniinnniicinnssnnsticsssssssssnccsssssssssesssssssssssssses 68

APPENDIX A ..riiiiiininnnniiccssssnssnncsssssssssncsssssssssnsssssssssssssssssssssssns 80

Supplementary information to chapter 1 ........ccccoevvvunreiccccccnnneeccen 80

APPENDIX B ...couiiiiiiininnnniiccsssssnsnncsssssssssncsssssssssssssssssssssssssssssssssns 81

Supplementary information to chapter 2 ........ccccevvvvnneeicccscsnnnecccees 81

APPENDIX Cuuuconnirinircsninnsnnenssnnecssnnecssseccssseessssesssssesssssesssssesssssees 87



Supplementary information to chapter 3 .......ccccveeeereiiccccicsscccnnnnns

APPENDIX D uuuuiieiiniincnsniennssnneecsssnneecssssnescsssneesssssssscsssssescsssssssssses

Supplementary material to chapter 4 .......cccooovvvvvuneeereiiccccsssscscnnnnes



10

Chapter 1

Introduction

1.1. Background information

1.1.1. Gypsum structure

Gypsum (calcium sulfate dihydrate, CaSO4-2H>0) belongs to the sulfate mineral class (Dana,
1864) and it is characterized by the presence of the sulfate group (SO37), where sulfur
coordinates four oxygen atoms located at the vertices of a tetrahedron. The structure of gypsum,
firstly determined by Wooster (1936), is composed by layers of SO4 — Ca — SO4 with double
sheets of sulfate groups, separated by water molecules on the 010 crystal planes. The alternation
of the different layers occurs along [010], and each calcium ion is coordinated by eight oxygens
atoms: six belonging to SO4 tetrahedra and two to water molecules (Fig. 1). Moreover, water
molecules are linked to the sulfate layers by hydrogen bonding, which has a relatively weak
energy and thus is responsible for the perfect {010} cleavage of gypsum (Styles et al., 1996).
The repetition of gypsum’s structure in three dimensions follows that of the monoclinic
system, however the assignment of the unit cell is not univocal. In the gypsum structure, the
[010] (=b axis) is determined by identifying the second-order rotation (C> symmetry operation)
whereas in the xz plane (= (010) plane) the unit cell can be described by different nearly
equivalent vectors. Consequently, gypsum was historically indexed in a variety of ways (e.g.,
Cole and Lancucki, 1974; Pedersen and Semmingsen, 1982; Boeyens and Ichharam, 2002).
These different choices are a potential source of confusion and mistakes, as the indexing of
crystallographic planes and directions changes with the reference frame chosen. Hence, the
reference frame used must always be reported. A comparison of these indexing possibilities has
been presented by Massaro et al. (2010) and by Aquilano et al. (2016) (Appendix A; Fig. S1

and Table S1). For the sake of clarity, in this manuscript we adopt the monoclinic C2/c space
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group where a, = 5.63, by = 15.15, ¢, = 6.23 A; a =y = 90° B = 113.50° (de Jong and
Bouman, 1939). Our choice is grounded on two practical reasons:

[.  This frame uses the smallest lattice vectors.

II.  The [001] = z axis coincides with the morphological elongation of the crystals

growing from pure aqueous solution and most natural crystals.

Figure 1 Structure of gypsum projected along the [001]* reciprocal axis.

1.1.2. Crystal forms

Starting from the mother phase (vapor, solution, or melt), nuclei grow developing faces, which
define the habit of the stable crystals. From a crystallographic point of view, a face is identified
by its Miller indices (4k/). The set of all (hk/) faces which can be generated by the point group

operations, is a crystal form {Akl/} that is geometrically represented by a polyhedron (Fig. 2);

e.g., the six faces of a cube, (100), (010), (001), (100), (010) and (001), belong to the crystal
form {100}. Depending on the number of equivalent (4k/) faces (imposed by the multiplicity
of the point group, depending of the general or special nature of the form) and elements of
symmetry involved (e.g., inversion center, rotation of 180°, mirror plane), the polyhedrons of
different crystal forms {Akl} are defined by a specific name (Rigault, 2005). Which among

these forms will be displayed in the equilibrium shape of the crystal is defined by the Gibb-
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Wulff theorem, where the convex polygon made by crystal forms with the lowest surface
energies y; are those exploited to compose the crystal equilibrium shape (Mutaftschiev, 2001;

Dhanaraj et al., 2010).

stable 3D nucleus

; (hkl) face
{hkl} crystal form

Figure 2 Schematic representation of the formation of a 3D nucleus showing its {Akl} crystal

forms.

1.1.3. Periodic Bond Chain theory coupled with computational

methods: a methodological approach to calculate surface energies

A Periodic Bond Chain (PBC), firstly introduced by Hartman and Perdok (Hartman and Perdok,
1955a, 1955b, 1955¢), is an uninterrupted periodic chain of strong bonds between the growth
units (ions, molecules) running along the crystallographic directions defined as [uvw]. Such
directions determine the character of the {Ak/} crystal forms, influencing in this way the
morphology of a crystal (Hartman and Perdok, 1955b). Once the PBC’s are found after
examination of the crystal structure, the faces can be classified into three types: F, S, and K
(Fig. 3). When at least two non-parallel PBCs run within a dux thickness allowed by the space
group of the crystal (dnw represents the interplanar spacing for a family of planes with Miller
indices /hkl), the related {hkl} crystal form has a F (Flat) character. This means that the faces

are flat, growing by lateral extension of growth layers, and their growth rate is low.



13

Consequently, they have a real chance to appear on the final crystal habit. If only a PBC runs
within a dyu thickness, the {hkl} crystal forms have an S (Stepped) character, i.e., each step
develops independently of the parallel neighboring steps. They grow faster than F crystal forms
and normally do not appear on the growth form unless, as we will see later, they are stabilized
by impurities. Finally, when no PBC are found, K (kinked) character, the {hkl} crystal forms
are energetically and kinetically unstable. The growth rate of a K-form is so high that normally
it does not occur on the crystal habit and, when it appears, its existence results either from a
high supersaturation or from an impurity effect.

Once the F, S and K face characters are defined, empirical, semi-empirical, quantum-
mechanical, or molecular dynamics calculations can be performed. These approaches allow us
to thoroughly analyze and classify the intermolecular interactions together with the character
of crystal faces according to the PBC theory, with the final aim of calculating their specific
surface energies y; eventually leading to the prediction of the equilibrium crystal habit (e.g.,

Aquilano et al., 1997; Bruno et al., 2013; Sun et al., 2015).

|

3 |3 8 B & 5 b

B P P P
|

L L | il

Figure 3 Schematic representation of a crystal. Depending on the number of PBCs occurring
within the slice dju, the related {hkl} crystal form can exhibit a F (flat), S (stepped), or K
(kinked) character.
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1.2. Equilibrium and growth habit of gypsum: the
significance of the on-field-experimental data to improve
theoretical models

The equilibrium crystal shape (ES, hereinafter), generally called “equilibrium habit”, is defined
for a crystal in equilibrium with its mother phase (Dhanaraj et al., 2010). Applied to
computational methods, this means in vacuum or solvent medium depending on whether the
computational methods used are complex enough to consider the solid-solvent interaction when
calculating the specific surface energies y; (Massaro et al., 2011; Sun et al., 2015; Khalkhali et
al., 2019). In nature, and mostly in crystal growth laboratory experiments, the equilibrium is
rarely achieved because a closed system or long equilibrium time are required to reach the
equilibrium shape. An example of crystals showing an equilibrium habit are those found in the
geological so-called “geodes” which represent a naturally occurring closed system, whereas
long crystallization geological times in an open system are supposed for meter-sized gypsum
crystals found in Naica (Mexico) (Garcia-Ruiz et al., 2007; Otalora and Garcia-Ruiz, 2014).
All crystals not satisfying these crystallization conditions (overall crystals synthesized through
laboratory experiments) are defined with a growth habit, i.e., the crystal may show energetically
unstable crystallographic forms (Stepped or Kink forms) along with the stable ones (Flat forms).
The first prediction of ES of gypsum goes back up to ‘60s. Simon and Bienfait (1965)
predicted a platy ES, dominated by the {010} pinacoid, the {120} prism and {011} prism but,
as they themselves recognized, their ES was very different from the experimental habit (Simon,
1968) (Fig.4A vs 4C). The disagreement was related to the limitations of the computational
method used to calculate the crystal surface energies y; (Aquilano et al., 2016), where:
I.  The crystal was assumed to be in vacuum, thus solvent interactions were not
considered.
II.  Relaxed interfaces were not considered: atoms and molecules were approximated as

rigidly fixed points in their crystallographic positions in the crystal bulk.
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II.  Only for the theoretically most stable crystallographic forms (Flat forms) surface

energies y; were calculated.

IV.  Extinction rules were not considered in the selection of the candidate forms, and as

a consequence, higher order families of equidistance (i.e., dw/2, dui/3, dui/4,...)
were not taken into account.

After the pioneering work by Simon, many other authors dealt with gypsum modeling,
always improving the computational methods used (e.g., Weijnen et al., 1987; van der Voort
and Hartman, 1991; Heijnen and Hartman, 1991). Up to the 2000s the ES determined by
Heijnen and Hartman (1991) (Fig. 4D) was used as a references among researcher dealing with
gypsum habit investigation because it was the closest to the experimental one (Rodriguez-
Blanco et al., 2007; Pinto et al., 2010; Van Driessche et al., 2010). However, in this period an
important discovery was made. Giant gypsum crystals (up to 11 meter long and 1 meter thick)
were discovered in the Naica mine (Mexico), in the so-called Cuevas de los Cristales. These
crystals are supposed to have grown from an anhydrite-gypsum thermally driven transformation
by a self-feeding mechanism at very low supersaturated solutions, and over a very long time.
To date, their crystal habit is considered as the best natural approximation of the ES of gypsum

(Garcia-Ruiz et al., 2007; Otalora and Garcia-Ruiz, 2014). The single crystal habit is described

as blocky and prismatic, defined by huge {1k0} prisms, {010} pinacoid, and capped by {111}
prism with the {011} form only marginally present (Fig. 4B). The {1k0} prisms are composed
by the {120}, {140} and {160} crystal forms, and the most extended one is the {140} instead
of the {120} (Garcia-Ruiz et al., 2007; Otéalora and Garcia-Ruiz, 2014). This extraordinary
discovery revealed how deep were the discrepancies of theoretical modeling compared to the
evidence. These contradictions stimulated the researchers to perform more accurate
computational calculations than previously known, to bring together theoretical equilibrium

habit with that observed in la Cueva de los Cristales. Aquilano and coworkers re-examined the
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ES of gypsum, finding that a more accurate model for the crystal surface explained all these
features (Massaro et al., 2010, 2011; Rubbo et al., 2011). Using energy minimization methods
and considering surface relaxation, these authors showed that the re-orientation of water

molecules modifies their coordination and the number of unsaturated bonds exposed. The
resulting ES is dominated by four F forms, {010}, {120}, {011} and {111} and smoothed by

four S forms, {100}, {122}, {140}, {180}, demonstrating that the contribution of the surface
relaxation and water-crystal surface interaction are not negligible (Aquilano et al., 2016) (Fig.
4E).

Thanks to this accurate modeling, at the present is proved that blocky gypsum crystals found

in la Cuevas de los Cristales are the best natural representation about the ES of gypsum crystals.

(A) Experimental gypsum habit (B) Habit of natural gypsum mega
(single) crystals in Naica, Mexico

[001]

{120} .

{10} .'

[100]

(C) Simon and Bienfait (1965) (D) Heijnen and Hartman (1991) (E) Massaro et al. (2011)

{011} {011} {140} {130}
{180} ™. :

&011}

(120} {111

{1 26; {100}

{122}
Figure 4 A-B) Geometry of the most common gypsum single crystal habits detected by (A)

crystal growth laboratory experiment and (B) in /a Cueva de los Cristales, Naica (Mexico). C-

E) Selection of the equilibrium morphologies for gypsum, from literature.
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1.3. Different gypsum crystal habits: the main chemical and
physical factors responsible for the morphological
variability

Since the pioneering studies of Lacroix (1893), the different habits of gypsum were believed
to reflect peculiar growth conditions. A better understanding of the environmental factors
responsible for different gypsum crystal habits may have crucial implications for the
interpretation of the origin of the gypsum deposits formed in the geological past. Moreover,
precise control over the habit of gypsum are of tremendous interest in industrial applications,
where gypsum often precipitates forming undesired deposits having potential negative
economic effects on desalination processes (Rosenberg et al., 2012; Reiss et al., 2021; Ramirez-
Garcia et al., 2022).

Depending on the depositional environment, gypsum exhibits different idiomorphic single
and twinned crystal habits. In soils (Jafarzadeh and Burnham, 1992), desert regions (Shahid and
Abdelfattah, 2009) and salt lakes (Warren, 1982; Mees et al., 2012), acicular, tabular-prismatic,
lenticular, and twinned crystals are observed. In marine evaporites, mostly twinned and tabular
gypsum crystals are found (Orti, 2010); in caves and in Badenian evaporitic gypsum deposits,
distinctive curved crystal structures (the so-called ram’s horn and sabre gypsum) are observed
(Wenrich and Sutphin, 1994; Panczner, 1987; Babel et al., 2015), whereas the most spectacular
habits are related to the prismatic meter-sized single crystals and twins of Naica Mine (Mexico)
(Garcia-Ruiz et al., 2007; Otalora and Garcia-Ruiz, 2014) and in the Geode of Pulpi (Almeria,
Spain) (Canals et al., 2019), which grew by an anhydrite-gypsum thermally driven
transformation by a self-feeding mechanism at low supersaturation values (Fig 5).

The acicular habit developed along [001] is the most common and representative of gypsum
habit in a pure system (e.g., Craker and Schiller, 1962; Rinaudo et al., 1985; Montagnino et al.,
2011), whereas tabular-prismatic and lenticular habits are promoted by different growth

conditions, overall, Ca**/S0%~ ratio (Mbogoro et al., 2017; Reiss et al., 2019), and chemical
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composition of the mother solution (e.g., Cody, 1979; Rabizadeh et al., 2017; Reiss et al., 2021).
These variables affect the mechanisms governing the growth of crystal faces (Van Driessche et
al., 2011; Mbogoro et al., 2017; Van Driessche et al., 2019; Criado-Reyes et al., 2020), and
hence, the final habit that crystals show. Twinning is an epitaxial phenomenon that involves a
regular mutual orientation between two (or more) individuals of the same crystal phase: the
Parent (P) and Twinned (T) crystals (Bruno et al., 2022a). Twinned crystals are the result of the
so called “twin operation” (e.g., mirror plane, inversion center), of the crystal structure with
respect to a specific plane: the twin law (Parsons, 2003). Twinning occurs under condition of
supersaturation, where a crystallization unit (an atom or group of atoms) takes an energy such
that a second individual is generated, twinned with respect to the original crystal. This
crystallization unit can be temporarily blocked by subsequent deposition units and then
proceeds to grow, resulting in a second twinned crystal. In terms of their genesis, gypsum twins
are categorized as growth twins, formed during the crystal growth process. Other categories for
twins in any inorganic crystal structure include transformation twins, formed following a phase
transition, where symmetry elements lost in the transition act as twin elements, and mechanical
or gliding twins, which result from structural shear in plastic deformation. Both the oriented
attachment and classical nucleation mechanisms for the formation of growth twins have been
described (Nespolo and Ferraris, 2004). However, experiments are lacking up to date, aimed at
elucidating whether the oriented attachment or the classical nucleation mechanisms are
involved in the formation of gypsum twins. Five different twin laws are possible for gypsum
(Follner et al., 2002) and each twin law is described by a contact and a penetration twin (Rubbo

et al., 2012a, 2012b), hence, at least ten different twinned habits are possible.
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Figure 5 A) Acicular habit from Mexico, Naica (collection of the Turin Natural Science

Regional Museum). B) Tabular-prismatic habit from Canada, Alberta, Chaine Lake (collection
of the Turin Natural Science Regional Museum). C) Lenticular crystals aggregated together to
form the well-known “desert rose” (from Tunisia; collection of the Turin Natural Science
Regional Museum). D) Ram’s horn gypsum from Sicily, Cava di Rocca Chi Parra (collection
of the Turin Natural Science Regional Museum). E) Curved gypsum crystals (sabre gypsum)
from the Badenian succession of Poland F) Blocky-prismatic single crystal from Mexico, Naica
(ph. Juan-Manuel Garcia-Ruiz). G) Prismatic twinned crystal from Red River Floodway,
Winnipeg, Manitoba, Canada, (collection of the Turin Natural Science Regional Museum). H)
Prismatic twinned crystal from Spain, Sorbas (ph. Laura Sanna). I) Giant acicular-prismatic

twinned crystals from Mexico, Naica (ph. Laura Sanna - LaVenta archive).
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1.3.1. Calcium-sulfate ratio

Each gypsum crystal form ({/kl}) is defined by a surface structure and then by a specific surface
energy, consequently each crystal form has its own reactivity toward the mother phase. It
follows that some crystal forms grow faster than others and this different reactivity could
change whether “external” factors change as well. Ca**:S03~ ratio is one of those factors
affecting gypsum kinetics, and thus, the habit (Mbogoro et al., 2017; Reiss et al., 2019); the
exceeding counterion plays the role of a surface specific impurity in the system. At constant
supersaturation, and only by mixing CaCl2:2H20 together with Na>SO4 at different relative
concentrations, Ca*:S02%™ ratio (r= Ca?":S0%" ratio, hereinafter) influences the rate of growth
of the main crystal faces of gypsum. The acicular habit developed along [001] has been
observed for r>1, whereas a tabular habit developed toward both [001] and [100] has been
described for r<<1 (Mbogoro et al., 2017). Further information is provided by Reiss et al.
(2019), who dealt with the investigation of the gypsum habit at constant supersaturation,
varying Ca®":S02Z™ ratio and reproducing solution chemistry close to its natural evaporitic
counterpart (i.e., r>>1, ionic strength>3 and with a broad range of inorganic background
electrolytes dissolved in solution). They observed that low » values produce acicular habits
whereas high » values tabular habits. These results are at the opposite with respect those
reported by Mbogoro et al. (2017), however, we must recognize that the different results
provided by the two authors are not comparable because of the different growth conditions
investigated: in Reiss et al. (2019) the experimental growth conditions are specific for evaporitic
environments, and thus, the cooperative effect among inorganic additives dissolved in solution,
along with different Ca?*:S03™ ratio and high ionic strength, could have modified the reactivity
of crystal forms of gypsum toward the mother solution with respect to simpler growth

conditions performed by Mbogoro et al. (2017).
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To summarize, Ca?":S03™ ratio influences the habit of gypsum crystals and, in the simplest
growth conditions, r>1 produce acicular habit whereas r<l tabular one. However, more
complicated growth conditions can promote a different reactivity of gypsum crystal forms

toward the mother solution and completely reverse this trend.

1.3.2. The effect of inorganic and organic additives as efficient habit
modifier’s

Many crystal growth experiments have been performed to establish which conditions favor
gypsum habits. Acicular gypsum single crystals were observed 1) in a gel medium (Rinaudo et
al., 1985), ii) from the hydration of bassanite (Craker and Schiller, 1962), iii) by evaporation of
Ca2* — SO% rich water solutions at 35°C (Montagnino et al., 2011), just to name a few. Reiss
etal. (2019) observed that saline water with Na*, K*, Mg?*, Sr**, CI', Br" ions in solution reduce
the [001] elongation of gypsum single crystals switching from acicular to tabular habit, and
Rabizadeh et al. (2017) demonstrated that Na*, K*, Li*, and Mg?" ions affect the nucleation,
growth kinetics and habit of gypsum. Na" ions are incorporated into the synthesized crystals,
whereas K*, Li*, and Mg?" ions are only adsorbed on the surfaces. Organic molecules from
green plants’ decomposition promote the lenticular habit (Cody, 1979). Moreover, specific
additives have been used to modify the precipitating morphology of gypsum in desalination
pipelines to prevent them from adhering to the surface of apparatuses. One of the most
important and widely used groups of antiscalant (also called scale inhibitors) is phosphonic acid
derivates. Such antiscalant have phosphonates as functional group which have been reported as
efficient inhibitor for gypsum (e.g., Akyol et al., 2009; Reiss et al., 2020; Prisciandaro et al.,
2022). These additives promote the precipitation of less elongated gypsum crystals with respect
to those precipitated in a pure solution (Akyol et al., 2009; Rabizadeh et al., 2020). Such
morphological modification has been interpreted as due to the negative functional group that
forms complexes with Ca** ions exposed onto crystal surfaces (affecting the crystallization and

morphology of precipitating crystals (Akyol et al., 2009; Rosenberg et al., 2012)), or
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incorporated into the synthesized crystals (Rabizadeh et al., 2020), hence preventing crystal
growth. However, despite their high capacity as antiscalant agents, phosphonate additives are
environmental “unfriendly” because they would cause eutrophication if used in large amounts
(Ramirez-Garcia et al., 2022). To face this problem, “green”, biodegradable polymers have
received increasing interest as a potential substitute of phosphonate additives for water
treatment during scale inhibition (e.g., Popov et al., 2016; Rabizadeh et al., 2019; Ziegenheim
et al., 2021). To the best of our knowledge, poly-carboxylic acids are the most tested and
promising bio-molecules (e.g., Ziegenheim et al., 2021; Ramirez-Garcia et al., 2022). However,
we envisage that the increasing necessity to find always more and more green and efficient
scale inhibitors will bring researchers to expand the type of (bio)molecules tested.

Despite their variability, only two twin laws of gypsum have been observed, both in natural

and laboratory environment and, occasionally, the identification of the twin laws has been
debated. Kern and Rehn (1960), as well as Simon (1968), argued that both 100 and 101

penetration twin laws of gypsum are usual in pure aqueous solution, with the 101 penetration

twin law being the more prevalent of the two, whereas Cody and Cody (1989a) concluded that

the 101 penetration twin law recognized in previous works (Kern and Rehn, 1960; Simon,
1968) were 100 twins instead. On the other hand, it is widely accepted that a-amylase triggers
the precipitation of a peculiar gypsum twin habit similar to those present in the Eocene deposits
of the Paris Basin, the so-called Montmartre twin (Cody and Cody, 1989b; Van Driessche et
al., 2019), and the 100 contact twin law is the most widespread twin law in natural environments

(Orti, 2010; Otélora and Garcia-Ruiz, 2014).

1.4 Research objectives and main results

Even though gypsum has been studied for more than one century, only a limited number of
works focused on gypsum twins. A limited knowledge of the morphological, crystallographic,

and optical characteristics of the five twin laws of gypsum may be at the origin of this gap. This
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would explain i) why the twin laws of gypsum in a pure solution are still debated; ii) why
“swallowtail twin” is the terminology usually used to identify gypsum twinned crystals with a
shape at a first glance similar, avoiding the twin law identification.

To improve our awareness about the occurrence of different twin laws and habits of gypsum
both in natural and laboratory environments, it is required to define i) the main structural-
crystallographic characteristics which differentiate twin laws; ii) some easy and practical tools
for univocally identifying the twin laws. Hence, in these three years of investigation we tried to
fill this gap in knowledge. After a short, but useful, geometric-crystallographic description of
the five twin laws of gypsum and their identification by means of the optical microscopy, we
show specific crystal growth laboratory experiments designed to improve our understanding of
different habits and twin laws occurring 1) in a pure system (chapter 2), ii) with and without
calcium carbonate dissolved in solution (chapter 3), iii) in the presence and absence of H»S
oxidation (chapter 4). Starting from solutions saturated in CaSO4-2H>0 and allowing them to
evaporate at different evaporation rates (chapter 2), we correlated different gypsum habits to

the evaporation rates, contributing to a better understanding of gypsum habits in evaporitic

environments. In chapter 3, the effect of carbonate ions triggering the formation of 101 gypsum
contact twins is described. An epitaxial mechanism between the (100) face of rapidcreekite
(Ca2S04C0O;3-4H>0) and the (010) face of gypsum (CaSO4-2H>0) is suggested to explain the
101 gypsum contact twin formation. Moreover, we compared the natural gypsum twin
morphologies observed in evaporitic environments with those obtained in our experiments and
suggested the occurrence of 101 gypsum contact twins in nature. We claim that the occurrence
of 101 gypsum contact twins in nature is probably more widespread than believed, and it might
be an indicator of high carbonate concentration in brine from which they precipitated. Finally,

it has been shown that the different orientation of primary fluid inclusions (of the negative

crystal-shaped) with respect to the twin plane, and the main elongation of the sub-crystals
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making the twin, are useful tools to distinguish between 100 and 101 twin laws, whose
geometry is otherwise very hard to distinguish especially in rock samples.

Finally, chapter 4 analyzes the different gypsum habits observed both in presence and
absence of sulfide oxidation. The preliminary results suggest that H>S, along with its oxidation
products, may promote the precipitation of 100 gypsum contact twin, and the possible

geological implications of these laboratory experiments are discussed.
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Chapter 2

The effect of different evaporation rates on gypsum habit:
mineralogical implications for natural gypsum deposits

2.1. Introduction

To recognize the effect of impurities on gypsum habit, the impurity-free gypsum habit must be
known. This has been often obtained in the literature by mixing calcium chloride dihydrate
(CaCl2'2H20) or calcium nitrate (Ca(NO3)2) with sodium sulfate (Na;SOs) to produce
supersaturated solutions with respect to calcium sulfate dihydrate (CaSO4-2H>0) (Budz et al.,
1986; Cody and Cody, 1989b; De Vreugd et al., 1994). This approach mostly produces acicular
crystals (Morales et al., 2016; Rabizadeh et al., 2014). Unfortunately, Na" ions affect the
nucleation, growth kinetic and habit of gypsum crystals, and are structurally incorporated into
the crystals through the substitution of Na* for Ca®" ions because of the closest ionic radius of
Na® (1.16 A) to Ca** (1.12 A) (Rabizadeh et al., 2017). Therefore, this synthesis does not reflect
the habit of gypsum grown in a pure system, since it contains sodium chloride or nitrate coming
from reagents.

As already mentioned in chapter 1, other experiments have been designed to obtain gypsum
crystals from a pure solution including: a) the hydration of bassanite (Kern and Rehn, 1960),
and b) the evaporation of a solution saturated in CaSO4-2H>0 (Simon, 1968; Cody and Cody,
1989b). In these experiments, twinned crystals have been commonly detected. However, the
identification of their twin laws has been debated (Cody and Cody, 1989b) because of the
limited knowledge of the morphological, crystallographic, and optical characteristics of the five

twin laws of gypsum. Kern and Rehn (1960), as well as Simon (1968), argued that both 100 and

101 penetration twin laws of gypsum are usual in pure aqueous solution, with the 101

penetration twin law being the more prevalent of the two. On the opposite, Cody and Cody,
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(1989b) concluded that the 101 penetration twin law, recognized in previous works, were 100
twins instead.

To date, the crystallographic growth directions of the five twin laws have been described
and their twinning energies determined (Rubbo et al., 2012a, 2012b). Therefore, we believe that
re-investigating gypsum habit in a pure system is needed, focusing on the identification of twin
laws and their habit descriptions.

Starting from a solution saturated in CaSO4-2H>O, when evaporation occurs gypsum
crystals precipitate. Gypsum precipitation by evaporation is the most common phenomenon in
natural environments, and the most easily reproducible process in laboratory. Moreover, by
modifying the evaporation rate (ER, hereinafter), it is possible to observe whether and how
gypsum habit changes.

Here, we have replicated evaporation experiments, paying attention to the ER; i.e., a pure
solution saturated in CaSO4:2H>0 has been left to evaporate at different ERs. Acicular single
crystals, curved ones, and twins showing the 100 and 101 penetration twin laws have been
observed. Our results, based on the precipitation frequencies, indicate that the occurrence of the
100 penetration twin law decreases with increasing ER, whereas the opposite is true for the 101
penetration twin law. Furthermore, two different habits related to the 101 penetration twin law
have been detected: a “cruciform” habit with a visible compenetration between the parent and
twinned crystals, and a “butterfly” one where the compenetration is not visible. The formation
of 100 and 101 penetration twin laws is also promoted by tannic acids and a-amylase enzyme,
which are commonly found in sedimentary environments (Cody and Cody, 1988, 1989a);
hence, both types of penetration twins may occur in evaporitic-sedimentary environments.
Moreover, the crystals aspect ratio (length/width crystal ratio, AR hereinafter) could potentially

serve as a quick and useful tool for distinguishing between 100 and 101 penetration twins.
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Previous crystal growth experiments associated the curved habit of gypsum with specific
impurities dissolved in solution (Rinaudo et al., 1989; Punin and Artamonova, 2001).
Moreover, our findings suggest that high ER can also promote the curvature, and a homo-

epitaxial mechanism may be involved in the formation of the asymmetric curved habit.

2.2. Materials and methods

CaS042H>0 reagent plus (>99% Sigma Aldrich), and ultrapure water (18 MQ; obtained by
using an Elga Purelab Flex3 water purification system) have been used to prepare a
CaS042H>0 saturated solution at room temperature (20°C). Evaporation experiments have
been performed at 20, 30 and 40°C. The related CaSO4:2H>0 solubility values, as well as the
conductivity, have been calculated using PHREEQC v3.6.3 version (Parkhurst and Appelo,
2013) and the default phreeqc database.

CaS042H>0 saturated solution has been prepared by adding 5.0 g/ of CaSO4-2H>O) to
water, so exceeding the gypsum saturation in pure water (2.54 g/L at 20°C). Then,
CaS042H>O¢s) has been kept stirring in the flask for 15 days, to ensure saturation. Solution
saturation has been verified by conductivity measurements; when the conductivity value does
not change significantly during time, saturation is reached. We have measured 2030 puS/cm as
a stable value, slightly higher than the theoretical one (i.e., 2000 uS/cm). The solution pH was
5.4 and measured with a HANNA HI211 pH-meter. Therefore, the solution has been filtered
using a cellulose filter with a pore size of 0.45 um to remove any CaSO4-2H>O particles.

Four different experimental conditions have been investigated (G1-G4) and for each
condition three replicas have been carried out. The maximum and minimum values of
evaporation rates associated with each experimental condition are given in the main text; see

appendix B (Fig. S1-S4) for the evaporation rate associated with each replica:
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1) In G1, =30 g of solution have been stored in a 5-cm diameter beaker, covered with
a perforated parafilm, and allowed to evaporate at room temperature
(0.022<ER<0.030 gm20/hour).

i) In G2, =30 g of solution have been stored in a 5-cm diameter beaker, without the
parafilm cover, and allowed to evaporate at room temperature (0.072<ER<0.082
gmo/hour).

ii1) In G3, =30 g of solution have been stored in a 5-cm diameter beaker, and allowed to
evaporate in a ventilated oven at 30°C (0.79<ER<1.05 gmo/hour).

v) In G4, =30 g of solution have been stored in a 5-cm diameter beaker, and allowed to
evaporate in a ventilated oven at 40°C (1.59<ER<1.94 gmo/hour).

For each experiment, the ER has been calculated by measuring the weight of the solution at
different times with an analytical laboratory balance, with a precision until the tenth of a
milligram. However, we have considered only the values up to the second decimal place. Due
to evaporation, the third and fourth decimal place did not provide stable values, especially in
G3 and G4 solutions in which the beaker has been, each time, kept out to the oven, the weight
rapidly sampled, and then re-insert into the oven to limit the cooling of the solution.

When the temperature increases, gypsum solubility slightly increases as well, and thus G3
and G4 solutions are slightly unsaturated with respect to CaSO4-2H>0. From 20 to 30°C the
solubility increases by ~0.09 g/L (2.63 g/L at 30°C), whereas at 40°C the solubility increases
by 0.12 g/L (2.66 g/L at 40°C). If we consider the lowest ER among those measured in G3 and
G4 experimental conditions, after 6.8 and 4.5 minutes the saturation is re-reached in G3 and
G4, respectively, corresponding to a loss of 89.5 mg (G3) and 112.5 mg (G4). Hence, increasing
the temperature from 20 to 30 or 40 °C does not modify the solubility of gypsum to the point
of altering the outcomes of our experiments.

Solutions have been allowed to evaporate up to about one half of the sample weight.

Precipitated crystals have been recovered and washed with ultrapure water, dried overnight at
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room temperature, and then analyzed by optical (Olympus BX4 with JENOPTIC ProgResC5
digital camera), and electron microscopy (JEOL-JSM-IT300LV- SEM), equipped with
secondary electrons and backscattered electrons (SE and BSE, respectively) detectors, and
Energy-Dispersive X-Ray spectrometer (EDS).

From the evaporation of the G1-G4 solutions, both single and twinned habits of gypsum
crystals have been obtained. The related twin laws have been identified by measuring the
extinction angle with the optical microscope using crossed polarizers.

Fifty optical images of gypsum twins have been taken, analyzed with ImageJ image
processing software, and their AR calculated (Appendix B; Fig. S5; Table S1-S2). For each
experimental condition, the precipitation frequencies of the different twin laws have been
measured based on eighty twins detected in each replica. The average percentage value of these

measurements is reported in the main text along with the absolute error.

2.3. Results and discussions

2.3.1. Geometric-crystallographic background to identify the

different gypsum twin laws and habits

Due to structural constraints, five twin laws are obtained for gypsum and the P-T individuals
are mutually related by one of the following twin operations: rotation of 180°, mirror plane, or
inversion center (Follner et al., 2002). Each twin law is described by a contact and penetration
twin (Rubbo et al., 2012a, 2012b), thus, at least ten different twin habits are related to gypsum
(Fig. 6). Geometrically, each twin law is characterized by a specific re-entrant angle (Fig. 6).
By measuring its value, we can identify the twin law. However, the 100 and 101 twin laws
have the same re-entrant angle (i.e., 105.02°). Thus, goniometry cannot distinguish these twins
and the formal way to correctly identify the 100 and 101 twin laws require the measurement of
the extinction angle (A) formed between the two individuals, by means of optical microscopy

in crossed polarizers. This angle is 14° and 26° for 100 and 101 twin laws, respectively. Finally,
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a re-entrant angle and an arrowhead at opposite sides indicate a contact twin (Rubbo et al.,
2012a), while two re-entrant angles observed at the opposite twin sides, identify a penetration

twin (Rubbo et al., 2012b).

CONTACT Character of the OcP  PENETRATION Character of the OCP
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Figure 6 Geometry of contact and penetration twins, viewed along the [010] direction of

gypsum. Modified from Rubbo et al. (2012a, b). Twin laws: 100, 101, 001, 201, and 101. The
“character of the OCP” (i.e., the character of the Original Composition Plane) refers to the
crystallographic form {Ak/} where the nucleation of a twinned growth unit occurred. For each
twin law, the re-entrant angle value (0) and the optical extinction angle value (A) have been
reported. The extinction angles (A) were measured having adopted the structure defined by de
Jong and Bouman (1939). The steps followed to measure the extinction angles are reported in
the Appendix B, Fig. S6-S7. Subscripts “P” and “T” identify the two individuals, Parent and

Twinned, making the twin.
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2.3.2. The effect of different evaporation rates on gypsum habit

At slowest evaporation rate (G1 solution: 0.022<ER<0.030 gu»o/hour), single crystals [001]
elongated, 100 and 101 penetration twins have been detected (Fig. 7A-C). The precipitation
frequencies of 100 and 101 gypsum twin laws are as follows: 45.4+1.8% for the 100 penetration
twin law and 54.6+1.8% for the 101 penetration one. When increasing the ER (G2 solution:
0.072<ER<0.082 gm2o/hour), we have obtained the precipitation of acicular crystals, and
twinned crystals showing the 100 and 101 penetration twin laws (Fig. 7A-D). 101 penetration
twin law shows two different habits: the “cruciform” habit with a visible compenetration
between the two individuals forming the twin, already detected in G1 solution (Fig. 7C), and a
“butterfly” one with a not visible compenetration (Fig. 7D). In addition, the precipitation
frequencies of the twin laws slightly changed with respect to the G1 solution: 19.6+3.8% for
the 100 penetration twin law, 75.8+3.8% for the 101 penetration twin law with a cruciform
habit, and 4.6+1.3% for the 101 penetration “butterfly” twin law. At higher evaporation rates
(ER>0.79 gmo/hour) we have obtained the precipitation of acicular crystals, 101 penetration
twin law with butterfly habit, and curved crystals (Fig. 7A, D-F). 100 and 101 penetration twin
law with cruciform habit have not been detected. Curved crystals exhibit both “symmetric”
(Fig. 7E) and “asymmetric” curvature (Fig. 7F). The symmetrically curved habit is
characterized by two main curvatures, at opposite crystal sides, symmetrically related by means
of a rotation of 180° or an inversion center, whereas the asymmetrically curved habit is
characterized by only one main curvature. The occurrence of different gypsum crystal habits,
and precipitation frequencies of twin laws as function of ERs are sketched in Fig. 8.

Based on these findings, the precipitation frequencies of both 100 and 101 penetration twins

depend on the ER, and the 101 penetration twin law can precipitate with two different habits

(Fig. 7C, D), whose precipitation frequency is related to the ER as well. Using the rich statistical
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data on the penetration growth twins described in literature, Rubbo et al. (2012b) calculated the

different habits of penetration twins. They observed that the 100 penetration twins are more

elongated when compared to 101 ones, and thus the AR should be a fast and useful parameter

to distinguish these twin laws. To test this hypothesis, we have measured the AR of fifty 100
and 101 penetration twins (Appendix B, Fig. S5; Table S1). Based on this dataset, only 100

penetration twins have showed an AR>2.51+0.02, whereas exclusively 101 penetration twins

show an AR<1.97+0.01 (Appendix B, Table S2; Fig. 9). In the range 1.97<AR<2.51, aspect

ratio of both 100 and 101 penetration twin laws are measured and thus this range does not allow

to distinguish between the two. Therefore, the AR parameter might be a fast and useful tool to

distinguish between 100 and 101 penetration twins.

The curved habit of gypsum, also known as “bent habit”, has already been reported in the
literature. To our knowledge, two different experimental growth conditions can promote the
curvature in gypsum crystals: diffusion-controlled experiments in the presence of impurities,
and evaporation experiments in the presence of impurities (Rinaudo et al., 1989; Punin and
Artamonova, 2001). The proposed formation mechanism suggests that impurity absorption
triggers structural defect and crack formation in gypsum during crystal growth (Rinaudo et al.,
1989; Punin and Artamonova, 2001). It has been proposed that cracks and defects promote the
nucleation and growth of a new gypsum crystallite with a different crystallographic orientation
with respect to the former crystal; as a result, the overall habit of the aggregated crystals at the
growth front is bent, as shown in Fig. 7E, F. Our experiments reveal another growth attribution
to curved crystals, which occurs when a solution rich in Ca®>" and SO%~ ions rapidly evaporate
without any impurities dissolved. In this case, crack formation may be promoted by high ER.
Importantly, our set of experiments has been conducted at different temperatures, hence the
bending could be related to an increase in evaporation rate, temperature, or a combination of

both. Oddly, the specific effect of temperature on gypsum habit has not been investigated yet.
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Specific and quantitative analyses should be carried out to provide reliable information on the
temperature-gypsum habit relationship. Against the involvement of temperature in promoting
the curvature, we point out that in diffusion controlled growth experiments, curved crystals
have been obtained at room temperature (Punin and Artamonova, 2001), and Rinaudo et al.
(1989) observed the curvature at 25, 35, and 45°C. Moreover, different growth experiments
dealt with gypsum precipitation at temperatures ranging between 5-60°C (although many other
variables were involved), but curved crystals have never been described (Cody, 1976; Cody
and Cody, 1988). Therefore, we can provisionally assume that temperature is not involved in
promoting the curvature, but rigorous analyses are needed.

Finally, it is pivotal to note that the curved habit of gypsum is not only an artefact of crystal
growth of laboratory experiments but is observed in natural environments too (Wenrich and
Sutphin, 1994; Panczner, 1987; Babel et al., 2015). Based on the findings described here, we
suggest considering the evaporation rate as a plausible parameter in promoting the curved habit

in natural environments and overall, in evaporitic settings.



34

'\
[001] \/'[1 00]

Figure 7 Gypsum habits detected in G1-G4 experiments. A re-entrant angle of 105° identifies
both 100 and 101 twin laws; two re-entrant angles at opposite sides identify a penetration twin.
By measuring the different extinction angles of the reported 100 and 101 penetration twins (i.c.,

14° and 26° for 100 and 101 twin law, respectively) we can distinguish the two twin laws.

Subscripts “P” and “T” identify the two individuals, Parent and Twinned, composing the twin.
A) Acicular single crystal. B) 100 penetration twin. C) 101 penetration twin with a cruciform

habit. D) 101 penetration twin with a butterfly habit. E) Symmetrically curved crystal. F)

Asymmetrically curved crystal.
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Figure 9 Distribution of the 100 and 101 penetration twin laws as function of the aspect ratio.

2.3.3. Hypothetical morphogenetic mechanism of the asymmetric
curvature

Intriguingly, in the symmetrically “curved” habit the two curvatures are symmetrically related
by means of a rotation of 180° or an inversion center. Hence, Rinaudo et al. (1989) have
suggested a twin mechanism, promoted by cracks formation, to explain the observed habit.
However, only crystallographic consideration has been carried out, and thus further

computational and experimental analyses should be performed to strengthen this growth model.
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In contrast, the asymmetrically curved habit shown in Fig. 7F cannot be explained by a twin
mechanism because there is not a twin operation related to the growth shape (Klein et al., 1993;
Nesse, 2012). This habit arises from the overlapping of crystals with different orientations (from
8° to 25°) between the direction of one crystal and its neighboring (Fig. 10). To explain this
crystal curvature, a homo-epitaxial mechanism may be involved, where systematic rotations of
the common 2D coincidence cells occur. This growth mechanism does not require a twin
operation. Indeed, in a homo-epitaxial mechanism two or more crystallographic forms {hkl}
and {h’k’l’}, of the same crystal species, can associate in an epitaxial relation without producing
a new twin law (Bruno et al., 2022a). Referred to curved crystals, the crystallographic forms
involved in the homo-epitaxy could be the {010}, {120}, or generally, the {1k0} (Massaro et
al., 2011), considering crystals are compenetrated one each other, therefore crystallographic
forms (not detectable by imaging) could be involved (Fig. 11). We have investigated the 2D
coincidence cells occurring between two 010 planes, by rotating one plane up from 8° to 25°.
Geometrically, we have found that there are many different positions coherent with the
constraints required for epitaxy interaction (i.e., linear and area misfit < 14%) (Table 1)
(Mutaftschiev, 2001). The multitude of 2D coincidence cells satisfying epitaxial constraints
agrees with the angular misfit variety measured on our curved crystals, therefore, a homo-

epitaxial mechanism may be involved in the formation of the asymmetric curved habit.
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Figure 10 A) The angular misfit between the direction of one crystal and its next/previous one
composing the asymmetric curved habit range between 8° and 25°. The reported angular values
should be considered within a confidence interval of about £2°. B) Sketch of the curvature. A
small angular misfit between the direction of one crystal and its neighboring produces the

curved habit.

Figure 11 The crystals composing the curved habit cross one another sharing the {010} and

the {120} crystallographic forms.
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Table 1. 2D coincidence cells of two 010 planes when one plane rotates from 8° to 25°.2

Rotation angle (°) Directions Linear misfit (%) Area misfit (%)

8° [307]=[207] -1.2% 3.5%
[702]=[703] +0.8%

9° [306]=[206] -0.4% <1.0%
[702]=[703] +0.8%

10° [306]=[206] -0.4% <1.0%
[702]=[703] +0.8%

11° [305]=[205] +1.0% ~0%
[702]=[703] +0.8%

12° [305]=[205] +1.0% ~0%
[602]=[603] -1.3%

13° [204]=[104] -1.4% ~16.5%
[501]=[502] -15.2%

14° [204]=[104] -1.4% ~16.5%
[501]=[502] -15.2%

15° [204]=[104] -1.4% ~0%
[401]=[402] -0.5%

16° [204]=[104] -1.4% ~0%
[401]=[402] -0.5%

17° [203]=[103] +2.0% <1.0%
[401]=[402] -0.5%

18° [203]=[103] +2.0% <1.0%
[401]=[402] -0.5%

19° [203]=[103] +2.0% <1.0%
[401]=[402] -0.5%

20° [203]=[103] +2.0% <1.0%

[401]=[402] -0.5%
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21° [203]=[103] +2.0% <1.0%
[401]=[402] -0.5%

22° [305]=[105] -1.5% ~0%
[601]=[603] +1.2%

23° [102]=[002] -9.5% ~2.0%

[102]=[201] +4.2%

24° [102]=[002] -9.5% ~1.0%

[102]=[201] +4.2%

25° [102]=[002] -9.5% ~8.5%

[503]=[700] +0.2%

? Only for a rotation of 13° and 14° the constraints required for epitaxy (i.e., linear and area

misfit < 14%) are not satisfied.

2.3.4. Mineralogical implication: do the “swallowtail” gypsum twins
represent different twin laws?

Gypsum precipitation through evaporation was a common process in ancient sedimentary

basins involved in the evaporitic events that occurred on Earth history (Warren, 2010).

Notwithstanding, 100 and 101 penetration twins have never been identified in the sedimentary
successions deposited in response to these dramatic modifications of basinal hydrologic
balance. These complex chemical environments — rich in organic and inorganic compounds
deriving, for instance, from both planktonic and benthonic biological activity (Dela Pierre et
al., 2015; Pellegrino et al., 2021; Natalicchio et al., 2022) — may have selected different twin
laws of gypsum with respect to the 100 and 101 penetration ones. However, crystal growth
experiments claim that specific organic molecules commonly found in sedimentary
environments (tannic acid, deriving from the decomposition of leaves; a-amylase, an enzyme

excreted into soils and water by bacteria, fungi, algae, plant roots) promote the formation of

100 and 101 penetration twin laws (Cody and Cody, 1988, 1989a). Therefore, there is
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apparently no valid reason why 100 and 101 penetration twins cannot be observed in modern

and ancient sedimentary successions. We propose that 100 and 101 penetration twins have been
observed in nature but inappropriately defined as “swallowtail twins”, which is the terminology
commonly used to identify gypsum twinned crystals with a shape at a first glance similar.
Therefore, we strongly suggest improving the identification of the different gypsum twin laws
observed in nature, as they may serve as proxy for the chemistry of the original water from
which gypsum precipitated, hence, contributing to the interpretation of the gypsum depositional
environment in ancient deposits.
2.3.5 The curved gypsum habit: from laboratory experiments to
natural environment

The naturally occurring curved gypsum crystals are commonly called ram’s horn gypsum,
described in cave environments (Fig. 5D; Wenrich and Sutphin, 1994; Panczner, 1987) and
sabre gypsum observed in ancient gypsum deposits (e.g., Badenian gypsum of eastern Europe;
Fig. SE; Babel et al., 2015)

Ram’s horn gypsum habit is described as an aggregate of parallel acicular crystals that lie
in the curving plane showing different orientations (Wenrich and Sutphin, 1994; Panczner,
1987). This description agrees with the curved habit obtained in our experiments. This
morphological affinity makes the exploration of the ram’s gypsum formation particularly
interesting. Redox reactions related to the sulfur cycle can occur in caves: the oxidation of
hydrogen sulfide (H2S) to sulfuric acid (H2SO4) and subsequent limestone dissolution is
responsible for the sulfuric acid speleogenesis (SAS) and sulfur speleothems formation. This
process produces Ca?* — SO% ™~ rich waters undersaturated with respect to gypsum (Engel et al.,
2004). Consequently, subsequent evaporation of Ca?* — SO3™ rich waters produced by SAS in

caves may generate the ram’s horn gypsum habit. The appropriate evaporation rate required to
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trigger ram’s horn gypsum precipitation might be generated by the constant air flows often
characterizing cave environments (Badino and Chignola, 2019; Gomell and Pflitsch, 2022).
Sabre gypsum crystals have been described in Badenian (Miocene) evaporitic deposits of
Eastern Europe (Babel et al., 2015). The unidirectional curvature of the crystals was interpreted
as a consequence of flowing brines, causing the preferential growth of crystal faces upstream
(Babel and Becker, 2006). However, other factors can promote the curved crystal habits. As
already hypothesized for ram’s horn gypsum, a transient increase in the evaporation rate of
Ca?* — S03~ rich waters - ubiquitous phenomenon in evaporitic environments - may be

involved in the formation of curved habit.

2.4 Conclusions

The effect of evaporation rate on gypsum habit has been investigated by carrying out four
batches of experiments at four different evaporation rates: different gypsum habits as a function

of evaporation rates have been detected.
By increasing the evaporation rate, the formation of the 101 penetration twin law is favored

with respect to the 100 penetration one, and the 101 penetration twin law can occur with two

different habits whose precipitation frequencies are related to the evaporation rate as well.

Previous experiments disclosed the formation of 100 and 101 twinned gypsum crystals in the
presence of organic molecules characteristics of sedimentary environments (Cody and Cody,
1988, 1989b). Consequently, these twin laws can be detected in evaporitic-sedimentary
environments. Aimed at favoring researchers to identify the twin laws of gypsum crystals, we
have proposed the measurement of crystal aspect ratio (length/width crystal ratio) as a potential
fast and useful tool to distinguish between 100 and 101 penetration twins.

At higher evaporation rates (ER>0.79 gnxo/hour) curved crystals exhibit both “symmetric”
and “asymmetric” curvatures. Based on crystallographic considerations, Rinaudo et al. (1989)

suggested a twin mechanism may promote the symmetric curvature, whereas we have
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hypothesized a homo-epitaxial mechanism for the asymmetric one. Moreover, until today, the
crystal curvature has been related with impurities absorption (Rinaudo et al., 1989; Punin and
Artamonova, 2001), but another growth attribution has been here documented, independent
from the chemical environment and only related to supersaturation. Based on these findings,
we raised the question whether the curved gypsum habits observed in natural environments may
be generated by the rapid evaporation of Ca?* — SO%™ rich waters.

To summarize, these experimental findings provide the first evidence of different gypsum
habits as a function of evaporation rates in a pure system. Acicular single crystals, curved
crystals, 100 and 101 penetration twins are the habits detected. When the effect of additives on
gypsum habits is explored by performing crystal growth experiments, and when different
gypsum habits are analyzed in evaporitic environments, this wide array of habits should be

considered.
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Chapter 3

101 contact twins in gypsum experimentally obtained
from calcium carbonate enriched solutions: mineralogical
implications for natural gypsum deposits

3.1. Introduction

Gypsum twins are frequently observed in nature triggered by a wide array of impurities which
are present in their depositional environments and may exert a critical role in the selection of
different twin laws. Identifying the impurities able to promote the selection of specific twin
laws has relevant implications for the geological studies aimed at interpreting the gypsum
depositional environments in ancient and modern deposits.

Recently, an epitaxial relationship between the {010} pinacoid of gypsum and the {10.4}
rhombohedron of calcite (Ruiz-Agudo et al., 2016; Aquilano et al., 2022) has been
demonstrated. Therefore, the effect of carbonate anions — ubiquitous in evaporitic environments
- on the habit of gypsum crystals deserves further investigation. Consequently, the main goal
of this part of the work is to explore the effect of calcium carbonate (Ca-carbonate, hereinafter)
on gypsum habit by performing temperature-controlled laboratory experiments from aqueous
solutions in the presence of calcium carbonate, comparing it with the pure calcium sulfate
system. Our results indicate that an aqueous solution saturated in Ca-carbonate promotes the
precipitation of twinned gypsum following the 101 contact twin law. This is the first evidence
of the effect of Ca-carbonate as a specific impurity promoting the formation of the 101 contact
twin law. To support the formation of this twin law, we must stress that a mixed phase
carbonate/sulfate called rapidcreekite was detected as a precursor in gypsum precipitation when
carbonate species are dissolved in solution (Bots, 2011). The structural affinities between

gypsum and rapidcreekite suggest that this latter could act as a precursor of gypsum via an

epitaxial mechanism, promoting the formation of the 101 gypsum contact twin law.
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Finally, we propose that the orientations of the negative crystal-shape of primary fluid

inclusions (FIs) with respect to the twin plane and the main elongation of the sub-crystals

making the twin, are a useful tool to distinguish between 100 and 101 twins, which can be

relevant for the interpretation of ancient gypsum deposits.

3.2. Materials and methods

CaS04-2H>0 reagent plus (=99% Sigma Aldrich), CaCO3; ACS reagent (> 99% powder, Sigma-
Aldrich), and ultrapure water (18 MQ; obtained by using an Elga Purelab Flex3 water
purification system) were used to prepare 1) a CaSO4-2H>O saturated solution (G1) and ii) a
CaS042H>0O — CaCOs saturated solution (G2). Both G1 and G2 were saturated at 40°C. A
cryo-compact Julabo circulator (CF31 series) was used to keep the solution at 40°C. Solubility
values of CaSO4:2H>0 at 40°C and 4°C were calculated using PHREEQC v3.7.3 version and
the default phreeqc database.

G1 was prepared by adding solid CaSO4-2H>0 in amounts exceeding the saturation in pure
water at 40°C (i.e., 2,66 g/L). G2 was prepared by adding CaSO4-2H>0 in amounts exceeding
its saturation in pure water at 40°C, to a solution already saturated with Ca-carbonate. Under
these conditions, the surplus of CaCOs3 and CaSO4-2H>O was kept stirring in the flask for 15
days to ensure that saturation had been reached.

The pHs of G1 and G2 were 5.6 and 7.8, respectively. The pH of G2 is higher with respect
to that of G1 due to the basic hydrolysis of carbonate ions. pH measurements were carried-out
with a HANNA HI211 pH-meter.

Before the crystallization experiments, G1 and G2 were vacuum filtered in a beaker pre-
heated to 40°C, to avoid rapid crystal precipitation, using a cellulose filter with a pore size of
0.45 pm to remove larger pre-existent CaCO3 and CaSO4-2H0 particles.

100 mL of G1 and G2 were put in a refrigerator set at 4°C for 30 days, in closed flasks to

avoid evaporation. The gypsum precipitation was achieved through different CaSO4:2H20 —
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CaCOs solubilities as a function of temperature. Indeed, lowering the temperature from 40 to
4°C determines a decrease in gypsum solubility — from 2.66 g/L to 2.29 g/L. — and an increase
in CaCOs solubility (Plummer and Busenberg, 1982; Coto et al., 2012). Thus, Ca-carbonate
minerals do not precipitate whereas both nucleation and growth of gypsum crystals occur.
Crystals were washed with ultrapure water, dried overnight at room temperature, and then
analyzed by optical (Olympus BX4 with JENOPTIC ProgResC5 digital camera), and electron
microscopy JEOL-JSM-IT300LV- SEM, equipped with a secondary (SE), backscattered

electron (BSE), and an Energy-Dispersive X-Ray spectrometer (EDS).
3.3. Results and Discussions

3.3.1. Gypsum twin growth morphologies

From the G1 solution (saturated in CaSO4:2H>0) we obtained the precipitation of 1) acicular
single crystals [001] elongated (Fig. 12A); ii) 100 penetration twins with the two re-entrant
angles developing along [001] and [001] (Fig. 12B); and iii) 101 penetration twins with the
two re-entrant angles developing along [101] and [101] (Fig. 12C).

From G2 solution (saturated both in CaSO4-2H>0O and CaCOs3) we obtained the precipitation
of acicular crystals, 100 penetration twins and 101 penetration twins (described above in G1
solution), and a new twin morphology. Fig. 13A shows a twin characterized by a re-entrant
angle of 105°, and an optical extinction angle of 26° measured by means of optical microscopy
(see Appendix C, Fig.S1, for the optical microscopy image). Moreover, a re-entrant angle at
one side and an arrowhead at the opposite twin side are clearly identified. These features
identify the 101 contact twin law.

Both 100 and 101 twin laws show the same value of the re-entrant angle. However, the sub-
crystals composing 100 contact twins grow parallel to the twin plane (Otalora and Garcia-Ruiz,

2014), whereas in 101 contact twins the main elongation of sub-crystals is oriented obliquely
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with respect to the twin plane (Fig. 13). Therefore, we propose that the main elongation of the
sub-crystals (making the twin) with respect to the twin plane is a useful tool to distinguish
between 100 and 101 contact twins, especially on natural samples whose optical extinction
angle is often difficult to measure.

Moreover, the multiplicity of the gypsum twin operations is 2 (rotation of 180°, mirror plane

or inversion center) and thus each twin law is composed of only two sub-crystals. In contrast,
the experimentally obtained 101 contact twins show many sub-crystals making the twin (Fig.
13A). To explain this intriguing habit, a plausible mechanism might be the following: when the
first 101 contact twin is formed - composed only by two sub-crystals - its re-entrant angle is
the most reactive site during growth, and thus a new 101 contact twin can statistically nucleate

and grow in this position. This mechanism repeated several times generates a multi-laminated

twin as shown in Fig. 13.
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Figure 12 Gypsum crystals precipitated from G1 solution. A) Acicular gypsum single crystals.

B) 100 penetration twin. C) 101 penetration twin.
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Figure 13 A) 101 gypsum contact twin precipitated from a solution saturated in Ca-carbonate

and calcium sulfate dihydrate (G2 solution). B) Schematic representation of the 101 gypsum

contact twins obtained in G2 solution.

3.3.2. The role of CO3* ions in the formation of 101 gypsum contact
twin law

Rapidcreekite is a rare hydrated Ca-sulfate—Ca-carbonate compound (CaS04CO;3-4H>0)
found in association with gypsum and other carbonate minerals (Bots, 2011; Avdontceva et al.,
2021). It 1s composed of layers of Ca — SO4— Ca — COs with each Ca-site coordinated by COs,
SO4and two H>O groups (Cooper and Hawthorne, 1996). It belongs to the orthorhombic Pbcn
space group and its unit-cell parameters are ap=15.49; bo=19.18 and co=6.15 A; a=p=y=90°
(Roberts et al., 1986; Cooper and Hawthorne, 1996; Avdontceva et al., 2021).

Due to the chemical and structural affinities between gypsum and rapidcreekite structures,
Cooper and Hawthorne (1996) suggested a new formation mechanism for gypsum twins. They
realized that the replacement of half the sulfate groups in gypsum produces the formula of the
rapidcreekite.

The resulting structure contains alternating sulfate and carbonate layers, and the sulfate

groups in the alternate layers are rotated by 180° with respect to the previous one (Fig. 14).
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Interestingly, the 180° rotation occurs along the [101] direction in our gypsum indexing,

matching with the growth direction of the re-entrant angle in 101 gypsum twins.

Moreover, gypsum crystallization affected by carbonate species in solutions was studied by
Bots (2011) through in situ time resolved crystallization experiments using wide angle
synchrotron X-ray scattering (WAXS) (I22 beamline (SAXS/WAXS) at Diamond Light

Source). He observed that rapidcreekite is an intermediate product in gypsum formation.

These results agree with our experimental observations about the precipitation of 101
contact twins in carbonate-rich environments.

We investigated the 2D lattice coincidences between the {100} form of rapidcreekite and
the {010} form of gypsum (Table 2). Both calculated linear and area misfits satisfy the
constraints required for epitaxy interaction (i.e., linear and area misfit < 14%) (Mutaftschiev,

2001), allowing to the consider of rapidcreekite as a precursor in gypsum precipitation via an

epitaxial mechanism, promoting the formation of the 101 contact twin law. Indeed, epitaxial
growth is an acknowledged phenomenon responsible for triggering different growth
morphologies (Kellermeier et al., 2012; Bruno et al., 2022a), and polymorphs even if metastable
phases are involved (Bruno et al., 2022b). The host phase forms a nanometre-thick intermediate
structure whose faces act as the epitaxy substrate of the stable crystal, as reported in previous
research where epitaxial relationships between two phases were investigated (Bruno et al.,

2022a, 2022b).
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Figure 14 Projected structure of rapidcreekite perpendicular to (100) plane. It provides
evidence that twinning in gypsum structure can be due to the presence of rows of carbonate
groups (black dotted line). Atoms are identified with the following colors. Green: calcium;

yellow: sulfur; red: oxygen; grey: carbon; white: hydrogen.

Table 2 2D lattice-coincidences between the {100} form of rapidcreekite and the monoclinic

{010} gypsum form.

Rapidcreekite (100) Gypsum (010) Geometric misfit (%)
[012]=22.78 A 4x[100]=22.52 A -1.14%
[001]=6.15A [101]=6.52 A +5.67%

2D Area=118.23 A? 2D Area = 128.59 A? +8.0%
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3.3.3. Mineralogical implications

Marine and lacustrine waters from which gypsum precipitates are rich in carbonate in its

different species. Therefore, it is relevant to explore if the 101 gypsum contact twins have been
observed in these evaporitic environments. Gypsum crystals occur in evaporitic environments
with three different contact twin habits:

i) Prismatic habit (Fig. 15A) (Reid et al., 2021) with a re-entrant angle value ranging
between 100-105° and sub-crystals parallel to the twin plane. These features identify the 100
twin law.

i1) Tabular habit (Fig. 15B), (Costanzo et al., 2019; Natalicchio et al., 2021), with a re-
entrant angle value ranging between 100-105° and sub-crystals parallel to the twin plane (Bigi
et al., 2022). Thus, the crystal follows the 100 twin law as shown in Fig 15A, but it is
characterized by a different habit.

ii1) Multi-laminated habit (Fig. 15C), commonly called “Christmas tree” (Rodriguez-
Aranda et al., 1995). In Fig. 15C the re-entrant angle value range is 98-101°, closer to the re-
entrant angle value of 105° related to the 100 and the 101 gypsum twin laws.

Five twin laws are allowed for the gypsum structure (Follner et al., 2002), consequently
only five re-entrant angle values are possible. However, it is reasonable to assume that in the
natural environment gypsum crystals may be subjected to physical processes that may result in
a deviation from the theoretical value of the twin law re-entrant angle, as demonstrated by
natural gypsum twins shown in Figure 15.

Interestingly, in Fig. 15C the habit is composed by many specular and bladed individuals
obliquely elongated with respect to the twin plane like the 101 contact twins detected in G2

solution. The [001] direction (c-axis) is parallel to the elongation of the sub-crystals composing
the twin; the same crystallographic directions describing 101 contact twins detected in G2 are

obtained. Therefore, we propose that the 101 gypsum contact twins, observed in the
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crystallization experiments from solutions saturated in Ca-carbonate, are present in geological

evaporitic environments. The high carbonate content in brine from which evaporites

precipitated could have promoted the formation of this gypsum habit.

Figure 15 Examples of natural gypsum contact twins in modern and ancient evaporitic
environments. A) cm-sized gypsum twin from the Atacama Desert (Chile). B) cm-sized
Messinian selenitic gypsum from Piedmont basin (Italy), (courtesy of Marcello Natalicchio).
C) meter-sized Messinian selenitic gypsum from “Vena del Gesso Romagnola” (Italy),
composed of many sub-crystals obliquely elongated with respect to the twin plane (courtesy of

Piero Lucci).

3.3.4. Fluid inclusion directions in 101 contact twins

Fluid inclusions (FIs) are small droplets of fluid trapped in minerals during their growth from
the fluid phase: hence, rapid crystal growth events can result in polyhedric, dendritic or irregular
FIs (Roedder, 1984; Bodnar, 2004). However, after trapping, processes of recrystallization
generally termed “necking down” start to reduce the high surface energy of the Fls, especially
in soluble minerals (Roedder, 1984; Bodnar et al., 1985; Vityk et al., 2000). The final result of
such a necking down is the formation of FIs morphologies reflecting those of the host mineral
(Goldstein and Reynolds, 1994) at equilibrium with its mother solution, i.e., they represent the

negative-equilibrium shape (ES) of the host crystal.



53

In the 100 gypsum twins, where the two individuals forming the twin grow along [001]
direction (Otalora and Garcia-Ruiz, 2014; Costanzo et al., 2019), the primary FIs show a

negative-ES elongated along the [001] direction parallel to the twin plane (Goldstein and

Reynolds, 1994; Bigi et al., 2022) (Fig. 16A). In contrast, in 101 twins the [001] direction is
oriented obliquely with respect to the twin plane, and thus, FIs negative-ES should develop
obliquely with respect to the twin plane as well (Fig. 16B). To assess this hypothesis, optical

microscopy has been used to observe FIs in millimetre size gypsum crystals belonging to the

101 twin law (Fig. 17). The crystal shown in Fig. 17 is one of those synthesized by Kriiger et
al. (2013). Fig. 17 shows FIs grown along [001] direction, oriented obliquely with respect to
the twin plane and the growth direction of the re-entrant angle. Thus, the different orientations

of the primary FIs negative-ES with respect to the twin plane is a useful tool to distinguish
between the 100 and 101 twin laws.
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Figure 16 A) The 100 twin law, with fluid inclusions parallel to the twin plane. B) The 101

twin law, where inclusions are always oriented parallel to [001] direction of single crystals, but

obliquely in respect to the twin plane.
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Figure 17 Fluid inclusions in 101 twins are elongated along [001] and oriented obliquely with
respect to the twin plane. Subscripts “P” and “T” identify the two individuals, Parent and

Twinned, making the twin.

3.4. Conclusion

In this work, the effect of Ca-carbonate on the gypsum habit was studied by carrying out
temperature-controlled laboratory experiments. Starting from two aqueous solutions saturated
at 40°C in CaS042H>0 (G1) and in CaSO42H>0 — CaCOs3 (G2), gypsum has been obtained
decreasing the temperature from 40 to 4°C.

We observed that Ca-carbonate triggers the formation of 101 gypsum contact twins. An

epitaxial mechanism between the (100) face of rapidcreekite (Ca2S0O4CO3-4H>0) and the (010)

face of gypsum (CaSO4-2H,0) is suggested to explain the 101 gypsum contact twin formation.

Both the atomic and energetic levels of this mechanism will be discussed in detail in a
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forthcoming paper. Furthermore, when comparing the different gypsum twin morphologies
observed in evaporitic environments with gypsum twins obtained in our experiments, we claim
that the occurrence of 101 gypsum contact twins in nature is probably more common than
considered, and it could be an indicator of high carbonate concentration in brine from which
they precipitated. Finally, it has been shown that the different orientation of primary FIs
negative-ES with respect to the twin plane, and the main elongation of the sub-crystals making
the twin, are a useful tool to distinguish between 100 and 101 twin laws.

Summing up, the results should help make better use of the twin laws observed in gypsum

in ancient sedimentary successions as a proxy for the chemistry of the original brine.
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Chapter 4

Growth of gypsum from sulfide-rich solutions in an abiotic
oxidizing environment: preliminary results

4.1. Introduction

The 100 gypsum contact twin is a widespread gypsum twin law found in ancient giant saline
deposits (the so-called Salt Giants), such as those formed during the middle (Badenian) and late
Miocene (Messinian) in the central Paratethys and Mediterranean basins, respectively (e.g.,
Babel, 2004; Orti, 2010), in response to dramatic evaporitic events (e.g., Hsli, 1972; Peryt,
2006) and for which no modern analogues exist. Intriguingly, in the case of the Mediterranean
gypsum deposits, formed during the late Miocene Messinian salinity crisis (e.g., Krijgsman et
al., 1999), the precipitation of gypsum by only strictly physical factors (Hsii et al., 1973) is
under debate (e.g., Dela Pierre et al., 2015; Carnevale et al., 2019; Pellegrino et al., 2021).
Indeed, remains of sulfide-oxidizing bacteria associated with small crystal aggregates of iron
sulfide (pyrite), and related polysulfide, have been recognized in the euhedral 100 contact twins
observed in the Messinian gypsum deposits (Dela Pierre et al., 2015; Schopf et al., 2012). This
discovery has been interpreted as an indication of an active bio-geochemical cycle of sulfur in
the solutions from which the gypsum precipitated (Aloisi et al., 2022; Guibourdenche et al.,
2022). Thus, in this chapter we raise the question whether the production of H>S in reducing
sedimentary environments and its subsequent oxidation in response to the periodic fluctuation
of the redox boundary, might have contributed to the generation of a chemical environment able
to induce the precipitation of 100 gypsum contact twins with a growth morphology close to its
late Miocene selenitic counterpart. Based on results described in chapter 2, we point out that
evaporation alone does not promote the precipitation of 100 contact twins. Moreover, regarding
Messinian twinned crystals, the observed 100 contact twins show an unusual twin habit, where

the theoretical prismatic habit with sub-crystals parallel to the twin plane (Fig. 5G) is substituted



57

by a tabular, “swallowtail”, twin habit (Fig. 5H). Hence, some widespread and natural
uncommon physico-(bio)-chemical factors, still not understood, promoted this twin habit
during the MSC.

Before investigating the effect of the sulfide-oxidizing bacteria on the gypsum habit, it is
mandatory to gather preliminary knowledge on the behavior of the abiotic redox pathways of
H,S into SO4* and whether it can promote different gypsum habits with respect to those
observed in pure solutions. Consequently, in this work we present a simple set of experiments
to precipitate gypsum from mixing of gaseous H2S and Ca(OH); solution and by evaporating a
Ca?"-S0%~ rich solution. The objective is to investigate whether impurities related to HaS
oxidation promote different gypsum habits with respect to those observed in pure systems, and
especially their twinning. Comparing the results of evaporation experiments in the presence and
absence of sulfide oxidation, we argue that the molecules involved in the H,S — SO%~ oxidation

may induce the precipitation of 100 contact twins.

4.2. Materials and Methods

CaS04-2H>0 reagent plus (= 99% Sigma Aldrich), has been used to prepare a CaSO4-2H,0
saturated solution (E1), whereas Ca(OH), ACS reagent (= 95.0% Sigma Aldrich) has been
used to prepare a Ca-rich solution, where H>S and O; have been bubbled, subsequently.

pH measurements have been carried out with a HANNA HI211 pH-meter. Imaging has been
performed by optical (Olympus BX4 with JENOPTIC ProgResC5 digital camera), and electron
microscopy JEOL-JSM-IT300LV- SEM, equipped with a secondary (SE), backscattered
electron (BSE), and an Energy-Dispersive X-Ray spectrometer (EDS). Mineralogical
characterization has been performed by a high-resolution confocal p-Raman system (Horiba
Jobin Yvon HR800), equipped with two gratings (1800 and 600 grooves/mm), an air-cooled

CCD detector, and a green polarized laser (solid-state Nd, 532 nm, 250 mW).
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4.2.1. Experiments

Two sets of crystallization experiments have been carried out (E1, E2), at room temperature
(25°C). From the evaporation of the E1 and E2 solutions, single and twinned habits of gypsum
crystals have been obtained. The related twin laws have been identified by measuring the
extinction angle with the optical microscope using crossed polarizers.

Experiment 1 (E1)

CaS042H>O saturated solutions have been prepared by adding 0.03 mol/L of
CaS04-2H20) to water, so exceeding the gypsum saturation in pure water (i.e., ranging from
0.0147 mol/L to 0.0182 mol/L; Lebedev and Kosorukov, 2017). Then, CaSO4:2H>O(s) has been
kept stirring in the flask for 15 days, to ensure saturation. Solution saturation has been verified
by conductivity measurements; when the conductivity value does not change significantly, then
saturation is reached. We have measured 2220 pS/cm as a stable value. The solution pH was
4.75. Therefore, the solution has been filtered using a cellulose filter with a pore size of 0.45
um to remove larger CaSO4:2H>O particles. Then, 30 g of solution have been stored in a 5-cm
diameter beaker, covered with a perforated parafilm, and allowed to evaporate at room
temperature until about one half of the sample weight. Precipitated crystals have been recovered
and washed with ultrapure water, dried overnight at room temperature, and then analyzed by
optical and electron microscopy.

Experiment 2 (E2)

The experimental setup is composed as follows (Fig. 18):

I.  Two sub-reactors (A and B) to stock and feed the mother solution in the main reactor

(C) with the required gases, H,S(g) and 0,4, produced by the following reactions:
FeS() + ZHCI(aq) - FeClz(aq) + +HZS(g) (D

ZKMnO4(S) + 5H202(aq) + 3HZSO4(aq) i ZMHSO4(S) + SOZ(g) + 8H20(1) + KZSO4—(aq) (2)
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H>S (sub-reactor A) and O (sub-reactor B) are the reductant and oxidant agents,
respectively. In the reaction 1, FeS(y) is the limiting reagent. We used 0.02 mol of FeSs) in an
excess of HCl(,q). Thus, we produced 0.02 mol of H,S(4). In reaction 2, KMnO, ) is the limiting
reagent. We used 0.02 mol of KMnO, ) in an excess of H,0,(,5q) and H;S04(,q). Thus, we
produced 0.05 mol of O, (g).

II.  0.005 mol of Ca(OH); have been dissolved in 250 mL of water (i.e., 0.02 mol/L) into
the main reactor (C). The solution pH was measured of 12.1. Ca(OH), dissolution
produces basic pH conditions which enhance H,S dissociation (Appendix D; Fig. S1).
The main reactor is associated with a latex balloon working as expansion tank (D). It
allows to briefly store the gases produced by the reactions occurring in A and B. By
closing the connections A-C and B-C, we obtained a system where reactions among
Ca(OH),, H,S, and O, can occur. Each gas (O2and H>S) has been bubbled into the main
reactor. When O, and H,S enter in the reactor C, H,S can be oxidized.

In E2, H, S has been bubbled in C, then the connection A-C has been closed for 24h to allow
H,S dissolution in water. Successively, O has been bubbled following the same procedure. The
high amount of H,S(g), O5(g), and Ca(OH): used serves to produce a Ca-sulfate rich solutions
supersaturated with respect to gypsum.

After 15 days we stopped the reaction. At this time, the pH of the solution decreased from
12.1 to 6.7 because of the acidic dissociation of H,S and its oxidation products, such as HSO3
and H,SO5; (Hoffmann and Lim, 1979). Then, the solution was vacuum filtered using a cellulose
filter with a pore size of 0.45 um. The recovered solid fraction (E2.1) was washed with ultrapure
water to remove excess ions, then dried overnight at room temperature and characterized with
u-Raman and SEM techniques. 30 g of the liquid fraction of E2 (i.e., the filtered solution; E2.2)
were recovered too, and stored in a 5-cm diameter beaker, covered with a perforated parafilm,

and allowed to evaporate at room temperature until about one half of the sample weight.
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Precipitated crystals have been recovered and washed with ultrapure water, dried overnight at

room temperature, and then analyzed by SEM-EDS.

D Expansion tank

\ KMI 104(3) \>

Figure 18 Experimental setup of the reactions E2: H, S 4 (sub-reactor A) and O, 4 (sub-reactor

B) were bubbled into a main reactor (C) containing a calcium rich solution. A latex balloon as

expansion tank (D) was exploited as a reservoir of H,Sg) and Oy ().

4.3. Results and discussions

From the E1 solution (saturated in CaSO4-2H>O) we obtained the precipitation of 1) acicular
single crystals [001] elongated (Fig. 19A); ii) 100 penetration twins with the two re-entrant
angles developing along [001] and [001] (Fig. 19B); and iii) 101 penetration twins with the two
re-entrant angles developing along [101] and [101] (Fig. 19C). The 100 penetration twin shown
in Fig.19A has an aspect ratio of 2.95, whereas the value of 1.40 competes to the 101 penetration
twin in Fig. 19B. These values perfectly agree with the aspect ratio range defined in chapter 2
to discriminate between 100 and 101 penetration twin laws.

From E2.1 solid fraction, sulfur and gypsum crystals have been identified by means of -
RS (Appendix D; Fig. S2). However, only anhedral gypsum crystals precipitated, hampering

the identification of the crystallographic forms. Thus, the liquid fraction (i.e., the filtered
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solution; E2.2) was recovered and allowed to evaporate. Here, gypsum crystals precipitated as
an aggregate of twinned crystals. Figure 20 shows gypsum twins with re-entrant angle of 105°
and an extinction angle between the two individuals composing the twins of 14° (Appendix D,
Fig. S3 for the optical microscopy image). These features allow to identify the 100 twin law.
However, the identification of the arrowhead or the two re-entrant angles at the opposite side
has been hampered because of the crystal co-precipitation. Nevertheless, in Fig. 20C the two
individuals of the twins are in contact, whereas in Fig. 20D they are compenetrated. Thus, 100
twins precipitated in E2.2 may belong both to the contact and penetration growth mechanism,
even if the observation of the exact gypsum twin growth morphology is hampered.

The precipitation of 100 contact twins has been observed only in E2.2. Hence, H,S — SO%~
oxidation is involved in promoting the precipitation of this twin law. However, H,S — SO3~
oxidation is described through a complex reaction pathway involving different oxidation states
of sulfur and, consequently, complex sulfur speciation (e.g., HS™, S*, SO3~, HSO3, S03%™)
which can coexist in solution (Hoffmann and Lim, 1979). Thus, it is challenging to identify
which specific impurities act as habit modifiers on gypsum crystals without monitoring solution

chemistry with specific probes.
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Figure 19 Gypsum crystals precipitated from a pure solution (E1). A) Gypsum single crystals
preferentially elongated along [001]. B) 100 penetration twin elongated along [001] direction.

C) 101 penetration twin.
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Figure 5 A-B) Extensive co-precipitation of gypsum twins to form aggregates. C) 100 twins

with a plausible contact twinning plane D) 100 penetration twin law.

4.4. Conclusions

In this chapter a basic setup is presented to study the growth of gypsum from sulfide-rich waters
affected by redox fluctuations resulting from a variable activity of dissolved Oz and H>S. This
setup is used to perform a few experimental runs and the as-obtained solid products are
characterized. Comparing the results of evaporation experiments in the presence and absence
of sulfide oxidation we argued that H>S, along with its oxidation products, may promote the
precipitation of 100 gypsum contact twin. These preliminary experimental data seem interesting
enough to warrant a deeper study to help in deciphering the link between H,S — SO%~ redox
processes and the formation of 100 gypsum contact twins. However, the data we offered are

not conclusive, and as such they do not yet support the notion that sulfide oxidation induces
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specific gypsum twinning or habits. Additional data (more experiments) and data analysis (e.g.,
counting of crystal types) are needed. Moreover, in situ pH and solution speciation analyses of
the different experiments should be determined experimentally i) because the concentration of
the different species may be critical in promoting different gypsum morphologies; ii) to
hypothesize a tentative pathway of HoS — SO%~ oxidation.

In overall, the experimental design of the study needs to be improved a lot before
demonstrating how impurities related to H»S oxidation control the morphology of gypsum
crystals, and specially their twinning. However, the preliminary results of this study may
contribute to the debate on the origin of ancient Salt giants, where 100 gypsum contact twins
constitute a typical mineral component, providing new experimental data and stimulating
further research in the field of the sulfur cycle in sedimentary environments characterized by

fluctuating redox conditions.
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Summary and concluding remarks
Gypsum (CaS04:2H>0) is the most abundant natural sulfate mineral on Earth’s surface, and it
is mostly found in evaporitic environments. The history of Earth, from the Neoproterozoic to
the Phanerozoic, was punctuated by remarkable episodes of evaporitic deposition resulted in
the accumulation of thick gypsum or anhydrite-bearing sedimentary successions. Furthermore,
gypsum deposits have been detected on Mars surface too and a swallowtail gypsum habit,
commonly referred to gypsum twins, has been recently observed by the NASA’s Curiosity Mars
rover. Moreover, gypsum also forms undesired byproducts in many industrial processes, such
as desalination. In both natural and industrial environments, gypsum precipitates with different
habits, hence, whether the chemical and physical factors producing these habits are understood,
these habits 1) may provide clues of the depositional environments during growth of gypsum,
and i1) may help in designing a new class of additives to provide a precise control over the final
habit of gypsum crystals, preventing their adhesion to the surface of equipment, and thus,
avoiding blockage of pipe or industrial facilities. Consequently, many chemical and physical
variables have been tested as gypsum habit modifiers. Over the last decades, the effect of both
inorganic and organic additives was reported as the main parameters affecting gypsum habit,
promoting the formation of prismatic, tabular, lenticular, and twinned habits. Nonetheless,
twinned gypsum crystals are characterized by an intrinsic morphological variability: five
different twin laws are possible for gypsum and each twin law is described by a contact and a
penetration twin, hence, at least ten different twinned habits are possible. Despite this
theoretical morphological variability, to date the 100 contact twin law is the only well
recognized gypsum twin law occurring in natural environments, whereas it has been rarely
observed in laboratory experiments where the 100 and 101 penetration twin laws are the most
widespread. Moreover, both field and laboratory publications dealt with the investigation and

synthesis of gypsum crystals. Often, twinned crystals have been observed but generally defined
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as “swallowtail” twins, so avoiding the twin law’s identification. A limited knowledge on the
morphological, crystallographic, and optical characteristics of the five twin laws of gypsum
may be at the origin of this missed identification.

The present work fills this gap in knowledge, i) providing a geometric-crystallographic
background for the twin law’s identification by means of optical microscopy; ii) univocally
identifying the twin laws of gypsum precipitated by evaporation in a pure system; iii)
investigating the effect of calcium carbonate (CaCQOs3) on gypsum growth morphology, paying
attention to the twin law identification; iv) presenting preliminary data where an experimental
approach has been used to asses condition of precipitation of 100 gypsum contact twins in order
to determine the origin of these twins in ancient Salt giants where 100 gypsum contact twins
constitute a typical mineral component. Our results indicate that:

I.  Different evaporation rates exert a strong morphological control on gypsum crystals.
An increase in evaporation rate promotes the precipitation of gypsum crystals (i)
with curved habit and (ii) twins according to the 100 and 101 penetration twin laws,
with different precipitation frequencies and habits depending on the evaporation
rate. The different crystal aspect ratio (length/width crystal ratio) is proposed as a
smart method to discriminate between 100 and 101 penetration twin laws, and a
homo-epitaxial mechanism is invoked to explain the curved habit. Moreover, we
suggested 1) to consider the evaporation rate as a plausible parameter in promoting
the curved habit in natural environment, overall, the evaporitic one, and ii) the

occurrence of 100 and 101 penetration twin laws in sedimentary environments.

II.  Carbonate ions in solution trigger the formation of 101 gypsum contact twins. An
epitaxial mechanism between the (100) face of rapidcreekite (Ca>xSO4CO3-4H>0)
and the (010) face of gypsum (CaSO4-2H,0) is suggested to explain the 101 gypsum

contact twin formation. This is the first evidence of the effect of Ca-carbonate as a
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specific impurity promoting the formation of the 101 contact twin law. Moreover,
we compared the natural gypsum twin morphologies observed in evaporitic

environments with those obtained in our experiments and suggested the occurrence

of 101 gypsum contact twins in nature. We claimed that the occurrence of 101
gypsum contact twins in nature is higher than that considered today, and it could be
an indicator of high carbonate concentration in brine from which they precipitated.
Finally, it has been shown that the different orientation of primary fluid inclusions
(of the negative crystal-shaped) with respect to the twin plane, and the main

elongation of the sub-crystals making the twin, is a useful tool to distinguish between

100 and 101 twin laws, whose geometry is otherwise very hard to distinguish
especially in rock samples.

III.  The overall chemical species resulting from H,S oxidation in solution may be
involved in triggering the precipitation of 100 contact twins, i.e., the most
widespread gypsum twin found in ancient sedimentary successions.

To summarize, our results improve the knowledge of the influences of variations in solution

composition on the habits of gypsum crystals. This may aid understanding the chemistry of the
original brine in ancient sedimentary successions depending on the twin law of gypsum

observed and their habit.
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Appendix A

Supplementary information to chapter 1

Table S1 Some of the reference frames reported for gypsum structure. A more complete list
and description can be found elsewhere in literature (Massaro et al., 2010; Aquilano et al.,

2016).

a(A) b, (A) co(A) PB(©) Space group  Authors

5.63 15.15 6.23 113.50 C2/c de Jong and Bouman, 1939
5.67 15201 6.274 11391 A2/ Cole and Lancucki, 1974
5,679 15202 6.522 11843 2/ Pedersen and Semmingsen, 1982
6.284 1520  6.52 127.41 C2/c Boeyens and Ichharam, 2002
di1=as
A
. Bs=128° 05
B2=118° B1=114°
C1
Cs

Figure S1 Plot showing how the vector choice changes in the (010) plane, according to the

reference frames in Appendix A; Table S1. The [010] or the [010] direction is perpendicular to
the drawing plane (i.e., the (010)). Modified from Massaro et al., 2010.
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Appendix B

Supplementary information to chapter 2
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Figure S1 Evaporation rate of G1 solution.
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G4 SOLUTION
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Figure S4 Evaporation rate of G4 solution.

Figure S5 Aspect ratio (length-width crystal ratio) of some 100 and 101 penetration twins
observed in G1-G4 experiments. L=length; W=width. Only nine images of twins are reported
but aspect ratio measurements have been performed on fifty different twin images, to obtain
statistical information and provide reliable data (Table S1). As reported in Fig. S5-D,F, when a
significance difference in the crystal aspect ratio is observed (i.e., when the length or width
values between the two crystal sides differ more that 10%), both the smallest and highest length-
width crystal sides are measured (L1/W1 and L»/W> in Fig. S5-D,F, respectively; Table S1), to
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provide a more complete data about aspect ratio. C) 100 penetration twins D-I) 101 penetration

twins.

Table S1 We have measured the aspect ratio of twenty-five of both 100 and 101 penetration
twins. Length and width crystal values have been measured manually with Image] image
processing software. Each length and width measurement has been repeated three times and the
average value calculated. We found a relative error less than <1% with respect to the average
value in all measurements, hence the error associated to each measurement is negligible, to our
purpose at least. Then, the aspect ratio has been calculated. Based on this dataset, AR of

1.97+£0.01 and of 2.51+0.02 are identified as “cut off” to distinguish between 100 and
101 penetration twin laws. Only 100 penetration twins show an AR>2.51+0.02, whereas only
101 penetration twins have AR<1.97+0.01. In the range 1.97<AR<2.51, aspect ratio of both

100 and 101 penetration twin laws have been measured and thus this range does not allow to

distinguish between the two. The error associated to these values has been calculated by error

propagation formula.

1 X 3.61 =
2 X 2.69 =
3 X 2.21 =
4 X 2.41 =
5 X 2.36 =
6 X 2.20 1.98
7 X 3.15 3.79
8 X 2.88 2.68
9 X 3.25 2.56
10 X 2.68 2.12
11 X 2.42 =
12 X 3.05 2.48
13 X 2.79 2.16
14 X 2.63 3.25
15 X 3.20 2.23
16 X 3.47 2.01
17 X 3.14 2.48
18 X 2.76 =
19 X 3.02 2.82
20 X 3.87 3.53
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22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
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2.94
2.58
1.97
2.09
4.44
1.39
1.03
1.31
1.33
1.39
1.73
1.14
1.74
1.12
1.20
1.58
1.31
1.79
1.41
1.53
1.25
1.58
2.13
1.51

X X X X X

X X X X X X X X X X X X

2.51
1.43
1.79
1.59
1.55

X X X X X X X X X X X X X

Table S2 Minimum and maximum AR measured for 100 and 101 penetration twins,

Minimum value Maximum value

100 penetration twin 1.97+0.01 4.44+0.04
101 penetration twin 0.84+0.01 2.51+0.02

The extinction angles for the five gypsum twin laws

To calculate the extinction angles of the five gypsum twin laws, it is required to:

1.

ii.

Project the optical indicatrix of gypsum on the (010) plane (Fig. S2).

Apply the twin law to generate the “twinned optical indicatrix” (T) (Fig. S3).

2.87

2.59
2.25
3.61
1.35

1.12
1.04
1.27
1.19
0.90
1.26
1.04
1.12
0.84

1.67

1.32
2.04
1.12
1.27

1.36
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iii.  Measure the angle value generated between the “old” refractive indices (e.g., y) and
the new one (yr or ar) (Fig. S3). The value of this angle represents the extinction
angle for the twin law, i.e., how much to rotate the crystal to move the twinned sub-
crystal into extinction position when the parent sub-crystal is already extinguished.

Gypsum

Crystal system : monoclinic

Point group: 2/m

Space group: C2/c (De Jong and Bouman, 1939 )
Cell parameters:

a0=5.63
bo=15.15
co=623
B=113.5°

[001]0a = 38°
[001]éoy = 52°

[001]
A

Co

38“
‘B=113.5°

[100]

Figure S6 Gypsum reference frames used to measure the extinction angles of the five gypsum
twin laws (de Jong and Bouman, 1939). a and y represent the refractive indices of gypsum
(0=1.519 — 1.521; y=1.529 — 1.531) (Styles et al., 1996). The monoclinic C2/c space group of
gypsum (ao = 5.63, by = 15.15, ¢, = 6.23 A; @ =y =90°% B = 113.50°) (de Jong and
Bouman, 1939) has been used to project the optical indicatrix of gypsum on the (010) plane.



86

N TwiN PLANE 100 E] vin PLANE To1 | TWIN PLANE 001

[001] A = 140 A = 260 [001]

F 3

A % ", [001)

Co

(100)

\ do ao

[100] [100] [100]

3] rwin PLANE 207 I3 7win PLANE 101

[001]  A_oge
y 3

[001] A=43
A

Cof-... .
Co¥.

[100]

Figure S7 Extinction angles of the five gypsum twin laws.
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Appendix C

Supplementary information to chapter 3

Figure S1 Optical microscopy image of 101 contact twin observed in G2 solution. By means

optical microscopy under crossed polarizers we measured 26° as extinction angle among the

individuals forming the twin, and thus, we identified the 101 twin law.
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Appendix D

Supplementary material to chapter 4
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Figure S1 Acid dissociation of H>S in water: pK1=7.0; pK2=12.9.
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Figure S2 p-Raman analysis was performed on the solid fraction of E2 (i.e., E2.1). A) Optical
microscope image of a rod-shaped crystal and the associated Raman spectrum. The Raman
spectrum of the crystal (A) is in perfect agreement with that one obtained from the Raman
database for minerals (RRUFF database). B) Optical microscope image of aggregate crystals
and related Raman spectrum. The Raman spectrum (B) perfectly agrees with the gypsum
spectra of the RRUFF database.
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Figure S3 Optical microscopy image of gypsum twins observed in E2.2 solution. By means
optical microscopy under crossed polarizers we measured 14° as extinction angle among the

individuals forming the twin, and thus, we identified the 100 twin law.



