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Research Aims

This study aims to compare the Combustion Pyrometamorphism (CP) process involving limestone and
marly-limestone belonging to Hatrurim Basin in Israel and the human-made cement manufacture by
means of both standard (Reflected and Transmitted Light Microscopy, X-ray Fluorescence, Laboratory
X-ray Powder Diffraction, Laboratory Single Crystal X-Ray Diffraction, Electron MicroProbe
Analyser, Scanning Electron Microprobe, Calorimetry) and innovative analytical techniques (Micro X-
ray Computed Tomography, Synchrotron X-ray Powder Diffraction with in-situ and ex-situ
experiments and Neutron Diffraction), highlighting differences and similarities between natural and
synthetic process useful to better understand the geological process and improving cement
manufacture.

CP is considered as a complex geological process involving sedimentary sequences in two
main stages: (i) 1% stage of High Temperature (HT) (850 — 1650 °C) and Low Pressure (LP) (< 1 km)
metamorphism due to the self-ignition of coal seams or methane-rich hydrocarbon gases coming from
depth reservoirs; (ii) 2" stage of LT (< 300 °C) and LP metamorphism in which takes place fluids and
gas interactions with previous combusted rocks [1]. Rocks resulting from this multistage process have
similar texture, mineral assemblage and chemical composition to several synthetic human-made
materials, such as metal-slags, ceramics, anhydrous and hydrated cements [2]. CP is a LP and HT
process, representing an uncommon field for petrological studies and metamorphosed rocks: there is a
lack of geological and petrological information in the field of extremely HT and LP metamorphism
especially for marls and limestone [1,3—6], increasing the difficulties to better explain CP process.

Cement represents the most important building materials used for all constructions ranging
from ordinary urban planning (civil houses, road foundations, etc.) to strategical buildings (dams,
tunnels, bridges, underground nuclear waste repositories, skyscrapers foundations, etc.). It is obtained
by heating at HT a fine mixture of limestone and clay in a rotary kiln [7,8]. Nowadays, cement
manufacture represents the 3™ anthropogenic CO> emission source due to the high CO, emission
during the decomposition of limestone. Therefore, many efforts have been made over last decades
trying to reduce the greenhouse gases footprint of cement manufacture by designing green-cements
(also called eco-friendly cements), such as Calcium SulfoAluminate Cements (CSA) and Belite
Cements (BC), that use alternative and less CO> releasing raw materials with lower thermal treatment.

To cope with the aim this project was organised in three main parts: (i) study of rock samples
of natural cements (larnite-rich rocks) and their protolith (impure limestones) collected in Israel in
Hatrurim Basin region (see chapters 5,8 and 9); (ii) laboratory scale production of two different green-
cements, High Ferrite Belite Cement S-doped (HFBC S-doped) and Cement S-P-F-doped were
laboratory prepared starting with an industrial raw meal and previous collected Israeli limestone,
respectively (see chapter 10); (iii) hydration properties comparison between HFBC S-doped and
natural anhydrous cement (larnite-rich rocks) (see chapter 11).

The investigation and comparison with conventional and innovative techniques of natural CP
rocks and human-made synthetic equivalents led important information useful for both geological and
industrial purposes: (i) better understanding on HT and LP metamorphism of limestone, hence
clarifying processes occurring during CP (metamorphic reactions, melting points, highest T reached,
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microtextural changes, etc.); (ii) predicting the evolution of cement-based materials on long-term
hydration (t > 1000 years), crucial for repository of low-emission nuclear waste and strategical
buildings (dams, tunnels, bridges, building foundations, etc.); (iii) designing new green-cements for
reducing cement manufacture CO; footprint and waste management by studying the effects of
simultaneous dopants (F, P and S), different thermal treatments and raw materials particle size.

LIST OF ABBREVIATION TERMS

ABCSA - Alite Belite Calcium SulfoAluminate Cement
AR — Alumina Ratio

BC — Belite Cement

BCSA — Belite Calcium SulfoAluminate cement
BCSAT — Belite Calcium SulfoAluminate Ternesite cement
BF — Belite Ferrite cement

BFY — Belite-Ferrite-Ye’elimite cement

BYF — Belite-Ye’elimite-Ferrite cement

CP — Combustion Pyrometamorphism
DSC-TGA - Differential Scanning Calorimetry associated with Thermal Gravimetric Analysis
EMPA - Electron MicroProbe Analyser

HF — Hatrurim Formation

HFBCSA — High Ferrite Belite Calcium SulfoAluminate cement
HFBC — High Ferrite Belite Cement

HM — hematite-magnetite buffer

HT - High Temperature

IBF — Instrumental Broadening Function

ICA — Isothermal Calorimetric Analysis

IP — Igneous Pyrometamorphism

LP — Low Pressure

LT — Low Temperature

LOI - Loss On Ignition

LSF — Lime Saturation Factor

LXRPD — Laboratory X-ray Powder Diffraction
MZC — Mottled Zone Complex

NXRD — Neutron Diffraction

PF — Pole Figure

QPA — Quantitative Phase Analysis

QMF — quartz-magnetite-fayalite buffer

QTA — Quantitative Texture Analysis

RLF — Reflected Light Microscopy

RQPA — Rietveld Quantitative Phase Analysis
SCXRD - Single Crystal X-ray Diffraction

SEM — Scanning Electron Microprobe

SR — Silica Ratio

SSA — Specific Surface Area

SXRPD — Synchrotron X-ray Powder Diffraction
TLM — Transmitted Light Microscopy

WM — wustite-magnetite buffer

XRF — X-ray Fluorescence

XRD — X-ray Diffraction

XRPD — X-ray Powder Diffraction

YBF - Ye’elimite-Belite-Ferrite cement

p-CT — X-ray Computed p-Tomography



Chapter 1
Pyrometamorphism

1.1 — Introduction

Pyrometamorphism, from the Greek pyro = fire, meta = change; morph = shape or form, is a term
firstly used to describe high temperature changes taking place in magma chamber country rocks with
or without interchange of material and/or fluids (metasomatism) [1,3]. Nowadays, pyrometamorphism
is considered a type of thermal metamorphism distinguished by a large temperature window and LP
with a local extension compared to regional metamorphism [4]: therefore, it is a geological process
than can occur from the surface to the shallow crust, less than 3-4 km in depth, with a limited
extension depending on the width of the heating source [3].

Three different types of pyrometamorphism could be depicted by considering the heating
source that also defines the upper limit temperature: (i) flow of mafic magma through conduits at low
depth or generally low depth magma chamber with a maximum temperature of ~ 1200 °C [3],
commonly reported as Igneous Pyrometamorphism (IP); (ii) spontaneous combustion of coal seams,
oil and methane-rich gases, reported as Combustion Pyrometamorphism (CP), reaching theoretically
up to 1880 °C and 2045 °C for methane and coal burning in air, respectively [9]; (iii) lightning strikes
on the surface involving rocks and/or soil for very short time on the order of pus at temperature almost
> 2000 °C leading a fully melting [4,10—12], reported as lighting pyrometamorphism [1,4].

The mineral assemblages of pyrometamorphosed rocks generally fall between sanidinite and
hornfels facies, confirming the HT and LP environmental conditions [3]. Pyrometamorphosed rocks
are comparatively rare and volumetrically lesser than regional metamorphic rocks [3,4]. Moreover, IP
rocks are the most common pyrometamorphosed rocks due to their deeper genesis compared to CP and
LP rocks, giving a better preservation from weathering and geomorphological processes, despite only
occur to narrow area close to the heating source [1,3]. CP rocks are lesser common than IP ones
because they occur close to surface generally below 100 m in depth, due to the needed oxygen
availability, thus highly and easily involved in weathering and alteration processes [1,13].

Temperature gradients in pyrometamorphosed field are extreme, varying by hundreds degrees
over a few metres or even centimetres, especially for CP and LP [1,13]. Extremely HT could lead the
partial melting of rocks, especially in clay-rich and silica-rich protoliths (clayed marls, clays,
sandstone, etc.) [14—19], the development of granoblastic, vescicular and/or fluidal textures, and high-
temperature mineral assemblages [20,21].

A large variety of HT minerals (e.g., cordierite, mullite, pyroxenes, sanidine, sapphirine,
merwinite, rankinite, wollastonite, etc.) which some of them are metastable (e.g., larnite, hatrurite,
brownmillerite, mayenite, ye’elimite, etc.) occur only in pyrometamorphosed rocks, and represent the
natural analogous to those ones synthetized during laboratory experiments and/or industrial
manufactures, such as cement, ceramic and metallurgical slags [20,22-26].

As a consequence, investigation on pyrometamorphosed rocks and the overall
pyrometamorphism process could be extremely relevant for both geological purpose, for a deeper
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1.3 — Classification terms used for pyrometamorphosed rocks 10

understanding on microstructure development and stability fields of mineral assemblages at HT and
LP conditions, and industrial application, mainly improving the production process (i.e., finding
alternative raw materials, chemical compositions, thermal treatment, etc.) and/or the properties of final
products (i.e., microstructural changes, mineral assemblages, physical and chemical properties, water
reactivity, etc.).

1.2 - Combustion Pyrometamorphism

Combustion Pyrometamorphism (CP) should be considered as a rare and complex HT and LP
metamorphic process commonly involving sedimentary sequence in two main stages: (i) 1% stage of
HT (> 850 °C) and LP metamorphism (prograde stage) leading HT mineral assemblages,
microstructural changes and in some cases the partial melting; (ii) 2" stage of LT (< 300 °C) and LP
metamorphism (retrograde stage) characterised by the interaction among prograde rocks, fluids mainly
coming from circulating water, and combustion gases [1,25,27,28].

These HT conditions are achieved by the natural self-combustion of coal seams, occurring
within the sedimentary sequence, or hydrocarbon gases rising from depth reservoirs [1,27,29]. The
local temperature reached by the combustion process strictly depends on the oxygen supply: burning
temperature increase with the oxygen supply [13,30]. The highest estimated temperature is ~ 2000 °C
related to calcium-rich paralavas composed of glass, wollastonite, diopside and plagioclase occurring
in Kazakhstan oil fields [31,32].

Studies indicated that the combustion process falls within the reducing conditions from wustite-
magnetite (WM) and quartz-magnetite-fayalite (QFM) buffers [22]. However, the occurrence of many
Fe’" bearing minerals, such as brownmillerite (Cax(AlFe),0s), shulamitite (Cas;TiFeAlOs), Fe-
perovskite (CaTiFeyOsxp), magnetite (FeFe203) and hematite (Fe2Os), and Fe*" as ionic substitutes
within the crystal structure of some minerals, such as ye’elimite (Ca4(AlO2)s(SO4)) and gehlenite
(Ca2Al(AIS107), suggest that the fO> could be also higher as hematite-magnetite buffer (HM) [20,33—
35]. Therefore, the oxygen fugacity during CP could change from a portion to another, varying on the
basis of the rock texture (fracturing, porosity and permeability) which extremely influences the oxygen
supply needed during the combustion.

1.3 — Classification terms used for pyrometamorphosed rocks

Several rock terms are commonly used for pyrometamorphosed rocks, reported as follow [1,27]:

(1)  Hornfels, used to describe a hard, compact contact metamorphic rock developed at the margin
of an igneous body. The rock has a variable grain size, composed of silicates plus oxide
minerals and has a subconchoidal fracture, sometimes with signs of partial melting;

(i)  Emery, a dark, hard, dense granular rock consisting mainly of corundum, spinel, magnetite
and/or ilmenite-hematite resulting from the HT metamorphism of clay-rich sediment and
laterite;

10



11 1.3 — Classification terms used for pyrometamorphosed rocks

(ii1))  Porcellanite, a light coloured, very fine grained, completely recrystallized pyrometamorphosed
marl or shale [36];

(iv)  Sanidinite, melted and recrystallised quartzfeldspatic rock composed of composed of sanidine,
biotite, cordierite, orthopyroxene, sillimanite, mullite, spinel, corundum, ilmenite and Ti-
magnetite;

(v)  Buchite or Clinker, glassy pyrometamorphosed sandstone composed of glass, oxides and
mullite, commonly occurring in xenolithes in basaltic rocks;

(vi)  Paralava, vesicular, aphanitic, fused shale, sandstone and marl that resembles artificial slag or
basalt in physical appearance;

(vil)  Fulgurite, an irregular, glassy, often tabular or rod-like rock produced by lightning fusion of
sand, loose sediment and sometimes rocks.

Those terms are usually found in the past literature and can not represent a valid and unambiguous way

to classify pyrometamorphosed rocks. Furthermore, sanidinite and hornfels terms are used to describe

different metamorphic facies [3], and clinker is the common term to describe anhydrous cement [7].

In this view, it’s necessary to adopt only the metamorphic classification terms recommended by
the Subcommission on the Systematics of Metamorphic Rocks (SCMR), which aims to provide
systematic schemes for terminology and rock definitions that are widely acceptable and suitable for
international use [37]. This classification is based on the use of visible structure features at mesoscopic
or microscopic scale (i.e., schistose, gneissose or granofelsic structure) and on the mineral abundance
with eventually prefixes and/or suffixes (Fig. 1.1,2). Genetic terms (impactite, folgorite, etc.) are
generally avoided and only used when the genetic process of the rock is clearly stated [37].

Schist, gneiss and granofels are used as fundamental root terms for a systematic terminology
clarifying only structural connotation, with no mineralogical or compositional implication: schist
should be used for metamorphic rocks with well-developed schistose structure (marked by the
preferred orientation of inequant mineral grains); gneiss should be adopted for metamorphic rocks with
poor-developed schistose structure; whereas, granofels should be used when no schistose structure
occurred. However, the term schist accounts several names of rocks that possess a specific name (e.g.,
phyllite and slate) and with variable schistosity grade. Furthermore, it follows from this classification
that a metamorphic rock may have up to three correct names, such as protolith, specific (non-
systematic) and systematic names: a metabasalt could be also named as amphibolite and hornblende-
plagioclase gneiss; a metalimestone could be also reported as marble and calcite granofels.

SCMR suggests using non-systematic names (specific names) when are well-founded (e.g.,
phyllites, slate, granulite, eclogite, etc.); therefore, systematic names will be appropriate when no
suitable non-systematic names are occurring. The first step of the classification guide is the
identification of clear metamorphic structure, which is not occurring a protolith-based name may be
applied: protolith-based names are usually adopted for weakly metamorphosed rocks which their
pristine texture is partially occurring (e.g., biotite-quartz—feldspar metasandstone, metarhyolite,
metagabbro, etc.). If a protolith name is not appropriate or the rock exhibits a metamorphic structure,
the next step is (i) the evaluation of well-suitable non-systematic metamorphic rock names or (ii)
giving a rock name based on mineral abundance if the main one is > 75vol.%. If none of these
conditions well-fit, the schistosity grade of the metamorphic rock is taken into account: the term schist
should be used if the schistosity is well-defined at < 1 cm; the term gneiss should be adopted when the

11



1.3 — Classification terms used for pyrometamorphosed rocks 12

schistosity is defined at > 1 cm; whereas, the term granofels should be used in the case of no
schistosity. Furthermore, mineral phase abundance should be added as prefixes after choosing the
appropriate classification term among schist, gneiss and granofels: all major constituents (> 5vol.%)
should be added as prefixes and placed in order of increasing abundance [37].
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Fig. 1.1 — Temperature (°C) vs Pressure (GPa and km beneath the crust) diagram highlighting the limits of metamorphic
facies (modified from [3]); “typical” and average geotherm for continental crust are from Brown et al. (1993) [38].
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1.3 — Classification terms used for pyrometamorphosed rocks

18 STEP - Does the rock have a
clear metamorphic microstructure

No

and/or mesostructure, rather than
that of a sedimentary or igneous
protolith?

Yes J/

Is a protolith name Yes N Give the rock name based
appropriate? on the protolith (e.g.,
metagabbro, etc.).
No

2" STEP — Is it appropriate to use a Y eg

specific name for any of the

Add the suffix ‘ite’ to the mineral name and use
mineralogical and/or structural prefixes.

following reasons?

Yes

1 — The rock is composed of >

75vol% of one mineral.
2 — The rock perfectly fits with a

non-systematic rock name.

No

Select a name among specific rock names

Amphibolite Greenschist Phyllite
Calc-silicate rock Hornfels Quartzite
Cataclasite Marble Serpentinite
Eclogite Migmatite Skarn
Granulite Mylonite Slate

Use structural and/or mineralogical appropriate prefixes
(e.g., gneissose amphibolite, kyanite eclogite, etc.)

RD
37 STEP- Doe.s th? rock possess a The rock has a granofelsic structure, add
schistosity? \ . .
appropriate mineral prefixes to granofels
Yes No (e.g., diopside-plagioclase granofels)
4™ STEP - Is the schistosity well-
developed, even at a scale < 1 cm?
No

Yes \l/

The rock has a schistose structure, add
appropriate mineral prefixes to schist
(e.g., garnet-quartz-mica schist)

The rock has a gneissose structure, add
appropriate mineral prefixes to gneiss
(e.g., biotite-feldspar gneiss)

Fig. 1.2 — Flowchart for nomenclature of metamorphic rock [37].
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1.4 — Combustion Pyrometamorphosed outcrops

Several outcrops of CP rocks were discovered all over the World, mainly generated by the self-ignition
of fractured and shallow coal seams, some examples are followed reported: Madhya Pradesh [39] and
Dhanbad [40,41], India; Wyoming and Montana, USA [15-17,42-44]; Hat Creek, British Columbia,
Canada [19,45,46]; Ravensworth, Leigh Creek Coalfield, Australia [47-49]; Glenroy valley, New
Zealand [50][Tulloh and Campbell, 1993]; Kuznetskiy, southern Siberia, Russia [51,52]; Kenderlyk
Depression, Kazakhstan [53]; Northern China [54]; Ringstead Bay, England [55]; Timbuktu, Mali
[56,57]; North-Boemia, Czech Republic [Zacek et al., 2005]; Yagnob River Valley, Tadjikistan [58—
61]; Uzbekistan [62]; Tul-I-Marmar, Zoh-I-Hait and Tang-I-Gogird, Masjid-I-Sulaiman, Iran [63];
Injana, Iraq [64]; Hatrurim Basin, Nahal Ayyalon, Ma’ale Adummim, Nabi Musa, Jebl Harmun,
Hureqanya, Kefar Uriyya, Tarquimiya, Malhata, Nahal Darga, Israel [13,28,29,65-68]; Marqarin,
Suweilih, Daba Siwaqa, Jordan [25,69-73]; North-Bohemian Coal Field, Czech Republic [74,75].
Most of the reported CP locations had undergone in HT metamorphism > 1000 °C, almost reaching
partial melting as stated by the occurrence of glass and typical high temperature phases (cristobalite,
cordierite, mullite, merwinite, bredigite, rankinite, etc.).

Furthermore, there is a clear predominance of clay-rich protolith, sandstone and lacustrine
sediments involved in the CP events compared to limestone and marly-limestone protoliths, which
could be explained by the higher weathering resistance of the former CP protoliths [1,3]. Only the
Hatrurim Basin can be considered as the most important and widest location in which crops out CP
rocks of limestone protoliths well preserved: hence, our study was focused especially on this location
because of the chance to observe and collect both prograde and retrograde CP rocks, and their
corresponding unmetamorphosed protoliths.

14
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1.5 — Combustion Pyrometamorphism in Israel

Many locations across Israel have been claimed as a result of CP events involving sedimentary rocks
and the self-ignition of hydrocarbon gases: Hatrurim Basin, Hyrcania, Jebel Harmun, Ma’ale Adumim,
Beit Sahur, Nabi Musa, Nahal Ayalon, Kefar Uriyya, Tarqumiya, Nahal Darga and Nahal Malhata
[13,28,65,76-78].

The metamorphic rock sequence has almost similar features (mineral assemblages, chemical
compositions and textures) among these different locations across Israel: hence, it has been widely
called as Mottled Zone Complex (MZC) [79,80] or also Hatrurim Formation [81], because of the
major extension of outcrops in the Hatrurim Basin region (Fig. 1.3). The term “Mottled” was used to
describe the variegated colours of the rocks in all shades of brown, green, yellow, pink, red and black
[1,13,78]. Furthermore, the unusual environmental formation conditions (HT, LP and changes in the
fO» along the CP sequence) allowed the crystallisation of extremely rare minerals and numerous HT
mineral assemblages that were only known in industrial materials and extra-terrestrial rocks [2,82—85]:
195 new minerals have been discovered since 1977 [86].
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Chapter 2
Geological framework of Israel

2.1 — Geological setting

The studied area is located in the northern part of the African Plate, which collided with the Eurasian
Plate at the end of the Eocene [87,88] (Fig. 2.1). Before the collision, this area was part of the southern
shelf of the Tethys paleo-ocean, which was involved in a typical deposition of carbonate platform
across North Africa, Arabian Peninsula and Levant areas [88].

The sedimentary sequence is composed mainly of carbonate sediments, interrupted by
sedimentation breaks (hiatus) and unconformities, highlighted by the deposition of Nubian sandstone
horizons [88]. The overall sedimentary sequence was deformed during Upper Cretaceous (Turonian
and Coniacian) due to the beginning of Alpine orogeny related to the closure of Tethys paleo-ocean
[88].

Israel and Jordan belong to Arabian-Nubian platform that could be divided in three parts:

(i)  Precambrian basement (800-600 Ma) made of granite, gneiss, schists and Pan-African

granitoids with dike swarms (600-580 Ma) [89,90];

(i1))  Late Precambrian conglomerates and carbonate rocks (580-541 Ma) [89,90];
(ii1))  Sedimentary sequence composed of shale, dolomite and limestone interrupted by Cambrian,

Ordovician, Permian and Lower Cretaceous Nubian sandstone [68,88,91] (Fig. 2.2).

The basement is exposed across Agaba Bay (southern Israel), southern Dead Sea in Jordan and in
some areas along the Levantine Transform Fault; moreover, it’s covered unconformable by Late
Precambrian rocks. Cambrian to Ordovician sandstone crops out in southern Negev and Dead Sea,
while Jurassic rocks occur mainly in Israel in Ramon, Hatira and Hazera craters. Early Cretaceous
rocks are exposed in the central parts of the Negev Desert and in the western part of Transjordan
Plateau, close to Levantine Transform Fault [88,92] (see Fig. 2.2).
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2.2 — Geological history from Upper Cretaceous to Holocene

In order to understand the geological setting in the Hatrurim Basin a briefing of the main geological
events from Coniaciano (Upper Cretaceous) to Holocene should be considered, which represents the
age range of the rocks in the studied area. Starting from Coniaciano, the Early Alpine orogeny created
two major structures:
(i)  Judean — Samaria Fold Belt, which is related to Syrian Arc;
(i1))  Negev and Transjordan Plateaus, which were later divided by the Levantine Transform Fault
during Oligocene [88] (Fig. 2.2).
During Campanian and later, the tectonic activity caused folding, followed by a change in the
sedimentation: chalky rocks was observed mainly in anticlines; while the deposition of Mount Scopus
Group, which is composed of cherts and phosphorite beds (Mishash Formation) later covered by
limestone and marls (Ghareb and Taqiye Formation), was observed in synclines. During Eocene, a
progressive gradual change in the sedimentation occurred: the transition from Mount Scopus Group to
Avedat Group, composed of mainly by limestone, represents reduction in the clay supply [88,94].
From Eocene to Oligocene, a stage of sea regression and uplifting occurred exposing outcrops
to erosion and denudation, producing clastic sediments, excepted for some locations in the western
part. Over this period two different types of sedimentation in Israel could be recognized [88]:
(i)  marine deposition in the western part, forming Saqiye Group;
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2.3 — Sinai microplate tectonic framework 20

(1))  continental sedimentation in the eastern and southern part, forming Tiberias Group, which also

includes conglomerates of Hazeva Formation cropping out in the Hatrurim Basin [13].

In late Oligocene, the opening of the Levantine Transform Fault and Red Seas Rift produced a
displacement of about 100 km between the two limbs and the formation of a chain of rhomb-shaped
grabens [93,95-99].

During Miocene to Pleistocene, tectonics activity produced a dense network of subordinate faults:

(i)  Transjordan Plateau was broken by E-W and NE-SW striking faults, with smaller vertical
displacement (50-70 m), spacing of 10-20 km and traced for 10-50 km, plus a network of minor
faults oriented NW-SE, which produced many grabens;

(i1))  Levantine microplate (Sinai microplate) was broken by NE-SW striking faults, extending for

20-30 km with a vertical displacement ranging from 200 to 300 m, plus several E-W and NW-

SE faults with less extension and slight vertical displacement [67].

In particular over the period from Miocene to Pleistocene, considering the eastern part of Israel close
to Dead Sea, three stages could be recognized: (i) 1% stage (late Miocene, 8-10 Ma) of deposition of 2-
3 km of continental conglomerates belonging to Hazeva Formation; (ii) 2" stage (late Miocene to
Pliocene, 3-6 Ma) of rapid subsidence produced a deep topographic trough, and the basin was invaded
by the Mediterranean Sea forming an elongated seawater arm called Sedom Lagoon with deposition of
2-3 km of evaporites (Sedom Formation) [100]; (iii) 4™ stage (early Pliocene to Pleistocene) of cut off
of the Sedom Lagoon from the Mediterranean Sea, producing hypersaline condition with deposition of
3-4 km of lacustrine and fluvial sediments (Samra Formation) [100].

During Pliocene to Pleistocene, alluvial and proluvial pebbles were deposited in Transjordan
Plateau; whereas coastal sedimentation in Isracl was composed by sands, pebbles, clays and evaporates
[67,90,101].

Over the period from Miocene to Holocene, several basalts exhibitions occurred only in Jordan
area, which are strictly related to the extension of Levantine Transform Fault [67,102]. Three main age
groups of these basaltic flows were identified: (i) middle Miocene (18 — 9 Ma); (ii) late Miocene (8 — 6
Ma); (1i1) Pliocene — Holocene (< 5 Ma).

2.3 — Sinai microplate tectonic framework

Sinai microplate experienced stronger tectonic deformation compared to Arabian microplate;
furthermore, central and southern Israel were mainly folded, whereas Northern Israel was mainly
faulted [103]. In general, two main structural elements are observed among Sinai microplate (Fig. 2,3):
(1) folds associated with reverse faults, which have a trend between NNE-SSW and NE-SW,
related to compression stage [103];
(i1) normal faults, which have trends from N-S to NNE-SSW [103].
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2.3.1 — Tectonic Setting of Hatrurim Basin

Hatrurim Basin is in the central-eastern part of Israel, represents a rectangular syncline with several
minor structures strictly related to the Syrian Arc fold system: (i) Gurim anticline, where crops out
Mishash Formation; (ii) Morag and (ii1) Hatrurim adjacent synclines (Fig. 2.4a,b). Moreover, Gurim
anticline 1s asymmetric with SE flank steeper than its NE one, and toward NE forms a saddle from
which Mt. Ye’elim rises (Fig. 2.4a). Many additional folds are located on the south and east of the
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basin but are less clear than northern ones [13]. CP rocks don’t exhibits any preferred orientation of

joints, explained by the inducted recrystallization, cracking and later hydration processes due to the CP
[13].
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Chapter 3
Lithostratigraphy of Hatrurim Basin

3.1 — Sedimentary sequence

The sedimentary sequence involved in the CP event in the Hatrurim Basin is composed of
phosphoric chert (Mishash Formation), marine rocks (Ghareb and Taqiye Formation) and
terrigenous-clastic rocks (Hazeva Formation), from to the bottom to the top, with ages varying from
Upper Cretaceous to Pliocene [13,104,105]. The majority of outcrops are belonging to Mishash,
Menuha and Nezer Formation; whereas, Ghareb Formation crops out in some locations close to
Arad city and on the southeast from Hatrurim Basin. Taqiye Formation outcrops are reported only
in some location in the northeaster part of the Hatrurim Basin. Furthermore, both Ghareb and
Taqiye Formation are made of limestone that are easily weathered, therefore the outcrops
commonly form hummocky landscape [13]. In Fig. 3.1 is reported the geological map (scale
1:50°000) of the studied area, and in Fig. 3.2 the legend of the lithostratigraphic sequence. In Fig.
3.3 is reported the difference in thickness and features of lithostratigraphic sequence from Upper
Campanian to Upper Paleocene between syncline and anticline locations in Negev [106].
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3.1.1 — Mishash Formation (Campanian- Early Maastrichian)
Mishash Formation is composed of chert layers and calcareous, oolitic, phosphate layers alternating
with phosphatic chalk, grey marls and limestone, with a maximum thickness of ~ 130 m and an
average of ~ 60 m. It’s widely developed in the synclinal areas of the Negev and reaches its
maximum in the north-central part of the region, where is normally mined [107-109]. The
depositional environment has claimed as marine and lagoonal [101]. This formation is overlaid by a
condensed layer composed of calcite, dolomite and fluorapatite with the absence of fauna,
representing a depositional hiatus [110] A condensed layer is almost widespread in Negev,
indicating the transition between Mishash and Ghareb Formation: the condensed layer is composed
of approximately 20wt.% dolomite, 45wt.% fluorapatite, 35wt.% calcite and no fauna is observed
[111]. Bentor and Vroman [80] firstly distinguished three different facies:
(1) Flinty-chalky facies, deposed in synclinal area, consisting of flint layers separated by
chalky beds and occasionally limestone;
(i1))  Chalky facies, deposed in synclinal area, consisting of chalks with subordinate flint
layers, mainly developed in Judean Desert;
(ii1)  Flinty facies, deposed in anticlinal area, consisting of thick flint layers.
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Whereas, Soudry et al [112] later divide Mishash Formation in two members:

(1) Main Chert Member, represents the base of this formation, consisting of brecciated grey
to reddish chert with occasionally partially silicified chalk and porcellanite. This
member varies in thickness from 20 to 30 m;

(i1) Phosphate Series Member, represents the upper portion of this formation which is well
developed in synclines, consisting of an alternation of nodular phosphorite layers,
phosphatic chalk, porcellanite, and friable carbonates. The thickness varying from 80 m
to 8 meters in synclines and anticlines, respectively [106]. Phosphatic nodules consist of
phosphate pellets, coated grains and fish bone fragments, which at optical microscopy
usually revealed a matrix of cryptocrystalline phosphate with weakly anisotropic
features on crossed nicols [106]. The formation of phosphate nodules is explained by
cyclic repetition of low and high-energy episodes associated with a microbial activity of
sulphide-oxidizing bacteria depending on the position of the anoxic-oxic surface [110].
Furthermore, hard carbonate concretions ranging in size from centimeters to a few
meters are commonly found, which are made of hard matrix supported limestone with
well-preserved fish bones, intense microsparitization and silicification at their margins.
The formation of carbonate concretions are related to the decomposition of organic
matter in anoxic conditions which leads an increase in pH and a dissolution of opal [113]

Only the upper part of Mishash Formation (Phosphate Series Member) was involved in the CP
event. Therefore, Mishash Formation could be considered as the stratigraphic basis upon which the
Hatrurim Formation rests [13].

3.1.2 — Ghareb Formation (Early to Upper Maastrichtian)
Ghareb Formation is mainly composed of yellow and pink, limonitic, marly chalk with phosphate
nodules and rare grey gypsiferous shales [101]. Rare dolomites bodies appear only in the upper part.
Outcrops are generally well exposed in on synclines in the Negev Desert [13]. The depositional
environment of Ghareb Formation is recognized as open marine deposition environment with a
thicker sequence close to synclines with at the base organic-rich rocks, while in anticlines the
sequence is thinner with a lack of bituminous lithotypes [101,114].

This formation is commonly divided in two members by the carbonate content which
increases from the bottom to the top:

(i) Lower Member (Early to Middle Maastrichtian), which is represented by poor bedded
bituminous marls and chalky marls with siliceous chalk in the basal part, cut by several
gypsum-rich veins [13,115]. The calcite content is up to 72wt.% within this member [13].
When it contains up to 26% of organic matter as bitumen it is called Oil Shale Member
[78,116]. This Member is also called Marl Member [114]. Little well-rounded phosphatic
pellets (< 1 cm) occur within the Lower Member, especially in the Oil Shale Member,
suggesting a low-rate of deposition and a low-energy environment [106];

(i1))  Upper Member (Middle to Upper Maastrichtiano), which is mainly poor bedded bituminous
limestone and marly limestone, with at least 86wt.% of calcite and strongly jointed [13].
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This member has a wide range of organic matter content from 15 to 30wt.% [78,116]. The

Upper Member is also called Chalky Member [114].

Several outcrops are exposed around the eastern margin of the southern part of Hatrurim Basin. The
thickness of the formation ranging from 30 to 80 m, but locally can reaches up to 170 m, and seems
to increase toward southeast [28]. The stratigraphic age is between 65 and 72 Ma, which is in good
agreement with “°K/*Ar data (64-74 Ma) [117] and paleontological data that claimed a late
Campanian to Maastrichian age [101]. The Ghareb Formation overlies the Mishash Formation
conformably and it’s also conformably overlain by Taqiye Formation. Benthic foraminifers are
generally greater than planktonic foraminifers in Ghareb Formation, confirming the increase of
deep compared to Mishash Formation [118].

Studies [118] highlighted diagenetic process of replacement of gypsum by calcite in
organic-rich part of Ghareb Formation explained by a three steps process: (i) sediments were
deposited on the bottom of an hypersaline stratified lagoon, which the upper part were oxygenated
and rich in foraminifers; (ii) organic matter accumulated on the anoxic hypersaline bottom with
crystallisation of gypsum in foraminifer tests due to hypersaline condition; (iii) sulphate-reduction
bacteria activity due to anoxic condition released Ca*", H»S and HCOs" that leads an oversaturation
and later precipitation of CaCOs.

The beginning of CP is recognizable by a pronounced recrystallization of microfossils,
hardness increase and lighting of colours which occurs during the initial prograde stage at low
temperature [13].

3.1.3 — Taqiye Formation (Late Maastrichtian-Upper Paleocene)

Taqiye Formation consists of green shale at the base, passing gradually upwards into argillaceous

chalks and chalky limestone, which sometimes appear gypsiferous, bituminous and limonitic,

containing marcasite concretions [101]. This formation is divided in two members:

(i) Lower Member (Late Maastrichtian to Middle Paleocene), which is mainly composed of
marls, with a wide clay content and sometimes dolomitic, and clays reaching up to 80 m.
Several concretions of pyrite, marcasite and rarely barite occur in this member [13]. Clays
content is composed of montmorillonite (up to 80wt.%), kaolinite (up to 50wt.%) and illite
(up to 20wt.%); the calcite content has an increasing upward trend [94];

(1))  Hafir Member, which represents a sequence of well bedded chalks, with chert concretions at
the base and many marly beds at the top. The thickness reaches up to 30 m and rapidly
decreases toward anticlines [13,94]. The clay assemblage is composed of sepiolite (up to
20wt.%), palygorskite (up to 60wt.%) and montmorillonite (up to 90wt.%) [94].

The bituminous part occurs only in few locations limited in synclines and the organic content

reaches up to 25% [13,80]. The overall thickness is up to 150 m, but the average is around 50 m

[28,94]. The stratigraphic age ranges between 59 and 65 Ma, which is in good agreement with

Y0K/*Ar data (74-152 Ma) [94,117].
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3.1.4 — Hazeva Formation (Oligocene-Miocene)

Hazeva Formation is composed of clastic rocks and overlies unconformably the Taqiye Formation.
The thickness is extremely variable from 50 to 500 m. This formation is divided in three members,
described from the bottom to the top [13,119]:

(1)  Zefa Member (Oligocene), consisting of coarse gravel and breccia grading upward to sandy
marls. Most of pebbles are well rounded up to 50 cm composed of chert, flint, with minor
limestone and chalk. The upper part of this member is overlain by a white fine-grained sand,
containing limestone, flint and orthoquartzite pebbles up to a few centimeters [13,120];

(i)  Shahaq Member (Early to Middle Miocene) representing an autochthonous polymictic
conglomerate;

(i11))  Rotem Member (Upper Miocene) made of gravelly sandstone, also representing the end of
the Miocene.

Rarely this formation is partly metamorphosed and mineralized with retrograde minerals especially

in cracks and veinlets [13,80,112].

3.1.5 — Paleoenvironmental reconstruction from Late Campanian to Upper Palaeocene

The sedimentary sequence from Late Campanian to Upper Paleocene in central-eastern Israel

(Northern Negev) took place in shallow marine environment within NE-SW elongated basins with

an overall deepening of the continental shelf toward NW. Basins were formed by tectonic activity

during Campanian, creating high and low on the continental shelf. The sedimentary sequence could
be divided in three stages with different environmental conditions:

(i) a first stage of Lower Chert Member (Mishash Formation) deposition, composed of
brecciated chert layers, interbedded chalks, and phosphate organic-rich carbonates
suggesting an open marine environment;

(i1))  asecond stage with the deposition of Phosphate Member (Mishash Formation), composed of
nodular phosphorite layers, porcellanite and phosphatic chalks, changing to a lagoon
environment conditions with cyclic changes in sea level and tectonic activity;

(ii1)) a third stage (from Early Maastrichtian to Upper Paleocene) of Ghareb and Taqiye
Formations deposition, that are represent by marly limestone and chalky marls, highlighting
an overall deepening of marine conditions with local temporary restricted conditions
resulting in bituminous-rich rocks.

3.2 — Pyrometamorphosed sequence — Hatrurim Formation

The sedimentary sequence from the upper part of Mishash Formation to the lower part of Hazeva
Formation has undergone in combustion pyrometamorphism in the northern Negev, resulting in
metamorphic rocks sequence called Hatrurim Formation (HF) or also Mottled Zone Complex
(MCZ) [13,28,65]. The area involved in the CP event is called Hatrurim Basin, which represents an
arid area of ~ 40 km?, with an entire section up to 190 m of metamorphic rocks [13]. Two main ages
of CP events were recognized by K—Ar dating, one at 2.3-4 Ma and an older at 16 Ma [117].
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HF is divided into five mapping units basing on the stratigraphic position in the sequence:
Unit KuPhl1, carbonate rocks unit; Unit KuPh2, spurrite and larnite rocks unit; Unit KuPh3, calcite-
zeolite-garnet and anorthite-diopside hornfels unit; Unit KuPh4, bedded larnite rocks unit;
metaconglomerate unit (Fig. 3.4). The concept of mapping the metamorphic units was the direct
correlation between unmetamorphosed and pyrometamorphosed rocks [13,78]. Due to the rarity and
limited exposure of metamorphosed outcrops of Mishash Formation, no dedicated metamorphic unit
was created [13]. Some outcrops of unmetamorphosed Ghareb and Taqiye Formation occur in
Hatrurim Basin, and paleontological studied confirmed their age and the stratigraphic position [78].
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Fig. 3.4 — Stratigraphic sequence and correlation between sedimentary sequence (from Late Campanian to Upper Paleocene) and pyrometamorphosed sequence occurring in

Hatrurim Basin (modified from [13]).
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3.2.1 — Metamorphosed Mishash Formation

Only the Phosphate Series Member is slightly affected by CP, and due to its small outcrops no
mapping unit was dedicated to this lithotype [13]. The metamorphism of Mishash Formation
produces a  darkening of  layers, progressive  decarbonation of  francolite
(Cas_1/2x[(P0O4)3-x(CO3),](F,0H)) into fluorapatite and a general recrystallization [121]. The
high-grade facies is represented by apatite-rich marble with reddish to green colour, due to the
presence of apatite [13].

3.2.2 — Unit KuPhl: carbonate rocks Unit

This unit is made of mainly low-grade and retrograde metamorphic rocks, which cover ~ 70% area

of the entire Hatrurim Basin, and lesser high-grade rocks. Despite the low-grade rocks occur in all

parts of the stratigraphic section, they commonly occur at the base of the metamorphosed sequence.

Typically, this unit forms badlands landscape with light colours and soft terrains [13]. Most

outcrops are coated by a white to yellow porous crust made of calcite, gypsum and sometimes halite

varying in thickness from 0.1 to 1 m. Misoriented veinlets, considered as retrograde veins, are
composed of secondary calcite, gypsum and volkonskoite

(Cags(Cr3*,Fe3*t,Mg),(Si,Al),0,,(0OH), - 4H,0) [13]. This unit is composed of three

metamorphic grades:

(i) prograde low-grade metamorphosed carbonates, resulting from low-temperature
metamorphism of Late Cretaceous marine rocks, composed of calcite, apatite, zeolites and
hydrogarnet;

(i)  numerous lens bodies ranging from 1 to 10 m of gehlenite or larnite rocks (high-grade
metamorphic rocks). Gehlenite lenses are composed of gehlenite, garnet (andradite-
grossularia), fluorapatite, nagelschmidtite and wollastonite, crossed by retrograde veinlets of
calcite, tobermorite, portlandite and hydrogarnet; larnite lens always occur close to gehlenite
lens and consist hard dark-brown rocks of larnite, brownmillerite, mayenite or ye’elimite
and fluorapatite.

(ii1)  retrograde metamorphosed rocks, resulting from low-temperature processes (sulfation,
carbonation and hydration) involving prograde metamorphic rocks. Retrograde process is
more pervasive for larnite lens compared to other prograde rocks, forming
pseudoconglomerates: pebbles up to 10 cm of anhydrous larnite rock, surrounded by light
coloured cement composed of calcite, portlandite, hydrogarnet, tobermorite, aragonite,
halite, jennite, ettringite, afwillite, iron oxides and fluorapatite.

The transition between low-grade rocks and high-grade lens is generally irregular, often by

retrograde rocks. Moreover, Ghareb and Taqiye Formation outcrops, which are in contact with Unit

KuPhl, are always surrounded only by low-grade metamorphic rocks [13]. Furthermore, metric

bodies of lizardite-rich rocks occur in the upper part of Unit KuPhl, consisting of calcite, lizardite,

hematite, gypsum and dolomite, explained by the metamorphism of dolostone belonging to Lower

Member of Ghareb Formation [13].
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3.2.3 — Unit KuPh?2: spurrite and larnite rocks Unit

This unit is dominated by spurrite and larnite rich rocks which are the corresponding

metamorphosed Lower and Upper Members of Taqiye and Ghareb Formations, respectively. The

average metamorphic grade of Unit KuPh2 is higher compared to Unit KuPhl. The unit is divided
in two sub-units by the mineral assemblage and stratigraphic position:

(1)  calcite-spurrite marble subunit, forming cliffs without bedding, and representing the CP of
Upper Member of Ghareb Formation. The mineral assemblage is composed of spurrite and
calcite, as major phases, and brownmillerite, mayenite, apatite and garnet, as minor
minerals. Marbles are usually crisscrossed by white to beige coloured veinlets of calcite,
volkonskoite, gypsum, zeolites and other hydrated phases. Hematite concretions from 1 mm
to 10 cm in size rarely occur. Moreover, marbles were also used in the past as dimension
stone called “Arad Marble”, as confirmed by the numerous dismissed quarries [13];

(11)  larnite-spurrite-gehlenite rocks subunit occurs above the calcite-spurrite marble unit, also
among Unit KuPh3 as lens bodies. This subunit should correspond to the metamorphism of
rocks belonging to Upper Member of Ghareb Formation and Lower Member of Taqiye
Formation. It’s composed of mainly larnite-rich rocks, minor spurrite marble and gehlenite-
rich rocks. The former and the latter are very similar in chemical composition and mineral
assemblage respect to larnite and gehlenite rock lens belonging to KuPhl1 [13].

The contact between calcite-spurrite-gehlenite and calcite-spurrite subunits is usually irregular.

3.2.4 — Unit KuPh3: calcite-zeolite-garnet and anorthite-diopside hornfels Unit

Unit KuPh3 accounts rocks with a wide metamorphic grade, representing the metamorphism of

Lower Member of Taqiye Formation: the wide range of clay content of Taqiye Formation is

reflected by the various mineral assemblages of metamorphosed rocks, ranging from calcite-spurrite

marble, for limestone and marls, to anorthite-diopside hornfels, for marly claystone. Outcrops
mainly occur in the northern Hatrurim Basin. The unit is divided in four subunits, representing an
increase of metamorphic grade which is toward the upper part:

(1)  calcite-hydrogrossular rocks subunit, also called low-grade olive rocks, which has the same
metamorphic grade of low-grade metamorphosed carbonates belonging to Unit KuPhl. The
rocks are light-green meta-chalk, with sporadic hematite or barite concretions. Calcite-
hydrogrossular rocks are porous and soft, mainly composed of calcite and hydrogrossular
with minor aragonite, aluminous serpentine, vaterite, hematite, zeolites, garnet (andradite-
grossular) and apatite;

(i1))  calcite-zeolite-garnet rocks subunit, also called medium-grade porous olive rocks, which
represents the most abundant subunit of Unit KuPh3. The subunit is composed of zeolites
(mainly thomsonite and gismondine, with less phillipsite and chabasite), calcite, diopside,
garnet (andradite-grossular), hydrogarnet and minor maghemite, hematite, serpentine,
aragonite and vaterite;

(ii1)  anorthite-diopside hornfels subunit, also called high-grade dense olive rocks, composed of
two rocks varying in textures: (a) hornfels which are massive, fine grained and
homogeneous, mainly composed of diopside, anorthite, grossular, wollastonite and minor
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calcite, zeolites, serpentine, andradite and gehlenite; (b) paralavas with fluidal texture, lens
shape, fine grained, mainly composed of diopside, anorthite, K-feldspar, Fe-Ti oxides and
glass, with minor calcite, zeolite, apatite, pyrrothyte, fayalite and tridymite [22]. Rocks
usually contain hematite-maghemite concretions varying in shape from spherical to
elongated and from few millimeters to centimeters in size [13]. Studied on paralavas
estimated a formation temperature between 1220-1500 °C using the normative component
of paralavas [22], and 1000-1200 °C considering the hematite-corundum pair [35]. Whereas,
glass composition indicates that temperature of quenching ranging from 950-1150 °C
[13,22];

(iv)  gehlenite-wollastonite hornfels subunit, also called high-grade gehlenitic dense olive rocks,
composed of grey to olive-brown, fine grained and hard rocks. This subunit generally occurs
in the upper part of Unit KuPh3 and represents the high-grade metamorphism of Lower
Member of Taqiye Formation. Hornfels are composed of gehlenite, wollastonite, garnet
(andratite-grossular) and diopside with granoblastic texture. Veins filled with thomsonite,
jennite, tobermorite, calcite and hydrogarnet sometimes occur [13,28].

3.2.5 — Unit KuPh4: bedded larnite rocks Unit

This unit overlies Unit KuPh3 and represents the high-grade metamorphism of Hafir Member
belonging to Taqiye Formation. Most of outcrops occur in the northern Hatrurim Basin on top of
hills. Outcrops exhibit a bedding, forming banks from 10 cm to 2 m thick, with no clear relation
with mineral or clear texture changes [13]. Rocks are frequently cut by retrograde light-coloured
veinlets filled by hydrates minerals such as hydrogarnet, tobermorite, chabasite, thomsonite, jennite,
ettringite, portlandite and calcite. This unit includes two different rocks reflecting changes in
metamorphic grade:

(1) larnite rocks representing highest metamorphic grade in the sequence with an estimated
forming temperature 1200-1400 °C. All occurring features are similar to larnite lens of Unit
KuPhl, composed of brown to black, fine grained and hard rocks. Two main mineral
assemblages can occur basing on the occurrence of gehlenite as major mineral: one made of
larnite, ye’elimite, brownmillerite, shulamitite, spinel and fluorapatite; whereas, the other
composed of larnite, gehlenite, mayenite, brownmillerite, shulamitite, spinel and fluorapatite
[122];

(i)  spurrite-calcite marbles with an estimated forming temperature between 850-950 °C, which
are composed of spurrite, calcite and mayenite. Minerals assemblage and textural features
are similar to spurrite-calcite subunit (Unit KuPh2) ones.

3.2.6 — Metaconglomerates Unit

A small number of metaconglomerates outcrops occur in Hatrurim Basin [80,123].
Metaconglomerates have a metamorphic grade varying from very low to medium, increasing when
the thickness is lower. There are three major areas where metaconglomerates outcrops are exposed:
(1) close to the centre of Hatrurim Basin; (ii) in the north-eastern part of Hatrurim Basin at an
elevation from 290 m to 370 m; (iii) in the south-western zone close to Gurim anticline. The degree
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of cementation of metaconglomerates increases with the metamorphic grade. These
metaconglomerates are poorly sorted and polymictic, containing chert and phosphorite pebbles from
Mishash Formation, sandstone of Hazeva Formation, rare limestone pebbles belonging to Judea
Group and CP pebbles [13]. The matrix of these metaconglomerates is varying from grey to red,
composed of calcite, quartz and orthoclase grains. Metamorphosed rocks consist mainly of quartz,
feldspar, calcite, apophyllite and zeolites [117].
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Chapter 4
Combustion Pyrometamorphism event in

Hatrurim Basin

Many theories have been made explaining the genesis of Hatrurim Basin invoking a volcanic
[124,125], tectonic [126], sedimentary [79] or hydrothermal [80,127] genesis. The metamorphic
event could be considered as isochemical, except for low-grade rocks due to the weathering process
and interaction with water and gases [13,128].

The pressure during the combustion was governed by the load pressure of rock column,
hence, the highest pressure reached was of 25 atm at the base of metamorphosed sequence [129].
Due to the interaction between rocks and fluids/gases, the composition of gases can play an
important role in the stability field of minerals. Carbon dioxide should be the main constituent of
the vapour phase, released both by the combustion of fuel and by the breakdown of calcite. H,O
may also be an important component phase especially at low temperature. SO2 should be considered
especially at high temperature (> 1200 °C) when anhydrite and ternesite start to decompose. The
oxygen fugacity among Hatrurim Basin rocks during the combustion should be in the range from
HM and QFM buffers [130,131]. Whereas, the estimated highest temperature for Hatrurim Basin
should not exceed the eutectic point of 1280 °C of the coexistence of larnite-brownmillerite-
mayenite [129,132].

Fission track analysis (**Ar/*°Ar and “°K/*°Ar analysis) revealed a range of ages for CP rocks in
Hatrurim Basin, ranging from 1.2 to 5 Ma with an average of 3 Ma [13,78,117]. K—Ar dating
method used K-bearing minerals mainly coming from KuPh3 and Metaconglomerate Units. This
age range should be related to the opening of Dead Sea rift due to the strict relation with
neotectonics activity [88]. U-Th dating method on hydration veins revealed a wide range from 45
to 450 ka with an average of 150 ka [133]. The combustion event lasted from 300 to 1000 days as
estimated by using the conduction heat equation [134] assuming the distance measured on field
between high-grade metamorphic and unmetamorphosed rocks, a foci temperature of 750 °C and a
thermal conductivity of 1-10°° m?/s [28].

Afterwards, nowadays two main models are used to explain the formation of Hatrurim Basin:

(i)  self-ignition bitumen model, in which the bituminous rocks represent the fuel for

combustion process [13];

(i1))  mud volcanism model, where methane-rich hydrocarbon gases from deep reservoirs toward

to surface represent the fuel for the combustion [66].

The self-ignition bitumen model for CP for MZC has been widely accepted by the geological
community, but recent studies highlighted criticalities mainly focused on the mechanism of
triggering the combustion, the occurrence of brecciated-cement bodies and strict correlation
between hydrocarbon deposits and MZCs.
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4.1 — Self-ignition bitumen combustion model

This model claims an in-situ spontaneous combustion of bituminous matter occurring in the original
sedimentary rocks (Ghareb and Taqiye Formation) as a source of heat. The self-ignition of bitumen
was triggered by a first intense cracking, due to neotectonic event related to Dead Sea Transform
Fault, and later oxidizing of sulphide minerals, giving enough energy to start the combustion
[78,123,129]. Isotopic studies on carbon and oxygen confirmed the hypothesis of the involvement
of bitumen (organic matter) in the combustion: spurrite (Cas(Si0,),C03) crystals are strongly
enriched in C'2, suggesting a CO, coming from an organic source during the spurrite formation at
high temperature (650-950 °C) [123,128].

In general, three main features control the CP event: (i) the availability of organic matter in
the protoliths; (ii) the access of oxygen by joints, essential for the combustion; (iii) rapid exposure
and following oxidation of sulphides and subsequent combustion of organic matter [13]. A slow
oxidation of bituminous protoliths leads a low oxidation of sulphides and organic matter without
reaching the self-ignition point [13]. Therefore, the oxygen supply represents the chief controlling
factor, depending on the grade of crack and deep of system: higher fracturing grade and closer to
surface, higher is the oxygen availability, therefore higher temperature could be reached. Drilling in
the Hatrurim Basin in Halamish, Gurim and Mt. Ye’elim locations confirmed up to 120 m of CP
rocks from the surface, followed by unmetamorphosed sedimentary rocks [13]. The occurrence of
several dike-like structures in Hatrurim Basin suggests a combustion process with numerous foci
representing locations of high temperature combustion and releasing of combustion gases [13].

The self-ignition bitumen combustion model for Hatrurim Basis depicts a three steps
process: (i) a rapid removal of clastic rocks (Hazeva Formation), which were covering the
bituminous sequence; (ii) followed by a rapid exposure, starting the oxidation of sulphide minerals
and organic matter; (iii) self-ignition of bitumen in several locations, creating foci in which high
temperature are reached and combustion gases are released.

4.2 —Mud vulcanism model

Despite the self-ignition of bituminous rocks is the most accepted model there are several
inconsistencies: (i) bituminous chalk has an insufficient porosity to sustain a combustion process;
(i1) presence of brecciated and pipe-like bodies and rock fragments belonging to formations ~ 2-3
km beneath the surface; (iii) the evidence of very high-temperature mineral assemblages, which can
not be explained by low-calorific fuel as bituminous limestone; (vi) the occurrence of relatively
high concentration of U-Th, REE, trace elements and noble metals, large-scale dolomitization and
calcite-barite enrichments suggest the occurrence of hydrothermal activity common in mud
vulcanism system [135]. Therefore, many authors invoked the mud volcanism as a genetic process
for Hatrurim Basin.

Mud vulcanism is a geological process related to neotectonic deformation, which causes
movement of oil, gases and brine in hydrocarbon reservoirs: the overpressure of these deep
reservoir causes the rinse of mainly hydrocarbon gases and lesser brine toward the surface along
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faults produced by neotectonic activity. Furthermore, conical hills commonly occur on mud
vulcanism fields, which are composed of brecciated and cemented rocks [67,135]. The overheated
and pressured hydrocarbon-rich fluids when reaches the surface causes hydrofracturing of outcrops
and self-ignites in contact with oxygen due to high pressure and temperature. The combustion of
hydrocarbon gases produces a rapid increase in temperature forming high-grade metamorphic
rocks; whereas, after the combustion low-grade metamorphic rocks are formed, both from simply
weathering process or by hydrothermal low-temperature brines forming metasomatized and
brecciated-cements rocks. The release of brines coming from deep reservoirs is not always

occurring after the gas combustion [63,67].

Many features occur in Hatrurim Basin and in nowadays mud volcano locations, helping in

understanding the formation process [67]:

(1) pyrometamorphosed field are always located close to shear zones or flexures, indicating that
tectonic activity is key-factor;

(1))  the widespread occurrence of fractured rocks especially close for high temperature facies,
which is consistent with hydro-explosion during the rinse of gases;

(iii))  great thickness and extension of pyrometamorphosed rock, indicating a prolonged process of
combustion powered by hydrocarbons release;

(iv)  wide range of minerals assemblages and chemical composition, not explained by the
correlation of metamorphism of protoliths but rather by extrusion and metamorphism of
ancient rocks;

(v)  the occurrence of extensive and pervasive hydrothermal alteration, which is commonly
found in mud volcanism locations;

(vi)  the close spatial occurrence between pyrometamorphosed rocks and oil, gases and asphalts
reservoir.

Further studies investigated the occurrence and the formation of reservoirs in Israel, revealing f

useful features to lend credence to mud volcanism model. In the western flank of the Dead Sea there

are three main gas fields (Zohar, Kidod and Haganaim), plus several oil, asphalt and light oil
exhibitions (Fig. 7a) [88]. The origin of hydrocarbon reservoirs beneath the Northern Negev is
related to hydrocarbon maturation, migration and accumulation in the western flank of Dead Sea
rift, which took place during the last 3-6 Ma: hydrocarbons fluids were originated from the

Senonian bituminous rocks buried in the graben and migrated westward accumulating in anticline

structural traps [100].

Studies on gas of the Zohar, Kidod and Haqganaim reservoirs revealed composed a
composition of 90-96% of methane, 2-4% ethane, propane and butane and <1 % CO» [136], which
could better represent the fuel for CP due to its high calorific power.
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Chapter 5
Field trip in Hatrurim Basin

A field trip was performed in the northern part of Negev Desert on the south from Arad city, in
order to highlight (i) geological features at mesoscale (from 1 to 10 cm) and macroscale (from 10
cm to 10 m) observing outcrops, and collecting (ii) rocks samples from main formations, especially
for calcareous protoliths (Ghareb Formation) and the corresponding high-grade metamorphic rocks
(KuPh2,4), useful for mesoscale and microscale (from 5 pm to 1 cm) laboratory investigations. The
field trip was dived in two trips (Table 5.1 and Fig. 5.1):
1" trip, focused on outcrops of sedimentary rocks close to Arad city and the north-western
part of Hatrurim Basin (from Stop-1 to 8);
- 2" trip, focused on outcrops on Mt. Ye’elim, which represents one of highest mountain in
the Hatrurim Basin, where crops out high-grade metamorphic rocks of KuPh4 close to the
top (Stop-9).

GOOGLE
STATION SHORT DESCRIPTION N (©) E (©) MAPS
LINK
1%t Trip
Stop-1 Phosphate-rich limestone with chert layers
Northern Arad (Phosphate Series Member, Mishash Fm.) 31.265264 35205141 STOP-1
Stop-2 Extremely Weathered limesthe with hard 31262028  35.207855
Northern Arad limestone concretions STOP-2
(Lower Member, Ghareb Fm.)
Stop-3 Viewpoint of Hatrurim Basin highlighting Gurim
Road 258 to Mezad and Zohar anticline, Morag and Hatrurim 31095152 35.205860 STOP-3
Tamar synclines
Stop-4 Light-brown fine-grained rocks with iron-rich
Road 31at Hatrurim nodules and hydrations veins 31.220569  35.250128 STOP-3
Junction (Unit KuPh3,4)
Stop-5 Calcite-spurrite rocks with green and white
Road 31 at Morag hydration veins: Arad Marble 31.23529 35.25182 STOP-4
Quarry (Unit KuPh2)
Stop-6 Brown to black hard rocks crisscrossed by
Wadi Morag and numerous hydration veins 31.23640 35.26346 STOP-5
Gurim anticline hill (UnitPh3,4)
Stop-7 Extremely weathered limestone forming soft
Desert walking trail terrains 31.22872 35.25315 STOP-6
(weathered Ghareb Fm.)
Stop-8 Phosphatic soft limestone collected from
Roten Amfort Plant phosphate mining plant 31.11490  35.190171 STOP-7
(Lower Member of Ghareb Fm.)
2" Trip
Stop-9 Hard, black and fine-grained rocks with brown
Mt Ye'elim and white hydration veins 31.242633  35.278923 STOP-8

(KuPh4)

Table 5.1 — Locations of stops during the field trip in the Hatrurim basin with a brief description of rocks.

41


https://goo.gl/maps/4dSATNFfTVoNi4hB7
https://goo.gl/maps/FD2SvgagaPuFYBwKA
https://goo.gl/maps/WNZpWTRRB7s7EYT57
https://goo.gl/maps/dBgNakE31q5hg3E78
https://goo.gl/maps/X3rWjWUr59gmJjrG6
https://goo.gl/maps/4oskQASXgCzuuZn67
https://goo.gl/maps/tton6UcTMWBhrGVj9
https://maps.google.com/maps?q=31.11490,35.190171
https://maps.google.com/maps?q=31.242633,35.278923

T — — T T —c . = g —" T )
708 7i0 72 74 78 b 78 720 Bm
170 174 = 178 o % e
576 218 wnm a 220 222 224 2265 vz 228.4° h i 576

~3462

el Legend
RS ®Stop- |

3458~

EE
=3
o

1456~

¢
ag

g
568
osB

1454

2448

it ?

Agr s
3torsr

3446

220 2 224 228 228
70 74 178

70 g 2 7 i 716 718 720

¥
€ 815E

a0s

Fig. 5.1 — Field trip stops plot on the Geological Map (scale 1:50°000) [104,105].
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5.1 — Stop-1

Mishash Fm.
(Koumi)

: Menuha Fm.

S Koy
Nezer Fm.
(Kun)
Ghareb Fm.
(Kug)

Fig. 5.2 — Geological Map (1:50°000 [104]) reporting the sampling location of Stop-1 in the northern part of Arad city
where crops out Mishash Fm.

This stop is located in the northern part of Arad city, close to Hatsfoni Park, where is exposed the
unmetamorphosed sedimentary sequence of the upper part of Mishash Formation (Upper Member,
Phosphate Series Member): an alternation of black chert layers of 5-20 cm and soft limestone or
porcellanite ranging from 5-40 cm thick. Sometimes within soft stratified limestone and porcellanite
rounded nodules of hard limestone up to 50 cm diameter occur. Limestone rich parts of this
formation form hummocky landscape (Fig. 5.4), whereas porcellanite horizons, chert layers and
concretions are better preserved. The dip of geological strata varies from sub-horizontal to
N45°/25°; moreover, sometimes strata is undulated and changes in thickness. The outcrops are in
good agreement with the sedimentary description of Burg [13], but no clear evidences of high-grade
phosphatic layers and the lack of the ~1 m thick condensed layer (see section 4.1.1) [106,114,137],
which the latter represents a clear marker horizon between Mishash Formation and Ghareb
Formation. Considering the thickness of the entire Mishash Formation (for anticline locations is 40-
45 m [106]), the geological map (Fig. 3.1) and features of Ghareb Formation (see section 3.2.1), the
boundary between Mishash and Ghareb Formation should be in the upper part of the outcrop
reported in Fig. 5.4, above the 15 cm thick chert layer in the middle.
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5.1 — Stop-1 44

Fig. 5.3 — Eastern view of Stop-1, highlighting the stratigraphic position of Lower Member of Mishash Formation
(Chert Member) by the occurrence of black chert layers.

Fig. 5.4 — Upper Member (Phosphate Member) of Mishash Formation, consisting of phopshatic porcellanite and
phosphatic limestone with several hard limestone nodules.
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5.2 — Stop-2

LEGEND

Fig. 5.5 — Geological Map (1:50°000 [104]) reporting the sampling location of Stop-2 in the northern part of Arad city
where crops out weathered Ghareb Fm.

This stop is located approximately 300 m toward SW from Stop-1 on the west side of Yerushalayim
Street (Fig. 5.5). Outcrops belong to Lower Member of Ghareb Formation, they are little and
extremely weathered forming hummocky landscape (Fig. 5.6): poor bedded limestone, completely
altered in soft and light calcareous sand, with several hard limestone pebbles (up to 50 cm) which
remain unaltered. No evidence of bitumen, probably due to the intense weathering and oxidation
processes. In some parts of the outcrops the dip of strata is clear and ranging from sub-horizontal to
N12°/15°. There isn’t a clear contact between the Lower Member of Ghareb Formation and the

upper part of Mishash Formation, probably because of the very pervasive weathering.
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5.3 — Stop-3 46

Fig. 5.6 — Lower Member of Ghareb Formation intensely weathered, forming a hummocky landscape partially covered
by small bushes; occurrence of dense lenticular-shaped hard fine-grained limestone.

5.3 — Stop-3

This stop is located on the road from Arad to Mezad Tamar (road 258) after passing the river Nahal
Heimar. This location permits to get an overview of the entire Hatrurim Basin observing it from the
south, from west to east are highlighted: Zohar anticline, where Turonian and Campanian
sedimentary rocks are exposed; Gurim anticline, which is bordered by Morag and Hatrurim syncline
on the west and east flank respectively (Fig. 5.7). Black layers place the top of the Mishash
Formation, which represents the “Bake-Line” [28]: the stratigraphic position of the lower part of
Hatrurim Formation (Fig. 5.8).
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47 5.3 — Stop-3

Fig. 5.7 — Overview of the Hatrurim Basin from the southern part close to Rotem Amfort mining plant.

Fig. 5.8 — Overview of the Hatrurim Basin from the southern part, close to Rotem Amfort mining Plant, observing
toward east; the Bake-Line is highlighted by the black layers representing the heated upper part of Mishash Formation.
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5.4 — Stop-4
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out well preserved outcrops of CP rocks.

This stop is located on the Hatrurim crossroad, also called Hatrurim Junction, where the road 31
from Arad to Neve Zohar crosses the road 258 to Nahal Heimar. In this location there are two main
conical hills (~ 380 m) belonging to Gurim anticline, which are separated by a little saddle (Fig.
2.4a). These hills are mainly covered by slope quaternary deposit from the bottom to the half of the
hills, whereas Hatrurim Formation rocks crop out only in the upper part. Top hills are composed of
brown to dark-brown, hard, homogeneous and fine-grained rocks (anorthite-diopside hornfels)
belonging to Unit KuPh3 with light brown to white weathering colour surface (Fig. 5.10,11). In
addition, centimetric ferruginous nodules with dark brown millimetric rim are widespread (Fig.
5.12a,b). No evidence of rocks belonging to Unit KuPh4, despite this unit is reported on the
geological map. 8 m below the top hills, gehlenite-wollastonite hornfels rocks (Unit KuPh3) crop
out: rocks are greenish on fresh fracture and reveal dark brown to black weather colour surface. The
contact between different metamorphic grades inside Unit KuPh3 is not constant and seems to be an
irregular transition surface. Gehlenite-wollastonite dense olive rocks are composed of dark-green
parts, varying in size from a few millimetres to centimeters, separated by a light matrix composed
of retrograde minerals (Fig. 5.13a,b). These retrograde minerals have coarser grain size respect to
prograde metamorphic minerals and sometimes exhibit a druse structure (Fig. 5.13b). There is a
millimetric green transition between dark-green dense parts and the light matrix (Fig.5.13a),
suggesting a reaction boundary between them.
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49 5.4 — Stop-4

Fig. 5.10 — Overview of the Hatrurim Junction toward NE where Hatrurim Formation crops out on the top of two
conical hills.

Fig. 5.11 — Outcrops of high-grade dense and medium-grade porous olive rocks (Unit KuPh3) which are characterized
by dark-brown and yellow weathered colour, respectively.
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5.4 — Stop-4 50

4

Fig. 5.13 — Anorthite-wollastonite hornfels (high-grade dense olive rocks, Unit KuPh3) (a) highlighting the
microstructure composed of brown parts separated by a white millimetric veins and some metallic nodules; (b) details
of a centimetric metallic nodule made of magnetite and hematite.

Fig. 5.13 — Gehlenite-wollastonite rock (Unit KuPh3) (a) details of the internal structure composed of dark green
centimetric parts separated by a light green less dense matrix in which can occurs voids filled by crystals; (b)
enlargement of a void filled by white crystals.
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5.5 — Stop-5
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Fig. 5.14 — Geological Map (1:50°000 [104]) reporting location of Stop-5 at the abandoned Arad Marble quarry, where
crops out well preserved outcrops of KuPh2 rocks.

This stop is located around 1 km north from previous stop-4 along a wide walking trail that starts
from road 31 and leads to a hill surrounded by two wadi channels (Fig. 5.14). This area represents
an abandoned quarry of “Arad Marble”, which is a dimension stone widely used for popular floor
tiles. In fact, several rock blocks from 40 cm to 2 m in diameter commonly occur, which are strictly
related to human activity (Fig. 5.15). Outcrops are small and mainly clustered on the top of hill,
whereas the other parts are covered by chaotic blocks, probably related to caving activity and slope
quaternary deposit (Fig. 5.16). Outcrops are composed of mainly calcite-spurrite marble subunit
belonging to Unit KuPh2: dark-grey, homogeneous, fine grained, dense and hard to break rocks
composed of calcite and spurrite (Fig. 5.17,18). Furthermore, it is also frequently crisscrossed by
white and green veinlets (Fig. 5.18). The weathering surface colour is light brown to light-yellow
(Fig. 5.17).
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Fig. 5.15 — An overview from the base of the “Arad Marble” quarry hill along the walking trail, highlighting the
occurrence of several rock blocks related to quarry activity.

Fig. 5.16 — An overview from the top of the hill where are exposed small outcrops of Unit KuPh2.
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53 5.5 — Stop-5

Fig. 5.17 — A block of larnite-gehlenite-spurrite rock with white surface colour, black colour on fresh fracture, very
hard to break, homogeneous and crisscrossed by numberless light veinlets without preferred orientation.

Fig. 5.18 — Calcite-spurrite rock samples composed of hard, fine grained dark parts crisscrossed by millimetric veinlets
ranging from (a) light grey to (b) green.
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5.6 — Stop-6
GOOGLE
(e] (o]
STATION SHORT DESCRIPTION N(©) E (®) MAPS LINK

Stop-6.1 . .

Wadi Morag top Lower part of Hatrurim Formation —~ 31.23562 3527070 STOP-6.1
Stop-6.2 Outcrops of Unit KuPhl and 3123291 3526989 STOP-6.2

Wadi Morag base pseudoconglomerates B
Stop-6.3 . .

Gurim Anticline ~ OWerops of bedded larnite rocks unit 3 53356 35 96682 STOP-6.3
top hill close to the top of the hill

Table 5.2 — Positions of relevant geological features belonging to Stop-6.
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Fig. 5.19 — Geological Map (1:50°000 [104]) reporting location of Stop-6.

-y

This stop is located 1.5 km east from the base of the previous hill, along the walking trail parallel to
Wadi Morag, also called Nahal Morag (Fig. 5.19). Following the Wadi Morag toward SE, several
outcrops of Unit KuPhl are exposed: a mixture of low-grade and retrograde metamorphosed
carbonates; considering the stratigraphic position, they should be related to the CP of Ghareb
Formation (Fig. 5.20). Low-grade metamorphosed carbonates are fine grained, heterogeneous in
hardness and porosity with locally a slight recrystallization. Retrograde metamorphosed carbonates
are mainly represented by pseudoconglomerates, which occur as rounded to elliptical pebbles, with
brown to light-purple colour on fresh fracture both crisscrossed by numerous white little veinlets
and surrounded by a light coloured and soft matrix (Fig. 5.21,22).

Close to Wadi Morag channel toward west a hill of Gurim anticline occurs in which crops
out Unit KuPh3,4 (Fig. 5.23). This conical hill reveals important features of the upper part of
Mottled Zone Complex (Fig. 5.24). In the upper half part of the hill, approximately at 340 m, Unit
KuPh3 crops out with its typical black weathered colour and slight bedding as occurred at Stop-4;
low-grade olive rocks appear mainly in bottom part, while medium-grade porous olive rocks and
high-grade dense olive rocks crop out the middle and the upper portion of this layer, respectively.
Black scoriaceous rocks occur within the upper portion of Unit KuPh3. Moreover, elongated
ferruginous concretion with black colour, metallic lustre and centimetric diameter are commonly
found in high-grade dense olive rocks.
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55 5.6 — Stop-6

Above the Unit KuPh3, Unit KuPh4 crops out with a clear bedding (Fig. 5.24-27), especially
close to the top of the hill. Several beds with black weather surface colour, variating in thick from 5
to 15 cm, dense, homogeneous and hard with olive colour in fresh surface occur only close to the
transition between the transition between Unit KuPh3 and Unit KuPh4. These rocks are very similar
to high-grade dense olive rocks, but with a very prominent bedding respect to olive rocks that occur
below. This stratigraphic position should be related the transition between the Upper Member of
Ghareb Formation and Hafir Member (Taqiye Formation). Above this stratigraphic position, Unit
KuPh4 appears with its common features: hard to break, dense, fine grained, black to brown fresh
colour surface, light-yellow to light-brown on weathered surface and crisscrossed by numberless
light veinlets. Strata has a dip from subhorizontal to 350-10°N/25°. In details, calcite-spurrite rocks
are composed of: (i) black portions made of mainly calcite and spurrite and minor brownmillerite,
larnite, mayenite and fluorapatite, representing the prograde metamorphic part (Fig. 5.28a); (ii)
light-brown rounded parts are made of jennite, ettringite, apophyllite, secondary calcite, brucite,
katoite and minor spurrite and brownmillerite; (iii)) white submillimetric veins composed of
secondary calcite, ettringite, jennite and minor aragonite and katoite (Fig. 5.28b). These bedded
rocks are related to the CP of Hafir Member (Ghareb Formation) because the latter represents the

stratigraphic unit which has a well pronounced bedding.

Fig. 5.20 — Overview of Wadi Morag toward SE at Stop-6.1, highlighting several outcrops of Unit KuPhl on the flanks
of the channel.
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Fig. 5.22 — Pseudoconglomerates of Unit KuPhl in Wadi Morag; dark purple centimetric elongated pebbles of high-
grade metamorphic rocks (larnite-rich rocks) are crisscrossed by numerous withe veinlets.
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57 5.6 — Stop-6

Fig. 5.23 — Conical hill on the west of Wadi Morag, where is exposed the upper part of Hatrurim Formation starting
with Unit KuPh3 from the upper half of hill, highlighted by the black layers, and Unit KuPh4 close to the top.

Fig. 5.24 — Outcrop close to the base of Unit KuPh4 (Stop-6.3), where a sequence of bedded centimetric layers of olive
rocks (gehlenite-wollastonite hornfels with dark weathered colour) and calcite-spurrite marble (light weathered colour
layers) crop out, belonging to Unit KuPh3 and Unit KuPh4, respectively.
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Fig. 5.25 — The top of the hill on Gurim Anticline where thick bedded calcite-spurrite marble crops out with light-
yellow weathered surface and black to brown colour on fresh fracture.

Fig. 5.26 — An overview from the hilltop toward NE viewing the Wadi Morag channel and the Mt. Ye’elim.
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59 5.6 — Stop-6

Fig. 5.27 — Bedded calcite-spurrite marble (350-15°N/15-25°) of Unit KuPh4 on the top of the hill.

lem

Fig. 5.28 — Bedded calcite-spurrite marble sample (Unit KuPh4) highlighting the texture made of (a) black parts
(calcite, spurrite and minor brownmillerite) related to prograde metamorphism and light-brown rounded elements
(jennite, ettringite, calcite and brucite) and (b) white submillimetric veins (calcite, jennite, ettringite and minor
aragonite).
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5.7 — Stop-7

Return to the main road and head toward south on road 31 for ~ 300 m and take the left on the off-
road toward east (Fig. 5.29). Several metric outcrops of Ghareb Formation occur, but rocks are
extremely weathered. In this location, Ghareb Formation occurs with poor bedding, light colour,
very soft and without hard nodules as saw in Stop-2 (Fig. 5.30).
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Fig. 5.29 — Geological Map (1:50°000 [104]) reporting location of Stop-7.

Fig. 5.30 — Outcrop of weathered Lower Member of Ghareb Formation close to a wadi channel.
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5.8 — Stop-8
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Fig. 5.31 — Geological map (1:50°000 [105]) reporting with a blue circle the location of sampling in the Rotem Amfort
Plant.

Return to road 31 and head for Rotem Amfort mining plat along road 258 (Fig. 5.31). This mining
plant caves Phosphate Series Member of Mishash Formation and there are several vertical cross
sections where fresh Lower Ghareb Formation is exposed (Fig. 5.32,33). This bottom part of
Ghareb Formation is frequently rich in organic content as bitumen (Fig. 5.32). There is an increase
in thickness of strata from the bottom to the top Lower Member of Ghareb Formation, but bedding
is more evident in the former and the dip is usually subhorizontal (Fig. 5.33). This lower part of
Ghareb Formation is made of phosphatic- and gypsum-rich limestone, very soft and easily
weathered.
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Fig. 5.32 — Overview of Rotem Amfort mining plant highlighting dark-grey outcrops of Ghareb Formation rich in
bitumen and the following bitumen-free light-yellow chalky parts.

Fig. 5.33 — Vertical cross section in Rotem Amfort mining plant, where is exposed the Lower Part of Ghareb Formation
rich in bitumen, representing the grey to black lower portion, whereas the light-yellow upper portion represents the
chalky part.
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5.9 — Stop-9

On the western part of Arad city take the walking trail starting from Keden Street and head for
south since Wadi Ye’elim, also called Nahal Ye’elim, passing through Nahal Pra’im. After that,
head for east for east for 1 km, passing through the Beduin Village, and take the main watershed at
the base of Mt. Ye’elim. This mountain is one of the highest mountain in Negev Desert and has an
SW-NE elongated shape, with SE flank steeper than NW one, where streams head to Wadi Ye’elim
and to Wadi Morag, respectively. Geological features of Hatrurim Formation are quite the same saw
stop-6, excepted for a less clear bedding of KuPh4, but with wider outcrops. Moreover,
decacentimetric blocks with black to brown colour on fresh surface, very dense, hard, homogeneous
and fine grained are common in the upper part of KuPh4 layer. These blocks are surrounded by a
millimetric soft white layer probably related to hydration process. The dip of strata ranging from
subhorizontal to 350-15°/15-25° in SE and NW flank, respectively.
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Fig. 5.34 — Geological map (1:50°000 [104]) highlighting the location of Mt. Ye’elim related to Stop-9 of the field trip,
in which crops out Unit KuPh4 with larnite rocks.
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5.9 — Stop-9 64

Fig. 5.35 — Overview from the top of Mt. Ye’elim toward west, viewing outcrops of Unit KuPh4 and KuPh3, which is
recognized by the black colour. On the right of the photo is visible Wadi Ye’elim and faraway the Beduin Village.

Fig. 5.36 - Eastern flank of Mt. Ye’elim on the half upper part, where anorthite-wollastonite hornfels (Unit KuPh3) at
the bottom and bedded larnite rocks (Unit KuPh4) at the top crop out.
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65 5.9 — Stop-9

Fig. 5.37 — Outcrop on the top of Mt. Ye’elim of larnite rocks (Unit KuPh4), composed of decacentimetric brown
fragments surrounded by white to light-yellow retrograde matrix and veins.

Fig. 5.38 — Larnite rocks outcrops on fresh surface with dark colours (anhydrous parts) and retrograde veinlets with
light-brown and white layers at the borders and the middle, respectively.

65



5.10 — Crystal phase assemblage among field trip rocks 66

Fig. 5.39 — Details of brown fragments (anhydrous part related to HT event) surrounded by light matrix and often
crisscrossed by millimetric white veins, representing the retrograde process.

5.10 — Crystal phase assemblage among field trip rocks

Crystal phases identification was performed by means of LXRPD analysis to identify and recognize
mineral assemblage useful to select rocks for further investigation and to compare results with
bibliographic ones. Moreover, QPA was performed using the Rietveld method (RQPA) on the XRD
patterns, obtaining the wt.% of each occurring crystal phase previously identified.

In Table 5.3 are reported results coming from only sedimentary rocks collected among Stop-
1,2,8, highlighting calcite as the main crystal phase followed by apatite, quartz and gypsum.
Whereas, in Table 5.4 RQPA results are reported only for CP rocks revealing a wide range of
mineral assemblages depending on the position within the metamorphic sequence, texture and if
secondary process occurred (e.g., larnite pseudoconglomerates, calcite-spurrite rocks, etc.). Larnite-
rich rocks occur only in two locations (Stop-9 and 6) which they represent locations of HT
combustion (> 1000 °C).
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67 5.10 — Crystal phase assemblage among field trip rocks

M ineraIS/ Stops Stop-1 Stop-2 Stop-8
Calcite (CaCO3) 76 75-95 78
Quartz (a-Si0,) 3 1-2 3
Apatite (Cas(P0,);(0OH, F, Cl)) 7 1-15 3
Kaolinite (41>(Si;05)(OH)4) 7 n.d. 4
Illite (K(Al,Mg Fe)(Si,Al)+O10[(OH)2,H20]) 7 n.d. <5
Gypsum (CaSO4+2H>0) n.d. n.d. 3-5
Goethite (FeO(OH)) n.d. n.d. <2
Fluorite (CalF» n.d. <l n.d.

Table 5.3 — Semiquantitative analysis results for sedimentary rocks by means of XRPD analysis; values are reported in

wt.%; n.d., not detected crystal phase.
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5.10 — Crystal phase assemblage among field trip rocks 68

Minerals /stons Stop-4 Stop-5 Stop-6 Stop-9
P Bulk  Nodules | Bulk Veins 6.1 6.2* 6.3" Bulk Veins

Calcite (CaCO0)3 27 11 80 78 78 1 23 - 43
Quartz (Si0>) - 1 - - 1 <] - - -

Aragonite (CaCO3) - - - 13 - - - - 16
Vaterite (CaCO3) - - - - - - - - 15

Spurrite (Cas(Si04)2(CO3)) - - 18 3 - - 52 -

Larnite ($-Ca»SiOy) - - - - - 62 5 81 3
Gehlenite (Ca»A1:Si07) 38 22 - - - - - i, .
Wollastonite (CaSiO3) 24 38 - - - -
Plagioclase (CaAl>Si:0s) 11 - - - - -
Mayenite (C012A114033) - - _ _ _
Ye’elimite (Cas(AlO3)s(SOy)) - - - - - 15
Brownmillerite (Caz(Al,Fe)Os) - - - - - ]
Shulamitite (Cas;TiFeAlOs) - - - - - 3
FluorApatite (Cas(PO, )F) - - - - 2 9

1 (US| w1 1
W W~ QN W |
| 1

BN

Hematite (Fe;03) - 16 - - - - - - i
Magnetite (FeFe;O,) - 6 - - - - -
Spinel (Mg, Fe)(Fe,A)Oy) - - - - - 3

1
“w

Gypsum (CaSO4+2H,0) - - - - 2 -
Brucite (Mg(OH)>) -
Katoite (CazAl:(OH) ;) -
Gismondine (CaAl>Si;0s-8H,0, -
Thomsonite (NaCa»Al5S150296H>0) -
Ettringite (CasAl:(OH)12(SO4)3-26H,0) - - 2
Tobermorite (CasSisO16(OH)2-4H>0) - - -
Jennite (CasSisO,5(OH)s'SH>0) - - - - -

1
1
1
1
1
~ N
1
1

w N
1
1
1
1
1
1
1

N W
1

N ~ W 1t

1
1
1

Table 5.4 — Semiquantitative analysis results for CP rocks by means of XRPD analysis and Rietveld analysis; values are reported in wt.%; *pseudoconglomerates; “rock analysed
as a bulk, without separating different portions (white veins, hydrated rounded parts and black portions); - phase below the limit of detection; e.s.d. is below 3% for major phases
(= 10wt.%) and < 10% for minor phases (< 10 wt.%).
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Chapter 6
Cement manufacture

6.1 — Ordinary Portland Cement

Ordinary Portland Cement (OPC) represents the most important and widespread building material
used for both traditional constructions and strategical building (damps, tunnels, skyscrapers, nuclear
power plants, etc.). This material is made of mainly anhydrous clinker (~ 95wt.%) and minor
amount of gypsum (~ 5wt.%), in order to control the setting [7,8]. OPC is classified as a hydraulic
binder because when is mixed with water, commonly with a 0.5 water cement ratio, forms a paste
that becomes harder over the time: OPC should reach his characteristic strength resistance after 28
hydrations days. OPC is called mortar when is mixed with water and sand; whereas, when more
inert occurs is called concrete that could be also reinforced with steel bars (reinforced concrete) as
normally occurring in foundations.

Clinker, which represents the main part of cement, is obtained by heating at high
temperature (~ 1450 °C) a mixture of limestone and clay, or marls, in a rotary kiln. All the latter
raw materials are normally caved from quarries, grinded as fine powders, mixed and chemical
controlled. At high temperature during the thermal treatment the raw meal partially melts
nodulizing and is completely converted to a mixture of tricalcium silicate (hatrurite, Ca3SiOs),
dicalcium silicate (larnite, B-CaxSiO4), ferrite (brownmillerite, Cax(Al,Fe)>Os) and tricalcium
aluminate (celite, Ca3AlOs), where the calcium silicate part represents ~ 85wt.%. Clinker nodules
are grinded and mixed with a natural or synthetic sulphate-bearing source (anhydrite, bassanite or
gypsum) obtaining cement.

During the hydration the increase in the mechanical resistance is mainly due to the calcium
silicate phases (hatrurite and larnite) that produce an amorphous gel, which is gradually converted
into calcium silicate hydrated phases [7,8].

6.2 — World cement production

Nowadays, the global cement production is still increasing mainly because of the continuous
population rise, requiring new buildings, and the development of Eastern countries [138]: the global
leader in cement production is China followed by India, which their productions represents more
than 50wt.% world production from 2002; whereas several countries (Japan, USA, Iran and Turkey)
maintained unchanged their production over the years [139,140].
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Fig. 6.1 — World cement production between 1994 to 2021 [139].

6.3 — ENVIRONMENTAL SUSTAINABILITY AND GREEN-
CEMENTS

Global, the cement industry accounts for approximately 5wt.% of current anthropogenic CO»
emissions [141], and its contribution is still raising over the time due to the overall cement demand
increase. It has been estimated that the production of 1 kg of cement releases an average 1.17 kg
CO», depending on many factors related to the energy production and the type of cement plant
[142,143]. 0.51 kg CO» (~ 43wt.% CO») is released during the decarbonation of calcite, during the
thermal treatment; whereas, 0.43-0.48 kg CO; (~ 41wt.% CO.) comes from the combustion of the
fuel in the rotary kiln. The rest of CO; concerns the quarrying of raw materials (0.082 kg CO»,
Twt.%), transportation of raw materials and final cement (0.035 kg CO,, 3wt.%) and grinding of
raw materials and clinker nodules (0.06 kg CO2, 5wt.%). Moreover, OPC requires 1.7 kg of
quarried raw material, ~ 0.2 1 of liquid fuel and 0.151 kWh of electric energy per kg of clinker.
Therefore, a huge consumption of natural resources (raw materials, fuels, gravel, sand and water for
making cement), land use (limestone, clay and inert quarries, raw materials and cement storage) and
electric energy are needed to produce OPC.
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71 6.3 — ENVIRONMENTAL SUSTAINABILITY AND GREEN-CEMENTS

{ J
" [ cement min

Packing plant

Fig. 6.2 — Cement manufacture scheme highlighting all the main steps concerning the raw meal preparation (quarrying,
crushing, storing and mixing), pyro-processing (preheating at 900 °C, firing in the rotary kiln at 1450 °C and
quenching) and final cement preparation (clinker grinding, clinker and gypsum mixing, storing and packing of cement).

In order to reduce the global warming, which is strictly related to the emission of greenhouse gases
from human activity, changes in industry plants and energy production are required; hence,
alternatives in cement manufacture are high priority research. Over the past twenty years many
solutions have been proposed mainly concerning: (i) substituting parts of cement with reactive
materials (fly ashes, calcite, pozzolanic and volcanic materials) reducing the consumption of cement
but maintaining similar, if not better, mechanical properties [7,8,132]; (ii) using alternative raw
materials and/or wastes coming from other industries (metallurgical slags, ashes from burning
plants, mine tailings, etc.), reducing the amount of new raw materials quarried (limestone, clays,
marls, sand, etc.), improving the thermal treatment by changing the melt properties, grinding and
disposal costs due the general fine grain and inertization by thermal treatment, respectively; (iii)
design of new cements, also called green-cements or eco-friendly cements, that are produced at
lower temperature (1300-1350 °C), with a wide range of raw materials, also wastes and a lower
CaO wt.%, hence releasing less CO> compared to OPC. Moreover, green-cements could be also
mixed with other cement types (Calcium Aluminate Cements and OPC) and the above-mentioned
reactive materials.

One of most relevant green-cements is Belite Cement (BC) which is made at 1350 °C, 100
°C less than OPC, with a lower CaO wt.%, saving an overall 10wt.% CO> emission concerning
3wt.% and 7wt.% CO; emissions from fuel burning and decarbonation, respectively (Table 6.1)
[144]. BC is made of larnite, celite or mayenite (Cai2Al14033) and brownmillerite; hence, the
mechanical strength is mainly due to the hydration of larnite. Therefore, two drawbacks occur: (i)
low-hydration rate of larnite, leading low strength at early hydration; (ii) high-hardness in clinker
milling process, because of the hardness of belite compared to hatrurite [145,146]. Another
important green-cements 1is Calcium SulfoAluminate cement (CSA) or Belite Calcium
SulfoAluminate cement (BCSA), defined basing on the amount of ye’elimite (CasAlgSO16): CSA is
composed of mainly ye’elimite (50-70wt.%), larnite (10-20wt.%) and minor amount of
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6.4 — Cement chemist notation 72

brownmillerite (2-10wt.%) and anhydrite (0-10wt.%); whereas, BCSA is made of larnite (45-
65wt.%), ye’elimite (15-35wt.%), brownmillerite (8-16wt.%) and anhydrite (0-5wt.%) [76,147—
149]. However, a nomenclature based on the mineral abundance could be used to classify cement
materials: BC could be replaced by Belite-Ferrite (BF) cement; CSA could be replaced by
Ye’elimite-Belite-Ferrite cement (YBF); BCSA as Belite-Ye’elimite-Ferrite cement (BYF). Both
CSA and BCSA are produced at lower temperature 1300-1350 °C and require less CaO: their
production releases 20-35% less CO, compared to OPC manufacture. Moreover, these green-
cements highlighted a rapid setting, early strength, shrinkage compensation and good sulphate
resistance; but, supply of Al-rich raw materials (synthetic alumina or bauxite), which is extremely
limited, the lower strength at medium hydration age, due to the larnite hydration, and the limited
knowledge at long-term hydration, represent the main drawbacks [148].

Crystal Phase kg CO:/ kg of component
Hatrurite (CazSiOs) 0.578
Larnite (CazSiO4) 0.511
Celite (CazAl20¢) 0.490
Brownmillerite (Caz(ALFe)20s) 0.360
Ye’elimite (CasAlsSO16) 0.216
Krotite (CaAl204) 0.278

Table 6.1 — Amount of CO, released during the synthesis of each cement crystal phases [148,149].

Therefore, the research could still do many steps forward reducing anthropogenic CO; by also
developing new green-cements trying to overcome drawbacks related to: (i) low-hydration rate of
BC, by means of dopants, mineraliser or alternative raw materials [147,150]; (ii) alternative Al-rich
wastes instead of expensive bauxite for BCSA and CSA manufacture, reducing the costs of
synthetising ye’elimite and for the disposal of Al-wastes [151,152]; (ii1) improving the knowledge
on the hydration of these cements, especially at long hydration stage.

6.4 — Cement chemist notation

In cement and concrete scientific literature, a shorthand notation that leaves the oxygen out is
widely used to make crystal phase chemical formula shorter. This notation is also used to describe
chemical reactions during clinkering and hydration of phases (Table 6.2).

Oxide CaO SiO; AlLO3 FexO3 P05 KO NaxO MgO CO; HO SOs

Symbol C S A F P K N M ¢ H S

Table 6.2 — Cement Chemists Notation reporting the symbols used for all the main elements.
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73 6.5 — Clinker mineralogy

6.5 — Clinker mineralogy

In this section the main crystal phases occurring in OPC are reported and their crystal structure,
polymorphism and hydration mechanisms are described.

6.5.1 — Hatrurite, tricalcium silicate (CasSiOs, C3S)

Hatrurite, also called alite, (tricalcium silicate, Ca3SiOs, C3S) represents the main component of
OPC clinker. Seven different polymorphs are known, stable at different temperature window at
ambient pressure: triclinic ones (T1, T2 and T3) a low temperature; monoclinic polymorphs at
temperature between 980 and 1070 °C (M1, M2 and M3); the rhombic structure at temperature
higher than 1070 °C. Hatrurite can be described as nesosilicate, made of isolated [SiO4]*
tetrahedrons and Ca-O polyhedrons. Each calcium site has a variable coordination number with the
oxygen, but the mean of Ca coordination is used to distinguish some polymorphs.

TI1 =g 12 =g T3 = MI = M2 =g M3 = R
620 °C 920 °C 980 °C 990 °C 1060 °C 1070 °C

Table 6.3 — Polymorphic transitions occurring during heating of hatrurite at ambient pressure.

Considering the date reported in Table 6.3, the T1 polymorph should be one occurring in OPC but
due to ionic substituents inside the crystal structure, acting as mineraliser, M1 and M3 are normally
occurring in cement manufacture. Moreover, several low-intensity Bragg peaks in OPC patterns
highlighted the occurrence of superstructures for hatrurite, increasing unit cell dimension and
atomic positions.

The proposed crystal structures for hatrurite highlighted similarities in the occurrence of symmetry
elements among polymorphs: the hexagonal plane H; the rhombohedral axis ar from the rhombic
polymorph; the monoclinic plane M. Moreover, R polymorph could be described represented with
an orthohexagonal unit cell (Ron) or with a hexagonal one (Ru). The proposed average unit cell for
monoclinic polymorphs (<M>) has elements in common with the R polymorph: (i) a<a// to ag; (i1)
b<y> 1/ to b<op>; c<um> 1/ t0 -aom.
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Fig. 6.2 — Different unit cells for hatrurite polymorphs and their crystallographic relations: monoclinic plane M;
hexagonal plane H; ar vector of the rhombohedral cell; any, by and cy for hexagonal cell; aou, bon and con for

orthohexagonal cell; a<v>, b<m> and c«v= for monoclinic cell; a<r> b<t>and c<r for triclinic cell
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Fig. 6.3 — (a) monoclinic planes (M) occurring in the monoclinic structure; (b) hatrurite monoclinic crystal structure
highlighting the positions of monoclinic planes in red.
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Fig. 6.4 — (a) monoclinic plane My highlighting the three hexagonal planes H1,2,3; (b) hatrurite monoclinic crystal

structure highlighting the positions of four monoclinic planes in yellow and three hexagonal planes in black
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6.5 — Clinker mineralogy

Reference Space Symbol  a(A) b (A) c(A) a (9 B 7 (°) Vvd) z
Group

T1 [153] Pl G 11.67 14.24 13.72 105.5 94.33 90 2190.3 18
TI [154] Pl <r> 9.303 7.041 18.39 90.39 143 89.63 725 6
72 [155] i L 117416(2) 14.2785(2) 13.7732(2) 105.129(1) 94.415(1) 89.889(1) 2222.02(8) 18

(T=682°C)
T3 [156] 1 G 11.6389(2) 14.1716(3) 13.6434(3) 104.982(2) 94.622(1) 90.107(2) 2166.199(3) 18
M1 [157] Pc <M> 9.2912 7.059 12.2575 90 116.03 90 722.4 6
M1 [158] Pe Ml 27.8736(2) 7.0590(5) 12.2575(8) 90  116.030(6) 90 2067 18
Ml [158] Pa M-1 12.2575 7.0590 25.0462 90 90.06 90 2167 18
M2 [159] Cm - 12.342 7.143 25.434 90 90 90 2242 ?
M3 [160] Cm <M> 12.235 7.073 9.298 90 116.31 90 721 6
M3 [160] Am <M> 9.298 7.073 12.235 90 116.31 90 721 6
M3 [161] Im M3 18.7159(9) 7.0330(4) 36.694(9) 90 116.038(4) 90 4294 36
M3 [161] Cm M-3 33.083 7.027 18.499 90 94.12 90 4289 36
M3 [162] Cm M3 33.1078(6) 7.0355(1) 185211 00 94137(1) 90  4302.92) 36
R [163]  m3m RH 7135 7135 25586 90 90 120 1128 9

(T = 1200 °C)
R [163] Pmmm  R-OH 12.358 7.135 25.586 90 90 90 2256 18
(T = 1200 °C)

Table 6.4 — Crystallographic parameters for different published crystal structures of hatrurite [164].
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6.5 — Clinker mineralogy 76

Furthermore, the average monoclinic unit cell <M> has two main structural crystallographic
elements (Fig. 6.2,3,4):

- Four monoclinic planes (Mo, M1/4, M12 and M3s) in which layers of only calcium ions (M4
and M3.), alternate to layers composed of calcium, silicon tetrahedron and isolated oxygen
bonded with calcium (Mo and Mi);

- Three hexagnonal planes (H1,2,3), in which the second and third (H2,3) are composed of
silicon tetrahedron oriented up and down, respectively; whereas the first hexagonal plane is
made of silicon tetrahedron with high variability orientation and widely spaced among them.

The hydration on hatrurite is main responsible of the strength at 28 hydration days in OPC. Its
hydration is complex but could be summarised by the following reaction:

2Ca3Si0s + 6H,0 — (Ca3Si,0,(0OH)¢ + 3Ca(OH),
This hydration forms portlandite and an amorphous gel CSH (Calcium-Silicate-Hydrated phase),
which is gradually converted into crystallite phases as tobermorite, jennite and afwillite over the
time. It has been estimated that 70wt.% of hatrurite completely hydrated in 28 days and the
100wt.% after one year.

6.5.2 — Dicalcium silicate (Ca2Si04, C2S)
Dicalcium silicate (CazSi04, C2S) has five different polymorphs as a function of temperature at
ambient pressure (Table 6.4).

? — B =4 a’L =g a’u s a
Calcio-olivine Larnite Flamite

<500 °C 680 °C 1160 °C 1425 °C

Table 6.4 — Dicalcium silicate polymorphic transitions as a function of temperature at ambient pressure.

These polymorphic transitions are not always reversible: heating y-Ca>SiO4 (also called, calcio-
olivine), the transition to larnite is skipped and the crystal directly turns into o’-Ca,SiO4 at 730 °C;
whereas during the cooling, all the polymorphic transitions occur in absence of ionic substituents.
This particular behaviour is related to the metastability of the larnite polymorph. The transitions
occurring at high temperatures are described as displacive changes in the crystal structure [165].
The most common polymorph occurring in OPC is B-CaxSiO4 (also called belite), with
sometimes minor of flamite, which is not the low temperature polymorph: the occurrence of ionic
substituents in the crystal structure affects the stability field of high temperature polymorphs,
increasing its stability field toward lower temperature, as occurring for tricalcium silicate phase.
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77 6.5 — Clinker mineralogy

e ad) b ch 5 B0 0 vl z e

7 Pnma 11.232 6.773 5.083 90 90 90 386.69 4 [166]
Pbnm 5.081 11.224 6.778 90 90 90 386.54 4 [167]

P2i/c 5.480 6.760 11.150 90 123.55 90 344.2 4 [166]

P2y/n 5.48(2) 6.76(2) 9.28(2) 90 9433(5) 90  342.8(1) 4 [168]

P2/ 5.502(1) 6.745(1) 9.297(3) 90 94.59(4) 90  343.9(1) 4 [169]

F P2/n 5.5172(4)  6.76996(6)  9.32298(8) 90  94.336(2) 90  347.228() 4  [170]
P2i/n 5.50684(1)  6.74839(1) 9.30320(2) 90 94.590(1) 90 344.62(1) 4 [171]

P2i/n 5.50513)  6.7551(5)  9.3108(5) 90  94.513(4) 90  345.17(1) 4  [172]

a’L Pna2, 20.810 9.496 5.600 90 90 90 1106.63 12 [173]
Pnma 6.748 5.494 9.261 90 90 90 343.33 4 [166]

a’H Pnma 6.871 5.601 9.556 90 90 90 367.8 4 [174]
Pnma  6.8588(2)  5.4301(2)  9.4052(3) 90 90 90 350292 4 [175]
P6s/mmc 5.532 5.532 7.327 90 90 120 192.73 2 [174]

“ pAm1 5.419 5.419 7.022 90 90 120 17858 2 [166]

Table 6.5 — Crystallographic parameters for published dicalcium silicate polymorph crystal structures.

Furthermore, these high temperature phases are more reactive with water, hence their occurrence
enhances the hydration reactivity of OPC.

All the polymorphs of dicalcium silicate could be considered as nesosilicate composed of
isolated silicate tetrahedrons and polyhedron of calcium. Differences in coordination number for
calcium polyhedron occur among polymorphs: calcio-olivine has a crystal structure similar to
olivine and 6 has coordination number for calcium sites; larnite has two calcium sites, one with 7
and 8 for coordination number; whereas, all the high temperature polymorphs (a’r, o’n and a) have
higher calcium coordination number 8 for one site and up to 10 for the other [172]. Afterwards, the
transition from the HT modifications to the room temperature one is accompanied by (i) a rotation
of silicon tetrahedron, (ii) decrease in the sizes of the coordination sphere around calcium sites and
(ii1)) a progressive reduction of the shared edges for calcium polyhedron with other calcium
polyhedron and silicon tetrahedron.

More in detail, larnite (B-CazS104) crystal structure could be represented as nesosilicate
structure with two different calcium sites (Cal,2) (Fig. 6.5). One calcium site (Cal) forms distorted
seven-vertex polyhedron that builds zig-zag calcium polyhedron chain along [100] (Fig. 6.7a,b).
Whereas the other calcium site (Ca2) forms distorted polyhedron with 8 coordination number
building layers // to (-101) sharing faces to other Ca2 polyhedrons along [010] and one edge along
[-101] (Fig. 6.6a,b). Furthermore, these layers made of Ca2 atoms have channels along [100] in
which the zig-zag chain of Cal atoms occurs. Each Cal polyhedron is sharing 4 faces with 4 Ca2
polyhedrons belonging to a layer and one oxygen to another layers (Fig. 6.7b). Isolated silicon
tetrahedrons occur between Ca2 layer to another, and each tetrahedron is sharing two edges with
two Ca2 polyhedrons and one edge with Cal polyhedron (Fig. 6.5a,b) [172].
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6.5 — Clinker mineralogy 78

(b)

(a)

el

Fig. 6.5 — Crystal structure representation of larnite [169] along b (a) and a (b) vectors; green Ca2, red Cal and blue
silicon tetrahedron.

(a) (b)

Fig. 6.6 — Crystal structure representation of larnite [169] only considering the Ca2 polyhedrons forming layers // to (-
101) (a), and channels along [100] (b); in green Ca2.

“
3 9| .

Fig. 6.7 — Crystal structure representation of larnite [169] only considering (a) the Cal atomic position forming chains

(a) (b)

c

along [100], and (b) all calcium polyhedrons; in green Ca2 and red Cal.

Still in calcio-olivine (y-Ca2Si04) crystal structure there are two calcium sites (Cal,2): Ca2 forms
layers // to (010) with each distorted octahedron is sharing 4 oxygens with other 4 calcium
polyhedrons belonging to the same layer, one edge with one silicon tetrahedron and three oxygens
to other 3 tetrahedrons; Cal forms chains along [001] between the Ca2 layers, in which each Cal
atom shares one edge with the other Cal belonging to the same chain (Fig. 6.8a,b).
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79 6.5 — Clinker mineralogy

(a) (b)

Fig. 6.8 — Crystal structure representation of calcio-olivine [176] along a (a) and ¢ (b) vectors; green Ca2, red Cal and
blue silicon tetrahedron.

Only larnite and other HT polymorphs highlighted a hydration reactivity at room temperature,
whereas calcio-olivine has only a slight hydration reactivity at higher temperatures and long curing
time. The hydration reaction is similar to hatrurite one, but requires less water and produces less
portlandite, as reported in the following reaction:

2Ca,Si0, + 4H,0 — CasSi,0,(0H)s + Ca(OH),

Cements rich in larnite highlighted a slow development of strength due to the low hydration rate of
dicalcium silicate, but produce higher mechanical resistance after long hydration time [7,8].

6.5.3 — Tricalcium aluminate (celite, CazAl20¢, C3A)

Tricalcium aluminate (celite, Ca3Al,Os) normally occurs in OPC as interstitial phase with
brownmillerite in the range of 5-8 wt.%. Pure tricalcium aluminate has not polymorph only having
the cubic form (Table 6.6). Its crystal structure is made by tetrahedron forming [Al¢O1s]'® rings of
six [AlO4]? tetrahedron, sharing 2 corners. Two similar aluminium sites occur forming the six-
members ring; whereas, six different calcium sites occur, witch five of them with an octahedron
coordination and one coordinated to eight oxygens [177] (Fig. 6.9).

Tricalcium silicate can replace part of calcium with sodium forming a solid solution by
substituting one calcium with two sodium: one sodium is replacing the calcium and the other is
hosted in the middle of one aluminium ring (Table 6.6) [178,179]. The progressive ionic
substitution modifies the crystal structure passing from cubic to orthorhombic and monoclinic
(Table 6.6).

Celite exhibits an extremely fast reactivity in contact with water turning into dicalcium
aluminate octahydrate which is gradually converted into hydrogarnet, as reported in the following
reactions [7,177]:

2CazAl,04 + 27H,0 — 3Ca,Al(OH)4AL(OH),3H,0 + 2AL(0OH);

3Ca,Al(OH) AL(OH),3H,0 - 2CazAl,(OH),, + 2AL(0H)5 + 9H,0
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6.5 — Clinker mineralogy 80

These reactions complete withing a few hours causing a fast stiffening, asl known as “flash setting”,
not allowing a right workability of the cement paste during the hanging [8]. Therefore, adding a
sulphate-bearing phase (gypsum, bassanite or anhydrite) retards the hydration of celite an inhibits
the “flash setting” allowing the right workability of cement paste, extremely important for concrete
making. The following reaction highlights the reactivity of celite in the presence of water and
sulphate, producing a layer on celite crystal of ettringite (belonging to Aft phases) [7]:

CaszAl,04 + 32H,0 + CaS0, — Cas(AL(OH)g),(S04)326H,0

Because the added amount of sulphate-bearing phase is not stochiometric enough to react with all
the celite, after a few hours, the ettringite reacts with the remaining celite forming monosulfate
phase (belonging to AFm phases) as reported in the next reaction [7]:

Cag(AL(OH)g)5(S04)326H,0 + CasAl,0¢ + 4H,0 — 3Ca, (AL(OH)g),(S0,)6H,0

LEGEND LEGEND (b)
[AlO4™] [AlO47]
§ C?.lz+ g Ca2+

o

Fig. 6.9 — Celite crystal structure observed (a) along (111) the threefold symmetry axis, (b) along (001) direction.

Space

v ald) b e am BO 10 g 2
P 0004  15263(3) 152633) 15263(3) 90 90 90 35557 8
P23 004016 152482) 15248(2) 152482) 90 90 90 35452 §
Phea  0.16-020 10879(1) 108452) 15.1062) 90 90 90 17823 4
P2/a 0.20-025 10.8442) 10.8552) 15.122(4) 90 90  90.4(1) 17868 4

Table 6.6 — Na,Ca3«Al,Og structure modifications as a function of Na,O ionic substitution [179].

6.5.4 — Tetracalcium aluminium ferrite (brownmillerite, Ca2(Al,Fe):0s5, C4AF)

Tetracalcium aluminium ferrite, also called brownmillerite (Caz(AlFe)20s) occurs in clinker as an
interstitial phase in a concentration ranging from 5-15wt.% [7]. Brownmillerite represents a solid
solution between srebrodolskite (CaxFe>Os), which is the pure iron-rich one, and dicalcium
aluminate (Ca2Al0s), representing the pure aluminium-rich one, but at room temperature and
ambient conditions this solid solution is limited to x = 0.7 considering a general formula
Cay(AlxFe1x)20s5[180]. Tetracalcium aluminium ferrite is usually considered as x = 0.5 in OPC [7].

80



81 6.5 — Clinker mineralogy

Brownmillerite crystal structure is made of alternated octahedron and tetrahedron layers
both developed along plane (101): each octahedron shares four corners with other four octahedrons
and two corners with two tetrahedrons belonging to different layers (Fig. 6.10). Most of AI** is
hosted inside tetrahedron site, whereas Fe*" prefers the octahedron site: at x = 0.325 around 75% of
tetrahedron sites are occupied by Al**; instead, at x > 0.325 AI*" is equal spread among tetrahedron
and octahedron sites [180]. Calcium occurs in one atomic site between a layer to another forming a
distorted polyhedron made of eight bonds with oxygen (Fig. 6.10). Passing from the pure end
member rich in iron to the one normally occurring in OPC, an increase in the symmetry by passing
from Pcmn to Ibm2 occurs (Table 6.7), also highlighted by a gradual reduction in all cell parameters
and volume [180].

Space group x  a(d) b (A) c(d a BO yo VA Z
Pnma 0 5.4268(3) 14.7631(5) 5.5969(2) 90 90 90 44840 4
Pnma 0.22 5.3986(3) 14.6631(7) 5.59102) 90 90 90 442.59 4
12mb 0.28 5.3808(3) 14.6131(8) 5.5911(3) 90 90 90 439.63 4
2mb 0.50 5.3269(3) 14.4687(9) 5.5433(2) 90 90 90 427.24 4
12mb 0.68 5.2991(4) 14.4434(9) 5.5099(3) 90 90 90 421.71 4

Table 6.7 — Crystallographic parameters for the solid solution Cax(AlFei«)20s, highlighting the changes in space group
and gradual reduction in volume and cell parameters [180].

Ca (a)

(b)

o o Ca2t

{}(Al,Fe)Of'
_ _ ‘} (ALFe)O,*

(ALFe)Og™
ﬂ ﬂ (ALFe)Os™

a

88— o

t—p c

Fig. 6.10 — Crystal structure representation of brownmillerite (Cax(AlFe),0s, Ibm2) (a) along [010] and (b) [001]
highlighting the tetrahedron and octahedron layers, and the position of calcium site between these two layers.

Brownmillerite reacts slower than celite with water, producing in absence and presence of CaSO4 a
Afm and Aft phase, respectively, as reported in the next two hydration reactions [7,8]:

4
Ca,(Al,Fe),05 + 21H,0 - Ca,(Alyg,Feq33(0H)g),(OH), - 12H,0 + §Fe(0H)3
Ca, (Al Fe),05 + 3CaS0,2H,0 + 30H,0

= Cag(AL(OH)g),(50,)326H,0 + Ca(OH), + 2Fe(0H);
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6.5.5 — Ye’elimite (CasAlsSO16, C4A3S)

Ye’elimite represents a minor crystal phase in OPC when is burned at lower temperature with high
sulphur content and the main phase in CSA cements. Ye’elimite has been described with cubic or
orthorhombic structural models. This crystal phase is a sodalite tectoaluminate crystal structure,
made of a framework of aluminium tetrahedron forming six and four-member rings; calcium atoms
are bonded with six oxygens and occur in the centre of six-member rings, which are aligned along
diagonals considering the cube shape; sulphur tetrahedrons occurs in the same direction of calcium
atoms in the cube centre and at its apexes.

A concentration of more ionic substituents, mainly as Fe** substituting Al*", increase the
stability field at room temperature of the cubic form, whereas, lower amount of dopants allows the
orthorhombic crystal structure: cubic form represents the high temperature polymorph which is
stabilised at room temperature with ionic substituents, as commonly occurring for other calcium
silicate phases (tricalcium and dicalcium silicates).

Ye’elimite reacts fast with water especially in the presence of a sulphate-bearing phase
(gypsum, bassanite, anhydrite) leading the formation of monosulphate phase or ettringite,
respectively, as reported in the following reactions:

Ca,(Al0,)¢(S0,) + 2CaS0, + 38H,0 — Cag(AL(OH)),(S0,)326H,0 + 2AL(0OH)4

Ca,(Al0,)¢(S0,) + 18H,0 - Ca,(AL(OH)g),(S0,) 6H,0 + 4AI(OH)4

6.6 — Minor elements effects on clinker

OPC and BC are represented by the chemical system CaO-SiO>-Al,03-Fe;Os3, whereas, also SO3
should take into consideration for BCSA. Raw materials used to prepare the starting raw meal for
clinkerisation are not completely pure, even the fuel has sulphur, Pb and other minor components,
leading important changes in clinker production (i.e., melting point, melt properties, stability of
crystal phases, decomposition of calcite, etc.) if their contents are not limited. Most changes due to
minor elements regard the viscosity and surface tension of liquid phase changes its viscosity and
surface tension depending on the type of chemical species. Several studies have been made on
understanding the source and the effects of minor elements also with different concentration
[7,8,181]. However, only the effects of minor elements found in our study case are below reported
and described:

(1)  sodium and potassium improve the stability of HT dicalcium silicate polymorphs and
increase the viscosity of melt by favouring tetrahedron polymerisation of aluminium and
iron [7,8,181]. Furthermore, alkali stabilises HT polymorphs of dicalcium silicate,
enhancing hydration reactivity [147,150,182], while increase the stability of M;-hatrurite
and orthorhombic celite [183];

(1))  sulphur reduces viscosity of melt by favouring octahedron polymerisation, but they both
improve hatrurite formation only at low content [184,185]. Furthermore, SO3 acts reducing
the stability field of hatrurite until it disappears at SO3 > 3.7wt.% [186], allowing only CaO-
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83 6.6 — Minor elements effects on clinker

C2S-C3A-C4AF as final mineral assemblage. However, several experiments reported C3S
occurrence even at higher SOz content in the raw meal, but most results highlighted a final
SOs content in the clinker lower than in the starting raw meal [187—190]: sulphur could be
lost at high temperatures, leading a gradual reduction of the overall SO3; content, hence
allowing C3S formation. SOs3 also avoids the increase of viscosity in the liquid phase by
alkali, but only when SO3/(Na,O+K,0) > 1 [7,8]. Different ionic substitution have been
identified occurring in calcium silicate clinker phases: (i) 2/VAI3* + 1VS§6+ — 31Vgi%+ or
3VART + 2156+ - 51V5i%+  only involving tetrahedrons; (ii) 27VAI3* +4/Vs6+ +
3 V.2* > 6'si** +3 Ca?* leading the formation of calcium vacancies [187]; (iii)

V.2t Vger o Vgit+ 4 Ca?* leading the formation of calcium vacancy [191]. Sulphur
has been considered as Mi-C3S and B-C,S stabiliser [7,8,158,164,183]. Several studies
added phosphogypsum as sulphur source in the starting raw meal, observing a strong
improvement of clinkering reactions at lower temperature as low as 1200 °C [189,192].
Similar results were obtained by adding both phosphogypsum and fly ashes as SO3 source
[193].

(ii1))  Phosphorous could be considered as a mineraliser and fluxer reducing the melt viscosity, as
for sulphur, and improving hatrurite formation but only at P>Os < 1wt.% [194]; whereas, at
higher content (> 2wt.% in the raw meal) strongly reduces hatrurite crystallisation by
increasing dicalcium silicate stability due to the C>S-C3;P complete solid solution at high
temperature [195-199]. Ionic substitutions involving phosphorous inside dicalcium and
tricalcium silicate phases are the same: (i) 2'VP5* + Vac.2* - 2!Vsi** + Ca?* when
phosphorous is alone [200]; (ii) VP5* + Na* - 'VSi** + (Ca?* when sodium is
occurring with phosphorous [7,175]; (iii) "VP5* + Y AI3* — 2'VSi** when aluminium is
available [200]. Furthermore the C3S primary crystallisation field is extended up to 13wt.%
[201]. Even a different phosphorous source could have different effects on clinkering:
HPO4* tends to be enriched in the melt improving hatrurite formation by reducing the
viscosity; whereas, H,POs* and PO, increase dicalcium silicate stability leading a
reduction of hatrurite crystallisation [202];

(iv)  Fluorine is usually added in the raw meal in the form CaF», reducing calcite decarbonation
at 600 °C, melting point and the viscosity of the liquid phase: fluorine enhance clinkering
and hatrurite formation at temperature as low as 1230 °C [203-205]. However, high CaF»
content (~ 1.5wt.%) forms an eutectic point at 1170 °C among C3S-C>S-CoS3CakF», strongly
reducing the melting point of OPC raw meal [201,206]. Furthermore, CoS3CaF, melts at T >
1175 °C forming R-CsS, a-C,S and liquid [201,206]. Fluorine could be hosted at HT in
mayenite, considering the substitution between fluorine and oxygen [207], and hatrurite by
two main substitutions: (i) 2F~1+ V" - 2072+ Ca?* [208,209], leading calcium
vacancy; (i) F~1 + VAI3* - 072 + 'VSi** in the presence of aluminium, leading a global
reduction of negative charge [210-214]. When fluorine is alone added to OPC raw mixture
stabilises M-C3S [215].

Combing minor elements has stronger influences on crystal phase stability, polymorphism of crystal

phases, clinkering reactions, melting point and melt properties. Moreover, the effects of
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simultaneous occurrence of minor elements could not be predicted by simply considering the
multiple effects of each single dopant [7,8,150]. However, the most important result of
simultaneous minor elements doping is the overall reduction of clinkerisation temperature. Some
cement kilns operated adding 1wt.% and 0.3wt.% of CaSO4 and CaF> to raw mixtures, respectively,
reducing the clinkerisation to 1250 °C and saving around 5% of fuel consumption [216,217]. When
fluorine is combined with sulphur in OPC raw meal fluorellestadite is formed only when F/SO3 >
0.158, otherwise no fluorine phase occurs [218]. The addiction of phosphorous, sulphur and
fluorine has been tested only on BCSA raw meal adding phosphate rock acid-insoluble residue
reaching ~ 1wt.% F, ~ 1.5wt.% P,0s and ~ 5wt.% SO; doping, revealing an optimal temperature
formation at 1200 °C with a phase assemblage composed of a’y-C.S, B-C.S, orthorhombic and
cubic ye’elimite [219].

6.7 — Cement control quality parameters

Three main control quality parameters are usually used in cement manufacture to predict ratio
among phases and the improvement of clinkering reactions [8]. These values are calculated starting
from XRF of raw meals.

Silica Ratio (SR) is defined as the ratio Si0,/ (Al,03 + Fe,03;) which for Ordinary
Portland Cement varies from 2 to 3, and its increase leads to a rise of silicate phases and a reduction
of melt at high T reducing clinkering reactions.

Alumina Ratio (AR) is calculated as the ratio between aluminium and iron oxides (Al,03/
Fe,03) which has a value from 1 to 4 for OPC and defines the abundance of brownmillerite
compared to Al-rich phases. The reduction of AR leads an increase of brownmillerite occurrence.

Lime Saturation Factor (LSF) is an important quality control parameter defined as the ratio
Ca0/ (2.8 Si0, + 1.2 Al,05 + 0.65 Fe,05) which for OPC usually falls in the range 0.92-1.02.
This value controls the proportion between hatrurite and larnite in OPC; furthermore, when the
value 1 is obtained lime (CaO-free) should occurs at the clinkerisation temperature (1350-1450 °C).
Furthermore, in the case of high-MgO content, which has a strong impact on alite phase formation,
LSF formula has been slightly modified: if MgO < 2wt.% (CaO + 0.75 MgO0)/ (2.8 Si0, +
1.2 Al,05 + 0.65 Fe,053); if MgO > 2wt.% (CaO + MgO0)/ (2.8 SiO, + 1.2 Al,05 + 0.65 Fe,03).

However, all these formulas do not take into account the potential effects of other minor
elements (e.g., SOs, P,0s, CaF,, CaCl,, etc.) on changing crystal phase distribution and abundance,
and melt properties.
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Chapter 7
Materials and Methods

7.1 — Materials

7.1.1 — Natural rocks: Limestone and Combusted Pyrometamorphosed Rock

Natural limestone samples belonging to the Lower Member of Ghareb Formation were collected
during the field trip (Stop-2, outcrops in Arad City, and Stop-8, outcrops in the Rotem Amfort
mine) were investigated by XRF, for chemical investigation, RQPA on LXRPD data, obtaining
mineralogical and crystallographic information, TLM and RLF for microtextural investigation.
Only RM sample was further studied with NXRD on bulk samples for textural analysis, SXRPD, p-
CT with in-situ and ex-situ experiment and SCXRD. In Table 7.1 XRF results are reported for
studied limestone and bibliographic ones. Detailed description related to textural, mineralogical and
crystallographic information on limestone samples are accounted in Chapter 8.

Samples SO and SE were collected at Stop-2 from hard limestone concretions with metric
size (see section 3.1.2, Fig. 5.6) and rounded shape inside weathered outcrops of Ghareb Formation.
These hard nodules should be related to process during diagenesis involving decomposition of
organic matter with reduction conditions, as commonly occurring in Mishash Formation [113] (see
section 3./.1, Fig. 5.4). Both samples represent phosphatic-rich limestone with differences in
textural features: SO forms the textural homogeneous part composed of mainly calcite (> 95wt.%)
and minor quartz, apatite and fluorite, which is classified as a calci-mudstone; SE represents the
heterogeneous part composed of mainly calcite and apatite, and minor quartz, which is classified as
phosphatic wackestone. Therefore, XRF revealed that these samples are mainly composed of CaO
due to the general absence of quartz and clays.

Sample RM was collected at Stop-8 from fresh quarry face of Lower Member of Ghareb
Formation (see section 5.8, Fig. 5.33). RM is composed of calcite, kaolinite, gypsum, apatite, quartz
and minor goethite, and classified by textural features as a phosphatic calci-mudstone.

Only larnite-rich rocks (Natural CP rocks) were deeply studied for the comparison with the
corresponding synthetic green-cement. Larnite-rich rocks were collected on Stop-6.2 (6BWO) and
Stop-9 (YC20), and were analysed by XRF, RQPA on both LXRPD and SXRPD, RLM,
SEM/EMPA and p-CT. YC20 was also studied with NXRD for textural investigation; moreover,
this sample was selected to prepare cement by adding natural gypsum (3GNat), coming from
Toledo mine (Spain), making a comparison on hydration properties with synthetic belite cement by
means of DSC-TGA, ICA and XRPD at different hydration time (1, 3, 7, 28 days). Table 7.2 reports
the XRF results for YC20, 6BWO and bibliographic values for larnite-rich rocks.
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Sample oxide CaO  Si0;  ALO; Fe:05 MgO SO; P.0s TiO; KO Na:0 SrO LOI TOT*
S0 5572 154 087 1.1 021 012 048 009 015 011 005 3932 99.76
SE 5421 201 025 035 018 021 891 003 0.2 008 005 34.02 100.42
M 47.12 1176 334 245 023 189 L75 005 015 011 007 4 o 100.41
[68.38] [17.07] [4.85] [3.56] [0.33] [2.74] [2.54] [0.07] [0.22] [0.16] [0.10] " [100.02]
Lower Ghareb Fm. ™™ 3200 240 060 030 030 010 0.9 004 031 029 002 3200 94.97
(Marl Member) Average
Bibliographic Values §¢ 3358 983 390 1.84 051 579 165 016 042 074  0.03 4215 99.52
[220] Max
4410 1400  6.00 350 112 1190 570 024 040 200  0.06 49.33 101.35

Table 7.1 — X-ray Fluorescence results for limestone protoliths belonging to Ghareb Formation, also bibliographic values [220] are reported for making comparison; e.s.d. below
0.1 wt%; values reported in square brackets do not take into account LOI; *sum of analysed oxides and LOI.

S“mp’e/Oxl. de CaO  Si0; ALO; Fe;0; MgO SO; P05 TiO; K0 Na;0 SrO BaO LOI  TOT
6BWO 56.04 2330 956 332 105 342 246 052 021 038 0.1 011  0.58 101.06*

YC20 53.11 2520 9.40 301 202 162 095 033 021 029 019 0.12 342 99.87*

Min. 5080 2100 792 242 081 135 078 032 009 00 012 001 075 97.50
Larnite Rocks In.
(Unit KuPh1,2,4) ean 5206 2355 1078 453 116 281 200 040 074 033 0.8 010 172 99.53*
Bibliographic Values

[2,20,221] Max 5600 2610 1214 581 178 532 384 045 243 072 029 050 242 10040

Table 7.2 — X-ray Fluorescence results for sampled larnite-rich rocks belonging to Unit KuPh1,2,4, and bibliographic values [2,20,221] for making comparison; e.s.d. below 0.1

wt%; *sum of analysed oxides and LOI.
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7.1.2 — Synthetic green-cements

Different green-cements were synthetised at laboratory scale at different temperatures observing
changes on mineral assemblage, crystallographic features and microtexture among them and with
natural larnite-rich rocks (6BWO and YC20).

Heated samples were obtained by using a RHF 14/3 Carbolite laboratory oven with always
an increasing temperature rate of 2 °C/min; whereas the heating time at the selected temperature
was of 2, 8 and 4 hours for samples heated at 700-900, 1000-1200 and 1250-1350 °C, respectively.
Samples RM and BC were heated as pellets obtained by pressing grinded powders in a pellet
pressing die with an internal diameter of 11 mm and using a hydraulic press at 60 kN for 1 min. The
correct working of the laboratory oven thermocouple (Type R) was checked by using Process
Temperature Control Rings (PTCR). Samples burned at T > 1000 °C were firstly heated at 950 °C
for 1 hour accounting a complete decarbonation, followed by grinding of powders and pellets of ~
1.5 g were re-obtained for the subsequent heating. Samples obtained at T > 1250 °C were heated in
a sealed Pt crucibles reducing the loss of volatile elements (Na>O, SOs, Cl and F) [150,222]. After
the heating cycle, samples were always slowly cooled by simply turning off the SiC heating
elements, accounting an average 2-3 °C/min of cooling rate. The choice of a slow cooling instead of
a quenching, which the latter is normally performed in cement plant, was driven by the chance of
trying to reduce the energy expenditure to obtain cement.

Sample BC has a chemical composition compatible with a High Ferrite Belite Cement
[223,224] doped with sulphur. The choice of preparing cement with this chemical composition was
driven by the chance of designing a new type green-cements that has the potential to (i) reduce the
overall CO»-footprint of cement plant, because it’s heated at lower T than OPC, and (i1) leading the
re-use of Fe and S-rich wastes, mainly coming from metallurgic [225] and chemical industry [226],
respectively. BC was prepared by adding iron oxide (2wt.%), kaolinite (6wt.%) and gypsum
(4wt.%) to a standard OPC raw meal (Table 7.3), which is made of limestone and clay. Sample BC
was heated at 700, 800, 900, 1000, 1100, 1200, 1250, 1300 and 1350 °C. Moreover, 300 g of BC
heated at 1350 °C were used for hydration experiments by adding natural gypsum, coming from
Toledo mine (Spain), and investigated by means of DSC-TGA, ICA and XRPD at different
hydration time (1, 3, 7, 28 days).

RM samples collected at Stop-8 should represent the most similar protolith of natural larnite
rocks occurring in Hatrurim Basin; therefore, heating RM is important for a better understanding of
the CP event and highlights changes occurring during heating. Furthermore, nowadays, the
phosphatic gypsum-rich limestone (RM) represents a massive by-product waste of the Rotem
Amfort phosphatic mine plant that has a similar chemical composition with OPC raw meal doped
with P2Os, SOz and F. The occurrence of dopants elements could improve the clinkering reactions,
reducing the temperature and heating time for making cement: therefore, RM could be directly re-
used as an alternative cement raw material to design a new type of green-cements. Some RM
samples were grinded, homogenised, and pellets were heated at 700, 800, 900, 1000, 1100, 1200,
1250, 1300 and 1350 °C. Whereas, some RM fragments (labelled as RF) were directly heated at
900, 1200 (RFa and RFb), 1250 and 1350 °C, reproducing similar heating conditions of natural
larnite rocks and highlighting the effect of the texture during heating.
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oPC BC Bibliographic values
Element  Starting R;l;: fz;‘;al After Heating BCSA OPC-HF

raw meal heating (T 1350 °C) [148] [224]

CaO 42.21 38.45 57.50 48.12-52.58 63.83
SiO; 13.75 14.88 23.21 15.25-19.69 18.53
ALO3 4.22 5.25 7.42 15.45-17.17 6.83
Fe,03 1.95 3.71 5.52 2.60-7.66 5.67
MgO 0.64 0.56 0.91 0.20-1.66 0.96
SO; 0.02 2.05 3.31 4.40-7.88 1.04
P20s 0.01 0.08 0.14 - 0.31
TiO> 0.19 0.17 0.25 0.40-0.62 0.31
K;O 0.59 0.52 0.90 0.10-0.30 0.31
Na,O 0.01 0.08 0.16 0.10-0.30 0.32
SrO 0.01 0.08 0.17 - 0.05
LOI 35.80 34.80 0.89 - 0.58
TOT 99.40 100.63 100.38 98.50- 99.74

101.30

LSF 0.97 0.75 0.77 0.69-0.71 1.00
AR 1.68 1.34 1.42 2.76-7.31 1.20
SR 2.63 1.79 1.66 1.00-1.13 2.71

Table 7.3 — XRF results from BC sample before heating (starting raw meal) and after firing at 1350 °C; moreover,
BCSAF and OPC-HF bibliographic values are reported as comparison; e.s.d. below 1wt.%.

7.2 — Methods

7.2.1 — Bibliographic research on combustion pyrometamorphism and geological framework of
Hatrurim Basin

Detailed bibliographic research on CP, especially for CP event occurred in Hatrurim Basin, was
made in order to get information on what have been already done and studied on this location and in
particular on larnite-rich rocks.

7.2.2 — Field trip in Hatrurim Basin

The Field trip in Hatrurim Basin (see chapter 5) was prepared on the base of the bibliographic
research, choosing study locations in which rocks collection and geological features at different
observation scale were available.

7.2.3 — Transmitted and Reflected Light Microscopy (TLM and RLM)
Polished and thin sections were studied using Zeiss Axioscope 5 Polarizing Microscope Reflected

Transmitted Light. Thin sections were only made for limestone protoliths (RM, SO and SE).
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Whereas, polished sections were made for natural larnite-rich rocks (6BWO and YC20) and green-
cements heated at different temperatures (RM and BC at 1200, 1250, 1300 and 1350 °C, RFa, RFb):
samples were embedded in epoxide resin under vacuum system for improving impregnation, due to
the high porosity of some samples, following by a dry-out polishing with SiC abrasive papers with
decreasing the grain size and finished with diamond paste (~ 1 um). After the polishing procedure,
polished sections were cleaned using pure hexane (C¢H14) removing all the residues.

Polished sections of YC20, RFa, RFb, BC heated at 1350 °C and RM heated at 1200, 1250,
1300 and 1350 °C were also studied with Nital etching (5% HNOs; and 95% C,HsOH) for
highlighting differences among common cement phases: drops of Nital were applied on polished
sections for 10 sec. later washed by pure ethanol (C2HsOH).

7.2.4 — X-ray Fluorescence (XRF)

The elemental composition of natural larnite-rich rocks (6BWO and YC20), limestone (RM, SO and
SE), starting raw meals for synthetising green-cement (BC before and after heated) was measured
by means of X-ray Fluorescence using a Bruker S8 Tiger WDXRF spectrometer with a Rh X-ray
tube, operating at 50 kV and 80 mA. The quantification was performed by a calibration of a group
of 56 reference standards. The measurements were carried out by using fused glass discs prepared
by mixing 0.875 g of fine powdered sample with 6.125 g LiB4, used as a low-melting reagent,
overall corresponding to a 1:7 ratio sample/LiB4. The prepared mixture was carefully homogenized
in a Pt crucible and heated for 15 min at 1000 °C using a CLAISSE FLUXER-BIS! Automatic
apparatus. After the complete melting, the melt was poured into a Pt-plate and slowly cooled
forming glass discs that were directly used for the chemical analysis. Loss On Ignition (LOI) was
determined gravimetrically by weighting the samples before and after the thermal at 1000 °C for 45
min.

7.2.5 — X-ray Powder Diffraction at Laboratory and Synchrotron scale (LXRPD/SXRPD)

XRD analysis was performed to study the phase assemblage of sample. LXRPD was performed at
the University of Milan at the Earth Science Department studying all the samples, excepted the ones
related to the hydration of BC and Nat that were analysed at the Servicios Centrale de Apoyo a la
Investigation (SCAI) at the Department of Inorganic Chemistry. The two different instrumental set-
ups are reported in Table 7.4. The sample loading was back-loading, but in the case of little amount
of powder a zero-background sample holder was used, which is made of Si single crystal cut along
(100) plane, and ethanol as powder dispersing media. Limestone samples (RM, SO and SE) and
synthetic green-cement heated at 1250, 1300 and 1350 °C were also analysed by XRD adding ~
4wt.% of Si NIST 640c [227] as an internal standard for accounting a better cell parameters
refinement of crystal phases.
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Study of natural and Hvdration stud
LXRPD — Instrumental Set-Up anhydrous synthetic rocks yare Y
(University of Milan) (University of Malaga)
. PANanalytical X’Per Pro PANanalytical X’Per Pro
Diffractometer (geometry) (Bragg-Brentano, 6-20) (Bragg-Brentano, 6-26)
Incident Beam
X-ray Tube type (kV, mA) Cu Kai2 (40, 40) Cu Kai2 (45, 40)
Monochromator - Ge(111)
Soller Slit (width, ° 26) 0.02 0.04
Incident mask (width, mm) 6.60 -
Antiscatter Slit (width, ° 26) 0.5 1
Fixed Divergency Slit
(width, ° 26) 0.25 0.5
Diffracted Beam
Antiscatter Slit (height, mm) 5.5 1.52
Soller Slit (width, ° 20) 0.02 0.04
Filter (thickness, mm) Ni (0.02) -
(active Ig g;zcttzrzi £, © 20) X’Celerator (2.122) X’Celerator (2.122)
Data Collection Set-Up
Start and end angle (° 20) 4-130 4-70
Step Size (° 20) 0.02 0.02
Count time per each step (sec) 60 280

Table 7.4 — LXRPD instrumental set-ups for investigation of natural and anhydrous synthetic rocks, performed at the
University of Milan, and studying the hydration of natural larnite-rich rocks and green-cements at the University of
Malaga.

SXRPD analysis was performed at Elettra synchrotron facility (Trieste, Italy) at the beamline MCX
and at ESRF synchrotron facility (Grenoble, France) at the beamline D22, both with ex-situ and in-
situ experiments. The choice of performing SXRPD analysis was driven by: (i) the complexity
crystal phase assemblage of natural larnite-rich rocks both anhydrous and hydrated ones, especially
on minor crystal phases, (ii) the chance of obtaining highly accurate and precise data on crystal
structure parameters and compare between natural vs synthetic materials (larnite cell parameters,
crystallite size and microstrain differences); (ii1) the availability of performing HT in-situ
experiments with high d-spacing resolution and fast data collection.

Ex-situ experiments at MCX beamline were performed on limestone (RM), natural larnite-
rich rocks (6BWO, YC20), natural hydrated larnite-rich rocks (6BWV, YC2V) and laboratory
hydrated larnite-rich rocks (6BWO after 3 weeks of hydration). The experimental set-up used is
reported in Table 7.5 (Fig. 7.1). The monochromatic radiation was selected by using a double
crystal Si(111). Borosilicate glass capillaries with an internal diameter of 1 mm were used as
sample holders for the data collection (Fig. 7.2).
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Fig. 7.1 — SXRPD diffractometer at MCX beamline of Elettra synchrotron, highlighting the experimental set-up used of

ex-situ experiments.

Borosmcate glass capillary 2
s —

Sample Stage

Fig. 7.2 — Sample stage set-up for ex-situ experiments at MCX beamline at Elettra synchrotron.
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HT in-situ experiment at MCX beamline was performed with the same A of ex-situ experiments on
natural limestone (RM) using a furnace and heating from room temperature to 1000 °C: an
increasing temperature rate of 10 °C/min till 800 °C and of 5 °C/min from 800 to 1000 °C; data
collection was performed at room temperature, 500, 600, 700, 750, 800, 850, 900, 925, 950, 1000
°C and after heating at 25 °C; before each collection a stabilising time of 15 min was waited, in
order to reach the thermodynamic equilibrium. The furnace has a linear hole that allows to exit the
diffracted beam that reaches a translating image plate [228-231] (Fig. 7.3,4). Pure SiO, glass
capillary was used as sample holder; furthermore, the capillary base was open allowing the escape
of gases mainly released during the decarbonation of calcite, avoiding the over pressuring and
explosion of the capillary (Fig. 7.5).

Sample Stage
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o " D-lﬁractedBeam
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o
=
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Image Plate Support
Translating System

Fig. 7.3 — Instrumental set-up used for in-situ experiment at MCX beamline at Elettra synchrotron.
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Fig. 7.4 — MCX beamline oven operating at 1000 °C, highlighting the position of the heated capillary after the data
collection at high-temperature.

Gases exit tube

pure SiO, glass capillary

Sample Stage

Fig. 7.5 — Sample stage set-up for high-temperature in-situ experiment at MCX beamline at Elettra synchrotron.
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Synchrotron Facility, Elettra, MCX ESRF, ID22
Beamline
Monochromatic 1 (A) 1.033 0.354109
Geometry Debye Scherrer Debye Scherrer
start and end angle °20,4) | 1 3% 5y 10020 03974 &
Multi-analyser stage (9 Si(111)
Detector Fast scintillator counter associated with Point Sensitive
Detectors) [232]
Step Size (° 20) 0.01 0.002
Count per each step (sec) 4 0.42

Table 7.5 — SXRPD instrumental set-ups for ex-situ experiments performed at Elettra and ESRF synchrotron facilities.

Ex-situ experiments at ID22 beamline were performed on natural larnite-rich rocks (6BWO and
YC20), natural hydrated larnite-rich rocks (6BWV and YC2V) and on anhydrous green-cements
heated at 1200 °C (RM 1200 and BC 1200) [233-235]. Borosilicate capillaries were used as
sample holder for ex-situ experiments.

High-temperature in-situ experiments at ID22 beamline were performed on natural
limestone (RM), previously decarbonated at 900 °C for 2 hours, which were heated from room
temperature to ~ 1250 °C by using a halogen-bulb mirror furnace made of three 150 W halogen
lamps (Fig. 7.7,8). Pt-capillaries with an internal diameter of 0.6 mm and 0.04 mm wall thickness
were used as sample holder filled with the decarbonated limestone powder (Fig. 7.6). To ensure the
maximum efficiency of the furnace, the lamps filaments must lie in the same plane of the sample
rotation axis, focusing thus a 4 mm section along this axis. Moreover, filled Pt-capillaries were also
sealed at the ends by argon arc welding machine, avoiding the escape of volatile elements (F, Cl
and SOy) at HT. The furnace technical configuration allows no direct temperature measurements on
the sample during heating. Therefore, platinum from the capillary was used as an internal standard
to control the reached temperature by considering the thermal expansion coefficients [236] (Eg.1)
and the cell parameter expansion obtained by Rietveld refinement: Eq.2 reports the formula to
obtain the achieved temperature in kelvin by considering the thermal expansion coefficients (£q.7),
the cell parameter value at room temperature measured in A (a,) and the observed increase in the

cell parameter (A4, A).

(Eq.1) 2% = 7.543 % 1075(T — 291) + 7.543 * 10~°(T — 291)?

ag

A
\/(—7.543*10—6)2—4(2.362*10—9)(_%)

(Eq.2) T(°K) = —7.543+107° + + 291

2 (2.362%1079)

Two different experimental data collections were used (Table 7.6): (i) one Pt-capillary was analysed

at different selected temperatures (916, 966, 1029, 1040, 1060, 1077, 1095, 1111, 1133, 1150, 1182

°C) with an heating rate of 15 °C/min from room temperature to 900 and 5 °C/min from 900 to

1200 °C, moreover, a stabilising time of 10 min before data collection was used; (ii) the other
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experiment was performed by heating the Pt-capillary from room temperature to 1250 °C with an
heating rate of 15 °C/min till 900 °C and 5 °C/min from 900 to 1250 °C, and data was collected
after each ~ 13 °C of increasing temperature without a stabilising time. Both experiments were also
analysed at 25 °C before and after heating by a fast cooling, in order to highlight differences in the
crystal phase assemblage from high to room temperature. The 2" High-Temperature in-situ
experimental set-up, which has no stabilising time before data collection, was chosen trying to
reproduce similar conditions occurring in rotary kiln in cement plant [7,8,132].

Synchrotron Facility, Beamline ESRF, ID22
1®*HT in-situ experiment 2" HT in-situ experiment
Instrumental Set-Up (stabilising time (I))f 10 min) (no stabilisinglftime)
Monochromatic 1 (A) 0.354109 0.354109
Geometry Debye Scherrer Debye Scherrer
0.002 —42.92°, 0.002 — 42.92°,
Start and end angle (° 26, A) 10020 — 0.484 A 10020 — 0.484 A
Multyanalyser stage (9 Si(111)  Multyanalyser stage (9 Si(111)
Detector associated with Point Sensitive  associated with Point Sensitive
Detectors) [232] Detectors) [232]
Step Size (° 20) 0.002 0.002
Count per each step (sec) 0.05 0.01

Table 7.6 — SXRPD instrumental set-ups for the two in-situ experiments performed at ID22 beamline at ESRF
synchrotron facility.

F|1_'1r._\c1|:|r':.l
ol e

Brass support Hollow alumina Platinum
riosd .;.apil:‘.ar:,r

Fig. 7.6 — Sample configuration of high-temperature in-situ experiments at ID22 at ESRF synchrotron.
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Fig. 7.7 — Instrumental configuration at ID22 beamline at ESRF synchrotron used for in-situ and ex-situ experiments,
excepted the halogen lamps for the latter.

Spinning capillary

i M

Halogen lamps

Fig. 7.8 — Instrumental configuration at ID22 beamline at ESRF synchrotron used for in-situ and ex-situ experiments,
excepted the halogen lamps for the latter.
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7.2.6 — Qualitative phase analysis, Rietveld Quantitative Phase Analysis (RQPA) and refinement
strategy
Qualitative phase analysis of XRD data was performed by means of PANalytical X Pert HighScore
v. 1.0b software [237] associated with the Powder Diffraction File (PDF-2) [238], leading a fast and
visual identification of occurring crystal phases in the sample. Whereas, Crystallography Open
Database (COD) was used for searching the available crystal structures for the next Rietveld
refinement method [239-244].

The Rietveld method accounts the quantitative crystal phase analysis in powder studied by
XRD, and nowadays it is widely used in industry for studying complex mixtures [245-247]. The
Rietveld method uses a least square approach to optimize a theoretical line profile until it matches
in the best possible way the measured one obtained from XRD analysis: Eq.3 reports the function
that has to be minimized (S,), w; is the statistical weight, Y;(obs) and Y;(calc) represent the
observed and calculated pattern at each i-point.

(Eq.3) Sy = X;w;|Y;(obs) — Y;(calc)?|

The Y;(calc) is obtained by the Eq.4 as the sum of the contributions of the background
Ypci(26;) and the intensity from the crystal phases. The latter contribution is calculated by
considering the scale factor for each a-phase (S,), the multiplicity (m;) and the structure factor
(Fy) of reflections k, h(26; — 26,) representing the profile function describing the intensity along
the pattern, P, representing the additional corrections (preferred orientation of crystals, systematic
extinctions, etc.) and Ly, (26;) corresponding to the Lorentz polarization correction factor.

(Eq.4) Yi(calc) = Yyer(26;) + X731 Sq ey |Fie|*h(26; — 26,) P Ly, (26;)

The profile function (h(26; — 26},)) is described by a convolution of more functions. The software
used for RQPA in this work is GSAS-ii [248] that uses a pseudo-Voigt function [249,250]
considering for the FHWM a Gaussian (c?) and Lorentizian broadening (y): U, V and W are
coefficients from Caglioti equation [251], whereas P is the Scherrer coefficient for Gaussian
broadening; X is the Lorentzian Scherrer broadening and Y describes the strain broadening.

(Eq.5) 0? = Utan?0 +V tand + W + P/cos?8

(Eq.6) vy = X/cosé? + Y tané

FWHM Gaussian and Lorentzian broadening parameters are used to describe the overall
Instrumental Broadening Function (IBF) that is obtained by collecting a pattern of a standard and
refining the parameters (U, V, W, X and Y). Furthermore, in GSAS-ii a refinable parameter SH/L is
used to account the peak asymmetry which has a strong impact on Bragg peaks at low angle
[252,253]. In GSAS-ii micro-strain (Egq.7) and crystallite size (Egq.8) is normally considered as full
Lorentzian broadening, hence for each a crystal phase included in the Rietveld refinement two

additional terms are added to FWHM Lorentzian broadening (y): (i) Y, used for calculating the
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micro-strain; (i) X, accounting the crystallite size broadening. S, represents the micro-strain
parameter for a specific a-phase, is dimensionless and accounts lattice deformations, vacancies and
defects of the lattice; whereas K represents the Scherrer constant depending on the shape of
crystallite (for a sphere as crystallite shape, K = 0.89). C, represents the crystallite size for a a phase
reported in A, accounting the average dimension of lattice domain. T. In the case of considering the
effect of micro-strain and crystallite size broadening as a mixture of Lorentzian and Gaussian
broadening two more equations will be considered using P (Eq.5) and U (Eq.6) refinable
parameters for each crystal phase, as for Y, and X, [254]. An increase in micro-strain is equal to an
increase in broadening, whereas an increase in crystallite size acts as a sharpening of Bragg peaks
for a specific a-phase. The general equation used to represent the crystallite size is (26) =

AK / D cos@ [255,256], where D represents the crystallite size and $(26) the integral breadth

corresponding to peak broadening; whereas the general equation for micro-strain is e =

p (29)/ 4 tan@ where e is the micro-strain value [257].

(Eq.7) Sq = 75055 Yo 100%

(Eq.8) Cq ="=2100%

a

The refinement strategy for performing the RQPA on XRD data was the following: (i) obtaining the
IBF for each instrument by using LaBes NIST 660a and Si NIST 640c for laboratory and
synchrotron diffractometers, respectively, refining U, V, W, X, Y and SH/L, which the latter is used
to describe the peak asymmetry [227]; (ii) using a Chebyshev polynomial function with 10 terms to
describe the background function, which were refined during the refinements; (iii) refining the scale
factor for each occurring crystal phase; (iv) refining the zero error parameter of the diffractometer;
(v) refining the cell parameters of crystal phases, always after three refinements cycle of the
previous step; (vi) refining the crystallite size and micro-strain separately and alternatively for three
times, due to their high correlation. Crystallite size and micro-strain were refined only for main
crystal phases; moreover, they were together refined only for synchrotron data, since no correlation
error occurred [248]. Furthermore, when Si NIST 640c [227] was added as an internal standard,
only the cell parameters of other phases were refined, obtaining more precise values.

The goodness of fitting was measured by considering three Rietveld parameters that are
calculated by the GSAS-ii software after each refinement cycle:

1. Rexp (Rietveld expected pattern), Ry, = ’% , where M represents the overall

number of observed points, P the refined parameters and wy, is the reciprocal of the
variance;

Sw, [Yi(obs)—Yi(calc)]z.
Y w,, Yi*(obs) ’

3. %2 also called as GoF (Goodness Of Fitting) GoF = Ryp/Rexp-

2. Rup (Rietveld weighted pattern), R,,, = \/
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In order to quantify the amount of amorphous phase during the hydration process of green-cements
(3GBC and 3GNat) content the internal standard method was applied [258-260]: adding 20wt.% of
a-SiO> Quartz (NIST 755 [227]). The amorphous fraction (W4, wt.%) is obtained from the
following Egq.9, where Ws (wt.%) and Rs (wt.%) represents the know amount of added internal
crystalline standard and the Rietveld result (wt.%) for the internal standard, respectively:

-1 _Ws 4

(Eq-9) Wa = 155- Ws (1 Rg) * 10

The amorphous content includes not only the amorphous phase, which normally produces a hump
in the XRD pattern from 5.6 to 2.5 A [261], but also all crystal phases that were not included in the
Rietveld refinement: a good amorphous evaluation requires to identify all occurring crystal phases.
Therefore, the “real” weight percent of each crystal phase (W, wt.%) is obtained by using the
calculated concentration for each crystal phase (R,, wt.%) and the amorphous content (W,), as
reported in the following Eq. 10:

Rq

(Eq.10) Wy = 75 (100 — W)

B (22=1 Ra

7.2.7 — Single Crystal X-ray Diffraction (SCXRD)

Laboratory SCXRD was performed on crystals picked up from the 5wt.% HCI residue of dark-
submetallic anisotropies in Ghareb Formation limestone (RM) using a stereomicroscope, which
were identified as titanite (CaTiSiOs) crystals. Diffraction data collection used a Rigaku Oxford
Diffraction XtaLAB Synergy diffractometer, equipped PhotonJet (Mo) X-ray Source operating at
50 kV and 1 mA, with a monochromatized MoKa radiation and equipped with a HyPix hybrid
photon counter (HPC) detector working at 62 mm from the crystal. A step scan 0.5° and an
exposure time 80 s per frame was used. Intensity data was extracted, scaled and corrected for
absorption using CrysAlisPro v. 1.171.40.36a [262].

Synchrotron SCXRD was performed on rhombic-shape crystals of hatrurite (CazSiOs)
picked up from the synthetic green-cement RM heated 1350 °C as pellets at X06DA (PXII)
beamline at the synchrotron light source of Paul Scherrer Institute (PSI) [263—268]. Diffraction data
collection used a monochromatic radiation source (A = 0.70848 A), a 90 x 45 um focused beam,
PILATUS 2M-F detector with a detector distance of 90 mm, multi-axis PRIGoniometer and sample
changer CATS.

Collected data was analysed (peak hunting, peak indexing, unit cell finding and space group
identification) by mean of CrysAlisPro v. 1.171.40.36a [262].

7.2.8 — Scanning Electron Microprobe analysis and Electron MicroProbe microAnalyser
(SEM/EMPA)

Scanning Electron Microprobe analysis and Electron MicroProbe microAnalyser were performed
for obtaining microtextural, punctual chemical composition and variability on natural larnite-rich
rocks and synthetic green-cements. Samples were prepared as reported in section 7.2.3 and a
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covering of a sputtered graphite layer was applied to ensure same electric conductivity on the
surface sample.

Scanning Electron Microprobe (SEM) analysis was performed by means of a JOEL JSM-IT
500 in Energy Dispersive X-ray Spettroscopy (EDS) at the laboratory of the Earth Science
Department “Ardito Desio” of the University of Milan, with an accelerating voltage of 20 kV, a
spot size of 1 um, a beam current of 10 nA, a counting time of 60 s on peaks and 20 s on
backgrounds. The following samples were studied by means of SEM-EDS: 6BWO and YC2O,
corresponding to natural larnite-rich rocks; BC heated at 1200, 1300 °C, representing the laboratory
green-cements rich in belite, ferrite and ye’elimite; Ghareb Formation heated at 1200 °C as pellets
(RM_1200) and fragments (RFa and RFb), corresponding on green-cements doped with P, S and F.
Electron MicroProbe microanalysis was performed by mean of a JEOL JXA-8200 Electron
MicroProbe Analyser (EMPA) in Wavelength Dispersive X-ray Spectroscopy (WDS), with an
accelerating voltage of 15 kV, an electron probe spot size of 1um, a beam current of 10 nA, a
counting times of 30 s on peaks and 10 s on backgrounds. The following elements were measured:
Si, Al, Ca, Fe, K, Mg, Na, S, P, Ti, Cr and F for all samples, and also Cl for natural larnite-rich
rocks. Natural kyanite (AlxSiOs, for Al, Si, TAP), anorthite (CaAl>Si»Os, for Ca. PET), fayalite
(Fe2SiOs4, for Fe, LIF), K-feldspar (KAISi30s, for K, PET), olivine ((Mg,Fe)>S104, for Mg, TAP),
omphacite ((Na,Ca)(AlMg)Si,O¢, for Na TAP), anhydrite (CaSOs, for S, PET), fluorapatite
(Cas(PO4)sF, for F and P, PET and LDE), chromite (MgCr,03, for Cr, PET) and titanite (CaTiSiOs,
for Ti, PET) and sylvite (KCl, for Cl, LDE) have been employed as standards. Raw data were
corrected for matrix effects using a conventional ®pZ routine in the JEOL soft-ware package [269].
These polished sections were also investigated by means of a Zeiss EVO MA15 Scanning Electron
Microscope operating with an acceleration current of 15 kV and 4 nA, a beam size of 100 nm and a
working distance of 11 mm, with an image resolution of 1024 x 730 pixels. Microstructural analysis
was performed using detection of BackScattered Electrons (BSE). Elemental maps were obtained
studying the distribution of Al, Fe, S, P and F using WDS method on representative sample portions
with a pixel size of 0.20 x 0.20 um?, a counting time of 30 ms. The following samples were studied
using EMPA-WDS: 6BWO and YC20 for natural larnite-rich rocks; BC heated at 1250, 1300 and
1350 °C; RM heated at 1200, 1250, 1300 and 1350 °C; Ghareb Formation samples heated at 1200
°C as fragments (RFa).

Elaboration of BSE images was carried out by means of Image-Pro PLUS v 4.5.0.29 and
Image] v. 1.53 software [270-272].

7.2.9 — X-ray microComputed Tomography at synchrotron scale (u-CT)

3D imaging experiments were performed at SYRMEP beamline at Elettra synchrotron, in order to
obtain 3D microtextural information (porosity, permeability, connectivity of pores, crystals
dimensions, preferred orientations, etc.) and crystal phase identification based on differences in
density; furthermore, high-temperature in-situ experiment was performed on a fragment of Ghareb
Formation revealing microtextural changes (calcite decomposition, incipient melting temperature,
pores evolution, etc.) occurring during heating.
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Both in-situ and ex-situ experiments were performed using a white-beam with 2.4 GeV
filtered by Al-foils selecting an average energy of 27.9 keV. Using a polychromatic radiation allows
higher photon flux, decreasing the scanning time increasing the thickness of sample. The samples
were located at 16 m from the source and the maximum X-ray beam size was 160 mm (h) x 4 mm
(v). Images were acquired using a microscope system based on a 16-bit, 2048 x 2048 pixels, water-
cooled sCMOS detector coupled with a 17 um-thick LSO:Tb scintillator screen. Experiments
performed on cylindrical samples with ~ 1.5 mm diameter.

Ex-situ investigations used a pixel size of 0.9 um, a 15 cm as sample-detector distance, 300
ms of exposure time, 2000 projections (0.09° rotation along z axis) and 2048 slices (3.84 mm of
investigated length). Moreover, two experiments for each sample were carried out for increasing the
analysed volume also considering an overlapping of 448 slices from a portion to the other, hence
studying an overall 3648 slices (~ 3.28 mm of length). The following samples were analysed:
YC20, 6BWO, YC2V, 6BWV and BC heated at 1350 °C.

HT in-situ experiment was performed on fragment of Ghareb Formation using 2.4 um pixel
size, 20 cm sample-detector distance, 350 ms of exposure time, 1000 projections (0.18° rotation
along z axis) and 1600 slices (~ 1.84 mm of studied length). The furnace used for HT experiments
is based on induction heating by application of radiofrequency signal on an electrically conducting
object [273] (Fig. 7.9,10). Because the heat is generated inside on the graphite furnace, the sample
can be fast heated and cooled, reproducing similar conditions occurring in rotary kiln. The heating
element of the furnace is an induction coil controlled by HGT-1200/0.45 N high-frequency
generator. For the experiment an alumina crucible with an internal diameter of 3.9 mm and a
vertical size of 7 mm was used and located inside the graphite furnace. The graphite furnace is
surrounded by a pure SiO; glass tube and is placed in the middle of two zirconia rods. In order to
avoid oxidation of graphite furnace a continuous nitrogen flux is maintained during the experiment.
The oxygen fugacity cannot be directly measured, but previous experiments [273] highlighted a fO.
1073 at 1000 °C, between HM and NNO buffers, corresponding to similar conditions in rotary kiln.
The temperature control is performed by increasing or decreasing the amperage of the generator;
before the experiment a heating calibration curve was measured using a S-type Pt-Rh/Pt
thermocouple, a FLUKE 54 II temperature controller and positioning the thermocouple inside the
crucible instead of the sample. An increasing temperature rate of 10 °C/min and a stabilising time of
15 min; data collections were made at room temperature, 900, 1150, 1250 and at 25 °C after heating
at 1350 °C for 30 min of fragment of Ghareb Formation. The measurement at 1350 °C as not
carried out because of the movement of the sample during melting, inhibiting the reconstruction.
Moreover, in order to make a comparison between in-situ and laboratory prepared heated sample,
also Ghareb Formation fragments heated at 900, 1250 and 1350 °C (RF) were analysed at room
temperature with the same in-situ instrumental set-up.

Image processing was made using two softwares: (1) ImageJ [270,272] to treat sample slices
identifying voids and high density phases; (ii)) VGStudio Max v. 3.4 for 3D reconstruction
importing sample volume and voids as separated elements. The volume of voids was calculated by
the ratio between void pixels and sample pixels obtained from ImageJ Analyse Particle function.
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Fig. 7.9 — High-temperature in-situ experimental set-up, highlighting the heating system configuration.
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Fig. 7.10 — High temperature in-situ experimental set-up at 1350 °C.
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7.2.10 — Neutron Diffraction for Quantitative Texture Analysis (NXRD-QTA)

Neutron Diffraction represents a non-disruptive method for Quantitative Texture Analysis (NXRD-
QTA), also called Crystallographic Preferred Orientation (CPO) [274]. This method uses the high
penetration and high flux of neutrons available at the nuclear reactor at the Institute Laue-Langevin
(ILL) in Grenoble (France), allowing the study of samples with volumes ~ 1 cm?. Measurements
were performed using the D1B diffractometer with a monochromatic radiation of A = 2.526039 A
selected with a pyrolytic graphite (002) monochromator, a flux = 6*10° ncm™s™!, a maximum beam
size 2 x 5 cm?. XRD data are collected rotating the sample around two axes with a goniometer
(¢ from 0 to 340° by 20° of increase for each step; y from 0 to 100° by 10° of increase for each
step) collecting an overall 180 patterns. A curved position-sensitive detector with an angular range
20 with a resolution of 0.2° was used.

Rietveld texture analysis was carried out by means of MAUD software [275-278], by
considering during the RQPA all the phases but only the major crystal phases were included in the
texture analysis by EWIMV method [279] obtaining the Orientation Distribution Function.
Successively, for each selected crystal phase used for QTA main Bragg peaks should be selected to
obtain the Pole Figures (PFs) representing the orientation of lattice planes selected respected to the
sample orientation [280]. In the PFs pole densities are reported as multiples of the random
distribution (m.r.d.): an increase in the m.r.d. for a selected lattice plane of the projection is linked
to an increase of the preferred orientation of that crystal phase [281].

The refinement strategy included the refinement of a Chebyshev polynomial function with 5
parameters, cell parameters of crystal phases, scale factor of phases, crystallite size and microstrain
only for major crystal phases and the zero offset of the diffractometer. Only after some refinement
cycles the EWIMYV was calculated for the selected phases, later obtaining the PFs for main Bragg
peaks. The following samples were analysed: YC20O as natural larnite-rich rocks; Ghareb Formation
fragment and pellet; heated Ghareb Formation fragment and pellet at 1200 °C.

7.2.11 — Measurement of density
Measurements of real density were carried out by means of helium Pycnometer (Accupyc I 1340
Pycnometer, Micromeritics) at the Servicios Centrales de Apoyo a la Investigation (SCAI) at the
University of Malaga. Experiments were performed at room temperature on powder samples of
around 3 g in a sample chamber of 10 cm® and with pressure of 13.45 psi of He.

Natural larnite-rich rocks powder (Nat) and green-cements BC synthetized at 1350 °C, both
with and without the 3wt.% gypsum addition (3GNat and 3GBC), were analysed.

7.2.12 — Specific Surface Area measurement (BET and Blaine methods)
Specific Surface Area (SSA) measurement is fundamental for hydration of cement because
hydration reactions occur on the crystal surface. Therefore, having a similar SSA among samples is
required for making comparison of hydration reactivity of cements.

SSA analysis with BET method was carried out by means of MICROMERITICS ASAP
2420 instrument, at room temperature, with an inert gas (N2) and ~ 0.8 g of sample powder.
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SSA analysis with Blaine method was measured following UNE-EN196-6:2010 using the
Blaine Fineness Tester (UTCM-0240 Blaine Air Permeability Apparatus) [282].

Both methods were carried out at the Servicios Centrales de Apoyo a la Investigation
(SCAI) at the University of Malaga. Natural larnite-rich rocks powder (Nat) and green-cements BC
synthetized at 1350 °C, both with and without the 3wt.% gypsum addition (3GNat and 3GBC), were
analysed.

7.2.13 — Cement pastes preparation and Stopping hydration procedure

Cement pastes were prepared by mixing water and cement (3GNat and 3GBC) always with
water/cement ration of 0.5. Powder and water were mixed mechanically for 210 sec at 800 rmp at
room temperature. The prepared pastes were cast into hermetically closed PolyTetraFluoroEthylene
(PTFE) cylinders (Fig. 7.11), followed rotated at 16 rmp for 24 hours of hydration at constant
temperature. After this time, the cylinders of pastes were demoulded and stored in vessel
maintaining constant temperature and water saturation point (Fig. 7.12).

Cement pastes were prepared for 3GNat and 3GBC samples and analysed at 1, 3, 7 and 28
days of hydration by means of LXRPD and DSC-TA. For stopping the hydration, strictly required
for LXRPD investigation, a two steps process was followed using a Whatman device with filter of
2.5 um pores coupled with a vacuum pump: (i) grinded powder sample was washed twice with
isopropanol (C3HsgO); (i1) following, a washing with diethyl ether ((C2Hs)20). A portion of the dry
powders was manually mixed with 20wt.% of quartz as an internal standard, whereas the other part
was used for DSC-TA experiments.

PTFE Cement Pastes Holder

Closure
Components

Closure Top

Fig. 7.11 — Cement pastes holder which is based on PTFE with 8 cylindrical holes for hosting pastes and a closure
system made of two steel bases, plastic seals, a screw and bolts.
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Fig. 7.12 — Cement pastes demoulded after 24 hours of hydration from the PTFE holder.

7.2.14 —ThermoGravimetric Analysis (TGA)
Thermogravimetric Analysis was carried out for obtaining the amount of underreacted water inside
(free water content) the pastes and the amount of bonded water inside crystal structures (hydrated
crystal phases and hydrated amorphous phases). 3GNat and 3GBC samples were studied by TGA at
1, 3, 7 and 28 hydration days.

Analysis was performed using SDT Q600 Analyser instrument, heating the sample (~ 0.08
g) in a platinum crucible from room temperature to 1000 °C with an heating rate of 10 °C/min and
oxidating condition. For calculating the Free Water Content (FWC) the following equations
(Eq.11,12,13,14) were used [283].

(Eq.11) DSW = (100 — WLo_ss50¢)

WL4-5—550° C

(Eq.12) BWC = —2

* DSW

(Eq.13) FWC = CWC Bwc cc
. = —_(——
1 oo —swoy * ¢©

(Eq.14) CWC = FWC + BWC

In the Eq.11 is calculated the Dry Sample Weight (DSW) corresponding to the difference between
100 and the wt.% loss at 45 °C. The Eq. 12 leads to the calculate the Bonded Water Content
representing the wt.% of water in the dry sample that is bonded both as crystal and amorphous
structure. Finally, in the Eq.13 the FWC is calculated by considering the starting Cement Water
Content (CWC) during pastes preparation, which was always of 33.33wt.%, BWC and Cement
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Content (CC) during pastes preparation, which was of 66.67wt.%. Therefore, the sum of FWC and
BWC at a specific time of the hydration is equal to CWC (Eq.14).

7.2.15 — Isothermal Calorimetric Analysis on cement pastes

Isothermal Calorimetric Analysis was performed in an eight-channels Thermal Activity Monitor
instrument using glass ampoules, as cement paste holder (Fig. 7.13,14). Furthermore, next to each
channel there’s another one used for adding the standard, which pure water or sand are commonly
used [284]. In order to collect data from the beginning of the hydration, an automatic admix device
was used to mix the samples inside the calorimeter by shaking the sample during the first 2 min
[285]. The heat released during the hydration was measured till 7 days maintaining a constant

temperature of 20 °C.

[ Y T

Channels

Fig. 7.13 — (a) Thermal Activity Monitor instrument, highlighting the eight-channels for samples and eight-channels for
the standard; (b) glass ampoules partially filled with cement pastes after 7 days of hydration.
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108

NATURAL ROCKS
Larnite rich-rocks Phosp ha.tlc-gyp sum-rich
limestone
Anhydrous Hydr‘ated Anhydrous Veins Hard nodules ' Soft
Parts Veins Parts Limestone
SAMPLE LABELLING
YC20 YCc2v 6BWO 6BWV SE SO RM
ANALYTICAL TECHNIQUES
LXRPD LXRPD LXRPD LXRPD LXRPD LXRPD | LXRPD
SXRPD SXRPD SXRPD SXRPD - - SXRPD
NXRD - - - - - NXRD
RIM RIM RIM RIM TLM TLM TLM
- - - - - - SCXRD
SEM-EDS - SEM-EDS - - - -
EMPA-WDS - EMPA-WDS - - - -
u-CT u-CT u-CT u-CT - - u-CT

Table 7.6 — Analytical techniques used on natural limestone (larnite-rich rocks and natural limestone collected during

field trip) and the used sample labelling.
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SYNTHETHIC GREEN-CEMENTS

High Ferrite Belite Cement S-doped Belite Cement P-S-F Doped
Powder Powder Fragments
SAMPLE LABELLING
BC RM RF RFa,b RF
700-1100 °C 1200 °C  1250-1350 °C In-{;ztu 700-1100 °C 1200° 1250-1350 °C| 900 °C 1200 °C  1250-1350 °C
experiments
ANALYTICAL TECHNIQUES
LXRPD LXRPD LXRPD - LXRPD LXRPD LXRPD LXRPD  LXRPD LXRPD
- SXRPD - S.XR{DD - SXRPD - - - -
n-situ
- - - - - NXRD - - NXRD -
- RIM RIM - - TLM TLM - RIM -
- - - - - - SCXRD - - -
SEM-
- EDS - - - SEM-EDS - - SED-EDS -
- - EMPA-WDS - - EMPA-WDS  EMPA-WDS - E%g’;- -
] ] ) u-CT ] ] ] ] ] ]
p-CT in-situ p-CT u-CT

Table 7.7 — Analytical techniques used on synthetic green-cements (Belite-High Ferrite-Ye’elimite Cement and Belite Cement P-S-F doped as powder and fragments).
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HYDRATION STUDY BETWEEN NATURAL AND SYNTHETIC CEMENT

SYNTHETIC GREEN-CEMENTS

NATURAL LARNITE-RICH ROCKS

Belite High Ferrite Ye’elimite Cement (la beﬁg;afe;g"gti Nat) (l‘gig:egi;egglzfo )
Bg?gaféd +3wt. % Gypsum Powder +3wt. % Gypsum Fragments Powder
SAMPLE LABELLING
5C 368C Na 3GNat Shydration | (3hydration (3.4 dration
(1,3,7,28 hydration days) (1,3,7,28 hydration days) months) weeks) months)
ANALYTICAL TECHNIQUES
LXRPD LXRPD LXRPD LXRPD LXRPD LXRPD LXRPD
Density Density Density Density - SXRPD -
SSA-Blaine SSA-Blaine SSA-Blaine SSA-Blaine - - -
SSA-BET SSA-BET SSA-BET SSA-BET - - -
TGA TGA TGA TGA - - -
- ICA - 1CA - - -

Table 7.8 — Analytical techniques used to make comparison between the hydration of natural vs synthetic cement.
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Chapter 8
Study on protoliths of larnite-rich rocks

Thin sections were made on samples belonging to Ghareb Formation collected at the Stop-2
(section 5.2), from hard nodules, and Stop-8 in the Rotem Mine outcrops (section 5.8). All samples
were analysed by means of X-ray Fluorescence (XRF, Table 7.1), X-ray Powder Diffraction
(XRPD) on bulk rock powders and on the residual rock powders after HClI 5wt.% treatment,
highlighting the bulk chemical composition and quantitative crystal phase analysis, respectively.
Moreover, samples from Stop-8 were also studied by mean of Neutron Diffraction (NXRD),
highlighting preferred orientation of minerals.

8.1 — Microtextural results by Light Microscopy

Thin sections coming from the Stop-2 belong to the Lower part of Ghareb Formation which was
intensively weathered in this location leading a hummocky landscape with ill-defined stratification
and a several hard-dense limestone concretions ranging from 10 — 60 cm in diameter. By means of
Transmitted Light Microscopy (TLM) and Reflected Light Microscopy (RLM) analysis on thin
sections two microfabrics were recognized (Table 8.1):

(1)  phosphatic wackestone (sample labelled as SE) consisting of phosphatic pellets ranging in
size from 30 — 2000 um, fish bones (up to ~ 500 um), and characterized by an intense
sparitization of micrite matrix (Fig. 8.3,4); rare iron-rich nodules (< 250 um) or fractures
composed of hematite partially converted to goethite were observed by RFL investigation
(Fig. 8.4e,);

(1))  phosphatic calci-mudstone (sample labelled as SO) consisting of phosphatic pellets ranging
in size from 30 — 250 pm (Fig. 8.1) and characterized by a sparitization of micrite matrix
(Fig. 8.1,2); a major increase in microsparite crystals occurs locally in spherical zones,
probably related to the sparitization of foraminifers (Fig. 8.1c,d, 8.2a); fracture filled with
euhedral calcite crystals (up to 200 um) occurred (Fig. 8.2¢,d); increase in the amount of
phosphatic pellets and/or less sparitization of micrite were generally related to a darkening
in colour at 1 nicol (Fig. 8.1).

Afterwards, SE and SO samples highlighted similar features: (i) matrix supported texture; (ii)
medium to intense sparitization process; (iii) occurrence of phosphatic matter as fish bone
fragments and pellets.

Samples coming from Stop-9 (labelled as RM) belong to the lower part of Ghareb
Formation; they are very soft chalk rich in gypsum and apatite (Table 8.1). Thin sections
preparation rose many difficulties; hence, also binocular microscopy investigation was performed
helping to get more textural information of RM samples and leading a comparison with SO and SE
ones (Fig. 8.5c,d). Results highlighted that RM could be considered as phosphatic calci-mudstone,
revealing similar features to SO: (i) the occurrence of rounded pellets with 20 — 250 pm in size that
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8.1 — Microtextural results by Light Microscopy 112

should represent phosphatic pellets (Fig. 8.5d); (i) white prismatic fragments with 20 — 100 um in
size that could be claimed as fish bone fragments (Fig. 8.5¢); (iii) fine calcite matrix, which had not
undergone to a wide sparitization as for SO and SE (Fig. 8.5a,b).
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113 8.1 — Microtextural results by Light Microscopy
Texture
. . . (according to
Samples / Location / Microfacies types A . . .
] ) Dunham [286] and Components Diagenetic Features Depositional environment
Age /Formation (if more than one present)
Embry & Klovan
[287])
Marine environments with low to
) Phosphatic Intense sparitization which obliterated ' . ! ) l
Stop-2 / Arad City / ) o medium-energy conditions and
Phosphatic nodules/pellets (30 - the original texture; occurrence of ) ) =
Late Cretaceous SE . . . microbial activity on the seabed
wackestone 2000 um) and fish bone | prismatic calcite crystals (40 — 200 um) . i )
(Early ) producing apatite-phosphatic
o fragments up to 500 um filling fractures
Maastrichtian) / pellets.

L Memb Mari } ts with low-
ower e er.of ) Phosphatic Sparitization which obliterated the armne envz.rc.mmen g Wl, mf}
Ghareb Formation Phosphatic o ) o energy conditions and microbial

SO ) nodules/pellets (30 =250 | original texture; bioclasts (foraminifers) o .
(Marl Member) calci-mudstone o ; ; activity on the seabed producing
um) recrystallization into microsparite . .
apatite-phosphatic pellets.
Stop-9 / Rotem hosphatic pellet
osphatic pellets were
Amfort Mine / Late p p P Open marine environment with
identified; furthermore, .. .
Cretaceous (Early to . low-energy deposition (middle to
] . studies reported )
Middle RM Phosphatic outer continental shelf or on the

Maastrichtian) /
Lower Member of
Ghareb Formation

(Marl Member)

calci-mudstone [288]

planktonic and benthonic
foraminifers with a clear
prevail of the former
[114,137]

upper part of the continental slope
[289,290]; hypersaline and anoxic
conditions on the bottom;

Table 8.1 — Description of main features of unmetamorphosed samples (limestone and marly limestone) collected in Northern Negev (Israel) during field trip.
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8.1 — Microtextural results by Light Microscopy 114

500 pm
—

Fig. 8.1 - Optical micrographs of sample SO collected at Stop-2: (a) general overview of SO samples in parallel nicols,
which represents a calci-mudstone with brown phosphatic pellet and a clear sparitization which obliterate the original
texture; (b) marking horizon of general increase in phosphatic pellets and decrease in sparitization of matrix upward in
the section observed in parallel nicols; (¢) enlargement of marking horizon of Fig. 8.1a in parallel nicols; (d)
enlargement of marking horizon of Fig. 8.1a in crossed nicols, revealing isotropic feature of phosphatic pellets and high
interference colour of calcite.
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115 8.1 — Microtextural results by Light Microscopy

Fig. 8.2 — Optical micrographs of sample SO collected at Stop-2: (a) details of the sparitization of the matrix at parallel
nicols, with the occurrence of some euhedral rhomb-shaped calcite crystals; (b) biggest phosphatic pellet observed at
parallel nicols in SO sample; (c) fracture filled with big euhedral rhomb-shaped calcite crystals at parallel nicols; (d)
fracture filled with big euhedral rhomb-shaped calcite crystals at crossed nicols.
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8.1 — Microtextural results by Light Microscopy 116

500 pm
|

Fig. 8.3 — Optical micrographs of sample SE collected in Stop-2: (a) centimetric phosphate pellet not well preserved and
fractured; (b) centimetric phosphate pellet observed at crossed nicols, revealing its isotropic features and some fractures
cemented by calcite; (c) fish bone fragments associated with phosphate pellets at parallel nicols; (d) fish bone fragments
associated with phosphate pellet at crossed nicols, revealing the isotropic feature of phosphate pellet and anisotropic
feature of fish bone with grey-bluish interference colours and undulated extinction.
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117 8.1 — Microtextural results by Light Microscopy

200 pm
sy |

100 pm
=

Fig. 8.4 — Optical micrographs of sample SE coming from Stop-2: (a,b) preserved fish vertebra at parallel and crossed
nicols, revealing anisotropic feature and internal portion filled a single crystal of calcite; (c) intense sparitization of
micrite matrix observed at crossed nicols; (d) enlargement of picture (c) highlighting the grain size of microsparite
crystals; (e,f) RLM image at parallel and crossed nicols of Fe-rich nodule of hematite (light-grey at one nicols, light-
grey bluish at two nicols with deep red internal reflections) with hexagonal shape crystals partially converted to goethite
(grey at one nicols, darker and brownish that hematite at two nicols);
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8.1 — Microtextural results by Light Microscopy 118

200 pm

Fig. 8.5 — Optical micrographs of sample RM collected at Stop-9: (a) overview of the thin section of sample RM at
parallel nicols; (b) magnification of the Fig. 8.5a at parallel nicols highlighting the matrix. (c,d) binocular microscopy
images highlighting the occurrence of rounded to elliptical brown elements 30-200 pm in size and white prismatic
fragments up to 100 um claimed as phosphatic pellets and fish bone fragments, respectively, as in SO and SE samples.
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119 8.2 — Mineralogical and crystallographic results of protolith

8.2 — Mineralogical and crystallographic results of protolith

LXRPD and SXRPD analysis highlighted that calcite represents the main component of all studied
limestone passing from 78 to 98wt.% for RM and SO samples, respectively (Table 8.2, Fig. 8.6,7,9).
Higher variation occurs for apatite that represents the main component for SE (Fig. 8.8) and minor
phase for RM and SO, as observed by TLM. Quartz always represents a minor crystal phase
reaching the lowest value of < 1wt.% for SO. Fluorite is an accessory phase only for SO and SE
samples. Microcline was detected only in SO and RM 5wt.% HCI residues and represents a minor
phase (Table 8.3, Fig. 8.12,14,15). Furthermore, gypsum and kaolinite only occurred in RM as
minor crystal phases. Comparing XRF results (Table 7.1) among limestone samples highlighted: (i)
a similar chemical composition for SO and SE, excepted for the latter than has a higher P,Os wt.%
justified by the increase in apatite; (ii) RM is different compared to SE and SO, with higher SOs3,
SiO2 and Al>O3 as confirmed XRD analysis due to gypsum, quartz and clays, respectively; (ii1)) RM
chemical composition falls in compositional range of Ghareb Formation rocks [220], excepted for
higher CaO content due to higher CaCO3 wt.%.

Clay minerals composition was better studied on S5wt.% HCI residues, especially for SO and
SE, revealing differences among samples: kaolinite occurs only in RM with illite and low amount of
montmorillonite; whereas, illite and montmorillonite occur for SE and SO, which SO has an equal
amount of both clays (Table 8.3). No clays were clearly detected by LXRPD for SE and SO bulk
samples, because > 90wt.% is made of calcite and apatite; while, illite and kaolinite were clearly
detected by LXRPD and SXRPD for RM, because represent ~ 9wt.% of the bulk sample (Fig. 8.12-
15).

More accurate observation on RM hand samples identified some anisotropies (Table 8.8): (i)
red submillimetric layers with decicentimetric later continuity (Fig. 8.18, 19), richer in gypsum and
goethite compared to bulk rock; (ii) millimetric white soft veins with no preferred orientation and
centimetric lateral continuity (Fig. 8.16,17), mainly composed of gypsum (> 90wt.%) and minor
amount of calcite (< 7wt.%) and quartz (< 1wt.%); (iii) sparce millimetric rounded black portions
(Fig. 8.20,21). Swt.% HCI treatment on black portions was performed to better reveal other phases,
excepting calcite and other HCI soluble minerals, due to peak overlapping. Black portions residue is
made of clay minerals (montmorillonite, kaolinite, illite), bernalite (Fe(OH)3-0.25H,0), quenstedtite
(Fe2(S04)3-11H20) and quartz as major phases and minor amount of gypsum and goethite (Table
8.4). Furthermore, SCXRD was performed on submillimetric prismatic crystals all identified as
titanite (CaTiS10s) (Fig. 8.21,22, Table 8.6).
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Fig. 8.6 — LXRPD pattern of RM sample highlighting main Bragg peaks of occurring crystal phases.
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Fig. 8.7 — SXRPD pattern of RM sample collected at MCX (Elettra, Trieste), highlighting main Bragg peaks of
occurring crystal phases.
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121 8.2 — Mineralogical and crystallographic results of protolith

SXRPD was performed only on RM, obtaining more accurate RQPA, especially on minor phases
and crystallographic parameters (cell parameters, crystallite size and microstrain values): RQPA
from SXRPD revealed values with lower e.s.d. compared to LXRPD (Fig. 8.6,7, Table 8.2), due to
higher spatial resolution and intensity/background; quantification of preferentially oriented minerals
(illite, kaolinite and montmorillonite along (001), gypsum along (010) and calcite along (104) is
improved using synchrotron facility due to the Debye-Scherrer geometry in capillary; the better
quantification of Fe-rich crystal phases, such as goethite for RM, using synchrotron radiation
compared to normal Cu Kai, one which increases the background contribute. More in details, the
simultaneous refinement of crystallite size and microstrain parameters with GSAS-ii on LXRPD
pattern was not allowed due to a strong correlation of these two parameters, leading unrealistic
values; while no correlation was detected refining SXRPD pattern: therefore, RQPA from SXRPD
gave more realistic values highlighting lower crystallite size and higher microstrain compared to
LXRPD (Table 8.5).

No relevant changes on cell parameters occurred among limestone samples revealing similar
crystallographic parameters close to the pure calcite, as confirmed by the low amount of MgO by
means of XRF varying in the range 0.18-0.23wt.% (Table 8.5). Assuming Mg*" as the only
substituent of Ca" in calcite and considering the bibliographic cell parameters from pure calcite to
Mg-rich calcite, a straight-line equation could be calculated (Fig. 8.10): when "/ Mg?* - VICa?*
inside calcite crystal structure a progressive cell parameters reduction occurs, due to the different
ionic radius (Y!Ca®*" = 1.00 A and Y'™Mg*" = 0.72 A [291]). Therefore, the calculated straight-line
equation (y = —87.279x + 367.78, with R? = 0.9785) could be used to quantify the MgO wt.% in
calcite and compare with XRF results: SO calcite has 0.008364 mol MgO equal to 0.3204wt.% of
MgO; SE calcite has 0.003780 mol MgO equal to 0.1447wt.% of MgO; whereas, RM calcite has no
MgO contribute due to the similar cell volume to the pure calcite. Results confirmed the low
content of MgO with are comparable to XRF values (Table 7.1).

Considering both crystallite size and microstrain values for calcite, hard concretions (SO and
SE) have higher values, whereas, soft apatite-gypsum-rich chalk (RM) has lower ones: calcite peaks
in RM and SE LXRPD patterns, which they have similar calcite wt.% (Table 8.2), revealed
comparable peak broadening till ~ 43° 20 (~ 2.10 A) (Fig. 8.11a); whereas, at high 20 (~ 84° 20, ~
1.15 A), SE highlighted larger FWHM compared to RM, due to higher broadening contribute of
microstrain at high 20 despite the larger crystallite size (Fig. 8.11Db).

Comparing RM anisotropies (red layer and veins) and bulk rock LXRPD cell parameters and
microstrain are almost similar for all samples, while crystallite size value is higher for red layers
(Table 8.5).
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Fig. 8.8 — XRPD pattern of SE sample highlighting main Bragg peaks of occurring crystal phases.
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Fig. 8.9 — XRPD pattern of SO sample highlighting main Bragg peaks of occurring crystal phases.
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123 8.2 — Mineralogical and crystallographic results of protolith

Instrumental  Calcite Quartg Apatite Gypsum Kaolinite s Geothite  Fluorite

1 R R F
Sample g0 Up CaCO;  Si0:  Cas(PO)F CaSOs2H:0 ALSHO\OH), ¢ FeO(OH)  CaF; “Pp *p Go
SO LXRPD 98.69(.27) 0.62(4) 0.69(7) n.d. n.d. n.d. n.d. 0.31(3) 7.08 11.20 1.58
SE LXRPD 77.58(27) 1.02(5) 21.40(.16) n.d. n.d. n.d. n.d. n.d. 7.02 12.00 1.71
LXRPD 78.90(.27) 2.91(9) 3.77(.11) 3.72(.12) 4.71(.21) 5.73(.23) 0.26(7) n.d. 4.86 8.95 1.84

RM
‘j})‘(;g;g 78.12(.21) 2.49(6) 3.44(8) 4.21(.10) 4.84(.16) 4.29(.18) 1.25(9) n.d. 4.46 9.18 2.06

Table 8.2 — XRPD results (wt.%) for limestone protoliths; e.s.d. is reported in rounded brackets; "K(Al,Mg,Fe)2(Si,Al)4010[(OH),H20]; n.d., not detected.

Quartg Apatite Microcline Kaolinite Geothite  Fluorite

Sample =G0, Cas(PO)F  KAISi:05  ALSbOsOH), e Montm®  p o o©H)  CaF; Rexp Rwp GoF
SO 2494(56)  nd 17.41(1.00) n.d, 1821(1.09) 21.03(44)  nd.  1841(37)  7.59 14.054 1.85
SE  1126(23) 56.78(49) n.d. n.d. 20.80(.68) 6.32(.16)  nd  484(17)  5.83 12719 2.18
RM  30.66(38)  nd 6.78(49)  30.02(.63)  25.87(75) 231(14) 3.54(30)  nd 4.22 6.07 1.44

Table 8.3 — XRPD results (wt.%) for 5wt.% HCI treated limestone; e.s.d. is reported in rounded brackets; "K(Al,Mg,Fe)(Si,Al)400[(OH),H,0]; °Montmorillonite,
Nap2Cao.1(Al,Mg)2S14010(OH),* 10H,0; n.d., not detected.
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8.2 — Mineralogical and crystallographic results of protolith 124

Sample / Minerals

Calcite CaCOs3
Quartz Si0;
Gypsum CaS042H;0
Microclino KAISi;O0s
Kaolinite Al,Si,05(0H)4
Hllite*
Montm.°
Geothite FeO(OH)
Bernalite”
Quenstedtite*
Rexp
Rwp

GoF

Red Layers

67.29(.59)
4.62(.17)
16.57(.32)
n.d.
4.20(.48)
n.d.
n.d.
7.34(.26)
n.d.
n.d.
4.74
6.62

1.40

RM

Veins

6.65(.15)
0.27(5)
93.08(.32)
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
4.50
13.42

2.98

HCI Residue Black
Portions

11.18(.55)
1.46(.12)
0.83(.30)
13.01(1.31)
8.43(1.81)
19.57(.57)
3.54(.30)
29.26(1.00)
16.27(1.39)
6.49
11.69

1.80

Table 84 — XRPD results (wt.%) for anisotropies in RM samples; e.s.d. is reported in rounded brackets;
*K(ALMg,Fe)x(Si,Al)s010[(OH),H,0]; °Montmorillonite, Nag2Cag 1(Al,Mg)Sis019(OH),- 10H,0; “Fe(OH)3-0.25H,0; *

Fez(SO4)3 -1 1H20.
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125 8.2 — Mineralogical and crystallographic results of protolith

Crystallit ;
Sample a (A) c (A) V (4°) s;’yes(a ”li)e Adﬂsmlm
e ( / d’ 106)
SO
4.9865(1) 17.0455(2) 367.05(1) 1.43(8) 2434(19)
(LXRPD)
SE
4.9879(2) 17.0547(3) 367.45(1) 1.55(.11) 2665(27)
(LXRPD)
Bulk
4.9900(1) 17.0648(2) 367.98(1) 0.38(2) 2084(65)
(SXRPD)
Bulk
4.9900(2) 17.0624(3) 367.94(1) 0.65(3) 1321(30)
(LXRPD)
RM
Veins
4.9896(8) 17.060(1) 367.83(5) 0.59(.12) 1586(171)
(LXRPD)
Red Layers
4.9893(3) 17.0618(5) 367.81(3) 1.10(.10) 1474(40)
(LXRPD)
Pure Calcite
4, 17.062 . - -
(CaCOy) 9890 7.0620 367.78
Low-Mg Calcite
(Cap.o7Mg.03CO3) 4.9780 16.9880 364.57 - -
[ICSD 89-1304]
Medium-Mg Calcite
(Cap.s6Mgo.14CO3) 4.9673 16.9631 362.47 - -

[ICSD 86-2335]

High-Mg Calcite
(Ca0,371Mgo_129C03) 4.9382 16.8320 35547 - -
[ICSD 86-2336]

High-Mg Calcite
(Cay.ssMg0.14CO3) 4.9410 16.8640 356.55 - -
[ICSD 43-0697]

Table 8.5 — Crystallographic values for calcite in limestone samples and referee values from pure to Mg-rich calcite.
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Fig. 8.10 — Plot of mol Mg content in calcite ((Caix,Mgx)CO3)) for limestone samples (RM, SE and SO) obtained by
using the regression line calculated by referee values (see Table 8.5).
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Fig. 8.11 — LXRPD patterns of RM (red line) and SE (blue line) highlighting differences in the peak broadening of
calcite varying in d (A): (a) (202) calcite peak at medium 20 (~ 43°, 2.10 A), revealing a similar peak broadening for
RM and SE samples; (b) (134) and (226) Bragg peaks at high 20 (~ 86°, 1.15 A), showing sharper peaks for RM, while
SE has wider and lesser intensity calcite peaks due to the larger microstrain value.
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Fig. 8.12 — LXRPD pattern of RM sample treated with Swt.% HCI, highlighting main Bragg peaks of occurring crystal
phases.
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Fig. 8.13 — Rietveld analysis pattern of RM sample treated with Swt.% HCI obtained with GSAS-ii software; light blue,
black and cyan lines represent the observed, calculated and difference patterns, respectively; the coloured vertical lines

below the pattern highlight the Bragg peaks of each crystal phases.
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Fig. 8.14 — LXRPD pattern of SE sample treated with 5wt.% HCI, highlighting main Bragg peaks of occurring crystal
phases.
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Fig. 8.15 — LXRPD pattern of SO sample treated with Swt.% HCI, highlighting main Bragg peaks of occurring crystal
phases.
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129 8.2 — Mineralogical and crystallographic results of protolith

Fig. 8.16 — RM fragment highlighting the occurrence of two millimetric white veins without preferred orientation,
mainly composed of gypsum and minor amount of calcite and quartz.
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Fig. 8.17 — LXRPD pattern of RM veins, highlighting main Bragg peaks of occurring crystal phases.
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Fig. 8.18 — RM fragment showing the submillimetric thick red layer richer in gypsum and goethite, responsible for the
red colour, compared to the bulk rock (Table 8.2).
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Fig. 8.19 — XRPD pattern of RM red layers, highlighting main Bragg peaks of occurring crystal phases.
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Fig. 8.20 — LXRPD pattern of RM black portions treated with 5wt.% HCI, highlighting main Bragg peaks of occurring
crystal phases.

Fig. 8.21 — (a) RM sample with elliptical black portions; (b) black portion found in RM samples, highlighting colours,

shape and dimension.
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8.2 — Mineralogical and crystallographic results of protolith 132

(a)

Fig. 8.22 — (a) image of the analysed single crystal (titanite) found in a black portion, mounted on a glass fiber; (b)
reciprocal space projection of Bragg peaks along b vector (hOl).

Crystal size (mm) 0.09 x 0.05 x 0.06

Space Group C2).

a(A) 6.5588(9)

b (A) 8.7063(9)

c(A) 7.0629(9)

a(°) 90.03(1)

B(°) 113.86(2)

v (©) 89.98(1)

V(A% 368.85(8)

Range for data collection, 6 (°) 4.100-28.541

Reciprocal space range hkl 8<h<8
A10<k<11
8<I<8

Set of measured reflections 498

Absorption correction method multi-scan SCALE3 ABSPACK

Table 8.6 — Parameters and results from SCXRD investigation on titanite crystal found in a black portion of RM
sample.
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133 8.2 — Mineralogical and crystallographic results of protolith

NXRD analysis on RM fragments revealed no clear preferred orientation of calcite crystals, as
reported in the reconstructed pole figures (Fig 8.23). Reconstructed pole figures for calcite Bragg
peaks with higher relative intensity ((104), (202) and (018)) should be more considered than others
with lower relative intensity ((006), (110) and (1010)): the highest intensity peak (104) and (202)
showed no preferred orientation; while, a very slight orientation occurs for ¢ axis in the (018) pole
figure which is clearer in (006) and (1010) low-intensity peaks pole figures. Therefore, if a
preferred orientation occurs, it would be observed especially on high intensity peaks ((104), (202),
etc.). The fitting pattern of RQPA associated with texture analysis is reported in Fig 8.24, showing
the goodness of fitting.
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Fig. 8.23 — Reconstructed Pole Figures for main Bragg peaks for calcite in RM sample studied by Neutron synchrotron
Diffraction.
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Fig. 8.24 — Fitting result of the sum of Neutron synchrotron Diffraction patterns performed with Maud software [275—
278,292].
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8.3 — Discussion

Considering for all samples the stratigraphic position, textural (macro and micro scale) and
mineralogical features observed: sample RM represents the lower part of Ghareb Formation made of
phosphatic-gypsum rich limestone deposited during Early Maastrichtian transgressive phase in an
open marine environment with low-energy conditions and microbial activity on the bottom
responsible of the phosphate enrichment [118,293] (Table 8.1); whereas, samples SE and SO are
hard nodules of phosphatic wackestone and calci-mudstone, respectively, which should represent
the phosphatic-gypsum rich limestone (RM) involved in a diagenetic process of sparitization that
obliterated the original sedimentary texture (Table 8.1), likely related to a precipitation of CaCOs
and dissolution of SiO; in anoxic conditions rich in organic matter, as widely found in Upper
Member of Mishash Formation [113,118].

RQPA for both bulk and 5wt.% HCI residues for all samples (RM, SE and SO) are in good
agreement with features observed during the LM textural investigation: (i) hard nodules (SE and
SO) are made of mainly calcite and apatite, as fish bones and pellets, and very low amount of quartz
and clay minerals, which were only detected in the residues; (ii) phosphatic wackestone (SE) has
higher amount of apatite compared to phosphatic calci-mudstone (SO), as observed during TLM;
(ii1) apatite-gypsum rich limestone (RM) is made of mainly calcite and apatite as SO with higher
amount of clay minerals, quartz and gypsum (Table 8.2,3).

XRD results for RM highlighted the same mineral assemblage of other studies but different
clay content was observed: Ghareb Formation collected at Rotem Amfort Mine (Stop-8, RM, Table
8.2) revealed high kaolinite content compared to Arad city outcrops [294], which no kaolinite
occurs and montmorillonite plus illite represent the overall clay content (Table 8.3). Clay content
change could be related to differences in depositional environment, such as anticlinal (Arad) and
synclinal (Rotem Amfort Mine) locations, current direction and weight of detrital contribution
[295]. Kaolinite is considered as detrital mineral formed on land in humid climate under acid
weathering conditions and transported to the basin [294-296]; while, illite and montmorillonite
genesis in Ghareb Formation has been claimed as a result of conversion of detrital volcanic rocks in
warm water with stratified high salinity basin, as suggested by the widespread gypsum occurrence
and in agreement with the depositional environment [294]. Furthermore, the occurrence of
phosphate nodules and the P»Os content are similar with previous studies [106,297,298], all
reporting phosphatic pellets above the Oil Shale Member in Ghareb Formation.

Considering all the features of the hard concretions of phosphatic limestone of Ghareb
Formation (SO and SE), they should be related to a similar, or even the same, genetic process of the
hard limestone concretions occurring in Mishash Formation [106]: (i) fluorite occurs as minor
mineral in both SO and SE samples, suggesting a diagenetic process involving fluids also rich in F!;
(i) low amount of quartz and higher of calcite compared with the pristine phosphatic calci-
mudstone (RM) occur, suggesting a dissolution of SiO> and a precipitation of CaCOs; (iii) higher
crystallite size of calcite compared to RM, suggesting a coarsening of crystals as occurs during
sparitization of micrite cement. Therefore, RM should be considered as the pristine limestone of SE
and SO, which undergone in a secondary process.
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135 8.3 — Discussion

A detailed study to calculate MgO contents from calcite cell parameters obtained by RPQA
(Fig. 8.10, Table 8.5) showed a good agreement with XRF data, excepted for RM, which
underestimated the MgO content suggesting that should be contained also in clay minerals.

Apatite-gypsum rich limestone (RM) showed three different anisotropies, such as (i) gypsum
veins, (ii) millimetric black nodules and (iii) goethite-rich layers, which the first two were also
reported in previous studies (Table 8.4, Fig. 8.16,18,21). Gypsum veins were also reported in
several studies as millimetric veins with no preferred orientation [13,299]. Fe-rich black nodules
were found in other studies, reporting pyrite in the centre and limonite on the border with
sometimes barite and clays (montmorillonite, illite and kaolinite), especially occurring in the Oil
Shale Member (bituminous-rich limestone) [13,299,300]. The formation of limonite is due to the
gradual decomposition of pyrite in oxidating condition. Black nodules observed in this study are
composed of Fe-bearing phases (goethite, bernalite, questedtite), clays, quartz and calcite. Fe-
bearing phases are represented by hydroxides (goethite and bernalite) and hydrated sulphate
(quenstedtite), suggesting an environmental condition of oxidation and arid climate [301]: pyrite
oxidation produces ferric hydroxide and hydrous iron sulphate minerals which gradually loss the
water content [302]. Moreover, SCXRD revealed the first evidence of titanite crystals inside Fe-rich
black nodules in Ghareb Formation, representing a TiO» source (Fig. 8.22, Table 8.6). None study
reported the occurrence of millimetric goethite-rich layers, but rather clay-rich strata [13,299].

Detailed diffractometric analysis (SXRPD) on RM revealed the same mineral assemblage
obtained at laboratory scale (LXRPD) (Table 8.2,5), but synchrotron data refinement gave (i) more
reasonable crystallite size and microstrain values which were refined at the same time during
Rietveld method with no correlation error [248]; (ii) more accuracy and precision on the
quantification of minor crystal phases and crystallographic parameters due to the geometry,
intensity and wavelength of the radiation [303]. Furthermore, NXRD texture analysis figured out no
clear preferred orientation of calcite (Fig. 8.23,24), which represents the main crystal phase that its
preferred orientation may influence the growth of Ca-rich HT minerals (larnite, hatrurite, etc.)
during CP.
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8.4 — Conclusion

The study of Ghareb Formation which represents with also Taqiye Formation the protoliths of
Larnite-rich rocks, with both traditional (field trip, bibliographic study, LM, XRF, SCXRD and
LXRPD) and innovative methods (SXRPD, NXRD and u-CT all performed at synchrotron scale)
revealed features at different observation scale that can have an influence on the texture, crystal
phase assemblage and distribution on larnite-rich rocks during the CP event.

Our results are in good agreement with previous study on this sedimentary formation,
highlighting the deposition in an open marine environment with low-energy conditions,
stratification of water, high salinity and microbial activity; leading the formation of calci-mudstone
rich in apatite, occurring as fish bone fragments and pellets, gypsum, also occurring as millimetric
veins, and clays. Furthermore, the occurrence of hard limestone nodules in Ghareb Formation, with
same features of hard concretions in Mishash Formation, pointed out the local development of
secondary process marked by the dissolution of quartz, sparitization and precipitation of calcite, due
to the development of anoxic condition and organic matter. Anisotropies occurring in Ghareb
Formation, such as gypsum veins, red goethite-rich layers and Fe-rich black nodules, should be
considered during the further investigation on larnite-rich rocks, due to their influence on texture
and phase distribution.
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Chapter 9
Study on larnite-rich rocks

Larnite-rich rocks were formed by the complex process of CP involving limestone and marls, which
is made of two main stages: (i) 1% stage of HT combustion (prograde stage) leading changes in
texture and mineral assemblage mainly due decomposition of calcite and reactions involving lime
and Si-Al-rich minerals (quartz and clays); (ii) 2™ stage of LT processes (retrograde stage) mainly
marked by the hydration of HT rocks principally occurring in fractures and exposed surface. Rocks
formed by this two stages process represent the natural corresponding of anhydrous and hydrated
cement materials: therefore, the study of CP rocks gives important information for both clarifying
CP process and improving cement manufacture.

Larnite-rocks collected at Stop-6.1 (labelled as 6BWO and 6BWYV) and Stop-9 (labelled as
YC20 and YC2V) during the field trip in Hatrurim Basin were deeply studied by both traditional
and innovative techniques (Table 7.6) leading detailed information on microtexture, mineral
assemblage and crystallographic features of occurring crystal phases.

9.1 — Results

Polished sections of larnite-rich rocks collected at two different stratigraphic positions, such as
Stop-9 (sample labelled as YC20, which should correspond to the CP of the top of Taqiye
Formation) and Stop-6.1 (sample labelled as 6BWO, related to the HT combustion of Ghareb
Formation close to the base of the sequence), were studied by means of RLM revealing
microtextural features. The identification of minerals was made by considering crystal shape,
reflectivity (brightness at // nicols) and bibliographic descriptions of both larnite-rich rocks
[2,21,34,78,122] and cement materials [304]:

(1)  larnite occurs at // nicols as a low reflective mineral (gangue) with dark grey colour and low
pleochroism only visible in big polygonal crystals, at + nicols only slight anisotropy from
light brown to darker colours (Fig. 9.3¢,d);

(i1))  fluorapatite occurs as hexagonal prism crystals with darker colour and bigger size than
larnite ones at // nicols, often with high reflective minerals microinclusions (Fig. 9.2¢,d);

(ii1))  spinel is found as rounded to pseudocubic crystals with grey colour at // nicols, whereas, at
+ nicols shows dark grey colour and yellowish to reddish internal reflections (Fig.
9.1c,d;9.2e,1;9.3¢,1);

(iv)  ye’elimite occurred as anhedral crystal shape and low crystal size, with dark colour at //
nicols, no pleochroism, anisotropy and internal reflections;

(v)  shulamitite (tabular to acicular crystals [21]) and brownmillerite (tabular to prismatic
crystals [26]) have both light grey colour and no pleochroism at // nicols, and no anisotropy
and internal reflections at + nicols (Fig. 9.1c,d;9.2¢,1;9.3¢,1);

(vi)  CSH minerals and calcite occur with dark grey colour, distinguished at + nicols due to
lighter colour and common internal reflection of calcite [305] (Fig. 9.1a,b;9.3a,b).
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9.1 — Results 138

Both samples (YC20 and 6BWO) should be considered as ye’elimite-larnite granofels falling in the
sanidinite facies (> 800 °C [3]), due to the occurrence of larnite (HT crystal phase) [1], highlighting
similar features:

(1) a homogenous matrix rich in low reflective minerals with grey to dark grey colours,
identified as mainly larnite and fluorapatite, with sparce lighter minerals at // nicols, such as
brownmillerite, shulamitite and spinel (Fig. 9.1a,b,c,d);

(i)  general low crystal size (< 50 um), especially for low reflective minerals, making difficult
the crystal phase identification (Fig. 9.1c;9.2b);

(i11))  nodules of 150-500 um often occur with an elliptical shape, made of mostly shulamitite,
brownmillerite and spinel, showing higher crystal size compared to ones in the matrix (Fig.
9.1c,d;9.2e,£;9.3e,f). The matrix inside the nodules is composed of darker minerals, such as
larnite and apatite if no hydration occurred (Fig. 9.1c,d), and CSH minerals and calcite if
nodules are inside hydration veins (Fig. 9.3a,b);

(iv)  submillimetric hydration veins with no preferred orientation often highlighting at + nicols a
central white part rich in calcite and brown borders made of CSH minerals (Fig.
9.1a,b;9.3a,b). Furthermore, spinel almost occurs only in brown borders along with CSH
minerals inside two parts made veins (Fig. 9.1a,b).

More in details, YC20 has lower crystal size (10-20 um) compared to 6BWO (25-50 pm),
especially for shulamitite and brownmillerite inside nodules (Fig. 9.1e,f,3¢e,f). Brownmillerite and
shulamitite could also occur as intergrowth of skeletal crystals inside nodules (Fig. 9.3e,f). Nital
etching (section 7.2.3) was used on YC20 sample allowing detailed microtextural investigation: (i)
larnite, which represents the main and only etching reactive mineral in larnite-rich rocks, turned to
dark brown colour at // nicols (Fig. 9.2), leading a better estimation of its modal distribution, with
no noticeable changes at + ones (Fig. 9.2b); (ii) other crystal phases were better distinguished,
especially apatite showing its euhedral hexagonal prism shape with numerous lighter inclusions of
brownmillerite-shulamitite and spinel (Fig. 9.2¢,d).

138



9.1 — Results

Fig. 9.1 — RLM images for larnite-rich rock (YC20O collected at Stop-9), at // (left) and + (right) nicols: (a,b) overview at
low magnification including submillimetric hydration vein, which has a white central portion (calcite-rich part) and
brown borders of CSH minerals and unreacted spinel; (c,d) elliptical light grey nodule rich in high reflective mineral
(spinel, shulamitite, brownmillerite) and a matrix of low reflective ones (apatite, larnite, etc.); (e,f) light grey nodule at
high magnification highlighting rounded spinel enrichment with reddish internal reflections at + nicols.
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Fig. 9.2 — RLM images for larnite-rich rock (YC20) polished section etched with Nital (see section 7.2.3 [304]), at //
(left) and + (right) nicols: (a,b) overview of natural Belite Clinker etched with Nital, showing an overall brown color at
// nicols due to larnite abundance representing main etching reactive mineral; (c,d) occurrence of several apatite crystals
showing the euhedral hexagonal prism shape rich in light inclusions close to a light grey nodule; (e,f) submillimetric
light grey elliptical nodule mainly rich in spinel, also revealing its yellowish to reddish internal reflections, and with a
matrix of dark grey minerals.
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Fig. 9.3 —RLM images for larnite-rich rock (6BWO, collected at Stop-6.1), at // (left) and + (right) nicols: (a,b) overview
of larnite-rich rock crossed by numerous submillimetric to micrometric hydration veins with black-brown rounded
elements rich in spinel at + nicols; (c,d) coarser larnite polygonal crystals (~ 35 pm) showing pleochroism from dark to
medium grey and slight anisotropy; (e,f) elliptical submillimetric light grey nodule with a left part rich in spinel (cubic
to rounded crystals with grey color rarely zonated and with reddish internal reflections) and a right part rich of
shulamitite and brownmillerite (prismatic and skeletal crystals) and a matrix of darker minerals.
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XRD analysis with synchrotron and laboratory radiations was made on both samples (6BWO and
YC20) and their relative hydrated veins (6BWV and YC2V), obtaining the wt.% of phases and
crystallographic parameters by RQPA. Furthermore, anisotropies occurring in larnite-rich rocks,
such as black submetallic nodules, white and brown veins, were studied clarifying their nature.

Results highlighted five main similarities among 6BWO and YC20O samples (Table 9.1): (i)
same mineral assemblage occurs for both samples considering crystal phases formed during the 1%
HT stage of CP, excepted for the occurrence of low amount of brownmillerite only in 6BWO and
ternesite for YC20 (Fig. 9.5,9); (ii) larnite represents the main mineral (always > 60wt.%), but
6BWO has ~ 10wt.% less than YC2O; (iii) fluorapatite and ye’elimite occur in both samples, but are
more enriched in 6BWO representing the 3™ and 2"! minerals in abundance order, respectively; (iv)
spinel and shulamitite are always present with almost similar wt.%; (v) mayenite occurs in both
samples with higher wt.% in YC20 (Fig. 9.9). Moreover, minerals related to the 2" stage of CP
occur in larnite-rich rocks representing 2-7wt.%, despite no hydration veins or weathered surfaces
were used to obtain powders: (i) ettringite, gibbsite and nordstrandite occur in both samples, but
were identified only at SXRPD (Fig. 9.4,6,8); (ii) quartz, jennite and calcite were found only in
6BWO, especially on synchrotron pattern (Fig. 9.4,6),; (iii) gibbsite and afwillite occur only in
YC20 (Fig. 9.8,9).

Differences between synchrotron and laboratory results should be related to a different
investigated volume, that should be higher for laboratory conditions, despite the diffraction
geometry at synchrotron (Debye—Scherrer with capillary) leads to higher number of crystals
available for diffraction. Furthermore, quantitative changes are also related to minor minerals, Fe-
rich crystal phases and minerals with distinctive Bragg peaks at low 20 (hydrated minerals,
brownmillerite and ternesite), which are better quantified with SXRPD (Table 9.1).

Results of crystallographic parameters on larnite were reported and compared with
bibliographic data in Table 9.2, including natural crystal, pure synthetic and from clinker nodules:
(1) 6BWO and YC2O0 larnite crystals have both same cell parameters, with no differences between
synchrotron and laboratory results; (ii) larnite from Hatrurim Basin rocks has crystallographic
parameters close to natural larnite crystals sampled in skarn carbonate xenolith in volcanic structure
in northern Caucasian belt [172]; (iil) synthetic pure larnite has lowest cell parameters, whereas,
crystals from clinker nodules showed the highest; (iv) microstrain showed similar values for all
samples, while crystallite size is higher for 6BWO, as highlighted by sharper Bragg peaks and in
good agreement with RLM evidences (Fig. 9.1c,d;3c,d).
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Fig. 9.4 — SXRPD patter of 6BWO sample collected at ID22 beam line (ESRF) highlighting main mineral Bragg peaks.
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Fig. 9.5 — Fitting of SXRPD patter of 6BWO sample collected at ID22 beam line (ESRF) by means of GSAS-ii software
at 5-10 ° (20) (3.98-2.1 A), highlighting the goodness of peaks fitting; in blue the observed pattern; calculated pattern in
green; the background in red; in black the difference point by point between observed and calculated patterns.
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Fig. 9.6 — SXRPD patter of 6BWO sample collected at MCX beam line (Elettra) highlighting main mineral Bragg
peaks.
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Fig. 9.7 — LXRPD patter of 6BWO sample and showing main mineral Bragg peaks.
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Fig. 9.8 — SXRPD patter of YC20 sample collected at MCX beam line (Elettra) highlighting main mineral Bragg peaks.
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6BWO
Sample / Minerals SXRPD SXRPD LXRPD SXRPD LXRPD
(MCX) (ID22) (MCX)
Larnite
B-CaSiO,s 62.72(.22) 68.15(.14) 64.25(.32) 77.60(.32) 73.32(.22)
Calciolivine
y-CasSi0q ) } - - 2.14(.10)
Spinel
(Mg, Fe)(Fe,Al):04 4.39(6) 4.04(3) 3.73(.10) 2.52(6) 5.54(7)
Brownmillerite
Cas(AlLFe);0s - 0.18(2) 0.86(1) - i
Shulamitite
CasTiFedlOs 2.10(6) 2.08(3) 2.54(.13) 2.57(9) 2.59(7)
Ye’elimite s s s . X
Cas(A102)5S0, 15.46(.15) 14.98(9) 17.01(.20) 4.86(.12) 4.84(.10)
Mayenite
CadlOss 0.23(4) 0.09(2) - 2.50(.10) 1.68(6)
Fluorapatite® 10.07(.17) 8.41(7) 10.86(.26) 2.64(.14) 2.88(.10)
Ternesite
Cas(Si04),80y . ; - 1.36(.16) -
Quartz
4-SiO> 0.29(3) 0.11(1) - ; }
Calcite
CaCO; 1.61(6) 0.52(3) 0.80(7) ; _
Katoite
CasAl(OH);» 0.92(7) 0.67(3) - 1.30(9) 2.26(8)
Ettringite’ 0.56(6) - - 0.45(7) -
Jennite
CasSis0,15(OH) s 8H:0 0.33(5) - - - :
Afwillite
Cas(Si04):(OH)s ) - - 2.25(.13) 3.61(.12)
Gibbsite
Al(OH)3 0.75(7) 0.43(4) - 0.62(8) ]
Novdstrandite
Al(OH)3 0.58(7) 0.37(4) - 0.58(8) )
Bayerite
Al(OH); } - - 0.76(8) 1.13(8)
Rexp 5.33 0.95 5.62 5.43 3.90
Rwp 11.68 10.58 9.84 13.89 7.26
GoF 2.23 14.68 1.75 2.56 1.86

Table 9.1 — Rietveld analysis results for natural larnite-rich rocks by means of XRPD analysis at synchrotron (SXRPD)
and Laboratory scale (LXRPD); e.s.d., are reported in rounded brackets; $ ye’elimite cubic form; + ye’elimite
orthorhombic form; § CagAl,(OH)12(SO4)3-26H20; °Cas(Six 2, Sx/2, P1-x04)3F, fluorapatite-ellestadite solid solution,; -

, not detected crystal phase.
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147 9.1 — Results
Instrumental o Cell Volume Crystallite Size u-strain
SXRPD 5.50994(8) 6.75829(8) 9.3156(2) 94.5243(8) 86.453(3) 1.46(.17) 1655(51)
MCX)
6BWO %g;f 5.50899(3) 6.75733(3) 9.31427(6) 94.5067(4) 86.4155(5) 1.21(.14) 1767(21)
LXRPD 5.5084(2) 6.7554(2) 9.3113(3) 94.532(2) 86.352(1) 1.55(.16) 1708(34)
f]fjg)’g 5.508719)  6.75519(8) 9.3113(2) 94.536(1) 86.353(1) 0.65(2) 1751(24)
YC20
LXRPD 5.5087(8) 6.75517(9) 9.3113(2) 94.536(1) 86.353(1) 0.57(2) 1584(23)
P ”’fé‘;?’”’e SCXRD 5.502(1) 6.745(1) 9.297(1) 94.59(2) 85.975(3) - -
Clinker
Larnite NXRPD 5.5172(4) 6.76996(6) 9.32298(8) 94.336(5) 86.807(3) - -
[170]
Natural
Larnite SCXRD 5.5051(3) 6.7551(3) 9.3108(5) 94.513(4) 86.293(1) - -
[172]

Table 9.2 — Crystallographic results for Larnite ($-Ca;SiO4) occurring in natural larnite-rich rocks compared to bibliographic values coming from pure, clinker and natural larnite

crystals; it is also reported the instrumental set-up used to collect the data; e.s.d. is reported in rounded brackets; - not available data.
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Diffractometric study both performed at synchrotron and laboratory scale on the hydrated parts of
larnite-rich rocks revealed (Fig. 9.10,11; Table 9.3): (i) CaCOs; represents > 75wt.% for both
hydrated samples (6BWV and YC2V); (ii) all three calcium carbonate polymorphs occur in YC2V;
(i11) spinel is always found, but higher in YC2V; (iv) fluorapatite and gypsum have similar
abundances; (v) higher variability in CSH minerals occurs in 6BWV compared to YC2V, but was
only observed for synchrotron pattern; (vi) spurrite occurs only in 6BWV.

Sa.mple / SXRPD e SXRPD e
Minerals (1D22) LXRPD (ID22) LXRPD
Fluorapatite® 3.01(7) 2.05(2) 2.68(8) 4.13(.17)
Spinel (Mg,Fe)(Fe,Al):0y 0.21(3) 0.41(7) 1.70(5) 2.18(9)
Calcite CaCOs 79.89(.23)  79.83(.38) 48.17(.24) 48.45(.39)
Aragonite CaCOs 2.02(7) 2.54(.13) 19.00(.18) 14.80(.23)
Vaterite CaCO3 - - 16.51(.17) 13.61(.19)
Katoite CaszAl;(OH) 1> 0.33(5) - 3.38(9) 10.15(.25)
Spurrite CasSi>OsCO3 4.65(.12) 5.05(.20) - -
Ettringite’ 4.16(.10) 5.86(.14) 0.56(6) -
Jennite CasSisO;1s(OH)s8H>0O 0.20(4) - - -
Gypsum CaSO42H>0 0.54(4) 1.32(9) 0.79(6) 1.58(.11)
Plomberite CasH>Sis0;5:6H>0 - - 0.97(9) -
Tobermorite 114 CasH>Sis0154H-0 | 2.12(.10) 2.79(.13) 5.31(.14) 3.87(.16)
CaisOUSiOmCoy 20 | O - 0204 -
Bulfoteinite Ca>SiO>(OH,F)4 0.47(8) - - -
Apophyllite KFCa4SisO20-8H>0 0.40(6) - - -
Bayerite AI(OH); 1.13(8) - 0.73(7) 1.23(.13)
Rexp 1.54 5.77 2.10 5.44
Rwp 14.47 11.02 13.35 8.71
GoF 9.38 1.91 6.35 1.60

Table 9.3 — Rietveld analysis results for two natural hydrated larnite-rich rocks by means of XRPD analysis at

synchrotron (SXRPD) and Laboratory

scale

(LXRPD);

esd. is

reported in

rounded  brackets;

§CasAl2(OH)12(804)3-26H,0; °Cas(Siy 2, Sx /2, P1-x04)3F, fluorapatite-ellestadite solid solution; -, not detected crystal

phase.
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Fig. 9.10 — SXRPD pattern of 6BWV collected at beam line ID22 (ESRF) highlighting main Bragg peaks.
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Fig. 9.11 — SXRPD pattern of YC2V collected at beam line ID22 (ESRF) highlighting main Bragg peaks.
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Crystallographic parameters for calcite in hydrated parts of larnite-rich rocks highlighted cell
parameters extremely close to pure bibliographic calcite (Table 8.4;9.4). Crystallite size and
microstrain values were both simultaneous refined during Rietveld method for only synchrotron
patterns without giving high correlation errors; whereas, these two parameters were separately
refined for laboratory data: therefore, synchrotron results should be considered as a better
evaluation for crystallite size and microstrain values for calcite. Both samples showed similar
values, with lower ones for laboratory data compared to synchrotron ones (Table 9.4).

Sample / Crystallographic SYR PD6B Wy SYRPD yezy
parameters (ID22) LXRPD (ID22) LXRPD
a (R) 4.98972(7)  4.9905(3) 4.9878(2) 4.9887(7)
c(A) 17.0781(2)  17.0759(6) 17.0977(4) 17.098(1)
V(A% 368.232(5)  368.30(3) 368.374(8) 368.51(7)
Crystallite Size (A) 0.41(1) 0.27(3) 0.35(3) 0.19(5)
pStrain (A4/ ;- 100) 3119(51) 2697(45) 3558(123)  2902.0(183.2)

Table 9.4 — Crystallographic results for calcite in two natural hydrated larnite-rich rocks by means of XRPD analysis at

synchrotron (SXRPD) and Laboratory scale (LXRPD); e.s.d. is reported in rounded brackets.

Sample / Minerals White Brown Black
Fluorapatite® - 4.31(.25) -
Shulamitite CasTiFeAlOs - 2.43(.20) -
Spinel (Mg, Fe)(Fe,Al)>0; - 1.36(.21) 13.93(.36)
Calcite CaCOs 95.82(.39) 24.58(.39) 6.67(.34)
Aragonite CaCOs3 - 8.12(.40) -
Vaterite CaCO;3 - 19.15(.40) -
Quartz SiO; 0.68(6) - -
Katoite CaszAl(OH) 12 - 8.55(.42) 22.25(.61)
Ettringite’ 0.75(.12) 3.00(.30) 18.86(.54)
Gypsum CaSO4+2H>0 - 11.15(.31) -
Tobermorite 114 CasH>SisO15-4H>0 2.75(.14) 4.25(.32) 38.30(.65)
Plomberite CasH>Sis0;s:6H>0 - 6.13(.28) -
Gibbsite AI(OH); - 1.67(.29) -
Bayerite AI(OH); - 2.70(.32) -
Rexp 5.71 5.64 4.80
Rwp 10.45 13.53 11.52
GoF 1.83 2.40 2.40

Table 9.5 — RQPA results for hydrated larnite-rich rocks anisotropies (black elements, white and brown vein portions)
by means of LXRPD; e.s.d. is reported in rounded brackets; §CasAp(OH)12(SO4)3-26H20; °Cas(Six 2, Sx/2, P1-x04)3F,

fluorapatite-ellestadite solid solution; -, not detected crystal phase.
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151 9.1 — Results

Hydrated veins of larnite-rich rocks often displayed an internal division: (i) millimetric to
subcentimetric white central part sometimes made of mainly calcite (> 95wt.%) and minor amount
of hydrated minerals (Fig. 9.1a,b); (ii) millimetric to subcentrimetric brown borders composed of
calcium carbonate polymorphs, representing > 50wt.%, calcium hydrated minerals (CSH minerals,
ettringite, katoite, gypsum, aluminium hydroxides) and less reactive phases as spinel, fluorapatite-
ellestadite and shulamitite, as observed in RLM (Fig. 9.1a,b); (iii) millimetric black rounded to
elliptical nodules commonly found inside brown borders consisting of calcium hydrated minerals,
mainly tobermorite, and spinel that represents > 10wt.% (Fig. 9.3a,b).

Microtextural investigation performed by SEM with BSE images on natural larnite-rich
rocks pointed out the following features: (i) samples highlighted homogenous granoblastic
polygonal microtexture with no preferred distribution, excepted for the occurrence of spinel and
shulamitite-rich nodules as observed during RLM analysis (Fig. 9.13,15). Furthermore, 6BWO
showed higher crystal size, approximately twice larger, compared to YC20, leading a better
identification of minerals (Fig. 9.13d:9.15d); (ii) larnite always occurs as polygonal crystals with
larger size in 6BWO (15-20 pm) compared to YC20 (< 10 pm) with grain triple junctions (Fig.
9.13d); (iii) ye’elimite is always anhedral with xenomorphic larnite inclusions and occurs close to
voids; (iv) fluorapatite is found as euhedral hexagonal prism crystals full of inclusions of other
minerals (poikilitc texture [3]) and has largest crystal size reaching ~ 50 um in 6BWO (Fig. 9.12);
(v) spinel occurs as rounded to psedocubic crystals often zonated with a dark core and lighter rims,
also forming dense aggregates with different sizes (Fig. 9.12); (vi) shulamitite is found as euhedral
prismatic to acicular crystals with 10-15 um and < 10 pm in 6BWO and YC2O, respectively, and
rarely occurs as rounded aggregates (Fig. 9.15c¢).

Elemental map on 6BWO was performed by means of EMPA analysing S, P and Fe (Fig.
9.14): fluorapatite showed a phosphorous-rich core and rims progressively higher in sulphur
confirming a trend from fluorapatite to fluorellestadite end member in the complete s.s.; larnite
showed rare phosphorous-rich spots, but no S and Fe-rich spots occurred; shulamitite has higher
concentration of Fe compared to spinel, representing a distinctive feature.

Abundances of crystal phases was also calculated for 6BWWO from a BSE image (Fig. 9.12a)
calculating modal distribution and assuming that as vol.% and multiplying for crystal density:
results from modal distribution showed a mismatching with RQPA one, showing lesser amount of
larnite and twice content of fluorapatite and spinel (Table 9.6, Fig. 9.12b).
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9.1 — Results 152

Fig. 9.12 - BSE image of 6BWO (larnite-rich rock): (a) overview highlighting low crystal size, homogenous
microtexture with anhedral dark grey ye’climite, pseudohexagonal fluorapatite in grey, polygonal larnite in grey,
rounded zonate spinel in light grey and prismatic shulamitite in white; (b) segmented image with shulamitite in red,
spinel in orange, larnite in green, fluorapatite in blue, ye’elimite in purple and voids in black.

152



153 9.1 — Results

Minerals movtf)(zl;f N Crystal density (g/cm®)  Calculated wt. %
Larnite 46.39 3.32[169] 50.24
Fluorapatite 18.01 3.20[306] 23.38
Ye elimite 22.53 2.61[307] 15.24
Spinel 7.51 3.58 [308,309] 9.89
Shulamitite 1.01 3.84 [310] 1.29
Voids 4.55 - -

Table 9.6 — Results of modal crystal phase distribution for Fig. 9.12 and calculated wt.% obtained using crystal density
and assuming modal% as vol.%.

1@pm

Fig. 9.13 - BSE images acquired at SEM for 6BWO at different magnification grade:(a) enlargement on a portion rich in
spinel occurring as sparce crystals and dense aggregates (~ 30 pum); (b) ye’elimite-rich portion always as dark grey
anhedral crystals with often anhedral larnite inclusions; (c) hexagonal fluorapatite crystals with inclusions and euhedral
zoned spinel with darker core and lighter rims; (d) polygonal euhedral larnite crystals with triple junctions, prismatic to
acicular shulamitite, anhedral ye’elimite and subhedral spinel crystals.
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9.1 — Results 154

Fig. 9.14 — (a) BSE images of 6BWO highlighting polygonal larnite in grey, anhedral ye’elimite dark grey, pseudohexagonal fluorapatite in grey (darker than larnite), spinel in
light grey and shulamitite in white; (b) elemental map of the previous BSE image obtained by EMPA with 0.3 um pixel size, analyzing Fe (as red), P (as green) and S (as blue).
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Fig. 9.15 - BSE images acquired at SEM for YC20 sample at different magnification grade:(a) low grade magnification
grade image revealing the homogenous texture, abundance of larnite (grey) and some enrichment of spinel and
shulamitite (light grey and white, respectively); (b) granoblastic microtexture with polygonal to rounded larnite (grey),
euhedral hexagonal fluorapatite with inclusion (grey), anhedral ye’elimite (dark grey), rounded spinel often zoned with
darker core (light grey) and prismatic shulamitite (white); (c) shulamitite-rich nodule with larnite as matrix (d)
microtexture details at high magnification with polygonal larnite with triple junctions, euhedral hexagonal fluorapatite,
anhedral ye’elimite with inclusions and sparce white shulamitite crystals.
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Fig. 9.16 — BSE images acquired at SEM for YC20 sample: (a)granoblastic microtexture with polygonal larnite crystals (grey), euhedral hexagonal fluorapatite, anhedral
ye’elimite (dark grey), prismatic shulamitite (white) and rounded spinel (white); (b) segmentation of Fig.9.16a, shulamitite and spinel in red, larnite in green, fluorapatite in blue,
ye’elimite in purple and voids in black.
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9.1 — Results

Punctual chemical investigation on main crystal phases occurring in natural larnite-rich rocks was

performed by means of EMPA, and results were also compared with bibliographic ones [20].

Larnite crystals on both studied samples showed a chemical composition close to the pure dicalcium

silicate (Ca2Si04) with only low amount of Na* and P>* as major ionic substituents of *"'Ca®" and

IVSi4+

confirming only phosphorous and sodium as vicariants in the crystal structure.

, respectively (Fig. 9.17). Our results are in good agreement with bibliographic values,

Elements / 6BWO YCc20 Bibliographic values [20]
Samples zlvi”;‘gj o  max.-min. (‘:lvir;l‘gjo max.-min. ("llvir:ﬁ;o max.-min.
F 0.00 0.00-0.00 0.00 0.00-0.00 n.a. n.a.
Na,O 0.54(.20) 0.92-0.23 0.26(4) 0.32-0.20 0.44(.22) 0.94-0.08
P20s 1.62(.66) 2.65-0.63 0.66(.14) 0.95-0.47 1.16(.46) 2.28-0.38
Fe,0; 0.13(8) 0.37-0.02 0.22(9) 0.39-0.08 0.10(9) 0.71-0.02
K:O 0.13(4) 0.23-0.07 0.07(1) 0.44-0.09 0.09(4) 0.18-0.02
MgO 0.01(3) 0.13-0.0 0.10(1) 0.08-0.06 0.05(6) 0.02-0.31
SO; 0.06(7) 0.26-0.0 0.04(3) 0.59-0.00 0.05(5) 0.17-0.03
CaO 62.52(.67) 63.86-61.03 | 61.68(.71)  62.35-60.10 64.13(.72) 65.71-62.23
ALOs 0.16(7) 0.34-0.04 0.34(1) 1.33-0.05 0.21(.17) 0.80-0.02
Cl 0.01(9) 0.03-0.00 0.01(1) 0.02-0.00 n.a. n.a.
TiO; 0.09(2) 0.1-0.00 0.03(2) 0.1-0.00 0.09(6) 0.39-0.04
SiO, 33.28(.71) 34.52-31.96 | 33.57(.58)  34.30-32.51 33.36(.77) 35.13-31.92
Cr,03 0.01(2) 0.08-0.00 0.02(3) 0.07-0.00 0.02(3) 0.12-0.02
Total 98.53(.66)  100.2-97.6 97.01(71) 97.90-95.97 99.70 99.49-100.05
General formula X>YO0q

Ca’ | 1.938(.019) 1.968-1.895 | 1.944(.014) 1.961-1.910 1.97 2.01-1.87
x Mg* | 0.001(1)  0.006-0.000 0.004(9) 0.026-0.000 0.0 0.01-0.0
Na* | 0.030(.011) 0.050-0.010 0.015(2) 0.018-0.011 0.02 0.09-0.01
K* 0.005(2)  0.009-0.002 0.003(1) 0.003-0.002 0.0 0.11-0.0
Si** 1 0.963(.019) 0.993-0.930 | 0.987(.011)  1.000-0.988 0.96 1.00-0.75
P¥ | 0.040(.016) 0.065-0.015 0.016(4) 0.024-0.012 0.03 0.05-0.0
¥ AP | 0.005(2) 0.012-0.001 | 0.012(.014)  0.047-0.002 0.01 0.02-0.01
Fe** | 0.003(2)  0.008-0.000 0.005(2) 0.010-0.002 0.0 0.02-0.0
Se 0.001(2)  0.006-0.000 0.001(1) 0.002-0.000 0.0 0.001-0.0
Ti** | 0.001(1)  0.003-0.000 0.001(1) 0.001-0.000 0.0 0.001-0.0
o* 4 4 4

Table 9.7 — EMPA results for larnite crystals in larnite-rich rocks (6BWO and YC20), and bibliographic values [20] are
reported for comparison; general formula was obtained by negative charges normalization; *n.a., not analysed element;

°number of analysis.
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Fig. 9.17 — EMPA results on Na and P molar content for larnite in 6BWO and YC20O showing a positive correlation
trend in both samples.

Analysed ye’elimite crystals highlighted the same chemical composition in both samples and
bibliographic values, with a general pure formula similar only showing a slight ionic substitution of

VEe3* VSi** inside Y atomic site instead of "VAI*" (Table 9.8). Moreover, bibliographic values

and
showed a wider concentration of Fe,O3; compared to our larnite-rich rocks studied [122].

Fluorapatite crystals revealed an average chemical composition falling approximately in
middle considering fluorapatite and fluorellestadite as the end member of the solid solution.
Whereas, bibliographic values displayed a mean major enrichment in phosphorous with higher
variation compared to 6BWO and YC20O (Table 9.9). Furthermore, 2/3 of Z atomic site is hosted by
fluorine and the remaining 1/3 by (OH), with a slightly higher fluorine concentration in
bibliographic values compared to our larnite-rich rocks [122].

Only shulamitite crystals were found in natural larnite-rich rocks during EMPA analysis and
no brownmillerite occurred, despite it was identified in 6BWO during SXRPD (Table 9.1).
Shulamitite has an average chemical composition almost similar in all samples and bibliographic
values [122], highlighting an enrichment in Fe3* (Cas(Alo225,Si0.025 Fe.75)2(Tio.91,Fe0.09)Os) in both Y
and Z sites compared to the pure shulamitite (Table 9.10). Bibliographic values displayed a wider
composition range of iron and aluminium. Because AI** and Fe** can both occur in octahedron and
tetrahedron sites, a general Z site was considered with all elements excepted Ti*" that is hosted in a
specific octahedron site (Y site) in the lattice. Inside Y atomic site along with Ti*" could also occur
some Fe*" and very low amount of AI**[310]. In addition, AI**
and minor in octahedron site instead of Fe** [310].

mostly occurs inside tetrahedron site
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Elements/ 6BWO YCc20 Bigliographic values [20]
Samples (‘::ir;lé;)eo max.-min. Z:Za;’;j max.-min. ?;Z‘;%j max.-min.
F 0.00 0.00-0.00 0.00 0.00-0.00 n.a. n.a.
Na,O 0.11(2) 0.15-0.06 0.10(2) 0.15-0.06 0.14(9) 0.32-0.02
P,0s 0.37(.28) 0.99-0.04 0.50(.28) 0.99-0.12 0.19(.13) 0.47-0.02
Fe;03 1.96(.17) 2.25-1.68 2.01(.15) 2.23-1.72 2.03(1.04) 6.60-0.77
KO 0.10(5) 0.22-0.03 0.08(3) 0.13-0.05 0.07(3) 0.17-0.02
MgO 0.05(7) 0.30-0.01 0.07(8) 0.30-0.01 n.a. n.a.
SO; 12.83(.29)  13.24-12.17 | 12.81(.39) 13.44-12.12 12.80(.67) 13.69-10.93
CaO 35.69(.56)  36.51-34.72 | 35.68(.84) 36.78-34.67 36.01(.64) 38.49-34.98
ALO3 47.60(.23)  48.13-47.15 | 47.61(.20) 48.12-47.34 47.61(1.41) 49.12-46.16
Cl 0.01(7) 0.02-0.00 0.00(1) 0.01-0.00 n.a. n.a.
TiO; 0.03(3) 0.13-0.00 0.04(4) 0.124-0.001 n.a. n.a.
SiO; 0.73(.27) 1.37-0.40 0.79(.22) 1.22-0.45 0.89(.71) 3.90-0.12
Cr;03 0.04(5) 0.14-0.00 0.05(4) 0.10-0.00 n.a. n.a.
Total 98.52(.97) 101.38-97.80 | 99.75(1.33)  101.58-97.82 99.74 100.12-99.64
General formula X4 [YO:2]6 ZOy
Ca?* 3.92(3) 3.97-3.85 3.91(5) 4.01-3.88 3.95 3.98-3.95
Fe* 0.02(4) 0.12-0.0 0.04(5) 0.17-0.01 0.02 0.22-0.01
X  Mg*| 0.01(1) 0.05-0.0 0.01(1) 0.05-0.00 n.a. n.a.
Na* 0.02(5) 0.03-0.01 0.02(1) 0.03-0.01 0.03 0.03-0.01
K* 0.01(1) 0.03-0.01 0.01(1) 0.02-0.01 0.01 0.02-0.01
Sit* 0.08(3) 0.14-0.04 0.08(2) 0.12-0.05 0.09 0.20-0.02
P 0.03(2) 0.08-0.01 0.04(2) 0.08-0.01 0.01 0.028-0.0
Y A 5.76(6) 5.90-5.60 5.74(8) 5.82-5.59 5.75 5.92-5.68
Fe* 0.13(4) 0.17-0.13 0.12(6) 0.17-0.03 0.14 0.18-0.6
Cr 0.01(1) 0.01-0.00 0.01(1) 0.01-0.00 n.a. n.a.
z S* 0.99(2) 1.01-0.95 0.98(2) 1.01-0.94 0.99 1.00-0.99
o* 16 16 16

Table 9.8 — EMPA results for ye’elimite in natural larnite-rich rocks (6BWO and YC20) and bibliographic values
reported for comparison; molar values was calculated by negative charge balance; Fe* molar value was empirically
estimated only when Y site was > 2 when iron was considered all as Fe**; bibliographic values [20] are reported for
comparison; *n.a., not analysed element; “number of analysis.
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Elements/ 6BWO YCc20 Bigliographic values [20]
Samples (‘:’ir;l‘g)eo max.-min. z:e:t;g;j max.-min. ?:Z‘;‘g’; max.-min.

F 2.51(.18) 3.04-2.28 2.51(.15) 0.02-0.01 2.90(.47) 4.022.20
Na,O 0.03(3) 0.07-0.00 0.01(2) 0.52-0.00 0.02(1) 0.26-0.03
P,0s 22.09(3.02) 28.71-18.76 | 23.22(2.98) 28.68-18.74 28.37(6.37) 39.68-15.11
Fe;03 0.17(.11) 0.52-0.06 0.19(8) 0.02-0.00 0.22(1) 0.80-0.02
K,O 0.01(2) 0.06-0.00 0.01(1) 0.02-0.00 0.03(5) 0.21-0.02
MgO 0.01(2) 0.07-0.00 0.00(1) 0.02-0.00 n.a. n.a.
SO3 9.66(2.20) 13.54-5.07 | 8.92(1.88) 13.61-5.01 7.13(3.87) 15.53-0.65
CaO 53.99(1.75) 56.78-50.80 | 53.66(1.35)  56.88-50.45 55.56(.26) 56.27-55.07
AL O3 0.03(2) 0.09-0.00 0.02(1) 0.04-0.00 n.a. n.a.

Cl 0.02(1) 0.04-0.00 0.00(1) 0.01-0.00 0.02(5) 0.21-0.01
TiO; 0.04(2) 0.07-0.00 0.02(2) 0.04-0.00 n.a. n.a.
SiO; 8.90(1.56) 11.01-5.49 | 8.28(1.48) 10.44-5.40 6.32(2.57) 11.94-1.73

Cr;03 0.08(6) 0.17-0.0 0.04(3) 0.15-0.00 n.a. n.a.
Total 97.54(2.99) 102.12-92.50 | 96.87(2.01) 102.63-98.59 100.57 101.58-100.11
General formula Xi10[YOu]s 22
Ca* 10.00(2) 10.03-9.95 10.01(2) 10.04-9.99 10.02 9.87-9.94
Mg 0.01(5) 0.02-0.00 0.00 0.00-0.00 n.a. n.a.
x Na* 0.01(1) 0.02-0.0 0.01(1) 0.01-0.00 0.01 0.04-0.0
K* 0.01(4) 0.02-0.0 0.01(2) 0.01-0.00 0.01 0.01-0.0
Si** 1.54(.27) 1.93-0.94 1.44(.31) 1.84-0.92 1.06 1.58-1.12
P 3.24(.48) 4.28-2.60 3.44(.54) 4.32-2.60 4.04 4.40-3.41
AP* 0.01(1) 0.02-0.00 0.01(1) 0.01-0.00 n.a. n.a.
Y Fe* 0.02(1) 0.07-0.01 0.02(2) 0.06.0.01 0.03 0.07-0.04
Sé* 1.25(.26) 1.66-0.70 1.16(.30) 1.67-0.70 0.90 1.58-0.52
Ti** 0.01(1) 0.01-0.00 0.00 0.01-0.00 n.a. n.a.
Cr* 0.01(1) 0.01-0.00 0.01(1) 0.02-0.00 n.a. n.a.
F! 1.38(.13) 1.77-1.23 1.39(.15) 1.77-1.25 1.54 1.68-1.46
VA Cr! 0.00 0.01-0.0 0.00 0.01-0.0 0.01 0.07-0.0
S(OH)! | 0.62(.13) 0.77-0.23 0.61(.15) 0.74-0.23 0.45 0.54-0.25
o* 25 25 25

Table 9.9 — EMPA results for fluorapatite s.s. in larnite-rich rocks (6BWO and YC20) and bibliographic values [20] are
reported for comparison; *n.a., not analysed element; “number of analysis; $(OH)™! molar value was calculated to fill the

Z atomic site.
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Elements/ 6BWO YC20 Bigliographic values [20]
Samples (‘;vir;l%eo max.-min. ?:i";é}j min.-max. a;:r:ge
F 0.00 0.00-0.00 0.00 0.00-0.00 n.a.
Na,O 0.05(3) 0.10-0.00 0.06(4) 0.10-0.00 n.a.
P20s 0.01(2) 0.06-0.00 0.01(2) 0.04-0.00 n.a.
Fe,0; 30.87(.46)  31.63-29.84 | 30.75(.59)  31.63-29.73 30.13
KO 0.03(1) 0.05-0.01 0.03(2) 0.05-0.01 n.a.
MgO 0.15(1) 0.18-0.13 0.16(1) 0.18-0.14 n.a.
SO; 0.04(4) 0.11-0.0 0.05(4) 0.11-0.0 n.a.
CaO 40.83(.30)  41.17-40.11 | 40.89(.20)  41.17-40.61 42.79
AL O; 5.42(.27) 5.86-5.11 5.43(.26) 5.86-5.11 593
Cl 0.00(3) 0.01-0.0 0.00(2) 0.01-0.00 n.a.
TiO; 17.78(24)  18.05-17.22 | 17.81(.18)  18.05-17.57 19.35
SiO, 0.78(6) 1.01-0.63 0.81(.13) 1.00-0.63 1.08
Cr;0; 0.17(6) 0.31-0.10 0.17(7) 0.31-0.10 0.02
Total 96.12(.50)  96.72-95.10 | 96.16(.42)  96.63-95.57 99.93
General formula X3 Y Z> Os
Ca” 2.99(1) 3.02-2.97 3.00(2) 3.02-2.97 3.00
Mg** 0.02(1) 0.02-0.01 0.02(1) 0.02-0.01 n.a.
* Na* 0.01(1) 0.01-0.00 0.01(1) 0.01-0.0 n.a.
K* 0.00 0.01-0.00 0.00 0.01-0.0 n.a.
Sit* 0.05(1) 0.07-0.04 0.06(1) 0.07-0.04 0.07
AP* 0.44(2) 0.47-0.41 0.46(2) 0.05-0.39 0.46
z Fe* 1.50(3) 1.63-1.53 1.50(3) 1.63-1.51 1.43
Cr* 0.01(1) 0.02-0.01 0.01(1) 0.02-0.00 0.00
Ti** 0.91(1) 0.93-0.89 0.92(1) 0.92-0.90 0.95
' SFe* 0.09(1) 0.07-0.11 0.08(1) 0.08-0.10 0.05
o* 8 8 8

Table 9.10 — EMPA results for shulamitite in larnite-rich rocks (6BWO and YC20) and bibliographic values [20] are
reported for comparison; *n.a., not analysed element; °number of analysis; Smolar Fe** calculated to fulfil the Y

octahedral atomic site which mainly hosts Ti*"[34].
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Spinel crystals revealed an average chemical composition in the middle between magnesioferrite
(MgFe»04) and spinel (MgAl>O4) with a slight enrichment in iron for bibliographic values (Table

9.11, Fig. 9.18).

Elements / 6BWO YC20 Bigliographic values [20]
Samples averase max.-min average min.-max. average min.-max.
(n=11)° ’ ) n=3) ) ) (n=43) ) )
F 0.06(5) 0.18-0.0 0.01(1) 0.02-0.0 n.a. n.a.
Na,O 0.05(6) 0.17-0.02 0.01(2) 0.05-0.0 n.a. n.a.
P20s 0.04(5) 0.16-0.02 0.01(1) 0.02-0.0 n.a. n.a.
Fe; 03 50.21(6.55) 57.18-32.65 | 52.48(1.47)  53.89-50.84 58.20 67.14-58.48
K:O 0.17(.38) 1.25-0.01 0.01(1) 0.01-0.0 n.a. n.a.
MgO 22.60(.94) 23.94-20.62 | 22.27(.14)  22.45-22.10 19.86 20.16-19.67
SO; 0.26(.53) 1.66-0.0 0.01(1) 0.01-0.0 n.a. n.a.
CaO 1.17(.54) 2.74-0.81 0.92(.20) 1.01-0.55 0.95 1.31-0.79
AL O; 23.67(6.02) 39.56-19.21 | 21.64(1.05)  22.99-20.76 16.69 19.59-10.56
Cl 0.01(1) 0.03-0.0 0.01(1) 0.02-0.0 n.a. n.a.
TiO; 0.17(6) 0.21-0.13 0.16(9) 0.24-0.0 0.18 0.25-0.01
SiO; 0.09(5) 0.15-0.02 0.06(4) 0.10-0.01 n.a. n.a.
Cr,0s 0.90(.46) 1.28-0.40 1.00(.59) 1.48-0.0 1.18 2.65-0.21
Total 99.42(1.74) 101.01-97-89 | 98.59(.76)  99.29-97.34 $100.29 399.96-100.31
General formula X Y2 O4
Ca? 0.04(1) 0.09-0.02 0.03(1) 0.03-0.02 0.04 0.03-0.05
X Mg* 1.00(2) 1.03-0.97 1.00(1) 1.01-0.99 0.92 0.93-0.91
Fe* 0.00 0.02-0.0 0.00 0.00-0.00 0.01 0.05-0.0
Fe** 1.13(.17) 1.25-0.68 1.19(3) 1.22-1.14 1.35 1.60-1.34
Yy cCr* 0.02(1) 0.03-0.01 0.02(1) 0.04-0.03 0.01 0.06-0.0
AP 0.84(.18) 1.30-0.70 0.77(4) 0.82-0.73 0.61 0.70-0.51
o* 4 4 4

Table 9.11 — EMPA results for spinel in larnite-rich rocks (6BWO and YC20) and bibliographic values [20] are
reported for comparison; molar values were obtained by negative charge balance; *n.a., not analysed element; “number
of analysis; *total wt.% reported including also V>03, Mn,Os, NiO, ZnO and CuO wt.% that were not analysed in our
elements routine analysis; Fe** molar value was empirically estimated when Y site was > 2 considering only Fe** by

negative charge balance.

MagnesioFerrite (Mg-Fe)

Cr @ 6BWO
Chromite (Mg-Cr) ® YC20
S £ £ L L rl p) ¢ < 0.2
09
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’ ’ 4 ’ (1" fﬁ 7 ° 7 7 7 00
Fe 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 1.0 Al
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Fig. 9.18 — Ternary diagram displaying the chemical composition variation of spinel in larnite-rich rocks considering
the octahedron site fulfilled by Mg and chromite, magnesioferrite and spinel (Mg-Al) as end members.
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Mayenite crystals rarely occurs in YC20, as confirmed XRD data, and were not easily recognised in
BSE due to similar grey scale of ye’elimite (Table 9.1). Our results agree well with bibliographic
one highlighting a slight ionic substitution among Al*" and Fe*', while differences are related to
elements in W site (Table 9.12): mayenite in YC20 has a both F! and CI"! inside W site, with a
prevalence of the latter; whereas, F! and (OH)"! represent the major vicariants with only low
amount of chlorine for bibliographic data (Table 9.18). W atomic site in YC20 was considered with
only F'! and CI!, whereas bibliographic results also took into account (OH)!' content because its
occurrence was proved by Raman spectroscopy [207].

Elements / YC20 Bibliographic values [20)]
Samples ‘;’:Z‘;‘g)’i max.-min. ?:Z‘;é;i min.-max.
F 0.82(6) 0.87-0.74 1.56 -
Na,O 0.03(2) 0.05-0.00 0.07 -
P,0s 0.00(1) 0.02-0.00 0.05 -
Fe,03 2.71(7) 2.78-2.65 2.75 -
K,O 0.01(1) 0.01-0.00 0.02 -
MgO 0.01(1) 0.02-0.01 n.a. n.a.
SO; 0.01(2) 0.05-0.00 0.04 -
CaO 44.38(.32) 44.76-44.04 46.62 -
ALO; 45.07(.38) 45.52.44.70 47.79 -
Cl 2.26(5) 2.32-2.21 0.69 -
TiO; 0.02(2) 0.03-0.01 n.a. n.a.
SiO; 0.26(6) 0.32-0.20 0.31 -
Cr,03 0.02(3) 0.05-0.00 n.a. n.a.
Total 95.60(.65) 96.35-94.99 99.90 -
General formula X12 Y14 O33.x2 Wx normalised to 66 negative charges’
X Ca” 11.98(9) 11.99-11.97 11.92 -
Mg** 0.10(9) 0.01-0.00 n.a. n.a.
Fe’* 0.51(1) 0.53-0.49 0.49 -
Cr** 0.01(1) 0.01-0.00 n.a. n.a.
¥ AP 13.39(3) 13.43-13.36 13.44 -
Ti* 0.01(1) 0.01-0.00 n.a. n.a.
F! 0.66(5) 0.70-0.60 1.18 -
w CI! 0.97(2) 0.99-0.94 0.28 -
(OH)! n.a. n.a. 0.64 -
o* 32.19(.15) 32.17-32.10 32 -

Table 9.12 — EMPA results for mayenite in larnite-rich rock (YC20) and bibliographic values [20] are reported for
comparison; *n.a., not analysed element; -, not available data; °number of analysis; Sformula was calculated
normalizing to 66 negative charges.

NXRD for Quantitative Texture Analysis was performed on rock fragment of YC2O larnite-rich
rock. Only larnite was considered for identifying preferred orientation due to its abundance and
importance during the following hydration process. Results revealed no preferred orientation for
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larnite crystals, because values are close to 1 of multiple of random distribution (m.r.d.) (Fig. 9.20).
In Fig. 9.19 is highlighted the goodness of fitting for the sum of overall 180 patterns collected.
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Fig. 9.19 — Fitting result of the sum of Neutron Synchrotron Diffraction patterns performed by Maud [275-278,292].
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Fig. 9.20 — Reconstructed Pole Figures for main Bragg peaks for larnite in YC20 studied by NXRD, showing no
preferred orientation of crystals.

Larnite crystal structure refinement was made on SXRPD pattern of 6BWO starting from the crystal
structure model of Jost et al. [169]. 6BWO sample was used instead of YC2O for larnite crystal
structure refinement because of the larger crystallite size (Table 9.2) leading a better estimation of
atomic position due to sharper and higher Bragg peaks. Scale factors of all crystal phases plus
atomic positions and Uiso parameters of larnite were simultaneously refined after RQPA by means
of GSAS-ii. Because of the goodness of RQPA before structure refinement, the wt.% of crystal
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phases did not change. No remarkable changes occur in the refined crystal structure model (Fig.
9.21; Table 9.13), excepted for a general increase of Uiso parameter for all atomic sites (Table
9.14,15). Furthermore, a slight reduction in bond distances between Si-O is found (Table 9.16) with
no changes in angle values of O-Si-O (Table 9.17); whereas, a little increase for most bonds
between Ca-O occurs (Table 9.18,19).

Ca1l (b)

Ca2 @
[Si0] A

]

(a)

Fig. 9.21 — Crystal structure of the refined larnite along b vector ([010] direction): (a) highlighting the nesosilicate
structure with two different calcium sites (Cal,2); (b) the different coordination polyhedral for Cal and Ca2, 7 and 8,

respectively.
Crystal Phase Larnite (B-CazSiO4)
Space Group P2i/n
a(A) 5.50901(2)
b @A) 6.75729(2)
c@A) 9.31423(5)
B(° 94.5077(3)
V(A3 345.659(1)
Z 4
R-Factor (%) 2.58
Number of Reflections 2597
Range of d (A) investigated 0.5178 — 5.4637
Rexp 0.916
Rwp 9.216
GoF 10.06

Table 9.13 — Crystallographic parameters and values of the Rietveld refinement for refined larnite crystal structure of
6BWO sample analysed with SXRPD (ID22).
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Label Type X y y/ frac. Uiso m*
Cal Ca* 0.2719(2) 0.34286(2) 0.5698(1) 1 0.0093(3) 4
Ca2 Ca* 0.2796(2) 0.99789(2) 0.2982(1) 1 0.0064(3) 4
Sil Si* 0.2330(3) 0.78222(2) 0.5819(2) 1 0.0031(4) 4
01 o* 0.2794(6) 0.0010(5) 0.5598(4) 1 0.0149(9) 4
02 o* 0.0238(6) 0.7487(5) 0.6900(3) 1 0.0113(9) 4
O3 0> 0.4826(6) 0.6721(5) 0.6376(3) 1 0.0096(9) 4
04 o* 0.1574(6) 0.6719(5) 0.4308(3) 1 0.0149(9) 4

Table 9.14 — Atomic positions of refined larnite crystal structure for 6BWO collected at SXRPD (ID22) by means of
Rietveld method with GSAS-ii; e.s.d. is reported is rounded brackets; *multiplicity number of the atomic site.

Label  Type X y z frac. Uiso m*
Cal  Ca*' 0.2738(2) 0.3428(2) 0.5694(3) 1 0.00480 4
Ca2  Ca* 0.2798(2) 0.9976(2) 0.2981(3) 1 0.00380 4
Sil Si** 0.2324(3) 0.7814(2) 0.5817(2) 1 0.00240 4
o1 o> 0.2864(10) 0.0135(8) 0.5599(6) 1 0.01150 4
02 o> 0.0202(9) 0.7492(8) 0.6919(8) 1 0.00849 4
03 o> 0.4859(9) 0.6682(8) 0.6381(8) 1 0.00799 4
04 o> 0.1558(9) 0.6710(8) 0.4264(8) 1 0.00786 4

Table 9.15 — Atomic positions and crystallographic parameters of Jost et al. model [169]; e.s.d. is reported in rounded
brackets; *multiplicity number of the atomic site.

Bond New Bond Distances (A) Previous Bond Distances (&)
(Si1-01) 1.57627 1.61464
(Si1-02) 1.60538 1.62737
(Si1-03) 1.61303 1.64586
(Si1-04) 1.61751 1.65870

Table 9.16 — Bond distance values for atomic site Sil connected with 4 oxygens, calculated for new and previous
larnite crystal structures.
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Angle New Angles (°) Previous Angles (°)
(03-Si1-02) 111.64 111.74
(02-Si1-04) 109.43 110.15
(04-Si1-03) 102.83 102.83
(O1-Si1-03) 110.49 110.97
(01-Si1-02) 110.59 109.44
(0O1-Si1-04) 111.70 111.46

Table 9.17 — Angle values for atomic site Sil and oxygens belonging to silicon tetrahedron, calculated for new and

previous larnite crystal structures.

Bond New Bond Distances (A) Previous Bond Distances (&)
(Ca2-02) 2.41098 2.39159
(Ca2-04) 2.63861 2.62844
(Ca2-01) 2.67392 2.64908
(Ca2-03) 2.41872 2.40076
(Ca2-02) 2.40149 2.38768
(Ca2-01) 2.43789 2.44495
(Ca2-04) 2.48379 2.45098
(Ca2-03) 2.63102 2.65097

Table 9.18 — Bond distance values for atomic site Ca2, which is connected with 8 neighbour oxygen, calculated for new
and previous larnite crystal structures.

Bond New Bond Distances (A) Previous Bond Distances (&)
(Cal-03) 2.44573 2.42614
(Cal-0O1) 2.25181 2.23208
(Cal-02) 2.50612 2.50840
(Cal-03) 2.56547 2.55348
(Cal-04) 2.36684 2.37210
(Cal-04) 2.62450 2.64872
(Cal-02) 2.87626 2.89715

Table 9.19 — Bond distance values for atomic site Cal, which is connected with 7 neighbour oxygens, calculated for
new and previous larnite crystal structures.
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Cilyndric millimetric size samples of 6BWO (Fig. 9.22a), YC20 (Fig. 9.23a) and YC2V (Fig. 9.25a)
were studied by means of synchrotron X-ray p-CT, obtaining detailed information on the voids,
fractures, high and low density phases distribution. Results on 6BWO (Fig. 9.22) highlighted a low
porosity (3.69vol.%) mainly occurring along fractures (Fig. 9.22c,d) in which low density phases
are abundant (C-S-H, ettringite, katoite, etc.). Furthermore, high density phases (shulamitite and
spinel) are wide distributed (Fig. 9.22c.e).

(@

Fig. 9.22 — Ye’elimite-larnite rock fragment (6BWO) studied by means of synchrotron X-ray p-CT: (a) cylindric
millimetric rock fragment with no macroscopic vein or inhomogeneities; (b) sample slice highlighting density changes
in grey scale, with voids in black, shulamitite and spinel in white, other anhydrous minerals in medium grey and dark
grey hydrated crystal phases; (¢) volume rendering reporting in red high density minerals (shulamitite and spinel) and in
blue voids; (d) volume rendering with a clipping plane showing voids distribution in blue; (¢) volume rendering with a
clipping plane of the sample revealing in the half bottom high density phases in red, voids in blue in the half top.
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Fig. 9.23 — Ye’elimite-larnite rock fragment (YC20) studied by means of synchrotron X-ray p-CT: (a) cylindric
millimetric size sample with dark brown portion corresponding to anhydrous part (rich in larnite, ye’elimite, spinel,
fluorapatite and shulamitite), and a millimetric hydration vein made of light brown part (C-S-H phases rich) and white
portion (calcite rich); (b) volume rendering with a clipping plane parallel to the sample elongation clearly showing the
hydration vein on the top; (c) volume rendering with a clipping plane parallel to the sample elongation and highlighting
in blue voids, which are mainly occurring in the hydration vein especially in the white portion.
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Fig. 9.24 — Detail on the hydration vein in ye’elimite-larnite rock fragment (YC20) studied by means of synchrotron X-
ray u-CT: (a) volume rendering with a clipping plane showing the internal division of the hydration vein (darker
portion) and the sharp transition to the anhydrous part (bottom lighter portion); (b) volume rendering reporting in green
low-density crystal phases (C-S-H phases, ettringite, etc.), revealing the brown portions of the hydration vein (Fig.
9.23a), and in red high density phases (shulamitite and spinel) which are mainly occurring in the anhydrous portion and
vein rims.

Sample YC20 (Fig. 9.23a) is mostly made of anhydrous dark brown portion and the remaining by a
submillimetric hydration vein composed of a white central part and two light brown rims. Volume
rendering of the sample clearly revealed microstructural details: (1) white vein portion is made of
denser phases compared to light brown one (Fig. 9.23b); (ii) voids mainly occurred in the hydrated
vein without a preferred distribution in light brown rims and with a preferred elongation
perpendicular to rims in the central white part (Fig. 9.23c,24a,25); (iii) high density phases
(shulamitite and spinel) occurred in anhydrous part and light brown vein rims (Fig. 9.25b,26). In
Fig. 9.25 is reported a volume rendering only considering a region perpendicular to the sample vein
(Fig. 9.23a,24a) highlighting that most voids occur in the white part of the vein with an elongated
shape associated with a reduction in high-density phases (Fig. 9.26).
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Fig. 9.25 — Volume rendering of sample YC2O only considering the red box in Fig. 9.24a; in blue are reported voids
which are mainly occurring inside white vein part.
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Fig. 9.26 — Variation of porosity (vol.%) and high-density phases (vol.%) in sample YC2O perpendicular to the vein.
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Fig. 9.27 — Hydrated ye’elimite-larnite rock fragment (YC2V) studied by means of synchrotron X-ray p-CT: (a)
cylindric millimetric sample with a central white portion (calcite-rich) and two brown sides (C-S-H and ettringite-rich
portion) parallel to the sample elongation; (b) volume rendering of the bottom-right part of the sample (a) with a
clipping plane parallel to the elongation highlighting a darker right part (brown vein portion) rich in high density
phases, and a left lighter part (white vein portion); (c) volume rendering of the bottom-rich part of the sample (a) with a
clipping plane showing in blue voids which are mainly occurring in the left sample potion (white vein part).

YC2V sample (Fig. 9.27a) represents a fragment of a hydration vein with two light brown rims and a
central calcite-rich part. p-CT results highlighted the internal sharp transition between the light
brown rims (portion rich in hydrated phases), marked by darker colour corresponding to lower
density areas, and white calcite-rich vein core featured by lighter colour (Fig. 9.27b). Furthermore,
only inside light brown rims high density phases occurred. Voids differently occurred in light
brown than white portions: (i) white calcite-rich portion has 9.72vol.% with larger pores and more

elongated; (i1) light brown rims have 4.87vol.% with small pores (Fig. 9.27¢)
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9.2 — Discussion

Samples of natural anhydrous (6BWO and YC20) and hydrated (6BWV and YC2V) larnite-rich
rocks were collected during field trip in Hatrurim Basin (see sections 5.6 and 5.9) and were studied
by means of both conventional and innovative techniques, leading detailed information on mineral
assemblage, crystallographic parameters and textural features at different observation scales.

Three differ types of larnite-rich rocks have been found in Hatrurim Basin and other CP
locations among Israel and Jordan (Fig. 1.3) [29,67,311,312], which are distinguished by the
mineral assemblage: (i) larnite-mayenite paragenesis as main minerals and with accessory spinel,
brownmillerite, shulamitite and fluorapatite-ellestadite; (i1) larnite-gehlenite paragenesis with minor
mayenite, brownmillerite, spinel and fluorapatite-ellestadite; (iii) larnite-ye’elimite association as
major constituents and brownmillerite, spinel, shulamitite and fluorapatite-ellestadite [20,21].
Larnite-mayenite and larnite-ye’elimite are the most common associations, whereas, larnite-
gehlenite is rare in Hatrurim Basin [20]. Our HT samples from Hatrurim Basin both belongs to
larnite-ye’elimite rocks with spinel, shulamitite, fluorapatite-ellestadite and low mayenite, while
brownmillerite and ternesite represent minor minerals of 6BWO and YC2O (Table 9.1, Fig. 9.4,8),
respectively.

Ca0-Al,0,-Si0,

¢ Larnite-Mayenite
Larnite-Ye'elimite

¢ Larnite-Gehlenite

O 6BWO

© YC20

0.5

0.4

Lime .
10 Alumina
Ca0 00
N 0.0 01 0.2 0.3 04 0.5 0.6 0.7 0.8 09 1.0 A|203

Fig. 9.22 — Ca0-Al,03-S10; ternary diagram (weight unitary scale) using the cement nomenclature (CaO=C, SiO,=S
and Al,O3=A) and reporting crystal phases assemblages stable below the liquidus considering the invariant points [8];
chemical composition of different larnite-rich rocks are plotted, mostly falling in three crystal phases assemblages, such
as CzS-C3A-C12A7, CzS-C12A7-CA and CzS-CzAS-CA [8]

The main chemical composition difference among three larnite-bearing assemblages is the sulphur
content: larnite-mayenite < 0.11wt.%; larnite-gehlenite 0.15-0.6wt.%; larnite-ye’elimite > 1.4wt.%.
P>0s wt.% is not a distinguishing element for these mineral associations because showed a wide
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content from 0.78-4wt.% [20,29,220,313,314], leading a change in the wt.% of fluorapatite and the
occurrence of flamite (HT polymorph of dicalcium silicate, also reported as a’n-C.S, Table 6.4)
[7,85,175]. Changes on chemical composition are well reflected by variation in wt.% of crystal
phases: 6BWO has higher content of SOz and P>Os leading an increase in ye’elimite and fluorapatite
s.s. compared to YC20 (Table 9.1, Fig. 9.4,8).

Considering the pure phase diagram CaO-Al>03-Si0; all larnite-rich rock types are mainly
displayed in three different mineral associations (Fig. 9.22): larnite-celite-mayenite (C2S-C3A-
Ci2A7); larnite-mayenite-krotite (C>S-Ci2A7-CA); larnite-gehlenite-krotite (C2S-C2AS-CA). Even
though celite and krotite should occur in several larnite-rich rocks considering the pure ternary
phase diagram, none of these two crystal phases have been found; whereas, gehlenite (C2AS) has
been found for chemical composition in which it should not occur, even in association with
mayenite [20,220] although no tie-line mayenite-gehlenite exists (Fig. 9.22) [8]. Furthermore, the
association C>S-C12A7-C4A3S-C4AF (larnite-mayenite-ye’elimite-brownmillerite) and C»S-CsS>S-
C4A3S-C4AF (larnite-ternesite-ye’elimite-brownmillerite) in the pure system CaO-SiO>-Al,Os-
Fe»03-SOs are considered stable at temperature ~ 1250 °C; whereas C12A7 and CsS»S simultaneous
occurrence is not stable over the same temperature range [315], despite was found in YC20 sample.
This mismatching with bibliographic evidences could be explained by: (i) lack of thermodynamic
equilibrium during CP, especially in the case of no or slight partial melting that reduces the
reactivity and the spatial amplitude of chemical equilibrium; (ii) local chemical composition
inhomogeneities leading changes on the mineral assemblage from the main one of the bulk-rock
(e.g. spinel and brownmillerite-shulamitite-rich nodules, Fig. 9.1¢,d;9.2e,f); (iil) minor elements
effects (MgO, P,Os, SOs3, Na,O, TiO; and F) that could change the stability field of phases, melting
point and melt properties [7,8]. For example, increasing the MgO content enlarges the stability field
of gehlenite and stabilises spinel [316]; increasing SO3 content stabilises ye’elimite that starts
forming by the reaction between krotite or mayenite and anhydrite at temperature 1000-1100 °C
[317] even depending on the sulphur fugacity [318]; P.Os associated with SOz, SiO> and F
stabilises fluorapatite-ellestadite s.s. (Fap-ell) crystals that in association with larnite start melting at
122045 °C and completely melts at 1240 °C [319], releasing F, SO, and P>Os that reduce the
viscosity of Al-Fe-Si melt promoting metamorphic reactions [7,8].

A positive correlation between sedimentary protoliths and metamorphic rocks occurs
considering CaO, Al,O3; and SiO; contents: previous study revealed that all rocks lay on the line
Si10,/ALO3 = 2.7-2.4 and CaO content varies from very CaO-rich rocks, belonging to upper Ghareb
Formation corresponding to calcite-spurrite marble (Unit KuPh2), to the lowest, belonging to
Taqiye Formation (marls and clays) corresponding to anorthite-diopside hornfels subunit (Unit
KuPh3) [28,220]. Our metamorphic samples 6BWO and YC20 showed a SiO»/AL,O; of 2.43 and
2.63, respectively (Table 7.2, Fig. 9.22), being in good agreement with previous results [28].

Textural features observed during field trip are in good agreement with bibliographic data,
reporting outcrops of larnite-rich rocks made of anhydrous dark brown parts crisscrossed by
millimetric to subcentimetric hydration veins often showing an internal division without preferred
orientation [13,20,28]. Larnite-rich rocks are found (i) on the top hills in the upper part of
metamorphic sequence in northern and central Hatrurim Basin as massive outcrops (YC20, Fig.
5.37,38), whereas (ii) in the lower part of metamorphic sequence crop out as bodies with
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centimetric to metric in size (6BWO) inside LT rocks (Unit KuPhl, Fig. 5.21). Considering the
stratigraphic position of collected larnite-rich rocks: (i) YC20 sample is correlated to the CP of
Hafir Member (Upper Member of Taqgiye Formation), due to its slight stratification and the
occurrence above the Unit KuPh3 Olive dense rocks subunit, which is easily recognized by the dark
brown weathering colours of strata cropping out in all Hatrurim Basin hills (Fig. 5.10,23,24,35,26)
corresponding to clay-rich protoliths of Taqiye Formation [13,28]; (ii) 6BWO is correlated to the CP
of Ghareb Formation due to its stratigraphic position below Unit KuPh3 and occurrences inside
retrograde rocks (Fig. 5.21,22). Despite the different stratigraphic position, samples showed the
same mineral assemblage C>S-CsA3S-MoFA-C1oP3F>-CsToFA-C12A7  (larnite-ye’elimite-spinel-
fuorapatite-ellestadite-shulamitite-mayenite) excepted at synchrotron scale (SXRPD) that revealed
the occurrence of ternesite and minor brownmillerite for YC20 and 6BWO, respectively (Table 9.1;
Fig. 9.4,8).

Considering our results and bibliographic ones, larnite-rich rocks revealed similar
microtextural features both at different stratigraphic position and location in the Hatrurim Basin:
larnite is always the major constituent with rounded to polygonal crystal shape; brownmillerite
occurs as prismatic to tabular crystals; shulamitite has acicular crystals; ye’elimite always appears
anhedral with inclusions; fluorapatite-ellestadite has peciloblastic hexagonal prism shape; spinel
occurs as rounded to psedocubic crystals. Larnite-rick rocks has a general low crystal size (5-35
um) with fluorapatite, brownmillerite and shulamitite as euhedral bigger crystals [20,21,26,34,320],
but in few locations the crystal size is coarser enough to separate single crystals for further study
[117].

Combustion temperature in Hatrurim Basin was not homogenous due to features of the
combustion event: combustion of methane-rich gases took place at foci in which the temperature
was extremely high (up to 1650 °C [16]) leading the thermal metamorphism of country rocks. For
most mineral assemblages peak temperatures between 500-950 °C were estimated [321]. Several
studies attempted to estimate the highest temperature reached in Hatrurim Basin rocks: first study
revealed a general temperature formation between 1000 to 1100 °C [78]; studies on paralavas,
representing anorthite-diopside hornfels subunit belonging to Unit KuPh3, estimated a temperature
formation between 1125-1310 °C considering pseudowollastonite-anorthite-gehlenite assemblage
[29]; orthorhombic FeAlOs; occurrence in hematite and corundum in anorthite-diopside hornfels
pointed out a temperature close to 1318 °C [322-325]. Larnite-ye’elimite (6BWO and YC2O) rocks
should be formed at T > 950 °C, due to the lack of spurrite that decomposes at higher temperature;
the occurrence of ye’elimite delimits the lower temperature range at 1000 °C, when starts to
crystallise by the reaction of krotite or mayenite and anhydrite, and the higher one at 1300-1350 °C,
when decomposes to krotite, mayenite and sulphuric gas [317,318,326].

Flamite represents a HT polymorph of dicalcium silicate and has been found in a few
locations in larnite-ye’elimite and larnite-mayenite rocks usually high in P>Os and low
fluorellestadite suggesting HT combustion followed by a fast cooling [122]. The occurrence of
flamite at room temperature along with larnite strictly requires the stabilisation of a-C,S (also
reported as Rss, Fig. 9.23) during heating followed by a fast cooling in the field flamite+a-C,S
(Rss+a’-CsS, Fig. 9.23): a slow cooling from HT leads a complete transition from a-C,S to flamite
that at lower temperature firstly fully turns into a’t-C2S and later to larnite (B-C;S), completely
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missing the occurrence of flamite at room temperature [7,8]. Higher content of P»Os, also if
associated with other ionic substituents (K>O, Na,O, B,0s, etc.), enlarges the stability field of
flamite and a-C»S at lower temperature (Fig. 9.23): phosphorous substitutes silicon creating cation
vacancies and promoting HT polymorphs Ca?* + 2'VSi** - Vac?* + 2"VP5* [7.8]. Flamite
chemical composition in larnite-rich rocks in Hatrurim Basin showed a variable enrichment in
phosphorous associated with lower amount of potassium and sodium: considering the molar content
for flamite crystals, the ionic substitution among potassium, sodium and phosphorous is limited
(Ca?* +1Vsi** - (K,Na)* + 'VP5*), whereas the ionic substitution leading calcium vacancies is
the prevalent [20]. The minimum temperature combustion for larnite-rich rocks in which flamite
occurred could be estimated considering the binary phase diagram Ca,Si04-CaszP>Os (Fig. 9.23) and
chemical compositions of larnite and flamite occurring in Hatrurim Basin: larnite in 6BWO has 0.05
mol P (Table 9.8, ~ 5wt.% of Ca3P»0s, (a) in Fig. 9.23), which at 1198 °C falls in the field Rss+a’-
CsS, which Rss (a-CaS) has ~ 0.13 mol P (~ 12wt.% of Ca3P»0s, (al) in Fig. 9.23), nevertheless, no
flamite crystal was found in 6BWO; the lowest P,Os-rich flamite found in larnite-rich rocks has ~
0.12 mol P (~ 11wt.% of CasP20s, (c) in Fig. 9.23) which should be formed from a quenching of
Rss (0-C2S) with the same P molar content in the field Rss+a’-C,S with a’-C,S of ~ 0.4 mol P (~
4wt.% of CaszP»0Og) at a temperature of ~ 1225 °C. Therefore, 1225 °C should represent the
minimum combustion temperature considering the lowest P2Os-rich flamite and larnite association
in larnite-rich rocks, which should be close to the quenching temperature. Flamite crystals were not
found in our samples probably due to: (i) a slower cooling instead of quenching that inhibits the
flamite formation thanks to the complete transition a-C>S 2> a’-CaS; (ii) the rarity and low size of
flamite oriented lamellas (< 2 pm) in larnite crystals, which are common for higher P>Os larnite-rich
rocks; (ii1) lower combustion temperature compared to larnite-rich rocks with flamite.
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Fig. 9.23 — 2Ca0Si0,-7Ca02Si0;P,0s binary diagram (wt.% of C3P) reporting crystal phases and polymorphic
transition occurring during heating, especially the field Rss (a-C,S) and a’-C,Sss [196]; point (a) represents the average
chemical composition obtained for larnite crystals in 6BWO sample, and (al) is the calculated chemical position of
flamite that should be found in the case of quenching at 1198 °C; point (bl) represents the average chemical
composition of flamite in previous study [20], whereas (b) is the correlated chemical composition of larnite crystals in
the case of quenching at 1098 °C; point (c) is the lowest P,Os-rich flamite found in larnite-rich rocks [20]; the shaded
orange rectangle represents the compositional range of all studied larnite, whereas the green one is the compositional
range of all studied flamite crystals [20].

Fluorapatite-ellestadite s.s. often occurs in larnite-rich rocks as euhedral peciloblastic hexagonal
prism with a P-rich core and S-rich rims (Table 9.9.; Fig. 9.14,16), suggesting that fluorellestadite
was crystallising and in equilibrium with other phases during combustion at HT: fluorellestadite in
association with larnite slowly starts to melt incongruently at 1220+5 °C and is fully melted at T >
1240 °C, forming liquid and C,S [319]. Therefore, larnite-rich rocks with fluorapatite-ellestadite
euhedral with S-rich rims, as our samples (6BWO and YC20), should have been combusted at T <
1220 °C, which could also explain the lack of flamite in these samples. Furthermore, in-situ
experiments on Ghareb Formation (RM) reported in the next chapter figured out the evolution of
mineral association during heating and the stability field of fluorapatite-ellestadite.

The occurrence of a liquid phase during combustion of larnite-rich rocks protolith is still an
open debate: considering the ternary phase diagram CaF,-Ca,Si04-CaSOs, the association CaxSi0s-
CaS04-Cai0(S13S3012)F> (larnite-anhydrite-fluorellestadite) starts melting at ~ 1200 °C and the
complete melting of anhydrite completes at ~ 1205 °C, leading CazSi04-Ca10(Si3S3012)F2-liquid
assemblage [319]; studied on heating of fluorellestadite-brownmillerite assemblage showed a first
melting from 1208 to 1193 °C, depending on the amount of brownmillerite [190]; experiments in

177



9.2 — Discussion 178

the system CaO-SiO2-Al203-Fe203-SOs-F with chemical compositions close to CSA cements and
similar to larnite-rich rocks, highlighted a first melting point at 1180-1187 °C [190,204]. Therefore,
larnite-rich rocks should have reached the melting point (1180-1200 °C) if low-P,Os flamite occurs
(Fig. 9.23), especially if is considered the occurrence of minor elements as P.Os, MgO, Na,O, K-O,
TiO,, etc. that act lowering the melting point of the system [3,7]. Furthermore, the occurrence of
barite (BaSO4), arcanite (K>SO4) and calciolangbeinite (CaK2(SO4)3), often on the boundaries
between larnite and ternesite-silicocarnotite s.s. (tern-silc) [327,328], suggests the participation of a
S-rich melt that was progressively enriching in all elements not retained in main crystal phases as
ionic substituents, which during cooling crystallised S-rich alkali phases: the system Na>SOs-
K2S04-CaSOy starts melting at T ~ 800 °C and with KCl at T <700 °C [7,8]; hence, during cooling
calciolangbeinite, arcanite and aphthitalite ((KNa)3Na(SOs4)2) could crystallise from a sulphate-rich
melt as interstitial phases, as commonly occurring in cement systems.

Considering the microtexture of brownmillerite and shulamitite, which always occur as
euhedral prismatic and tabular crystals also forming nodular aggregates along with spinel, and the
evidence of a fast cooling, they should have been in equilibrium with other phases and not reached a
full melting: anhydrous cements are obtained at HT above the melting point, such as OPC at T >
1338 °C (hatrurite-larnite-celite-brownmillerite), BC at T > 1280 °C (larnite-mayenite-celite-
brownmillerite) [7,8] and CSA cements at T > 1249 °C (larnite-ye’elimite-brownmillerite-
mayenite-celite) [190], followed by a quenching, leading a microtexture made of subhedral to
euhedral calcium silicates crystals in a xenomorphic matrix of mainly brownmillerite, celite and
mayenite [7,8,150].

Ternesite-silicocarnotite s.s. sometimes occurred in larnite-rich rocks, as in YC20 sample
(Fig. 9.8; Table 9.1), as minor mineral with subhedral to euhedral crystals [122,329]. Its occurrence
limits the combustion temperature from 1020 to ~ 1288 °C in open and close system, respectively:
pure ternesite starts forming at ~ 1000 °C by the reaction 2Ca,Si0, + CaS0, —» Cas(S5i0,),(S0,),

and decomposes by the reaction Cas(Si0,),(S0,) - 2Ca,Si0, + SO, + %02 + Ca0. The latter

reaction takes place depending on Oz and SO; fugacity: considering operating conditions in OPC
kiln (2% v/v O2 [330] and from -2.5 to -4 of fSO; in logio [318]), which should be comparable to
CP events ones, ternesite upper stability temperature varies from 1164 to 1259 °C at low and high
1S0,, respectively [330].

The simultaneous occurrence of Fe** and low amount of Fe?" as magnetite in spinel in
larnite-rich rocks suggests an oxygen fugacity close to HM (hematite-magnetite) buffer [331], but
previous study highlighted that the oxygen fugacity during CP in Hatrurim Basin varied from a
location to another moving from condition above HM buffer, confirmed by essenite-hematite
association in anorthite-diopside hornfels, to QFM (quartz-fayalite-magnetite) [130].

Ca-Ti-rich phases (Fe-rich perovskite, nataliukite (CasTi2Fe2O11) and shulamitite) could be
helpful in estimating the combustion temperature but requires the simultaneous occurrence of two
Ti-rich phases that were found only for larnite-mayenite and larnite-gehlenite rocks [21]: according
to the diagram CaTiO3-CaFeO,s the disordered cubic Fe-perovskite-Shulamitite paragenesis is
stable at T > 1160 °C, representing the minimum temperature reached for larnite-rich rocks;
whereas, disordered cubic Fe-perovskite-shulamitite paragenesis at T < 1160 °C transforms to
orthorhombic Fe-perovskite-nataliukite or nataliukite-shulamitite, depending on the chemical
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composition. However, brownmillerite-shulamitite paragenesis that is the most common in larnite-
ye’elimite rocks is useless as geothermometer because does not have crystallographic changes at
HT.

Punctual chemical investigation by EMPA highlighted a good agreement with bibliographic
results on larnite-ye’elimite rocks [122], and elemental maps highlighted a zoning for spinel and
fluorapatite: spinel often shows an Al-rich and Fe-rich core and rim, respectively; fluorapatite-
ellestadite always highlights a P-rich core and S-Si-rich rim (fluorellestadite). Moreover, larnite
crystals from YC20 have a chemical composition close to the pure dicalcium silicate with only a
slight P>Os content.

Crystal structure refinement was made on larnite using the Rietveld method on SXRPD
pattern highlighting no significant changes in atomic positions and crystallographic parameters
compared to larnite occurring in OPC or BC [169]. Quantitative texture analysis by NXRD showed
no preferred orientation of larnite, suggesting no influence by the pristine limestone texture during
the combustion and crystallisation of larnite.

Hydration veins are extremely common in larnite-rich rocks especially in the case of bodies
of larnite-rich rocks inside KuPh1 carbonate Unit (6BWO) usually forming a complex stockwork of
veinlets [13,28] (Fig. 5.22,9.3a,b). Hydration veins related to KuPh4 Unit, especially when related
to larnite-rich rocks, often show an internal structure made of a central millimetric white part and
brown borders rich in submillimetric black nodules (Fig. 9.1a,b,9.3a,b). Veins should be considered
as little fractures in larnite-rich rocks formed during heating by the decarbonation of calcite and
spurrite (~ 650-950 °C [332,333]) and volume shrinkage during fast cooling from HT. Calcite is
always occurring and represents the main mineral of white parts, whereas in brown portions and
black nodules is less abundant. Also other calcium carbonate polymorphs occur (vaterite and
aragonite) but only in brown borders: these two minerals are less stable and tend to transform in
calcite over the time, especially in the case of a temperature rise [334,335]. Isotopic studies on
hydration veins claimed an interaction of CO2, which is mainly from atmospheric and minor
coming from the combustion gases, and calcium hydrated phases (portlandite, CSH and CASH
phases) during recarbonation process [123]. U-Th dating highlighted a wide range of ages from 35
ka to > 450 ka, suggesting that hydration process continued developing over the time and probably
started since after finishing the HT event [336]. Brown vein parts are made of hydrated minerals,
such as CSH minerals (tobermorite 14A, also called plomberite, and 11A), aluminium hydroxide
polymorphs (gibbsite and bayerite), calcium carbonate (calcite, aragonite and vaterite), katoite and
ettringite, associated with low amount or less water-reactive phases, such as spinel, fluorapatite s.s.
and shulamitite (Table 9.3). Shulamitite should react with water by the reaction
Ca;TiAlFeOs+5H,0— CaTiFe**AlOs:3H,0+2Ca(OH), [34], but it is still occurring in hydrated
veins, hence, could be considered as a low water-reactive phase. Despite ternesite has been reported
in several larnite-ye’elimite rocks [20], as for YC20O, no ternesite occurred in hydration veins due to
the interaction with water: ternesite has been considered as low or no water-reactive phase [7],
however, recent studies figured out its moderately water-reactivity leading jennite, or in general
CSH phases, gypusm and portlandite by the following reaction 3Cas(Si04)2(SO4) + 20H>O —
CagSicO13(OH)s'8H2,O + 3CaS0O42H,O + 3Ca(OH), [337,338]. Furthermore, hydrated black
nodules only occur inside brown hydrated parts revealing an enrichment in spinel that justifies the
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dark colour: black hydrated nodules have the same texture (shape and size) and enrichment in spinel
as the ones occurring inside anhydrous larnite-rich rocks. Therefore, brown hydrated parts should
be considered as pristine larnite-rich rocks close to open fractures that undergone in hydration by
the circulating water. On the other hand, white veins should be formed from precipitation of
circulating pore solution in fractures resulting from the hydration of larnite-rich rocks: water
coming from weathering interacts with anhydrous HT minerals (larnite, ye’elimite, anhydrite,
hatrurite, etc.) leading a progressive conversion to hydrated crystal phases (CSH, CASH and CAH
phases, aluminium hydroxides, portlandite, etc.) by the initial formation of amorphous gel phases,
especially CSH and AHj3, resulting in high pH (~ 12) pore solution that can move inside pores and
fractures. Consequently, the circulating Ca-rich pore solution mainly crystallises calcite and minor
gypsum, ettringite and tobermorite because the majority of CSH, CAH and CASH and AHj;
minerals are mostly retained in brown vein portions.

The system C2S-C4A3S-CS-H20 could be used to predict the mineral association after early
hydration time (~ 72 hydration days) [339]. Larnite-ye’elimite rocks could fall in two different
minerals association fields only depending on ye’elimite content because anhydrite rarely occurs:
kuzelite(Ca,Al,(OH)1,(S0,) - 6H,0)-CSH-stratlingite(Ca,Al,(OH)1,[AlSi(OH),], - 2H,0)—
katoite with high ye’elimite (~ 15wt.%); kuzelite-CSH-katoite-portlandite with medium to low
ye’elimite (< 15wt.%). However, no kuzelite and stratlingite occurred in our sample and previous
studies: lack of kuzelite, also called monosulfate phase [340], could be explained by an interaction
with sulfate-rich solutions converting kuzelite into ettringite; whereas, stratlingite absence could
occur in the case of higher availability of Ca(OH)> leading the formation of katoite and CSH gel
[339]. Nevertheless, ettringite-katoite or katoite-gypsum associations that occur in our samples are
not considered stable in the system C>S-C4A3S-CS-H,O; hence, more complex long-term reactions
should be taken into account to explain mineral association in hydrated larnite-rich rocks: ettringite
could react with CO, forming calcite, gypsum, gibbsite and water by the reaction
CagAl,(0H)1,(S04)5 - 26H,0+3C0, — 3CaC05+3CaS0, - 2H,0+2Al(0OH);+23H,0 [341];
portlandite reacts with CO> forming calcite and water following the reaction Ca(OH), + CO, —
CaC0O3 + H,0 [341]; CSH minerals interacts with CO» producing calcite, amorphous silica and
water as reported in the reaction CSH + CO, — CaCO5 + SiO, + H,0 [341]. Moreover, SXRPD
study on hydrated veins highlighted apophyllite and bulfoteinite as minor phases, suggesting
fluorine and potassium activities in the circulating water [78], confirming a more complex and wide
chemical composition of pore solution compared to OPC one [7].
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Larnite-ye’elimite rocks collected at Hatrurim Basin were deeply studied by both traditional and
innovative techniques revealing important information on mineral assemblage, texture at different
observation scales and crystallographic features.

Ye’elimite-larnite granofels represents a type of larnite-rich rock richer in sulphur as showed
by ye’elimite occurrence. Ye’elimite-larnite granofels has microtextural features characterized by
low crystal size and granoblastic texture with polygonal larnite, coarse euhedral fluorapatite,
acicular-prismatic shulamitite, prismatic brownmillerite and subhedral spinel. Mineral assemblage
of main minerals is quite the same among different samples with changes observed by SXRPD only
on minor minerals occurrence, such as mayenite, ternesite and brownmillerite.

Larnite-rich rocks could not have reached the thermodynamic equilibrium considering the
relation between bulk chemical composition and final mineral assemblage if are compared to
bibliographic and thermodynamic data. However, previous experiments were made on pure
chemical systems, hence the simultaneous effects of minor elements (e.g., P>Os, TiO,, F, MgO, etc.)
were not considered despite should strongly affect stability field of minerals. Furthermore, previous
experiments in the CaO-SiO;-Al,03-SO3-Fe2Os3 system were performed on homogenous fine
powder in controlled oven with also fixed atmosphere; while, larnite-rich rocks were formed during
heating of limestone outcrops leading the influence of inhomogeneities during combustion (e.g.,
black submetallic nodules rich in spinel and brownmillerite-shulamitite crystals) that allow local
changes in mineral assemblage.

Considering the mineral assemblage, the upper limit of combustion temperature should be <
1220 °C, due to the stability of fluorellestadite as highlighted by EMPA and XRD analysis.
However, the occurrence of a low-T melt seems to be confirmed by (i) the occurrence in several
larnite-rich rocks of alkali sulphate phases as interstitial phases, as commonly occurring in OPC,
and by (ii) experiments in the system CaO-Si02-Al,03-Fe,03-SOs-F that highlighted the occurrence
of a first melt at T > 1180-1187 °C. Flamite-larnite association in larnite-rich rocks could be used as
a tool to estimate the minimum combustion temperature considering flamite P,Os content: results
revealed a wide temperature range with a maximum temperature of 1225 °C for low P,Os-rich
flamite occurring in larnite-rich rocks.

Hydration veins inside larnite-rich rocks often show an internal structure with a central
white part and brown borders also with a differentiation in the mineral assemblage: white parts are
mainly composed of calcite and minor phases (tobermorite, ettringite and quartz); brown parts are
made of no water-reactive phases (shulamitite, fluorapatite s.s. and spinel) and hydrated crystal
phases (AI(OH3) polymorphs, CSH minerals, ettringite, calcium carbonate polymorphs, gypsum
and katoite) plus black rounded nodules enriched in spinel and hydrated minerals. White parts
represent pristine fractures formed both during heating of limestone and shrinkage during cooling,
which allowed a water-rock interaction path leading the hydration of anhydrous larnite-rich rocks:
the resulting Ca-rich circulating pore solution led the crystallisation and infilling of fractures,
producing white calcite-rich parts. Moreover, complex late reactions involving first-stage hydration
minerals and CO: occurred leading gypsum, calcium carbonate polymorphs and quartz
crystallisation.
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Chapter 10
Synthesis of green-cements

This chapter is focused on the results of laboratory-made green-cements synthetised starting from
two quite different raw meals: (i) RM raw meal, representing the grinded powder of phosphatic and
gypsum-rich calci-mudstone belonging to Ghareb Formation collected at Rotem Amfort Mine at
Stop-8 in Hatrurim Basin (see section 5.8; sample RM in Table 7.1); (ii)) BC raw meal,
corresponding to Belite Cements doped with low-amount of sulphur (< 3.5wt.%; sample BC in
Table 7.3) and with higher amount of Fe>Os; compared to ordinary BCs [148], which could be
considered as High Ferrite Belite Cement sulphur doped [223,224].

The choice of selecting these two raw meals was driven by the chance of designing new
types of doped green-cements for both reducing the CO,-footprint of cement manufacture and
increasing the recovery of industrials wastes: (i) RM represents a huge volume waste coming from
the phosphatic mine activity, which could lead a sulphur pollution in surface water streams (< 250
mg/l following Italian laws, D.Lgs 152/06) due to the gypsum occurrence (up to 15wt.% in bulk
rock) that is high soluble; (i1) BC belongs to sulphur doped BCs, being similar to BCSA cements
that require higher amount of Al,O3; compared to OPC, but the limited availability of suitable Al-
sources limits their production, therefore, a partial replacement of Al,O3 by Fe;Os-rich sources or
wastes could be considered as a solution thank to the complete and partial solid solution of
brownmillerite (Caz(AlxFeix)20s5) and ye’elimite (Cas(Al1-xFexO4)s(SO4)), respectively.

Samples were heated at different temperatures from 700 to 1350 °C and studied by means of
RLM with Nital etching, XRD with RQPA and SEM-EMPA, highlighting mineral assemblage and
microtextural changes occurring over the temperature. Only RM was studied with in-situ
experiments at synchrotron scale facilities from room temperature to 1244 °C, revealing
metamorphic reactions and changes in crystal phase assemblage.

Ex-situ heating experiments on RM rock fragments (labelled as RF) were performed trying
to highlight the effects of grain size and natural anisotropies on mineral assemblage, abundances of
crystal phases, crystallographic parameters and microtexture after heating. Furthermore, results of
RM and RF led a direct comparison with natural larnite-ye’elimite rocks helping in clarifying
heating process occurred in Hatrurim Basin due to the similar protoliths and heating conditions.

Moreover, mineral assemblage, abundance of crystal phases, crystallographic parameters,
microstructural features and quantitative texture analysis were obtained by means of both
conventional and innovative analytical techniques, leading detailed information useful for a better
understanding of processes occurring during heating and cooling for green-cements. A summary of
labels and analytical techniques performed on all samples is reported on Table 7.7.
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Table 10.1 reports cement raw meal parameters (LSF, AR and SR) which are be useful to predict

the behaviour during heating, such as amount of melt at HT, free-lime content and amount of

silicate and Fe-Al-rich phases: RM has higher amount of LSF compared to BC leading the

occurrence of free-lime at high temperature; AR is almost similar among the two ram meals,

whereas, SR is lower for BC suggesting higher amount of liquid phase at the same heating

temperature and a lower amount of silicate phases.

Parameters / Sample RM BC

LSF 1.22 0.75
AR 1.36 1.34
SR 2.03 1.79

Table 10.1 — Raw meal parameters calculated for BC and RM mixtures using XRF values (Table 7.1,3) [7].

LXRPD results of ex-sifu experiments related to BC raw meal are reported Fig. 10.1,2 highlighting

changes on the mineral assemblage during heating:

(1)
(1)
(iif)
(iv)
(v)

(vi)

(vii)

(viii)

calcite starts decomposing at T < 700 °C and completely turned in CaO and CO; in the
range 700-800 °C;

larnite is stable at T > 700 °C and continuously increased over the entire temperature
range, excepted between 1000-1100 °C when ternesite crystallised;

larnite represented the only dicalcium silicate polymorphic occurring in all BC samples;
brownmillerite and srebrodolskite occurred at T > 700 °C; the latter was stable till 1250
°C with a strong increase at T ~ 1000 °C, linked with the hematite consumption,
followed by a gradual reduction related to the increase of brownmillerite;

celite crystallised at T > 700 °C and slowly reduced at T > 900 °C along with anhydrite
crystallising orthorhombic ye’elimite;

mayenite crystallised at T > 700 °C and at T > 1000 °C reacted with anhydrite to
crystallise ye’elimite, which the latter reached its maximum content at 1000 °C.
Mayenite reappeared at 1200 and 1350 °C as minor crystal phase;

periclase occurred only after the complete calcite decomposition and did not react with
other phases even at high temperature;

k-feldspar was an ever-present crystal phase till 1250 °C.
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Fig. 10.1 — RQPA results for ex-situ experiments on BC sample at different heating temperature (700, 800, 900, 1100, 1200, 1250, 1300, 1350 °C), highlighting wt.% of
occurring crystal phases.
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Fig. 10.2 — Ex-situ LXRPD patterns of BC sample heated at different temperatures reported on Y axes; main Bragg peaks of occurring crystal phases are highlighted.
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Ex-situ results on RM raw meal highlighted several important features (Fig. 10.3,4): (i) B-C2S was
already stable at ~ 700 °C along with common OPC phases occurring during heating (CoF, C4AF,
CsS2C, C2AS, Ci2A7, anhydrite, lime and remaining calcite) plus fluorapatite-ellestadite s.s.; (ii)
CsS,S appeared at 1000 °C and increased till 1200 °C, leading the decrease of B-C2S, later followed
by a break down at > 1200 °C; (iii) C2AS and C3A were transient minor phases stable at 700-800 °C
and 800-1000 °C, respectively; (iv) CsAF gradually increased till 1100 °C, strictly related to the
consumption of CoF, later remaining with an almost constat content; (v) C4A3S is stable at T > 1000
°C, increased till 1200 °C, followed by a decrease up to 1250 °C that led the grow of Ci2A7; (iv)
fluorapatite-ellestadite s.s. increased up to 1000 °C, followed by a slight reduction before 1200 °C
and a steeper one from 1200-1250 °C; (v) C3S and o’u-C»S started being both stable at T > 1200 °C,
with the breakdown of CsS,S , reaching their maximum content at T ~ 1250 °C and later significatly
decreasing at higher temperatures.

In Fig. 10.3 are reported all RM ex-situ patterns highlighting the main Bragg peaks of crystal
phases, revealing the phase assemblage during heating: the complete breakdown of calcite occurred
at T > 700 °C, observed by the disappearence of its main Bragg peaks (~ 3.03 A) and the intensity
increase of lime ones (~ 2.4 and 2.8 A); ye’elimite and ternesite grow at 1100 °C revealed by the
rise of their distinctive peaks at 3.75 A and 3.4-3.2 A, respectively.

LEGEND
Lm-Lime

L - Larnite

H - Hatrurite

F - Fluorapatite
T - Ternesite

Y - Ye'elimite
C - Calcite

Q - Quartz

B - Brownmillerite
A - Anhydrite

Fig. 10.3 — Ex-situ LXRPD patterns of RM sample previously heated in pellets at different temperatures reported on Y
axes; main Bragg peaks of major crystal phases are highlighted.
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Fig. 10.8 — In-situ SXRPD patterns of RM raw meal heated in Pt-capillary at different temperature reported on Y axes
and no stabilisation time was used before data collection; main Bragg peaks of major crystal phases are highlighted.

In-situ HT experiment from RT to 1000 °C on RM raw meal showed metamorphic reactions and
polymorphic transition occurring when phosphatic-gypsum-rich limestone (Ghareb Fm.) is heated
as a powder (Fig 10.5). No change or particular reaction occurred up to 700 °C, excepeted the
gypsum — anhydrite transition and clay minerals break down [342,343]. However, several
important changes occurred from 700 to 1000 °C:

(1)  dicalcium silicate started crystallising as a’r-C2S polymorph at 700-750 °C, according with
bibliographic data [7], and gradually increased by the reaction between lime and B-quartz at
higher temperature;

(i)  calcite continuosly decreased and completely decomposed at 975-1000 °C, when unreacted
free lime was detected;

(111)  fluorapatite, which should be considered as a solid solution with from pure apatite to
ellestadite (Fap-ell), grew over the entire temperature range, especially from 700 to 850 °C,
by consuming a’r-C>S and anhydrite, and/or quartz, lime and anhydrite;
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(iv)  gehlenite was a minor and transient crystal phase stable till 900 °C, after which celite
crystallised. Whereas, mayenite and brownmillerite occurred at T > 950 °C and > 875 °C,
respectively;

(v)  spurrite was stable from 900 °C and steeply grew till 1000 °C representing a major
constituent.

During cooling, the polymorphic transition from a’r-C>S to B-C2S and a partial recarbonation of

lime to calcite occurred. Furthermore, quartz was still detected despite the capillary lasted around

17 min at 1000 °C before quenching. The final mineral assemblage at room temperature is lime,

larnite, anhydrite, spurrite, mayenite, celite, brownmillerite, fluorapatite-ellestadite s.s., quartz,

anhydrite and calcite.

HT synchrotron in-situ experiments were performed on RM raw meal, previously heated at
900 °C for 2 hours for reducing CO> during heating, with two different experimental set-ups: (7)
sealed Pt-capillary heated at different temperatures with 10 min of stabilising time before data
collection for improving the achievement of thermodynamic equilibrium and making a direct
comparison with ex-situ results (Fig. 10.7); (i7) sealed Pt-capillary heated up to ~ 1250 °C without a
stabilising time before data collection attempting to reproduce cement kiln heating conditions (Fig.
10.8).

In-situ experiment performed with the stabilising time pointed out seven main important
features: (1) SXRPD showed the occurrence of minor amount of low crystalline calcite even after an
heating at 900 °C, whereas, ex-situ LXRPD did not showed calcite content from 800 °C (Fig.
10.3,4); (i1) fluorapatite-ellestadite s.s. showed the same trend of ex-situ experiments with a first
steep decrease from 966 to 1029 °C strictly related to the crystallisation of ternesite and ye’elimite,
followed by a gradual reduction till 1182 °C; (iii) ternesite, after its crystallisation at T > 966 °C,
increased up to 1111-1133 °C consuming Fap-ell and CsS, after which decomposed even during
cooling (~ 1182 °C) halving its wt.%; (iv) a’L-C2S decreased during the grow of ternesite and
turned into a’g-CoS from 1111-1150 °C, whereas at T > 1150 °C only o’w-C2S and a-CoS were
stable; (v) flamite (o’u-C2S) was found even after quenching from HT with a wt.% major than only
a-C>S one at HT, whereas, ex-situ experiments showed the occurrence of flamite only at T > 1200
°C with a slow cooling; (vi) srebrodolskite and anhydrite reduced and disappeared at 916 and 966
°C, respectively, and no celite and gehlenite occurred as minor phases; (vii) brownmillerite and
mayenite remained stable over the entire explored temperature window, but the latter showed a
slight reduction starting from 1060 °C related to ye’elimite crystallisation.

In-situ experiments performed without a stabilisation time before data collection highlighted
results comparable to ex-situ ones: (i) till 1098 °C the mineral assemblage is composed of lime,
mayenite, brownmillerite, fluorapatite-ellestadite s.s., a’t-C2S and minor amount of anhydrite; (ii)
ternesite crystallised at T 1098-1123 °C and fastly increased till 1170 °C, following a gradual
reduction ending with the total decomposition at 1232-1235 °C; (iii) ye’elimite appeared at 1123-
1146 °C leading mayenite consumption, and from 1244 °C to room temperature decreased; (iv)
Fap-ell strongly decreased after stabilisation of ternesite and ye’elimite, completely disappeared
when hatrurite occurred at T 1235-1244 °C, and finally re-crystallised during cooling; (v) a’t-C2S
firstly turned into o’y-C2S from 1123 to 1146 °C, at T > 1189 °C definitly changed in a-C.S, and
after queching only a-C,S occurred with no o’y or B-C2S modifications; (vi) hatrurite started
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crystallising from 1235-1244 °C, which is in good agreement with ex-sifu results, and remained

stable during cooling.

Ex-situ experiments on RM fragments (labelled as RF) were performed at different heating
temperatures (900, 1200, 1250 and 1350 °C) leading a direct comparison of mineral assemblage in
RM pellets heated at the same temperatures and natural larnite-ye’elimite rocks (Table 10.2). At 900
°C no big changes occurred compared to RM one, excepted for twice larnite content, lower lime and
fluorapatite-ellestadite, and the occurrence of gehlenite, hematite and perovskite as minor crystal
phases. RM fragments heated at 1200 °C showed two main colours and with quite different mineral
assemblages (Table 10.2):

(i) RFa sample revealed a light brown homogenous colour (Fig Ala) with a mineral
assemblage close to RM heated at 1300 °C, with a high content of hatrurite, the occurrence
of both larnite and flamite polymorphs and the lack of ternesite (Fig. 10.9). Furthermore,
fluorapatite-ellestadite s.s. and ye’elimite wt.% occurred as minor crystal phases;

(1))  RFb sample showed homogenous dark colour (Fig. A2a) and a mineral assemblage similar
to RM heated at 1200 °C, excepted for the occurrence of minor minerals as rankinite (C3S,),
gehlenite, wollastonite (CS), flamite and anhydrite (Fig. 10.10). The wt.% of crystal phases
is different compared to RM, especially for the increase of ye’elimite and lower content of
fluorapatite-ellestadite s.s..
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Fig. 10.9 -LXRPD patterns of RM fragment heated at 1200 °C (RFa); main Bragg peaks of major crystal phases are
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Ligh part Black part Green part
RFB

RFD RFG

1cm

Fig. 10.11 — RM rock fragment heated at 1250 °C for 4 h at laboratory scale; three different coloured parts are
highlighted and labelled: light brown parts (RFB) with low crystal size and sparce black micrometric crystals;
homogenous black parts with coarser crystal size (RFD); green parts made of rounded to rhombic orange crystals with <
200 um in a green matrix.

RM fragments heated at 1250 °C often showed sharp internal divisions made of three different
coloured parts (light green, dark and green parts) that revealed changes in mainly calcium silicate
phases occurrence and abundance (Fig. 10.11, Table 10.2):

(1)

(if)

(iii)

RFB part represents the most common part of heated fragments with light green colour,
homogenous low crystal size with sparce micrometric black spots. Larnite, flamite,
mayenite, brownmillerite, fluorapatite-ellestadite s.s. is the mineral assemblage, which is
different compared to RM heated at 1250 °C due to the lack of ye’elimite, hatrurite,
ternesite and lime;

dark coloured parts are labelled as RFD with and mineral assemblage similar to RFB,
excepted for hatrurite occurrence, high fluorapatite-ellestadite s.s. content and lack of
flamite. RFD has a higher crystal size compared to RFD;

RFG represents green parts inside RFD, with submillimetric rounded to pseudorhombic
dark orange crystals. Hatrurite, larnite, brownmillerite, mayenite, fluorapatite-ellestadite
s.s. 1s the mineral assemblage, which is close to RFD with low brownmillerite content.

Afterwards, no lime occurred in all RF samples heated at 1250 °C (Table 10.2) suggesting higher
SiO2 content that led an increase in calcium silicate phases (larnite, flamite and hatrurite) associated

with a slight increase in Al,O3 allowing higher amount of mayenite compared to RM ex-situ results.
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Fig. 10.12 — RM rock fragment heated at 1350 °C for 4 h at laboratory scale (RF'1350), showing a homogenous texture,
dark colour and lower porosity compared to other rock fragments heated at lower temperatures.

RM fragments heated at 1350 °C revealed a homogenous texture with black colour, low crystal size
and densification, confirmed by the increase in hardness during grinding. Mineral assemblage and
abundances of phases are close to RM pellets heated at 1350 °C, excepted the lack of ye’elimite,
lime and lower amount of fluorapatite-ellestadite s.s..
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Heating Temperature 900 °C 1200 °C 1250 °C 1350 °C
Sample Name / Mineral RF900 RFal200 RFbI1200 °RFB1250 *RFG1250 | * RFD 1250 RF1350
Lime CaO 3.37(.12) 15.15(.12) 11.33(.10) n.d. n.d. n.d. n.d.
Larnite p-Ca3SiOy 66.46(.49) 37.95(.38) 18.65(.40) 44.13(.42) 47.22(.79) 60.48(.43) 65.49(.43)
Flamite a'n-CaxSiOq n.d. 14.86(27) 6.62(.39) 36.01(.56) n.d. 4.54(.25) 9.30(.35)
Hatrurite CasSiOs n.d. 12.28(.25) n.d. n.d. 32.52(.57) 9.13(.28) 4.66(.35)
Gehlenite Ca;Al:SiO; 1.47(.18) n.d. 3.39(.19) n.d. n.d. n.d. n.d.
Wollastonite CaSiOs n.d. n.d. 3.78(.21) n.d. n.d. n.d. n.d.
Rankinite CasSi>O; n.d. n.d. 2.02(.29) n.d. n.d. n.d. n.d.
Anhydprite CaSO; n.d. n.d. 0.90(.21) n.d. n.d. n.d. n.d.
Ternesite Cas(SiO4):SO4 n.d. n.d. 28.40(.27) n.d. n.d. n.d. n.d.
Fluorapatite Cas(Siy /2, Sx/2, P1—x04)3F 14.71(.35) 2.28(.14) 5.67(.22) 1.26(.14) 11.34(.44) 9.81(.20) 0.60(.16)
Brownmillerite Ca>(Al Fe),Os 8.92(.20) 11.09(.17) 9.48(.21) 8.43(.16) 2.33(.24) 7.56(.15) 9.27(.20)
Ye’elimite Ca,(410;)sSO4 n.d. 0.21(6) 7.14(.17) n.d. n.d. n.d. n.d.
Mayenite Ca;:Al14033 n.d. 4.42(.12) 1.52(.13) 10.17(.17) 6.59(.33) 8.50(.12) 10.68(.18)
Celite CaszAl;O¢ n.d. 1.77(9) n.d. n.d. n.d. n.d. n.d.
Quartz a-SiO; 0.45(8) n.d. n.d. n.d. n.d. n.d. n.d.
Hematite Fe;O; 0.68(8) n.d. n.d. n.d. n.d. n.d. n.d.
Perovskite CaTiO3; 3.94(.15) n.d. n.d. n.d. n.d. n.d. n.d.
Rexp 6.51 6.57 6.24 6.48 10.12 6.49 6.44
Rwp 13.99 10.90 12.59 9.40 12.04 9.22 9.60
GoF 2.15 1.66 2.02 1.45 1.19 1.42 1.49

Table 10.2 — RQPA results for ex-situ RM samples heated at laboratory scale as rock fragments (RF); e.s.d. is reported in rounded brackets; °light brown part of heated RM
fragment; *green part of heated RM fragments; *dark part of heated RM fragments; n.d., not detected.
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Sample T (°C) a(A) b (A) ¢ (A) B V/Z (%) gg:‘zfz:)" ( Af/s:‘f;) Instr. Set-Up
RFa 1200 55153(5)  6.7625(5)  9.328(1)  94.482(6) 86.713(8) 0.2 1000 LXRPD
RFb 1200 551093)  6.7528(4)  9.3261(8)  94.420(4) 86.501(9) 0.2 1000 LXRPD
RFB 1250 55172(4)  6.7656(5)  9.3264(8)  94.404(5) 86.778(9) 0.11(4) 1881(134) LXRPD
RF 1350 55136(3)  6.77003)  9.3433(6)  94.402(4) 86.933(8) 0.13(1) 1538(92) LXRPD
1200 551911(8)  6.76629(8)  9.3326(2)  94.534(1) 86.856(1) 0.38(1) 1518(24)  SXRPD (ID22)
. 1250 55131(8)  6.7713(8)  9.334(2)  94.282(9)  86.868(.013)  0.12(1) 3842(244) LXRPD+Si
1300 55152(5)  6.7745(5)  9.339(1)  94.354(6) 86.980(9) 0.11(1) 2456(150) LXRPD+Si
1350 55174(4)  6.7718(4)  9.3389(9)  94.503(5) 86.968(7) 0.15(9) 1662(134) LXRPD+Si
1200 5.51483(2)  6.76035(2) 9.32105(4) 94.5522(2)  86.603(1) 1.36(2) 1017(5)  SXRPD (ID22)
BC 1250 5.51389(9)  6.75822(9)  9.3175(3)  94.570(2) 86.526(8) 1.04(8) 1421(35) LXRPD+Si
1300 551516(9)  6.75996(9)  9.3195(2)  94.572(1) 86.586(6) 1.02(6) 658(26) LXRPD+Si
1350 5.51479(9)  6.75971(9)  9.3191(2)  94.572(1)  86.574(.012)  1.30(9) 712(26) LXRPD+Si
Referee 1300 [169] 5.502(1) 6.745(1) 9.297(1) 94.59(2) 85.975(1) - - SCXRD
6BWO  1170-1350 [21]  5.50899(3)  6.75733(3) 9.31427(6) 94.5067(4)  86.4155(5)  1.21(.14) 176721)  SXRPD (ID22)

Table 10.3 — Crystallographic parameters of larnite in synthetic laboratory prepared samples, also comparing results coming from larnite in natural CP rocks (6BWO) and pure
synthetic larnite; -, not available data; e.s.d. is reported in rounded brackets.

o o 3 Crystallite ustrain
Sample T (°C) a(A) b(A) c(A) B V/Z (A3) Size (um) ( Ad /) 106) Instr. Set-Up
a 1200 9.299(3) 7.0806(5) 12.257(5)  116.119(8)  120.764(7) n.e. n.e. LXRPD
rF @ 1250 9.297(4) 7.0821(8) 12.265(7)  116.038(9) 120.93(2) 1.16(.20) 804(91) LXRPD
D 1250 9.288(6) 7.081(2) 12.25(1) 116.00(2) 120.79(2) 0.26(1) 761(229) LXRPD
1350 9.288(9) 7.090(1) 12.26(2) 115.98(3) 120.93(3) n.e. n.e. LXRPD
1250 9.295(5) 7.079(1) 12.26(1) 116.05(2) 120.79(1) 0.35(3) 961(122) LXRPD+Si
RM 1300 9.305(4) 7.080(8) 12.26(1) 116.13(1) 120.88(1) 0.27(1) 885(234) LXRPD+Si
1350 9.309(.017) 7.084(2) 12.26(3) 116.13(5) 120.95(5) n.e. n.e. LXRPD+Si
Referee 1300 [157] 9.295(4) 7.079(3) 12.221(5)  116.08(1) 120.386(5) - - XRPD

Table 10.4 — Crystallographic parameters of hatrurite in synthetic laboratory prepared samples; -, not available data; n.e., not estimated; e.s.d. is reported in rounded brackets.
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Crystallographic investigation on larnite occurring in BC, RM and RF XRD patterns highlighted
similar cell volume (V/Z), but different from pure synthetic larnite (Table 10.3): (i) RF and RM
samples showed a slight increasing trend with the temperature rise; whereas, (i) BC displayed almost
constant values over the studied temperature window.

Crystallite size and microstrain parameters of larnite were evaluated using Rietveld method
with GSAS-ii, and were simultaneous refined only for SXRPD patterns. Moreover, crystallite size for
RFa,b samples were empirically estimated during the refinement because the automatic refinement
always gave too low values: microstrain was fixed to 1000 and not refined, whereas crystallite size
was gradually step-by-step reduced starting from 1 um, till no improvement in the fitting was
observed. Three main trends were observed with the temperature rise (Table 10.3): (i) RF displayed a
slight reduction and increase in crystallite size and microstrain, respectively; (ii) RM depicted a
similar trend of RF, showing lowest crystallite size and highest microstrain at 1250 °C, strictly
related to the crystallisation of hatrurite and flamite (Table 10.3,4); (iii) BC pointed out similar
crystallite size and microstrain over the entire temperature range, excepted for a slight microstrain
increase at 1250 °C.

Haturite occurred in RM only at T > 1250 °C and at different temperature and with variable
content in RF samples above 1200 °C (Table 10.2). Crystallographic investigation on hatrurite
revealed an upward cell volume trend with the temperature rise was, excepted for RFG which
showed higher value out from the trend, close to 1350 °C ones (Table 10.4, Fig. 10.13). However, all
hatrurite-bearing samples revealed higher cell volume compared to OPC one [164]. Crystallite size
and microstrain parameters were not estimated (labelled as n.e. in Table 10.4) for samples with low
hatrurite content: hatrurite has most intense Bragg peaks overlapped with larnite ones, and peaks out
of overlapping are only at 3.04 A (~ 29.375° 20 with Cu-Ka) and at 1.769 A (~ 51.620° 20 with Cu-
Ka), not allowing a suitable evaluation for microstrain and crystallite size. However, microstrain
values remained almost constant for all studied samples; whereas, crystallite size displayed similar
values among RM and RF, excepted for RFG sample that has the highest value probably related to
the coarser grain size (Fig. 10.11).

Ternesite should be considered as solid solution with pure ternesite and silicocarnotite as end
members; it occurred in RM samples from 1100 to 1300 °C showing a cell volume close to pure
ternesite with no changes over the temperature window (Fig. 10.14).

Apatite represents a constituent of RM raw meals and occurred in all ex-sifu experiments. A
steep cell volume rise took place from 700 to 900 °C, moving from values close to pure fluorapatite
to fluorellestadite ones. Cell volume slightly reduced from 900 °C to 1350 °C, probably related to the
lesser stability at HT of fluorellestadite [319], which start decomposing at T > 1220 °C [319].
Microstrain and crystallite size were evaluated only from 1100 °C: microstrain increased especially
at T > 1300 °C; whereas, crystallite size showed constant values, with high e.s.d. only at 1350 °C not
allowing a correct estimation (Fig. 10.15).
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Fig. 10.13 — Hatrurite cell volume changes for ex-situ experiments of RM heated as fragments (RFa purple star, RFG
light green star, RFD dark green star and RF at 1350 °C with blue star) and pellets (green square); M;-C3S of De
Noirfontaine [164] was used as referee value for hatrurite.
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Fig. 10.14 — Ternesite cell volume changes for ex-situ experiments of RM heated as pellets (green squares); pure ternesite
[344] and silicocarnotite [329] cell volume values were reported to show the possible cell volume variation range.
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Fig. 10.15 — Fluorapatite s.s. crystallographic parameters are reported for RM ex-situ experiments, highlighting changes
on cell volume, microstrain and crystallite size at different heating temperatures; fluorellestadite [345] and fluorapatite
[346] cell volume values were used to display the cell volume range of the complete solid solution.
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Microtextural investigation performed by means of RLM and SEM on BC samples heated at different

temperatures (1200, 1250, 1300 and 1350 °C) revealed several important changes:

(1)

(i)

(iif)

from 1200 to 1250 °C no microtextural changes in BC samples occurred which is
composed of rounded to polygonal larnite, brownmillerite and sporadic anhedral
ye’elimite crystals (Fig. 10.16,17). Only a slight increase of crystal size occurred for
brownmillerite at 1250 °C, especially inside dense aggregates reaching ~ 10 um and
subhedral prismatic shape (Fig. 10.17a,c). The general lack of ye’elimite, especially for
BC heated at 1200 °C, despite its occurrence was confirmed by LXRPD, could be
explained by its very low crystal size, high porosity and lower hardness (3.5 Moh’s)
compared to brownmillerite (5.5 Moh’s) and larnite (6 Moh’s) [7,8].

a clear decrease in porosity and increase of crystal size occurred for all phases at 1300 °C
(Fig. 10.18,19), especially for brownmillerite showing euhedral prismatic shape (8-18
um) (Fig. 10.18b,c). Brownmillerite-rich dense aggregates (30-150 um) still occurred
with euhedral prismatic coarser crystals (< 15 um) compared to ones in matrix (Fig.
10.18a,b,c). Furthermore, bigger brownmillerite-rich aggregates revealed lighter crystals
at the core compared to ones on the rims, suggesting a Fe-enrichment in the aggregate
centre (Fig. 10.18b).

intense changes occurred at 1350 °C due to partial melting. Sample is made of (a) melt-
richer portions with coarse prismatic brownmillerite (< 60 um) with sometimes small
larnite inclusions and enveloping rounded fractured larnite crystals (10-30 um) with
frequent undulated rims (Fig. 10.20a,d); whereas, (b) melt-poorer parts are made of
rounded fractured crystals always enveloped by brownmillerite with predominant
xenomorphic crystal shape (Fig. 10.20a,b,c,21a). Ye’elimite often occurred as
pseudocubic crystals (~ 10 pm) (Fig. 10.20,21) with rare small larnite inclusions only in
melt-richer portions (Fig. 10.20a,d). Furthermore, syngenite (K,Ca(SO4).H>0O) occurred
as interstitial phase in melt-poorer portion with anhedral shape, strong fractured and lined,
due to its low hardness (2.5 Moh’s) (Fig. 10.20c); whereas, it occurred with xenomorphic
texture in melt-rich portions with numberless micrometric larnite inclusions often
occurring close to anhedral ye’elimite crystals (Fig. 10.20d). Nital etching on polished
sections was performed for RLM investigation showing the turning of larnite to orange
brown colours and leaving unchanged ye’elimite and brownmillerite (Fig. A.10b,c).

More images of BC samples at RLM and SEM investigation are reported and described in the
Appendix (1200 °C, Fig. A.7; 1250 °C, Fig. A.8; 1300 °C, Fig. A.9; 1350 °C, Fig. A.10).
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Fig. 10.16 — Microtextural features od BC sample heated at 1200 °C at laboratory scale: (a) RLM image highlighting
the low crystal size and the occurrence of brownmillerite enrichment as dense aggregates; (b) BSE image at low
magnification revealing the high porosity of the sample, with the occurrence of medium grey clusters ~ 150 um (larnite-
rich portions) and white ones of 75-85 pm (brownmillerite-rich regions); (c,d) BSE images at high magnification
showing the extremely low crystal size of larnite (grey rounded crystals ~ 1-4 um) and anhedral brownmillerite (white
crystals ~ 1-10 um), whereas no ye’elimite and mayenite were found despite were detected at LXRPD.
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Fig. 10.17 — BSE images of BC sample heated at 1250 °C at laboratory scale: (a,b) microtexture at low magnification
showing high porosity, low crystal size and a mineral assemblage composed of larnite (grey rounded to polygonal shape
crystals), brownmillerite (white prismatic to rounded shape crystals) and ye’elimite (dark grey rounded shape crystals)
with sparce dense aggregates (40-100 um) of subhedral coarser brownmillerite (10-15 pm); (c) detail of a dense
brownmillerite aggregate revealing the coarser and subhedral crystal shape compared to ones occurring among larnite
crystals; (d) micrometric crystal size of larnite with polygonal to rounded shape, associated with dark grey crystals of
ye’elimite often occurring within larnite crystals triple junctions.
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wr oz 8

Fig. 10.18 — BSE images of BC sample heated at 1300 °C at laboratory scale: (a) microtexture overview at low
magnification showing white brownmillerite-rich rounded clusters (30-150 pm), grey low crystal size matrix with high
porosity mainly made of larnite crystals; (b) enlargement of the central part of the previous image, revealing sparce
white euhedral prismatic brownmillerite, dark grey anhedral ye’elimite and polygonal to rounded larnite, with
brownmillerite-rich nodules with coarser crystals (10-15 pm); (c,d) microtexture details better revealing shape and

distribution of all occurring crystal phases.
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Fig. 10.19 — (a) BSE image of BC sample heated at 1300 °C at laboratory scale, highlighting white euhedral coarser prismatic brownmillerite, grey rounded to polygonal

micrometric larnite, dark grey anhedral ye’elimite often occurring inside denser larnite-rich portions and black voids; (b) element map of previous BSE image with RGB scale
(Red = Fe, Green = Al, Blue = S) showing brownmillerite and ye’elimite as red-orange and cyano green portions, respectively, moreover, blue pixels should represent S-rich
phases but they often point on pores.
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Fig. 10.20 — BSE images of BC sample heated at 1350 °C at laboratory scale showing microtextural features: (a) low
magnification image highlighting white melt-richer portion close to bottom part of heated pellet and melt-poorer regions
with higher porosity; (b) detail of melt-poorer portion displaying grey rounded fractured larnite (< 30 um), white
xenomorphic brownmillerite enveloping all other phases, dark euhedral ye’elimite (< 10 pm); (c) dark grey fractured
anhedral syngenite crystals inside melt-poorer portion associated with rounded larnite with often undulated rims
enveloped in brownmillerite matrix; (d) detail of melt-richer portion with grey fractured larnite, white coarse prismatic
brownmillerite, dark anhedral ye’elimite and dark grey syngenite rich in larnite inclusions often close to ye’elimite
crystals.
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Fig. 10.21 — (a) BSE image of BC sample heated at 1350 °C of a melt-poorer portion made of white xenomorphic brownmillerite, grey fractured rounded larnite, dark
pseudocubic shaped ye’elimite and sporadic dark grey fractured anhedral syngenite; (b) element map in RGB (Red = Fe, Green = Al, Blue = S) of the previous BSE image, better
showing brownmillerite, ye’elimite and syngenite as red orange, cyan and blue, respectively, furthermore, larnite is represented by rounded black portions which often revealed

brownmillerite orange inclusions.
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Only RM fragments heated at 1200 °C, such as RFa and RFb, were studied for microtextural
investigation, showing two distinct microtextures:

(1)

(i)

RFa revealed a fine grain size microtexture composed of rounded fluorapatite pellets
(30-50 pm) and brownmillerite dense nodules (15-25 um) enveloped in a matrix of
xenomorphic larnite with sparce micrometric brownmillerite and high porosity (Fig.
10.22a). Furthermore, fluorapatite pellets have numberless micrometric brownmillerite
inclusions and voids (Fig. 10.22d); whereas, brownmillerite-rich aggregates displayed
coarser crystals (3-5 um) compared to ones in the fine matrix (Fig. 10.22a,b). Part of the
porosity seems to be related to the detachment of phosphatic nodules during polishing
procedure, due to the similar rounded shape and size (Fig. 10.22¢). RLM investigation
on polished sections was only able to reveal brownmillerite aggregates due to the global
ultra-fine texture (Fig. A.lb,c); however, Nital etching was useful to confirm the
occurrence of small hatrurite crystals due to its distinctive bluish to orange colours (Fig.
A.1d, Table 10.2);

RFb is composed of rounded fractured lime (10-15 pm), representing coarser crystals,
enveloped in a matrix of mainly xenomorphic ternesite, euhedral prismatic
brownmillerite (< 10 um) and anhedral larnite, ye’elimite and anhydrite (Fig. 10.23a,b).
Brownmillerite occurred in the matrix as both sparce crystals and dense aggregates (20-
40 um) with coarser crystals, as found in RFa (Fig. 10.23b). Larnite and anhydrite
always occurred inside ternesite with anhedral shapes and undulated to interdigitated
rims, suggesting its formation from the high temperature decomposition of ternesite
(Fig. 10.23b,c). RFb showed a lesser porosity and a lack phosphatic nodules compared
to RFa. RLM investigation pointed out similar features observed during SEM analysis as
the occurrence of ternesite-rich matrix with anhedral larnite and sparce prismatic
brownmillerite, also occurring as dense aggregates (Fig. A.2b,c,d).

All RM pellets heated from 1200 to 1350 °C were studied for textural analysis showing relevant

changes at each 50 °C increase:

(1)

RM at 1200 °C showed a microtexture similar to RFb sample, excepted for lower
porosity, lesser occurrence of brownmillerite-rich aggregates and higher larnite content.
Microtexture is made of rounded high fractured lime crystals (< 15 pm) enveloped in a
matrix of mainly xenomorphic ternesite, anhedral larnite, rounded to subhedral
ye’elimite and mayenite (5 um), and euhedral prismatic brownmillerite (< 10 pm) (Fig.
10.24a,b,c). Larnite always showed undulated to interdigitated rims in contact with
ternesite matrix (Fig. 10.24b,c). Despite fluorapatite represents a constituent mineral
(Fig. 10.3,4), no clear crystals were identified only using BSE images, suggesting that
should have xenomorphic shape, low crystal size and similar grey scale colour of
ternesite as confirmed by element map analysis (Fig. 10.25): fluorapatite s.s. showed
similar grey scale colour of ternesite and was identified by the enrichment in all analysed
elements, such as P, S and F (Fig. 10.25b). Furthermore, portions only rich in F and
others in S represent mayenite and ye’elimite crystals, respectively; whereas larnite
showed a slight enrichment only in P (Fig. 10.25b).
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(i)

(iif)

(iv)

RM heated at 1250 °C showed intense changes in both microtexture and mineral
assemblage, as revealed by XRD analysis (Fig. 10.3,4): peciloblastic rhombic hatrurite
(100-250 pm) and rounded to subhedral fractured lime (10-25 um) in a matrix made of
mainly xenomorphic larnite, prismatic brownmillerite (< 10 pm), micrometric subhedral
ye’elimite and mayenite, and residual anhedral fluorapatite and ternesite (Fig. 10.26c,d).
Peciloblastic hatrurite has numberless inclusions of all occurring crystal phases and rims
are strait and undulated in contact with ternesite and larnite, respectively (Fig. 10.27a).
An increase of larnite and a reduction in ternesite and porosity occurred comparing
results with RM heated at 1200 °C (Fig. 10.3,4,24c,26¢c). The identification of ternesite
vs fluorapatite s.s. and mayenite vs ye’elimite were clarified by element map analysis
(Fig. 10.27), confirming that these minerals pairs have similar grey colours in BSE
images: mayenite was corresponding to elemental map portions only rich in F, while,
portions only enriched in S were related ye’elimite; P-S-F rich areas were related to
fluorapatite s.s., whereas, P-S for ternesite (Fig. 10.27b). Furthermore, P-F and P were
found in hatrurite and larnite crystals, respectively (Fig. 10.27b). RLM showed same
textural features of SEM analysis thanks to higher crystal size and the lower porosity
compared to lower temperature heated samples (Fig. 10.26a,A.3,A.4). Nital etching on
polished sections observed with RLM clearly revealed hatrurite, which turned to light
blue and orange colours, larnite, which changed to brown colour, and other phases
(ternesite, fluorapatite, mayenite and ye’elimite) that remained unchanged (Fig. 10.26b);
RM heated at 1300 °C showed microtextural features close to OPC ones [304]: rounded
coarse hatrurite (100-200 pm), rounded fractured larnite (10-30 um) and subhedral lime
(10-15 pm) enveloped in a matrix of xenomorphic brownmillerite, minor fluorapatite,
ternesite, mayenite and rare ye’elimite (Fig. 10.28,29). Brownmillerite dramatically
changed its shape suggesting a partial melting (Fig. 10.28a,b). Coarse hatrurite crystals
revealed less larnite inclusions but bigger and more rounded compared to sample heated
at 1250 °C (Fig. 10.28c). Rounded larnite crystals often displayed an internal complex
structure of mainly ternesite and lesser brownmillerite inclusions (Fig. 10.28d). Element
map analysis highlighted fluorapatite-rich portions (P-F-S rich regions), often occurring
outside larnite or hatrurite clusters, anhedral mayenite (F-rich portions) and ye’elimite
(S-rich areas) (Fig. 10.29). Furthermore, hatrurite showed enrichment in P and F;
whereas, larnite is only P-rich (Fig. 10.29b);

RM heated at 1350 °C revealed similar microtexture to sample heated at 1300 °C, with
changes in hatrurite crystal shape and inclusion, and abundances of occurring crystal
phases (Fig. 10.3,4). Hatrurite crystals showed more rounded shape and smaller size,
with less inclusions with bigger anhedral larnite and sparce mayenite-brownmillerite
exsolution (Fig. 10.30a,b). Mayenite-brownmillerite exsolution inside hatrurite crystals
typical showed skeletal intergrowth suggesting a partial melting. Lime has more
euhedral pseudocubic shape fully internal fractured. Rounded larnite (15-40 pm) still
revealed the internal complex texture with fluorapatite and minor brownmillerite (Fig.
10.30d). RLM images are reported in the Appendix showing larnite and hatrurite with
similar features at parallel nicols (Fig. A.6b), but different at crossed ones (Fig. A.6c),
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due to brownish colours of hatrurite. Mayenite, ye’elimite and brownmillerite could be
identified with RLM: the two formers have darker colour compared to larnite and
fluorapatite at parallel nicols, whereas the latter has the lightest colours in the samples
and dark colour with no internal reflection at crossed nicols (Fig. A.6b,c). Nital etching
was helpful to distinguish hatrurite and larnite at RLM, also in revealing fluorapatite
crystals (Fig. A.6d).

More images of RM heated pellets observed at RLM and SEM investigation are reported and

described in the Appendix (1200 °C, Al; 1250 °C, A2; 1300 °C, A3; 1350 °C, A4).
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Fig. 10.22 — BSE images acquired at SEM for RM rock fragment heated at 1200 °C (RFa sample) highlighting its
microtexture at different magnification scale: (a) high porosity sample with numerous rounded shape voids, pellets
made of fluorapatite s.s, general low crystal size with homogenous grey colour (larnite crystals) and white spots or
aggregates (brownmillerite crystals);(b) high magnification of a dense aggregate of micrometric rounded to polygonal
brownmillerite crystals; (c) low crystal size microtexture with medium grey anhedral larnite and micrometric white
rounded crystals of brownmillerite; (d) detail of fluorapatite nodule with numerous brownmillerite (white anhedral
crystals) inclusions and rounded to elongated pores.
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Fig. 10.23 — BSE images acquired at SEM for RM rock fragment heated at 1200 °C (RFb sample) highlighting
microstructural details at different observation scale: (a) overview at low magnification showing rounded fractured lime
aggregates (inhomogeneous dark grey colour), a matrix of ternesite and larnite (grey to light grey colours), euhedral
prismatic to acicular brownmillerite (white), anhedral ye’elimite (dark grey), xenomorphic anhydrite (dark grey lighter
than ye’elimite) and black pores; (b,c) details at higher magnification revealing the abundance of anhedral ternesite
(grey colour) with light grey anhedral crystals of larnite, acicular to prismatic white brownmillerite, anhedral dark grey
and darker anhydrite and ye’elimite, respectively; (d) detail of the ternesite-larnite association, exhibiting anhedral
larnite crystals with undulated and indented borders, suggesting the gradual decomposition of ternesite forming larnite
and residual anhydrite.
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Fig. 10.24 — BSE images acquired at SEM for RM pellets heated at 1200 °C highlighting microstructural details: (a)
overview at low magnification showing revealing coarse rounded fractured lime (grey), prismatic brownmillerite
(white) and ternesite-fluorapatite-rich matrix (medium grey) with anhedral larnite (light grey), mayenite (dark grey) and
ye’elimite (darker grey); (b) details of the ternesite-fluorapatite-rich matrix with micrometric larnite with undulated to
interdigitated rims and white brownmillerite crystals; (c) anhedral larnite crystals enrichment enveloped in xenomorphic
ternesite (medium grey) with sparce euhedral brownmillerite and anhedral ye’elimite and/or mayenite; (d) coloured
segmentation of previous image, using red for brownmillerite, green for larnite, light orange for ternesite and
fluorapatite, and purple for ye’elimite and mayenite.

215



10.1 — Results 216

_ T A ; 20 um
Fig. 10.25 — (a) BSE images acquired at SEM for RM pellet heated at 1200 °C highlighting microtextural features marked by the occurrence of rounded fully fractured lime
crystals (dark grey), euhedral prismatic brownmillerite (white), anhedral larnite with undulated rims (light grey), anhedral ye’elimite and mayenite (dark grey) all enveloped in a
ternesite-fluorapatite xenomorphic matrix; (b) element map analysis of previous BSE image with RGB scale (Red = S; Green = P; Blue = F) clearly revealing light pink portions
made of fluorapatite-ellestadite s.s., abundant orange yellowish regions of ternesite-silicocarnotite s.s, only red parts represent ye’elimite, whereas, blue areas are related to
mayenite; moreover, all larnite crystals showed a slight enrichment in phosphorus due to greenish shade.
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Fig. 10.26 — BSE images acquired at SEM and RLM ones for RM pellet heated at 1250 °C highlighting microstructural
details: (a) RLM image at low magnification coarse rhombic pecilitic hatrurite crystals (100-150 pum) (dull grey),
rounded lime crystals (dark grey), sparce white brownmillerite and a grey matrix made of larnite, ternesite and
fluorapatite that are not distinguished at this observation scale; (b) polished section half Nital etched (left part) observed
at RLM revealing abundance and euhedral shape of hatrurite crystals turning from dull grey to light blue and orange
colours, whereas larnite-rich matrix turned to brown colour; (c) BSE image highlighting matrix microtexture made of
mainly anhedral larnite (grey), xenomorphic ternesite and fluorapatite s.s. (darker grey than larnite), rounded fractured
lime (dark grey, < 10 pm), prismatic brownmillerite (white, < 6 um), subhedral ye’elimite and mayenite (dark grey, 1-3
pm); (d) BSE image displaying peciloblastic euhedral hatrurite crystals with larnite crystals cluster extending inside
with undulated rims locally rich in brownmillerite and ye’elimite.
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Fig. 10.27 — (a) BSE image of RM pellet heated at 1250 °C highlighting hatrurite crystal side on the top (light grey) with straight and undulated rims in contact with ternesite-
fluorapatite (dark grey) and anhedral larnite (medium grey), respectively; moreover, rounded fully fractured lime (dark grey, ~ 10 um), subhedral ye’elimite and mayenite (darker

grey, 1-5 pm), prismatic brownmillerite (white, < 10 um) and xenomorphic larnite (medium grey) associated with ternesite and fluorapatite s.s. (darker than larnite); (b) element
map analysis on the same sample portion reported in previous BSE image reported in RGB scale (Red = S, Green = P, Blue = F), distinguishing fluorapatite s.s. in pink, ternesite
s.s. in yellow orange, mayenite in blue and ye’elimite in red; furthermore, hatrurite crystal showed a slight enrichment in P and F, whereas larnite crystals only in P as revealed by
the greenish shade.
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Fig. 10.28 — BSE images acquired at SEM and RLM ones for RM pellet heated at 1300 °C highlighting microstructural
details: (a) low magnification image reporting coarse rhombic pecilitic hatrurite crystals (100-150 um) (dull grey),
xenomorphic white brownmillerite and rounded larnite (grey); (b) subhedral hatrurite with undulated rims and
inclusions, subhedral fractured lime crystals (10 pm), sparce subhedral to rounded ye’elimite and mayenite, rounded
larnite crystals (medium grey) enveloped in matrix of white xenomorphic brownmillerite and fluorapatite-ternesite s.s.;
(c) details of pseudohexagonal peciloblastic hatrurite crystal with inclusions of all other phases; (d) microtexture details
of rounded larnite crystals revealing the occurrence of ternesite and fluorapatite as inclusions.
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Fig. 10.29 — (a) BSE image of RM pellet heated at 1300 °C highlighting subhedral hatrurite crystals with undulated rims (light grey), subhedral lime (dark grey), anhedral
ye’elimite and mayenite (darker grey), rounded larnite (medium grey) and a matrix of xenomorphic brownmillerite (white), fluorapatite and ternesite s.s. (darker than larnite); (b)
element map analysis of previous BSE investigated portion in RGB scale (Red = S, Green = P, Blue = F) distinguishing fluorapatite s.s. (pink), ternesite s.s. (yellow orange),
mayenite (blue), ye’elimite (red) and slight enrichment of P+F (bluish-green shade) and P (greenish shade) of hatrurite and larnite, respectively.
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Fig. 10.30 — BSE images acquired at SEM of RM pellet heated at 1350 °C showing microtextural details: (a,b) coarse
subhedral hatrurite with several large inclusions, rounded larnite (medium grey, 10-35 um), subhedral lime (dark grey,
10-20 pm) and matrix of xenomorphic brownmillerite (white), fluorapatite s.s. (darker grey than larnite), mayenite and
ye’elimite (dark grey colour); (¢) micrometric rounded inclusion inside hatrurite of mayenite-brownmillerite exsolution
with skeletal intergrowth suggesting partial melting during heating at high temperature; (d) segmentation of previous (b)
BSE image using orange for hatrurite, green for larnite, red for brownmillerite, blue fluorapatite s.s. and purple for
remaining mayenite, ye’elimite and rounded lime crystals due to similar grey scale tone.
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Fig. 10.31 — (a) BSE image of RM pellet heated at 1350 °C highlighting rounded hatrurite crystals (light grey) with pronounced lobed rims in contact with larnite, subhedral
fractured lime (dark grey) and rounded slight porous larnite (medium grey) enveloped by a matrix of xenomorphic brownmillerite (white), fluorapatite s.s. (darker than larnite),
mayenite and rare ye’elimite (dark grey); (b) element map analysis of previous BSE investigated portion in RGB scale (Red = S, Green = P, Blue = F) useful to distinguishing
minerals in xenomorphic matrix, such as fluorapatite s.s. (pink), mayenite (blue), rare ye’elimite (red); furthermore, a slight P-S-enrichment (greenish-yellowish shade) in

rounded larnite crystals occurred.
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Punctual chemical investigation was performed on larnite, hatrurite, brownmillerite, ye’elimite and

some mayenite crystals. Fluorapatite and ternesite crystals were tried to be investigated but mixed

analysed were obtained due to their complex xenomorphic microtexture and low crystal size.

Chemical investigation on larnite occurring in all samples pointed out three main features
(Table 10.5):

(1)

(ii)

(iif)

RM pellets heated at different temperatures showed a mostly constant average chemical
composition of larnite with P>* and AI** as main ionic substituent of 'VSi** and Fe** as
minor one; whereas, Na* and low amount of Mg?", Fe?* and K’ represent ionic
substituents of Ca**. Any trend was identified observing EMPA results, due to narrow
chemical composition variation among all analysis. All samples revealed low amount of
iron that should be both occur as Fe** and Fe?", because if only Fe*" is considered, a
slight excess of tetrahedral site happens. Furthermore, Fe®" could not well fit calcium
sites due to its lesser size, therefore Fe* should fit better in calcium site: Y""Fe**-O bond
is ~2.18 A and V'Fe**-O is ~ 2.32 A [291], whereas, the average Ca-O bond distance is
2.50 A for both calcium sites [169];

only RM fragments heated at 1200 °C (RFa and RFb) were investigated for punctual
chemical investigation and larnite crystals showed a chemical composition close to
stoichiometry compared to RM heated pellet one: RFa revealed purest larnite crystals
with only slight VAI** and VP** jonic substitution on 'VSi*"; whereas, RFb highlighted
higher amount of 'VAI**, VP5* and 'VS®* associated with low-amount of Ca®" vacancies;
larnite in BC pellets heated at different temperatures figured out only an increasing trend
of VAI*" and VS®, which are substituting IVSi*", with the temperature rise, especially
from 1300 to 1350 °C (Table 10.5). Furthermore, negligible amount of K*, Na*, Mg**
and Fe?" occurred, which are substituting Ca*".

Brownmillerite crystals were analysed in BC and RM pellets heated at different temperatures,

excepted for BC at 1200 °C, whereas, no analysis was performed on RFa and RFb samples, due

to low crystal size (Table 10.6). Results figured out two main features:

(1)

(i)

brownmillerite crystal in RM samples showed an almost constant Al*" and Fe®',
excepted for a slight decreasing trend of the latter with the increase in temperature,
whereas Mg?" associated with Si*' strongly increase with the temperature rise. Calcium
site was always fully covered by only Ca?" and no other possible substituent was found;
brownmillerite in BC and RM revealed same trends: "'Mg?* + VSi*+ - VIFe3+ +
VFe3* took place with temperature increase; Al-content mainly rose from 1250 to 1300
°C, and later slightly decreased. Calcium site was fully filled by Ca®*". Some
brownmillerite dense aggregates showed coarser crystals with lighter colour at BSE
investigation, pointing out higher and lower Fe,O3 and Al,O; contents, respectively.

Punctual chemical investigation on hatrurite crystals were performed only RM pellets heated at

1250, 1300 and 1350 °C. As previously described, hatrurite always occurred as coarse euhedral

to subhedral peciloblastic crystals with inclusions of all other phases (Fig. 10.26d,28¢,30a,b).

Results showed a constant chemical composition for each sample, only highlighting a slight
increase and reduction of SiO; and P»Os, respectively, from 1250 to 1300 °C. Fluorine occurred

in all samples as ionic substituent of oxygen by the reaction VAI3* + F~1 - Vsi** + 072,
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hence a normalisation to the sum of theorical cations or anions is needed to calculate the general
formula. In Table 10.7 are reported two different general formulas: (i) type 4 was obtained by
normalising to 5 anions (sum of O and F) and considering Fe?" when tetrahedral site was
fulfilled and only being hosted in Ca-site; whereas, Fe** and AI’" are only found in tetrahedral
site; (ii) type B was calculated by normalising to 4 cations, considering only Fe*" and Ca-site
could host AI*" and Fe** but preferentially the latter; moreover, type B considered the ionic
substitution 2"VAI3*T + Vac.7? » 2"Si** + 072 creating oxygen vacancies. Both types of
general formula pointed out: (i) a slight increase in positive charge for Ca-site, due to a slight
excess of divalent cations, mainly Fe*" for type 4 and Fe** for type B; (ii) a decrease of positive
charge on tetrahedron site due to high AI’* content, which led the occurrence of oxygen
vacancies for type B.

Ye’elimite crystals available for punctual chemical investigation were found only in BC
samples heated at 1300 and 1350 °C, while crystals in other samples gave mixed analysis
useless for chemical composition study (Table 10.8). Mg®*, K" and Na" slightly substituted
Ca"; however, monovalent cations (K™ and Na*) are charge balanced by Si*" substituting Al*",
Iron was fully considered as Fe*", representing an important substituent of AI**. Fe** and Mg?*
content slightly increased with the temperature rise.

Punctual chemical investigation on mayenite was performed only on RM pellet heated at
1250 °C because tries on other samples, both RM and BC ones, gave mixed chemical analysis
especially with larnite and ye’elimite. Results highlighted that Mg?" and Fe*" are the main
substituent of Ca®>" and AI*', respectively, whereas the substitution Nat + Si** - Ca?* +
Al3*slightly occurred (Table 10.9). Moreover, mayenite in RM sample should be considered
closer to fluormayenite end member due to its fluorine-rich content.

224



225

10.1 — Results

Samples RM RFa RFb BC
02::[: 1200 °C 1250 °C 1300 °C 1350 °C 1200 °C 1200 °C* 1200 °C* 1250 °C 1300 °C 1350 °C
wt.%) (n=11)° (n =9)° (n=135)° (n=11)° (n=135)° (n=4)° (n=4)° (n=15)° (n=9)° (n =25)°
F b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.
Na,O 0.41(.11) 0.47(.13) 0.38(6) 0.32(8) 0.16(7) b.d. b.d. 0.10(8) 0.05(2) 0.17(9)
P,0s 4.54(.19) 4.54(.54) 4.54(.22) 4.30(.35) 1.40(.91) 2.96(.61) b.d. 0.12(3) 0.14(7) 0.57(7)
Fe:03 1.34(.39) 1.11(.32) 1.25(23) 1.19(.26) 0.23(.13) 0.29(.33) b.d. 0.30(9) 0.30(9) 0.63(7)
K:O 0.06(3) 0.12(4) 0.12(2) 0.09(8) 0.02(2) b.d. b.d. 0.39(.41) 0.11(7) 0.13(5)
MgO 0.09(6) 0.17(.15) 0.21(.11) 0.16(.11) 0.02(2) b.d. b.d. 0.01(2) 0.04(2) 0.17(4)
SO; 1.79(6) 1.35(9) 1.71(.11) 1.71(.44) 0.04(3) 1.43(1.14) 0.45(.35) 1.10(1.05) 0.58(.16) 1.00(.23)
CaO 61.27(.35)  62.33(.42)  63.68(.45) 62.16(1.77) | 63.76(.45) | 63.67(0.91) [ 65.02(.95) 64.95(1.06) 63.78(.37) 63.08(.30)
ALO; 3.00(.28) 3.17(.26) 3.27(.29) 3.43(.20) 0.69(.55) 1.59(0.80) 0.59(.39) 0.75(.14) 0.79(.22) 1.44(.43)
Cl 0.01(7) b.d. b.d. b.d. 0.01(1) b.d. b.d. b.d. b.d. b.d.
TiO; 0.24(2) b.d. 0.24(5) 0.23(4) 0.07(3) b.d. b.d. b.d. 0.09(3) 0.17(4)
SiO» 24.41(43)  24.50(94) 24.45(90) 24.51(.69) | 32.86(1.77) | 30.18(2.94) | 33.95(.58) 33.50(.63)  33.27(47) 31.33(.49)
Cr:03 0.08(4) b.d. 0.11(1) 0.08(4) 0.09(7) b.d. b.d. b.d. 0.02(2) 0.01(1)
Total 97.24(.55) 97.84(.50) 99.96(.44) 98.18(1.49) | 99.44(.58) 101.12(3) | 100.01(.25) 101.22(.17) 99.17(.17) 98.70(.55)
X2YOq — Larnite (CazSi0y)*
Ca* | 1.939(.016) 1.963(.011) 1.963(8) 1.947(.039) 1.967(9) 1.982(.038) | 1.990(.030) 1.971(.037) 1.974(8) 1.983(.019)
Mg?* [ 0.004(3) 0.007(6) 0.009(5) 0.007(5) 0.001(7) - - 0.001(4) 0.002(1) 0.007(2)
X Na' 0.023(6) 0.027(7) 0.021(3) 0.018(5) 0.009(4) - - 0.006(2) 0.003(5) 0.005(2)
K* 0.002(1) 0.004(2) 0.004(8) 0.003(3) 0.001(1) - - 0.014(5) 0.004(2) 0.005(2)
Fe?* 0.011(9) - - 0.011(9) 0.005(3) - - 0.004(2) 0.006(2) 0.008(5)
Si*t | 0.721(.016)  0.720(.027)  0.703(.030) 0.716(.019) | 0.946(.049) [ 0.863(.085) | 0.970(.021)  0.949(.05)  0.961(.010) 0.919(.01)
Pt 0.113(4) 0.113(.013) 0.111(5) 0.106(8) | 0.034(.019) | 0.054(.037) - 0.003(1) 0.004(2) 0.004(2)
AP 0.104(9) 0.110(9) 0.111(.010)  0.118(7) | 0.027(.018) | 0.040(.041) 0.020(4) 0.025(5) 0.027(7) 0.050(2)
Y Fe* 0.013(3) 0.025(7) 0.027(5) 0.016(9) - - - 0.002(3) 0.001(2) 0.005(5)
S¢ [ 0.039(.016) 0.030(2) 0.037(8) 0.038(9) 0.001(1) 0.031(3) 0.010(3) 0.023(.02) 0.013(4) 0.022(5)
Ti** 0.005(1) - 0.005(1) 0.003(3) 0.001(1) - - - 0.002(6) 0.001(2)
Ccr** 0.002(1) - 0.002(1) 0.001(1) 0.002(2) - - - 0.001(1) 0.001(1)
(0 4 4 4 4 4 4 4 4 4 4

Table 10.5 — EMPA results from punctual chemical investigation on larnite in synthetic samples laboratory prepared; e.s.d. is reported in rounded brackets; *results are coming
from SEM-EDS analysis; b.d., below detection limit; °number of analysis; $the general formula was calculated based on normalisation to 8 negative charges, Fe** molar value
was considered and estimated only when the Y site was completely fulfilled.
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Samples RM BC
Temperature / 1200 °C 1250 °C 1300 °C 1350 °C 1250 °C 1300 °C* 1300 °C 1350 °C
Oxide (wt. %) (n=3)° (n =6)° (n=35)° (n =5)° (n=35)° (n=26)° (n=7)° (n=10)°
F 0.00 0.02(2) 0.00 0.00 0.11(2) 0.01(2) 0.03(2) 0.02(3)
Na,O 0.25(4) 0.01(9) 0.19(2) 0.03(2) 0.02(3) 0.02(2) 0.02(2) 0.04(4)
P05 0.04(4) 0.01(8) 0.20(5) 0.28(8) 0.01(3) 0.01(1) 0.01(1) 0.03(.04)
Fe;0; 28.50(.33) 26.52(1.11) 24.19(1.38) 25.77(1.86) 54.62(1.94) 29.70(1.27) 41.39(3.44) 29.22(.99)
K,O 0.04(8) 0.07(.10) 0.03(3) 0.01(1) 0.01(1) 0.030(2) 0.01(1) 0.11(.23)
MgO 1.30(.16) 1.35(5) 2.00(.17) 2.42(.13) 0.84(.16) 1.30(9) 1.08(9) 0.06(.20)
SO; 0.07(.20) 0.13(.20) 0.17(.12) 0.15(4) 0.01(1) 0.04(3) 0.00 0.16(22)
CaO 46.17(.22) 47.08(.21) 47.59(.53) 45.96(.40) 41.22(.35) 46.41(.50) 44.13(.62) 45.51(.43)
ALO; 20.41(1.22) 22.54(.75) 20.30(1.33) 19.16(2.23) 2.06(1.25) 20.03(.75) 12.09(3.16) 17.47(1.71)
Cl 0.01(1) 0.00 0.00 0.00 0.00 0.00 0.00 0.00
TiO; 1.36(7) 0.00 1.26(18) 0.00 0.00 0.88(.12) 0.27(7) 0.00
SiO; 0.40(2) 0.43(.10) 2.03(.40) 2.31(.31) 0.32(7) 0.64(4) 0.63(3) 3.13(.91)
Cr:0; 0.02(2) 0.00 0.00 0.00 0.00 0.01(2) 0.01(2) 0.00
Total 98.57(1.26) 98.88(.36) 98.67(76) 96.09(.52) 99.22(.30) 99.07(.44) 99.67(.57) 97.75(.78)
X2YOs — Brownmillerite (Cax(Al Fe):0s)*
X Ca** 2.01(5) 2.04(6) 2.06(3) 2.03(2) 1.98(1) 2.02(3) 1.99(2) 2.01(1)
Mg?* 0.08(1) 0.08(3) 0.12(.11) 0.15(8) 0.06(1) 0.068(2) 0.079(5) 0.11(1D)
Fe?* 0.00 0.00 0.01(5) 0.00 0.00 0.00 0.00 0.04(1)
y Si#* 0.02(1) 0.02(4) 0.08(2) 0.10(2) 0.01(1) 0.03(1) 0.03(1) 0.13(4)
AP 0.98(4) 1.08(3) 0.95(6) 0.93(9) 0.11(7) 0.957(.032) 0.60(.15) 0.85(8)
Fe** 0.87(1) 0.81(4) 0.73(4) 0.80(6) 1.84(8) 0.91(4) 1.31(.14) 0.87(6)
Ti** 0.04(3) 0.00 0.04(5) 0.00 0.00 0.03(4) 0.01(1) 0.00
(0 5 5 5 5 5 5 5 5

Table 10.6 — EMPA results from punctual chemical investigation on brownmillerite in synthetic samples laboratory prepared; e.s.d. is reported in rounded brackets; “number of
analysis; $the general formula was calculated by normalising to 10 negative charges, the Fe?" was considered and estimated only when the site Y was not completely fulfilled; *,

analysis on coarser brownmillerite crystals in BC sample heated at 1300 °C.
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Sample / M
Oxide (wt. %) 1250 °C 1300 °C 1350 °C
(n=35)° (n=35) (n=10)
F 0.10(.11) 0.07(.10) 0.12(.11)
Na,O 0.06(4) 0.04(.03) 0.08(2)
P20s 2.26(.28) 1.93(.08) 1.93(0.15)
Fe:03 0.88(5) 0.78(.17) 0.79(.21)
K20 0.01(1) 0.01(1) 0.01(1)
MgO 0.76(5) 0.68(4) 0.73(7)
SOs 0.13(4) 0.08(4) 0.14(.16)
CaO 71.13(.27) 72.18(.64) 70.90(1.62)
ALO3 3.21(.20) 2.60(.24) 2.94(.77)
Cl 0.00 0.00 0.00
TiO2 0.00 0.21(5) 0.19(6)
SiO: 20.02(.16) 21.35(.50) 20.72(.92)
Cr20s3 0.0 0.02(2) 0.04(2)
Total 98.55(.18) 99.94(.68) 98.46(1.64)

Table continue below with formula calculation
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X:YZs — Hatrurite

Calcul. Type AS B A% B* A* B»

Ca? 2.952(8) 2.933(9) 2.951(6) 2.937(6) 2.940(3) 2.927(2)
Mg** 0.044(3) 0.044(3) 0.039(3) 0.039(2) 0.042(2) 0.042(4)
Na* 0.005(3) 0.005(3) 0.003(2) 0.003(2) 0.006(1) 0.006(1)
Fe?* 0.020(6) ; 0.020(5) ; 0.017(9) ]
Fe** ; 0.018(8) ; 0.021(6) ; 0.023(6)
AP* - - ] ] ; 0.002(2)
Sum 3.021(8) 3.000 3.013(4) 3.000 3.006(.014) 3.000

Pos. Charges 6.036(.012) 6.013(.01) 6.023(8) 6.018(5) 6.005(.033) 6.019(.021)

Si** 0.775(7) 0.770(7) 0.8152) 0.811(9) 0.802(3) 0.798(.034)
ps* 0.074(9) 0.074(9) 0.062(3) 0.062(3) 0.063(5) 0.063(5)
AP 0.146(9) 0.144(9) 0.117(9) 0.117(9) 0.134(.036) 0.132(.025)
Fe** 0.006(5) 0.008(3) 0.002(2) 0.001(1) 0.004(6) -
§6+ 0.004(1) 0.004(1) 0.002(2) 0.002(1) 0.004(3) 0.004(5)
Ti** 0.000 0.000 0.006(1) 0.006(2) 0.003(3) 0.003(3)
cr* 0.000 0.000 0.001(6) 0.001(6) 0.001(8) 0.001(3)
Sum 1.006(5) 1.000 1.0052) 1.000 1.012(.010) 1.00
Pos. Charges 3.951(.019) 3.930(.014) 3.968(.011) 3.947(9) 3.980(.030) 3.941(.025)
o* 4.988(.013) 4.966(.010) 4.992(.012) 4.978(9) 4.986(.013) 4.972(.021)
F 0.012(.013) 0.012(.010) 0.008(.012) 0.008(.012) 0.014(.013) 0.014(.013)
Sum 5.000 4.977(.014) 5.000 4.986(.014) 5.000 4.986(.022)
Vacancies ] 0.023(9) ; 0.014(4) ; 0.013(.013)
Neg. Charges |  9.988(.013) 9.942(.017) 9.992(.012) 9.965(6) 9.986(.013) 9.958(3)

Table 10.7 — EMPA results for hatrurite punctual chemical investigation in RM samples heated at 1250, 1300 and 1350 °C; e.s.d. is reported in rounded brackets; °number of
analysis; %, general formula was calculated by firstly normalising to 10 negative charges, following by normalisation to 5 for Z site (sum of O* and F"), and Fe*" was taken into
consideration only when Y site was completely filled by the other elements also Fe*"; », other general formula was calculated by firstly normalising to 10 negative charges,
following by normalisation to 4 cations (sum of Y and X sites), considering all Fe as trivalent and X site hosting Fe3* and the remaining AI** to fulfil the calcium site.
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Sample / BC
Oxide (wt. %) 1300 °C 1350 °C
(n=15)° (n=13)°
F 0.00 0.00
Na,O 0.02(3) 0.06(2)
P,0s 0.02(4) 0.01(3)
Fe:03 1.28(.18) 1.80(.17)
K,O 0.14(.13) 0.11(5)
MgO 0.09(2) 0.09(3)
SO; 12.98(9) 13.22(.22)
CaO 36.39(.20) 36.13(.22)
ALO3 48.91(.22) 49.79(.28)
Cl 0.00 0.00
TiO; 0.01(1) 0.00
SiO; 0.49(.24) 0.41(.17)
Cr,0; 0.01(2) 0.00
Total 100.34(.51) 100.62(.47)
X4YsZOys— Ye’elimite
Ca* 2.95(1) 2.95(1)
Mg** 0.01(1) 0.01(1)
X
Na* 0.01(1) 0.01(1)
K* 0.02(2) 0.01(1)
Si** 0.05(2) 0.04(2)
Y AP 5.86(3) 5.84(4)
Fe* 0.10(1) 0.14(1)
VA Se 0.99(1) 0.99(2)
o* 16 16

Table 10.8 — EMPA results for ye’elimite punctual chemical investigation in BC samples laboratory prepared; e.s.d. is
reported in rounded brackets; °number of analyses; $the general formula was calculated by normalising to 32 negative
charges.
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Sample / lzlézﬁc
Oxide (wt. %) (n = 4)°
F 1.73(.13)
Na,O 0.07(2)
P05 0.04(4)
Fe;0; 2.26(2.35)
K;0 0.05(4)
MgO 0.24(.25)
SO; 0.04(9)
Ca0 45.32(.94)
ALO; 46.81(1.06)
Cl 0.00
TiO; 0.00
Si0, 0.15(6)
CI‘203 0.00
Total 96.71(1.77)

General formula Xi2 Y14 O33-x2 Wx
(normalised to 66 negative charges®)

Ca? 11.87(2)

¥ Mg?* 0.09(1)
Na* 0.03(1)

K* 0.01(1)

Si** 0.04(2)

Y AP 13.48(5)
Fe* 0.43(1)

So+ 0.02(1)

0 o* 32.32(1)
W F-! 1.34(.12)

Table 10.9 — EMPA results for mayenite punctual chemical investigation in RM sample heated at 1250 °C; e.s.d. is
reported in rounded brackets; “number of analyses; the general formula was calculated by firstly normalising to 66
negative charges, and the stochiometric value of O was calculated by 33-(W/2).

QTA was performed by means of NXRD on fragment and pellet of RM heated at 1200 °C (RFb and
RM samples) using larnite and ternesite as proxy for preferred crystallographic orientations due to
their major abundances in the samples (Table 10.2, Fig. 10.4). Ternesite and larnite reconstructed
pole figures were made using main intense Bragg peaks. RM pellet heated at 1200 °C should be
considered as a standard sample with no preferred orientation due to its preparation: sample was
obtained from homogenous fine grinded powder of Ghareb Formation rocks, firstly decarbonated at
950 °C, re-grinded and pelletised at high pressured, following by thermal treatment at 1200 °C for 8
hours. Results highlighted no preferred crystallographic orientation inside both samples giving
similar reconstructed pole figures, as confirmed by the almost constant multiple of random
distribution (m.r.d.) than remained in the range 0.75-1.20 (Fig. 10.32-35).
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Fig. 10.32 — NXRD pattern fitting of RFb sample showing the goodness of fitting between observed (black rhombs) and
calculated (red line) patterns.
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Fig. 10.33 — Reconstructed pole figures from NXRD for QTA on RFb sample showing main Bragg peaks of (a) larnite
and (b) ternesite, both revealing no preferred crystallographic orientation.
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Fig. 10.34 — NXRD pattern fitting of RM sample heated at 1200 °C showing the goodness of fitting between observed
(black rhomb) and calculated (red line) patterns.
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Fig. 10.35 — Reconstructed pole figures from NXRD for QTA on RM pellet heated at 1200 °C showing main Bragg

peaks of (a) larnite and (b) ternesite, both revealing no preferred crystallographic orientation.
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BC pellet heated at 1200 °C was also studied by means of SXRPD at ID22 (ESRF) leading detailed
crystallographic information. Due to the high larnite content crystal structure refinement of f-C.S
was made following this refinement strategy: (i) RQPA on all occurring phases, also refining
crystallite size and microstrain for main crystal phases (larnite, brownmillerite and ye’elimite), was
made; (ii) larnite crystal structure from Jost et al. [169] was used as starting point, but punctual
chemical investigation results (Table 10.5) were considered, fixing the atomic fraction of tetrahedral
site to 0.97 Si*", 0.02 A" and S*9; (iii) stopping the refinement of crystallite size and microstrain
values for all phases, refining all atomic position and thermal parameters (Uiso) for larnite.

Crystallographic parameters of larnite in BC sample revealed values closer to larnite found
in OPC [170], and higher compared to pure synthetic larnite [169], excepted for slight lower 3 angle
(Table 10.10). Furthermore, tetrahedron bond distances with oxygen slightly reduced, but no
changes on O-Si-O angle value occurred (Table 10.12); whereas, a general stretch of Ca-O bonds in
polyhedron (sevenfold and eightfold coordination for Cal and Ca2, respectively) occurred,
excepted for a few Cal-O bonds (Table 10.13,14).
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Fig. 10.36 — Fitted SXRPD pattern (BC heated at 1200 °C) after crystal structure refinement of larnite using GSAS-ii
software; blue line the observed pattern, red line the calculated one and the lower coloured sticks represent Bragg peaks
of occurring crystal phases.
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Crystal Phase Larnite (B-CazSi04, B-C2S)
Configuration SXRPD (ID22) SCXRD NXRPD
(our study) [169] [170]
A (A) 0.354109 0.710749 (Mo) 1.478
Chemical Composition™ CazSi0.97A10.0250.0104  CazSiO4 -
Space Group P2i/n P2i/n P21/n
a(A) 5.51483(2) 5.5020(1) 5.5172(4)
b (A) 6.76035(2) 6.745(1) 6.76996(6)
c(A) 9.32106(4) 9.297(3) 9.32298(8)
B(° 94.5522(2) 94.59(4) 94.336(2)
V (A3) 346.413(1) 343.9(1) 347.228(1)
Z 4 4 4
R-Factor (%) 2.87 - -
Number of Reflections 2601 995 -
Range of d (A) investigated 0.5177 — 5.4666 1.37-547 0.93 -5.67
Rexp 1.00 - :
Rwp 8.623 - :
GoF 8.59 - B

Table 10.10 — Crystallographic parameters for larnite crystal structure refinement from BC pellet heated at 1200 °C
analysed with SXRPD (ID22) and bibliographic data [169,170]; *, chemical composition reported is coming from
SEM-EDS punctual chemical investigation (Table 10.5); -, not available data.
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Fig. 10.37 — Crystal structure of the refined larnite along b vector ([010] direction): (a) highlighting the nesosilicate
structure with two different calcium sites; (b) the different coordination polyhedral for Cal and Ca2, 7 and 8,

respectively.

234



235 10.1 — Results

Label Type X y z frac. Uiso m*
Cal Ca* 0.2723(2) 0.34281(1.4) 0.56959(1.0) 1 0.0081(3) 4
Ca2 Ca* 0.2794(2) 0.99755(1.4) 0.29776(1.0) 1 0.0084(3) 4

Si* 0.2330(3) 0.7816(2) 0.5821(2) 0.97 0.003(4) 4
Sil AP 0.23299(3) 0.7816(2) 0.5821(2) 0.02 0.003(4) 4

So* 0.2330(3) 0.7816(2) 0.5821(2) 0.01 0.003(4) 4
01 0* 0.28254(5) 0.0106(4) 0.5599(3) 1 0.0153(8) 4
02 o* 0.0223(5) 0.7491(4) 0.6899(3) 1 0.0140(9) 4
03 o* 0.4823(5) 0.6691(4) 0.6377(3) 1 0.0131(8) 4
04 o> 0.1553(5) 0.6727(4) 0.4301(3) 1 0.0179(9) 4

Table 10.11 — Atomic positions and crystallographic parameters of the refined larnite crystal structure for BC heated at
1200 °C collected at SXRPD (ID22) by means of Rietveld method with GSAS-ii; e.s.d. is reported is rounded brackets;
*multiplicity number of the atomic site.

Bond New Bond Distance (A) Previous Bond Distance (A)
(Si1-01) 1.58935 1.61464
(Si1-02) 1.61134 1.62737
(Si1-03) 1.62036 1.64586
(Sil-04) 1.62370 1.65870

Angle New Angle (°) Previous Angle (°)

(03-8i1-02) 111.85 11174
(02-Si1-04) 109.24 110.15
(04-Si1-03) 103.01 102.83
(01-8i1-03) 110.42 110.97
(01-Si1-02) 110.71 109.44
(0O1-Si1-04) 111.40 111.46

Table 10.12 — Angle and bond values for atomic site Sil, which includes Si, S and Al, and oxygens belonging to silicon
tetrahedron, calculated for refined and referee larnite crystal structures [169].
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Bond New Bond Distance (A) Previous Bond Distance (A)
(Ca2-02) 2.40825 2.39159
(Ca2-04) 2.63630 2.62844
(Ca2-01) 2.66335 2.64908
(Ca2-03) 2.40651 2.40076
(Ca2-02) 2.39710 2.38768
(Ca2-01) 2.44434 2.44495
(Ca2-04) 2.48310 2.45098
(Ca2-03) 2.65401 2.65097

Table 10.13 — Bond distance values for atomic site Ca2, which is connected with 8 neighbour oxygen, calculated for
refined and referee larnite crystal structures [169].

Bond New Bond Distance (A) Previous Bond Distance (A)
(Cal-03) 2.44710 2.42614
(Cal-01) 2.24950 2.23208
(Cal-02) 2.51134 2.50840
(Cal-03) 2.54807 2.55348
(Cal-04) 2.36140 2.37210
(Cal-04) 2.63620 2.64872
(Cal-02) 2.87300 2.89715

Table 10.14 — Bond distance values for atomic site Cal, which is connected with 7 neighbour oxygens, calculated for
refined and referee larnite crystal structures [169].

Euhedral hatrurite crystals were selected from RM pellet heated at 1250 °C and investigated by
SCXRD at PXI beamline at PSI synchrotron. Collected data was refined using CrysAlisPro v.
1.171.40.36a software: results from unit cell finding and space group identification revealed a good
fitting with R3m space group, despite none previous study reported the centre of symmetry for
hatrurite. The two modification of monoclinic polymorphs (M1 and M3) are usually found in OPC;
furthermore, rhombohedral space group R3m had been firstly identified as pseudo-rhombohedral
average structure for hatrurite, later identifying a monoclinic cell (Cm) due to the occurrence of
extra Bragg spots [347]. Moreover, hatrurite crystals often display twinning form, thus making the
problem of solving the structure highly difficult [161]. Further investigation will be performed in
other to solve its crystal structure.
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Crystal phase Hatrurite (also called alite, tricalcium silicate, C3S)

(Caz.9aMgooaFedss)(SiogPo1Aly1)04.99F0 01

Chemical Composition* ;
P (Ca2.94Mgo.o4F303.$2)(510.79P0.07Alo.14)04.97F0.01 0.02

Crystal size (mm) 0.15x0.05x0.03 O
Space Group from refinement R3m
a(A) 7.07873(1)
b A) 7.07873(2)
c(A) 25.0565(5)
a(®) 89.9934(2)
B(© 90.0068(2)
v (©) 120.005(2)
V (A3 1087.35(4)
Synchrotron Wavelength (A) 0.70848
Range for data collection, 0 (°) 3.4105-34.7859
Reciprocal space range hkl A1<h<1l
1<k 1]
31132
Set of measured reflections 3774
Absorption correction method Empirical correction (ABSPACK) using spherical
harmonics

Table 10.15 — Parameters and results from SCXRD (at PXI beamline at PSI synchrotron) investigation on hatrurite
crystal in RM pellet heated at 1250 °C; *, simplified chemical formulas from EMPA results (reported in Table 10.7)
considering the two different calculations.

Fig. 10.38 — Reciprocal space projection of Bragg peaks (a) along ¢ vector [001] and (b) b vector [010] for an hatrurite
crystal in RM1250 analyzed by SCXRD at synchrotron facility source.

In-situ HT X-ray p-CT was performed on Ghareb Fm. fragment at RT, 900, 1150, 1250 °C and after
heating at 1350 °C. Results allowed to highlight changes in porosity, voids distribution and shape;
whereas crystal phase identification and distribution was not practicable due to the extreme low
crystal size and similar density among phases. Rock fragment showed changes of total voids
amount at different temperatures: 7.81vol.% of voids at RT before heating, which could be even
higher considering the pixel resolution (2.4 um) and fine microtexture of chalk [348]; 2.47vol.% at
900 °C; 3.64vol.% at 1150 °C; 6.61vol.% at 1250 °C; 7.16vol.% at RT after heating at 1350 °C.
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Fig. 10.39 — Volume rendering of Ghareb Fm. fragment during in-sifu experiment by means of synchrotron X-ray p-
CT, highlighting in blue voids: (a) sample collected at RT before thermal treatment with a clipping plane parallel to the
elongation; (b) sample at 900 °C with a crossing clipping plane; (¢) sample at 1150 °C with a clipping plane in the
middle; (d) sample at 1250 °C with a clipping plane in the middle.
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Fig. 10.40 — Volume rendering of Ghareb Fm. fragment after in-situ heated at 1350 °C and studied by means of X-ray
p-CT at room temperature; a diagonal clipping plane was used to better show voids distribution in blue.

Voids reduction (vol.%) from RT to 900 °C should be due to the effect of thermal expansion and
low size of porosity leading an underestimation (Fig 10.39a,b): furthermore, most calcite has to be
decarbonated at 900 °C as highlighted during in-situ HT SXRPD experiment (Fig. 10.5), leading an
increase of porosity due to CO> release. The increasing voids trend from 900 to 1250 °C could be
ascribable to a gradual and progressive evolution of voids shape increasing the size and being more
clustered (Fig. 10.39b,c,d). Rock fragment melted from 1250 and 1350 °C, leading a complete
change in sample shape and not allowing a reconstruction at 1350 °C due to the continuous
movement of the sample during measurement. Therefore, the sample was studied at RT after
heating at 1350 °C, showing similar voids vol.% but with the common occurrence coarse rounded
shape voids (10-70 pm).
Ex-situ X-ray p-CT analysis performed at RT on RM fragments laboratory heated at 900 °C
(Fig. 10.40a), 1250 °C (Fig. 10.40b) and 1350 °C (Fig. 10.40c,d) showed changes in voids vol.%
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and a direct comparison with in-situ results: 11.17vol.% of voids for sample heated at 900 °C with
homogeneous voids distribution and rare open fractures; 11.94vol.% of voids for sample heated at
1250 °C with coarser and clustered voids; 7.49vol.% of voids for sample heated at 1350 °C with
lesser porosity but coarser and more rounded.
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Fig. 10.41 — Volume rendering of Ghareb Fm. fragments laboratory heated at different temperatures: (a) 900 °C; (b)
1250 °C; (c,d) 1350 °C; a clipping plane was used to better highlight voids distribution reported in blue or red.
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BC pellet fragment laboratory heated at 1350 °C (Fig. 10.20,21) was studied by means of X-ray p-
CT revealing a voids vol.% of 8.00, close to one observed for RM both in-situ and ex-situ heated at
1350 °C (Fig. 10.40,41c,d) but with larger voids (Fig. 10.42). Furthermore, the identification of
brownmillerite, dicalcium silicate and ye’elimite, representing constituent crystal phases, was

allowed thank to higher density contrast and pixel resolution (0.9 um) (Fig. 10.42a,b).

Fig. 10.42 — BC sample laboratory heated at 1350 °C and studied by means of synchrotron X-ray pu-CT: (a) sample slice
reporting voids in black, brownmillerite in light grey, dicalcium silicate in medium grey and ye’elimite in dark grey; (b)
color segmentation of the red square region of previous sample slice, reporting brownmillerite in orange, dicalcium
silicate in pale purple and ye’elimite in yellow; (c) volume rendering with a diagonal clipping plane better showing
voids distribution in blue; (d) volume rendering reporting in blue voids and in red brownmillerite.
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10.2 — Discussion

Green-cements were prepared at laboratory scale at selected heating temperatures starting with two
different raw meals: (i) Ghareb Formation (labelled as RM, Table 7.1.) and (ii) High Ferrite Belite
Clinker S-doped (labelled as BC Table 7.3). Samples were studied by means of both conventional
analytical techniques (XRF, RLM, SEM, EMPA and ex-situ LXRPD) and innovative ones (ex-sifu
and in-situ XRPD, pu-CT, SCXRD and NXRD-QTA all performed at synchrotron scale facility)
leading detailed information and clarifying changes occurring during heating. Furthermore, the
effect of grain size and natural anisotropies (microtextural and chemical inhomogeneities) at
different temperatures were investigated by heating Ghareb Formation rock fragments (labelled as
RF) at laboratory scale.

The study of microtextural and mineralogical changes occurring from room to high
temperatures is extremely crucial in cement manufacture because allows to design the correct
thermal treatment and starting raw meal (e.g., minor elements occurrence, raw meal grain size, etc.)
for improving cement properties (i.e., increasing the amount water-reactive phases, mainly Cs4A3S
and CsS; polymorphism control of crystal phases, appropriate crystal grain size, etc.), reducing cost
expenditure which includes wasted energy and starting raw materials supply.

Cement production always starts with fine homogenous raw materials powder firstly thermal
treated by means of a preheater, which uses part of hot exhausted gases coming from the kiln and
some fuel to reach 900-1000 °C, leading the complete decarbonation around 2 min [8]. The
obtained mineral assemblage for an OPC is made of lime (CaO), quartz, periclase (MgO), Larnite
(B-C2S), mayenite (Ci2A7), brownmillerite (C4AF), srebrodolskite (C2F), spurrite and minor amount
of sulphate-bearing phases (anhydrite, sylvite, aphthitalite, halite, arcanite and syngenite) that
usually coat grains [7,8]. BC, CSA and all other green-cements types are obtained with the same
procedure, only changing chemical composition of the starting raw meal and maximum heating
temperature that is 100-150 °C less than OPC one [147,148].

Ex-situ experiments on BC sample revealed that calcite starts to decompose at ~ 700 °C and
fully breaks down < 800 °C (Fig. 10.1,2), agreeing well with previous in-situ HT experiments on
pure calcite [333]. Even recent study using TGA-DSC on different green-cements raw meals (BC,
ABCSA and BCSA) confirmed that calcite breakdown starts at 696-715 °C and complete at 800 °C
[349-351]. At 700 °C no calcium aluminate and/or ferrite phases occurred, only anhydrite, low
amount of lime, quartz, k-feldspar, hematite and calcite were found (Fig. 10.1,2). XRF calculated
from RQPA showed a strong and slight underestimation of Al,O3 and Si0», respectively, that could
be explained by the occurrence of an Al-Si-rich amorphous phase, linked to the thermal
decomposition of kaolinite and other clays, which is not detected by diffraction analysis: pure
kaolinite dehydroxylates at ~ 550 °C turning into an amorphous-like phase (metakaolinite) with a
general chemical composition of Al203-2SiO; usually rising the background intensity on XRD
patterns [342,352]. Furthermore, mostly aluminium should be retained in the metakaolinite because
no Al-bearing phases (mayenite, brownmillerite, celite or gehlenite) occurred. Only at > 700 °C
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mayenite, brownmillerite and srebrodolskite crystallised along with larnite when more lime was
available to react with hematite, metakaolinite and quartz. The complete decomposition of calcite
led to the occurrence of periclase that could replace Ca?* in calcium-rich phases at HT, suggesting a
Mg-rich calcite source in the raw meal. Till 900 °C no changes in the mineral assemblages
occurred, excepted the occurrence of low amount of celite (C3A) that should be related to the
reaction among free-lime and metakaolinite. Ye’elimite starts occurring at 1000 °C by the reaction
among anhydrite and celite or mayenite, despite the main formation reactions need krotite (CA) and
anhydrite, or krotite, mayenite and anhydrite [317,318,326]. Therefore, our ye’elimite formation
reactions, which involve celite and/or mayenite with anhydrite, release lime to compensate the CaO
difference: (i) 2C34 + Ci3A, +3CS > 3C,A35 +9C or (ii) 3C3A+ CS - C,A3S + 6C, both
reported using the cement chemistry notation [7,8]. Moreover, celite and mayenite fully reacted
from 1000 to 1100 °C, leading the highest ye’elimite content (Fig. 10.1). Similar values were
obtained in a previous study showing a maximum ye’elimite content for a BCSA cement at ~ 1105
°C or lower T in the case of boron-doping (~ 1070 °C) [353]; whereas, experiments performed on
pure system Ca0O-Al,03-SOs3 revealed the highest ye’elimite content at 1300 °C independently from
the sintering time [326]. This feature may be explained by the effect of impurities compared to the
pure system, commonly improving reactivity at lower temperature [7,150]. Furthermore, Fe>O3
represents a component which could reach up to 12wt.% in ye’elimite by the ionic substitution
WEe3+ — VAI3* in the crystal structure [354], leading two main features: (i) the ionic substitution
leads higher availability of aluminium improving the crystallisation of ye’elimite and other Al-rich
phases; (ii) high iron content in ye’elimite leads lower temperature for the polymorphic transition
from orthorhombic (Pcc2) to cubic crystal structure (143m) that could remain metastable at room
temperature improving water-reactivity [354]. Ternesite crystallised from 1000 to 1100 °C and later
broke down at < 1200 °C, agreeing well with previous study: CsS,S slowly starts crystallising at ~
882 °C around a’-C5S crystals in presence of anhydrite (2a',-C,S + CS — CsS,S) by a solid-state-
reaction, and starts to break down at 1020 °C in open system and from 1172 to 1264 °C for OPC
kiln conditions [318,330,355]. Oxygen and sulphur dioxide fugacities are relevant for ternesite and
ye’elimite stability fields at HT because both represent reaction products: (i) CsS,S — 2C,S +
Ca0 + S0, + 0, [330,355.356; (ii) C443S > Ci2A7 + CA+ SO, + 30, [318]. Therefore, in
open heating conditions ternesite and ye’elimite exhibit lower decomposition temperatures, 1020 °C
[355] and 1200-1250 °C [318], respectively; whereas, in close system their upper stability limits
rise to ~ 1298 °C [330,356,357] and ~ 1400 °C [318] for ternesite and ye’elimite, respectively. Ex-
situ experiments on BC were performed on heated pellets in open environment till 1200 °C (see
section 7.1.2), explaining the earlier decomposition of ternesite at 1100-1200 °C compared to
cement kiln condition and assessing more reliability on results from previous studies. Lime
completely reacted from 1100 to 1200 °C with residual quartz, amorphous metakaolinite and k-
feldspar increasing larnite content, which also strongly increased due to ternesite break down (Fig.
10.1,2). Furthermore, even brownmillerite content rose due to the availability of Al,O3 from k-
feldspar and metakaolinite, and Fe>O3 from srebrodolskite. XRF calculated from RQPA and EMPA
results showed a loss of SO3; which could be accounted to ternesite decomposition and slight
reduction of ye’elimite from 1100 °C to 1350 °C, passing from 3.3wt.% to ~ 1.6wt.% of SOs;
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nevertheless, XRF on BC after heating at 1350 °C showed similar SO3 compared to raw meal
(Table 7.3): this SOz gap observed with RQPA could be explained by the occurrence of low amount
(< 3-4wt.%) of sulphate bearing phases (syngenite, arcanite, Ca-langbeinite, etc.), which were
observed during EMPA investigation (Fig. 10.20,21), not detected during XRD analysis thanks to
their low crystallite size. The chance of sulphur and other volatile elements (chlorine, fluorine,
sodium, etc.) loss has been broadly reported and is considered as a problem for cement
manufacture: (i) alkali sulphates, spurrite and ternesite form rings in OPC kiln in lower temperature
zones by reaction among raw material and vapour phase [7,358]; (ii) sulphur dioxide fugacity is a
key-control factor for ye’elimite stability and its reduction limits ye’elimite crystallisation, rising
the difficulty to control and predict the final mineral assemblage and content. From 1250 to 1350 °C
no relevant changes on mineral assemblage occurred with only a slight increase of larnite and
reduction of ye’elimite and periclase, explained by two ionic substitutions involving dicalcium
silicate and one for brownmillerite that were confirmed by EMPA results (Table 10.5,6): (1)
dicalcium silicate hosts higher amount of dopants at HT, especially Al and S (‘V5¢* + 2V A16* -
3V si%+) [150,181,359], and minor Mg ('"Mg?* — VICa?*) [7,150,162], leading more Si and Ca
available to increase dicalcium silicate at the expense of ye’elimite; (ii) brownmillerite can host
magnesium inside octahedral atomic site which is charge balanced by silicon intake in tetrahedral
position (Y'Mg?* +1VSi*t - VAI3+ + VIFe3*). Furthermore, only orthorhombic ye’elimite
occurred in all heated samples probably due to lesser extent of ionic substituents, mainly iron [354],
and slow cooling from HT. Final mineral assemblage for BC raw meal from 1250 to 1350 °C is B-
C2S-C4AF—-C,A3S plus minor MgO and Ci2A7, the latter should probably form by partial
decomposition of ye’elimite at HT. This final mineral assemblage corresponds to common BCSA
cements one, which its thermodynamic stability was confirmed by previous experiments
[315,360,361]. Considering microtextural features observed some considerations could be made:

(i) BC raw meal started melting from 1300-1350 °C considering brownmillerite
microtexture (Fig. 10.18,20), giving similar melting point to previous in-situ
experiments on BCSA raw meal (1270-1309 °C) [362];

(1))  The occurrence of a liquid phase led a strong development of larnite crystals, as showed
by its crystal size increase (Fig. 10.20,21);

(ii1))  No hatrurite occurred despite the HT due to the high-S content and lack of C3S
mineralisers (i.e., MgO, F, ZnO, etc. [7,150]), as stated in other studies [186,363];
(iv)  Syngenite occurrence as interstitial phase close to ye’elimite and larnite suggests the
presence of an immiscible S-rich melt, especially at low-T during cooling, which is also
rich in alkali leading the formation of alkali sulphates (Fig. 10.20,21) [7,8].
Experiments on RM raw meal are described by the chemical system CaO-Al,03-Si02-Fe203-P20s-
SOs-CaF; that represents the phosphorous and fluorine doped system of standard BCSA. Ex-situ
experiments on RM showed several differences compared to BC ones (Fig. 10.1-4):
(i)  spurrite (CsS,C) was stable from 700 °C to 800-900 °C decomposing to 2C,S + Ca0 +
CO0,, while it did not occur in all BC samples;
(i1))  Ci2A7, C4AF, CoF and B-C,S were already stable at 700 °C, suggesting higher reactivity of
the system compared to pure system (C-A-S-F-S);
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(iii))  Fap-ell was an ever-present crystal phase over the explored temperature range (RT-1350
°C), especially increasing till 900-1000 °C and strongly reducing at 1200-1250 °C;

(iv)  ternesite and ye’elimite appeared at 1100 °C, 100 °C higher than BC, and the former
remained stable up to 1300 °C, whereas the latter even occurred at 1350 °C but strongly
reduced from 1200-1300 °C;

(v)  flamite (a’u-C2S) and hatrurite (CsS) crystallised at 1200-1250 °C and both remained stable
at room temperature even with slow cooling.

Spurrite is considered as a transient crystal phase as CoAS and CoF in OPC, with higher temperature

stability field compared to calcite but strictly depend on the CO; pressure: spurrite has upper limit at

790 °C with low-CO; pressure (0.08 atm) and at 915 °C with high-CO» pressure (1 atm) [332].

Moreover, DTA experiments on spurrite extracted from cement kiln decomposed at different

temperature in the range 857-915 °C, probably related to slightly different chemical composition

and crystallographic features (crystallite size and microstrain) [364]. However, many experiments
performed in the spurrite stability field failed in its crystallisation [365]; whereas, spurrite always
grew when mineralisers occurred, such as CaF,, CaCl, or alkali carbonates, even at low amount

[332,365]: therefore, RM should have low amount of fluorite, as showed in some Ghareb Formation

residues (SE and SO) (Table 8.2,3) and the corresponding Maastrichtian limestone on Jordan area

[366]. The occurrence of minor amount of fluorite agrees well with the increase of Fap-ell content,

especially from 800 to 900 °C (Fig. 10.4), explained by fluorellestadite formation reaction: 3a’; -

C,S + 3CS + CaF, - 2Cas(SysSigs04)3F. The hypothesis of hydroxyellestadite formation

instead of fluorellestadite should be rejected due to its dehydroxylation at 850-900 °C, leading a cell

volume reduction and oxyellestadite (Ca;o(Sip5S0504)0) formation that is later decomposed at

1050 °C [367,368]: our experiments showed a constant volume increase toward fluorellestadite end

member (Fig. 10.15). Furthermore, previous study reported the chance of crystallising

fluorellestadite halogen deficient (Cay¢(Si04)34x(S04)3—xFo_2,5,), thus even little halogen

amount (CaF; for RM) could strongly increase Fap-ell content [369].

In-situ HT results from RT to 1000 °C starting with RM limestone confirmed the
crystallisation of fluorellestadite from 750°C to 1000 °C consuming anhydrite, quartz and lime,
instead of dicalcium silicate as a source of silicon and calcium: 6Ca0 + 3Si0, + 3CaS0, +
CaF, - 2Cas(SysSips0,4)3F. The lack of brownmillerite, lime, larnite, srebrodolskite, spurrite,
mayenite and gehlenite at 700 °C compared to ex-situ results is explained considering the kinetics
of their formation reactions, requiring more heating time than 15 min; consequently, brownmillerite
and mayenite occurred only at higher temperature at 800-850 °C and 925-950 °C, respectively (Fig.
10.5). Lime was detected only at 975-1000 °C on SXRD patterns, but it should be considered earlier
formed by CaCO3 decomposition from 700-750 °C, due to the formation of larnite and gehlenite at
the same temperature (Fig. 10.5). Furthermore, in-situ experimental condition (pure SiO» capillary
heated) influenced the thermal stability of carbonate phases increasing around 200 °C their upper
limits, thanks to the rise of CO; fugacity compared to open system in ex-situ in laboratory
condition: (1) calcite occurred up to 975 °C; whereas, (ii) spurrite was stable from 925 to 1000 °C.
Higher CO, fugacity was also proved by the formation of calcite during cooling to RT (Fig. 10.5)
by the reaction among lime and carbon dioxide.
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Ternesite and ye’elimite were found in RM ex-situ experiments at 1100 °C (Fig. 10.4),
similar to in-situ one without stabilisation time (Fig. 10.6): ternesite and ye’elimite crystallised at
1098-1123 °C and 1123-1146 °C, respectively, during in-situ experiments without stabilisation.
Whereas, ternesite and ye’elimite both crystallised at 966-1029 °C for in-situ experiments with
stabilisation time of 10 min., which is close to previous study reporting ye’elimite formation at 940-
1000 °C [317,326,353], and ternesite at 882-927 °C [355]. Ternesite formation is also marked by
the decrease of larnite, anhydrite (only in ex-situ experiments) and Fap-ell previously formed,
suggesting the crystallisation of ternesite-silicocarnotite S.S. (tern-silc)

(Cas (Si1_§P§04) (P.S1-0,), which for pure silicocarnote x is equal to 1). The partial
2 2 2

involvement of Fap-ell in tern-silc crystallisation released CaF; which should be hosted in mayenite
crystals [207] and the excess forms a melt at 1054 °C: C,S-fluorellestadite-CaF, assemblage at T ~
1054 °C reaches a peritectic point incongruently melting (CaS-fluorellestadite-Liq) with an
approximately composition of the liquid phase of 50wt.% CaF,, 25wt.% C>S and 25wt.% of CaSO4
[319]. Therefore, two different formation reactions of tern-silc were identified in this study
depending on the availability of anhydrite: (i) if no anhydrite is available Fap-ell + larnite —

tern-silc + CaF,, if halogen deficient apatite is not considered <Ca5(P(1_2x)SixSx04)3F+

2Ca25i04 - %Cas (SiﬁPﬂO‘l_) (Py_5x52504) +%CaF2); (i) when anhydrite is available,
2 2

2

2 larnite + anhydrite — ternesite (2 Ca,Si0, + CaS0, - Cas(5i0,),(S0,)), or 4 lime +
2 quartz + anhydrite - ternesite (4 Ca0 + 25i0, + CaS0, - Cas(5i0,),(50,)), leading the
formation of only pure ternesite as occurred in BC sample (Fig. 10.1,2). Ternesite started breaking
down at different temperatures considering the experimental conditions: at 1200-1250 °C, 1170-
1189 °C and 1111-1133 °C for ex-situ, in-situ without and with stabilisation time, respectively.
Furthermore, ternesite was fully decomposed at 1232-1235 °C in in-situ condition without
stabilisation time, whereas, ex-situ results showed low amount even at 1300 °C, suggesting that
ternesite could re-crystallise during slow cooling: Bohme et al. [355] showed the formation of
ternesite and anhydrite during cooling on larnite and lime crystals, respectively, suggesting their
formation from 1020 to 882 °C if sulphur dioxide occurs. Afterwards, ternesite in RM experiments
displayed higher temperature stability compared to BC ones that could be explained by the
silicocarnotite fraction in solid solution that has higher decomposition temperature: silicocarnotite is
stable up to 1450 °C, after which decomposes to a-C>S-0-C3P s.s. [195,197,198].

Dicalcium silicate highlighted during in-situ experiments all polymorphic transitions with
slightly higher temperatures when no stabilisation time was used: 1123-1146 °C and 1095-1111 °C
for a’-CoS = o’y-CoS; 1189-1220 °C and 1150-1182 °C a’y-CoS — a-CsS (Fig. 10.6,7). Results
figured out temperatures lower than ones reported for stoichiometric dicalcium silicate, such as
1160 °C and 1425 °C for o’p-CoS and o-CoS transitions, respectively [7,8,370]: polymorphic
transition temperatures for dicalcium silicate are strongly influenced by dopants, especially Na*, K",
Sr?*, P>*, B3, S% and AI*", which differently act increasing or even decreasing the stability field of
a specific polymorph. AI*" and S®" enhance the stabilisation of p-C»S, whereas, P°* alone or coupled
with Na" and/or K" increase the stability field of HT polymorphs (o1, o’n, a-C2S) [183,195-200].
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EMPA on larnite crystals of RM sample heated at 1200 °C (Table 10.5) confirmed the occurrence of
mainly AI*" and P°*, and minor S®', Na" and Fe?" as ionic substituents of Ca*" and Si*" with an
average chemical formula (Cayg4sNago2Feds100.03) (Sig74Po 114l 1Feds1S0.0404), proving their
stabiliser effect during heating.

The breakdown of tern-silc (occurring at 1111-1133 °C and 1170-1189 °C for in-situ with
and without stabilisation time, respectively) and Fap-ell (starting at 1150-1182 °C and 1170-1189
°C for in-situ with and without stabilisation time, respectively) released significant amount of
phosphorous, which could be hosted inside larnite by the following two breakdown reactions:

3-3x

. . 343 . 3-3 3-3 1
@ﬁm4%_§%%&mLFa(nymb%u%(%iggm)+( £)50, + (35%) 0, + 1 CaF, + (=

)Cao

x+1 x+1 2 4

(ii) Cas (Sil_az_cP§04)2 (PeS1-204) » 2+ x)Ca, _ _2x [ ox <5iﬂPﬁo4) +(1-2%)S0, + (%") 0, + (1 - x) Ca0

4+2x 4+2x 2+x  2+x

These two reactions could be considered only for a limited amount of P,Os, around x < 0.6 and 0.8
at 1200 °C for Fap-ell and tern-silc, respectively, corresponding to a maximum content of P2Os in
dicalcium silicate of ~ 27wt.%: at higher phosphorus content P-doped dicalcium silicate is no
longer stable alone, leading the formation of nagelschimidite (Ca;P2Si2016) associated with a-C»S at
HT (Fig. 9.23) [196,197]. Lower breakdown temperature of Fap-ell at 1150-1182 °C compared to
the pure system CaO-SiO,-SO3-CaF; at 1220 °C, should be due to the occurrence of Al,O3, FexOs
and low amount of MgO as reported in previous study giving a melting point at 1160-1180 °C
[8,204,371]. Fap-ell should breakdown over a temperature range because is a solid solution, leading
at the beginning a fluorellestadite richer melt which is gradually enriched in fluorapatite content
during heating [3]. The sulphur released by previous reported reactions could also hosted inside CaS
but requires AI*" to be charge balanced, both substituting silicon in tetrahedron: 2'VAI3* +
Wge+ - 31Vgi%+ [359]; AI** should be considered as an even-present element available from Al-
bearing phases as mayenite, brownmillerite and ye’elimite (Fig. 10.4-8).

The strong increase of dopants, especially in phosphorous and aluminium (Table 10.5), in
dicalcium silicate justify the occurrence of a-C,S at lower temperature, leading the formation of R-
CsS at 1235-1244 °C, due to higher reactivity of a-CaS with lime compared to a’u-C2S (Fig. 10. 6)
[7,8]. Furthermore, despite the slow cooling in ex-situ experiments, hatrurite and a’y-C2S occurred
even at room temperature (Fig. 10.3,4), suggesting a high content of dopants that stabilised HT
polymorphs (Table 10.5,7). Whereas, a-C>S and hatrurite were found at room temperature for in-
situ experiment that underwent a quenching from 1244 °C, representing an extremely important
evidence useful for cement manufacture: the formation of hatrurite associated with a-C,S, instead
of other lower polymorphs, should improve hydration reactivity, limiting the main drawback of
BCs, and reducing energy expenditure by the lower T formation.

The lack of a clear decrease of mayenite and brownmillerite content at HT suggests no clear
evidence of a partial melting during in-situ experiments [147,362]. However, previous studies in the
system C-S-A-F-F-S figured out a first melt appearance at T as low as 1180-1189 °C and for
brownmillerite-fluorellestadite mixture at 1193-1204 °C [190,204]; moreover, C-S-F-S system
showed a first melting at 1220 °C for fluorellestadite-C>S with a melt composition of 55wt.%
CaSO0s, 35wt.% CaxSiO4 and 10wt.% CaF, [319]. Furthermore, the gradual breakdown of Fap-ell,
starting at T > 1150 °C, released CaF, that is partially hosted in mayenite and the remaining
developed a melt [319]. Therefore, this low-T melt has a strong different chemical composition
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compared to the main clinker liquid phase that is produced at higher T (here after called as high-T
melt), which is rich in A[,O3, Fe2O3 and CaO [7,8]: OPC liquid phase mainly comes from mayenite,
brownmillerite and celite melting, which during cooling crystallise as an interstitial phases. Low-T
melt should be high in SOs, CaF,, SiO,, CaO and alkali; whereas, it is also enriched in P,Os after
fully Fap-ell breakdown at 1180-1235 °C [204]: the lack of Fap-ell and ternesite at T > 1232 °C in
in-situ experiments (Fig. 10.6) and their occurrence at RM after a slow cooling (Fig. 10.3,4), point
out that they crystallised from a low-T melt as suggested by their xenomorphic microtexture (Fig.
10.26,27). Moreover, low-T melt has different properties (viscosity, wettability and density)
compared to high-T one due to the different chemical composition; hence, it is able to modify the
stability filed of crystal phases and promoting metamorphic reactions: the occurrence of a melt rich
in P, F, S, Si, Ca, K and Na strongly promoted diffusion of CaO toward reactive a-C,S crystals
leading the crystallisation of hatrurite (R-C3S at HT) at 1235-1244 °C that grew fast forming coarse
(100-200 pm) peciloblastic rthombic or pseudohexagonal crystals plenty of inclusions (Fig.
10.26,27a) [372].

RM high-T melt should have formed from 1250 to 1300 °C, estimated by microstructural
features of brownmillerite that changed its microstructure: brownmillerite at 1250 °C occurred as
sparce subhedral to euhedral prismatic crystals, while at 1300 °C revealed a xenomorphic
microtexture enveloping all other crystal phases, such as larnite, hatrurite and lime (Fig. 10.28,29).
Previous study reported a melting point of 1280 °C and 1338 °C for C,S-Ci2A7-C4AF-C3A and
C3S-C1S-C4AF-C3A assemblages for pure C-A-S-F system, respectively, but the effect of minor
elements strongly reduce melting point and influence crystal phase stability [8]. RM mineral
assemblage observed in in-situ experiments at HT (~ 1244 °C) is made of C-C3S-C>S-C12A7-C4AF,
suggesting the reduction of C3A stability field since no tie-lie between CaO and Ci2A7 occur in pure
system: the increase in Ci2A7 stability field should be related to fluorine occurrence. Experiments
on pure CSA cements revealed a melting point of 1259-1270 °C [190,353]; while, a starting raw
mixture of fluorellestadite-brownmillerite showed two main melting points during heating, a first
one at 1193-1208 °C, related to the gradual decomposition of fluorellestadite (low-T melt), and a
second one at 1269-1306 °C (high-T melt) [190]. The occurrence of high P>Os content in RM
sample compared to previous study should lead lower melting point, due to the increase of chemical
component [3], estimating a main melting point between 1250 and 1259-1270 °C. When high-T
melt is formed in RM sample, which is rich in Al>O3, Fe2O3, CaO and minor SiO; [8], it interacts
with other phases and previously formed melt: low-T and high-T melts interact mixing and
exchanging chemical components; however, an immiscibility gap between sulphur-rich melt and
Al-Fe-rich one occurs [7,8]. Hatrurite content reduced in RM samples heated at 1300 and 1350 °C,
which could be explained by a strong enrichment in phosphorous and sulphur of high-T melt due to
the interaction with low-T melt, which reduced CsS stability field turning into a-C,S+CaO despite
fluorine doping (Fig. 10.30,31).

During cooling hatrurite commonly partially decomposes to o’w-C2S and CaO at
temperature around 1200 °C, thus a fast cooling is always performed. Nervetheless, no lime and
larnite enrichment was found around hatrurite crystals, suggesting that hatrurite crystals were stable
even with slow cooling, probably caused by foreign ions (Table 10.4). The occurrence at RT of o’g-
CaS in ex-situ experiments between 1250 and 1350 °C highlights an incomplete polymorphic
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transition between a-C»S to o’u-CaS despite the slow cooling, which could be explained by the high
phosphorous and aluminium content (Table 10.3) [7,122,187].

Experiments on RM fragments heated at different temperatures showed the effects of grain
size during heating and helped to estimate the combustion temperature of natural larnite-rich rocks.
Differences in mineral assemblage and microtexture, as revealed by LXRPD and SEM (Table 10.2,
Fig 10.4) should be mainly related to different mineral distribution and natural anisotropies
occurring in pristine limestone. RF heated at 900 °C showed higher larnite content, quartz and
perovskite compared to RM at the same temperature: (i) higher content of Si-rich phases (clay
minerals, quartz and opal) allowed higher larnite wt.%; (ii) titanite was found inside black nodules
in limestone (Fig. 8.21,22) which at HT reacts with lime to crystallise perovskite, which is even
found in larnite-rich rocks [122]. Strong differences occurred among RFa and RFb, especially
considering microtexture (Fig. 10.22,23,A.1,2). RFa is made of hatrurite along with larnite and
flamite at 1200 °C that could be explained by considering local strong enrichment in a low-T melt,
especially rich in F and P, promoting a-C>S that reacted at lower T to form R-CsS, as for RM
sample at T > 1235-1244 °C. Furthermore, RFa microtexture showed the occurrence of very low
crystallite size and previous phosphate pellets turned into fluorapatite-ellestadite aggregates (Fig.
10.22). RFb showed similar RQPA and microtexture of RM pellet heated at 1200 °C, despite for the
occurrence of rankinite, gehlenite and wollastonite which are not stable in contact with lime: the
occurrence of local enrichment of aluminium and silicon (clay-enriched portions) could explain this
feature. Even at 1250 °C inhomogeneities occurred for RM heated fragments, suggesting the lack of
the high-T melt as for RM pellets: portions strongly enriched in hatrurite, larnite and fluorapatite
and lower in Al-Fe-bearing phases occurred (Table 10.2, Fig. 10.4), suggesting a local strong
enrichment of pristine phosphate pellets, calcite, and fine quartz with low gypsum, hematite and
clay content; other portions highlighted similar RQPA of RM pellet at same temperature with lower
free lime and lack of ye’elimite, suggesting lower calcite and gypsum in pristine limestone portions.
At 1350 °C after the occurrence of high-T melt, the mineral assemblage of RF is close to RM one,
excepted for the lack of ye’elimite, lime, lower fluorapatite (Table 10.2): lower calcite, phosphate
pellets and gypsum should occur in pristine RM fragments limestone compared to homogenous RM
pellet. Therefore, even at HT after the partial melting, natural anisotropies have a strong impact on
the final mineral assemblage, crystal phase distribution and their wt.% with laboratory.

SCXRD on hatrurite crystals in RM pellet heated at 1250 °C belonging to R3m (Fig. 10.15),
despite only R3m has been reported as the highest temperature tricalcium silicate polymorph [163].
Several studies reported the frequent misinterpretation of monoclinic hatrurite crystals as rhombic
[177]. Tricalcium silicate forms at HT by the reaction among lime and dicalcium silicate as R3m
space group forming rhombic or pseudohexagonal shape crystals when euhedral, but during cooling
undergoes in displacive polymorphic transition [159,373] passing to Cm (M3) or Pc (M) space
group by complex twinning: two sets of twinning are simultaneous introduced from R to M3
structure, one forms due to the disappearance of trigonal threefold axes and the other is a fine
polysynthetic [374]. Observing hatrurite Bragg peaks on all hatrurite-bearing patterns (RM heated at
1250, 1300, 1350 °C and RFa, RFD , RFG and RF heated at 1350 °C), M; or R polymorphs can
occur because they have similar powder pattern, whereas M3-C3S polymorph could not occur due to
absence of the doublet at 1.76-1.74 A [375]. Considering the high dopants content in hatrurite
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crystals (Table 10.4) the chance of R polymorph occurrence should be taken into consideration due
to the very high doping content of P>* and AI**: previous study reported the positive effect of P>Os
to stabilise R polymorph at high content (= 1wt.%) [376]. However, only high content of ZnO
content was able to stabilise at RT the R polymorph after heating at 1400 °C [159]. General formula
calculated for hatrurite crystals by EMPA analysis always showed lower tetrahedral positive charge
for tetrahedral site due to high AI’*" not fully compensated by only P>* and S®* substitutions (Table
10.4). Cationic normalisation (type B general formula in Table 10.4) of hatrurite charge balanced
the lower tetrahedral positive charge with the ionic substitution involving trivalent iron in Ca-site
(V'Fe3* + VAIR* - VIca?* + 'VSi**) and oxygen vacancy formation (2A13% + V.72 — 2Si*+ +
0?%7): previous study reported that silicon substitution by aluminium associated with oxygen
vacancy is energy favoured than aluminium substituting both Ca** and Si** [377,378] in dicalcium
and tricalcium silicate but with limited amount [379]. Otherwise, the higher AI** molar content
could be explained by the occurrence of micro-exsolution of Al-rich bearing phases (celite and/or
mayenite) increasing Al,Os3. Afterward, the occurrence of highly doped hatrurite crystals should
strongly improve hydration reactivity due to the higher defects content and metastability of crystal
structure.

RM in-situ results suggest a combustion temperature for ye’elimite-larnite granofels (YC20
and 6BWO) lower than Fap-ell decomposition (1150-1182 °C), due to the occurrence of coarse
pecilitic euhedral Fap-ell (Fig. 9.12,13c,14,15d,16) with S-rich rim (fluorellestadite-rich rim,
Fig.9.14b) and no xenomorphic crystals: microtextural features suggest equilibrium with other
occurring phases. The coarse pecilitic Fap-ell crystals could have crystallised thanks to the
occurrence of a low-T melt during tern-silc crystallisation: tern-silc formation in absence of
anhydrite partially involve Fap-ell releasing fluorine, which associated with larnite and
fluorellestadite (C>S-Fluorellestadite-CaF;) promotes incongruent melting a 1054 °C consuming
CaF; [319]. Whereas, if anhydrite occurs along with Fap-ell and the released low amount of CaF> a
melt occurs even at 960 °C [319]. Flamite did not occur in our ye’elimite-larnite rocks suggesting a
lack of a-C2S during heating and/or a slow cooling, which the latter usually leads a complete
transition between a-CaS to a’y-CaS: flamite occurrence at RT depends on (i) thermal treatment (T
and cooling regime) and (ii) foreign ions, especially P.Os content. Low-P>Os flamite (¢ point in Fig.
9.23) occurred in larnite-rich rocks with low or no Fap-ell [122], suggesting T > 1225 °C that is
higher than Fap-ell stability. Whereas, P,Os-rich flamite (c¢; composition in Fig. 9.23) was always
associated with Fap-ell [122], suggesting a T between 1098 °C and 1150-1182 °C, allowing the
simultaneous stability of a-C>S, a’y-CoS and Fap-ell at HT. Considering (i) the upper limit of Fap-
ell stability (1150-1182 °C) and (ii) ternesite (1111-1133 °C), which the latter occurs only in minor
amount in YC20 (Table 9.1), the SO» fugacity could be roughly estimated for our ye’elimite-larnite
granofels: ternesite starts decomposing at 1111 °C with 2% O (v/v) and -5 log1¢Pso, (atm), while

at 1133 °C with 2% O (v/v) -4.8 log1oPso,(atm); whereas at upper Fap-¢ll limits ternesite is not
stable with -3.8 and -5 log,oPso,(atm) at 1150 and 1180 °C , respectively [330]. SO fugacity

values are partially included cement kiln ones, which usually range from -2.5 and -4 [338].
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10.3 — Conclusion

The multidisciplinary apporach on green-cement raw mixture simultaneously doped with P>Os, SO3
and fluorine (RM sample) were crucial for allowing a complete and detailed study on crystal phase
assemblage, microtextural and crystallographic changes during heating. Experiments highlighted
four main features with significant relevance for designing new green-cements and also capable to
better explain CP process involving impure limestone: (i) the occurrence at lower T (1235-1244 °C)
of C3S and a-C2S compared to OPC after quenching; (ii) ternesite-silicocarnotite s.s. forms at 966-
1029 °C involving fluorapatite-ellestadite s.s. releasing CaF, which should be hosted in Ci2A7 and
the excess forms a low-T melt at 1054 °C (C,S-Fluorellestadite-CaF»); (iii) ternesite-silicocarnotite
and fluorapatite-ellestadite s.s. decompose at 1111-1133 °C and 1150-1182 °C, respectively,
leading the formation of a low-T melt F, S, P and Si-rich in which CaO can fast diffuse promoting
CsS formation which growths as coarse peciloblastic crystals; (iv) high-T melt Al-Fe-rich occurs at
1250-1270 °C that is immiscible with the low-T one but able to partially exchange ions, especially
P and S, leading a gradual and temperature progressive dissolution of euhedral C3S crystals
previously crystallised. These results helped in better constraining combustion temperature of
ye’elimite-larnite granofels (YC20 and 6BWO), describing metamorphic reactions during heating
and clarifying microtextural features: (v) ye’elimite-larnite granofels should have formed at T
higher than ternesite breakdown T (1111-1133 °C) and lower than fluorellestadite ones (1150-1182
°C); (vi) coarse peciloblastic fluorapatite crystals could be explained by the occurrence of the above
mentioned low-T melt after ternesite breakdown; (vii) ye’elimite-larnite granofels estimated
temperature formation (~ 1111 to 1182°C) along with microtextural features can exclude the
reaching of main melting point (1250-1270 °C, high-T melt) during CP.

Consequently, (a) the simultaneous occurrence of F, S and P in cement raw meals lowers the
heating T at ~ 1244 °C (~ 216 °C less than OPC one) reducing fuel consumption and CO;
emissions, especially if are used wastes as alternative raw materials which often have lower CO»
emitting phases and finer starting grain size. Furthermore, (b) the occurrence of HT polymorphs of
CoS (B and o’n) associated with highly doped CsS, even with slow cooling, should strongly increase
water-reactivity overcoming the main drawback of belite-rich cement and further reduce energy
consumption; whereas, (c) in the case of fast cooling, only a-C>S occurred along with highly doped
CsS which boost more the hydration reactivity. Therefore, results pointed out several benefits of
reusing Ghareb Formation rock wastes (RM sample, impure limestone) from Rotem Amfort plant as
alternative raw material for designing new green-cements with better hydration properties compared
to standard Belite Cement thanks to simultaneous minor elements effects (F-P-S-doping): this study
figured out the availability of wastes valorisation (e.g., phosphogypsum, solid urban wastes, F-rich
sludges, P-S-F-rich rock wastes, etc.) as partially replacing raw materials in cement manufacture
being able to cope with the aim of managing waste-related problems (dangerous elements pollution,
reducing land use for landfills and waste treatment costs) and reducing CO; emissions (lowering
combustion T, grinding energy expenditure, fuel and natural raw materials consumption).
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Experiments on synthetising High Ferrite Belite Cement S-doped (BC sample) showed same
stable crystal phase assemblage (B-C2S-C4A3S-C12A7-CsAF), microtexture and melting point (1300-
1350 °C) of common BCSA cements. Furthermore, (i) final mineral assemblage was already
occurring at 1200 °C, excepted for minor amount of k-feldspar, with high porous and fine
microtexture; (ii) B-C2S was always stable at RT without y-C,S retrograde polymorphic transition
even with a slow cooling. These outcomes allow (a) a strong reduction of energy expenditure and
CO> emission for cement plant, thanks for the lower temperature combustion and soft microtexture
for lowering grinding costs; (b) the reuse of Fe-S-rich wastes as alternative raw material helps in
handling bauxite supply and landfill related problems.

Experiments on heating at different temperatures of Ghareb Formation fragments outlined
the effects of natural anisotropies (pristine limestone features) on leading strong changes on final
mineral assemblage and microtexture compared to rock powder heating (RM ex-situ and in-situ
experiments): (i) natural anisotropies mainly affect mineral assemblage at T below the high-T melt
occurrence (1250-1270 °C), while, they are less relevant when high-T melt occurs; (ii) C3S enriched
portions (~ 30wt.%) occurred at 1250 °C with no S-rich phases (C,A3S and CsS,S) and high
fluorapatite content, which could be linked to a phosphatic pellets enrichment and low gypsum
content portions in pristine limestone; (iii) C3S2-C2AS-CS occurrence at 1200 °C should be related
to local enrichment of quartz and clay minerals in pristine limestone, moving the average chemical
composition to higher-SiO> and AlbO3 not allowing C,S stability inside those rock portions.
Furthermore, (a) hatrurite occurred even at T as low as 1200 °C along with flamite highlighting the
possibility of producing green-cements at lower T compared to previous rock powder experiments
on Ghareb Formation, even with higher starting raw material grain size.
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Chapter 11
Hydration property comparison between

Belite Cement and natural larnite-rocks

11.1 — Introduction

This chapter is focused on the hydration property comparison between Belite Cement (BC) and
natural larnite-rocks (ye’elimite-larnite granofels), which their mineral assemblage, crystallographic
and microstructural features were deeply studied and described in previous chapters.

Cements are water-reactive material leading mechanical strength, mostly compressive
resistance, allowing their use for building. Cement hydration tests are focused on obtaining data
related to: (1) Specific Surface Area estimation (SSA), which strong influence hydration reactivity,
obtained by BET and Blaine methods; (ii) crystal phase assemblage and amorphous content
evolution, obtained by RQPA with internal standard on XRD patterns collected at different
hydration time; (iii) Thermal Gravimetric Analysis (TGA) useful to quantify the amount of water
(absorbed and bonded-water content) in anhydrous and hydrated cement pastes at different
hydration time, strictly needed to estimate the Free-Water Content (FWC) in cement pastes; (iv)
Isothermal Calorimetric Analysis (ICA) that records the produced heat flow during hydration over
the time.

Two different cements were prepared and studied: (i) High Ferrite Belite Cement S-doped
(HFBC), previously obtained by heating at 1350 °C a BC raw meal doped with gypsum (Fig.
10.1,2,20,21); (i1) natural ye’elimite-larnite rock belonging to Hatrurim Basin Formation in Israel
(Nat, Table 9.1, Fig. 9.9,15,16).

Furthermore, ye’elimite-larnite rock (6BWO sample) was further tested, comparing its
hydration as a powder and fragments by means of LXRPD (Table 9.1, Fig. 9.4,6,7,12,13,14),
reproducing the natural hydration conditions of larnite-rich rocks.
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11.2 — Results

Clinker samples were studied by LXRPD analysis showing their starting crystal phase assemblage
(Table 11.1). Nat sample was obtained by fine grinding and homogenising 1 kg of natural
ye’elimite-larnite rock (YC20 fragments), highlighting same mineral assemblage of YC2O,
excepted for ternesite occurrence. Whereas, BC sample was prepared by heating ~ 500 g of BC raw
meal at 1350 °C obtaining ~ 350 g of clinker, showing a mineral assemblage composed of
dicalcium silicate polymorphs (both larnite and calcio-olivine), ye’elimite and brownmillerite
associated with minor amount of periclase.

In both clinker samples (Nat and BC) occurred calcio-olivine with different content, in
contrast on what was observed in previous XRD analysis (Table 9.1, Fig. 10.1,2) suggesting the
influence of fine grinding on its occurrence.

Crystal phases Nat BC
Larnite (p-Ca,SiO,) 72.58(.37) 66.58(.38)
Calcio-olivine (y-Ca,SiO,) 3.41(.17) 8.17(.16)
Ye’elimite (Ca,AlsSO1s) 5.64(.15) 6.26(.18)
Mayenite (Ca;2A114033) 3.26(.15) -
Fluorapatite-ellestadite * 2.86(.20) -
Brownmillerite (Cay(Al Fe),0s) - 18.74(.21)
Ternesite (Cas(SiO4)»(SO,)) 1.68(.15) -
Shulamitite (Ca;TiAlFeQOyg) 2.45(.18) -
Spinel (MgAl,0,) 5.60(.31) -
Periclase (MgO) - 0.25(.12)
Gibbsite AI(OH); 0.40(9) -
Hydrogarnet (CazAl2(04Hy)3) 0.73(8) -
Afwillite (Cas3Si>O4(OHg)) 1.39(.14) -

Table 11.1 — RQPA results (wt.%) of anhydrous natural larnite-rich rocks (Nat) and synthetic Belite Clinker (BC)
selected for hydration studies; *, Cas (S igSgPl_x) F; -, not detected.
2 2 3

TGA was performed on both samples showing higher water content for Nat (3.68wt.%) compared
to BC (0.17wt.%), which is strongly related to hydrated phases occurrence in the former (Fig. 11.2)
and absorbed water for the latter (Fig. 11.1).

Gypsum addition on clinker samples for preparing cement powders was calculated
considering ye’elimite hydration reaction in presence of sulphate-bearing phases (anhydrite,
bassanite or gypsum), leading the formation of ettringite and AHs [285,380] (Eq.11.1):
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(Eq.11.1) Ca,(Al0,)¢(S0,) + 2CaS0, - n(H,0) + (38 — 2n)H,0 —
Ca6Al2(0H)12(SO4)3 ) 26H20 + 4Al(0H)3

Furthermore, BC clinker has high brownmillerite content (Table 11.1), which can interact with
sulphate-bearing phases during hydration, leading more ettringite (Eq.//.2) or monosulphate
(Eq.11.3); whereas, hydrogarnet (Eq.11.4,5) and iron hydroxide (Eq.10.5) are hydration products in
the case of no sulphate source [381-383]:

(Eq.11.2) Ca, (Al Fe),040 + 3CaS0, - 2(H,0) + 30H,0 —
CagAl,(0H)1,(S0,)5 - 26H,0 + Ca(OH), + 2Fe(0H);

(Eq.11.3) Ca, (Al Fe),04 + CaSO0, - 2(H,0) + (n + 2)H,0 —
Ca,Al,04(S0,) - 14H,0 + Ca(OH), + 2Fe(OH)4

(Eq.11.4) Ca,(Al,Fe) 4040 + 2Ca(OH), + 10H,0 — Cas(Al, Fe),(0H),
(Eq.11.5) Cay(Al, Fe) 4,010 + 10H,0 — = Caz(Aly 75Feq25)2(OH) 12 + S Fe(OH)3

Estimated amount of gypsum and anhydrite to fully react ye’elimite (Eq.//.1) and brownmillerite
(Eq.11.2) in BC and Nat clinker samples are reported in Table 11.2: Nat clinker requires ~ 3wt.% of
gypsum; whereas, BC clinker needs ~ 19wt.% of gypsum, representing a strongly different sulphate
addition which limits the comparison with Nat cement. Therefore, two different BC cements were
prepared, one with 3wt.% and the other with 5wt.%, and the released heat flow was tested with ICA
till 3 hydration days. All cement pastes were prepared using a water cement powder ratio of 0.5.

Sulphate-bearing phases Nat BC
Gypsum (CaSO42H>0) 3.18(*) 23.30 [3.53(*)+19.77(*)]
Anhydprite (CaSOy) 2.52(%) 18.42 [2.79(*)+18.42()]

Table 11.2 — Sulphate-bearing phases amount reported in grams to fully react ye’elimite (*) and brownmillerite (*) with
water following the Eq10.1,2.

255



11.2 — Results 256
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Fig. 11.1 —- DSC-TGA of anhydrous synthetic Belite Clinker (BC); blue curve is the heat flow (W/g), whereas the green
one represents the weight loss (wt.%) upon heating. In black is reported the total weight loss.

DSC-TGA
Sample: NAT
Size: 57.0430 mg
Method: Ramp
101 0.8
3.680% Total Weight Loss
(2.099mg) /L
100 k 0.6
99 0.4 c)
g s
5 :
2 -~
@
98 o2
971 0.0
96 . . . ; . . . T . . - . . . . r . . . 0.2
0 200 400 600 800 1000
Temperature (°C)

Fig. 11.2 — DSC-TGA of Nat, the blue curve is the heat flow (W/g), whereas the green one represents the weight loss
(wt.%) upon heating. In black is reported the total weight loss.
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(a) BC.Syn 3wt% gyp.vs 5wt% gyp.
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Fig. 11.3 — Heat flow (W/kg) vs time (hour) was reported for BC with 3 and 5wt.% of gypsum with 0.5 water cement
ratio (a) till 65 hours and (b) a detailed inspection from 3 to 30 hours.
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BC cement pastes prepared with 3wt.% and 5wt.% of gypsum showed different heat flows during
the hydration: one main hydration peak occurred at 15-22 hours adding 3wt.% of gypsum; whereas,
no clear hydration peak raised adding 5wt.% (Fig. 11.3). However, both pastes highlighted a first
strong hydration peak related to gypsum and ye’elimite dissolution in water.

Therefore, the addition of 3wt.% of gypsum was used to prepare BC (labelled as 3GBC) and
Nat (labelled as 3GNat) pastes, comparing their hydration performances by means of: (i) LXRPD
with internal standard method to quantify amorphous content evolution over the time; (ii)) TGA
calculating bonded and Free-Water Contents (Fig. 11.5,6); (iii) ICA to evaluate the heat flow
evolution during hydration till 7 days.

SSA of anhydrous cement powders was checked by both BET and Blaine methods: cements
have similar SSA obtained Blaine method, falling in the common values of cement powders [7,8];
whereas, BET results gave higher values for 3GNat compared to 3GBC (Table 11.3).

Sample Name 3GNat 3GBC

Density (g/cm’) 3.10(1) | 3.11* 3.22(1)]3.26*
BET (m’/kg) 2.26(1) 1.55(1)

Blaine (m’/kg) 542(30) 505(34)

Table 11.3 — Density, BET and Blaine values are reported for both natural (3GNatr) and synthetic (3GBC) cements;
e.s.d is reported in round brackets; *predicted values using crystallographic density of gypsum [384] associated with its
addition to clinker.
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Fig. 11.4 — Heat flow (W/kg) vs time (hour) obtained with ICA for 3GNat (red curve) and 3GBC (green curve) pastes
prepared with 0.5 water cement ratio, reporting in the small box detail of the first hydration peak.
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Fig. 11.5 - DSC-TGA of 3GBC at (a) 1 day, (b) 3 days, (c) 7 days, (d) 28 hydration days; in blue the heat flow (W/g); in green weight loss (%, g) over the heating up to 1000 °C.
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Fig. 11.6 — DSC-TGA of 3GNat at (a) 1 days, (b) 3 days, (c) 7 days, (d) 28 days of hydration; in blue the heat flow (W/g); in green weight loss (%, g) over the heating up to 1000

°C.
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Results of the RQPA with the internal standard method of both cement pastes at 0, 1, 3, 7, 28

hydration days are reported in Table 11.4. Furthermore, amorphous content and Free-Water Content

evolution over the hydration time are reported. Both cements showed comparable hydration

properties and mineral assemblages (Table 11.4; Fig. 11.7):

(i)  3GNat cement hydration at from O to 1 day of hydration all mayenite, ye’elimite and
gypsum completely dissolved with water, leading the formation of calcium aluminate
decahydrated, ettringite, aluminium hydroxide and a slight increase of hydrogarnet. Even a
limited hydration of B-C>S occurred after 1 day but its hydration was clear at 28 hydration
days. Amorphous content strongly increased after 1 day due to the dissolution of gypsum,
ye’elimite, mayenite and minor larnite; whereas slowly reduced from 1 to 7 days thanks to
stratlingite and ettriginte precipitation; finally amorphous content re-increased from 7 to 28
days due to larnite hydration. Free-Water Content was almost stable from 1 to 7 hydration
days and then started reducing due to the increase in amorphous content and hydrated crystal
phases, as confirmed the weight loss from 45 to 550 °C. However, spinel, fluorapatite-
ellestadite s.s. and calcio-olivine unreacted, whereas, shulamitite slowly reduced till 7
hydration days and later reacted faster halving its starting content. Ternesite exhibited its
hydration reactivity only at 28 hydration days. Ettringite continuously increased over the
hydration, whereas, stratlingite started occurring from 7 hydration days when calcium
aluminate decahydrated was no longer stable;

(i1)) 3GBC cement hydration revealed a similar behaviour of 3GNat, especially for larnite
hydration, which slightly reacted with water after 1 day. Ettringite occurred since 1
hydration day and continuously increased, excepted from 3 to 7 days which remained almost
constant. Amorphous content strongly raised up after 1 day of hydration and remained
almost constant till 7 days, after which started increasing probably due to larnite hydration.
No aluminium hydroxide, calcium aluminate hydrated phases, portlandite and brucite were
formed up to 28 hydration days. Free-Water Content remained almost constant over the
entire hydration time studied, as highlighted observing weight loss from 45 to 550 °C.

ICA on cement pastes highlighted a completely different heat flow release between 3GBC and
3GNat, excepted for the first hydration peak related to gypsum and ye’elimite break down: 3GBC
showed a main hydration peak starting and lowering at 36 and 72 hours, respectively; while, 3GNat
revealed only a flat hydration peak from 72 to 100 hydration hours. Both cement pastes showed
heat flow similar to BCSA or CSA cements after 20 hours of hydration [385-387]. However, 3GBC
has always a higher heat flow compared to 3GNat from 36 hours (Fig. 11.4). LXRPD patterns in the
window range from 2.70 to 2.80 A of both cement pastes are reported in Fig. 11.8 highlighting
changes in intensity and peaks shape of main Bragg peaks of larnite.
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0 da 1da 3 days 7 days 28 days
CRYSTAL PHASES 3GNat ! 3GBC 3GNat y3GBC 3GNat ' 3GBC 3GNat ' 3G BC 3GNat y3 GBC
Larnite ($-Ca,SiO,) 37.49(1.26) 35.35(1.71) | 30.96(.42) 30.09(.58) | 31.03(.46) 29.46(.51) | 30.80(.46) 29.82(.55) | 27.96(.37) 27.15(.47)
Calcio-olivine (y- Ca,Si0O,) 2.05(.12) 4.45(.22) 1.47(8) 4.24(.13) 1.34(8) 3.24(.12) 1.03(8) 2.81(.12) 1.13(8) 3.07(.12)
Ye’elimite (Ca,Al4S015) 2.80(.13) 3.16(.15) - - - - - - - -
Mayenite (Ca;2A4114033) 1.65(9) - - - - - - - - -
Brownmillerite
(Ca,Al,Fe,0,) - 10.11(.49) - 8.04(.18) - 7.72(.17) - 8.16(.18) - 5.59(.14)
Shulamitite (Ca;TiAlFeQOyg) 0.89(7) - 0.82(6) - 1.03(6) - 0.97(6) - 0.77(6) -
Fluorapatite* 0.96(.11) - 1.00(9) - 1.16(9) - 1.09(9) - 1.18(9) -
Spinel (MgAl,0,) 2.46(.11) - 2.23(7) - 2.25(7) - 2.24(7) - 2.20(7) -
Ternesite (Cas(SiO4)3(SO,) | 0.41(.15) - 0.53(.12) - 0.67(.12) - 0.48(.12) - 0.06(.12) -
Periclase (MgO) - 0.14(1) - 0.19(4) - 0.12(4) - 0.20(4) - 0.06(5)
Hydrogarnet
(CasAl(OsHy)3) 0.14(8) - 0.59(8) - 0.55(8) - 0.42(8) - 0.30(8) -
Gibbsite AI(OH); 0.14(.10) - 0.35(8) - 0.66(9) - 0.85(9) - 0.06(9) -
Gypsum (CaSO4 2H>0) 1.98(.10) 1.86(9) - - - - - - - -
Afwillite (CasSi;O4(OHg)) 0.68(.12) - 0.64(.11) - 0.67(.11) - 0.54(.10) - 0.42(.10) -
Ettringite
(CasAl(SO4)5(OH) 1 26H:0) - - 1.29(9) 2.85(.12) | 2.56(.09) 3.81(.13) 2.01(9) 4.63(.14) | 4.74(.10) 6.70(.17)
Calcium Aluminate
decahydrate CAH ) ) ) 0.41) i 0.43(.05) ) ) ) i )
Riversidite (Tobermorite 94) i i i i i i i 1.36(.15) i i
(Cas(HSi309)>-2H20)) o
Stratlingite
(CarALSIOAOH) 15-3H:0) - - - - - - 1.69(7) - 1.54(7) 0.86(.11)
Amorphous Content 15.03(.49) 11.60(.56) | 32.46(.36) 26.29(.46) | 30.63(.38) 27.41(.42) | 30.45(.39) 26.10(.40) | 34.57(.35) 28.57(.40)
Free Water Content 33.33(1) 33.33(1) 27.24(1)  28.30(1) | 27.02(1)  28.24(1) | 27.43(1) 26.92(1) | 25.07(1)  28.00(1)

Table 11.4 — RQPA results for 3GNat and 3GBC at 1, 3, 7, 28 days of hydration considering both Free Water Content and Amorphous Content; *, Cas (SigSgPl_x) F; es.d.is
2 2 3

reported in rounded brackets and was calculated using the propagation error rules [388].
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Fig. 11.7 — LXRPD patterns of cement pastes from 0 to 28 hydration days with quartz as internal standard and
highlighting main Bragg peaks of occurring crystal phases: (a) 3GBC; (b) 3GNat.
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Fig. 11.8 — LXRPD patterns of cement pastes from 0 to 28 hydration days highlighting $-C>S Bragg peaks shape in the

window range from 2.80 to 2.70 A: (a) 3GNat; (b) 3GBC.
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X-ray p-CT tomography was performed on sample 3GBC hydrated for 1 month highlighting voids
crystal phase distribution. 3GBC sample after 1 hydration month has 8.00 vol.% of voids with both
large well-rounded pores (Fig. 11.9a) and small micrometric ones. Unreacted dicalcium silicate and
brownmillerite occurred as coarse and small clusters, respectively. Furthermore, the wide low-
density matrix is related to hydrated phases, such as ettringite, stratlingite and C-S-H amorphous

phase. These results are in good agreement with previous LXRPD analysis (Table 11.4).

Figure 11.9 — 3GBC sample hydrated for 1 month and studied by means of synchrotron X-ray p-CT at Elettra: (a)
sample slice highlighting brownmillerite in white (high density phase), not water-reacted dicalcium silicate in medium
grey (medium density phase), hydrated phases (ettringite, stratlingite and amorphous C-S-H phase, representing low
density phases) and voids in black; (b) volume rendering with a clipping plane parallel to the elongation of the sample,
showing on the top half voids distribution in blue and unreacted brownmillerite in red in the bottom half.

Natural ye’elimite-larnite rock (6BWO, Table 11.5) powder was directly mixed with water (water
cement ratio equal to 0.6) and the crystal phase assemblage evolution over the hydration time was
studied by means of RQPA. Furthermore, 6BWO rock fragments were immersed in water in a
sealed box, avoiding water loss, at a constant temperature of 20 °C and after 5 months of hydration
the white precipitation was sampled, dried with absolute ethanol and studied by means of LXRPD
(Table 11.5).
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11.2 — Results 266
Sample 6BWO
Starting material Powder Fragments
Time 0 days 3 weeks 3 months 4 months 5 months
. SXRPD SXRPD
Experimental Set-Up (ID22) (MCX) LXRPD LXRPD LXRPD
Larnite (-Ca,SiO,) 68.15(.14) | 66.28(.27) 64.47(33) 42.87(.29) -
Brownmillerite
(Caz(Al Fe):0s) 0.18(2) i ) i i
Ye’elimite
15.04(.1 - - - -
(CayAlsSO;16) 5-04(.10)
Shulamitite
(Ca;TiAlFeOy) 2.08(3) 1.93(7) 1.91(.12) 2.20(.10) -
Fluorapatite-ellestadite
Cas (Sigsgpl_x) F 8.41(7) 9.47(.20) 9.63(.28) 10.03(.27) -
2 2 3
Spinel
4.04(3 4.21(8 4.07(.10 4.05(.12 -
MetALF,0, ®) ®) (.10) (12)
Hydrogarnet
. 1.13(.1 1.11(.12 1.33(.12 -
(CazAl(O4Hy)3) 0.67G3) 3¢10) (12) 33(12)
Gibbsite (A1(OH)3) 0.43(4) 0.73(9) 0.54(.12) 0.24(.12) 2.93(.20)
Bayerite (Al(OH)3) - 0.51(9) 0.19(.12) - 8.89(.23)
Nordstrandite (AI(OH)3) 0.37(4) 0.78(.10) 0.71(.13) 0.43(.13) 3.51(.21)
Gypsum
(CaSOy2H0) - - - 0.87(9) 20.83(.24)
Ettringite
(CasAl(SOs(OH) 1226 H:0) - 8.14(.15) 8.97(.15) 10.96(.33) -
Stratlingite
(CarALSIOOH) 1y 3H:0) - 4.48(.19) 6.17(.24) 18.76(.33) -
Quartz (a-SiO3) 0.11(3) 0.27(4) 0.43(5) 0.26(5) 0.35(7)
Calcite (CaCO3) 0.52(4) 2.07(4) 1.82(8) 8.00(.14) 57.28(.35)
Syngenite (K:Ca(S0,4),-H:0) - - - - 2.58(.17)

Table 11.5 — RQPA results (wt.%) of 6BWO (ye’elimite-larnite rock) hydration as powder and the precipitate from rock
fragments hydration at different curing time; -, not detected.

RQPA results are reported in Table 11.5 useful to (i) identify mineral assemblage changes and (ii)
major wt.% variation of crystal phases during hydration.

Hydration of 6BWO cement without gypsum or anhydrite addition figured out an almost
constant wt.% of hydrogarnet and low water-reactive phases (spinel, fluorapatite-ellestadite s.s. and
shulamitite); whereas, larnite strongly reacted with water at 4 hydration months. Ettringite and
stratlingite represent the main hydrated crystallite phases, which the former continued slowly
increasing from 3 weeks to 4 months, whereas the latter strongly raised up at 4 months. Calcite and
aluminium hydroxides (gibbsite, nordstrandite and bayerite) represent minor crystal phases
produced during hydration; calcite already occurred after 3 weeks of hydration and clearly
increased at 4 months; aluminium hydroxides continuously reduced after 3 weeks of hydration due
to stratlingite precipitation.
6BWO fragments hydration produced a white crystalline precipitate made of calcite, representing
the main crystal phase, gypsum and aluminium hydroxide, which the latter is mostly composed of
bayerite (Table 11.5). Furthermore, minor amount of syngenite and quartz occurred.
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Figure 11.10 — LXRPD patterns of 6BWO pastes at 3 weeks, 3 and 4 months of hydration, highlighting main Bragg
peaks of occurring crystal phases.

11.3 — Discussion

The hydration properties of Belite Cements based on natural ye’elimite-larnite rocks (Nat) and
synthetic High Ferrite Belite Clinker sulphur doped (BC) were tested and compared by means of
SSA, TGA, ICA and LXRD.

Both BC and Nat samples, corresponding to large volume of homogeneous fine grinded
powder of BC heated at 1350 °C and YC2O ye’elimite-larnite rocks, respectively, showed the
occurrence of calcio-olivine, which did not occur previously (Table 11.1, Fig. 10.1,2). Calcio-
olivine could form in the case of: (i) prolonged heating at high temperature, enhancing large and
purer dicalcium silicate crystals; (i1) slow cooling after heating, promoting the gradual expulsion of
foreign ions leading purer crystals and enhancing complete retrograde polymorphic transitions; (iii)
low amount of dopants (Na,O, K->O, B>O3, P>Os, SO;3, etc. [7,8]) in the starting raw meal, inhibiting
the stabilisation of high temperature polymorphs after cooling [389]. However, y-C>S occurrence in
BC and Nat clinkers should be related to the prolonged grinding: fine grinding leads an increase in
crystal structural defects and provides energy for the polymorphic transition to metastable high-
defective larnite crystals [390,391].

SSA results revealed similar values for both cements considering Blaine method, while,

3GNat has higher SSA value with BET method compared to 3GBC: BET method should be
considered with higher sensitivity compared to Blaine one [392].
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The hydration of BC and Nat cements with 3wt.% of gypsum with a water cement ratio of

0.5 pointed out some differences and similarities:

(1)

(i)

(iii)

(iv)

Both cements showed a slight larnite hydration even after 1 day, which could be explained
by the occurrence of low crystallite size crystals highly reactive with water, leading the
formation of amorphous CSH (with an approximately chemical composition of Ci61-2SH4)
and low amount of CH [7,8]: LXRPD patterns revealed a sharpening of larnite Bragg peaks
during the hydration, suggesting the first dissolution of low crystallite larnite which
contributes to the broad parts of peaks (Fig. 11.8). However, this hypothesis needs further
research in order to confirm the occurrence of CSH gel due to belite hydration;

Ettringite is an ever-present hydrated crystal phase always crystallising in both cements by
the hydration reaction C4A3S + 2CSH, + 34H — C¢AS;H3, + 2AH; among ye’elimite,
gypsum and water, which also forms amorphous aluminium hydroxide [389]. Considering
gypsum and ye’elimite contents (Table 11.4) the expected ettringite for sample 3GBC is
6.50wt.%, consuming 1.78wt.% of the starting gypsum; whereas the remaining 0.10wt.%
should react with 0.08wt.% brownmillerite leading 0.20wt.% of ettringite, 0.01wt.%
portlandite and 0.03wt.% of Fe(OH)s (see section 6.5.4): the total expected ettringite for
3GBC is 6.70wt.% which goodly fits with the RQPA values at 28 hydration days. Whereas,
sample 3GNat has 5.76wt.% of expected ettringite from ye’elimite hydration consuming
1.58wt.% gypsum and the remaining 0.40wt.% of gypsum could react with 1.1wt.% of
mayenite leading the formation of Iwt.% ettringite [393], 0.52wt.% portlandite and
0.74wt.% AHj; (C1,A7 + 3CSH, + 53H — C¢AS;Hs, + 6AH; + 9CH): the overall expected
ettringite formation for 3GNat is 6.76wt.% but at 28 hydration days only 4.75wt.%
occurred, pointing out a slower reaction formation of ettringite compared to 3GBC;
Stratlingite occurred in both cements but early crystallised in 3GNat after 7 hydration days,
while it occurred only at 28 days in BC based cement: stratlingite usually crystallises after
several hydration days [394] by the reaction C,S + AH3; + 5H — C,ASHg [395], which
could be also re-written as C;gSH, + 0.2CH + AH; + 0.8H — C,ASHg considering the
early hydration of belite [7,8]. Stratlingite crystallisation is favoured by a pH rise and the
availability of CAH phases as nuclei for growing, such as CAHio, C2AHg and C3AHs
[396,397]. Therefore, the occurrence of mayenite hydration in 3GNat, in absence of
available sulphate, led the formation of CAHio and low amount of C3AHs [398,399]
suggesting the hydration reaction 2C;,4, + 120H - 9CAH,y + 5C3AHg, which improved
the early formation of stratlingite after 7 days by the following reaction: 2CAH,, +
2C1gSH, + 0.4CH —» C,ASHg + AH3 + 9.4H only considering the participation of calcium
aluminate decahydrated as aluminium source and larnite hydration products;

Low amount of ternesite occurred in 3GNat which at 28 hydration days showed slow water-
reactivity increasing ettringite and amorphous CSH phase: pure ternesite hydration could be
described by the reaction C5S,S + 10.8H — 2C; gSH, + 0.4CH + CSH, [338]. The
formation of CSH and low amount of CH raises pH, improving larnite hydration, whereas
gypsum precipitation increases sulphate availability for ettringite crystallisation. However,
ternesite hydration associated with AHs, as occurring in 3GNat, produces stratlingite,
ettringite and CSH, as reported in previous studies [400,401]. Furthermore, previous
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experiments showed thaumasite (C3SSCH;s) crystallisation by ternesite hydration from 28
to 180 days when COs> occurs [337,402]. Ternesite has higher reactivity than larnite and
similar to brownmillerite, high SO4* content and low pH reduce its water-reactivity [403];
(v)  Brownmillerite only occurred in 3GBC and partially reacted with water after 1 day and only
later re-started slowly reacting with water after 7 hydration days probably due to the pH rise
by larnite dissolution [7]. Brownmillerite hydration should have participated in ettringite
precipitation as reported in Eq./1.2,3 because no hydrogarnet occurred in XRD patterns

(Eqll.4,5),

(vi)  The increasing trend in amorphous content after 7 hydration days of 3GNat could be
explained by ternesite and shulamitite hydration which slowly reacted leading early
amorphous phases: ternesite dissolution led amorphous CSH and CH; while, main
shulamitite hydration product is CaTiFe3%AlOg-3H,0 [34], which should be also
associated with portlandite formation to balance the calcium excess, as reported in the
reaction CasTiFe3tAlOg + 5H,0 —» CaTiFe3*AlOg - 3H,0 + 2Ca(0H),.

Hydration of ye’elimite-larnite rock powder without gypsum or anhydrite showed a similar mineral

assemblage of 3GNat, excepted for the continuous crystallisation of calcite by the reaction between

CO; and Ca(OH): [7,8]. Furthermore, larnite strongly hydrated after 3 months leading the formation

of stratlingite by the consumption of aluminium hydroxides (gibbsite, bayerite and nordstrandite)

and CSH previously formed by ye’elimite and larnite hydration, respectively. The slight fluorapatite

increase should be related to the release of phosphorous and portlandite by larnite hydration [404].

Gypsum precipitation after 3 months of could be due to the increase in pH and oversaturation of

SO~
Precipitation produced by the hydration of ye’elimite-larnite granofels fragments highlighted

a crystal phase assemblage close to white veins of larnite-rich rocks (Table 9.3), excepted for higher

gypsum, AH; and the lack of tobermorite 11 A.

These results give more credit to a precipitation of crystals from a circulating solution inside
fractures to explain white veins formation in larnite-rich rocks: a circulating solution resulting from
the interaction of anhydrous natural clinker is enriched in Ca(OH),, AH3, SO4* and COs* leading
the formation of large amount of calcite (Ca(OH), + CO, — CaC05 + H,0), representing the main
phase, ettringite, aluminium hydroxides and gypsum. Therefore, CSH phases (tobermorite, jennite,
afwillite, stratlingite, thaumasite, bulfoteinite, apophyllite, etc.) should occur mainly in brown parts
of hydrated larnite-rich rocks, which represent the direct hydration of anhydrous natural clinker.
The overall lack of stratlingite in natural hydrated larnite-rich rocks veins could be explained by an
increase in temperature higher than 90 °C and/or high content of Ca(OH)», destabilising stratlingite
which turns into hibschite (Ca3Al,(Si0,)3_,(OH),4,), portlandite and calcium aluminate hydrates
(CsAHy) [405,406].
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11.4 — Conclusion

The comparison between natural larnite-based cement (Nat sample), prepared from ye’elimite-
larnite granofels collected in Hatrurim Basin, and laboratory prepared HFBC S-doped (BC sample
heated at 1350 °C) showed similar hydration properties and mineral assemblage after 28 hydration
days. Larnite and ye’elimite both represent main hydrating crystal phases of these two cements but
exhibited different water-reactivity: the simultaneous occurrence of ye’elimite and gypsum during
hydration led ettringite and aluminium hydroxides formation since 1 day of hydration; while, larnite
started hydrating at 28 hydration days producing amorphous CSH and low amount of CH, reacting
with AHj3 to form stratlingite. Nevertheless, slight hydration-degree occurred for larnite since 1 day
of hydration thanks to high defective crystals. However, secondary phases should be taken into
consideration during hydration experiments: brownmillerite represents an important constituent in
Belite Cements, and influences hydration properties especially with high sulphate ion availability,
despite its slow hydration reactivity; whereas, minor crystal phases only occurring in natural larnite-
based cement (shulamitite, ternesite and mayenite) influenced hydration increasing amorphous
content, CAHx, Ca(OH), and SO}~ which can modify pH, availability of ions and stability of
anhydrous phases. Nonetheless, both cement pastes highlighted similar crystal phase assemblage
after 28 hydration days, which is well comparable to commercial BCSA cements.

Laboratory hydration of ye’elimite-larnite granofels fragments and powder without sulphate-
bearing phases reproduced conditions similar to natural hydration of ye’elimite-larnite granofels in
Hatrurim Basin at early ages. Hydrated larnite-rich rocks commonly occur as veins made of (i)
white central part, strongly enriched in calcium carbonate and minor ettringite and CSH phases, and
(i) brown borders with wide mineral assemblage usually richer in CSH minerals, ettringite,
aluminium hydroxides and katoite. Laboratory hydration of ye’elimite-larnite granofels powder
gave XRD results similar to brown parts of natural veins: stratlingite, ettringite, calcite and gypsum
are main hydration products after 4 months, which should gradually turn into higher hydrogarnet,
calcite and crystalline CSH phases. CSH phases formation is related to the gradual conversion of
the amorphous CSH and by the probable decomposition of stratlingite at high pH with Ca(OH)»
linked with fully larnite hydration.

Ye’elimite-larnite granofels fragments hydration produced a white precipitation, which is
composed of mainly calcite and lesser gypsum, ettringite and aluminium hydroxides with no CSH
crystalline phases at 5 hydration months, representing the early corresponding of white cores of
natural veins: ye’elimite-larnite granofels during hydration by weathering led the dissolution of
anhydrous water-reactive phases (ye’elimite, larnite, mayenite, brownmillerite, etc.) leading a
circulating solution mainly rich in Ca(OH),, SOZ~, AH3 and minor amorphous CSH filling pores
and fractures, which gradually crystallised as main calcite and ettringite associated with minor
phases.
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Chapter 12
General conclusions

This study aimed to compare the natural process of Combustion Pyrometamorphism (CP) that
involved impure limestone occurring in Hatrurim Basin (Israel) and the synthetic analogous process
of cement production by means of a multidisciplinary approach based on both conventional and
innovative analytical techniques.

Filed trip in Hatrurim Basin area allowed to collect both CP rocks and protolith of larnite-
rich rocks, and relevant geological features making a direct comparison with available bibliographic
data. Chemical composition differences (CaO-SiO2-Al,0O3) observed along the metamorphic
sequence by changes on mineral phase assemblage are well linked to chemical composition and
microtextural changes occurring inside the pristine sedimentary sequence: (i) metamorphosed
Mishash Formation (also called bake-line) corresponds to the base of metamorphosed sequence; (ii)
gehlenite-wollastonite and anorthite-diopside hornfels represent brown to black layers
corresponding to the metamorphism of marls belonging to Lower Member of Taqiye Formation;
(ii1) stratified larnite-rich rocks and calcite-spurrite well-fit with HT metamorphism of well-
stratified marly limestone of Hafir Member. Furthermore, HT rocks usually occur at the
metamorphic sequence top or close portions which were featured by higher oxygen availability
improving combustion reaction. Therefore, results confirmed the general hypothesis of HT in-situ
metamorphism of a sedimentary sequence by the combustion of methane-rich gases coming from
deep hydrocarbon reservoirs along fractures and faults for a prolonged heating period (mud
volcanism), leading the formation of a metamorphic sequence; hence, the previous bitumen self-
ignition model should be rejected as formation mechanism of Hatrurim Basin rocks.

The study on protolith of larnite-rich rocks (Ghareb Fm.) was crucial to reveal detailed
mineralogical and crystallographic information and to highlight natural anisotropies (such as
goethite-rich layers, Fe-Ti-rich nodules, phosphatic-rich portions and gypsum-rich veins), which
have a strong influence on final mineral assemblage and microtexture during CP. The link between
anisotropies occurring in pristine limestone and ye’elimite-larnite granofels was confirmed even by
laboratory heating of protolith fragments: (i) millimetric black nodules rich in spinel and Ti-bearing
phases in ye’elimite-larnite granofels should be correlated with millimetric dark nodules rich in Fe-
phases and with minor titanite occurring inside pristine limestone; (i1) coarse fluorapatite crystals
occurring inside ye’elimite-larnite granofels should be linked to the occurrence of phosphatic pellets
inside protolith rocks, as confirmed by Ghareb Formation fragments heating.

Detailed crystallographic and microtextural investigations on ye’elimite-larnite granofels
and the equivalent green-cement fluorine, sulphur and phosphorous doped, which was laboratory
prepared using ye’elimite-larnite granofels protolith (Ghareb Formation), revealed crystal phase
evolution upon heating till 1350 °C showing two main melting events: (i) low-T melt rich in
CaS0s-C,S-CaF; is produced at T = 1054 °C when CaF: is released by ternesite-silicocarnotite
crystallisation at 966-1029 °C and by fluorapatite-ellestadite breakdown at 1150-1182 °C; (ii) high-
T Al-Fe-rich melt occurs at 1250-1270 °C, leading microtextural features close to OPC and BC
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ones. Furthermore, highly doped hatrurite and HT dicalcium silicate polymorphs (larnite and
flamite) occurred at room temperature after heating at 1244 °C of Ghareb Formation powder even
with a slow cooling, representing an important outcome suitable for designing green-cements and
improving cement manufacture: phosphorous, sulphur and fluorine raw meal doping should
strongly improve hydration properties, limiting the main drawback of belite-rich cements.
Therefore, this study figured out the availability of P-S-F-rich wastes reuse (e.g., phosphogypsum,
solid urban wastes, F-rich sludges, P-S-F-rich rock wastes, etc.) as partially replacing raw materials
in cement manufacture being able to cope with the aim of managing waste-related problems
(dangerous elements pollution, reducing land use for landfills and waste treatment costs) and
reducing CO» emissions (lowering combustion T, grinding energy expenditure, fuel and natural raw
materials consumption). Furthermore, results could be employed not only for improving cement
manufacture but also for advancing oil fields exploration, due to the vicinity of CP rocks to oil and
gas reservoirs: CP rocks could be used as a proxy especially for methane-rich reservoirs.

High Ferrite Belite Cement S-doped laboratory prepared showed same mineral assemblage
and hydration properties of BCSA cements, supporting the chance of partial substituting of bauxite
with Fe-rich wastes as starting raw materials. Moreover, two important features were observed: (i)
the final mineral assemblage (larnite-brownmillerite-ye’elimite) was already occurring at 1200 °C,
excepted for minor minerals occurrence, with high porous and fine microtexture; (i1) larnite was
always stable at RT without y-C,S retrograde polymorphic transition even with a slow cooling.
These relevant results allow: (a) a strong reduction of energy expenditure and CO> emission for
cement plant, thanks for the lower combustion T compared to common Belite Cements (1250-1350
°C); (b) lower grinding energy costs thanks to the advantageous porous-soft microtexture, which
represents a main item of expenditure in cement manufacture; (c) the positive reuse of Fe-S-rich
wastes as alternative raw material helps in handling bauxite supply and landfill related problems.

Natural ye’elimite-larnite granofels figured out similar hydration reactions of HFBC S-
doped ones, with differences mainly due to minor hydrating crystal phases, such as ternesite,
mayenite. Furthermore, hydration experiments on ye’elimite-larnite granofels clarified the
formation process of natural hydrated larnite-rocks veins better explain their textural features: (i)
the weathering of ye’elimite-larnite granofels outcrops caused the water interaction with reactive
anhydrous phases (larnite, ye’elimite, mayenite, brownmillerite and ternesite) leading the formation
of a circulating pore solution and a hydration products, such as CSH phases, hydrogarnet, gibbsite,
ettringite, etc.; (i1) the circulating pore solution can move along cracks and fractures and is rich in
Ca(OH)2, SO;~ and AHs, which gradually leads the precipitation of mainly calcite and minor
ettringite and gypsum, forming white core of hydration veins; (ii1) the hydration products, which
during the early hydration stage occur as amorphous phases, remain in the same position and
gradually crystallise as CSH phases (tobermorite, jennite, afwillite, etc.), hydrogarnet, gibbsite
associated with calcite, gypsum and ettringite coming from the pore solution, representing brown
parts of hydration veins.
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Appendix

Additional images of studied samples

(@

Fig. A.1 — (a) Ghareb Fm. fragment heated at 1200 °C (RFa); (b,c) RLM images of RFa at // nicols highlighting the fine
grain size and high porosity, with a visible mineral assemblage made of dicalcium silicate (medium grey portions), lime
(dull grey in relief) and brownmillerite (white rounded nodules 15-25 pum); (d) RFM image of RFa at // nicols etched
with Nital with dicalcium silicate with brown colour and clearly revealed small anhedral hatrurite crystals with blue
colour.
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I 100y I

Fig. A.2 — (a) Ghareb Fm. fragment heated at 1200 °C (RFb) at laboratory scale showing darker and greener colours
than RFa (Fig. A.la) due to ternesite abundance; (b,c,d) RLM images of RFb at // nicols highlighting a fine grain
microstructure with high porosity and an observable mineral assemblage made of euhedral prismatic to acicular
brownmillerite (white) even forming rounded enrichments, anhedral lime (dull grey in relief) and a xenomorphic matrix
composed of larnite (medium grey) and ternesite (medium grey darker than larnite one).
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Fig. A.3 — RM (Ghareb Fm. powder) heated at 1200 °C as pellets: (a) RM pellet after heating at 1200 °C at laboratory
scale for 8 hours; (b) RLM image at // nicols revealing anhedral rounded lime crystals (dull grey in relief), euhedral to
subhedral brownmillerite crystals (white) also forming enriched rounded portions and a matrix made of larnite (medium
grey), ternesite and fluorapatite-ellestadite (medium grey darker than larnite); (c) RLM image at // nicols showing
submillimetric brownmillerite enrichment surrounded with the ternesite-larnite-fluorapatite-made xenomorphic matrix;
(d) RLM image at // nicols of the previous polished section portion Nital etched revealing the distribution of larnite,
which turned to brown colour, and no reactive phases in the matrix, such as ternesite and fluorapatite-cllestadite.
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Fig. A.4 — RM (Ghareb Fm. powder) heated at 1250 °C as pellets: RLM at // (a) and + (b) nicols, highlighting a
microtexture made of large (100-150 pm) peciloblastic euhedral rhombic-shape hatrurite crystals (medium grey //, dark
brown +), subhedral lime (dark grey //), euhedral brownmillerite (white //, black + with sporadic orange internal
reflections) and matrix made of rounded larnite (medium grey //, light brown +) and xenomorphic ternesite and
fluorapatite-ellestadite (darker grey than larnite //, brown +); RLM at // (¢) and + (d) nicols of polished section etched
with Nital revealing peciloblastic rhombic shape hatrurite crystals (light blue and orange //, dark brown), anhedral
larnite (light brown to orange //, light brown +), brownmillerite crystals (white //, black +) and xenomorphic ternesite
and fluorapatite-ellestadite crystals which showed same optical properties.
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Fig. A.5 — RM (Ghareb Fm. powder) heated at 1300 °C as pellets: RLM at // (a) and + (b) nicols, highlighting a
microtexture made of large (100-150 um) peciloblastic subhedral hatrurite crystals (medium grey //, dark brown +),

rounded lime (dark grey // in relief), rounded larnite (medium grey //, light brown +) and matrix made of xenomorphic
brownmillerite (white //, dark + with sporadic orange internal riflections) and ternesite plus fluorapatite-ellestadite
(darker grey than larnite //, brown +) which could not be distinguished each other; RLM at // (c) and + (d) nicols of
polished section etched with Nital clearly revealing rounded larnite crystals (brown //, light brown +), hatrurite crystals
(yellowish to bluish colours //, brown +), rounded lime (dark grey // in relief) and the matrix with brownmillerite (white
/1, black +) and no reactive fluorapatite-ellestadite and ternesite (dark //).
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Fig. A.6 — RM (Ghareb Fm. powder) heated at 1350 °C as pellets: (a) black sintered pellet after heating process at
laboratory scale; RLM images at // (b) and + (c) nicols showing a microtexture made of rounded larnite crystals (30
um, medium grey //, light brown +), subhedral to rounded hatrurite crystals (medium grey //, dark brown +), subhedral
lime (dark grey //) and a matrix mainly composed of xenomorphic brownmillerite (white //, dark +); RLM image at //
nicols of a polished section Nithal etched clearly revealing hatrurite crystals (bluish to purple //), rounded larnite (dark
brown //) and the brownmillerite-made matrix.
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Fig. A.7 — Belite Clinker (BC) heated at 1200 °C as pellets at laboratory scale: (a) BC pellet after heating process
showing a brown colour with rounded white nodules; (b) RLM image at // nicols highlighting a general low crystal size
and high porosity, with a microtexture made of larnite (medium grey //, light brown +), rare anhedral ye’elimite (dark
grey //) and brownmillerite (white //, black +) occurring as sparce micrometric crystals of submillimetric dense
aggregates; RLM images at // (c¢) and + (d) nicols showing details of a dense aggregated made of anhedral
brownmillerite (white //, dark grey + with nicols slight phase-shifted) and xenomorphic larnite (medium grey //, light
brown +).
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Fig. A.8 — Belite Clinker (BC) heated at 1250 °C as pellets at laboratory scale: (a) BC pellet after thermal treatment at
1250 °C for 4 hours highlighting brown colour with white and black submmillimetric nodules; (b) RLM image at //
nicols revealing the microstructure of a brownmillerite (white //) enrichment with some anhedral larnite (medium grey
/l); RLM images at // (c) and + (d) nicols revealing a microtexture made of submillimetric nodules made of
brownmillerite (white //, dark grey + with nicols slight phase-shifted) and a low grain size matrix of anhedral larnite
(medium grey //, light brown +) and sparce micrometric brownmmilerite crystals.
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polygonal micrometric larnite (medium grey), prismatic to subhedral brownmillerite (white)

i

(dark grey //) with brownmillerite-rich dense submillimetric nodules;

>

grey) and porosity (black).
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Fig. A.10 — Belite Clinker (BC) heated at 1350 °C as pellets at laboratory scale: (a) BC pellet after thermal treatment at
1350 °C for 4 hours showing black colour; (b) RLM image at // nicols of polished section half Nital etched (upper
portion) revealing larnite as main mineral (medium grey and brown when etched) and the xenormorphic brownmillerite-
made matrix (white); (¢) RLM image at // nicols of Nital etched polished section highlighting micrometric fractured
rounded larnite (brown //) enveloped in matrix mainly composed of xenomorphic brownmillerite and subhedral
micrometric ye’elimite crystals (dark grey //); (d) BSE image showing rounded fractured larnite crystals (medium grey),
subhedral to euhedral ye’elimite (dark grey) and the matrix made of anhedral brownmillerite (white) and sparce
interstitial syngenite (darker than larnite).
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Fig. A.10 — Synthetic green-cements samples laboratory prepared for synchrotron X-ray pu-CT analysis: (a) BC sample
heated at 1350 °C; (b) Ghareb Fm. sample heated at 900 °C; Ghareb Fm. fragment heated at 1250 °C; Ghareb Fm.
fragment heated at 1350 °C.
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