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ABSTRACT 40 

The tobermorite supergroup is composed by a number of calcium-silicate-hydrate (C-S-H) minerals 41 

characterized by different hydration states and sub-cell symmetries. Taking into account their basal 42 

spacing, closely related to the hydration state, phases having a 14 Å (plombièrite), 11 Å 43 

(tobermorite, kenotobermorite, and clinotobermorite), and 9 Å (riversideite) basal spacing have 44 

been described. Tobermorite and kenotobermorite belong to the so-called tobermorite group and 45 

differ for their thermal behaviour which can be “normal” (the phase shrinks to a 9 Å phase at 46 

300°C) or “anomalous” (the phase preserves its 11 Å basal spacing at 300°C). Specimens of Al-rich 47 

tobermorite from Montalto di Castro and Vallerano, Latium, Central Italy, showing a “normal” 48 

thermal behaviour, were studied in order to describe the transition from the 11 Å to the 9 Å phase 49 

by means of TG-DSC analyses as well as in-situ and ex-situ X-ray diffraction experiments. TG-50 

DSC analyses showed a continuous mass loss from 100° up to 700°C, with different mass loss 51 

gradients between 100° and 300°C and between 300° and 700°C, corresponding to the dehydration 52 

of tobermorite and dehydroxylation of “tobermorite 9 Å”, respectively. Above 700°C, “tobermorite 53 

9 Å” is replaced by wollastonite. X-ray powder diffraction data were collected at the GILDA 54 

beamline of the ESRF, Grenoble, France, from room temperature up to ca. 840°C. Tobermorite is 55 

completely replaced by the 9 Å phase at ca. 300°C, whereas the latter is transformed into 56 

wollastonite at ca. 700°C. The transition from the 11 Å to the 9 Å phase seems to be favoured by 57 

the transient appearance of a clinotobermorite-like compound. 58 

 59 

Keywords: Al-rich tobermorite, clinotobermorite, “tobermorite 9 Å”, thermal behaviour, “normal” 60 

tobermorite, C-S-H. 61 

62 
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1. Introduction 63 

The tobermorite supergroup is composed by a series of minerals actively studied for their 64 

close structural relationships with C-(A)-S-H [calcium-(aluminium)-silicate-hydrate] gel, the main 65 

binding agent of the Portland cement (Taylor, 1964, 1992, 1997; Richardson, 2014). In addition, the 66 

hydrothermal formation of tobermorites has been extensively studied during the processing of 67 

autoclaved aerated concrete (e.g., Matsui et al., 2011), whereas other potential technological 68 

applications have been proposed, e.g., nuclear waste disposal (Shrivastava & Shrivastava, 2000), 69 

newsprint recycling (Coleman, 2005), or medical uses (Lin et al., 2007; Coleman et al., 2009). 70 

The tobermorite supergroup is formed by the tobermorite group and the unclassified 71 

minerals plombièrite, clinotobermorite, and riversideite (Biagioni et al., 2015). The different species 72 

can be distinguished taking into account their basal spacings, corresponding to different hydration 73 

states: the greater is the hydration, the wider is the basal spacing. Three different hydration states 74 

exist, corresponding to the phases “tobermorite 14 Å” (plombièrite), Ca5Si6O16(OH)2·7H2O 75 

(Bonaccorsi et al., 2005), “tobermorite 11 Å” (tobermorite group, clinotobermorite), 76 

Ca4+xSi6O15+2x(OH)2-2x·5H2O, with 0 < x < 1 (Merlino et al., 1999, 2001), and “tobermorite 9 Å” 77 

(riversideite), Ca5Si6O16(OH)2. According to Biagioni et al. (2015), two endmember compositions 78 

can be distinguished within the tobermorite group, corresponding to kenotobermorite (x = 0) and 79 

tobermorite (x = 1). Each member of the tobermorite supergroup is actually a family of polytypes 80 

which can be adequately described through the order-disorder (OD) theory (Dornberger-Schiff, 81 

1956, 1964; Ferraris et al., 2004). Natural and synthetic analogues of these compounds are known. 82 

Hereafter, mineral names will be only used when dealing with natural samples, whereas the term 83 

“tobermorite” followed by the basal spacing will be used to indicate both natural and synthetic 84 

phases. 85 

The members of the tobermorite supergroup (“tobermorites”) are structurally characterized 86 

by layers of seven-fold coordinated calcium-centred polyhedra, parallel to (001), decorated on both 87 

sides by wollastonite-like chains (the so-called Dreierketten in Liebau’s classification – Liebau, 88 

1985), forming the “complex modules” described in Bonaccorsi & Merlino (2005). Using the 89 

cement chemists’ terminology, wollastonite chains are formed by “paired” tetrahedra connected by 90 

“bridging” tetrahedra. Two kinds of “complex modules” may occur, differing each other in the 91 

orientation of the bridging tetrahedra with respect to the paired tetrahedra on the two sides of the 92 

calcium polyhedra layers; the occurrence of either one or the other of the two modules results in a 93 

monoclinic or orthorhombic sub-cell symmetry. 94 
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In the crystal structure of the 11 Å phases (i.e. tobermorite, kenotobermorite, and 95 

clinotobermorite), the stacking of the complex modules results in the condensation of the 96 

wollastonite-like chains into double chains. In the resulting framework, structural cavities occur, 97 

hosting “zeolitic” water molecules and in some cases cations (usually calcium, with minor amounts 98 

of alkaline metals). 99 

“Tobermorite 11 Å” shows two different thermal behaviours at 300°C. Following the 100 

definitions given by Mitsuda & Taylor (1978), “tobermorite 11 Å” is normal if it shrinks to 101 

“tobermorite 9 Å” at 300°C; if it does not shrink it is called “anomalous”. Mitsuda & Taylor (1978) 102 

compared thermal data for thirteen natural specimens of various members of the tobermorite group, 103 

observing different thermal behaviours and the existence of a third category of tobermorites, the so-104 

called “mixed”, characterized by the coexistence of 11 and 9 Å basal spacings at 300°C. Merlino et 105 

al. (1999, 2000) put forward an hypothesis explaining the difference between “normal” and 106 

“anomalous” thermal behaviour. It seems to be related to the occurrence in “normal tobermorite 11 107 

Å” of additional Ca2+ cations hosted in the structural cavities and bonded to three “zeolitic” H2O 108 

molecules, as well as to oxygen atoms of the scaffolding. The loss of these H2O molecules and the 109 

consequent incomplete coordination of Ca2+ cations would be the cause for the rearrangement of the 110 

structure, through a chain-decondensation and the transformation of “tobermorite 11 Å” into 111 

“tobermorite 9 Å”, in which Ca2+ cations are properly coordinated by the oxygen atoms of the new 112 

scaffolding. On the contrary, “anomalous tobermorite 11 Å” does not host additional Ca2+ cations in 113 

its structural cavities, but only H2O molecules. Their loss on dehydration does not require any 114 

structural shrinking. As discussed by Biagioni et al. (2015), members of the tobermorite group form 115 

a solid solution between a “zeolitic” Ca-free tobermorite, Ca4Si6O15(OH)2·5H2O (namely 116 

kenotobermorite), and a “zeolitic” Ca-bearing tobermorite, Ca5Si6O17·5H2O (namely tobermorite), 117 

and consequently the distinction between the two thermal behaviours is closely related to the 118 

chemistry of the studied samples, intermediate compositions and chemical non-homogeneity 119 

probably giving rise to the “mixed” thermal behaviour. 120 

Moreover, at temperature higher than 400°C, “anomalous tobermorite 11 Å” shows two 121 

different thermal behaviours, maintaining its 11 Å basal spacing or, on the contrary, transforming 122 

into a 10 Å phase (Biagioni et al., 2012a, 2012b). Biagioni (2011) suggested a possible role of 123 

tetrahedral Al in controlling the thermal behaviour of “anomalous tobermorite 11 Å” at temperature 124 

higher than 400°C. 125 

Actually, the role of Al in “tobermorite 11 Å” and C-A-S-H goes well beyond the possible 126 

role in the high-temperature thermal behaviour of “anomalous tobermorite 11 Å”, because the 127 

occurrence of Al significantly improves the chemical stability of concretes with respect of C-S-H 128 
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(calcium-silicate-hydrates) (e.g., Jackson et al., 2013). According to several authors, the Al-to-Si 129 

substitution takes place at the bridging tetrahedra of the double-wollastonite chains (e.g., 130 

Komarneni et al., 1985; Richardson et al., 1993; Yamazaki & Toraya, 2001; Sun et al., 2006; 131 

Jackson et al., 2013). Consequently, in agreement with the Loewenstein rule (Loewenstein, 1954), 132 

the maximum Al content is 1 atom per formula unit (apfu) in order to avoid Al–O–Al bonds. 133 

The aim of this paper is the description of the results of a detailed investigation of the 134 

thermal behaviour of specimens of Al-rich tobermorite (Al ~ 1 apfu) from two geological 135 

occurrences from Latium, Central Italy. A preliminary study of the thermal behaviour of one of 136 

these specimens was reported by Merlino et al. (2008). 137 

2. Experimental 138 

The studied specimens of Al-rich tobermorite were collected at Montalto di Castro 139 

(specimen MDC) and Vallerano (specimen VAL), Latium, Central Italy. They are represented by 140 

white compact masses or μm-sized thin acicular to platy crystals (Fig. 1), associated with calcite 141 

and ettringite. Tobermorite was first described from Montalto di Castro by Passaglia & Turconi 142 

(1982), whereas the occurrence of tobermorite from Vallerano was first reported by Caponera et al. 143 

(2007). 144 

2.1. Chemical composition 145 

The specimens MDC and VAL were chemically characterized using a Philips XL30 electron 146 

microscope equipped with an EDAX energy-dispersive X-ray spectrometer. Analytical conditions 147 

were: accelerating voltage 20 kV, beam current 20 nA, beam size 5 μm. Emission lines were 148 

calibrated using the following standards: olivine (Mg, Si), albite (Na, Al, Si), orthoclase (K, Al, Si), 149 

and diopside (Ca, Mg, Si). In order to check for the reliability of chemical analyses, a crystal of 150 

kenotobermorite from the N’Chwaning II mine, Republic of South Africa, Ca4Si6O15(OH)2·5H2O, 151 

having a well-defined (Ca:Si) atomic ratio was used as an additional reference. Analyses were 152 

corrected using the ZAF matrix correction. Chemical analyses, normalized to total = 100 wt %, 153 

point to the following compositions (in wt %): SiO2 48.99, Al2O3 7.56, CaO 42.94, K2O 0.51 for 154 

MDC_1; SiO2 47.73, Al2O3 8.68, CaO 42.60, K2O 0.99 for VAL_1. Both samples are very rich in 155 

aluminium; their chemical compositions, based on (Si + Al) = 6 atoms per formula unit (apfu), 156 

assuming 5 H2O molecules pfu, and adjusting the (OH:O) atomic ratio in order to achieve the 157 

electrostatic neutrality, is (Ca4.77K0.07)Σ4.84(Al0.92Si5.08)Σ6.00O15(OH1.32O0.68)·5H2O and 158 

(Ca4.72K0.13)Σ4.85(Al1.06Si4.94)Σ6.00O15(OH1.48O0.52)·5H2O for MDC_1 and VAL_1, respectively, 159 

approaching the ideal composition Ca5AlSi5O16(OH)·5H2O. These aluminium contents are among 160 
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the highest ever reported. Following the recommendations given by Biagioni et al. (2015), the 161 

specimens from these two occurrences can be classified as tobermorite. 162 

2.2. Thermo-gravimetric analysis 163 

About 25 mg of powdered tobermorite from the two localities, samples MDC_2 and VAL_2 164 

respectively, were used for the data collection. The thermal analyses were performed by means of a 165 

simultaneous TG-DSC-QMS equipment (Netzsch STA 449C Jupiter). The experimental conditions 166 

were: a) continuous heating from room temperature (20°C) up to 1000°C, at a constant heating rate 167 

of 10°C·min-1; b) inert-gas (N2) dynamic atmosphere (30 ml·min-1); c) alumina, top-opened 168 

crucible; d) no pre-heating treatment of the samples, in order to prevent a possible loss of weakly 169 

bonded H2O molecules. A small amount of powder sample MDC_3 (about 10 mg) was additionally 170 

heated up to 300°C, using the same heating rate of the previous experiments, in order to study the 171 

heating product at this temperature. 172 

2.3. X-ray powder diffraction study 173 

The products of the thermo-gravimetric analyses MDC_2, MDC_3 and VAL_2 were 174 

identified by means of X-ray powder diffraction (XRPD) using a Bragg-Brentano geometry and Ni-175 

filtered Cu Kα radiation, under the following experimental conditions: scan range 4 - 65° in 2, scan 176 

step 0.02°, scan time 2 s. 177 

For the Montalto di Castro specimen in-situ time-resolved X-ray powder diffraction (TR-178 

XRD) patterns were collected at the GILDA (General Italian Line for Diffraction and Absorption) 179 

beamline, at the European Synchrotron Radiation Facility, Grenoble, France. A 0.5 mm amorphous 180 

silica capillary was filled with the powder MDC_4, and the data were collected in the Debye-181 

Scherrer transmission geometry, using the experimental apparatus described in Meneghini et al. 182 

(2001). The two slits in front of the image plate (IP) allowed the selection of a vertical slice of the 183 

Debye rings generated by the diffracting powder, which rotated about the φ axis while the recording 184 

IP support was linearly translated behind the slits, at constant speed. Consequently, the diffraction 185 

pattern was recorded as a function of time and sample treatment. This experimental setup allowed 186 

the collection of a continuous diffraction pattern while the sample was heated by a hot air-blower. 187 

Sample to detector distance and detector tilt were carefully calibrated against LaB6 (SRM 660a). 188 

The calibration of the heating apparatus was performed by measuring accurate Rietveld-refined 189 

lattice parameters of standards with known thermal expansion coefficient (Meneghini et al., 2001). 190 

The data, stored in the latent image, were recovered and digitized using a Fuji BAS-2500 laser 191 

scanner with a 100 × 100 μm2 pixel size and a dynamic range of 16 bit/pixel. The digitized images 192 

were integrated using the FIT2D (Hammersley et al., 1996) software to have intensity versus 2θ 193 

diffraction patterns. 194 
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The sample MDC_4 was heated from room temperature (25°C) up to 843°C, with a heating 195 

rate of ca. 3.5°C/min. Initially, the powder sample was maintained at 25°C for 15 minutes, then 196 

heated up to 843°C. Finally, it was maintained at the final temperature for 15 minutes. The radiation 197 

wavelength was set at λ = 0.78348 Å; the measured 2θ ranges between 1° and 45°. 198 

The cell parameters were refined using the GSAS program (Larson & Von Dreele, 1994) 199 

with the EXPGUI graphical user interface (Toby, 2001). The refinements of the unit-cell parameters 200 

were carried out by means of the Le Bail method (Le Bail et al., 1988). The background was fitted 201 

with a shifted-Chebyshev function, using a number of terms ranging from 10 to 16; the profile 202 

shape was modelled by Pseudo-Voigt functions, refining the Gaussian parameters GW, the 203 

Lorentzian parameters LX and LY, and the asymmetry of the peak profiles. 204 

3. Results and discussion  205 

3.1. Chemical data and aluminium content in minerals of the tobermorite supergroup 206 

Minerals belonging to the tobermorite supergroup have a wide range of aluminous 207 

compositions. Figure 2 shows the chemical variability of the 11 Å phases (tobermorite, 208 

kenotobermorite, and clinotobermorite) using data available in literature. Only those analyses 209 

recalculated on the basis of (Si + Al) = 6 apfu resulting in Ca ≥ ca. 4 apfu and 4 ≤ Σ(Ca+Na+K) ≤ 5 210 

apfu have been considered. Data are reported in Biagioni (2011). Three groups can be 211 

distinguished: i) Al-free “tobermorites”, ii) Al-bearing “tobermorites”, and iii) Al-rich 212 

“tobermorites”. The first class is uncommon and is represented by specimens of tobermorite from 213 

Castle Hill, Ayrshire, Scotland, UK (Webb, 1971), tobermorite and kenotobermorite from Cornet 214 

Hill, Apuseni Mountains, Romania (Marincea et al., 2001), kenotobermorite from N’Chwaning II 215 

mine, Kalahari Manganese Field, South Africa (Merlino et al., 2001; Biagioni et al., 2012a), and 216 

clinotobermorite from Wessels mine, Kalahari Manganese Field, South Africa (Hoffmann & 217 

Armbruster, 1997; Merlino et al., 2000; Biagioni, 2011) and Bazhenovskoe, Urals, Russia 218 

(Biagioni, 2011). In addition, clinotobermorite from its type-locality, Fuka, is very poor in Al (0.05 219 

apfu – Henmi & Kusachi, 1992). The second group (Al-bearing “tobermorites”) contains the 220 

majority of the tobermorite occurrences (both kenotobermorite and tobermorite). On the contrary, 221 

Al-rich “tobermorites” are very rare and up to now are represented exclusively by three 222 

occurrences: Montalto di Castro and Vallerano, Latium, Italy; and the K-rich tobermorite from 223 

Höwenegg, Hegau, Germany (Walenta, 1974; Biagioni, 2011). 224 

The substitution of Si4+ by Al3+ should be balanced according to two possible mechanisms: 225 

i) Si4+ +  = Al3+ + (Na,K)+, and ii) Si4+ + O2- = Al3+ + (OH)-. In “tobermorites” having partially 226 

occupied interlayers, the mechanism i) is possible, whereas the mechanism ii) could be 227 
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hypothesized in phases approaching the endmember composition Ca5Si6O17·5H2O. In the latter 228 

case, corresponding to the chemistry of tobermorite samples from Latium, the introduction of Al3+ 229 

should be coupled with protonation of an oxygen atom. This second substitution mechanism agrees 230 

with the increase in the silanol binding capacity reported in C-A-S-H having low Ca/Si ratios 231 

(Richardson & Groves, 1993; Taylor et al., 2010). 232 

3.2. Thermo-gravimetric data 233 

Figure 3 shows thermo-gravimetric (TG) and differential scanning calorimetry (DSC) curves 234 

collected on the samples MDC_2 (Fig. 3a) and VAL_2 (Fig. 3b). In agreement with the very similar 235 

chemical composition of these two specimens, the TG and DSC curves are very similar. For this 236 

reason, in the following we shall refer only to the sample MDC_2. 237 

Passaglia & Turconi (1982) described the close association of tobermorite with ettringite; 238 

this calcium-aluminium-sulphate hydrate mineral was also observed in the powder sample used for 239 

the in-situ X-ray diffraction study (sample MDC_4). Consequently, in order to verify its occurrence, 240 

a preliminary X-ray powder diffraction (XRPD) pattern was collected on the same sample MDC_2 241 

used for TG-DSC analysis. The XRPD pattern did not show diffraction effects related to the 242 

presence of ettringite; therefore, if it is present, its amount is probably less than 5 wt%. 243 

The TG curve shows a continuous mass loss from about 100°C up to about 700°C. This 244 

temperature range can be divided into two intervals, characterized by different gradients of mass 245 

loss. Between 100°C and 250°C, there is an important mass loss, associated with an endothermic 246 

hump in the DSC curve. It corresponds to a mass loss of about 11 wt %, assuming a mass loss of 247 

about 1 wt % between room temperature and 100°C. This very first process could be due to the loss 248 

of humidity adsorbed on the surface of the powder grains and/or to the incipient dehydration of the 249 

possible low amount of ettringite eventually occurring. As stated above, if present, ettringite could 250 

represent less than 5 wt % in sample MDC_2; however, owing to its very high H2O content, this 251 

low amount of ettringite could contribute to the mass loss, in particular within 150°C. It is known 252 

from XRPD (see below) that at ca. 300°C tobermorite is replaced by “tobermorite 9 Å”. The 253 

chemical composition of the latter should be Ca5AlSi5O15(OH)3 in the specimen MDC. Therefore, 254 

the theoretical mass loss between room temperature and 300°C should be about 10 wt %, in good 255 

agreement with the observed value. The small difference (about 1 wt %) may be due, as it was 256 

already stated above, to a very limited amount of admixed ettringite or/and to adsorbed humidity. A 257 

mass loss of about 10 wt % corresponds to the loss of four H2O molecules pfu, in agreement with 258 

previous studies by Shaw et al. (2000) and Biagioni et al. (2012a). The dehydration process of Al-259 

rich tobermorite may be expressed as  260 

Ca5(AlSi5)O16(OH)·5H2O – 4H2O → Ca5(AlSi5)O15(OH)3 261 
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Between 250°C and 700°C, there is a constant mass loss of about 5 wt %, probably 262 

corresponding to the dehydroxylation of “tobermorite 9 Å”. At 700°C, the DSC curve shows an 263 

exothermic hump, probably related to the crystallization of wollastonite, as revealed by XRPD on 264 

the final products of the heating process.  265 

3.3. X-ray powder diffraction data 266 

The heating-induced transformation of Al-rich tobermorite was studied through two 267 

different X-ray diffraction experiments: 268 

i) identification of the products of the thermo-gravimetric analyses; 269 

ii) in-situ TR-XRD.  270 

X-ray powder diffraction patterns collected on samples MDC_2 and VAL_2 heated up to 271 

1000°C during the thermo-gravimetric analyses indicated that the final product of the heating 272 

process is represented by wollastonite. In addition, the heating of the sample MDC_3 up to 300°C 273 

resulted in the formation of a phase characterized by a 9.6 Å basal spacing (hereafter called 274 

“tobermorite 9 Å”). 275 

The powder sample MDC_4 was used for the collection of in-situ TR–XRD (Fig. 4). The 276 

unit-cell parameters of tobermorite from Montalto di Castro, refined at room temperature, are a = 277 

6.7267(5), b = 7.3949(3), c = 22.985(1) Å, β = 123.302(5)°, space group B11m. The c parameter is 278 

larger than those observed in other “tobermorites” (e.g., c = 22.487(4) Å in kenotobermorite from 279 

N’Chwaning II mine, South Africa; c = 22.680(4) Å in tobermorite from Urals – Merlino et al., 280 

2001). The larger interlayer spacing is related to the Al-to-Si substitution, in agreement with 281 

Diamond et al. (1966) and Jackson et al. (2013), as the Al–O distances are ca. 8-10% longer than 282 

Si–O bond lengths. 283 

The processes taking place in the powder sample were rather complex. At room temperature, 284 

the sample MDC_4 was a mixture of Al-rich tobermorite and ettringite. This latter phase 285 

disappeared before 130°C, becoming apparently amorphous. Al-rich tobermorite maintained its 11 286 

Å basal spacing up to ca. 240°C; at this temperature, “tobermorite 9 Å” began to appear. As it will 287 

be discussed later, in the temperature range between 180°C and 240°C some small diffraction peaks 288 

pointed to the possible formation of a clinotobermorite-like phase. 289 

The polymorphs of the 11 Å phase belonging to the tobermorite supergroup (tobermorite 290 

and kenotobermorite, belonging to the tobermorite group, and clinotobermorite) could be identified 291 

on the basis of some “family reflections”. It seems proper to stress that “family reflections” in the 292 

tobermorite group are those reflections corresponding to even k indices, reflections which have the 293 

same positions and intensities in all the structures of the family (ordered and disordered). Taking 294 

into account this class of reflections, tobermorite and kenotobermorite could be distinguished from 295 
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clinotobermorite. In particular, considering the “family cells”, i.e. the cells defined by considering 296 

only the “family reflections”, the distinction could be made using the following ranges of dhkl: i) in 297 

the dhkl range between 5 and 6 Å (7 ≤ 2θ ≤ 10°), tobermorite showed only the 101 reflection (d101 = 298 

5.45 Å), whereas clinotobermorite had two weaker reflections, at 5.59 and 5.28 Å; ii) in the dhkl 299 

range between 2.95 and 3.10 Å (14 ≤ 2θ ≤ 16°), the X-ray diffraction pattern of tobermorite was 300 

characterized by two reflections at 3.08 and 2.978 Å, whereas clinotobermorite had two reflections 301 

at 3.07 and 3.01 Å, with the latter stronger than the former; and iii) the 215 reflection of 302 

clinotobermorite, at d215 = 1.92 Å, occurred in a dhkl range in which tobermorite did not show any 303 

reflection. Figure 5 shows these three 2θ(°) ranges, corresponding to the diagnostic dhkl intervals, 304 

and illustrates their changes as a function of increasing temperature. In the 7 ≤ 2θ ≤ 10° range, the 305 

101 reflection (d101 = 5.45 Å at room temperature) of tobermorite decreased its intensity from 306 

128°C to 238°C and it became larger, possibly owing to the contribution of two weak reflections at 307 

lower and higher 2θ angles, potentially corresponding to the reflections at 5.59 and 5.28 Å typical 308 

of clinotobermorite. In the 14 ≤ 2θ ≤ 16° range, the two reflections at 3.08 and 2.98 Å became 309 

progressively weaker, owing to the appearance, at temperatures higher than 238°C, of the 3.03 Å 310 

reflections of “tobermorite 9 Å”. Finally, in the 22 ≤ 2θ ≤ 25° range, it was particularly clear how 311 

the reflection at dhkl = 1.92 Å was absent at room temperature, appeared around 180°C, reached its 312 

maximum intensity at ca. 210°C, then disappearing. These data can be interpreted as the transient 313 

formation of a clinotobermorite-like phase during the transition from Al-rich tobermorite to 314 

“tobermorite 9 Å”. 315 

Tobermorite completely disappeared before ca. 293°C; above this temperature, the only 316 

phase occurring in the powder sample was represented by “tobermorite 9 Å”. Figure 6 shows the 317 

variation of the unit-cell parameters of tobermorite during the TR–XRD experiment, normalized to 318 

their initial values. The a, b, and c unit-cell parameters (Fig. 6a) of Al-rich tobermorite were rather 319 

constant up to ca. 180°C; at this temperature there was an increase in the length of the a axis, 320 

whereas the  other two axes slightly shortened. At ca. 230°C, a strong drop in the b parameter was 321 

observed, whereas the c periodicity increase. Figure 6b shows the relative variations of the unit-cell 322 

volume V, normalized to the value at room temperature V0. At temperature higher than 150°C, the 323 

unit-cell volume tends to decrease up to 200°C. Then, between 200° and ca. 230°C, the cell volume 324 

expanded. Finally, an important drop in the unit-cell volume was observed, related to the first 325 

appearance of “tobermorite 9 Å”. Above this temperature, only the “family cells” of “tobermorite 326 

11 Å” could be observed. The behaviour of the unit-cell parameters of Al-rich tobermorite as a 327 

function of temperature can be compared with those reported for “anomalous” tobermorite by Shaw 328 

et al. (2000) and Biagioni et al. (2012a) in the same temperature range. According to these authors, 329 
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a decrease in the a parameter was observed up to ca. 200°C, interpreted as due to the loss of 330 

molecular H2O; this change seems to be less important in Al-rich tobermorite. Maybe, the 331 

occurrence of “zeolitic” calcium cations bonded to these H2O molecules in the studied specimen 332 

could inhibit their loss. The increase in the c parameter of Al-rich tobermorite from Montalto di 333 

Castro could be compared with a similar but more progressive increase reported in “anomalous” 334 

tobermorite from the N’Chwaning II mine up to 450°C by Biagioni et al. (2012a). 335 

Figure 7 illustrates the comparison between c parameters in Al-rich tobermorite and its 336 

partly dehydrated product, “tobermorite 9 Å”. No significant changes of the c periodicity of the 337 

latter have been observed up to its transformation into wollastonite occurring at ca. 800°C. This 338 

behaviour was different from that shown by “tobermorite 9 Å” obtained through the dehydration of 339 

plombièrite and reported by various authors (Farmer et al., 1966; Mitsuda & Taylor, 1978; Biagioni 340 

et al., 2013). In fact, a progressive shift of the basal reflection of the 9 Å phase up to values around 341 

10 Å was observed, indicating a progressive expansion upon heating.  342 

3.4. The transition from “tobermorite 11 Å” to “tobermorite 9 Å” 343 

The transition from “tobermorite 11 Å” to “tobermorite 9 Å” upon heating (“normal” 344 

behaviour according to Mitsuda & Taylor, 1978) was firstly described by McConnell (1954), using 345 

crystals from Ballycraigy, County Antrim, Northern Ireland, UK. Taylor (1959) studied the 346 

transformation tobermorite → “tobermorite 9 Å” → wollastonite, highlighting the topotactic nature 347 

of these transitions (Lotgering, 1959; Günter & Oswald, 1975) and proposing a structural model for 348 

“tobermorite 9 Å”. 349 

A “normal” behaviour was also shown by clinotobermorite; using crystals of this mineral 350 

from the Wessels mine, Kalahari Manganese Field, South Africa, Merlino et al. (2000) solved its 351 

real crystal structure as well as that of its dehydrated product, namely “clinotobermorite 9 Å”, 352 

topotactically obtained from the former at 300°C. On the contrary, up to now, an accurate solution 353 

of the real crystal structure of “tobermorite 9 Å” was not possible. The reason could be sought in 354 

the possible mechanism favouring the transition from the 11 to the 9 Å phases. As suggested by the 355 

in-situ TR–XRD study of Al-rich tobermorite from Montalto di Castro, a clinotobermorite-like 356 

phase seems to form as an intermediate compound between “tobermorite 11 Å” and its partly 357 

dehydrated product “tobermorite 9 Å”. As a matter of fact, clinotobermorite has a double silicate 358 

chain arrangement favouring the crystal structure shrinkage after the chain-decondensation. 359 

As hypothesized by Biagioni et al. (2012b) for the transformation “tobermorite 11 Å” → 360 

“tobermorite 10 Å”, during the first step of dehydration (T < 300°C), an important H+ diffusion in 361 

the crystal structure of tobermorite could take place. The H+ ions could act as catalysts for the 362 

migration of Si4+ ions, favouring the transformation of the silicate chains from a tobermorite-like to 363 
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a clinotobermorite-like configuration. Then, the shrinkage of the structure could take place through 364 

the break of the Si–O–Si bond at the bridging tetrahedra, with a relative shift of a “complex 365 

module” with respect to the others. In agreement with Merlino et al. (1999, 2000), the chain 366 

decondensation and the transition from “tobermorite 11 Å” to “tobermorite 9 Å” allows a proper 367 

coordination of Ca2+ cations hosted with the structural cavities, compensating for the loss after 368 

dehydration of the H2O molecules forming their coordination shell. 369 

It is important to stress that the transition “tobermorite”–“clinotobermorite” is the main 370 

cause of the high structural disorder observed along c. In fact, in successive layers, the shift of the 371 

complex modules can take place in different directions. On the contrary, the dehydration of natural 372 

clinotobermorite should induce only the break of the Si–O–Si bonds of the bridging tetrahedra, 373 

favouring the crystallization of a relatively ordered 9 Å phase. This could explain why for 374 

“clinotobermorite 9 Å” it was possible to solve and refine not only the family structure but also the 375 

crystal structures of both its two MDO polytypes (Merlino et al., 2000), whereas for “tobermorite 9 376 

Å” only broad family reflections were observed, allowing only for a rough comparison between the 377 

structural model and the powder diffraction pattern. 378 

4. Conclusions 379 

The observed normal thermal behaviour of Al-rich tobermorite, ideally 380 

Ca5AlSi5O16(OH)·5H2O, is in agreement with the hypothesis of Merlino et al. (1999, 2000). The 381 

transition from the 11 Å to the 9 Å phase occurs between 240° and 300°C and it seems to be 382 

preceded by the occurrence of a clinotobermorite-like phase in the temperature range 180°-240°C. 383 

The transient occurrence of a clinotobermorite-like phase was reported also by Biagioni et al. 384 

(2012a) during the transformation from “tobermorite 11 Å” (actually kenotobermorite) and 385 

“tobermorite 10 Å”. In the type description of natural clinotobermorite Henmi & Kusachi (1992) 386 

proposed that this mineral could be a low-temperature polymorph of tobermorite; on the contrary, 387 

recent data suggest that clinotobermorite could be a relatively high-T phase. Further studies are 388 

mandatory to determine the actual relationships between natural clinotobermorite and thermal-389 

obtained clinotobermorite. 390 

“Tobermorite 9 Å” first crystallizes at ca. 240°C and completely replaces the 11 Å phase at 391 

300°C. Then, it preserves its basal spacing up to its transformation to wollastonite, at ca. 700°C. On 392 

the basis of these data, “tobermorite 9 Å” obtained from the partial dehydration of the 11 Å phase 393 

seems to be different from the 9 Å compound obtained starting from plombièrite (“tobermorite 14 394 

Å”). Indeed, the latter expands its basal spacing upon heating, up to ca. 10 Å (Farmer et al., 1966; 395 

Biagioni et al., 2013). 396 
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Whereas the different thermal behaviours of “tobermorites” up to 300°C seems to be  397 

predictable on the basis of the occurrence of “zeolitic” calcium cations within the structural cavities 398 

(Merlino et al., 1999, 2000), the complex structural transformations at temperatures higher than 399 

300°C are not yet fully understood, and further studies on specimens having different chemistry are 400 

mandatory in order to propose a general scheme of the transformations affecting these C-S-H 401 

phases upon heating. 402 
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Figure 1 – Globular aggregates of thin platy crystals of tobermorite associated with calcite. 543 

Vallerano, Latium, Italy. 544 

 545 

546 
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Figure 2 – Chemical variability in natural 11 Å members of the tobermorite supergroup. 547 

 548 

 549 

 550 

551 
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Figure 3 – TG and DSC curves (dashed and solid line, respectively) for tobermorite from Montalto 552 

di Castro (a) and Vallerano (b). 553 

 554 

555 
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Figure 4 – X-ray powder diffraction patterns collected at the GILDA beamline upon heating. In (a) 556 

the 2θ range 3-45° is shown, whereas in the inset (b) it may be appreciated the disappearing of 557 

ettringite above 100°C and the occurrence of well crystallised “tobermorite 9Å” at 300°C. 558 

 559 

560 
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Figure 5 –The 2θ ranges (in °) described in the text showing the progressive disappearance of the 561 

X-ray diffraction effects related to tobermorite and the transient appearance of 562 

clinotobermorite. Diagnostic reflections are marked with their spacing dhkl (in Å) and hkl 563 

indices. 564 

 565 

566 
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Figure 6 – Relative variations R of the unit-cell parameters (a) and unit-cell volume (b) for Al-rich 567 

tobermorite from room temperature up to its disappearance. 568 

 569 

570 
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Figure 7 – The relative variation in the unit-cell parameter c (related to the basal spacing) in 571 

tobermorite and “tobermorite 9 Å” with respect to the unit-cell parameter c0 of tobermorite at 572 

room temperature. 573 

 574 

575 
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Figure 8 – The different conformation of silicate chains in tobermorite (a), clinotobermorite (b) and 576 

“tobermorite 9 Å” (c), as seen down [010]. Si-centered tetrahedra are drawn in black, whereas 577 

the Ca-centered polyhedra are grey. Circles are (in order of decreasing size) additional Ca 578 

cations and H2O molecules. 579 
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Figure captions 582 

Figure 1 – Globular aggregates of thin platy crystals of tobermorite associated with calcite. 583 

Vallerano, Latium, Italy. 584 

Figure 2 – Chemical variability in natural 11 Å members of the tobermorite supergroup. 585 

Figure 3 – TG and DSC curves (dashed and solid line, respectively) for tobermorite from Montalto 586 

di Castro (a) and Vallerano (b). 587 

Figure 4 –  X-ray powder diffraction patterns collected at the GILDA beamline upon heating. Only 588 

the 2θ range 3-45° is shown. 589 

Figure 5 – The 2θ ranges (in °) described in the text showing the progressive disappearance of the 590 

X-ray diffraction effects related to tobermorite and the transient appearance of 591 

clinotobermorite. Diagnostic reflections are marked with their spacing dhkl (in Å) and hkl 592 

indices. 593 

Figure 6 – Relative variations R of the unit-cell parameters (a) and unit-cell volume (b) for Al-rich 594 

tobermorite from room temperature up to its disappearance. 595 

Figure 7 – The relative variation in the unit-cell parameter c (related to the basal spacing) in 596 

tobermorite and “tobermorite 9 Å” with respect to the unit-cell parameter c0 of tobermorite at room 597 

temperature. 598 

Figure 8 – The different conformation of silicate chains in tobermorite (a), clinotobermorite (b) and 599 

“tobermorite 9 Å” (c), as seen down [010]. Si-centered tetrahedra are drawn in black, whereas the 600 

Ca-centered polyhedra are grey. Circles are (in order of decreasing size) additional Ca cations and 601 

H2O molecules. 602 
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