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Highlights 11 

 Palygorskite-bearing marlstone is suitable for a use as a SCM 12 

 Palygorskite-bearing marlstone exhibits a higher dihydroxylation (27Al MAS NMR), 13 

self-reactivity in water and compressive strength in cementitious media than smectite-14 

bearing marlstone. 15 

 Pouzzolanic reactivity was significantly higher for systems with calcined palygorskite 16 

than calcined smectite only, as shown both by portlandite consumption (XRD) and C-17 

(A)-S-H formation (29Si MAS NMR). 18 
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Abstract 26 

 27 

This article focuses on the use of two calcined marlstones as supplementary cementitious 28 

materials, one with palygorskite and smectite (MS1) as clay phases and the other with smectite 29 

only (MS2). The calcination and the reactivity of these two materials were first analysed by X-30 

ray diffraction (XRD) and Magic Angle Spinning Solid State Nuclear Magnetic Resonance 31 

(MAS NMR). The two calcined marlstones were combined with Portland cement to produce 32 

mortars and measure compressive strength. The XRD and 27Al MAS NMR results showed that 33 

800°C is an optimal calcination temperature and that both calcined marlstones can be used as 34 

supplementary cementitious materials. The reactivity of MS1 was found to be higher than that 35 

of MS2. This was confirmed with compressive strength measurements which showed superior 36 

performance for mortars blended with calcined MS1 rather than calcined MS2. This difference 37 

between MS1 and MS2 is due to the presence of palygorskite in MS1, which greatly improves 38 

the reactivity and final mechanical performances. Therefore, palygorskite bearing marlstones 39 

are suitable for a use as SCM and this suggests that palygorskite exhibits a significant 40 

pozzolanic reactivity. 41 

 42 

Keywords: Palygorskite, marlstone, SCMs, MAS NMR, calcined clay, dolomite  43 
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1. INTRODUCTION 53 

 54 

In order to comply with the Paris climate agreements, and to limit the global temperature 55 

increase below 1.5°C compared to pre-industrial levels, the most polluting industrial sectors 56 

need to reduce significantly their greenhouse gas emissions (may their CO2 emissions). It is 57 

estimated that 5 to 8% of global anthropogenic CO2 emissions comes from the cement industry 58 

[1]. In this context, cement producers are seeking to reduce their carbon footprint. 59 

The use of Supplementary Cementitious Materials (SCMs) to replace part of the clinker is now 60 

seen as one of the major solutions to reduce the environmental footprint of the cement industry 61 

[2].  Blast furnace slag [3, 4] and power plant fly ash [5–7] are the main examples of SCMs 62 

used today that reduce the environmental footprint of cement. However, blast furnace slag 63 

resources remain limited, preventing large-scale deployment of this technology, and fly ash 64 

reserves from coal combustion will continue to decline in the coming years as the energy 65 

transition legitimately limits their availability [2]. 66 

Among alternative SCMs, calcined clays are gaining in popularity. The resources of clays 67 

potentially viable as SCMs after calcination are abundant and well distributed around the world, 68 

especially in developing countries where the demand for cement is constantly growing [2]. The 69 

numerous studies carried out on the subject have shown that metakaolin (from the calcination 70 

of kaolin) has the highest reactivity in cementitious media [8–11], whereas calcined smectites 71 

[12–14] and illites [15–17] are much less reactive. These results led to a growing interest in the 72 

use of calcined kaolins (rock composed of kaolinite, quartz and minor accessory minerals) as 73 

SCMs, and to the development of Limestone Calcined Clay Cements (LC3) [18, 19].  74 

Only few studies have looked at other types of clays than kaolinites, smectites and illites [20, 75 

21], mainly because of industrial competition (which leads to higher prices) and lower 76 

availability. Furthermore, the majority of studies focused on relatively "pure" samples, which 77 
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are mainly composed of clay minerals, quartz and other accessory minor minerals. Yet it is 78 

common to find clay minerals associated with other compounds, especially carbonates. If the 79 

proportion of carbonates is high, this mixture of clay minerals and carbonates is named 80 

marlstone. 81 

Marlstones are often neglected by manufacturers of fired clay materials such as bricks because 82 

of their high content of calcium carbonate. They are considered as waste by many industries 83 

and supplies are increasing [22]. However, these materials contain a significant proportion of 84 

clay minerals, which can become pozzolans upon calcination. The use of marlstones as SCMs 85 

could therefore make it possible to recover mining wastes (and/or overburdens) while reducing 86 

the environmental footprint of cement production. Numerous studies looked at the use of 87 

marlstones as SCMs [23–27] , but the great variability of this type of material limits the 88 

possibility of global analyses. For each type of marlstones considered as a potential SCM, it is 89 

imperative to understand the evolution of each phase (clay minerals and carbonates) composing 90 

the marlstones during its calcination, as well as its influence on the reactivity and the final 91 

mechanical performances of calcined marlstone-cement blends. 92 

This study focuses on the use as SCMs of two marlstones considered as waste by the mining 93 

industry. The first objective is to determine whether these materials can be used as SCMs. The 94 

second objective is to study the physico-chemical changes taking place during the calcination 95 

and the reaction of these new pozzolans and to correlate this information with the final 96 

mechanical performances. The last objective is to determine how palygorskite (an 97 

unconventional clay contained in one of the two materials) contributes to the pozzolanic 98 

reactivity. 99 
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2. MATERIALS AND EXPERIMENTAL METHODS 102 

2.1. Materials 103 

The materials studied (MS1 and MS2) are two marlstones considered as waste by the mining 104 

industry. The samples were received as loose blocks and mechanically crushed before analysis. 105 

Table 1 shows the results of the chemical analysis (performed by X-Ray Fluorescence (XRF). 106 

The proportions of each element are expressed in weight percent. 107 

Table 1. Chemical analysis of MS1 and MS2. 108 

 Element O Ca Si Mg Al Fe K P Na Ti V 

MS1 wt. % 55.5 14.2 15.6 6.0 4.7 1.5 1.0 0.6 0.2 0.2 0.1 

MS2 wt. % 56.0 16.4 16.2 5.5 3.8 1.2 0.2 0.2 0.2 0.2 0 

 109 

MS1 and MS2 have a very close chemical composition, especially regarding the proportions of 110 

silicon, calcium, magnesium and aluminium. These similarities in the chemistry of MS1 and 111 

MS2 are not surprising as both materials originate from the same sedimentary deposit. 112 

X-ray diffraction analysis (XRD) was performed to highlight the mineralogical composition 113 

MS1 and MS2 and the different phases were quantified using the Rietveld refinement technique 114 

(see supporting information). Table 2 shows the results of the quantitative phases analysis for 115 

MS1 and MS2. 116 

Table 2. wt.% of the crystalline phases of MS1 and MS2. 117 

 Phase Dolomite Palygorskite Smectite Biotite Hydroxylapatite Quartz 

MS1 wt.% 54 17 16 2 3 8 

MS2 wt.% 59  27 1 2 11 

 118 
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MS1 and MS2 have a relatively close mineralogy, they are both mainly composed of dolomite 119 

associated with clay phases (smectite and biotite), quartz and hydroxylapatite. The main 120 

difference is the occurrence of palygorskite in MS1, which replaces part of the smectite. 121 

 122 

2.2. Marlstone calcination 123 

MS1 and MS2 were calcined at 600, 800 and 900°C in alumina crucibles using a laboratory 124 

furnace. The choice of these temperatures was made in accordance with the first study on 125 

calcination carried out on MS1 [28]. The materials were heated at a heating rate of 300°C/h and 126 

then maintained for 1 hour at maximum temperature. They were then left to cool until room 127 

temperature with the furnace door closed.  128 

 129 

2.3. Hydration of calcined marlstones  130 

The calcination and hydration of MS1 have already been the subject of two previous studies 131 

[29, 30] which demonstrated the formation of several reactive phases after calcination, notably 132 

CaO. As MS2 has a very close mineralogy to MS1, it is very likely to have the same reactive 133 

phases formed. Therefore, the pozzolanic activity of calcined MS1 and MS2 could not be 134 

measured using the classical pozzolanic activity tests (Chapelle test [31] and R3 [32]), which 135 

requires the material tested not to contain free calcium. It was therefore decided to characterise 136 

the reactivity of these calcined materials by carrying out hydration tests. 137 

For both MS1 and MS2, 1g of 800°C calcined material was manually mixed with water 138 

according to the chosen water to binder ratios (w/b = 0.8; 1; 2 and 4). The mixtures were left to 139 

react in sealed conditions for 7, 14, 28 and 180 days. At the end of each time period, the 140 

hydration was stopped by freezing at -24°C during 24h and freeze-drying during 48h under 141 
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vacuum. The dried materials were crushed and analysed by X-ray diffraction (XRD) and solid 142 

state nuclear magnetic resonance (MAS NMR). As the result analysis did not reveal any 143 

significant differences between the different w/b, only the hydration results for w/b = 0.8 are 144 

reported. 145 

 146 

2.4. X-ray diffraction analysis (XRD) 147 

Measurements were made with a Bruker D8 diffractometer using a Bragg-Brentano geometry 148 

with a copper anode tube X-ray source (40 kV/40 mA) emitting Cu Kα radiation. The 149 

acquisitions of the diffractograms were made between 4° and 60° 2θ with a step size of 0.017° 150 

2θ and a measurement time of 1s per step. The Rietveld quantification of MS1 and MS2 was 151 

performed using the Profex Rietveld refinement program [33]. 152 

 153 

2.5. Solid state nuclear magnetic resonance (MAS NMR) 154 

27Al MAS NMR spectra were acquired in a 2.5 mm MAS probe using a Bruker Avance III 500 155 

MHz spectrometer with the following parameters : MAS frequency of 30 kHz, excitation pulse 156 

length of π/13, radio frequency field of 11 kHz and repetition time of 1s. 157 

29Si MAS NMR spectra were acquired in a 7 mm MAS probe using a Bruker NEO 300 MHz 158 

spectrometer with the following parameters : MAS frequency of 5 kHz, excitation pulse length 159 

of π/2 and repetition time of 10s. The chosen 10s repetition time is too short to obtain a 160 

quantitative signal from the quartz, but as quartz is unreactive shorter repetition time can be 161 

used to save spectrometer time. 162 

All the acquisitions were performed with 1H decoupling. An aqueous solution of Al(NO3)3 was 163 

used to referenced 27Al spectra while 29Si spectra were referenced against TMS 164 
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(Tetramethylsilane). The Dmfit sotftware [34] was used to perform the spectral decompositions 165 

(see supporting information).  166 

2.6. Calcined marlstone-cement blends and compressive strength measurements 167 

The compressive strength was assessed on mortar cubes (50 x 50 x 50 mm3) made with graded 168 

standard (supports ASTM C109) sand (sand to cement ratio = 2.75) and a constant water to 169 

binder ratio (w/b = 0.484). Blended cement was obtained by mixing 80 wt.% of general use 170 

Portland cement (GU) with 20 wt.% of 800°C calcined MS1 (for M-MS1 mortar) or MS2 (for 171 

M-MS2 mortar). The particle size distributions of the GU cement and MS1 and MS2 (before 172 

and after calcination) are shown in Table 3. The d-values indicate the maximal particle size 173 

diameter that includes 10% (d10), 50% (d50) and 90% (d90) of the particles (volume-weighted 174 

basis). 175 

Table 3. Particle size distributions of GU cement and marlstones (MS1 and MS2) before and 176 

after calcination at 800°C. 177 

Label d10 (µm) d50 (µm) d90 (µm) 

MS1 3.5 19.5 64.1 

800°C-MS1 4.0 24.5 91.6 

MS2 2.4 14.8 53.1 

800°C-MS2 3.6 28.2 66.3 

GU cement 3.5 20.5 59.7 

 178 

Both 800°C-MS1 and 800°C-MS2 have a particle size distribution close to that of GU cement, 179 

which ensures homogeneous blends. 180 
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Control mortars cubes (labelled M-Ref) were prepared using 100% GU cement. A 181 

polycarboxylate (PC) superplasticizer (0.6% by total weight of binder) was used to obtain a 182 

flow equivalent to that of the control mixture (± 5 mm). Table 4 shows the proportions of the 183 

investigated mortars. 184 

 185 

Table 4. Mix proportions of mortars 186 

Label Cement (g) Pozzolan (g) Sand (g) Water (g) 

M-Ref 500 0 1375 242 

M-MS1 400 100 1375 242 

M-MS2 400 100  1375 242 

 187 

Mortars were mixed and specimens were molded according to the standard procedure ASTM 188 

C109 [35]. After molding, the specimens were placed in plastic bags for 20-24h until 189 

demolding. The demolded mortar cubes were stored in saturated lime water until testing. At 7 190 

and 28 days the compressive strength was assessed according to the ASTM C109 loading 191 

procedure [35].  192 

 193 

3. RESULTS AND DISCUSSION 194 

3.1. Calcination 195 

Fig. 1. displays the evolution of MS1 (Fig. 1.A) and MS2 (Fig. 1.B) X-ray diffractograms as a 196 

function of the calcination temperature.  197 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 198 

Fig. 1. Evolution of the X-ray diffractograms of MS1 (A) and MS2 (B) as a function of the 199 
calcination temperature. 200 
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At 600°C, for both MS1 and MS2 the 001 peak of smectite (Sm) is shifted from 6.2°(2θ) to 202 

8.75°(2θ). This shift is explained by the dehydration of the smectite during the heat treatment 203 

(the removal of the interlayer water leads to a decrease in d001 basal spacing) [36, 37]. 204 

Concerning MS1, the characteristic peaks of palygorskite disappears at 600°C, reflecting its 205 

loss of crystallinity. 206 

 207 

At 800°C, for both MS1 and MS2 the dolomite (CaMg(CO3)2) decarbonates into lime (CaO) 208 

and periclase (MgO) and a peak associated with dicalcium silicate (C2S) appears. However, the 209 

low intensity of the C2S peaks (possibly due to low crystallinity of the phase) hinders the 210 

determination of the type of polymorph. The fact that this C2S is formed at the same temperature 211 

as the lime supports the hypothesis that it results from a recombination phenomenon between 212 

the calcium from the decarbonated dolomite and the silicon from calcined clay phases [38]. 213 

 214 

At 900°C, for both MS1 and MS2 the characteristic peaks of dehydrated smectite and biotite 215 

disappear, indicating a complete loss of crystallinity of these two phyllosilicates. Quartz and 216 

hydroxylapatite are not sensitive to heat treatment since their peaks remain detectable up to 217 

900°C.  Finally, there are recrystallisation phenomena in the form of augite and akermanite at 218 

900°C. 219 

 220 

Based on these XRD results, 800°C seems to be a suitable calcination temperature as it allows 221 

the loss of crystallinity of the clay phases without causing recrystallisation phenomena (that 222 

could reduce the reactivity) for both MS1 and MS2. 223 

 224 

 225 

 226 
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Fig. 2. displays the evolution of the 27Al MAS NMR spectra of MS1 (Fig. 2.A) and MS2 (Fig. 227 

2.B) as a function of the calcination temperature. 228 

 229 

Fig. 2. Evolution of the 27Al MAS NMR spectra of MS1 (A) and MS2 (B) as function of the 230 
calcination temperature. 231 

 232 

Both spectra of raw MS1 and MS2 exhibit two main resonances at 3 and 70 ppm which 233 

correspond to 6-fold and 4-fold aluminium, respectively [39]. The 6-fold aluminium resonance 234 

(3 ppm) can be associated with aluminium in palygorskite, smectite and biotite for MS1 and 235 

with aluminium in smectite and biotite for MS2 [40]. The 4-fold aluminium resonance (70 ppm) 236 

can be associated with the isomorphic substitution of silicon by aluminium atoms into silicate 237 

layers of palygorskite, smectite and biotite structures for MS1 and into smectite and biotite 238 
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structures for MS2 [40]. A weak resonance at 57 ppm is detected in both MS1 and MS2 spectra, 239 

which corresponds to aluminium in q4(4Si) configuration [41] possibly associated with an 240 

additional phase occurring in low quantity and/or with low crystallinity, undetectable by XRD. 241 

With the increasing calcination temperature, the 6-fold aluminium resonance intensity 242 

decreases while two new resonances appear at 27 and 59 ppm, which correspond to 5-fold and 243 

4-fold aluminium, respectively [39]. During the calcination of MS1 and MS2, the calcination 244 

leads to a departure of hydroxyl groups from the clay phases (the dehydroxylation 245 

phenomenon). The octahedral (6-fold) aluminium atoms to which these hydroxyl groups were 246 

bonded have changed their coordination to 5- and 4-fold aluminium atoms. The pozzolanic 247 

activity of a calcined clay could be directly related to the relative proportion of 5- and 4-fold 248 

aluminium. These sites, in particular at the 5-fold one, are the starting point of the dissolution 249 

and the initiation of the pozzolanic reaction [15]. For both MS1 and MS2, the highest relative 250 

proportion of aluminium 5 and 4 (without recrystallization) is reached at 800°C, which suggests 251 

that this calcination temperature should allow the highest pozzolanic reactivity. By comparing 252 

the evolution of MS1 and MS2 it is clear that the dehydroxylation occurs more easily in MS1 253 

(which contains smectite and palygorskite) than in MS2 (which contains only smectite). At 254 

800°C, a significantly higher relative proportion of 6-fold aluminium is still remaining in MS2 255 

than in MS1.  This difference can be explained by the occurrence of palygorskite in MS1, which 256 

was found to dehydroxylate more efficiently (at lower temperature) than smectite and biotite. 257 

 258 
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Fig. 3. displays the evolution of the 29Si MAS NMR spectra of MS1 (Fig. 3.A) and MS2 (Fig. 262 

3.B) as a function of the calcination temperature. 263 

 264 

Fig. 3. Evolution of the 29Si MAS NMR spectra of MS1 (A) and MS2 (B) as function of the 265 
calcination temperature. 266 

 267 

Both spectra of raw MS1 and MS2 exhibit a resonance at -108 ppm which correspond to Q4 268 

silicon atoms and which can be associated with silicon in the quartz structure [42]. For MS1, 269 

the total signal between -84 and  -100 ppm is composed of Q3 silicon atoms of smectite (-93 270 

ppm) [12], Q3(1Al) silicon atoms of biotite (-86 ppm) [43], Q2 silicon atoms of palygorskite (-271 
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84 ppm) [44] and two Q3 silicon sites of palygorskite at -98 and -92 ppm which correspond to 272 

SiO4 at the edges and at the centre of the ribbons of tetrahedra, respectively [45]. For MS2, the 273 

total signal is only composed of Q3 silicon atoms of smectite and Q3(1Al) silicon atoms of 274 

biotite and smectite. For both MS1 and MS2, the increase of the calcination temperature leads 275 

to a broadening of the resonances associated with the Q3 of the clay phases. This broadening is 276 

explained by a distribution of the environments of the silicon atoms and indicate a structural 277 

loss of the clay phases upon calcination [46]. At 800°C a new resonance appears at -71 ppm in 278 

MS1 and MS2 spectra. This new resonance corresponds to Q0 silicon atoms and can be 279 

associated with the silicon contained in the C2S structure [47], in accordance with XRD results. 280 

With increasing the calcination temperature there is a low-frequency shift of the Q3 resonances 281 

for MS2, which is explained by the condensation of the Q3 into Q4 silica [17]. By comparing 282 

MS1 and MS2 it is evident that the C2S formation is facilitated in MS1 compared to MS2 (a 283 

higher relative proportion is observed). This could be explained by the occurrence of 284 

palygorskite as it is the only main difference between both materials. However, this difference 285 

of C2S formation between MS1 and MS2 is not observable by XRD, meaning that the main part 286 

of this C2S is amorphous. 287 

Overall, the results of XRD and MAS NMR indicates that 800°C is probably the best 288 

calcination temperature for both MS1 and MS2. Moreover, MS1 seems to be more sensitive to 289 

the calcination, which leads to higher dehydroxylation of the clay phases and to higher relative 290 

amount of C2S. The major difference between MS1 and MS2 being the occurrence of 291 

palygorskite in MS1, it seems clear that smectite and palygorskite have different responses to 292 

calcination. 293 

 294 
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3.2. Self-reactivity of calcined marlstones in water 296 

The calcination study of MS1 and MS2 revealed the formation of different reactive phases such 297 

as lime, periclase and C2S as well as the loss of crystallinity of the clay phases. MS1 and MS2 298 

were thus hydrated in water in order to study their reactivity, the contribution of each phases, 299 

their evolution and the possible presence of synergies.  300 

Fig. 4. displays the evolution of the X-ray diffractograms of MS1 (Fig. 4.A) and MS2 (Fig. 4.B) 301 

calcined at 800°C and hydrated in water for 7, 14, 28 and 180 days. 302 
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 303 

Fig. 4. Evolution of the X-ray diffractograms of MS1 (A) and MS2 (B) calcined at 800°C and 304 
hydrated (w/b = 0.8) during 7, 14, 28 and 180 days. 305 
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After 7 days of hydration, for both MS1 and MS2, diffraction peaks characteristic of portlandite, 306 

calcite, hydrotalcite and brucite appear on the diffractograms. The formation of portlandite 307 

comes from the hydration of lime and calcite comes from its carbonation. The magnesium from 308 

the periclase is incorporated into two phases: brucite and hydrotalcite.  309 

The formation of brucite can be problematic in cements. The hydration of periclase into brucite 310 

is a phenomenon that has relatively long kinetic compared to the hardening kinetic of cement. 311 

This post-hardening swelling can lead to cracking problems and therefore a loss of mechanical 312 

performance if there is not enough space available in the matrix [48]. Studies are currently 313 

underway to determine whether neoformed brucite leads to cracking in this system.  However, 314 

there is no post-hardening swelling phenomenon associated with hydrotalcite (the second 315 

magnesian phase neoformed in our system) formation in the existing literature and the possible 316 

existence of synergies with the cement phases could enhance the formation of hydrotalcite 317 

instead of brucite in calcined marlstone-cement system. 318 

The amount of neoformed brucite and portlandite is higher for MS2 than for MS1 (larger area 319 

under the peaks), therefore it is difficult to compare the evolution of these two phases between 320 

MS1 and MS2. With the increasing hydration time, the intensity of the peaks characteristic of 321 

portlandite decrease for MS1 and MS2. However, after 180 days of hydration the portlandite 322 

diffraction peaks are no longer detectable in MS1. This total consumption of portlandite in MS1 323 

could be a first indication of a possible stronger pozzolanic reactivity compared to MS2. 324 

However, this apparent consumption of portlandite may also be due to its carbonation into 325 

calcite as we observe an increase in the intensity of the peak associated with calcite with 326 

increasing hydration time. 327 

Fig. 5. shows the evolution of the 29Si MAS NMR spectra of MS1 (Fig. 5.A) and MS2 (Fig. 328 

5.B) calcined at 800°C and hydrated in water during 7, 14, 28 and 180 days. 329 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 330 

Fig. 5. Evolution of the 29Si MAS NMR spectra of MS1 (A) and MS2 (B) calcined at 800°C 331 
and hydrated (w/b = 0.8) during 7, 14, 28 and 180 days. 332 

 333 

After 7 days of hydration for both MS1 and MS2, a decrease is observed for the intensity of the 334 

broad Q3 resonances previously associated with the calcined clay phases. This decrease is 335 

correlated with the appearance of two new resonances at -78 and -85 ppm which correspond to 336 

Q1 and Q2 silicon atoms, respectively [49]. Q1 silicon atoms can be associated with pairs of 337 

linked silicate tetrahedral (dimers) and/or terminal tetrahedral silicate groups of C-S-H. Q2 338 

silicon atoms can be associated with C-S-H tetrahedral silicate groups in bridging (Q2-B) and/or 339 

intermediates (Q2-P) configurations [50]. 340 

The -71 ppm resonance corresponding to Q0 atoms (associated previously with C2S neoformed 341 

during calcination) decreases considerably after 7 days of hydration and leaves a resonance at 342 

-73 ppm for both MS1 and MS2. This -73 ppm resonance can either be associated with the Q1 343 

atoms of akermanite/gehlenite and/or Q0 of non-reactive C2S. The fact that the C2S XRD signal 344 

remains detectable even after 180 days of hydration supports the hypothesis that some of the 345 

C2S is non-reactive (the crystallised one). However, during the calcination of MS1 and MS2, 346 

the formation of akermanite was observed at 900°C (Fig. 1.). The -73 ppm signal can thus also 347 
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be associated with akermanite which is not yet crystallised enough to be detectable by XRD at 348 

800°C. Finally, several studies have highlighted the formation of gehlenite during the 349 

calcination of marlstones [51, 52] and this signal at -73 ppm could therefore be associated  with 350 

this phase. 351 

After 14 days of hydration, for both MS1 and MS2, the intensity of the Q3 calcined clay phases 352 

resonances continues to decrease while the intensity of the Q1 + Q2 resonances associated with 353 

C-S-H  increases. A new resonance at -81 ppm appears after 14 days for MS1 and 28 days for 354 

MS2, which corresponds to silicon in  Q2(1Al) configuration and confirms the incorporation of 355 

aluminium into the C-A-S-H structure, which is characteristic of the pozzolanic reaction of 356 

calcined clays. The trend will continue up to 180 days for MS1 and MS2, validating the intrinsic 357 

pozzolanic reactivity of these two calcined materials. 358 

The comparison of the series of spectra indicates that the formation of C-A-S-H and the 359 

consumption of calcined clay phases are significantly higher for MS1 than MS2. Spectral 360 

integration quantification was thus carried out to precisely compare the difference between 361 

MS1 and MS2 in terms of the consumption of calcined clay phases and the formation of C-A-362 

S-H. 363 

Fig. 6. displays the evolution of the relative proportions (from the perspective of silicon content) 364 

of  the Qn (C-A-S-H) and the Q3 (calcined clay phases) for hydrated 800°C-MS1 (Fig 6.A) and 365 

800°C-MS2 (Fig 6.B). Details of this quantification by spectral integration are given in the 366 

supporting information. The Q4 signal associated with quartz is not quantitative and the Q0-Q1 367 

signal associated with C2S and/or akermanite/gehlenite is constant from 7 days and onward. 368 

Therefore, Fig 6. includes only the evolution of the Q3 (and Q3-Q4 for MS2) of the calcined clay 369 

phases and Qn of the C-A-S-H. 370 
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 371 

Fig. 6. Relative proportions of silicon-containing phases of MS1 (A) and MS2 (B) calcined at 372 

800°C (from the perspective of silicon content) as function of the hydration time obtained 373 
from 29Si MAS NMR spectra. 374 

 375 

For MS1, after only 7 days of hydration, the relative proportion of silicon in Qn configuration 376 

associated with C-A-S-H is already 30%. From 7 to 180 days of hydration, the relative 377 

proportion of silicon in Q3 configuration associated with the calcined clay phases decreases 378 

from 58% to 30%. In parallel, the relative proportion of Q1, Q2(1Al) and Q2 silicon associated 379 

with the C-(A)-S-H increases from 30% to 58%.  380 

For MS2, after 7 days of hydration, the relative proportion of silicon in Qn configuration 381 

associated with C-A-S-H is only 14%, which is much lower than for MS1 (30%). From 7 to 382 
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180 days of hydration the relative proportion of silicon in Q3-Q4 configuration associated with 383 

the calcined clay phases decreases from 67% to 39%. In parallel, the relative proportion Q1, 384 

Q2(1Al) and Q2 silicon associated with the C-(A)-S-H increases from 14% to 43%. The 385 

consumption of the calcined clay phases, associated with the formation of C-A-S-H and the 386 

consumption of portlandite during hydration confirms the pozzolanic reactivity of MS1 and 387 

MS2 calcined at 800°C. However, this pozzolanic reactivity is more important for MS1 (which 388 

contains palygorskite) than for MS2 (
𝑄𝑛 (𝐶𝐴𝑆𝐻)

𝑄3
  = 1,93 for MS1 and 

𝑄𝑛 (𝐶𝐴𝑆𝐻)

𝑄3+𝑄4
 = 1,13 for MS2 389 

after 180 days of hydration). Compressive strengths were measured on mortars incorporating 390 

the two marlstones calcined at 800°C to confirm their different reactivity. 391 

3.3. Calcined marlstone-cement blends 392 

Fig. 7. displays the compressive strength of M-Ref, M-MS1 and M-MS2 after 7 and 28 days of 393 

hydration. The error bars indicate the standard deviation for each set of 3 compression 394 

measurements. 395 

 396 

Fig. 7. Compressive strengths at 7 and 28 days of M-Ref, M-MS1 and M-MS2 397 
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After 7 days M-MS1 shows a compressive strength slightly higher (31 MPa) to that of the 398 

reference (29 MPa for M-ref) whereas M-MS2 shows a significant lower strength (20 MPa). At 399 

28 days the trend continues for M-MS1 which shows an equivalent compressive strength (38 400 

MPa) to that of the reference (39 MPa) whereas M-MS2 still shows significant lower 401 

compressive strength (29 MPa). 402 

The better mechanical performance of M-MS1 confirms the previous results assessed by 27Al 403 

and 29Si MAS NMR. The occurrence of palygorskite in MS1 leads to a higher degree of 404 

dehydroxylation at 800°C in comparison to MS2 (Fig. 2.). This enhances the pozzolanic 405 

reactivity of 800°C-MS1 in comparison to 800°C-MS2 (Fig. 6.) and results in higher 406 

compressive strengths at 7 and 28 days (Fig. 7.). These results suggest that the palygorskite has 407 

a higher pozzolanic activity after calcination at 800°C than smectite. To a lesser extent, the 408 

higher mechanical performance of M-MS1 compared to M-MS2 could also be attributed to the 409 

greater amount of C2S neoformed during the calcination (facilitated by the occurrence of 410 

palygorskite). 411 

 412 

CONCLUSION 413 

This paper compares the use of two calcined marlstones as SCMs in terms of calcination, self-414 

reactivity in water and mechanical performance in cementitious blends. The two marlstones 415 

differ mainly by the presence of palygorskite (MS1) or not (MS2). Based on the results 416 

presented, the following conclusions can be drawn:  417 

1. The calcination of MS1 and MS2 leads to the dehydroxylation of the clay phases associated 418 

with the formation of lime, periclase and C2S. A calcination temperature of 800°C resulted in 419 

the highest expected reactivity for both MS1 and MS2. The degree of dehydroxylation and the 420 
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amount of C2S neoformed are higher for MS1 than MS2, which was attributed to the occurence 421 

of palygorskite in MS1.  422 

2. Both MS1 and MS2 calcined at 800°C exhibit significant self-reactivity in water, mainly 423 

pozzolanic. The comparative study shows that MS1 calcined at 800°C exhibits a higher self-424 

reactivity than MS2 confirming the results of the calcination analysis. 425 

3. The comparative study shows that mortars made from cement blended with 20% of MS1 426 

calcined at 800°C have much better compressive strength than those made with MS2 after 7 427 

and 28 days. Once again, this confirms the results of the calcination (higher dehydroxylation of 428 

MS1 than MS2) and self-reactivity in water analysis (higher reactivity of 800°C-MS1 than 429 

800°C-MS2). 430 

4. Calcination, self-reactivity in water and compressive strength results indicate that calcined 431 

palygorskite-bearing marlstones have higher potential use as SCMs in cementitious systems 432 

than calcined smectite-bearing marlstones. These results open up new applications for this type 433 

of marlstones and suggest that palygorskite is a clay that could be used as SCM once calcined. 434 

 435 
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