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Abstract—Tochilinite/cronstedtite intergrowths are commonly observed as alteration 17 

products in CM chondrite matrices but the conditions under which they formed are still 18 

largely under-constrained due to their scarcity in terrestrial environments. Here we report low 19 

temperature (80°C) anoxic hydrothermal experiments using starting assemblages similar to 20 

the constituents of the matrices of the most pristine CM chondrite and S-rich and S-free 21 

fluids. Cronstedtite crystals formed only in S-free experiments under circumneutral conditions 22 

with the highest Fe/Si ratios. Fe-rich tochilinite with chemical and structural characteristics 23 

similar to chondritic tochilinite was observed in S-bearing experiments. We observed a 24 

positive correlation between the Mg content in the hydroxide layer of synthetic tochilinite and 25 

temperature, suggesting that the composition of tochilinite is a proxy for the alteration 26 

temperature in CM chondrites. Using this relation, we estimate the mean precipitation 27 

temperatures of tochilinite to be 120-160°C for CM chondrites. Given the different 28 

temperature ranges of tochilinite and cronstedtite in our experiments, we propose that Fe-rich 29 

tochilinite crystals resulted from the alteration of metal beads under S-bearing alkaline 30 

conditions at T = 120-160°C followed by cronstedtite crystals in formed by reaction of matrix 31 

amorphous silicates, metal beads, and water at low temperature (50–120°C).  32 

  33 



INTRODUCTION 34 

 35 

C-type asteroids are the sources of undifferentiated carbonaceous meteorites and provide 36 

valuable information about the physicochemical conditions that prevailed in the solar 37 

protoplanetary disk. CM carbonaceous chondrites are fragments of these asteroids (Clark et 38 

al. 2010; Cloutis et al. 2011) and contain a significant amount of water (i.e., water/rock ratio = 39 

0.4 upon accretion; Marrocchi et al. 2018), mainly as OH bound into phyllosilicates 40 

(Jarosewich 1990; Barber 1981). They are characterized by different degree of aqueous 41 

alteration, from moderately (CM2) to highly altered (CM1) (Zolensky et al. 1997; Rubin et al. 42 

2007), and contain a variety of secondary phases produced through aqueous alteration 43 

processes, including carbonates, sulfides, oxides, and hydroxides (Bunch and Chang, 1980; 44 

Barber 1981; Tomeoka and Buseck, 1985; Zolensky et al. 1993; Brearley, 2006; Howard et al. 45 

2009, 2011; Lee et al. 2014). The most characteristic secondary phases in CM chondrites are 46 

tochilinite-cronstedtite intergrowths (TCIs), occurring as complex assemblages dispersed 47 

throughout the chondrules, fine-grained rims and matrix (Fuchs et al. 1973; Tomeoka and 48 

Buseck 1985; Nakamura and Nakamuta 1996; Howard et al. 2015; Pignatelli et al. 2016, 49 

2017). TCIs are ubiquitous in unheated CM chondrites and may be useful in deciphering the 50 

alteration conditions of CM parent bodies. 51 

Since the first description of complex Fe-S-O alteration minerals in CM chondrites (i.e., 52 

as “poorly characterized phases”; Ramdohr 1963; Fuchs et al. 1973), numerous studies have 53 

sought to better understand the mineralogy and chemical properties of TCIs (Tomeoka and 54 

Buseck 1985; Mackinnon and Zolensky 1984; Zolensky and Mackinnon 1986; Nakamura and 55 

Nakamuta 1996; Palmer and Lauretta 2011; Pignatelli et al. 2016, 2017). Two types of TCIs 56 

have been defined based on morphology, mineralogy, and chemical composition (Nakamura 57 

and Nakamuta 1996): Type-I TCIs occur as rounded massive rims around Fe-Ni metal beads 58 

embedded in chondrules and comprise tochilinite with minor cronstedtite and goethite 59 

(Palmer and Lauretta 2011; Pignatelli et al. 2017), whereas Type-II TCIs occur as fibrous 60 

clusters in the matrix and comprise cronstedtite with minor tochilinite and magnetite 61 

(Pignatelli et al. 2017). 62 

Tochilinite is a hydroxysulfide mineral with the general ideal formula of 2Fe1–xS · 63 

n(Fe,Mg,Al,Ca)(OH)2, where 0.08 ≤ x ≤ 0.28 and 1.58 ≤ n ≤ 1.75 (Zolensky and Mackinnon 64 

1986; Gubaidulina et al. 2007). Its crystal structure is characterized by alternating 65 

brucite/amakinite-like (Mg,Fe)(OH)2 and mackinawite-like (Fe,Ni)1–xS layers (Mackinnon 66 

and Zolensky 1984; Organova et al. 1988). Meteoritic tochilinite is believed to form during 67 



the first stage of aqueous alteration by dissolution of Fe-Ni metal or olivine/pyroxene by S- 68 

and Fe-rich fluids (Zolensky and Mackinnon 1986; Palmer and Lauretta 2011; Pignatelli et al. 69 

2016). Thermodynamic simulations and hydrothermal experiments indicate that tochilinite 70 

precipitates under very reducing conditions (log fO2 ≈ –91 to –85) in neutral-alkaline 71 

environments (pH = 7.8–14), typically at 80–320°C (Kakos et al. 1994; Browning and 72 

Bourcier 1996; Kozerenko et al. 1996; Moroz et al. 1997; Gubaidulina et al. 2007; Peng et al. 73 

2007; Peng and Jing 2014). Cronstedtite is a Fe-rich phyllosilicate (7 Å along its c-axis) with 74 

the general formula (Fe
2+

3–xFe
3+

x)(Si2–xFe
3+

x)O5(OH)4, where 0 ≤ x ≤ 0.84 (Hybler et al. 2000; 75 

Kogure et al. 2002; Pignatelli et al. 2013): Fe
3+

 is in tetrahedral coordination, and cronstedtite 76 

forms a solid solution with greenalite [(Fe
2+

Fe
3+

)3Si2O5(OH)4] and chrysotile 77 

[Mg3Si2O5(OH)4] in CM chondrites (Velbel 2014). Some Type-II TCIs display euhedral 78 

crystal faces suggesting that such TCIs result from the pseudomorphism of olivine, pyroxene, 79 

and carbonates (Browning and Bourcier 1996; Lee et al. 2013; Pignatelli et al. 2016; Vacher 80 

et al. 2017). Laboratory experiments and thermodynamic calculations suggest that cronstedtite 81 

forms under less reducing conditions than tochilinite (i.e., log fO2 ≈ –75 to –55) in neutral 82 

conditions (pH = 7–8) from Si- and Fe-rich fluids at 50–120°C (Lantenois et al. 2005; Lanson 83 

et al. 2012; Pignatelli et al. 2013, 2014; Zolotov 2014). 84 

The occurrence of tochilinite and cronstedtite as intergrowths suggests that (i) these 85 

minerals may precipitated under similar physicochemical conditions at some point (Pignatelli 86 

et al. 2016, 2017) and/ or (ii) one could have replaced the other during the CM parent body 87 

evolution. Their stability fields remain poorly constrained, and few laboratory experiments 88 

have investigated the formation of tochilinite and cronstedtite from starting products similar 89 

to those encountered in CM chondrites (Peng et al. 2007; Peng and Jing 2014). To fill this 90 

gap, we performed short-term (up to two months) anoxic hydrothermal experiments at 80°C 91 

by reacting synthetic glass powder of a composition similar to the primitive chondrite matrix, 92 

metal iron, and olivine with S-rich and S-free fluids. Specific attention was paid to the 93 

mineralogical and chemical characterization of the reaction products and the implications for 94 

the alteration conditions of CM chondrites. 95 

  96 



MATERIAL AND METHODS 97 

 98 

“Synthetic GEMS-like” glass preparation 99 

 100 

Pristine CM chondrite matrix is mainly composed of amorphous silicate grains a few 101 

hundred nanometers in size that share many similarities with GEMS grains (glass with 102 

embedded metal and sulfides) observed in chondritic interplanetary dust particles (IDPs) 103 

(Bradley 1994; Keller and Messenger 2011; Leroux et al. 2015). We thus used an analogous 104 

starting material for our hydrothermal experiments. Synthetic glass (hereafter “synthetic 105 

GEMS-like glass”) containing 51.82 wt.% SiO2, 25.80 wt.% MgO, 14.63 wt.% Fe2O3, 5.59 106 

wt/% Al2O3, and 1.88 wt.% CaO (bulk analysis from SARM, Nancy, France), similar to 107 

natural GEMS grains (Leroux et al. 2015), was prepared from oxide carbonate powders (SiO2, 108 

MgCO3, Fe2O3, Al2O3, and CaCO3) at CRPG (Nancy, France). The powder mixture was 109 

melted in platinum crucibles at 1550°C for 30 min and quenched in cold water. This 110 

quenched glass was crushed to a fine powder (particles of a few microns to a few hundred 111 

microns) in an agate mortar and pestle. 112 

GEMS grains in IDPs contain rounded Fe-Ni metal grains believed to have formed in the 113 

hot inner regions of the solar protoplanetary disc by heating of amorphous silicate grains in a 114 

reduced environment at moderate temperatures (<730 °C, Davoisne et al. 2006). We therefore 115 

reduced our glass using the sealed evacuated silica glass method (Skynner and Luce 1971): 116 

the synthetic glass powder was loaded into graphite crucibles placed in sealed evacuated silica 117 

glass tubes (2 × 10
–2

 mbar) and heated at 1000°C for three days (Fig. 1a). After this reduction 118 

stage, a small amount of small beads of metallic iron (i.e., <1 vol.%), with sizes of a few 119 

microns to a few tens of microns, was observed in our synthetic glass (Fig. 1b, c). 120 

 121 

Hydrothermal experiments 122 

 123 

Hydrothermal experiments were performed by placing sample mixtures in Teflon® bowls 124 

within Parr® non-stirred pressure vessels. To remove oxygen trapped in the porosity of the 125 

Teflon® bowls, the bowls were pre-treated with a hydrazine solution (20 ppm N2H2) at 200 126 

°C for one day. Oxygen gas was removed from the vessels according to the reaction (Dargent 127 

et al. 2015):  128 

O2 (g) + N2H2 (aq) = 2H2O (aq) + N2 (g).  (1) 129 



The reactors were then cleaned in a glove box under inert argon atmosphere (<1 ppm O2) 130 

using 1 M HCl and rinsed several times with MilliQ water. The solid starting products (i.e., 1 131 

g comprising (i) synthetic GEMS-like glass, (ii) San-Carlos olivine [Mg1.8Fe0.19Ni0.01SiO4] 132 

grains typically in the size range 20–50 µm, and (iii) spherical iron metal blobs <10 µm in 133 

diameter from Sigma Aldrich) were mixed in various proportions (see Table 1 and Fig. 2a) 134 

under inert Ar atmosphere in the glove box. The sample mixtures were then loaded together 135 

with 10 mL of a synthetic saline solution (2.1 mM NaCl, 0.4 mM MgCl2 and CaCl2, pH = 6.5 136 

at 25°C, Table 1) into the Teflon® Parr® bombs (Fig. 2b). 137 

Previous laboratory experiments demonstrated that tochilinite and cronstedtite 138 

preferentially precipitate under alkaline S-rich (the best tochilinite specimens at pH ≈ 11; 139 

Kozerenko et al. 2001) and neutral S-free environments (pH ≈ 7; Pignatelli et al. 2013), 140 

respectively. Hence, we separated our experiments into two sets: the first with an alkaline 141 

environment created by adding 10 mM Na2S to the initial saline solution (pH = 11.5 at 25°C) 142 

and the second with a circumneutral environment employing only the initial salty solution 143 

(pH = 6.5 at 25°C, Table 1, Fig. 2b). The water/rock ratio was set to 10 (by weight) and the 144 

vessels were heated at 80°C and at saturated vapor pressure in a furnace for 30 or 60 days. 145 

The two sets of experiments are summarized in Table 1 and in Figure 2. 146 

At the end of the experiments, the vessels were removed from the furnace and quenched 147 

in cold water. The vessels were opened and the solid products were dried in a glove box under 148 

argon atmosphere at room temperature. 149 

 150 

Solution analysis 151 

 152 

The run solutions were immediately extracted from the vessels after quenching, filtered at 153 

0.02 µm, and separated into two distinct aliquots for (i) pH measurement at room temperature, 154 

and (ii) inductively coupled plasma optical emission spectrometry (ICP-OES) analyses. ICP-155 

OES analyses were performed after dilution in HNO3 (2 vol.%) to determine the 156 

concentration of dissolved Al, Ca, Fe, K, Mg, Na, and Si (detection limit < 50 µg/L). Because 157 

dissolved Al, Fe, and Mg were below the detection limit in run solutions G-2, GO-2, and 158 

GOI-2, additional aliquots (without dilution) were collected and measured by inductively 159 

coupled plasma mass spectrometry (ICP-MS) at SARM (Nancy, France) with a detection 160 

limit < 1 µg/L. 161 

  162 



Characterization techniques 163 

 164 

Back-scattered electron (BSE) images of the solid products were obtained at 165 

GeoRessources (Nancy, France) using a JEOL J7600F Field Emission Scanning Electron 166 

Microscope (FE-SEM) equipped with an Oxford EDS (Energy Dispersive X-ray 167 

spectrometer). SEM observations were performed with an accelerating voltage of 15 kV. EDS 168 

analyses were made with an accelerating voltage of 15 kV and a beam current of 100nA. 169 

Chemical analyses were calibrated using the following natural minerals: albite for Al, 170 

hematite for Fe and O, olivine for Mg, orthoclase for Si, wollastonite for Ca and FeS2 for S. 171 

Solid products were prepared for transmission electron microscopy (TEM) and scanning 172 

transmission electron microscopy (STEM) by crushing them in an agate mortar, dispersing 173 

them in an ethanol solution under ultrasonic treatment, and evaporating the solution on a 174 

holey carbon film placed on a 200 mesh copper grid. TEM imaging, EDX analyses and 175 

selected area electron diffraction (SAED) were performed at IJL (Nancy, France) using a 176 

JEM-ARM 200F cold-field emission gun TEM/STEM operating at 200 kV and equipped with 177 

a spherical aberration (Cs) probe corrector (0.19 and 0.078 nm point resolution in TEM and 178 

STEM mode, respectively). Qualitative measurement of elements was obtained using the 179 

Cliff-Lorimer ratio method. Electron-transparent cross-sections of samples from GS-2 and 180 

GOS-2 were prepared by using a FEI Versa 3D DualBeam field emission (FIB/SEM) at the 181 

F.M.E company (Nancy, France). 182 

The hydrated/porous nature and the small sizes (less than 1 µm) of the secondary mineral 183 

phases synthesised during our hydrothermal experiments make the SEM-EDS analyses 184 

difficult. However, we excluded all the analyses with a total lower than 65 wt.% (lowest total 185 

measured in the Fe, Si-rich layer in the S-bearing experiments) and higher than 102 wt.%. In 186 

addition, all the representative chemical compositions reported in the Tables S1 and S3 were 187 

normalized to 100%.  188 

X-ray diffraction (XRD) data were collected at room temperature with a PANalytical 189 

X’pert PRO diffractometer (goniometer θ-2θ), using a Cu tube, a Ge (111) incident-beam 190 

monochromater ( = 1.5406 Å) and a X’Celerator detector (scanning line detector 1D, 2.122° 191 

active length) at CRM laboratory (University of Lorraine, France). X-ray patterns were 192 

collected on bulk-rock samples, with 2.122° active length, using a scan step of 0.0167° (2θ) 193 

and a time of measurement for each sample of 90min, 2θmin = 5° to 2θmax = 70°. 194 

 195 

 196 



35 kV accelerating voltage and 45 mA current (CRM laboratory, University of Lorraine, 197 

France). X-ray patterns were collected on bulk-rock samples, using a scan step of 0.007° (2θ) 198 

and a time of measurement for each sample of 90min, 2θmin = 5° to 2θmax = 70°.  199 



RESULTS 200 

 201 

Circumneutral S-free experiments 202 

 203 

Solid phase characterization 204 

Alteration of primary phases 205 

SEM observations of olivine and synthetic GEMS-like grains do not reveal obvious signs 206 

of dissolution on grain surfaces or along grain boundaries (e.g., disk-shaped grains or the 207 

formation of a gel layer) at micrometer scale (Fig. S1). However, this lack of evidence does 208 

not exclude minor signs of dissolution at nanometer scale, but further FIB–TEM 209 

investigations are required. In contrast, corrosion textures characterized by thin layers of 210 

newly formed material are present at the edges of iron metal grains (Fig. 3b). 211 

 212 

Secondary mineral paragenesis 213 

SEM-TEM observations of the S-free run products reveal the presence of two new 214 

mineral phases synthesized during the hydrothermal experiments. The first is present in the 215 

run products of all three S-free experiments and is composed of a fibrous Fe-Si-rich mineral 216 

occurring in layers <1 µm thick around native iron metal (Fig. 3b). This phase has a 217 

composition close to berthierine or greenalite (n = 2, Fig. 3c, Table S1).  218 

The second new phase is an iron oxide that occurs only in experiment GOI as grains of a 219 

few tens of microns (Fig. 3a). This phase is easily identifiable at contacts with iron metal 220 

grains. SEM-EDS analyses indicate that this iron oxide has a composition close to goethite: 221 

65.4 ± 2 wt.% Fe,31.1 ± 1.5 wt.% O,3.2 ± 0.5 wt.% Si,0.1 ± 0.3 wt.% Mg, and 0.03 ± 0.1 222 

wt.% Ca (n = 11, 1 errors; Fig. 3c, Table S1).  223 

 224 

Cronstedtite precipitation 225 

Detailed TEM investigation of experiment GOI reveals rare triangular crystals of 226 

cronstedtite <1 µm in size that were not detected by X-ray diffraction (XRD) (Fig. 4a, b). 227 

Cronstedtite was not detected in the products of experiments G and GO. TEM-EDS 228 

measurements show that these crystals contain of 52.8 ± 1.9 wt.% Fe, 36.9 ± 1.7 wt.% O,8.3 229 

± 0.4 wt.% Si,1.4 ± 0.2 wt.% Al,0.4 ± 0.1 wt.% Mg, and 0.2 ± 0.1 wt.% Ca(n = 6, 1 230 

errors; Fig. 4a, Table S1). To calculate the average structural formula of cronstedtite, the 231 

Fe
3+

/Fe
2+

 ratio was adjusted to set the occupancy of the octahedral sites to 3 following 232 



Pignatelli et al. (2013). Hence, based on a total of 7 oxygen atoms, we obtained the mean 233 

empirical formula of cronstedtite to be (Fe
2+

2Fe
3+

0.9Mg0.1)(Si1.1Al0.2Fe
3+

0.7)O5(OH)4. The 234 

SAED pattern along the [001] zone axis of cronstedtite (Fig. 4d) reveals: (i) strong h – k = 3n 235 

diffractions (e.g., 110, 300, in hexagonal indexing) and weak h – k ≠ 3n diffractions (e.g., 236 

100, 010, 200), and (ii) a hexagonal cell with parameters a = b = 0.54 nm (Fig. 4c, d). The 237 

SAED pattern along the [010] zone axis indicates the cell parameter c = 0.71 nm (Fig. 4e, f), 238 

consistent with typical terrestrial (Hybler et al. 2000) and meteoritic cronstedtite (i.e., 239 

polytype 1T; Pignatelli et al. 2018).  240 

 241 

Solution chemistry 242 

The evolution of Si, Ca, Mg, and Fe concentrations in the neutral S-free experiments are 243 

presented in Fig. 5a–c and Table S2. After two months, Si concentrations reached a steady 244 

state (within errors) at 0.8 and 0.4 mM in experiments G and GOI, respectively (Fig. 5a, c). In 245 

experiment GO, the Si concentration increased to 1.2 mM after one month, then decreased to 246 

0.6 mM after two months (Fig. 5b). Calcium concentrations remained rather constant at ~0.3 247 

mM in experiments G and GO and at ~0.25 mM in experiment GOI (Fig. 5a–c). Magnesium 248 

concentrations decreased from 0.4 to ~0.05 mM over two months in all S-free experiments 249 

(Fig. 5a-c). Iron and Al concentrations remained very low, ~10
–4

 to 10
–3

 mM, after two 250 

months in all the experiments (Fig. 5a–c, Table S2). The elevated Fe concentrations (from 23 251 

to 78 mM) after one month are surprising and may reflect a strong 252 

solution disequilibrium with respect to Fe-bearing minerals (e.g. magnetite, greenalite and 253 

cronstedtite) expected to be stable under our experimental. Indeed, thermodynamic 254 

simulations performed with PhreeqC software together with the llnl database indicate 255 

that dissolved iron concentration should remain within the 10
-4

 to 10
-6

 mM range under our 256 

experimental conditions (i.e., T = 80°C, pH = 6–8 and log fO2 = -60) if the fluid is in 257 

equilibrium with magnetite, greenalite or cronstedtite. Thus, the elevated Fe concentrations 258 

observed in our run solutions either result from (i) a precipitation delay of Fe-bearing 259 

minerals (causing an oversaturation of Fe) or (ii) a contamination/filtration issue. In the 260 

absence of a continuous monitoring of solution composition over time, it is difficult to 261 

provide a robust explanation for this observation. 262 

The pH of the solutions increased progressively up to pH = 8 in experiments GO and GOI, 263 

but decreased slightly to pH = 6 in experiment G (Fig. 5d; Table S2). 264 

  265 



Alkaline, S-rich experiments 266 

 267 

Solid Phase characterization 268 

Alteration of primary phases 269 

SEM observations of the primary phases after reaction do not reveal obvious signs of 270 

dissolution on olivine and synthetic GEMS-like grains at the micrometer scale (Fig. S1). In 271 

contrast, a thin (1–2 µm) iron oxide layer penetrates the surfaces of iron metal grains. 272 

 273 

Secondary mineral paragenesis 274 

SEM observations of products of the S-bearing experiments show newly formed synthetic 275 

assemblages 2–3 µm thick around iron metal beads (not detected by XRD analysis) (Fig. 6a, 276 

b). This mineral assemblage can be separated into three different layers according to the 277 

textures observed: (i) a compact layer penetrates the metal grains and exhibits irregular 278 

contacts with the iron metal, (ii) a secondary rim with an acicular/fibrous texture surrounds 279 

the compact layer, and (iii) a fibrous layer surrounds the acicular layer (Fig. 6a, b). 280 

The TEM chemical profile of the alteration rims in the GS-2 FIB-produced cross section 281 

(Fig. 7a, e) shows chemical zoning of Fe, O, S, and Si within the different layers (Fig. 7b–e). 282 

The inner compact zone (Z1) is Fe- and O-rich (Fig. 7c) and is characterized by homogeneous 283 

Fe, O, Si, and S concentrations averaging 61.6, 29.8, 4.8, and 3.7 wt.%, respectively (n = 3, 284 

Fig. 5c). The acicular/fibrous layer (Z2) is Fe- and S-rich is compositionally zoned: Fe and S 285 

concentrations are highest in the center of the layer (67.5 and 23.2 wt.%, respectively) and 286 

decrease towards the surrounding layers (down to ~62 and 9.5 wt.%, respectively), whereas O 287 

and Si concentrations are lowest in the center of the layer (8.4 and 0.9 wt.%, respectively) and 288 

increase towards the surrounding layers (reaching 24.5 and 4 wt.%, respectively) (n = 5, Fig. 289 

7e). The outer zone (Z3) is also Fe- and O-rich, but contains higher O and Si concentrations 290 

(39.4 and 10.6 wt.%, respectively) and lower Fe and S concentrations (49.3 and 0.7 wt.%, 291 

respectively) than layers Z1 and Z2 (Fig. 7e). A layer similar to Z3 occurs between layers Z1 292 

and Z2 with variable thickness (Fig. 7a–d). 293 

 294 

Tochilinite precipitation 295 

TEM imaging of the acicular Fe-S-rich layer (Z2) indicate that this assemblage comprises 296 

many needle-shaped crystals several hundreds of nanometers in size (Fig. 8a, b). High-297 

resolution TEM (HRTEM) images suggest that these crystals grew perpendicular to the 298 



surface of the iron metal grain (Fig. 8b–c). However, the corresponding SAED pattern 299 

(collected from a small area of the needle-shaped crystals) indicates that this assemblage is 300 

poorly crystalline and shows several strong and weak broad rings at d-spacings of 0.54, 0.27, 301 

0.25 and 0.18 nm, compatible with tochilinite reflections (Fig. 8d; Organova et al. 1973; 302 

Pekov et al. 2013). Furthermore, HRTEM images indicate lattice fringes of 0.54 nm and 303 

SAED patterns show strong (002) diffraction spots along the c* axis consistent with 304 

tochilinite (Fig. 8e, f) (Mackinnon and Zolensky 1984; Organova et al. 1988; Kakos et al. 305 

1994). EDX analyses of isolated acicular crystals show that they contain variable 306 

concentrations of Fe and O, with the average composition 57.9 ± 9.4 wt.% Fe, 18.4 ± 5.7 307 

wt.% O, 17.9 ± 1.5 wt.% S, 3.9 ± 2 wt.% Si, 0.7 ± 0.8 wt.% Ca, and 0.6 ± 0.8 wt.% Mg (n = 308 

6, 1 errors; Fig. 6c, Table S3).  These analyses demonstrate that the acicular crystals 309 

forming the intermediate rims around iron grains are tochilinite with a mean empirical 310 

formula equivalent to 2(Fe0.88S) · 2.1(Fe0.96Mg0.04)(OH)2 when normalized to 2 S atoms. 311 

 312 

Solution chemistry 313 

Si and Ca concentrations of the experimental solutions are plotted as a function of elapsed 314 

time in Fig. 9a–c and Table S2. Si concentrations in the solution increased over two months 315 

to reach a steady state (within error) at 1.7 and 1.9 mM in experiments GS and GOS, 316 

respectively (Fig. 9a, b). In experiment GOIS, the Si concentration increased to 1.1 mM after 317 

one month, then decreased to 0.3 mM after two months (Fig. 9c). Ca concentrations decreased 318 

from 0.4 mM to 0.01–0.02 mM after two months in all the S-bearing experiments (Fig. 9a–c). 319 

Fe, Mg, and Al concentrations are very low, with most measurements below the ICP-OES 320 

detection limit (i.e., <50 µg/L, Table S2). 321 

The pH of the S-rich alkaline solutions decreased from 11.5 to 7.7 and 8.8 over two 322 

months in experiments GS and GOS, respectively (Fig. 9d). In experiment GOIS, the pH 323 

decreased to 6.4 after one month, then increased to 9.7 after another month (Fig. 9d). 324 

  325 



DISCUSSION 326 

 327 

These low temperature hydrothermal experiments aimed to investigate the formation of 328 

meteoritic tochilinite and cronstedtite from starting products similar to the constituents of the 329 

matrices of the most pristine CM chondrite. We first explore the conditions of formation of 330 

tochilinite and cronstedtite by comparing our results to previous works on TCIs in CM 331 

chondrites and from laboratory experiments. We then estimate the temperatures of formation 332 

of CM tochilinite based on their Mg concentration and discuss the implications of these 333 

temperatures on understanding the thermal evolution of the CM parent body. We finally 334 

conclude the discussion by considering the possibility that tochilinite and cronstedtite may co-335 

precipitate under similar physicochemical conditions for at least a short time. 336 

 337 

Conditions of cronstedtite formation 338 

  339 

Cronstedtite crystals formed only in the experiment with the highest Fe content (with 340 

GEMS-like grains, forsterite, and Fe
0 

in equal proportions by mass; Fetot/Si = 2.7). This result 341 

is in good agreement with the preferential formation of 1:1 (TO) iron phyllosilicates (i.e., 342 

cronstedtite/greenalite) reported for experiments with Fe/Si ratios of 2.25, whereas 343 

experiments with lower Fe/Si (i.e., 0.75) produced 2:1 (TOT) iron phyllosilicates (Mizutani et 344 

al. 1991). It thus appears that the Fe/Si ratio could be a key parameter controlling the 345 

formation of cronstedtite, with the presence of Fe
0
 imposing reducing condition (H2 is a by-346 

product of Fe° oxidation under anoxic conditions) and providing Fe
2+

 for cronstedtite 347 

precipitation. In addition, experiments and thermodynamic modeling have shown that 348 

cronstedtite crystals form under specific conditions: pH = 7–8, log fO2 ≈ –65 to –60 349 

(estimated from the measured Si concentrations in solutions from experiment GOI and the 350 

calculated stability field of cronstedtite at 80°C from Pignatelli et al. 2014, Fig. 10), and 351 

below 100°C because the stability field of cronstedtite decreases with increasing temperature 352 

(Fig. 10; Rivard 2001; Schulte and Shock 2004; McAlister and Kettler 2008; Zolotov 2014; 353 

Pignatelli et al. 2013, 2014). 354 

 Our results indicate that the cronstedtite formed by reaction between synthetic GEMS-355 

like glass, metallic iron, and water. Similarly, in the least altered CM chondrite Paris (Hewins 356 

et al. 2014, Marrocchi et al., 2014), (i) the occurrence of platy cronstedtite in association with 357 

amorphous silicates and serpentines and (ii) the progressive iron enrichment of the matrix 358 



resulting from the dissolution of Fe-Ni metal beads (Leroux et al. 2015) suggest that 359 

cronstedtite formed from fluid reaction with matrix amorphous silicates, Fe-Ni metal beads, 360 

and water (melted accreted ices) in CM chondrites. 361 

In CM chondrites, cronstedtite-like crystals probably correspond to a ternary solid 362 

solution and/or mixture between greenalite ((Fe
2+

Fe
3+

Mg▢)3(SiAl)2O5(OH)4; Guggenheim et 363 

al. 1982), chrysotile (Mg3Si2O5(OH)4) and cronstedtite end members (Velbel 2014, Pignatelli 364 

et al. 2015). However, pure cronstedtite (i.e., cronstedtite with crystallo-chemical 365 

characteristics similar to those reported for terrestrial one) has recently been identified and 366 

characterized in CM Paris (Pignatelli et al. 2017, 2018). The chemical composition of our 367 

synthetic cronstedtite is in good agreement with both terrestrial and pure cronstedtite in CM 368 

Paris (Hybler et al. 2000; Pignatelli et al. 2018) (see Fig. 3c). Thus, cronstedtite in CM Paris 369 

probably formed under similar conditions to those investigated herein: i.e., high Fe/Si ratio 370 

(resulting from the progressive incorporation of Fe into the matrix by dissolution of iron 371 

metal/kamacite and Fe-sulfide grains and precipitation of Fe-rich phyllosilicate, Leroux et al. 372 

2015), ~80°C, and in a circumneutral environment (pH = 7–8).  373 

 374 

Experimental and natural conditions of tochilinite formation 375 

 376 

Condition of tochilinite formation 377 

Few studies have succeeded in synthesizing (Fe,Mg)-tochilinite with Fe and Mg 378 

concentrations similar to those in meteoritic tochilinite (see overview in Tables 2 and S4; 379 

Kozerenko et al. 1996, 2001; Chistyakova et al. 2006). In CM chondrites, tochilinite is Fe-380 

rich (40–58 wt.% Fe) and the Mg content of its brucite/amakinite-like layer is low (1–5 wt.% 381 

Mg, Table S4; Palmer and Lauretta 2011; Pignatelli et al. 2017). Kozerenko et al. (1996) 382 

produced Fe-rich tochilinite in low temperature (80°C) hydrothermal experiments by 383 

depletion of Mg in solution. Chistyakova et al. (2006) and Gubaidulina et al. (2007) 384 

synthesized Fe-rich tochilinite crystals in multiple series of experiments at 160–180°C with 385 

various Mg contents in the initial mixture (0.67–4.17 mmol; Gubaidulina et al. 2007), but 386 

yielded minor Mg contents in the brucite layer (nMg = 0.02–0.36, where nMg is Mg content 387 

in the brucite layer normalized to 1 S). However, in these laboratory studies, iron was directly 388 

supplied in solution as dissolved Fe
2+

 (FeCl2 solution) and not by dissolution of Fe-Ni metal 389 

beads as is the case in primitive chondritic material. Furthermore, these studies do not provide 390 

the source of Mg in their starting products (Kozorenko et al. 2001; Chistyakova et al. 2006; 391 



Gubaidulina et al. 2007).  392 

We produced tochilinite from the alteration of synthetic glass and metallic iron, valuable 393 

analogues of the amorphous silicates and Fe-Ni metal beads found in CM chondrite matrices 394 

(Leroux et al. 2015). Dissolution of our synthetic glass is confirmed by the presence of 395 

dissolved Si in all run solutions, especially experiments using only GEMS-like glass as the 396 

starting material (Table S2), and the presence of Al in all S-free run solutions. We also noted 397 

that Si concentrations are higher in S-bearing than S-free experiments, whereas the opposite is 398 

observed for Mg (see Table S2). The difference in Si concentration is probably related to the 399 

different pH values of the initial solutions, as glass dissolution increases with increasing pH in 400 

neutral-alkaline conditions (Declercq et al. 2013; Vienna et al. 2018), whereas the dissolved 401 

Mg concentration is controlled by the precipitation of secondary Mg-bearing minerals such as 402 

brucite (not detected) and/or tochilinite in S-bearing alkaline environments (Zolotov 2014). 403 

Tochilinite synthesized in this study displays chemical and textural similarities to 404 

meteoritic tochilinite, such as (i) low Mg content (0–1.9 wt.% or 0.5 ± 0.7 wt.% Mg, 1, n = 405 

6, Table S4), (ii) acicular morphology (Fig. 8b, Lee and Ellen 2008; Haack et al. 2012), and 406 

(iii) preferential occurrence around iron metal grains (Figs. 6a, b and 7a; Palmer and Lauretta 407 

2011). To our knowledge, this is the first time that tochilinite has been synthesized with 408 

characteristics so close to those of meteoritic tochilinite and from experimental conditions 409 

analogous to those of CM chondrite alteration. Peng and Jing (2014) also precipitated 410 

tochilinite from synthetic (Fe-, Mg-, Si-, Al-, and Ni-rich) metal particles under high pH and 411 

S concentrations (pH = 13–14, [S
2–

] = 10
–2

 to 10
–1

 mol/L) at 110–160°C, but their synthetic 412 

mineral contained more Mg (nMg = 0.46, 1nthan CM tochilinite. 413 

In CM chondrites, most tochilinite in Type-I TCIs formed during the earliest stages of 414 

alteration from dissolution of kamacite by a S-rich fluid under alkaline conditions and 415 

temperatures up to 130°C (Mackinnon and Zolensky 1984; Kozerenko et al. 2001; Palmer and 416 

Lauretta 2011; Pignatelli et al. 2016, 2017). In our S-bearing experiments, Fe-rich tochilinite 417 

systematically surrounds iron metal grains, regardless of the starting materials and the 418 

proportion of metallic iron (Fig. 6a, b). Based on our SEM and TEM observations, we 419 

propose that the formation of tochilinite is induced by dissolution-precipitation reactions 420 

occurring at the metallic iron (or kamacite)-tochilinite interface as: 421 

3.8Fe (s) + 0.08Mg
2+

 + 2HS
–
 + 1.84H

+
 + 4.2H2O = 2(Fe0.88S) · 2.1(Fe0.96Mg0.04)(OH)2 (s) 422 

[Tochilinite] + 3.98H2 (g).  (HS
-
 is the dominant sulfur species at pH = 8–11) (2) 423 

Due to the low solubility of secondary iron-bearing minerals, particularly tochilinite, the 424 

reaction is Fe-conservative under our experimental conditions, as evidenced by the constant 425 



and very low iron content of the reacting fluids. We also propose that the coupling between 426 

iron dissolution and tochilinite precipitation is due to the interplay between substrate-427 

mediated nucleation and solution chemistry at the reaction front (Figs. 6 and 7). This is 428 

texturally evident, as very small tochilinite crystallites grew inside the native-iron dissolution 429 

pits and perpendicular to the reaction front. The proximity of the source and sink of iron 430 

suggests that tochilinite nucleates easily and probably grows faster than the rate of iron 431 

dissolution. 432 

Tochilinite precipitation leads to a decrease in S concentration (i.e., consumption of all 433 

the S initially in the fluid, Fig. 9d, Table S2). Once sulfide activity is no longer sufficient to 434 

sustain tochilinite precipitation, Fe-Si-rich phyllosilicates are formed around tochilinite (e.g., 435 

greenalite and/or cronstedtite). Similarly, the outer parts of Type-I TCI rims in CM Paris are 436 

mainly composed of Fe-silicates similar to cronstedtite (Pignatelli et al. 2016), though in our 437 

experiments, the Fe-Si-rich fibrous phase bordering tochilinite (Fig. 6a, b) is more similar to 438 

greenalite than cronstedtite (Fig. 6c, Table S1). These textural and chemical arguments 439 

provide clear evidence for the fluid-mediated precipitation of tochilinite. 440 

  441 



Tochilinite: a proxy of the thermal history of CM chondrites? 442 

The synthetic tochilinite formed during our hydrothermal experiments was almost entirely 443 

made up of amakinite layers (i.e., 96% Fe in the hydroxide layer), with minor Mg (4%). Other 444 

tochilinite syntheses at 80–130°C show comparable Fe contents, with all Fe in the hydroxide 445 

layer (Kozerenko et al. 1996, 2001), whereas those at a temperature of >130°C have 30–70% 446 

Mg for n = 1.5–1.9 in the tochilinite formula (Kakos et al. 1994; Kozerenko et al. 2001; 447 

Chistyakova et al. 2006; Gubaidulina et al. 2007; Peng and Jing 2014). It has been proposed 448 

that Fe-tochilinite is metastable, with a kinetically controlled formation that requires depletion 449 

of Mg
2+ 

from solution and sufficiently high Fe
2+

 and S
2–

 activities at low temperature 450 

(Kozerenko et al. 2001; Peng et al. 2007; Pekov et al. 2013). Nevertheless, Kozerenko et al. 451 

(2001) demonstrated that the two main parameters controlling the stability field of tochilinite 452 

are sulfide concentration and temperature. At S
2–

 concentrations between 1 × 10
–3

 and 5 × 10
–

453 

5
 mol/L, Fe-tochilinite is stable up to 130°C, and (Mg,Fe)-tochilinite is the dominant phase at 454 

130–320°C in the mackinawite-magnetite-pyrrhotite paragenesis (Kozerenko et al. 2001). 455 

Other experiments above 130°C produced tochilinite with variable nMg contents, ranging 456 

from 0.26 at 160-180°C to 0.66 at 200°C, but none with only amakinite layers (Kakos et al. 457 

1994; Kozerenko et al. 2001; Chistyakova et al. 2006; Peng and Jing 2014).  458 

In CM chondrites, tochilinite has low concentrations of Mg, ranging from 1.6 to 4.5 wt% 459 

(Palmer and Lauretta 2011; Pignatelli et al. 2017). This difference in composition is also 460 

correlated with degree of alteration of CM chondrites, which could reflect more availability of 461 

Mg in solution from the dissolution of forsterite/pyroxene precursors (Hanowski and Brearley 462 

2001). Nevertheless, no strong relationships have been established experimentally between 463 

the Mg content in the starting products and that in tochilinite (Chistyakova et al. 2006). This 464 

discrepancy is evident in the meteoritic tochilinite of CM Paris, which displays only minor 465 

Mg in its structural formula (Mg = 1.6 wt%, Table S4) although it is thought to have formed 466 

by the pseudomorphism of ferromagnesian silicate precursors (Pignatelli et al. 2016, 2017), so 467 

there should have been abundant Mg available. 468 

Thus, temperature could be the most important control on the Mg content in the 469 

brucite/amakinite-like layer of tochilinite. Plotting the nMg content of the hydroxide layer of 470 

synthetic tochilinite as a function of synthesis temperature reveals a positive trend defined by 471 

T = 175.9 (± 44.6) × nMg + 100.4 (± 17.3) (r
2
 = 0.72, n = 8) (Fig. 11, Table S4). Using this 472 

correlation, meteoritic tochilinite with nMg contents of 0.12–0.32 (Table S4, Palmer and 473 

Lauretta 2011; Pignatelli et al. 2017) correspond to mean precipitation temperatures of 122 ± 474 

38°C for Paris (n = 2), 132 ± 43°C for Murchison (n = 3), 130 ± 50°C for Murray (n = 3), 157 475 



± 48°C for Cold Bokkeveld (n = 2) and 153°C (± 47°C) for Nogoya (n = 1). These 476 

temperatures are higher than the predicted range of precipitation temperatures of (i) CM 477 

carbonates estimated from bulk and in situ oxygen isotopic measurements and ‘clumped’ 478 

isotopes (0–110°C; Clayton and Mayeda, 1984; Benedix et al. 2003; Guo and Eiler, 2007, 479 

Verdier-Paoletti et al., 2017) and (ii) cronstedtite deduced from hydrothermal experiments 480 

and thermodynamic data (i.e., 50 ≤ T ≤ 120°C; Pignatelli et al. 2013, 2014; Zolotov 2014). 481 

These elevated average precipitation temperatures of meteoritic tochilinite indicate that 482 

CM carbonates cannot be formed at the same time as meteoritic tochilinite. This result is 483 

consistent with petrographic observations that indicate that primary carbonates (i.e., type 1a 484 

calcite; Lee et al. 2014) precipitated at the earliest stages of alteration, before their partial or 485 

complete replacement by TCIs (Lee et al. 2013; Vacher et al. 2017). Taking together, the 486 

formation temperatures and the mineralization sequence of carbonate and tochilinite minerals 487 

suggest an increase of the temperature during the duration of aqueous alteration, from 0-70°C 488 

for carbonate to 120-160°C for tochilinite (Fig. 12). Furthermore, the chemical zoning 489 

observed in Type-II TCIs (i.e., the Fe- and S-enrichment at the border and the Fe- and Si-490 

enrichment toward the center; Pignatelli et al. 2016) indicates that cronstedtite may 491 

precipitated after tochilinite, due to the decrease of the sulfur activity during the duration of 492 

aqueous alteration (Pignatelli at al. 2017). If so, the range of low formation temperatures of 493 

cronstedtite implies that this mineral may precipitated during the cooling phase of the CM 494 

parent body, between 50 and 120°C (Fig. 12). This result is in good agreement with 495 

experimental data that demonstrated that the development of crystals of cronstedtite is likely 496 

promoted by a temperature decrease during the course of alteration (Pignatelli et al. 2013).  497 

Therefore, the Mg content of tochilinite seems to be a powerful proxy in order estimate 498 

the alteration temperature of CM chondrites. However, we note that this correlation is based 499 

on a small amount of data and further hydrothermal experiments are needed to better 500 

understand the role of the other physiochemical parameters (e.g., pH, W/R ratio, starting 501 

assemblage or solution chemistry) in controlling of the Mg content of tochilinite.  502 



Co-precipitation of tochilinite and cronstedtite in CM chondrites? 503 

In CM chondrites, tochilinite has been proposed to precipitate during the first stages of 504 

aqueous alteration under very low oxygen fugacity (Browning and Bourcier 1996), neutral-505 

alkaline pH (Kozerenko et al. 1996; Peng et al. 2007; Peng and Jing 2014), and at 80–320°C 506 

(Kozerenko et al. 1996, 2001), whereas cronstedtite forms under less reduced conditions than 507 

tochilinite due to the presence of Fe
3+

 (Pignatelli et al. 2014), in circumneutral pH 508 

environments (Pignatelli et al. 2013), and below 120°C (Lantenois et al. 2005; Lanson et al. 509 

2012; Pignatelli et al. 2013, 2014) (Fig. 13). Therefore, it has been proposed that CM 510 

chondrite alteration conditions changed during alteration, with the initial precipitation of 511 

tochilinite followed by the formation of cronstedtite (Pignatelli et al. 2016). However, 512 

tochilinite is frequently observed in close association with cronstedtite in Type-II TCIs at both 513 

the micron and the nanometer scales (Mackinnon and Zolensky 1984; Haack et al. 2012; 514 

Leroux et al. 2015; Pignatelli et al. 2016, 2017). This complex intergrowth indicates that (i) 515 

tochilinite and cronstedtite may co-precipitated under similar physicochemical conditions for 516 

at least a short time (Palmer and Lauretta 2011; Pignatelli et al. 2016) and/or (ii) cronstedtite 517 

could have replaced tochilinite during the course of alteration. Identifying which of these two 518 

scenarios prevailed is not an easy task, because the intergrowth between tochilinite and 519 

cronstedtite can be attributed to either of these two processes. Nevertheless, because 520 

tochilinite and cronstedtite have been formed under similar physicochemical conditions in our 521 

experiments (i.e., 80°C and pH  8), here we explore the possibility that they both could have 522 

been formed at the same time. 523 

We did not observe cronstedtite crystals in our S-bearing experiments, though we 524 

expected cronstedtite to form in experiment GOIS due to (i) the similar proportion of starting 525 

assemblages as the cronstedtite-producing S-free experiment GOI and (ii) the favorable 526 

concentration of Si in the run solutions (Table S2, Fig. 13). This lack of cronstedtite 527 

formation may have explained by the final alkalinity of the experiment (pH = 9.7) preventing 528 

cronstedtite precipitation (Pignatelli et al. 2015) or the reaction time being too short under the 529 

experimental conditions to produce abundant cronstedtite of a high degree of crystallinity 530 

compared to longer syntheses (Table 2). 531 

Nonetheless, the occurrence of tochilinite and cronstedtite at 80°C in the S-rich and S-free 532 

experiments, respectively, suggests that both minerals might form at similar aqueous 533 

alteration temperatures. Because the stability field of cronstedtite is expected to diminish with 534 

increasing temperature (Pignatelli et al. 2014; Zolotov 2014) and cronstedtite was not 535 



observed in experiments at ≥ 150°C (Rivard 2011; Pierron 2011), co-precipitation of 536 

tochilinite and cronstedtite implies a restrictive alteration temperature range of 80–120°C 537 

(Fig. 12). Following the same logic, in our experiments, cronstedtite formed at pH ≈ 7–8 and 538 

tochilinite at pH = ~8–11, consistent with previous results for cronstedtite (pH = 7.2–7.6; 539 

Pignatelli et al. 2013) and tochilinite (pH = 7.3–11.4; Kozorenko et al. 1996). Thus, co-540 

precipitation of tochilinite and cronstedtite should indicate a circumneutral environment of pH 541 

= 7–8. 542 

Quantitative estimation of the redox conditions of tochilinite and cronstedtite co-543 

precipitation is more problematic because, according to thermodynamic modelling, these two 544 

minerals do not share a common fO2 range (Fig. 13; Browning and Bourcier 1996; Dyl et al. 545 

2006; Pignatelli et al. 2014). The fO2 of cronstedtite precipitation is well constrained in our 546 

experiments due to the limited variation of Si concentrations in the associated run solutions 547 

(i.e., Si ≈ 4 mM, Table S2), implying fO2 conditions in the range log fO2 = –62 to –58 at 80°C 548 

(Figs. 10 and 13). However, we cannot directly estimate the fO2 for our synthetic tochilinite 549 

due to the limited available information on its stability. Browning and Bourcier (1996) 550 

showed that the stability of Fe-rich tochilinite implies extremely reducing conditions 551 

compared to cronstedtite, i.e., log fO2 = –91 to –85, though this range of oxygen fugacity is 552 

relevant at 0°C (Fujiya et al. 2015), too cold for the formation of meteoritic tochilinite. With 553 

increasing temperature, the stability fields of Fe-O-S minerals move toward higher fO2 and fS2 554 

(Holland 1959), as demonstrated in Fig. 13. Thus, above 0°C, the fO2 of tochilinite 555 

precipitation should be above the values estimated by Browning and Bourcier (1996). This 556 

interpretation is supported by the high Fe
3+

/ΣFe ratio measured in CM Paris Fe-rich tochilinite 557 

(i.e., 8–15%; Pignatelli et al. 2017), suggesting that precipitation of tochilinite may have 558 

occurred under sufficiently oxidizing conditions to incorporate Fe
3+

 into its mineral structure. 559 

Consequently, CM tochilinite formation at 120–160 °C (Fig. 13) does not require such 560 

extremely reduced conditions as at 0°C (Browning and Bourcier 1996). According to our S-561 

bearing experiments, the presence of a magnetite-like phase around iron metal grains suggests 562 

log fO2 values between –73 and –60 at 80°C (Fig. 13).  563 

  564 



CONCLUSIONS 565 

 566 

We have performed low temperature experiments using starting mineral assemblages 567 

(reduced glass, San Carlos olivine, metallic iron) close to those observed in the least altered 568 

CM chondrites to better understand the alteration conditions of hydrated asteroids. Triangular 569 

cronstedtite crystals formed only in S-free circumneutral conditions (pH = 7–8) with the 570 

highest Fe content studied (Fetot/Si = 2.7), suggesting that chondritic cronstedtite crystals 571 

likely formed by reaction of matrix amorphous silicates, Fe-Ni metal beads, and water. For 572 

the first time, we have synthesized tochilinite similar to meteoritic tochilinite under conditions 573 

analogous to CM chondrite alteration. Iron-rich tochilinite systematically surrounds iron 574 

metal grains in all our S-bearing experiments, regardless of the starting mineral assemblage 575 

and the proportion of metallic iron, indicating that chondritic tochilinite likely formed from 576 

the alteration of Fe-Ni metal beads in a S-bearing alkaline environment at low temperature 577 

(i.e., < 160°C). 578 

As both tochilinite and cronstedtite precipitated at 80°C in our experiments, these 579 

minerals may have formed at similar aqueous alteration temperatures in CM chondrites. 580 

Because cronstedtite stability field is expected to diminish with increasing temperature, an 581 

expected co-precipitation of tochilinite and cronstedtite requires restrictive alteration 582 

conditions: 80–120°C, pH = 7–8, and more oxidized conditions (log fO2 ≈ –65 to –60) than 583 

previously estimated for tochilinite. Comparison of our results to other experimental 584 

approaches revealed a positive correlation between the Mg content in the hydroxide layer of 585 

synthetic tochilinite and temperature. Based on this correlation, we estimated the mean 586 

precipitation temperatures of meteoritic tochilinite to be ~120°C for Paris, ~130°C for 587 

Murchison and Murray, ~150°C for Nogoya, and ~160°C for Cold Bokkeveld. 588 
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FIGURE CAPTIONS 822 

 823 

Fig. 1. Synthetic GEMS-like glass preparation. a) Schematic representation of the sealed 824 

evacuated silica tube method used in this study to reduce our synthetic glass. At time t1, the 825 

silica glass tube was connected to a vacuum pump to evacuate the atmosphere inside the tube. 826 

When the pressure reached 2 × 10
–2

 mbar (time t2), the silica glass was melted using a torch to 827 

seal the tube without breaking the vacuum. b) and c) BSE images of the synthetic GEMS-like 828 

material after three days of reduction at 1000°C. 829 

 830 

Fig. 2. Overview of the anoxic hydrothermal experiments. a) Initial mixing proportions of the 831 

solid starting products and their respective bulk Fe/Si ratio. b) Schematic representation of the 832 

loaded autoclaves for the two sets of experiments and summary of the initial parameters. 833 

 834 

Fig. 3. Run products from the circumneutral S-free experiments. a) BSE image of run 835 

products from experiment GOI-2, showing the occurrence of iron oxide grains of a few tens 836 

of microns. b) TEM imaging of a Fe-Si-rich phase located around an iron metal grain in 837 

experiment G-1. c) Chemical compositions (wt.%) of the synthetic assemblages produced in 838 

experiments GOI-1 and GOI-2 plotted in a Fe-Mg-Si ternary diagram (see Table S1 for 839 

details). White diamonds represent the composition of meteoritic cronstedtite from the Paris 840 

CM chondrite (Pignatelli et al. 2018). Black circles represent the ideal chemical compositions 841 

of berthierine (‘Be’; Brindley 1982), cronstedtite (‘Cr’; Hybler et al. 2000; Pignatelli et al. 842 

2013), greenalite (‘Gr’; Guggenheim et al. 1982), kamacite (‘Ka’), and odinite (‘Od’; Bailey 843 

1988).  844 

 845 

Fig. 4. TEM images and SAED patterns of run products from neutral S-free experiment GOI-846 

2. a) An aggregate of four cronstedtite crystals. b) A single cronstedtite crystal in direct 847 

contact with fibrous Fe-rich phyllosilicate. c) and d) TEM image and corresponding SAED 848 

pattern along the [001] zone axis of a synthetic cronstedtite. e) and f) TEM image and 849 

corresponding SAED pattern along the [010] zone axis of another cronstedtite. 850 

 851 

Fig. 5. Evolution of solution chemistry during neutral S-free experiments a) G, b) GO, and c) 852 

GOI. Si (magenta), Ca (green), Mg (purple), and Fe (orange) concentrations in the run 853 

solutions are shown as a function of elapsed time (error bars are 10%). Al concentrations (not 854 

shown) remained low and are reported in Table S2. d) pH of the solutions measured at 25°C 855 



in experiments G (black open squares and solid line), GO (black solid squares and dashed 856 

line), and GOI (gray solid squares and line) shown as a function of elapsed time. 857 

 858 

Fig. 6. Run products from alkaline S-bearing experiments. a) and b) BSE images of iron metal 859 

beads surrounded by three layers of newly precipitated assemblages in experiment GOS-1. 860 

These phases show different textures: (i) an inner compact layer, (ii) an intermediate acicular 861 

layer, and (iii) an outer fibrous layer of variable thickness. c) Chemical compositions (wt.%) 862 

of the synthetic assemblages produced in experiments G-S and GO-S plotted in a Fe-S-Si 863 

ternary diagram (see Table S3 for details). Black circles represent the ideal chemical 864 

compositions of cronstedtite (‘Cr’; Hybler et al. 2000; Pignatelli et al. 2013), ferrotochilinite 865 

(‘Fe-To’; Pekov et al. 2013), greenalite (‘Gr’; Guggenheim et al. 1982), kamacite (‘Ka), and 866 

Mg-tochilinite (‘Mg-To’; Organova et al. 1971). 867 

 868 

Fig. 7. TEM characterization of secondary iron oxide layers around iron metal grains in 869 

alkaline S-bearing experiments. a) An iron metal grain from the FIB-produced cross section 870 

of samples from experiment GS-2, surrounded by three layers (Z1, Z2, and Z3) of secondary 871 

assemblages. The white solid line in (a) represents the location of the TEM chemical profile 872 

in (e). b) to d) TEM-EDS maps of Si, Fe, and S distributions in the same area shown in (a). e) 873 

TEM chemical profile of Fe, O, S, and Si concentrations corresponding to the white solid line 874 

in (a). 875 

 876 

Fig. 8. TEM images and SAED patterns of secondary acicular tochilinite around iron metal 877 

grains. a) TEM image of the GOS-2 FIB-produced cross section. B) TEM image of the 878 

products of the S-bearing experiment around an iron metal bead. c) TEM image of the Fe-S-879 

rich acicular layer from the GS-2 FIB-produced cross section. d) SAED pattern collected from 880 

the acicular mineral displayed in (c) showing broad rings of varying intensity that are 881 

consistent with natural tochilinite (Organova et al. 1973; Pekov et al. 2013). e) HRTEM 882 

image of a acicular tochilinite. f) SAED pattern of tochilinite along the c* axis showing the 883 

strong (002) diffraction spots of tochilinite. 884 

 885 

Fig. 9. Evolution of solution chemistry during alkaline S-bearing experiments a) GS, b) GOS, 886 

and c) GOIS. Si (magenta) and Ca (green) concentrations of the solutions are shown as a 887 

function of elapsed time (errors are 10%). Mg, Al, and Fe concentrations (not shown) 888 

remained very low and are reported in Table 2. d) pH of solutions measured at 25°C in 889 



experiments GS (black open squares and solid line), GOS (black solid squares and dashed 890 

line), and GOIS (grey solid squares and solid line) shown as a function of elapsed time. 891 

 892 

Fig. 10. The stability fields of cronstedtite, greenalite, hematite, and magnetite in log [Si(aq)] 893 

vs f(O2) phase diagrams at 80°C (solid black line and blue shaded field), 100°C, and 150°C 894 

(dotted lines) from Pignatelli et al. 2014. The vertical dashed black line corresponds to the Si 895 

concentration measured in the run solution of S-free experiment GOI and the red shaded area 896 

represents the range of Si concentrations measured in the solutions of S-bearing experiment 897 

GOIS. 898 

 899 

Fig. 11. Synthesis temperature as a function of Mg content (nMg) in synthetic tochilinite from 900 

this study (red circle) and literature (black circles) (Table S4; Kakos et al. 1994; Kozerenko et 901 

al. 1996, 2001; Chistyakova et al. 2006; Peng and Jing 2014). The blue shaded area represents 902 

the nMg values of meteoritic tochilinite (Palmer and Lauretta 2011; Pignatelli et al. 2017) and 903 

the associated formation temperatures based on the regression equation T = 175.9 ( 44.6) × 904 

nMg + 100.4 ( 17.3). 905 

 906 

Fig. 12. Schematic representation of the expected of 
26

Al temperature profile of CM chondrite 907 

parent body as function of time. The range of temperature formation of calcite (0-70°C, green 908 

rectangle) and cronstedtite (50-120°C, blue rectangle) have been taken from the literature 909 

(calcite: Clayton and Mayeda 1984, Benedix et al. 2003; Guo and Eiler 2007; cronstedtite: 910 

Pignatelli et al. 2013, 2014; Zolotov 2014). Formation age of calcite from Fujiya et al. 2012 is 911 

given as indication. 912 

 913 

Fig. 13. Log fO2-log fS2 diagram of the Fe-O-S system at 80°C (solid line) and 25°C (dotted 914 

line) demonstrating the co-stability field of tochilinite and cronstedtite, modified after Holland 915 

(1959). The stability field of tochilinite at 0°C is from Browning and Bourcier (1996).  916 
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TABLES 967 

 968 

Table 1. Summary of anoxic experimental conditions at 80°C and water/rock ratio = 10, and 969 

the mineral assemblages synthesized. 970 

 971 

Table 2. Summary of hydrothermal syntheses of cronstedtite and (Fe,Mg,Al)-tochilinite. 972 

 973 

Table 1 974 

Run # 
Synthetic GEMS-like 

glass (g) 

Olivine 

(g) 

Iron metal 

(g) 

Na2S 

(mM) 

Time 

(d) 

Minerals 

synthesized* 

S-free circumneutral fluid (starting pH = 6.5 at 25°C) 

G-1 1 0 < 0.01 0 30 

(Fe)-Ph + Go 
G-2 1 0 < 0.01 0 60 

GO-1 0.5 0.5 < 0.01 0 30 

GO-2 0.5 0.5 < 0.01 0 60 

GOI-1 0.33 0.33 0.34 0 30 
Cr + Go + (Fe)-Ph 

GOI-2 0.33 0.33 0.34 0 60 

S-bearing alkaline fluid (starting pH = 11.5 at 25°C) 

GS-1 1 0 < 0.01 10 30 

(Fe)-To + (Fe)-Ph + 

Ox 

GS-2 1 0 < 0.01 10 60 

GOS-1 0.5 0.5 < 0.01 10 30 

GOS-2 0.5 0.5 < 0.01 10 60 

GOIS-1 0.33 0.33 0.34 10 30 

GOIS-2 0.33 0.33 0.34 10 60 

*(Fe)-Ph: Fe,Si-rich phyllosilicate; Mt: magnetite; Cr: cronstedtite; (Fe)-To: Fe-rich tochilinite; Go: 975 
goethite; Ox: iron oxide. 976 

 977 

Table 2 978 

Mineral 
Time 

(days) 

Temp. 

(°C) 
pH Starting material Authors 

Cronstedtite 
5-120 

45 
80 

Neutral-

alkaline 
Smectite + iron metal 

Lantenois et al. 2005 

Lanson et al. 2012 

Cronstedtite 180-365 40-90 Neutral Claystone + iron metal Pignatelli et al. 2013, 2014 

“Meteoritic” 

cronstedtite 
20-110 110-160 Alkaline 

(Fe, Mg, Al)-metal particle 

precursor mixture 
Peng and Jing 2014  

Tochilinite 2 200 
Neutral-

alkaline 

(Mg,Al)-hydroxide gel + iron 

chloride (II) 
Kakos et al. 1993 

Fe-Tochilinite 10-150 80 
Neutral-

alkaline 
Iron chloride (II) Kozerenko et al. 1996 

Fe-Tochilinite 

Mg-Tochilinite 
30-150 80-360 Alkaline Iron chloride (II) Kozerenko et al. 2001 

Tochilinite ? 160-180 
Medium-

alkaline 

Same as Kozerenko et al. 

1996 

Chistyakova et al. 2006 

Gubaidulina et al. 2007 

(Fe, Mg)-

Tochilinite 
10-45 120-140 Alkaline Fe(OH)2 + metallic Mg Moroz et al. 1997 

(Fe, Mg, Al)-

Tochilinite 

4-60 

20-110 

50-120 

110-160 
Alkaline 

(Fe, Mg, Al)-metal particle 

precursor mixture 

Peng et al. 2007 

Peng and Jing 2014 

Cronstedtite 

Fe-Tochilinite 
30-60 80 

Neutral 

Alkaline 
Glass + olivine + iron metal This study 

 979 
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SUPPORTING INFORMATION 981 

 982 

Fig. S1. BSE images of olivine grains and synthetic GEMS-like grains before and after 983 

hydrothermal experiments. a) Pristine olivine and b) synthetic GEMS-like grains before 984 

hydrothermal experiments. c) Expected unaltered olivine and d) synthetic GEMS-like grains 985 

at micrometer scale in S-free experiments after 60 days of alteration. e) Expected unaltered 986 

olivine and f) synthetic GEMS-like grains at micrometer scale in S-rich experiments after 60 987 

days of alteration. 988 

 989 

Table S1. Representative chemical compositions of secondary minerals formed during neutral 990 

S-free experiments (normalized to 100%); ‘-’ indicates analyses below the detection limit. 991 

 992 

Table S2. Dissolved cation concentrations in the run solutions equilibrated with the different 993 

synthetized products at 80°C (‘-’ indicates analyses below the detection limit, i.e., <50 µg/L). 994 

 995 

Table S3. Representative chemical compositions of secondary minerals formed during 996 

alkaline S-rich experiments (normalized to 100%); ‘-’ indicates analyses below the detection 997 

limit. 998 

 999 

Table S4. Sulfur and Mg concentrations, Mg content in the brucite/amakinite-like layer 1000 

normalized to 1 S (nMg), and precipitation temperature of synthetic and meteoritic tochilinite. 1001 

Parenthetical values represent standard deviation; ‘n.d.’ indicates not determined.; ‘n’ 1002 

indicates the number of values used to calculate the mean nMg value of CM tochilinites. 1003 

Temperature uncertainties were calculated using the error propagation law. 1004 

 1005 



 1006 
Figure S1 1007 
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Table S1. 1009 
Mineral phase  Si (wt.%) Mg (wt.%) Fe (wt.%) Ca (wt.%) Al (wt.%) O (wt.%) Total 

Iron oxide * 3.6 - 62.3 0.3 - 33.6 100 

(Goethite?) * 2.7 - 67.5 - - 29.8 100 

 * 2.7 - 68.6 - - 28.8 100 

 * 3.0 - 64.2 - - 32.8 100 

 * 3.6 - 64.3 - - 32.0 100 

 * 3.3 - 66.8 - - 29.8 100 

 * 2.9 - 66.6 - - 30.5 100 

 * 2.9 - 66.2 - - 30.9 100 

 * 4.5 1.1 62.4 - - 32.1 100 

 * 3.1 - 66.4 - - 30.5 100 

 * 3.5 - 64.4 - - 31.7 100 

Mean  3.2 0.1 65.4 0.03 - 31.1   

StDev  0.5 0.3 2.0 0.1 - 1.5   

Fibrous Fe,Si-rich 
& 

18.1 3.7 30.9 0.9 6.3 40.1 100 

 
& 

15.6 1.9 36.9 1.6 3.9 40.2 100 

Mean  16.9 2.8 33.9 1.3 5.1 40.2   

StDev  1.8 1.3 4.2 0.5 1.7 0.1   

Cronstedtite 
& 

8.6 0.6 53.3 0.2 1.7 35.5 100 

 
& 

8.6 0.5 49.6 0.2 1.5 39.6 100 

 
& 

7.9 0.4 55.5 0.1 1.4 34.7 100 

 
& 

8.6 0.4 52.2 0.1 1.2 37.4 100 

 
& 

7.7 0.4 53.7 0.1 1.3 36.9 100 

 
& 

8.5 0.3 52.6 0.2 1.1 37.4 100 

Mean  8.3 0.4 52.8 0.2 1.4 36.9   

StDev  0.4 0.1 1.9 0.1 0.2 1.7   

*Data from SEM-EDS analyses. 1010 
&

Data from TEM-EDS analyses.
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Table S2. 1013 
Run # Si (mM) Mg (mM) Fe (mM) Ca (mM) Al (mM) Final pH (25 °C) 

 S-free, circumneutral fluid (starting pH = 6.5 at 25°C) 

G-1 0.93 0.22 43.27 0.36 0.09 6.2 

G-2* 0.81 0.04 10
–4

 0.31 4 x 10
–4

 6.1 

GO-1 1.22 0.44 77.89 0.31 0.13 6.1 

GO-2* 0.62 0.03 7 x 10
–4

 0.30 1.6 x 10
–3

 7.9 

GOI-1 0.40 0.28 23.10 0.22 0.04 7.2 

GOI-2* 0.42 0.04 6 x 10
–4

 0.24 1.5 x 10
–3

 7.8 

 S-bearing, alkaline fluid (starting pH = 11.5 at 25°C) 

GS-1 2.00 - - 0.07 0.01 9.8 

GS-2 1.66 - - 0.22 - 7.7 

GOS-1 2.02 - - 0.13 - 10.8 

GOS-2 1.94 - - 0.15 - 8.8 

GOIS-1 1.06 0.19 - 0.38 - 6.4 

GOIS-2 0.26 - - 0.10 0.05 9.7 

* Because Al, Fe, and Mg concentrations are <50 µg/L, additional aliquots of solution were measured by ICP-MS with 1014 
a detection limit of 1 µg/L. 1015 
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Table S3. 1018 
Mineral phase  Si (wt.%) Mg (wt.%) Fe (wt.%) Ca (wt.%) Al (wt.%) O (wt.%) S (wt.%) Total 

Fe-rich layer * 6.6 0.0 53.3 0.5 0.4 34.0 5.2 100 

 * 7.3 0.0 47.9 0.7 0.3 36.9 7.1 100 

 * 7.8 0.0 43.6 1.3 0.4 39.7 7.2 100 

 * 7.1 0.0 54.9 1.4 0.4 29.9 6.4 100 

 * 10.3 1.0 42.1 2.4 0.9 37.5 5.7 100 

 * 7.4 0.0 47.3 0.9 0.3 35.7 8.5 100 

Mean  7.7 0.2 48.2 1.2 0.5 35.6 6.7   

StDev  1.3 0.4 5.1 0.7 0.2 3.4 1.2   

Fe, Si-rich layer *
 

24.2 3.6 32.6 2.2 1.9 34.4 1.2 100 

Mean  23.3 2.7 33.4 2.0 1.8 36.2 0.6   

StDev  1.2 1.2 1.2 0.2 0.1 2.5 0.9   

Tochilinite * 6.5 2.1 46.5 1.2 0.9 25.4 17.4 100 

 * 5.8 0.8 49.5 1.0 0.8 21.2 20.9 100 

 * 4.6 0.4 52.9 1.9 0.4 23.4 16.6 100 

 
& 

2.8 0.1 64.4 0.0 0.4 15.2 17.2 100 

 
& 

2.5 0.0 66.9 0.0 0.6 12.6 17.3 100 

 
& 

1.4 0.3 67.5 0.0 0.3 12.4 18.1 100 

Mean  3.9 0.6 57.9 0.7 0.6 18.4 17.9   

StDev  2.0 0.8 9.4 0.8 0.2 5.7 1.5   

*Data from SEM-EDS analyses. 1019 
&

Data from TEM-EDS analyses.
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Table S4. 1022 
Meteorite S (wt.%) Mg (wt.%) nMg Temperature (°C) Authors 

 Synthetic tochilinite 

 17.9 (1.5) 0.6 (0.8) 0.04 (0.06) 80 This study 

 n.d. n.d. 0 80 Kozerenko et al. 1996 

 n.d. n.d. 0 80-130 Kozerenko et al. 2001 

 15.1 (7.3) 7.1 (3.8) 0.46 (0.1) 153 Peng and Jing 2014 

 n.d. n.d. 0.13 (0.08) 160-170 Chistyakova et al. 2006 

 n.d. n.d. 0.57 200 Kakos et al. 1994 

 n.d. n.d. 0.66 200 Kakos et al. 1994 

 n.d. n.d. 0.46 130-320 Kozerenko et al. 2001 

 Meteoritic tochilinite (calculated temperatures) 

Paris 18.8 (0.1) 1.6 (0.1) 0.12 (0.004) 122  38 Pignatelli et al. 2017 (n = 2) 

Murchison 19 (1.7) 2.6 (0.2) 0.18 (0.02) 132  43 Palmer and Lauretta 2011 (n = 3) 

Murray 19.7 (2.9) 2.4 (0.3) 0.17 (0.04) 130  50 Palmer and Lauretta 2011 (n = 3) 

Cold Bokkeveld 19.5 (0.7) 4.5 (0.2) 0.32 (0.004) 157  48 Palmer and Lauretta 2011 (n = 1) 

Nogoya 18 4.2 0.3 153  47 Palmer and Lauretta 2011 (n = 1) 
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