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ABSTRACT  20 

The length of the antigorite a-axis (usually expressed as the polysome m value) has 21 

been investigated as a function of temperature and pressure in the range of 22 

600-650 °C, 25-45 kbar in weeklong piston cylinder experiments. A 23 

well-characterised natural antigorite (with m=16 and less abundant m=15) was used as 24 

starting material that coexisted with olivine, chlorite, Ti-humite phases and aqueous 25 



fluid at run conditions. Transmission electron microscope (TEM) measurements on 26 

selected FIB wafers showed that antigorite m values after the experiments varied 27 

between 14 and 22. More than 40 punctual analyses for each run condition were 28 

acquired to determine the range and the dominant m value. The antigorite peak m 29 

value decreased systematically from 17-19 at 600 °C to 15-16 at 650°C. The spacing 30 

of the m-isolines is getting narrower as the antigorite breakdown reaction is 31 

approached. The topology of the m-isolines is similar to previous experiments in the 32 

simple MSH-system, however the isolines are shifted to about 50-100°C higher 33 

temperatures due to the incorporation of Al into antigorite. Powder samples and FIB 34 

wafers of natural antigorite from the Tianshan UHP belt (China) with peak 35 

metamorphic conditions of ~35 kbar, ~520 °C were also investigated with TEM. Low 36 

Al-antigorite formed at peak metamorphic conditions displays a peak m value of 37 

20-21, whereas high-Al antigorite formed during isothermal decompression displays a 38 

lower m value of 19. The experimental results and the new UHP antigorite 39 

measurements are combined with published data of m values from metamorphic 40 

antigorite that experienced variable conditions in order to construct a P-T-m diagram 41 

that can be used in future studies to better constrain formation conditions of 42 

serpentinites. The decrease of m values and the increase of Al in antigorite with 43 

increasing temperature result in a small, continuous dehydration whereby the H2O 44 

content of antigorite changes from 12.4 to 12.1 wt.%. Therefore, it is expected that a 45 

pore fluid is present during the prograde deformation of serpentinites. TEM 46 

observations on the experiments showed that antigorite adjusted its Al content by 47 

segregation of chlorite at the nanoscale. Together with the observation that always 48 

multiple m values are present in a single sample this indicates that full equilibration of 49 

antigorite at the micron-scale is rare, with important implications for the interpretation 50 

of geochemical signatures obtained by in-situ techniques.  51 
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INTRODUCTION 55 

Antigorite is a high temperature and pressure serpentine variety (Evans et al. 1976), 56 

and the most abundant hydrous phase in subducted ultramafic rocks down to 57 

approximately 100 km depth (e.g. Ulmer and Trommsdorff 1995, 1999; Wunder and 58 

Schreyer 1997; Schmidt and Poli 1998; Wunder et al. 2001; Scambelluri et al. 2001, 59 

2004a, 2004b; Bromiley and Pawley 2003; Hattori and Guillot 2003, 2007; Shen et al. 60 

2015; Maurice et al. 2018). Serpentinites usually form by reaction of mantle rocks 61 

with seawater-derived fluids during ocean floor alteration (e.g. Bonatti and Crane 62 

1984). Additionally, parts of the mantle wedge might also become serpentinized 63 

above the subduction channel when fluids are released during prograde 64 

metamorphism of sediments and mafic crust (e.g. Iwamori and Zhao 2000; 65 

Kawakatsu and Watada 2007). Lizardite- and chrysotile-rich serpentinites are 66 

characteristic of low-temperature and low-pressure metamorphic conditions (e.g. 67 

Janecky and Seyfried 1986; Evans 2004, 2013; Schwartz et al. 2013; Ghaderi et al. 68 

2015). Antigorite then forms from lizardite or chrysotile (with an ideal structural 69 

formula Mg3Si2O5(OH)4) with increasing pressure and temperature at lower 70 

greenschist facies conditions (e.g. Trommsdorff and Evans 1974; Frost 1975; Evans et 71 

al. 1976; Mellini et al. 1987; Worden et al. 1991). Antigorite contains ~12.5 wt.% 72 

water in the crystal structure and thus antigorite-serpentinites can carry large amounts 73 

of water into the mantle (e.g. Ulmer and Trommsdorff 1995; Wunder and Schreyer 74 

1997; Trommsdorff et al. 1998; Wunder et al. 2001; Scambelluri et al. 2001, 2004a, b; 75 

Hattori and Guillot 2003, 2007; Deschamps et al. 2010, 2013; Padrón-Navarta et al. 76 

2011, 2013, 2015). Experimental and natural studies provide evidence that antigorite 77 

breakdown occurs at sub-arc depth and the liberated fluids contribute to partial 78 

melting of the mantle wedge, deep earthquakes and influence global water recycling 79 

(Fig. 1; Ulmer and Trommsdorff 1995; Scambelluri et al. 1995; Wunder and Schreyer 80 

1997; Bromiley and Pawley 2003; Garrido et al. 2005; Reynard and Wunder 2006; 81 

Padrón-Navarta and Hermann 2017; Maurice et al. 2018). Studies on natural 82 



high-pressure serpentinites have also highlighted their importance for coupled water 83 

and trace element recycling (e.g. Garrido et al. 2005; Bebout et al. 2007; Deschamps 84 

et al. 2012, 2013; Debret et al. 2013; Marchesi et al. 2013; Harvey et al. 2014; 85 

Bretscher et al. 2018; Scambelluri et al. 2019).  86 

Lizardite and chrysotile display a flat layer structure (e.g. Jahanbagloo and Zoltai 87 

1968) or cylindrical/spiral tubes (e.g. Whittaker 1953, 1956), respectively. Antigorite 88 

is characterized by a modulated wave-like structure with changes in the layer polarity 89 

to compensate small misfits between the tetrahedral and octahedral layers (e.g. 90 

Zussman 1954; Kunze 1956, 1958; Mellini et al. 1987; Capitani and Mellini 2004). 91 

The wavelength is variable and is expressed in terms of the number of tetrahedra (m) 92 

occurring along an entire wave (Uehara 1998; Wunder et al. 2001; Mellini et al. 1987). 93 

Kunze (1961) generalized the composition of individual antigorite by the formula 94 

M3m-3T2mO5m(OH)4m-6 (m is the number of tetrahedra in a single chain defined by the 95 

wavelength a, M=octahedral cations (Mg, Fe2+, Fe3+, Cr3+, Ni, Mn2+, Al); T= 96 

tetrahedral cations (Si, Al)). Antigorite forms a polysomatic series of compositions 97 

and varies by changing the m value (Thompson 1978). The compositions are 98 

chemographically collinear with chrysotile/lizardite (m=∞) and talc (m=2), as a series 99 

of discrete points (Mellini et al. 1987). The basic unit cell of ideal antigorite (m=17) is 100 

monoclinic Pm space group with a=43.3 Å, b=9.2 Å, c=7.3 Å, β=91.4 (Aruja 1944; 101 

Mellini et al. 1987) or a=43.505(6) Å, b=9.251(1) Å, c=7.263(1) Å, β=91.32(1) 102 

(Capitani and Mellini 2004), or C2/m in the m=16 polysome, with lattice parameters 103 

of a=81.664(10) Å, b=9.255(5) Å, c=7.261(5) Å, β=91.409(5) (Capitani and Mellini 104 

2006). As suggested by Mellini et al. (1987), the m values of antigorite commonly 105 

range from 23 to 14 in natural metamorphic serpentinites. Transmission electron 106 

microscopy (TEM) studies and thermodynamic calculations both indicate that 107 

antigorite with high m values are more stable at low temperature, while those with 108 

low m values are more stable at high temperature (Kunze 1961; Trommsdorff 1983; 109 

Uehara and Kamata 1994; Mellini et al. 1987). Wunder et al. (2001) performed an 110 

experimental study ranging from 350-710 °C, 2-50 kbar in the simple MSH system 111 

and found that the a-axis (related to the m value) is roughly negatively correlated with 112 



temperature but positively correlated with pressure. Most studies observed quite a 113 

large range of m values within a single sample and even at the grain scale (e.g. Mellini 114 

et al. 1987; Wunder et al. 2001) and thus were cautious in using the m value as 115 

potential geothermobarometer. Nevertheless, several studies on natural samples 116 

showed that the structure of antigorite in metamorphosed serpentinites systematically 117 

changes with changing pressure and temperature (e.g. Mellini et al. 1987; Viti and 118 

Mellini 1996; Auzende et al. 2002, 2006; Padrón-Navarta et al. 2008). This is a 119 

significant finding as antigorite has a large stability field and therefore it is 120 

challenging to obtain information on the formation conditions of antigorite in 121 

subducted rocks. One way to obtain constraints on metamorphic conditions comes 122 

from the Tschermak exchange in antigorite in chlorite-buffered assemblages 123 

(Padrón-Navarta et al. 2013). The systematic change in m values would provide an 124 

additional avenue to further constrain the metamorphic conditions of subducted 125 

serpentinites but so far, no experimental data for natural compositions are available.  126 

In this study, we performed TEM measurements on antigorite produced in piston 127 

cylinder, high-pressure experiments in order to track changes in the antigorite 128 

structure at different temperatures and pressures. We used a well-equilibrated natural 129 

antigorite containing also Al, Fe and Cr with a well-defined m value. Experiments 130 

were conducted close to the antigorite breakdown reaction at conditions relevant for 131 

subduction zone metamorphism. The experimental results are compared with data 132 

from natural samples to evaluate to what extent the cell parameters of antigorite can 133 

be used as a P-T indicator for subducted serpentinites. The combined influence of 134 

changing antigorite composition and structure on fluid liberation during ongoing 135 

subduction will also be discussed.  136 

Mineral abbreviations used in the text, figures and tables all follow Whitney and 137 

Evans (2010): Atg=antigorite, Brc=brucite, Chl=chlorite, Chr=chromite, 138 

Cr-Spl=Cr-spinel, En=enstatite, Grt=garnet, Ilm=ilmenite, Liz=lizardite; Ol=olivine, 139 

Opx=orthopyroxene, PhA=phase A, Rt=rutile, Tlc=talc. And TiCh=Ti-chondrodite, 140 

TiCl=Ti-clinohumite. 141 



METHODS, SAMPLES AND SAMPLE PREPARATION 142 

Material characterization and experimental approach 143 

The antigorite samples used in this study were equilibrated in piston cylinder 144 

experiments at the Research School of Earth Sciences (RSES), Australian National 145 

University. The experiments were initially designed to determine the stability fields of 146 

Ti-chondrodite and Ti-clinohumite in natural serpentinites (Shen et al. 2015). The 147 

starting material consists of 73 wt.% antigorite (sample Al06-44, Cerro del Almirez, 148 

Spain, Padrón-Navarta et al. 2008, 2011, 2012, 2013; Debret et al. 2015; Scicchitano 149 

et al. 2018), 9.8 wt.% Ti-clinohumite (Malenco, Italy), 9 wt.% brucite (synthetic), 3 150 

wt.% Ti-chondrodite (Tianshan, China, Shen et al. 2014), 3 wt.% olivine (Fo90, San 151 

Carlos) and 2.2 wt.% ilmenite (Duria peridotites, Alps, Hermann et al. 2006). The 152 

mineral blend was well mixed and ground in a mortar to less than 200 mesh grid. The 153 

mixture (20 mg) with no additional water was loaded into a 2.3 mm outer diameter Au 154 

capsule and then sealed by arc welding. The gold capsule was set in MgO surrounded 155 

by a graphite heater and placed in a low friction Teflon foil-salt assembly. 156 

Experiments were run in 150 and 200 tonne presses. Refer to Shen et al. (2015) for a 157 

detailed description of the experimental technique. After the experiments, the capsules 158 

were sectioned in half, embedded in epoxy and polished with diamond pastes. Among 159 

all the experiments, 5 run products were chosen to study the antigorite cell parameters, 160 

which are D1512, C4408, D1526, C4429 and C4442 (Table 1). The P-T ranges 161 

between 600-650 °C and 25-45 kbar, close to the maximum stability of antigorite.  162 

 The natural antigorite investigated in detail in this study is from South-Western 163 

Tianshan, China (sample C11107). This serpentinized Ti-chondrodite bearing wehrlite 164 

sample experienced peak metamorphic conditions of 510-530 °C, 37±7 kbar (Shen et 165 

al. 2015). The peak metamorphic mineral assemblage comprises 166 

Ti-chondrodite+olivine+antigorite+chlorite+magnetite+brucite. Two generations of 167 

antigorite can be identified based on its aluminium content. Low aluminium (low-Al, 168 

such as 1.11 wt.%) antigorite was formed at peak ultrahigh pressure (UHP) 169 



metamorphic conditions whereas high aluminium (high-Al, such as 3.38 wt.%) 170 

antigorite was formed at lower pressure (10-20 kbar) and slightly lower temperatures 171 

of ~500 °C (Shen et al. 2015). The low-Al antigorite investigated by TEM (see below) 172 

was included in Ti-chondrodite whereas the high-Al antigorite is from the matrix. 173 

Backscattered electron (BSE) images were taken on a FEI Strata DB 235 scanning 174 

electron microscope (SEM) in the Electron Microscopy Laboratory, Peking University, 175 

China (Chen et al. 2015). 176 

Mineral compositions from the experimental runs were determined using a JEOL 177 

JSM6400 scanning electron microscope (SEM) at the Australian National University 178 

with an Oxford Instruments Pentafet LINK ISIS energy-dispersive spectrometry (EDS) 179 

system. Operating conditions were a 15 kV accelerating voltage, 1 nA beam current 180 

and 100 s acquisition time. Sanidine (Si and K), MgO (Mg), diopside (Ca), albite (Na 181 

and Al), rutile (Ti), synthetic spessartine (Mn), Cr2O3 (Cr), Fe2O3 (Fe) and pure Ni 182 

served as standards. Results were quantified with the ZAF algorithm implemented in 183 

the Oxford SEMQuant software. Detection limits for these conditions are between 184 

0.15-0.20 wt.%. The compositions of antigorite in the starting material and from 185 

different runs are presented in Table 2. The compositions of antigorite in the natural 186 

sample investigated by FIB-TEM (Table 3) were obtained with a JXA-8800R electron 187 

microprobe at Peking University operated at 15 kV acceleration voltage and 20 nA 188 

beam current. The beam diameter is 2 μm and the counting time on peak for each 189 

element was 10-15 s. Natural jadeite (Si), forsterite (Mg), hematite (Fe), albite (Na, 190 

Al), rutile (Ti), rhodonite (Mn) and sanidine (K) served as standards. 191 

Raman spectra were collected at the Raman Lab in the Institute of Geology, 192 

Chinese Academy of Geological Sciences (Beijing, China) with a Horiba 193 

spectrometer LabRAM HR evolution equipped with an Olympus BX41 light 194 

microscope and calibrated by a silicon wafer with 520.7 cm-1 Raman shift. Raman 195 

spectra were excited by a 532 nm Nd: YAG laser with 100 mW laser power and 196 

received by a 600 g optical grating through an 80 µm confocal hole. The resolution is 197 

about 1-1.5 cm-1. The data was processed by the LabSpec 6 software. 198 

 199 



 200 

Transmission Electron Microscopy 201 

For each experimental run product, two to three antigorite grains were chosen to make 202 

TEM foils in a FIB-SEM double beam system. One to three FIB slices for TEM 203 

analyses were then cut from the large antigorite flakes previously identified using 204 

SEM imaging. Each slice also contained other minerals and more than one grain of 205 

antigorite was present. In order to get newly grown and near equilibrium antigorite, 206 

the subhedral-euhedral coarse grains in the middle of the capsule were selected. The 207 

cross-sectional TEM (XTEM) specimens were prepared with a FEI Strata DB 235 208 

scanning electron microscope/focused ion beam (FIB) system, in the Electron 209 

Microscopy Laboratory, Peking University, China. The FEI Strata DB235 is a dual 210 

beam SEM/FIB system combing a scanning electron microscope (SEM) with a 211 

thermal emission tip for high resolution imaging and a focused ion beam (FIB) with a 212 

gallium metal ion beam source for nanoscale cutting. The resolution of the high 213 

resolution SEM is ~3 nm. 214 

TEM investigations for run D1512 were performed on a Hitachi H-9000NAR at 215 

300 kV in the Electron Microscopy Laboratory, Peking University, China; and for the 216 

other samples (C4408, D1526, C4429 and C4442) were performed with a FEI Tecnai 217 

G2 F20 X-Twin transmission electron microscope with a FEG electron emitter at 200 218 

kV, in the Electron Microscopy Laboratory, Peking University, China. An 219 

energy-dispersive X-ray analyser (EDAX) with ultrathin window was used for 220 

chemical analysis. The chemical composition was measured in scanning transmission 221 

(STEM) mode scanning the electron beam within a window. The magnification of the 222 

microscope was in the range of 50000-200000. Because antigorite is very sensitive to 223 

the electron beam (e.g. Mellini 1986, 1987; Wunder et al. 2001), when using such 224 

high magnification, the specimen was investigated under defocused beam conditions 225 

to reduce beam damage.  226 

Two preparation techniques were used for the investigation of the natural sample 227 

from. The first one (“powder technique”) consisted in grounding a small amount of 228 

sample C11107 in an agate mortar resulting in about 200 mesh powder; a small 229 



amount of powder was added to deionized water to make a suspension. Then a copper 230 

mesh grid with a diameter of 1 mm was introduced into the suspension, parallel the 231 

surface of the liquid, thus collecting antigorite crystals preferentially oriented with 232 

their cleavage planes parallel to the main surface of the copper grid. This method 233 

maximises the observation of the a direction of antigorite at perpendicular to the 234 

electron beam. TEM investigations for Tianshan sample were performed on a Hitachi 235 

H-9000NAR at 300 kV in the Electron Microscopy Laboratory, Peking University, 236 

China. 237 

The results from the “powder” technique were further compared with FIB 238 

prepared TEM foils from the same sample in order to investigate the effect of Al on 239 

the polysome m value. Three TEM foils (3.1D, 4.2H and 4.4H) representative of the 240 

two chemically distinct antigorite from this sample were prepared in the same 241 

FIB-SEM double beam system as described above and TEM investigations were 242 

performed at the same FEI Tecnai G2 F20 X-Twin transmission electron microscope 243 

with a FEG electron emitter at 200 kV.  244 

The images acquired were analyzed by the Gatan DigitalMicrograph software to 245 

measure the length of the lattice fringe. Lattice-fringe micrographs of antigorite were 246 

obtained from a lattice modulation. The corresponding m value was determined from 247 

the lattice-fringe micrographs processed using the Gatan Digitalmicreograph (DM) 248 

software. A representative area (10 or 20 fringes) of an antigorite crystal without 249 

polysomatic disorder was selected using the DM software measurement tool to extract 250 

the width of the lattice fringes. The d-spacing of the a lattice fringe can then be 251 

determined after the amount of fringes within the selected area was counted. Finally, 252 

the m value was obtained by the equation of m=(a/5.44)×2+1[a represents the length 253 

of a-axis; 5.44 Å is the length of sub-cells along a-axis (Uehara and Shirozu 1985; 254 

Uehara 1998)]. This method was performed on several antigorite grains in each 255 

sample in order to get statistically significant results. Diffraction patterns for 256 

antigorite were acquired for some samples but were not of good enough quality to get 257 

satisfactory results. 258 



RESULTS 259 

Antigorite from the experimental charges 260 

The conditions and the run products of the experiments are presented in Table 1. 261 

Antigorite is the main mineral coexisting with chlorite and olivine. Accessory 262 

Ti-chondrodite, Ti-clinohumite, ilmenite and Cr-spinel are additionally present (Fig. 263 

2). In four runs: D1512 (620 °C, 25 kbar), C4408 (600 °C, 35 kbar), D1526 (650 °C, 264 

30 kbar) and C4429 (650 °C, 35 kbar), antigorite reacted with brucite to form olivine 265 

and chlorite. Run C4442 (650 °C, 45 kbar) was close to the antigorite breakdown to 266 

form Ol+Opx+Chl+H2O and abundant Opx was observed in this run (Figs. 2i,j).  267 

Before the FIB extraction, each antigorite grain chosen (Fig. 2) was first 268 

characterized by Raman spectroscopy (Fig. 3). The main peaks in the spectra vary by 269 

up to two wavenumbers. No systematic relation of the shifts to P-T conditions could 270 

be established. 271 

The average compositions of five grains in each run are reported in Table 2. The 272 

compositions of antigorite in the run products are only marginally different from the 273 

original starting antigorite (Al06-44), but the aluminium content consistently 274 

increases from 600-620 °C (2.67-2.78 wt. % Al2O3) to 650 °C (2.87-3.23 wt. % Al2O3) 275 

indicating antigorite recrystallization and composition adjustment with changing 276 

temperature conditions. 277 

The TEM analyses showed that antigorite is the only serpentine variety in our high 278 

pressure and temperature experiments and no lizardite or chrysotile grains were 279 

observed. Antigorite shows a heterogeneous distribution of periodicities even on the 280 

same grain (Figs. 4a,c). Polysomatic disorder or modulation dislocations appear 281 

frequently (Figs. 4a,b and d). Antigorite intergrown with chlorite can be observed in 282 

several runs (Fig. 4c; Figs. 5a,c). The boundary between antigorite and chlorite is very 283 

clear in the TEM images. In run D1512, C4408 and D1526, this boundary is irregular. 284 

The lattice fringes change from the coarse fringes of antigorite to the fine fringes of 285 

chlorite and the a direction of antigorite is perpendicular to the c direction of chlorite 286 



(Figs. 5a-c), indicating that the orientations of the tetrahedral-octahedral layers in the 287 

two minerals are aligned. The m values gradually decrease towards the boundary 288 

(Figs. 5a,c), reaching m=16 in run D1512 (620 ºC, 25 kbar) and m=14 in run D1526 289 

(650 °C, 30 kbar) (Figs. 5a,e). This suggests reaction of antigorite to chlorite at the 290 

nanoscale in order to adjust the Al content as a function of changing pressure and 291 

temperature. In Fig. 5c, it can be seen clearly that the fringes of antigorite collapse 292 

and new chlorite fringes form. In run D1526 (650 °C, 30 kbar), TiCl lattice fringes are 293 

found in antigorite with a direction of antigorite parallel to the c direction of TiCl (Fig. 294 

5d). The gradual transition and the alignment of crystallographic axes suggest that 295 

TiCl is a newly formed domain, coexisting with antigorite with an m value of 15 (Fig. 296 

5d).  297 

For each run, more than 40 data points were acquired and the periodicity 298 

distribution of antigorite was plotted in Fig. 6. In run D1512 (620 °C, 25 kbar), the 299 

peak m values are 17 and 18 (listed in decreasing abundance) among 57 data. For run 300 

C4408 (600 °C, 35 kbar) at higher pressures but slightly lower temperatures, the peak 301 

m values are 18, 17 and 19 among the 77 data. At 50 °C higher temperatures of run 302 

D1526 (650 °C, 30 kbar), the peak m values are lower with dominant values of 15 and 303 

16 among 76 data. At the same temperature but higher pressures at 35 kbar in run 304 

C4429, the peak m values are 15, 16 and 17 among 40 data, and at 45 kbar in run 305 

C4442, the peak m values are 15, 17 and 16. Compared with D1526, it shows that the 306 

15 kbar higher pressure results in m values that are slightly higher (Fig. 6f). The 307 

average of a-axis d-spacing shows clear changes among different runs, especially, 308 

there is a clear change between the low temperature runs at 620 °C and 600 °C 309 

(m=17-18) compared to the higher temperature runs at 650 °C (m=15-16; Fig. 6f). 310 

When all the data are plotted in a P-T diagram, a trend is visible. With increasing 311 

temperature, the m value decreases significantly as the antigorite breakdown reaction 312 

is approached (Fig. 7). On the other hand the m value increases only slightly (if any) 313 

over a relatively large pressure range (Fig. 7).  314 



Tianshan antigorite 315 

All the TEM results for Tianshan antigorite are plotted in Fig. 8. For the preparation 316 

as a powder, over 100 data points were acquired and the periodicity distribution of 317 

antigorite was plotted in Fig. 8a. The peak m value is 20, with a range between 19 and 318 

21. This distribution corresponds to both UHP antigorite (low-Al) and HP-LP (high 319 

pressure to low pressure) antigorite (high-Al). In order to correlate textural and 320 

compositional differences in antigorite with m values, FIB samples of low-Al and 321 

high-Al antigorite were additionally investigated. The orientation of two of the FIB 322 

samples allowed a clear characterization of the a direction antigorite (3.1D and 4.2H), 323 

whereas for 4.4H only the c direction could be determined. For 3.1D (low-Al 324 

antigorite with Al2O3=1.11 wt.% included in Ti-chondrodite), the peak m values are 325 

21, 20 among the 36 data (Fig. 8b). The high-Al antigorite from the matrix (4.2H) 326 

with Al2O3=3.38 wt.% has a sharp peak m value of 19 among the 33 data (Fig. 8c). 327 

The higher m values of the low-Al antigorite is consistent with its UHP and relatively 328 

low temperature conditions of equilibration, which is in accordance with the 329 

experimental results. Crystal defects such as polysomatic disorder, modulation 330 

dislocations and offset are commonly observed (Figs. 9a-c). In the high-Al antigorite 331 

(4.2H and 4.4H), chlorite inclusions are found in antigorite (Figs. 9d,e), or chlorite 332 

intergrown with antigorite (Fig. 9f). This suggests that antigorite decomposition most 333 

likely continued during the final stages of cooling during exhumation (marked by a 334 

decrease in Al-content) but it cannot be detected by microprobe analyses as the 335 

analysed volume is much larger than the size of the chlorite intergrowths. 336 

DISCUSSION 337 

Approach to equilibrium in the experiments 338 

Ulmer and Trommsdorff (1995) mentioned that the structural state of antigorite used 339 

for the experiments might have an important influence on its stability. The starting 340 



antigorite used in our experiments comes from Cerro del Almirez ultramafic massif, 341 

which is an example of high pressure and high temperature antigorite serpentinites 342 

(Trommsdorff et al., 1998). The chosen starting antigorite for the experiments 343 

(Al06-44) is equivalent to the sample Al06-46 that was previously characterized by 344 

TEM (Padrón-Navarta et al. 2008). It mostly consists of the polysome m=16 with a 345 

less abundant m=15. This sample outcrops less than a meter from the reaction front in 346 

Cerro del Almirez and thus equilibrated at T of 680 °C and P of 16-19 kbar 347 

(Padrón-Navarta et al. 2010). It is more disordered (i.e. containing pervasive twins 348 

and some reaction rims) than other serpentinite far from the reaction front that are 349 

characterized by a polysome m=17 and almost no structural defects. We selected the 350 

sample for the starting material of this study with more structural defects with the aim 351 

to enhance the kinetics of the recrystallization. There are several indications that the 352 

experiments attained equilibrium with respect to the main mineral assemblage. The 353 

added brucite reacted completely with antigorite to produce new olivine and chlorite. 354 

The presence of such chlorite and olivine means that the Al-content of antigorite is 355 

nominally buffered in all experiments. The onset of antigorite breakdown to 356 

orthopyroxene+olivine+chlorite observed at 650 °C, 45 kbar is in excellent agreement 357 

with the study of Ulmer and Trommsdorff (1995) also using a natural starting material 358 

(Fig. 1; Shen et al. 2015). The minor minerals Ti-chondrodite and Ti-clinohumite did 359 

not fully equilibrate, but they are known to be sluggish in their reactions (Shen et al. 360 

2015). The intergrowth of Ti-clinohumite and antigorite at the nanoscale (Fig. 5d) 361 

suggests reaction of ilmenite+antigorite to form new clinohumite. This observation 362 

indicates that the stability field of antigorite+olivine+Ti-clinohumite extends to at 363 

least to 30 kbar, 650 °C.  364 

It is more difficult to establish to what extent the starting material antigorite has 365 

approached equilibrium at the different conditions investigated. The quantitative 366 

analyses showed that the Al-content of antigorite, which is buffered by the 367 

assemblage, changes with changing pressure and temperature, consistent with 368 

thermodynamic calculations (Padrón-Navarta et al. 2013). However, the extent of 369 

change is rather smaller than expected. This can be explained by the TEM 370 



observations of chlorite intergrowth with antigorite suggesting adjustment of Al 371 

content in antigorite at the nanoscale. The excitation volume of the SEM and EPMA 372 

analyses (1-2 µm diameter) will always be bigger than this intergrowth, indicating the 373 

Al-in-antigorite measurements represent mixed analyses of antigorite and included 374 

chlorite. The TEM observations also show that the m values change between starting 375 

material and run conditions. Although variations are observed in a single sample, the 376 

statistical distribution of the systematic change of m with P and T provides further 377 

evidence for approach towards equilibrium.  378 

Comparison with previous experiments 379 

In a pioneering study, Wunder et al. (2001) combined experiments with a TEM study 380 

to show a systematic variation of m values from 13 to 23 with changes in pressure and 381 

temperature in the synthetic MSH-system. They observed that the m-isolines have a 382 

steep positive slope in P-T space and that the spacing of isolines is getting narrower as 383 

the antigorite breakdown curve is approached. The lowest m value of 14 was observed 384 

where the antigorite breakdown curve changes from a positive to a negative slope. 385 

The same features have also been observed in our study using natural starting 386 

materials (Fig. 7). It is interesting to note that the introduction of Al into the system 387 

creates some important differences. The first important change is an increased 388 

stability field of Al-bearing antigorite by 40-60 °C when the antigorite breakdown 389 

curve of Wunder and Schreyer (1997) in the MSH system is compared to the results 390 

of Ulmer and Trommsdorff (1995), Bromiley and Pawley (2003) and Padrón-Navarta 391 

et al. (2010) using a natural antigorite. It has been noted that a few weight percent of 392 

Al2O3 into antigorite can stabilize it to significantly higher temperatures and pressures 393 

(Bromiley and Pawley 2003). The effect of Al on the stability of antigorite has been 394 

quantified by a new thermodynamic model that allows calculation of compositional 395 

isopleths in pseudosections (Padrón-Navarta et al. 2013). The main question is how 396 

the incorporation of Al influences the m values of antigorite. Because of the higher 397 

thermal stability of Al-bearing antigorite, experiments could be conducted at higher 398 



temperatures in this study compared to the study of Wunder et al. (2001). As a result 399 

the distribution of m values of a single experiment is tighter in this study. The second 400 

important point is that the m values for a given P-T are higher in this study compared 401 

to the values of Wunder et al (2001). For example at 600 °C, 35 kbar the m value in 402 

our study is 18 whereas in the MSH system it is only 15. It appears that the 403 

incorporation of Al into antigorite has a similar effect on the m value as on the 404 

stability field. This means that essentially the whole topology of the MSH-diagram is 405 

shifted to higher temperatures by 50-100 °C in the natural system (Fig. 10). At the 406 

antigorite breakdown, an m value of 14 is reached in the natural antigorite as well as 407 

in the MSH antigorite, indicating that this represents a critical limit for the antigorite 408 

structure. The m-isolines are tighter spaced in the natural antigorite, meaning that 409 

higher m values (m>20) can be reached in low temperature, high-pressure antigorite 410 

serpentinites. The effect of Fe on the stability of antigorite is twofold. The presence of 411 

ferrous iron results in a decrease of the antigorite stability field by up to 20 °C 412 

depending on the reactive bulk composition (Padrón-Navarta et al. 2010; Bretscher et 413 

al. 2018). On the other hand, ferric iron substitutes for Al and thus will stabilize 414 

antigorite to higher temperatures (Padrón-Navarta et al. 2013). Assuming a maximum 415 

amount of 50% of ferric iron in antigorite close to its breakdown (Debret et al., 2015) 416 

results in a Fe3+ of maximal 1/3 of the total trivalent cations. Therefore, the effect of 417 

Fe is subordinate to the effect of Al on the stability of antigorite. The impact of this 418 

amount of Fe3+ on m values in antigorite and whether there is a systematic change of 419 

m values at constant Al-contents but changing Fe3+ contents requires further 420 

investigation.  421 

Low temperature UHP antigorite 422 

Our experimental samples cover the temperature range of 600-650 °C at pressures of 423 

25-45 kbar. It would have been desirable to conduct additional experiments at 35 kbar 424 

in order to evaluate m values at UHP conditions at temperatures below 600 °C. 425 

However, as the reaction kinetics will get slower, the re-adjustment of the natural 426 



starting material to changing pressure and temperature conditions will be more and 427 

more sluggish. For this reason we opted to an alternative approach to investigate in 428 

detail antigorite from a natural sample that experienced UHP metamorphism. The 429 

TiCh/TiCl bearing serpentinized wehrlite from southwestern Tianshan (China) 430 

experienced UHP metamorphism at 520±10 °C, 37±7 kbar (Shen et al. 2015). TEM 431 

studies on this antigorite showed two main features. Firstly, the significantly lower 432 

temperatures of 520 °C resulted in m values that range from 18-22 in the powder 433 

sample, clearly lower than the experimental samples equilibrated at higher 434 

temperature. Secondly, the FIB-TEM sample showed a clear distinction in m values  435 

between low-Al antigorite (m=20-21) that formed at peak pressure conditions and 436 

high-Al antigorite (m=19)  that formed at similar temperatures but much lower 437 

pressures of 10-20 kbar. Together with the experimental data, these observations 438 

provide evidence that m values are increasing with decreasing temperature but 439 

increasing with decreasing pressure.  440 

An inferred P-T-m diagram for natural antigorite 441 

In this section we now compare and combine data from our study with TEM studies 442 

of natural antigorite with known P-T conditions in order to get a more comprehensive 443 

P-T-m diagram for natural antigorite (Fig. 10). 444 

 (1) The notable sample MG159 from Franscia, Val Malenco (Northern Italy), 445 

which was first studied by Trommsdorff and Evans (1972), is especially homogeneous 446 

both texturally and crystallographically. Antigorite contains 1.39 wt.% Al2O3 and 2.65 447 

wt.% FeO (Padrón-Navarta et al. 2008) and formed at 435±30 °C, ~5 kbar 448 

(Trommsdorff and Evans 1980; Mellini et al. 1987). It displays an unusually regular 449 

m=17 (Mellini et al. 1987). (2) Antigorite from a chl-serpentinite with 2.73 wt.% 450 

Al2O3 and 3.98 wt.% FeO is at the antigorite-out reaction (Padrón-Navarta et al., 2008) 451 

and has m down to 14-15, with abundant structural disorder features, such as 452 

pervasive twins and reaction rims. On the other hand, antigorite away from the 453 

reaction front has m=17 (Padrón-Navarta et al. 2008) at P-T conditions of 640 °C, 454 



17-20 kbar (Trommsdorff et al. 1998; López Sánchez-Vizcaíno et al. 2005). (3) 455 

Serpentinite from Escambray massif, Central Cuba have preserved high-grade 456 

structures with P>12 kbar and T> 450 °C determined by associated eclogites (e.g. 457 

Spear 1993; Auzende et al. 2002). The antigorite from this serpentinite has a 458 

modulation wavelength of 37 Å and 40 Å (Auzende et al. 2002), which corresponds to 459 

m=15-16 using our calculation method with the antigorite composition of 2.7-3.5 wt.% 460 

Al2O3 and 3.6-4.3 wt.% FeO (Auzende et al. 2002); (4) Serpentinite samples from the 461 

Monviso (Western Alps, Italy) were studied with TEM from three different locations 462 

(Auzende et al. 2006). Serpentinites from Passo Gallarino (PG) and Viso Mozzo (VM) 463 

have relatively narrow P-T conditions of 12-13 kbar, 450±40 °C and are associated 464 

with eclogites (Schwartz et al. 2001). The antigorite displays peak m values of 18-19 465 

(Auzende et al. 2006). A serpentinite sample from Lago Superiore (LS) records higher 466 

P-T conditions ranging from 19±2 kbar, 580±40 °C (Schwartz et al. 2001) up to >24 467 

kbar, 620±50 °C (Messiga et al. 1999), and the measured peak m value is 19. The 468 

Monviso antigorites contain about 2-3 wt.% Al2O3 and 3-4 wt.% FeOt (Auzende et al. 469 

2006). When we combine our experimental data and Tianshan natural data at high 470 

pressures with these data from the literature at lower pressures, a completely 471 

contoured antigorite stability field can be established. The slope of the m-isolines 472 

becomes steeper when pressure is above 20 kbar. The m value of antigorite is thus 473 

controlled by both temperature and pressure at lower pressure (< 20 kbar), and mainly 474 

by temperature at high pressure. The contoured m-isolines thus mimic to some extent 475 

the antigorite stability (Fig. 1). Especially the positive slope up to 20 kbar is 476 

approximately parallel to the antigorite breakdown reaction. At higher pressures, 477 

however, the antigorite breakdown reaction has a steep negative slope whereas the 478 

m-isolines display a steep positive slope.  479 

The potential use of such a P-T-m diagram can be shown from a case study of the 480 

Western Alps, where serpentinites underwent a full subduction-exhumation cycle.  481 

Antigorite serpentinites from Erro Tobbio in the Voltri massif (Ligurian Alps, Italy) 482 

have preserved four stages of metamorphism: a prograde subduction stage I/II 483 

recorded at 7-14 kbar, 310-490 °C; a peak stage III recorded at 16-22 kbar, 484 



520-620 °C; and an exhumation stage IV recorded at 13-21 kbar, 500-620 °C 485 

(Hermann et al. 2000). TEM studies suggested that stage I/II antigorite have a range 486 

of m values of 18, 19, 20, 21, without any peak m value, consistent with a low 487 

temperature of equilibration. Particularly the m value of 21 is interesting as this is a 488 

clear indication for a low temperature-high pressure equilibration. Stage III antigorite 489 

have m values of 17, 19 more frequently than 16, 18, 20 in good agreement with the 490 

inferred peak P-T conditions. The relatively large spread of m values, however, 491 

indicates that full equilibration of antigorite is not achieved even for samples that 492 

reached up to 600 °C, experienced deformation and where exposed to these conditions 493 

for geologic timescales. Stage IV antigorite show most abundant m values of 20, 19, 494 

indicating that the m value obtained during peak conditions is partly reset during 495 

retrograde deformation and equilibration (Auzende et al. 2006).  496 

Water content variation during antigorite dehydration 497 

Antigorite has an ideal structural formula of Mg3m-3Si2mO5m(OH)4m-6 in the MSH 498 

system, and the variation of the m value will change the composition of antigorite. In 499 

particular, Wunder et al. (2001) showed that the observed decrease of the m values 500 

with increasing temperature corresponds to a dehydration reaction of the generalised 501 

form: 502 

antigorite (high m) →antigorite (low m) + olivine + H2O   (1) 503 

As a consequence small amounts of free fluid are present during the prograde 504 

metamorphism of antigorite serpentinites. Padrón-Navarta et al. (2013) have shown 505 

that also the increasing incorporation of Al in antigorite during prograde 506 

metamorphism will lead to a small amount of fluid release through a continuous 507 

reaction involving also chlorite and olivine. Padrón-Navarta et al. (2013) have shown 508 

that about 0.1 wt.% H2O is liberated during prograde metamorphism in the 509 

chlorite-olivine-antigorite stability field from ~530-650 °C, 30 kbar. With our new 510 

data we can now assess the contributions of the change in m value to the continuous 511 

water liberation in subducted antigorite serpentinites. In order to calculate the 512 



theoretical water content variation as a function of m values in antigorite, we use the 513 

general formula Mg3m-3-ySi2m-yAl2yO7m-3(H2O)2m-3 (m is the number of tetrahedral in a 514 

single chain, that is the m value of antigorite; 2y represents the content of Al replacing 515 

Mg and Si) as antigorite formula. A range of m values from 14-20, and Al-contents 516 

y=1 (corresponding to Al2O3 content of 2.73 wt. %). The calculated water content is 517 

in the range of 12.41-12.14 (Fig. 11) indicating that the fluid release from change in m 518 

value is about double that of the change in Al-content. The tight spacing of the 519 

m-isolines towards the antigorite breakdown reaction (Fig. 10) thus will result in 520 

continuous fluid production. Therefore, serpentinites will deform during prograde 521 

subduction zone conditions in the presence of small amounts of fluid (Wunder et al. 522 

2001) thus activating dissolution-precipitation creep mechanisms in addition to 523 

dislocation creep (Padrón-Navarta et al. 2012, 2013).    524 

 525 

IMPLICATIONS 526 

1) Antigorite is arguably the most important water carrier in subduction zones (e.g. 527 

Ulmer and Trommsdorff 1995; Wunder and Schreyer 1997; Trommsdorff et al. 1998; 528 

Wunder et al. 2001; Scambelluri et al. 2001, 2004a, b, 2014; Hattori and Guillot 2003, 529 

2007; Rüpke et al. 2004; Garrido et al. 2005; Alt et al. 2012; Padrón-Navarta et al. 530 

2011, 2013, 2015, Maurice et al., 2018). Reconstruction of P-T paths in serpentinites 531 

from former subduction zones is an important way to gain insights into subduction 532 

dynamics. However, due to the large stability field of antigorite it is extremely 533 

difficult to retrieve P-T conditions from antigorite serpentinites. We have shown that 534 

the m value of natural antigorite changes systematically with pressure and temperature 535 

and thus can potentially be used in future studies to constrain the metamorphic 536 

evolution of serpentinites. 537 

2) There has been wide interest in the in-situ major and trace element systematics 538 

of serpentinites (e.g. Garrido et al. 2005; Deschamps et al. 2010, 2011, 2013; 539 

Kodolányi et al. 2011; Debret et al. 2013; Marchesi et al. 2013; Peters et al. 2017). 540 



Our TEM study shows that there exist interlayers of Ti-clinohumite and chlorite with 541 

antigorite at the nanoscale. Additionally, full equilibration to a single m value is rather 542 

rare. Electron microprobe analyses (with 1-5 µm resolution) and laser-ablation 543 

analyses (with spot size ranging typically from 15-60 µm) will inevitably integrate 544 

such heterogeneity. These observations indicate that extreme care has to be taken for 545 

the interpretation of major and trace element compositions of antigorite as it could 546 

represent a composite signal that has been acquired during multiple stages of the 547 

evolution of the serpentinites. 548 

3) Serpentinites are important for lubrication of the plate interface between 549 

subducted slab and the mantle wedge up to the decoupling point at about 60-80 km 550 

depth (e.g., Iwamori and Zhao 2000; Hyndman and Peacock 2003; Hattori and Guillot 551 

2003, 2007; Kawakatsu and Watada 2007; Syracuse et al. 2010; Padrón-Navarta et al., 552 

2012). Our study of natural antigorite shows that the m value is decreasing gradually 553 

from ~ 21 at the lizardite to antigorite transition to ~14 at the antigorite breakdown. 554 

This change in m value causes a continuous dehydration. The presence of small 555 

amounts of pore fluids might have important implications for the deformation 556 

behaviour of antigorite. There is a current controversy about the active deformation 557 

mechanism of antigorite at subduction zone conditions. Proposed mechanisms range 558 

from either dominated by dislocation creep (Hilairet et al. 2007), dissolution 559 

precipitation creep (Auzende et al. 2006; Wassmann et al. 2011) or both 560 

(Padrón-Navarta et al. 2012). Prograde deformation will take place at water-present 561 

conditions and influence deformation if the active deformation mechanism for natural 562 

strain rates is accommodated by dissolution precipitation processes (akin to 563 

dissolution precipitation creep). On the other hand, the continuous generation of 564 

modulation dislocations (intracrystalline defects generated at the boundary of two 565 

polysomes) along a prograde path will also enhance dislocation creep by increasing 566 

other non-basal glide systems (Padrón-Navarta et al. 2012; Amiguet et al. 2012, 567 

2014).  568 
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FIGURE CAPTIONS 865 

FIGURE 1. Stability field of serpentines (revised after Ghaderi et al. 2015). Purple 866 

solid curve: theoretical phase boundary between Liz and Atg+Brc assemblage 867 

determined by Ghaderi et al. (2015); Purple dashed curve: theoretical phase 868 

boundary rescaled to the experimental transition temperature at ambient pressure, 869 

while keeping the same functional form (Ghaderi et al. 2015); Blue area: 870 

geotherms of cold subduction zones (D80 models in Syracuse et al. 2010); 871 

Orange area: Liz/Atg phase boundary determined by Evans (2004); Yellow area: 872 

Liz/Atg phase boundary inferred from petrological observations (Schwartz et al. 873 

2013); Yellow solid curve represents the partially dehydration of antigorite: 874 

Atg+Brc=Ol+Chl+H2O (Shen et al. 2015); (i), (ii), (iii), (iv), (v)，(vi) and (vii) 875 

represent the complete decomposition of antigorite to form Ol+Opx±Chl+H2O 876 

(at high pressure) or Ol+Tlc±Chl+H2O (at low pressure) determined by different 877 

researchers, respectively: (i) red solid curve (Ulmer and Trommsdorff 1995); (ii) 878 

dark green solid curve (Wunder and Schreyer 1997); (iii) light green solid curve 879 

(Bose and Navrotsky 1998); (iv) orange solid curve (Bromiley and Pawley 2003); 880 

(v) blue solid curve (Hilairet et al. 2006; Nestola et al. 2010); (vi) black solid 881 

curve (Shen et al. 2015); (vii) indigo blue solid curve (Padrón-Navarta et al. 882 

2010); Dashed pink curve shows the dehydration of antigorite under water absent 883 

conditions (Perrillat et al. 2005); Dashed orange lines indicate the high pressure 884 

transformation of antigorite (Bezacier et al. 2013). 885 

 886 

FIGURE 2. BSE images of the HP experimental run products showing mineral 887 

assemblages of each runs (a, c, e, g, i) and antigorites selected for FIB 888 

preparation and TEM investigation (b, d, f, h, j). 889 

 890 

FIGURE 3. Raman spectra in the range of 100-1100 cm-1 for antigorites in Fig. 2b, 891 

2d, 2f, 2h, 2j respectively, and the P-T conditions of each run are presented in the 892 



figures. 893 

 894 

FIGURE 4. TEM images of antigorite in different runs. (a-b) HRTEM images of 895 

antigorite in run D1512 and C4408, showing a cell parameter (m value) changing 896 

even in a single grain. (c) Low magnification TEM image of antigorite growing 897 

together with chlorite. Antigorite shows a changing a cell parameter and chlorite 898 

has a c cell parameter d=14.07 Å. (d) HRTEM image of antigorite from run 899 

D1526 showing stacking disorder along the a-axis. 900 

 901 

FIGURE 5. HRTEM images of antigorite and chlorite (a-c), and antigorite and TiCl 902 

reaction boundaries (d). (a) Antigorite reacted to chlorite in run D1512, and near 903 

the reaction boundary, the m value of antigorite changes from 18 to 16. (b) 904 

Antigorite and chlorite have an irregular reaction boundary in run C4408. (c) 905 

Antigorite gradually decomposes to form chlorite and near the boundary the m 906 

value of antigorite decreases. (d) Antigorite intergrown with Ti-clinohumite in 907 

run D1526. In the white box the lattice fringes of antigorite are gradually 908 

replaced by lattice fringes of Ti-clinohumite. 909 

 910 

FIGURE 6. Distribution of periodicities in terms of m values in antigorite from 911 

different runs. Run number and experimental conditions are given at the top of 912 

each panel (a-e). (f) The distribution of the average a-axis d-spacing in different 913 

runs with the average m values shown on the top. 914 

 915 

FIGURE 7. P, T-dependence of peak m value of antigorite determined by 916 

experimental results. The dark green line represents Ti-chondrodite-in line and 917 

the dark red curve represents the antigorite dehydration reaction as determined 918 

by Shen et al. (2015). The runs are plotted in the diagram and the peak m values 919 

measured are listed. The dark yellow to light yellow colours represent the 920 

decrease of antigorite in the run products. The bold italic numbers separated by 921 

black lines represent the m-isoline distribution in P-T diagram. 922 



 923 

FIGURE 8. Distribution of periodicities in terms of m values in sample C11107 from 924 

Tianshan antigorite (China). (a) Distribution using the “powder” preparation 925 

technique. (b) FIB sample of low-Al antigorite with Al2O3=1.11 wt.% (3.1D). (c) 926 

FIB sample of high-Al antigorite with Al2O3=3.38 wt.% (4.2H). 927 

 928 

FIGURE 9. HRTEM images of natural antigorite from Tianshan, China (a-d). In 929 

sample 3.1D and 4.2H, the m values change even in a single grain, with 930 

microstructural disorder shown. The antigorite has a c cell parameter d=6.97 Å 931 

(b) and d=7.04 Å (c). Chlorite intergrowths in antigorite have a c cell parameter 932 

d=14.28 Å (d). (e) Antigorite and chlorite grain boundary in sample 4.4H, with c 933 

cell parameter of antigorite d=6.95 Å and c cell parameter of chlorite d=14.67 Å. 934 

(f) Chlorite intergrowths with antigorite in 4.4H, with c cell parameter of 935 

antigorite d=7.14 Å and c cell parameter of chlorite d=13.94 Å. 936 

 937 

FIGURE 10. P-T-m-value diagram for antigorite determined by our experimental 938 

results and data in the literature (modified after Wunder et al. 2001). Red dotted 939 

lines display m-isolines (labelled by red italic numbers) of synthetic antigorite in 940 

the MSH system determined by Wunder et al. (2001). (M): m=17 natural 941 

antigorite from Malenco (Mellini et al. 1987). (A): m=14-15 in natural antigorite 942 

from Cerro del Almirez, Spain (Padrón-Navarta et al. 2008). (T-LAl): m=20-21 943 

for low-Al antigorite and (T-HAl): m=19 for high-Al antigorite in natural 944 

antigorite from Tianshan, China (Shen et al. 2016 and this study). (C): m=15-16 945 

in natural antigorite from Central Cuba (Auzende et al. 2002). (MP-V): m=18-19 946 

in natural antigorite from Monviso massif, western Alps, Italy (Auzende et al. 947 

2006). [G] (Ghaderi et al. 2015), [E] (Evans et al. 1976) and [S] (Schwartz et al. 948 

2013) represent the location of the lizardite to antigorite transformation. The 949 

chrysotile to antigorite transformation is taken from Evans et al. (1976) (pink 950 

solid line). Maximum stability fields of antigorite are shown as determined 951 

experimentally by Ulmer and Trommsdorff (1995) (U&T, 95), Wunder and 952 



Schreyer (1997) (W&S, 97). The yellow-red circles represent the five runs in this 953 

study and the run numbers are listed. The black solid lines are the inferred 954 

m-isolines of antigorite in the P-T diagram (labelled by black numbers). The two 955 

light green dashed lines represent the geothermal condition of surface of the slab 956 

and the bottom of the slab (Syracuse et al. 2010). 957 

 958 

FIGURE 11. Calculated water contents in antigorite as a function of m value at a 959 

fixed Al-content of 2.73 wt% Al2O3. 960 

TABLE CAPTIONS 961 

TABLE 1. Run conditions and run products in experiments. 962 

 963 

TABLE 2. Antigorite compositions from the starting material (Al06-44) and different 964 

runs analyzed with SEM-EDS.  965 

 966 

TABLE 3. EPMA data of antigorites performed TEM measurements in sample 967 

C11107, from southwestern Tianshan, China. 968 



























 

Table 1 Run conditions and run products in experiments. 

 

Run No. T (ºC) P (kbar) Hours Run Products 
D1512 620 25 168 Atg, TiCh, TiCl, Ol, Ilm, Cr-Spl, Chl(minor) 
C4408 600 35 168 Atg, TiCh, TiCl, Ol, Ilm, Cr-Spl, Chl(minor) 
D1526 650 30 168 Atg, TiCh, TiCl, Ol, Cr-Spl, Chl 
C4429 650 35 168 Atg, TiCh, TiCl, Ol, Cr-Spl, Chl 
C4442 650 45 168 Atg, TiCh, TiCl, Ol, Cr-Spl, Chl, Opx 

 



 

Table 2 Antigorite compositions from the starting material (Al06-44) and different runs analyzed with SEM-EDS. 
 

  Al06-44*   D1512   C4408   D1526   C4429   C4442 

 
AVG(5)# stdev 

 
AVG(5) stdev 

 
AVG(5) stdev 

 
AVG(5) stdev 

 
AVG(5) stdev 

 
AVG(5) stdev 

SiO2 42.46  0.19  
 

41.58  0.87  
 

40.91  0.96  
 

41.32  0.61  
 

41.95  0.45  
 

41.55  0.25  
Al2O3 2.65  0.16  

 
2.78  0.18  

 
2.67  0.28  

 
3.23  0.26  

 
2.87  0.16  

 
3.00  0.20  

Cr2O3 0.25  0.04  
 

0.41  0.08  
 

0.40  0.13  
 

0.47  0.05  
 

0.45  0.08  
 

0.72  0.07  
FeO 3.61  0.04  

 
3.93  0.10  

 
3.94  0.40  

 
4.00  0.20  

 
3.91  0.11  

 
3.95  0.24  

MgO 37.87  0.28  
 

36.76  0.84  
 

36.71  0.53  
 

36.74  0.61  
 

36.65  0.56  
 

37.37  0.32  
Total 85.11  

  
85.46  

  
84.76  

  
85.76  

  
85.83  

  
86.59  

 

                
  

O 6.824  
  

6.824  0.000  
 

6.824  0.000  
 

6.824  0.000  
 

6.824  0.000  
 

6.824  0.000  
Si 1.928  

  
1.931  0.021  

 
1.920  0.036  

 
1.918  0.011  

 
1.941  0.011  

 
1.904  0.011  

Al 0.142  
  

0.152  0.009  
 

0.147  0.015  
 

0.177  0.014  
 

0.156  0.008  
 

0.162  0.011  
Cr 0.009  

  
0.015  0.003  

 
0.015  0.005  

 
0.017  0.002  

 
0.016  0.003  

 
0.026  0.002  

Fe 0.137  
  

0.153  0.006  
 

0.155  0.017  
 

0.155  0.007  
 

0.151  0.004  
 

0.151  0.010  
Mg 2.563  

  
2.545  0.025  

 
2.568  0.046  

 
2.542  0.012  

 
2.528  0.010  

 
2.554  0.022  

sum 4.779      4.812  0.013    4.805  0.026    4.809  0.005    4.792  0.007    4.798  0.012  
* The composition data of Al06-44 was cited from Debret et al. 2015. All the structual formulae were calculated based on antigorite polysome m=17. 
# AVG(5) means the average of 5 points analyses. 



Table 3 EPMA data of antigorites performed TEM measurements in sample C11107, from 
southwestern Tianshan, China. 
 
Comment 3.1D 4.2H 4.4H 

SiO2 44.16  41.96  42.47  

TiO2 0.05  0.04  0.00  

Al2O3 1.11  3.38  2.43  

Cr2O3 0.18  0.39  0.60  
FeO 2.56  2.73  2.84  
MnO 0.02  0.03  0.00  
MgO 38.95  38.23  38.75  
NiO 0.11  0.07  0.18  
Total 87.14  86.83  87.27  

    O 6.824  6.824  6.824  
Si 1.997  1.911  1.929  
Ti 0.002  0.001  0.000  
Al 0.059  0.181  0.130  
Cr 0.006  0.014  0.022  
Fe 0.097  0.104  0.108  
Mn 0.001  0.001  0.000  
Mg 2.625  2.596  2.623  
Ni 0.004  0.003  0.007  
sum 4.791  4.812  4.818  

XMg* 0.964  0.961  0.961  

* XMg=Mg/(Mg+Fe) 
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