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Abstract 11 

Lawsonite CaAl2Si2O7(OH)2·H2O is an important water carrier in subducting oceanic 12 

crusts, and the primary hydrous phase in basalt at depths greater than ~80 km. We have 13 

conducted high-pressure synchrotron single-crystal x-ray diffraction experiments on natural 14 

lawsonite at room temperature up to ~10.0 GPa to study its high-pressure polymorphism. We 15 

find that lawsonite remains orthorhombic with Cmcm symmetry up to ~9.3 GPa, and shows 16 

nearly isotropic compression. Above ~9.3 GPa, lawsonite becomes monoclinic with P21/m 17 

symmetry. Across the phase transition, the Ca polyhedron becomes markedly distorted, and 18 

the average positions of the H2O molecules and hydroxyls change. The changes observed in the 19 

H-atom positions under compression are different than the low temperature changes in this 20 

material. We resolve for the first time the H-bonding configuration of the high-pressure 21 

monoclinic phase of lawsonite. A bond valence approach is deployed to determine that the 22 

phase transition from orthorhombic to monoclinic is primarily driven by the Si2O7 groups, and in 23 

particular it's bridging oxygen atom (O1). The changes in the structure strongly indicate that 24 

entropy increases across the symmetry-lowering transition, and hence that the slope of the 25 

phase transition is negative. Therefore, monoclinic lawsonite is thus stable under the pressure 26 

and temperature conditions that exist in the Earth, and is likely to be a major water carrier in 27 

colder, deep subducted slabs. Monoclinic lawsonite also likely has enhanced electrical 28 

conductivity along its c-axis due to the dynamically disordered hydrogen atoms. 29 

Key words: Lawsonite; CaAl2Si2O7(OH)2·H2O; Single-crystal diffraction; High-Pressure; Hydrogen 30 

disorder 31 

1. Introduction 32 
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 Significant amounts of water are transported into the mantle by subduction zones in the 33 

form of hydrated minerals in oceanic crust and continentally derived meta-sediments [Ono, 34 

1998; Chinnery et al., 2000; Dobrzhinetskaya and Green, 2007]. This water affects the chemical 35 

and physical properties of materials by lowering their solidus temperatures, which allows for 36 

partial melting of mantle material at relatively low temperatures, and by altering rheological 37 

properties.  Water reservoirs in subducted oceanic crust and its overlying sediments include 38 

chloritoid, lawsonite, topaz, serpentines, chlorite (clinochlore), zoisite, amphiboles and micas. 39 

Lawsonite is particularly interesting because of its high overall water content, ~11.5 wt.% [Baur, 40 

1978], large stability field, and its prevalence in fully hydrated mid-ocean ridge basalt (MORB) 41 

at pressure, which contains 7-15 wt% lawsonite [Schmidt and Poli, 1998]. Lawsonite and 42 

phengitic mica are thought to be the dominant water carriers in subducted crust from ~200 to 43 

over 300 km depth, which corresponds to pressures of ~7-10 GPa [Pawley, 1994; Schmidt and 44 

Poli, 1994; Domanik and Holloway, 1996]. The way that H2O molecules and OH groups are 45 

contained within the lawsonite structure is unusual (Figure 1). H2O molecules reside in cavities 46 

that are formed by rings of two Si2O7 groups and two Al-octahedra. These cavities are not 47 

completely open channels, like the channels typically found in ring silicates (e.g. cordierite), but 48 

the channels in lawsonite also contain the large Ca ion, bound to the ring framework, in 49 

addition to the water molecule. The OH groups are contained within a much smaller channel in 50 

the structure formed by two AlO6 octahedra and two SiO4 tetrahedra.  51 
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 52 

Figure 1. Room pressure and temperature structure of lawsonite looking along the a-axis. Atom 53 

colors are the same in all structural figures. All structural diagrams were generated using 54 

CrystalMaker ® v.8.7.6. 55 

 Lawsonite undergoes two low temperature phase transitions at 155(5) and 273(5) K at 56 

ambient pressure that involve changes in the hydrogen bonding of the H2O and OH groups 57 

[Libowitzky and Armbruster, 1995], and to a lesser extent changes in the aluminosilicate 58 

framework. However, no phase transitions are observed upon heating to ~600 oC [Pawley et al., 59 

1996]. Notably, the H atoms of the H2O and OHs in lawsonite are dynamically disordered and 60 

oscillate between two equivalent sites, and the low temperature phase transitions are 61 

interpreted to be generated by a freezing in of the dynamic hopping motions of the H atoms 62 

[Libowitzky and Armbruster, 1995; Libowitzky, 2009]. High pressure, room temperature single-63 

crystal diffraction structures have been reported up to ~3.78 GPa [Comodi and Zanazzi, 1996] 64 
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and no phase transitions were reported in this pressure range. An additional phase transition at 65 

~4 GPa from orthorhombic C to an orthorhombic P space group was reported by Boffa Ballaran 66 

and Angel (2003) using single-crystal diffraction, but they could not determine the structure 67 

and space group of this phase At higher pressures, Scott and Williams (1999) reported a 68 

discontinuous shift in the O-H stretching vibrations at ~8-9 GPa in the high-pressure infrared 69 

spectra of lawsonite. Daniel et al. (2000) reported a phase transition at ~8.6 GPa using Raman 70 

spectroscopy and powder diffraction, and Pawley and Allan (2001) observed the same 71 

transition at ~10-11 GPa using powder diffraction. This transition, from orthorhombic to 72 

monoclinic symmetry, has now been known, for ~16 years, to occur between ~8.6 and ~11 GPa 73 

[Daniel et al., 2000; Pawley and Allan, 2001; Boffa Ballaran and Angel, 2003].  74 

Structural determinations of the proposed orthorhombic P phase (> 4 GPa) and the 75 

monoclinic P phase have not been reported, and both of these transitions occur at pressures 76 

relevant to subduction zonesPawley and Allan (2001) reported a Rietveld refinement of the 77 

P21/m structure of monoclinic lawsonite using the orthorhombic Cmcm structure as their 78 

starting model. The P-T slope of this phase transition is poorly constrained, and Pawley and 79 

Allan (2001) hypothesize that this transition has a shallow positive slope. If this were the case, 80 

the high-pressure phase of lawsonite would be unlikely to be stable under conditions found 81 

within subduction zones. However, Pawley and Allan (2001) also explicitly state that a negative 82 

slope cannot be ruled out, which would intersect the temperature field within colder subducted 83 

slabs. Moreover, the high-pressure phase of lawsonite almost certainly has higher entropy since 84 

the oxygen position, O2, splits into two separate sites in the monoclinic structure , O2A and 85 

O2B, and the cation site M1 splits into M1A and M1B  (e.g. Liebscher et al., 2010; Pawley and 86 
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Allan, 2001). Hence, ΔSortho-mono is anticipated to be positive, and ΔVortho-mono is small but 87 

negative (e.g. Boffa Ballaran and Angel, 2003; Daniel et al., 2000; Pawley and Allan, 2001), 88 

which indicates that the slope of the Cmcm-P21/m transition must be negative. From this it 89 

follows that the high-pressure monoclinic phase of lawsonite could be the dominant water 90 

carrier in basalts carried by rapidly subducted, older slabs, and thus may be of considerable 91 

importance for moving water to depths deeper than 300 km (~10 GPa), and approaching the 92 

top of the transition zone.  93 

High quality single-crystal structural determinations for the high-pressure phase(s) of 94 

the dominant carrier of water to depths of ~300 km in subducted basalt [Schmidt and Poli, 95 

1998] and in hydrated metamorphic assemblages associated with subduction [Vitale Brovarone 96 

and Beyssac, 2014] have thus not yet been reported, and the structure of this primary water 97 

carrier is uncertain. This study uses synchrotron based single-crystal x-ray diffraction at room 98 

temperature to examine the structural changes of lawsonite under compression up to ~10.0 99 

GPa. The great benefit of single-crystal structure determinations is the ability to ab initio 100 

determine, and subsequently refine the atomic positions. Moreover, atomic positions can be 101 

refined with anisotropic displacement parameters (ADPs), which is often not possible based on 102 

the reduced data quality obtained by high pressure poeder diffraction.. Here, our goals are to 103 

probe and characterize the existence of the proposed ~4.0 GPa transition in lawsonite, and 104 

solve the structure of the higher-pressure monoclinic lawsonite. Both the proposed 105 

orthorhombic P phase and the monoclinic P phase occur within pressure ranges that are 106 

important for our understanding of subduction zones, and both are thus anticipated to be 107 

primary carriers of water to depth.  108 
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2. Methods 109 

2.1 Sample characterization  110 

The natural sample used in this study is from the type locality Reed Station, Tiburon 111 

Peninsula, Marin Co., California, USA [Ransome, 1895]. We characterized the sample with 112 

single-crystal diffraction and Raman spectroscopy, which both agree well with previous studies 113 

[Baur, 1978; Daniel et al., 2000; Meyer et al., 2001; Pawley and Allan, 2001]. Ambient pressure 114 

measurements were conducted on Beamline 11.3.1 at the Advanced Light Source (ALS) at 115 

Lawrence Berkeley National Lab in Berkeley, CA.  116 

2.2 High-pressure single crystal diffraction 117 

High-pressure single-crystal measurements were carried out using either a Merrill-118 

Bassett (HPDO) or BX90 (DESY) type diamond anvil cell (DAC) equipped with type Ia 500 μm 119 

culet Boehler-Almax [Boehler and De Hantsetters, 2004] geometry diamond anvils with 80o or 120 

85o angular access. Rhenium gaskets with a 250 µm hole were used to contain the samples. 121 

Single crystals of lawsonite and ruby were loaded into the sample compartment with a mixture 122 

of 4:1 methanol ethanol as the pressure medium. Methanol:ethanol mixtures remain 123 

hydrostatic up to ~10.5 GPa [Klotz et al., 2009]. The standard ruby fluorescence gauge was used 124 

to determine pressure [Mao et al., 1986]. 125 

High-pressure single-crystal X-ray diffraction measurements were conducted at 126 

Beamline 12.2.2 at the ALS. The DAC was mounted on a Huber sample stage, and shutterless 127 

single-crystal diffraction data were collected on a Perkin Elmer amorphous silicon detector 128 

using synchrotron radiation monochromated by silicon(111) to a wavelength of  0.49592(2) Å 129 

(25 keV). Distance and wavelength calibrations were done using a NIST single crystal ruby 130 
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diffraction standard. Phi scans were employed to measure across both diamonds with 0.25° 131 

image width.  132 

2.3 Data processing 133 

Image masks, to avoid integrating signal from detector regions obscured by the DAC, 134 

were created using the program ECLIPSE [Parsons, 2010]. The data were integrated using the 135 

program SAINT v8.34A.  A multi-scan correction for absorption was applied using the program 136 

SADABS-2014/11.  Structures were solved by dual space methods (SHELXS-97/ SHELXT) and 137 

refined by full-matrix least-squares on F2 (SHELXL-2014) [Sheldrick, 2008] using the graphical 138 

user interface ShelXle (Hubschle et al. 2011). Crystallographic parameters for our structure 139 

refinements are shown in Table 1. All atoms in the room pressure structure were refined 140 

anisotropically except for the hydrogen atoms, and in the high-pressure structures only the 141 

metals were refined anisotropically. For the high-pressure structures, we fixed the O-H bond 142 

lengths for the hydroxyls at 0.90(2) Å and for the H2O molecule, we fixed the O-H bond length 143 

to 0.93(2) Å and the H-H distance to 1.5(4) Å. We chose these OH bond lengths based on 144 

reported single-crystal neutron diffraction study [Kolesov et al., 2008]. We also set the thermal 145 

parameters of the H atoms to ride on their respective oxygen atoms. Complete crystallographic 146 

information files (CIFs) for each structure can be found in supplementary material, as well as a 147 

discussion on the selection of our unit cells. A detailed discussion of our unit cell selection as 148 

well as our atom naming convention can be found in supplementary material. 149 

Pressure (GPa) 0.0001 5.3(1) 8.4(1) 9.3(1) 9.7(1) 

Temperature (K) 298(2) 298(2) 298(2) 298(2) 298(2) 

Crystal System, 
space group 

orthorhombic 
Cmcm 

orthorhombic 
Cmcm 

orthorhombic 
Cmcm 

orthorhombi
c Cmcm 

monoclinic 
P21/m 
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a (Å) 
5.8569(3) 5.780(2) 5.7363(5) 5.7230(5) 5.2189(13) 

b (Å) 
8.8087(4) 8.688(3) 8.6155(9) 8.6004(8) 12.934(3)  

c (Å) 
13.1585(6) 13.038(6) 12.8935(11) 12.8853(11) 5.6856(19) 

β (o) 
90 90 90 90 124.466(16) 

Volume (Å3) 678.87(6) 654.7(4) 637.21(10) 634.22(10) 316.43(16) 

Goodness-of-fit 1.056 1.095 1.055 1.029 1.145 

R1 (%) 1.96 5.00 4.95 4.65 4.69 

wR2 (%) 5.49 13.48 13.67 11.50 13.20 

 150 
Table 1. Crystal structure refinement information for orthorhombic and monoclinic lawsonite 151 
on compression. Complete CIFs are found in supplementary material. 152 
 153 
3. Results and Discussion 154 

3.1 Unit cell under compression 155 

We collected diffraction patterns at various pressures up to ~10 GPa. The reflections can 156 

be indexed to an orthorhombic C unit cell up to ~9.3 GPa. Starting at pressures of ~8.4 GPa, we 157 

did observe weak reflections that are systematically absent in a C-centered orthorhombic unit 158 

cell (e.g.(017)) this is notably in excess of the pressure of onset (4 GPa) of such forbidden 159 

reflections reported by Boffa Ballaran and Angel (2003). However, all other observed reflections 160 

could be indexed to an orthorhombic C unit cell. These weak reflections did not grow in 161 

intensity under compression from ~8.4 to 9.3 GPa. All attempts to index the reflections 162 

collected between ~8.4 GPa and ~9.3 GPa to an orthorhombic P-centered unit cell failed. The 163 

structure of lawsonite was solved at 5.3, 8.4, 9.3, and 9.7 GPa. We index the reflections 164 

collected at 5.3, 8.4, and 9.3 GPa to an orthorhombic C unit cell, and we determined the 165 

spacegroup to be Cmcm. We index the reflections collected at 9.7 GPa to a monoclinic P unit 166 

cell, and determined the spacegroup to be P21/m (Table 1). The symmetry we determined for 167 

the high-pressure phase is in accord with that inferred from analysis of high-pressure 168 



10 
 

polycrystalline data by Pawley and Allan (2001).  169 

3.2 H2O molecule 170 

 In orthorhombic Cmcm lawsonite, the H2O molecule is H-bonded to the O4 oxygens 171 

(Figure 2a) and the H atoms are dynamically disordered between two equivalent sites 172 

[Libowitzky and Armbruster, 1995; Libowitzky, 2009]. Our single-crystal data show that the 173 

donor-acceptor distances in orthorhombic lawsonite between O5 and O4 decrease 174 

symmetrically by ~0.7 Å by 9.3 GPa, and that these oxygens lie in the same plane with the two 175 

H atoms associated with the water. This is in contrast to the changes observed at low 176 

temperature, where the distance between O5 and the two O4 atoms decrease by different 177 

amounts and the position of the H2O molecule is refined as being oriented towards the closest 178 

acceptor: O4 [Libowitzky and Armbruster, 1995]. The decrease in distance of this hydrogen-179 

bonded unit associated with the water molecule that is observed under compression is 180 

significant, and the H-bonds of the H2O molecule are strengthened, which stabilizes its 181 

configuration. Since the two H-bond distances decrease by the same amount, the H2O molecule 182 

is not expected to rotate or “freeze” into an ordered position. The cross channel distances 183 

between O4-O4 and O2-O2 change by essentially the same amount (~0.13 Å) from ambient to 184 

9.3 GPa, whereas the O3-O3 distance only changes by ~0.03 Å. This indicates that the channel 185 

dimensions are not compressing isotropically. As the channel dimensions relative to the O5 186 

water atom change symmetrically, there is no evidence that suggests that the H2O molecule 187 

orders under compression. Moreover, it likely remains dynamically disordered under 188 

compression to at least 9.3 GPa, and our refined position at 9.3 GPa is the average position of 189 

the H2O molecule. 190 
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 191 

Figure 2. H2O hydrogen-bonding environment of (a) orthorhombic lawsonite at 9.3 GPa, and (b) 192 

monoclinic lawsonite at 9.7 GPa. The H2O molecule in monoclinic lawsonite rotates into the 193 

page, and rotation in the ab plane is not observed. Dotted lines represent H-bonds of the H2O 194 

molecule. Atom colors are the same as Figure 1. 195 

Across the orthorhombic to monoclinic phase transition, the two oxygen atoms to which 196 

the H2O molecule is H-bonded move out of the plane. This motion causes the H2O molecule to 197 

rotate slightly in order to remain H-bonded to these closest acceptors (Figure 2b). For 198 

reference, the H2O molecule in the isostructural mineral bartelkeite 199 

(PbFeGeVI(Ge2
IVO7)(OH)2·H2O) shows the same change in orientation (Origlieri et al., 2012). 200 

Importantly, the distances between O5 and the two O4 atoms change by the same amount, 201 

demonstrating that neither acceptor becomes closer across the transition, and hence the H2O 202 

molecule remains symmetrically oriented, and disordered. The H-bonding environment of the 203 

H2O molecule does become more complex in monoclinic lawsonite (Figure 2a). This is due to O2 204 

splitting into the separate sites O2A and O2B, which creates two different, longer donor-205 

acceptor lengths from the O5 water atom to O2A and O2B in monoclinic lawsonite. At 9.7 GPa, 206 

these two oxygen atoms are still far enough away (>3.0 Å), that they are expected to only form 207 

weak (if any) hydrogen bonds.  208 
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Thus, our single-crystal data do not provide any evidence that the H2O molecule 209 

becomes ordered in monoclinic lawsonite. Our refined H2O position in monoclinic lawsonite is 210 

therefore likely an average position of the H2O molecule. A modest shift in orientation, but not 211 

ordering, is consistent with previous Raman and infrared spectroscopic investigations which 212 

indicate that the H-bonding environment of the H2O molecule does not change significantly 213 

under compression or across the orthorhombic to monoclinic phase transition (Scott and 214 

Williams 1999; Daniel et al. 2000). Moreover, ordering of the H2O molecule in lawsonite across 215 

its low-temperature phase transitions produces a discrete H-bonding environment for the H2O 216 

molecule, which is spectroscopically manifested by a decrease in the full width at half max 217 

(FWHM) of the O-H vibrational modes [Kolesov et al., 2008; Libowitzky, 2009]. Decreases in the 218 

FWHM of the O-H vibrational modes under compression is not observed, suggesting that the 219 

H2O molecule does not order under compression to at least 20 GPa [Scott and Williams, 1999; 220 

Daniel et al., 2000; Scott et al., 2007].  221 

3.3 Hydroxyls 222 

The hydroxyls in room temperature orthorhombic Cmcm lawsonite are also disordered 223 

[Libowitzky and Armbruster, 1995; Libowitzky, 2009]. In orthorhombic Cmcm lawsonite, the 224 

hydroxyls are located on the O4 oxygens in the small channel (Figure 1) and the hydroxyl is H-225 

bonded to two symmetrically equivalent O2 atoms (Figure 3a). At 9.3 GPa, the O4 to O2 226 

distance is 2.853(3) Å, and the hydrogen-bond angle between O4-H···O2 is ~132o. Interestingly, 227 

the cross channel distance (O4 to O4) and the O4 to O5 distances are both shorter (2.575 and 228 

2.671 Å, respectively) than the O4 to O2 distance. The hydrogen bond might be expected to be 229 

oriented towards the closest acceptor, which in lawsonite at room pressure and temperature is 230 
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the O4 atom. However, H-H repulsion between the hydroxyls likely prevents them from being 231 

oriented/hydrogen-bound out into the small channel at the same time, or flipping towards the 232 

O5 oxygen (assuming that the orientation of the H2O molecule does not change). At 9.3 GPa, 233 

the configuration of the hydroxyls changes slightly from ambient pressures, and our refined 234 

positions place the hydroxyl H-atoms out into the small channel. Since this is an average 235 

position for the hydroxyl H-atoms, this shift indicates that the H-bonding across the small 236 

channel has increased under compression to 9.3 GPa. This change is consistent with the 237 

hydroxyls becoming more delocalized, and hence more disordered: the shift of hydroxyls into 238 

the channel is not surprising since the cross-channel distance decreases by ~0.13 Å to 9.3 GPa, 239 

and this behavior may be precursory to the high-pressure phase transition. The refined H-H 240 

distance at 9.3 GPa is too close (at ~1.09 Å), and there may be cooperative motion between the 241 

hydroxyl units, with both being unlikely to be H-bonded out in the channel simultaneously due 242 

to H-H repulsion. 243 
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 244 

Figure 3. Hydroxyl H-bonding environment of (a) orthorhombic lawsonite at 9.3 GPa, and (b) 245 

monoclinic lawsonite at 9.7 GPa. Note that the hydroxyls in monoclinic lawsonite re-orient 246 

towards the closest acceptor (O2B). Dotted lines indicate H-Bonds and dashed lines are 247 

distance between hydroxyl oxygen and O2 or O2A or B. Atom colors are the same as Figure 1, in 248 

panel (b) Al1b is shown in light pink (top octahedral site).  249 

In the high-pressure monoclinic phase, O2orth splits into O2Amono and O2Bmono [Pawley 250 

and Allan, 2001; Liebscher et al., 2010] which gives rise to two different donor-acceptor 251 

distances from O4 to O2A and O2B (Figure 3b). At 9.7 GPa, the donor-acceptor distance from 252 

O4 to O2A and O2B is 2.917(11) Å and 2.733(38) Å respectively. The hydroxyl is observed to 253 

reorient towards the O2B atom (Figure 3b), and the angle between O5-H···O2B is ~148°, while 254 

between O5-H···O2A, it is ~118o. It should be noted that these unusual hydrogen bond angles 255 

are strongly indicative of dynamic disorder [Brown, 1976]. This re-orientation minimizes the H-256 
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H repulsion between the two H-atoms of the hydroxyls that reside in the same channel. The 257 

observed orientation of the hydroxyls in monoclinic lawsonite is similar to that observed in the 258 

Pb-Ge lawsonite-like monoclinic phase bartelkeite. In bartelkeite, the hydroxyls are oriented 259 

towards the closer acceptor O2B and engaged in one strong H-bond and one weak H-Bond 260 

[Origlieri et al., 2012]. As in orthorhombic lawsonite, H-H repulsion in monoclinic lawsonite 261 

likely prevents the re-orientation of both hydroxyls out into the channel, and H-H repulsion 262 

likely increases under compression to ~9.3 GPa.  263 

As with the H2O molecule, our single-crystal data provide no evidence that hydroxyls 264 

become ordered in monoclinic lawsonite. From a vibrational spectroscopic perspective, changes 265 

in the H-bonding environment of the hydroxyls are the primary manifestation of the 266 

orthorhombic to monoclinic phase transition (e.g. Scott and Williams, 1999; Daniel et al., 2000; 267 

Scott et al., 2007). Scott and Williams (1999) report that the pressure shifts of both of the 268 

infrared hydroxyl stretching vibrations change near 9.0 GPa, with one of them beginning to shift 269 

negatively above ~9.0 GPa. Their interpretation was that changes in O-O distances primarily 270 

control the behavior of the hydroxyls in orthorhombic lawsonite, whereas changes in O-H···O 271 

angles primarily control the behavior of the hydroxyls in monoclinic lawsonite. For comparison, 272 

the Raman active OH stretching modes initially shift positively, but also shift negatively on the 273 

transition to the high-pressure phase of lawsonite (Daniel et al. 2000). High-pressure far 274 

infrared spectra show that a new band near 368 cm-1 appears in the monoclinic phase of 275 

lawsonite, which is likely produced by librational motion of the OH groups and indicates that 276 

the OH environment changes in monoclinic lawsonite [Scott et al., 2007]. Thus, previous 277 

spectroscopic investigations are in full accord with our single-crystal refinement in showing that 278 
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the H-bonding environment of the hydroxyls becomes more complex in monoclinic lawsonite. 279 

Indeed, our single crystal structural refinement of monoclinic lawsonite show that the hydroxyls 280 

re-orient in monoclinic lawsonite, and that the disordered hydroxyl positions in monoclinic 281 

lawsonite include displacements along the c-axis of the crystal structure. 282 

4. Mechanism of high-pressure phase transition 283 

 Previously the phase transition mechanism was described as a shearing of the structure 284 

that opens up the monoclinic β angle (Daniel et al. 2000, Pawley and Allan 2001). Daniel et al. 285 

(2000) propose that the phase transition is ferroelastic in nature, and that it is driven by shear. 286 

Pawley and Allan (2001) state that shearing parallel to the AlO6 octahedral chains breaks the 287 

symmetry of the Al-O2-Si angles, doubles their numbers, and opens up the monoclinic β angle. 288 

Our data indicate that the orthorhombic to monoclinic phase transition between 9.3 and 9.7 289 

GPa is neither driven by a change in coordination number of the Ca cation nor by a noticeable 290 

shearing of the structural framework. Instead, it is driven by an instability of the O1 atom due 291 

to an increase in compressional strain (overbonding) of O1. 292 

 Here we use the bond valence model [Brown, 2002] to quantitatively analyze the 293 

lawsonite high-pressure phase transition. In this model, bond valences describe the strength of 294 

a bond and are uniquely related to bond lengths through the relationship 295 

Sij = exp(R0 – Rij/b)      (1) 296 

with Sij representing the bond valence between atoms i and j, Rij the respective bond length and 297 

R0 and b empirically determined atom-pair specific constants. For a given bond topology (i.e. 298 

the connectivity of the cations and anions in the compound), each bond has a unique bond 299 

valence (and thus bond length) defined by the two network equations: 300 
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 301 

𝑉𝑖 = ∑ 𝑆𝑖𝑗𝑗   (2) Valence sum rule 302 

0 = ∑ 𝑆𝑖𝑗𝑙𝑜𝑜𝑝   (3) Equal valence rule 303 

Equation 2 states that the sum of all bond valences converging on any cation or anion is equal 304 

to the absolute value of the atom’s valence. Equation 3 requires the sum of all bond valences 305 

along any given topologic loop in the structure to be zero, assuming bond valences to be 306 

positive when looping from cation to anion, and negative when moving within the loop from 307 

anion to cation. This equation formalizes the requirement that bond valences should be 308 

distributed with the highest possible symmetry around any atom (Pauling’s principle of 309 

parsimony Pauling, 1929). The network equations predict bond valences and thus bond lengths 310 

based on the bond topology. Mapping a given bond topology into 3-dimensional space leads in 311 

a general case to conflicting requirements due to mismatched dimensions of unstrained 312 

structural units. Therefore, comparing the bond valences predicted by the network equations 313 

with actually observed bond valences helps to understand where a given structure is strained 314 

due to steric mismatches and what limits its stability and thus drives observed phase 315 

transitions. The main conclusions of this analysis are that the observed details of the Lawsonite 316 

structure and its phase transition are controlled by the size mismatch of the Ca cation and its 317 

site on the one hand and the intrinsic overbonding of the bridging oxygen O1 on the other hand 318 

(Figure 5). A more detailed discussion can be found in the supplementary material.    319 

 The pressure evolution of the Ca-O bonds (Figure 4) is observed within a group of fairly 320 

strong (sij > 0.2 v.u.) bonds (Ca-O1, Ca-O2, Ca-O5). In this group, the Ca-O bonds linked to the 321 

aluminosilicate framework show a general strengthening trend while O5, linked only to Ca and 322 



18 
 

the H2O molecule stays more or less constant in strength. Across the phase transition, the Ca-323 

O1 bonds strengthen only slightly, while the 4 Ca-O2 bonds weaken. These 6 Ca-O bonds are 324 

clearly differ in strength from the Ca-O3 bond which is not only much weaker (sij < 0.1) than Ca-325 

O1, Ca-O2 and Ca-O5 but also does not change significantly with increasing pressure up to and 326 

across the phase transition. Therefore, there is no physical rationale to propose anything other 327 

than 6-fold coordination for Ca at all pressures probed, and across the phase transition. The Ca 328 

site also becomes markedly distorted across the transition, see supplementary Table S1 for the 329 

calculated distortion parameters for the Si, Al and Ca sites in lawsonite as a function of 330 

pressure.  The general topology of the lawsonite structure remains unchanged across the phase 331 

transition. Indeed, when comparing the orthorhombic and monoclinic structures, it is visually 332 

difficult to discern any difference (Figure S1). At 9.3 GPa, the angle of what will become the 333 

monoclinic -angle in the orthorhombic structure is 123.66°: this changes to only 124.47° 334 

across the phase transition. The largest atomic shifts from 9.3 to 9.7 GPa are observed for O1 335 

and O5 (Table 2). Their shift vectors are almost parallel (angle ~ 1.6°) and lie in the monoclinic 336 

a-c plane. 337 
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 338 

Figure 4. Bond valences and their evolution with pressure for the Ca-O bonds. Note the 339 
clustering of the O1, O2 and O5 bonds around 0.25 v.u. while O3 is separated from this group 340 
with values below 0.08 v.u. There is also a lack of any significant change of the Ca-O3 bond with 341 
increasing pressure. This strongly suggests that the Ca in lawsonite remains 6 coordinated up 342 
and across its phase transition between 9.3 and 9.7 GPa. 343 
 344 

   9.3 GPa Ortho_
MonoSetting

  9.7 GPa Mono  Shift (Å)  

Ca  0.3374 0.75 0.6687 0.3386 0.75 0.6795 0.058 

Al1A  0.5 0 0.5 0.5 0 0.5 0 

Al1B 0.5 0 0 0.5 0 0 0 

Si  -0.0410 0.1335 0.9795 -0.0377 0.1342 0.9866 0.035 

O1  0.8920 0.75 0.946 0.8885 0.75 0.9150 0.167 

O2A 0.7514 0.1191 0.6452 0.7525 0.1211 0.6488 0.031 
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O2B 0.7514 0.3808 0.1062 0.7653 0.3851 0.1182 0.080 

O3  0.2716 0.0624 0.1358 0.2750 0.0630 0.1358 0.019 

O4  0.2674 0.0488 0.6337 0.2733 0.0512 0.6319 0.048 

O5  0.7732 0.75 0.3866 0.7661 0.75 0.338 0.25 

 345 
Table 2: Comparison of atomic shifts across the phase transition between 9.3 and 9.7 GPa. The 346 
orthorhombic coordinates at 9.3 GPa were transformed into the monoclinic reference system 347 
using the transformation matrix 348 

[
0 2 0
0 0 1
1 1 0

] . The shift was calculated using the monoclinic 9.7 GPa cell parameters. 349 

 The lawsonite structure exhibits a peculiar pattern of internal strains at ambient 350 

conditions. This is plotted together with its pressure evolution in Figure 5 as a relative deviation 351 

of the bond valence sum from the ideal value. Disregarding the less-well-determined O-H bonds 352 

linked to O4 and O5, we find a tensional strain (underbonding) for Ca, O2 and O3 and high 353 

compressional strain (overbonding) for O1. Si and Al are well within the ‘comfort zone’ of ± 5 % 354 

deviation from ideal bonding. The overall tensile strain in the lawsonite structure at ambient 355 

pressure is not surprising given that it is a mineral stabilized at high pressure. The peculiar 356 

situation of O1 can be understood in terms of its role as the bridging oxygen in the Si2O7 group. 357 

Being coordinated to two Si atoms with ideal bond valences of 1.0 v.u. for each bond, saturates 358 

the bond valence requirements of O1 (i.e. 2.0). Its additional somewhat forced coordination to 359 

Ca leads to the observed overbonding. The application of pressure moves the underbonded 360 

atoms into the ideal bonding comfort zone while the overbonding of O1 becomes more 361 

pronounced. Finally at 9.3 GPa, O1 is overbonded by 20%, which is often viewed as the limit for 362 

structural stability [Brown, 2002]. At this pressure all cations are slightly overbonded as well. 363 

We regard the massive overbonding of O1 as the driving force of the ensuing phase transition 364 

between 9.3 and 9.7 GPa, particularly as the phase transition leads to a substantial decrease in 365 
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the overbonding of O1. Hence, the O1 atom plays the villain in the high-pressure orthorhombic 366 

to monoclinic phase transition.  367 

 368 

Figure 5. Relative deviation of observed bond valence sums (Sij) from their ideal values (i.e. 369 
absolute values of atomic valence (Vi)). The grey shaded area is regarded as a “comfort zone” 370 
for the internal strain in an extended crystal structure. 371 
 372 
 The reduction of overbonding is mainly achieved by a slight lengthening (i.e. weakening) 373 

of the two O1-Si bonds at the O1 atom. In order to achieve this, O1 moves off the mirror/glide 374 

planes, which reduces the point group symmetry from 2/m 2/m 2/m to . 2/m ., and hence the 375 

orthorhombic to monoclinic phase transition occurs. The shift of O1 away from the 376 

orthorhombic c-glide plane is by approximately 0.24 Å roughly parallel to the b-axis. This shift of 377 

the Si2O7 bridging oxygen leads to a slight rotation of the rigid SiO4 tetrahedra, which in turn 378 

leads to a twisting of the octahedral chain, to which they are attached, away from a straight 379 
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edge-connected chain (Figure 6). This twisting leads to a splitting of both, the Al cation and O2 380 

anion through the loss of C centering. Nevertheless, the individual atomic shifts are quite small 381 

(Table 2). Thus, the net effect of the phase transition is to remove a topologically-induced 382 

overbonding via a relatively modest deformation, and it is this deformation that likely allows 383 

the monoclinic lawsonite phase to be stable at pressures above ~9.5 GPa.  384 

 385 

Figure 6. Illustration of the O1 shift off the mirror/glide planes. The plane defined by Si-O1 and 386 
O3 at the two SiO4 tetrahedra tilts at O1 by an angle of ~ 9°. The shift in distances of the 387 
individual atoms are given in Table 2. 388 
 389 
5. Geophysical Implications 390 

Notably, lawsonite has been observed to be stable to pressures as high as 14 GPa at 391 

temperatures of ~600°C, which represent conditions encountered in cold subduction 392 

environments [Pawley, 1994]. Our results have implications for the anisotropy, crystal 393 

structure, and phase transitions of lawsonite as it is subducted to depth within meta-basalts in 394 

Earth’s mantle. In particular, lawsonite compresses nearly isotropically up to the ~9.3 GPa 395 

phase transition, confirming previous inferences from polycrystalline diffraction (Im and Lee, 396 
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2016): thus, the level of compressional wave anisotropy in lawsonite is likely to remain 397 

relatively constant under compression [Boffa Ballaran and Angel, 2003; Fujimoto et al., 2010; 398 

Chantel et al., 2012].  We do not observe a previously reported transition from orthorhombic C 399 

to orthorhombic P symmetry near 4.0 GPa, nor at pressures higher than 4.0 GPa, and lawsonite 400 

undergoes only one phase transition, from orthorhombic to monoclinic symmetry near 9.5 GPa, 401 

under compression to ~10.0 GPa.  402 

Across the transition, the Ca site becomes markedly distorted (Table S1), O2 splits into 403 

two separate oxygen sites, O2A and O2B, and Al1 splits into two octahedral sites, Al1A and Al1B 404 

, and the disordered hydroxyls become more delocalized, and their distribution shifts along the 405 

c-axis. The shifts in distortion, numbers of sites, and increased delocalization documented here 406 

each imply that monoclinic lawsonite is a higher entropy phase than orthorhombic lawsonite 407 

(e.g. ΔSortho-mono is positive), which is consistent with a previous inference of Liebscher et al. 408 

(2010) based on the Sr-analogue of lawsonite. Pawley and Allan (2001) proposed a positive 409 

Clapeyron slope for this transition (and hence lower entropy for the high pressure phase), but 410 

ultimately concluded that “a negative slope cannot be ruled out.” Our structural solutions of 411 

the high-pressure phase show that the volume change ΔVortho-mono is small and negative, 412 

consistent with previous studies of Daniel et al. (2000), Pawley and Allan (2001), and Boffa 413 

Ballaran and Angel (2003). 414 

 Hence, monoclinic lawsonite is expected to occur at lower pressures than its ~9.5 GPa 415 

pressure of occurrence at 300 K, within warmer subduction zone environments. Given the 416 

expectation that the Cmcm-P21/m transition has a negative slope, the high-pressure monoclinic 417 

phase of lawsonite is expected to exist in meta-basalt assemblages in cold subduction 418 
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environments approaching and exceeding 300 km in depth, barring any undocumented high-419 

temperature polymorphism. Notably, the stability field of lawsonite in the CASH system was 420 

determined from the analysis of high-pressure run products (e.g., Schmidt and Poli, 1994), and 421 

the phase of lawsonite in situ in these experiments is not known. Even if the Clapeyron slope of 422 

the transition is close to flat, there is still a large pressure and temperature range where 423 

monoclinic lawsonite would be stable within cold subduction environments (Figure 7). Hence, 424 

we expect that this modestly distorted form of lawsonite is a major carrier of water to depths 425 

approaching the transition zone, and is of key importance in transporting water into the deep 426 

upper mantle. 427 

 428 
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Figure 7. Possible slopes for the Cmcm to P21/m phase transition. The negative slope is 429 

constrained by the grey region. Grey region represents the stability field of Cmcm lawsonite 430 

determined in situ [Comodi and Zanazzi, 1996; Pawley et al., 1996; Chinnery et al., 2000; Grevel 431 

and Nowlan, 2000; Pawley and Allan, 2001]. The positive slope is constrained by data from 432 

Pawley and Allan (2001). The arrow with the question mark represents the P & T regime that 433 

the phase transition could occur based on all the available data. Hypothetical slab pressure-434 

temperature paths from [Ono, 1998]. Lawsonite stability in CASH system, solid black line 435 

[Newton and Kennedy, 1963; Pawley, 1994; Schmidt and Poli, 1994]. Figure modified after 436 

Liebscher et al. (2010). 437 

The distorted Ca site and multiple Al-sites of monoclinic laswonite also have implications 438 

for the geochemical partitioning behavior of elements at depth and during dehydration. 439 

Halogen partitioning in subducting slabs is complex, and lawsonite does incorporate trace 440 

amounts of F, Cl, Br, and I [Pagé et al., 2016]. Indeed, upon apatite decomposition at ~200 km, 441 

F has been proposed to be sequestered in lawsonite and phengite [Pagé et al., 2016]. Thus, 442 

lawsonite and phengite represent two of the few minerals that may transport F to depths 443 

greater than 200 km. The increased H-H repulsion in the monoclinic phase of lawsonite raises 444 

the energy associated with the hydroxyl substitution, which could increase the solubility of F in 445 

monoclinic lawsonite. This H-H repulsion could lead to destabilization of monoclinic lawsonite 446 

at high-pressures and temperatures. Hence, F substitution into monoclinic lawsonite would 447 

likely stabilize this structure since it would remove the H-H repulsion [Williams 1992]. 448 

Speculatively, monoclinic lawsonite may, within cold subduction zones, be a significant means 449 

of transport of F to depth, which could contribute to the high F content observed in deep 450 

mantle, subduction-associated magmas [Paul et al., 1976; Kendrick et al., 2015]. Ultimately, if 451 

the transition zone functions as an F repository (e.g., Roberge et al., 2015), monoclinic 452 

lawsonite could be a primary mechanism through which F is transported to depths close to this 453 

region of the planet.  454 
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The monoclinic phase is anticipated to impact lawsonite stability and the manner in 455 

which lawsonite dehydrates in subduction zones. Our single crystal structure shows that the H-456 

bonding environment of the H2O molecule changes across the transition in a manner that 457 

stabilizes the average position of the molecule across the transition. With respect to the 458 

hydroxyls, they re-orient slightly towards the closer acceptor (O2B), which changes their 459 

average position along the c-axis. This, combined with the rotation of the H2O molecule in the ± 460 

c-direction, suggests that the electrical conductivity via proton mobility of the monoclinic phase 461 

may be enhanced along the c-direction. It should be noted that the strength of H-bonding the 462 

monoclinic lawsonite increases as pressure increases [Scott and Williams, 1999; Daniel et al., 463 

2000]. However, an increase in proton delocalization would likely dominate over the increase in 464 

H-bonding strength which would result in an increase in electrical conductivity. Our single 465 

crystal data provides the first evidence of reorientations of the H2O molecules and hydroxyls 466 

across the orthorhombic to monoclinic lawsonite phase transition. These re-orientations could 467 

also be relevant to the detailed dehydration mechanism of lawsonite, which is currently poorly 468 

understood. The actual mechanism of lawsonite dehydration is important, since it has been 469 

suggested that lawsonite dehydration could directly trigger earthquakes in subducting oceanic 470 

crust [Okazaki and Hirth, 2016; Incel et al., 2017]. The relative bonding environments of the 471 

water molecules and hydroxyl units indicate that the dehydration of monoclinic lawsonite could 472 

be a multi-stage process that commences with the hydroxyls, as they are both significantly 473 

more disordered in monoclinic lawsonite, and in relatively close proximity to one another. 474 

Hence, relative to the stabilized position of the water molecule in the monoclinic phase, the 475 

hydroxyl units may be more prone to being destabilized within monoclinic lawsonite. 476 



27 
 

Acknowledgements 477 

 We acknowledge A. Pawley for helpful comments which improved the quality of this 478 

manuscript. We thank S. Teat for experimental help with the ambient single crystal 479 

measurements on beamline 11.3.1. Work partially supported by NSF through EAR-1215745 and 480 

-1620423, and COMPRES under NSF Cooperative Agreement EAR 11-57758. The Advanced Light 481 

Source is supported by the Director, Office of Science, Office of Basic Energy Sciences, of the 482 

U.S. Department of Energy under Contract No. DE-AC02-05CH11231. All data for this 483 

manuscript can be found in the manuscript or the supplementary material. 484 

References 485 

Baur, W. H. (1978), Crystal structure refinement of lawsonite, Am. Mineral., 63(Table 2), 2–6. 486 

Boehler, R., and K. De Hantsetters (2004), New anvil designs in diamond-cells, High Press. Res., 487 
24(3), 391–396, doi:10.1080/08957950412331323924. 488 

Boffa Ballaran, T. B., and R. J. Angel (2003), Equation of state and high-pressure phase 489 
transitions in lawsonite, Eur. J. Mineral., 15(2), 241–246, doi:10.1127/0935-490 
1221/2003/0015-0241. 491 

Brown, I. D. (1976), On the Geometry of O-H...O Hydrogen Bonds, Acta Cryst, 32, 24–31. 492 

Brown, I. D. (2002), The chemical bond in inorganic chemsitry, Oxford University Press. 493 

Chantel, J., M. Mookherjee, and D. J. Frost (2012), The elasticity of lawsonite at high pressure 494 
and the origin of low velocity layers in subduction zones, Earth Planet. Sci. Lett., 349–350, 495 
116–125, doi:10.1016/j.epsl.2012.06.034. 496 

Chinnery, N., A. Pawley, and S. Clark (2000), The equation of state of lawsonite to 7 GPa and 497 
873 K, and calculation of its high pressure stability, Am. Mineral., 85, 1001–1008. 498 

Comodi, P., and P. F. Zanazzi (1996), Effects of temperature and pressure on the crystal 499 
structure of lawsonite, Am. Mineral., 81, 833–841. 500 

Daniel, I. S., G. U. Fiquet, P. H. Gillet, M. A. X. W. Schmidt, M. I. Hanfland, and F.- Villeurbanne 501 
(2000), High-pressure behaviour of lawsonite: a phase transition at 8.6 GPa, Eur. J. 502 
Mineral., 12(4), 721–733, doi:10.1127/0935-1221/2000/0012-0721. 503 

Dobrzhinetskaya, L. F., and H. W. Green (2007), Experimental studies of mineralogical 504 
assemblages of metasedimentary rocks at Earth’s mantle transition zone conditions, J. 505 
Metamorph. Geol., 25(2), 83–96, doi:10.1111/j.1525-1314.2007.00694.x. 506 



28 
 

Domanik, K. J., and J. R. Holloway (1996), The stability and composition of phengitic muscovite 507 
and associated phases from 5.5 to 11 GPa: Implications for deeply subducted sediments, 508 
Geochim. Cosmochim. Acta, 60(21), 4133–4150, doi:10.1016/S0016-7037(96)00241-4. 509 

Fujimoto, Y. et al. (2010), P-wave velocity and anisotropy of lawsonite and epidote blueschists: 510 
Constraints on water transportation along subducting oceanic crust, Phys. Earth Planet. 511 
Inter., 183(1–2), 219–228, doi:10.1016/j.pepi.2010.09.003. 512 

Grevel, K., and E. Nowlan (2000), In situ X-ray diffraction investigation of lawsonite and zoisite 513 
at high pressures and temperatures, Am. Mineral., 85(1996), 206–216. 514 

Incel, S., H. Nadege, L. Labrousse, D. Deldicque, T. Ferrand, Y. Wang, J. Renner, L. Morales, and 515 
A. Schubnel (2017), Laboratory earthquakes triggered during eclogitization of lawsonite 516 
bearing blueschist, Earth Planet. Sci. Lett., 459, 320–331, doi:10.1016/j.epsl.2016.11.047. 517 

Kendrick, M. A., M. G. Jackson, E. H. Hauri, and D. Phillips (2015), The halogen (F, Cl, Br, I) and 518 
H2O systematics of Samoan lavas: Assimilated-seawater, EM2 and high-3He/4He 519 
components, Earth Planet. Sci. Lett., 410, 197–209, doi:10.1016/j.epsl.2014.11.026. 520 

Klotz, S., J.-C. Chervin, P. Munsch, and G. Le Marchand (2009), Hydrostatic limits of 11 pressure 521 
transmitting media, J. Phys. D. Appl. Phys., 42, 75413. 522 

Kolesov, B. A., G. A. Lager, and A. J. Schultz (2008), Behaviour of H2O and OH in lawsonite: a 523 
single-crystal neutron diffraction and Raman spectroscopic investigation, Eur. J. Mineral., 524 
(20), 63–72, doi:10.1127/0935-1221/2008/0020-1781. 525 

Libowitzky, E. (2009), Comment on “‘Behaviour of H2O and OH in lawsonite : a single-crystal 526 
neutron diffraction and Raman spectroscopic investigation’” by B.A. Kolesov et al., Eur. J. 527 
Mineral., 21(July), 915–918, doi:10.1127/0935-1221/2009/0021-1958. 528 

Libowitzky, E., and T. Armbruster (1995), Low-temperature phase transitions and the role of 529 
hydrogen bonds in lawsonite, Am. Mineral., 80(1978), 1277–1285. 530 

Liebscher, A., G. Dörsam, G. Franz, B. Wunder, and M. Gottschalk (2010), Crystal chemistry of 531 
synthetic lawsonite solid-solution series CaAl 2[(OH)2/Si2O7]·H2O-SrAl2[(OH)2/Si2O 532 
7]·H2O and the Cmcm-P21/m phase transition, Am. Mineral., 95(5–6), 724–735, 533 
doi:10.2138/am.2010.3220. 534 

Mao, H. K., J. A. Xu, and P. M. Bell (1986), Calibration of the Ruby Pressure Gauge to 800 kbar 535 
Under Quasi-Hydrostatic Conditions, J. Geophys. Res., 91, 4673–4676. 536 

Meyer, H.-W., S. Marion, P. Sondergeld, M. Carpenter, K. Knight, S. Redfern, and M. Dove 537 
(2001), Displacive components of the low-temperature phase transitions in lawsonite, Am. 538 
Mineral., 86, 566–577. 539 

Newton, R. C., and G. C. Kennedy (1963), Some Equilibrium Reactions in the Join CaAI2Si2O8-540 
H2O, J. Geophys. Res., 68(68), 2967–2983. 541 

Okazaki, K., and G. Hirth (2016), Dehydration of lawsonite could directly trigger earthquakes in 542 
subducting oceanic crust., Nature, 530(7588), 81–4, doi:10.1038/nature16501. 543 



29 
 

Ono, S. (1998), Stability limits of hydrous minerals in sediment and mid-ocean ridge basalt 544 
compositions: Implications for water transport in subduction zones, J. Geophys. Res., 545 
103(B8), 18253, doi:10.1029/98JB01351. 546 

Origlieri, M. J., H. Yang, R. T. Downs, E. S. Posner, K. J. Domanik, and W. W. Pinch (2012), The 547 
crystal structure of bartelkeite, with a revised chemical formula, 548 
PbFeGeVI(Ge2IVO7)(OH)2·H2O, isotypic with high-pressure P21/m lawsonite, Am. 549 
Mineral., 97(10), 1812–1815, doi:10.2138/am.2012.4269. 550 

Pagé, L., K. Hattori, J. C. M. de Hoog, and A. I. Okay (2016), Halogen (F, Cl, Br, I) behaviour in 551 
subducting slabs: A study of lawsonite blueschists in western Turkey, Earth Planet. Sci. 552 
Lett., 442, 133–142, doi:10.1016/j.epsl.2016.02.054. 553 

Parsons, S. (2010), ECLIPSE - Program for masking high-pressure diffraction images and 554 
conversion between CCD image formats, 555 

Paul, D. K., F. Buckley, and P. H. Nixon (1976), Fluorine and chlorine geochemistry of 556 
kimberlites, Chem. Geol., 17(C), 125–133, doi:10.1016/0009-2541(76)90026-7. 557 

Pauling, L. (1929), The principles determining the structure of complex ionic crystals, J. Am. 558 
Chem. Soc., 51, 1010–1026. 559 

Pawley, A. (1994), The pressure and temperature stability limits of lawsonite: implications for 560 
H2O recycling in subduction zones, Contrib. to Mineral. Petrol., 99–108. 561 

Pawley, A., S. Redfern, and T. Holland (1996), Volume behavior of hydrous minerals at high 562 
pressure and temperature: I. Thermal expansion of lawsonite, zoisite, clinozoisite, and 563 
diaspore, Am. Mineral., 81, 335–340. 564 

Pawley, A. R., and D. R. Allan (2001), A high-pressure structural study of lawsonite using angle-565 
dispersive powder-diffraction methods with synchrotron radiation, Mineral. Mag., 566 
65(February), 41–58, doi:10.1180/002646101550118. 567 

Ransome, F. L. (1895), On lawsonite, a new rock-forming mineral from the Tiburon Peninsula, 568 
Marin County, Univ. California, Dep. Geol. Sci. Bull, 1, 301–312. 569 

Schmidt, M. W., and S. Poli (1994), The stability of lawsonite and zoisite at high pressures: 570 
Experiments in CASH to 92 kbar and implications for the presence of hydrous phases in 571 
subducted lithosphere, Earth Planet. Sci. Lett., 124(1–4), 105–118, doi:10.1016/0012-572 
821X(94)00080-8. 573 

Schmidt, M. W., and S. Poli (1998), Experimentally based water budgets for dehydrating slabs 574 
and consequences for arc magma generation, Earth Planet. Sci. Lett., 163(1–4), 361–379, 575 
doi:10.1016/S0012-821X(98)00142-3. 576 

Scott, H. P., and Q. Williams (1999), An infrared spectroscopic study of lawsonite to 20 GPa, 577 
Phys. Chem. Miner., 26(6), 437–445, doi:10.1007/s002690050206. 578 

Scott, H. P., Z. Liu, R. J. Hemley, and Q. Williams (2007), High-pressure infrared spectra of talc 579 
and lawsonite, Am. Mineral., 92(11–12), 1814–1820, doi:10.2138/am.2007.2430. 580 



30 
 

Sheldrick, G. M. (2008), A short history of SHELX., Acta Crystallogr. A., 64(Pt 1), 112–22, 581 
doi:10.1107/S0108767307043930. 582 

Williams, Q. (1993). A vibrational spectroscopic study of hydrogen in high pressure mineral 583 
assemblages. High-Pressure Research: Application to Earth and Planetary Sciences, 289-584 
296. 585 

Vitale Brovarone, A., and O. Beyssac (2014), Lawsonite metasomatism: A new route for water 586 
to the deep Earth, Earth Planet. Sci. Lett., 393, 275–284, doi:10.1016/j.epsl.2014.03.001. 587 

 588 




