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abstraCt

The structure of antigorite (m = 17) has been studied by density functional theory from 0 to 30 GPa. 
The fourth-order Birch-Murnaghan equation of state fit of the thermally corrected LDA results yields 
an equilibrium volume (V0 = 2853.13 Å3), bulk modulus (K0 = 64.6 GPa), and its pressure derivative 
(K0′ = 6.94) in good agreement with experimental results. Two changes in compression mechanism 
occur at 6.1 and 20.5 GPa, individuating three pressure ranges: (1) in the low-pressure range, the an-
tigorite wave flattens and the interlayer thickness decreases rapidly; (2) in the intermediate-pressure 
range, in-plane rotations of tetrahedra (ditrigonalization) and then wave-bending become the domi-
nant compression mechanisms; (3) in the extreme-pressure range, the mechanism of wave-bending 
becomes prevalent. The first change reveals the origin of softening found experimentally near 6 GPa: 
the change in compression mechanism occurs after the minimal mismatch between T- and O-sheets is 
achieved and is accompanied by an apparent symmetry breaking: accidental degeneracies of structural 
parameters between short and long halfwaves are lifted, including T-sheet thicknesses and Si-O bond 
lengths. In the extreme-pressure range, Si-O-Si angles decrease below 122°, which may be the origin 
of amorphization found experimentally at similar pressure.
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introduCtion

Containing up to 12–13% water and stable to depths of per-
haps 150–200 km in very cold subducting slabs, antigorite is the 
most hydrated mineral subducted into the mantle. Its dehydration 
may be one major cause for mantle wedge hydration and partial 
melting processes (Ulmer and Trommsdorff 1995; Tonarini et 
al. 2007), as well as for deep focus earthquakes (Peacock 2001; 
Dobson et al. 2002; Yamasaki and Seno 2003).

Antigorite is a 1:1 sheet silicate of the serpentine group, with 
ideal formula Mg3Si2O5(OH)4. It forms a wavy structure in which 
the tetrahedral sheet switches polarity periodically. It is struc-
turally related to lizardite, the flat serpentine polymorph, and 
chrysotile, which forms cylindrical tubes (Wicks and O’Hanley 
1988). While lizardite and chrysotile forms pseudomorphic 
textures after hydrothermal alteration of olivine and pyroxenes, 
antigorite is considered the prograde serpentine mineral, stable 
up to 600–700 °C and 6–7 GPa (Bose and Ganguly 1995; Ulmer 
and Trommsdorff 1995; Wunder and Schreyer 1997). However, 
the reasons accounting for the different serpentine stability 
fields are not yet understood, and the origin of the structural 
corrugation is still matter of debate.

Because of its geological relevance, antigorite has been 
investigated under high-pressure conditions in the diamond-
anvil cell (DAC) by Raman (Auzende et al. 2004; Reynard 
and Wunder 2006) and infrared (IR) (Noguchi et al. 2012) 
spectroscopy; powder (Irifune et al. 1996; Hilairet et al. 2006a), 
and single-crystal (Nestola et al. 2009) X-ray diffraction (XRPD 

and SCXRD, respectively). Most of these studies find changes in 
the compression behavior at 6 GPa. However, the origin of this 
change in behavior is still unclear because recurrent structural 
defects affecting antigorite (e.g. Capitani and Mellini 2005), 
and the reduced data set resulting from a DAC experiment—the 
reciprocal space is partially hidden by the DAC apparatus—
frustrate structure refinement.

In this work, we overcome the experimental difficulties 
by exploiting theoretical methods based on density functional 
theory (DFT) to simulate the structural evolution of antigorite m 
= 17 under compression. The method has already been success-
fully employed on antigorite to complement biased experimental 
results (Capitani et al. 2009) and for elasticity (Mookherjee and 
Capitani 2011). To gain additional insight into the compres-
sion mechanism and pressure-induced amorphization, we have 
extended the study of antigorite well beyond its presumed ther-
modynamic stability limit, up to a pressure of ∼30 GPa. Results, 
including the predicted equation of state, lattice parameters, and 
internal structure parameters, reveal two changes in compres-
sion mechanism. Among these are mechanisms not previously 
recognized in silicates, such as wave-bending, that are important 
for understanding experimentally observed softening anomalies 
and the behavior of antigorite in Earth’s interior.

Methods
Static calculations were performed with the planewave pseudopotential 

method (Heine 1970) as implemented in the Vienna ab initio simulation package 
(VASP) (Kresse and Hafner 1993; Kresse and Furthmüller 1996a, 1996b), using 
ultrasoft Vanderbilt-type (Vanderbilt 1990; Kresse et al. 1992) pseudopotentials. 
We present results in the local density (LDA) and generalized gradient (GGA) * E-mail: giancarlo.capitani@unimib.it
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approximations (Lundqvist and March 1983; Perdew et al. 1996), focusing on the 
former as these yield superior agreement with experimental data.

The antigorite m = 17 polysome, monoclinic (Pm), with 194 atoms in the 
asymmetric unit (291 in the cell), is one of the most complex crystalline Earth 
materials ever studied at high pressure with theoretical methods. Room-pressure 
optimized structures from our previous results (Capitani et al. 2009) were used 
as an initial guess for further structural relaxations at compressed volumes 
(3000, 2900, 2800, 2700, 2600, 2500, 2400, 2300, and 2200 Å3). The structural 
relaxation scheme (Wentzcovitch 1991; Wentzcovitch et al. 1993) conserves the 
space group symmetry. All computations were performed in the primitive unit 
cell [291 atoms, i.e., one unit formula of Mg48Si34O85(OH)62]. We used an energy 
cutoff of 500 eV, and a Monkhorst-Pack (Monkhorst and Pack 1976) 1 × 2 × 2 
k-point mesh. Convergence tests with respect to the basis set size and Brillouin 
zone sampling were carried out at 600 eV cutoff on the basis set and 2 × 2 × 2 
k-point grid, yielding total energies and pressures that are converged within 0.6 
meV/atom and 0.4 GPa, respectively.

Static calculations do not include the effects of lattice vibrations. To compare 
our results more directly with room-temperature experiment, we use a Debye-
Grüneisen model (Ita and Stixrude 1992):

[ ]= + γ +P V T P V
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where Pstatic is the static pressure calculated from DFT, V is the volume of the unit 
cell, γ the Grüneisen parameter, and EZP and ETH are the energies due to zero-point 
motion and the thermal energy at 300 K, respectively, which depend on the Debye 
temperature θD (Panero and Stixrude 2004):
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where n is the number of atoms in the unit cell (291) and kB is the Boltzman constant 
(1.38⋅1023 J/K). Given the similarity of the antigorite structure with that of lizardite, 
we employed the same values of θD = 830 K and γ = 0.68, successfully tested for 
lizardite by Mookherjee and Stixrude (2009).

Our results were fit with the Birch-Murnaghan (Birch 1947) equation of state, 
which is based upon the Eulerian finite strain:
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Expansion to the fourth order in the strain (BM4) gives:
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A truncation to second order in energy (BM2), implies a fixed value of K0′ = 4 
(higher-order terms are ignored). The third-order truncation (BM3) yields an 
implied value of K0″ given by (Anderson 1995):

( )( )= − − − +





K
K

K K1 3 ' 4 ' 35
9

"0
0

0 0 . (6)

We determined the linear moduli (Kα) by fitting our theoretical lattice pa-
rameters as function of pressure, to linear finite strain expansions (Meade and 
Jeanloz 1990; Wentzcovitch and Stixrude 1997), assuming the compression to be 
pseudoorthogonal (Stixrude 2002):

= + ⋅α α α αF K m f  (7)
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where α = a, b, c⋅sinβ, are our determined lattice parameters as function of pres-
sure, mα is related to the pressure dependence of Kα, and fα is the Eulerian finite 
strain defined as:
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where α0 is the lattice parameter at zero pressure.

results

Equation of state
Bulk compressibility. Unit-cell parameters and volumes 

are reported in Table 1. The predicted cell volume up to 30 
GPa of antigorite m = 17 is shown in Figure 1, along with the 
experimental results on antigorite of Nestola et al. (2009), and 
the theoretical result on lizardite of Mookherjee and Stixrude 
(2009). LDA and GGA static results bracket the experimental 
result for antigorite.

The thermal correction leads to a zero-point motion contri-
bution of ∼0.9 GPa and to a thermal pressure contribution of 
∼0.3 GPa, for a total pressure correction to static results of ∼1.2 
GPa. Thermal corrections improve agreement between LDA 
and experiments and worsen that between GGA and experi-
ments. Further discussion on the antigorite structural evolution 
at high pressure will focus on LDA results only, if not differently 
specified.

To fit the data, the third-order (BM3) and the fourth-order 
(BM4) Birch-Murnaghan EoS were tested, analyzing the rela-
tive FE-fE plots (inset Fig. 1). Here, FE is the normalized stress 
defined as:

=
+

F P
f f3 (1 2 )E
E E

5 2 . (10)

Strong curvature in FE vs. fE space shows the importance of 
including a fourth order term in the Eulerian finite strain expan-
sion. Our finding that a third-order expansion is inadequate is 
consistent with that of Nestola et al. (2009), who however fit 
separate third EoS to low (P < 6 GPa) and high (P > 6 GPa) 
regimes. Instead we find that a fourth-order EoS can universally 
fit our results up to 30 GPa, a maximum pressure much greater 
than that achieved in the experiments.

The BM4 fit of thermally corrected LDA values yields V0 = 
2853.13 Å3, K0 = 64.55, and K0′ = 6.94, which compare nicely 
with V0 = 2913.99 Å3, K0 = 62.9, and K0′ = 6.1 from SCXRD-DAC 
experiments (Nestola et al. 2009) and other DAC experiments 
(Hilairet et al. 2006a; Bezacier et al. 2010; Table 2). The small 
differences are probably due to the approximations to the ex-
change and correlation functional, and are similar in magnitude 
to that found in other DFT studies on sheet silicates, such as talc 
(Stixrude 2002) and lizardite (Mookherjee and Stixrude 2009). 
Deviations between theory and experiments may also arise from 
the fact that in the present work we considered a perfect crystal, 
free of defects such as b/3 stacking disorder—always present 
even in the most ordered antigorite so far reported, i.e., Mg159 
Val Malenco specimens (Capitani and Mellini 2004, 2005)— 
and we did not consider the influence of Al and Fe substituent 
for Mg (and possibly Si), significant in the Almirez specimens 
(Padrón-Navarta et al. 2008) used in DAC experiments.
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Linear compressibility. The theoretical axis lengths agree 
with those determined experimentally by Nestola et al. (2009) 
to within 0.7, 0.5, and 0.9% for a, b, and c, respectively. Their 
relative compressibility is significantly anisotropic, with the 
compression behavior changing with pressure. The c parameter 
is initially the most compressible and b the stiffest. Above ∼6 
GPa, however, the c parameter becomes abruptly stiffer and 
comparatively less compressible than a (Fig. 2). The latter, 
moreover, records an abrupt softening at ∼20 GPa (inset Fig. 2).

Our predicted axial compressibilities have the ratio βa:βb:βc 
= 1.09:1.00:2.45 (Table 3), nearly identical to that found in 
power X-ray diffraction experiments by Hilairet et al. (2006a) 
(1.11:1.00:2.48), while other experimental values show a 
relatively softer c-direction. Brillouin scattering shows b more 

compressible than a in disagreement with our findings, as well 
as with those on talc (Stixrude 2002). Our predicted linear 
compressibility appears similar with that of lizardite calculated 
with the same method, βc:βa = 2.78 (Mookherjee and Stixrude 
2009), and with the theoretical results on antigorite elasticity of 
Mookherjee and Capitani (2011). Indeed, the compressibility 
along c in antigorite should be lower than in lizardite due to the 
presence of stiffer ionic bonds in the interlayer at reversal lines 
(Capitani and Mellini 2004, 2006). This seems confirmed, both 
experimentally and theoretically, also by the evolution of the 
along stacking compressibility with pressure (Fig. 2).

Interpolyhedral structural readjustment
Ditrigonal distortion. Ditrigonal distortion is an important 

compression mechanism, particularly in the intermediate and 
extreme pressure ranges. Tetrahedrdal rotation allows the T-sheet 
to maintain registry with the O-sheet on compression, and oc-
curs differently in the short and in the long halfwave and among 
reversal rings. In-plane rotation of tetrahedra is quantified by 
the average deviation of the tetrahedral rings (Fig. 3) from the 
perfect hexagonal configuration with an angle of 120° formed 
by triples of basal oxygen atoms:

2α = Σi〈|φi – 120|〉 (11)

where φi is the angle formed by triples of basal oxygen atoms. 
2α may assume values from 0 to 60°, the latter corresponding to 
the theoretical triangular shape, and it is labeled positive if the 
concerted tetrahedral movement brings the basal O atoms closer 
to the nearest octahedral atom and far away from the external 
hydroxyls, negative in the opposite case (Mellini 1982).

Our results show negative ditrigonal distortion and an in-
crease in tetrahedral rotation with increasing pressure (Fig. 4; 
Supplementary Table 41). A similar increase of the ditrigonal 
distortion with compression has been observed also in the mod-
eled compression of lizardite (Mookherjee and Stixrude 2009) 

Table 1. Unit-cell parameters at different pressures and unit-cell volumes
V (Å3) 3000 2922.326 2900 2800 2700 2600 2500 2400 2300 2200
PLD

stat
A

ic (GPa) –3.64 –2.67 –2.30 –0.09 3.10 6.80 11.41 16.76 21.90 28.88
PLD

300K
A  (GPa) –2.46 –1.49 –1.12 1.09 4.28 7.98 12.59 17.94 23.08 30.06

 a (Å) 43.5477 43.4049 43.3538 43.0688 42.6391 42.0698 41.4395 40.7481 39.9965 39.2680
 b 9.2727 9.2428 9.2341 9.1750 9.0923 8.9947 8.8849 8.7693 8.6823 8.5837
 c 7.4310 7.2858 7.2454 7.0871 6.9655 6.8713 6.7901 6.7165 6.6241 6.5305
 β (°) 91.19 91.17 91.11 91.02 90.92 90.61 90.26 89.97 89.12 88.12
PG

sta
GA

tic (GPa) 0.65 2.18 2.70 5.66 9.53 13.58 18.76 23.43 29.39 36.95
PG

30
GA

0K (GPa) 1.83 3.36 3.88 6.84 10.71 14.76 19.94 24.61 30.58 38.14
 a (Å) 43.7875 43.5974 43.5184 43.1098 42.6438 42.0237 41.4137 40.7168 39.9743 39.1933
 b 9.3207 9.2786 9.2661 9.1884 9.0969 8.9902 8.8807 8.7948 8.7009 8.6063
 c 7.3522 7.2255 7.1930 7.0700 6.9612 6.8822 6.7975 6.7028 6.6145 6.5270
 β (°) 91.18 91.12 91.11 90.96 90.93 90.52 90.19 89.16 88.69 87.79

Table 2. Equilibrium volume and bulk compressibility of antigorite
 LDA GGA LDA  Experimental
 BM4 static BM4 static BM4 300 K XRPD* SCXRD† Brillouin‡
V0 (Å3) 2804.31 3012.31 2853.13 2926.23 2913.99 2924.64
K0 (GPa) 72.33 71.94 64.55 67.27 62.90 60.80
K0’  6.26 3.49 6.94 4.00 6.10 –
K0” (GPa–1) –0.05 –0.08 –0.65 – –0.17 –
Note: Implied values in italics.
* Hilairet et al. (2006a).
† Nestola et al. (2009).
‡ Bezacier et al. (2010). 
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FiGure 1. Unit-cell volume/atom vs. pressure for antigorite m = 17 
(circles = this study; crosses = Nestola et al. 2009, experimental data) 
and lizardite (diamonds = Mookherjee and Stixrude 2009; BM3 fit over 
three distinct pressure ranges). The lower volume per atom of lizardite 
with respect to antigorite may originate from the slightly different formula 
unit, Mg3Si2O5(OH)4 and Mg2.82Si2O5(OH)3.65, respectively. This in turn 
is due to the local talc structure occurring at 6-reversals in antigorite 
(Capitani and Mellini 2004), which makes antigorite and lizardite not 
polymorphs in stricto sensu. Inset: FE vs. fE plots for antigorite (diamonds) 
and related BM4 fit (solid line). Error bars calculated assuming 
uncertainty in the pressure of ±0.3 GPa. (Color online.)
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and talc (Stixrude 2002). A sharp change in behavior is observed 
at ∼6 GPa, where accidental degeneracies between short and long 
halfwaves are lifted and tetrahedral rotation begins to increase 
at a greater rate in the short halfwaves with further increase in 
pressure. Distinct trends also occur upon compression for the 
reversals. The 4-reversal shows three different slopes in three 
different pressure ranges: it remains almost constant up to ∼6 
GPa; increases abruptly from almost null values from 6 to 20 
GPa; then more smoothly above 20 GPa. Tetrahedral rotation 
at the 4-reversal is less than that at other structural positions 
because of the higher silicon-silicon repulsive forces in the 
small rings that oppose rotation. Consistently, the 6-reversal 

increases rotation with increasing pressure at higher rate than 
4-reversal. The 8-reversal, which is connected to the 4-reversal 
and thus in part constrained by it, assumes intermediate values. 
It is remarkable that in the short (even) halfwave the distortion 
affects evenly the hexagonal rings throughout the compression 
range investigated, whereas in the long (odd) halfwave there is 
a heterogeneous distribution of the ditrigonal distortion at high 
pressure (Fig. 3c).

Curvature of the halfwaves. The bending of the waves is a 
second major compression mechanism in the intermediate pres-
sure range and at elevated pressure when the linear compress-
ibility along a exceeds that across the TO-layer. The curvature 
of the halfwaves reaches a minimum at ∼6 GPa (Figs. 5 and 6 
and Supplementary Table 51). With increasing pressure, the cur-
vature increases at different rate in the long and short halfwave, 
respectively. The difference is amplified beyond ∼20 GPa when 
the trend of the short halfwave abruptly steepens, whereas that 
of the long halfwave plateaus. The distortion affects the short 
halfwave more than the long one.

Si-O-Si angle. The angle the bridging O atoms form with 
the linked silicon atoms decreases on compression and falls 
below the value 122° over the pressure range 22–28 GPa (Fig. 
7 and Supplementary Table 61). This critical value of the Si-O-Si 
angle has been identified as a measure of structural instability 
(e.g., Stixrude 2002). Silicates at ambient conditions show Si-
O-Si angles larger than 122° (O’Keeffe and Hyde 1978). The 
average Si-O-Si angle shows a quick decrease with increasing 

1 Deposit item AM-12-048, Supplementary Tables 4–9. Deposit items are avail-
able two ways: For a paper copy contact the Business Office of the Mineralogical 
Society of America (see inside front cover of recent issue) for price information. 
For an electronic copy visit the MSA web site at http://www.minsocam.org, go 
to the American Mineralogist Contents, find the table of contents for the specific 
volume/issue wanted, and then click on the deposit link there.

Table 3. Axial compressibility and equilibrium cell parameters of 
antigorite

 DFT   EXP
 LDA 300K  XRPD* SCXRD† Brillouin‡
a0 (Å) 43.20  43.56 43.52 43.59
Ka0 (GPa) 276.56  270.78 294.00 344.83
βa (GPa–1) 0.0036  0.0037 0.0034 0.0029
b0 (Å) 9.20  9.26 9.25 9.26
Kb0 (GPa) 300.81  299.76 327.00 270.27
βb (GPa–1) 0.0033  0.0033 0.0031 0.0037
c0 (Å) 7.18  7.26 7.24 7.25
Kc0 (GPa) 125.40  120.98 101.40 103.09
βc (GPa–1) 0.0081  0.0083 0.0099 0.0097
* Hilairet et al. (2006a) (cell parameters from XRPD at ambient conditions).  
† Nestola et al. (2009); linear moduli ×3 since the method they used yields values 
three times smaller than actual and not consistent with the relation 1/K0 = 1/Ka0 

+ 1/Kb0 + 1/Kc0. Compressibilities are also converted into standard positive values. 
‡ Bezacier et al. (2010) (cell parameters from XRPD). 
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FiGure 2. Along-stacking axial compressibility vs. pressure of 
antigorite (circles and diamonds) and lizardite (triangles). Filled symbols 
with trend lines = LDA results (Mookherjee and Stixrude 2009); empty 
symbols = experimental results (Hilairet et al. 2006a; Nestola et al 
2009). Inset: in-layer axial compressibility of antigorite. To facilitate 
comparison, the b parameter of lizardite was recalculated as b′ = a⋅√3/2 
(trigonal to monoclinic transformation); the a parameter of the m = 17 
antigorite polysome as a′ = a/8.5, and b as b′ = b/2 (the lizardite subcell, 
Uehara and Shirozu 1985). The three pressure ranges individuated in this 
study are indicated by gray vertical lines. (Color online.)
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FiGure 3. [001] projection of the antigorite m = 17 structure: (a) V 
= 3000 Å3 (10.3 Å3/atom; –2.5 GPa); (b) V = 2600 Å3 (∼8.9 Å3/atom; 
8 GPa); (c) V = 2200 Å3 (7.6 Å3/atom; 30 GPa). Red = SiO4 tetrahedra; 
maroon = magnesium atoms; blue = O atoms; gray = hydrogen atoms. 
Arrows indicate positions of 6- and 8-reversals. Short halfwave (right) 
upside down. (Color online.)
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pressure and, as for other structural parameters, from ∼6 GPa 
onward it decreases at different rates in the short and long half-
wave, respectively, appearing as symmetry breaking (Fig. 7; 
Supplementary Table 6).

Intrapolyhedral structural readjustment
Mg-O and Si-O bonds. The Si-polyhedra are stiffer and more 

regular than the Mg-polyhedra over the entire pressure range 
investigated, as in many other silicates (Fig. 8; Supplementary 
Table 71). External Mg-OW distances (Mg ligands on the side 
of the interlayer) are always distinctly and constantly shorter 
than internal Mg-OV distances (toward the T-sheet). The Si-OA 
bonds (bonds with the apical O atoms) are consistently shorter 
than the Si-OB bonds (bonds with the basal O atoms) as in other 
sheet silicates (Stixrude 2002). At ∼6 GPa an accidental degen-
eracy is lifted and Si-OB distances in long and short halfwaves 
diverge: with the Si-OB bonds of the long halfwave becoming 
more compressible than those in the short halfwave. That entails 
a higher average distortion of tetrahedra in the short halfwave 
than in the long one.

O- and T-sheet thickness. The average thickness of the O-
sheet decreases slightly from negative pressures to ∼6 GPa, then 
increases moderately up to the highest pressure investigated (Fig. 
9, Supplementary Table 81). In contrast, as for the Si-O bonds, a 
striking discontinuity affects the evolution with pressure of the 
average T-sheet thickness and T-base distance (distance of the 
silicon atom to the basal oxygen plane) at 6 GPa. From this value 
of pressure onward, these crystallographic parameters contract in 
the short halfwave at higher rate than in the long one, appearing, 
to be symmetry breaking.

The higher polyhedral distortion affecting the tetrahedra, in 
particular in the short halfwave, is also confirmed by classical 
distortion parameters such as the angle variance (a measure of 
the deviation of the intrapolyhedral bond angles from the ideal 
polyhedron) and the quadratic elongation (a measure of the de-
viation of bond lengths from the ideal polyhedron; Robinson et 
al. 1971): both decrease with increasing pressure in the O-sheet 
(that becomes more regular) and both increase with increasing 
pressure in the T-sheet (that becomes more distorted; Supple-
mentary Table 91), as observed also in lizardite (Mookherjee and 
Stixrude 2009) and talc (Stixrude 2002). Globally, the T- and 
O-sheets converge toward common distortion values at 30 GPa.

 

0

10 

20 

30 

40 

50 

60 

-5 0 5 10 15 20 25 30
Pressure (GPa)

2α
 (°

)

0 

10 

20 

30 

40 

50 

-5 0 5 10 15 20 25 30 

〈2α〉

〈2α〉L
〈2α〉S 〈6-rev〉 

〈4-rev〉

〈8-rev〉 

I 

II 

III

FiGure 4. Ditrigonal distortion vs. pressure for antigorite m = 17 
(this study) and lizardite (Mookherjee and Stixrude 2009, inset). 2α = 
Σi=6|ϕ – 120°|/6 for 6-membered rings, included the 6-reversal (6-rev); 
2α = Σi=8|ϕ – 135°|/8 for 8-reversal (8-rev); 2α = Σi=4|ϕ – 90°|/4 for 
4-reversal (4-rev). L = long halfwave; S = short halfwave. The three 
pressure ranges individuated in this study are indicated by gray vertical 
lines. (Color online.)
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Hydrogen bonding
Bonds and angles across the interlayer. Hydrogen bond-

ing in antigorite is weak or absent as shown by the evolution 
of hydrogen bond length parameters on compression (Fig. 10). 
While O-H bond lengths increase slightly on compression in 
the low-pressure regime, they decrease on compression at 
higher pressure. The trend of O-H vs. O⋅⋅⋅O distances do not 
conform to the expectations of hydrogen bonding as seen in 
ice, or other high-pressure phases such as AlOOH where hy-
drogen bonding is strong (Fig. 11). On the contrary, our results 
indicate weak hydrogen bonding in antigorite at volumes near 
the theoretically determined equilibrium volume, and lack of 
hydrogen bonding enhancement with compression, in agree-
ment with the high-pressure Raman experiments of Auzende 
et al. (2004) and Reynard and Wunder (2006), on natural and 
synthetic antigorite samples, respectively, and with the infrared 
spectroscopy experiments of Noguchi et al. (2012).

O-H vector direction. The angle the O-H vector makes 
with the (001) normal is defined positive if pointing outwardly 
with respect the center of the ditrigon, negative if pointing 
toward the center of the ditrigon (Mookherjee and Stixrude 
2009). The O-H vector “flips” with a change in sign of the 
angle on compression in lizardite with various structural 
consequences. In antigorite, the same change in sign occurs, 
but over a range of pressure (Fig. 12). Antigorite is different 
in this respect from lizardite because in the flat structure only 

one O-H bond environment occurs, whereas in antigorite 
there are a large variety of O-H bond environments and each 
of these changes the sign of the angle at a different value of 
the compression.

In the modeled compression of antigorite, the O-H vector 
angles are positive and hydrogens interact with the bridging 
basal O atoms forming the wider angle of the ditrigonal rings 
(Fig. 12; see also Fig. 3a). Upon compression, the O-H vec-
tor angles decrease, and at ∼20 GPa (V/atom < 8.1 Å3) the 
average becomes negative. At extreme conditions, the oxygen 
atoms interacting with the hydroxyls are now either basal O 
atoms forming the wider angle of the ditrigonal rings (the 
large majority), or those forming the narrower angle (mostly 
located in the long halfwave; Fig. 3c). The latter is the only 
configuration found in lizardite (cf. Fig. 2c of Mookherjee 
and Stixrude 2009).

The flipping of the O-H vector direction at ∼20 GPa (see 
also Fig. 6) is paralleled by a steeper decrease of the OW-H⋅⋅⋅OB 
angle across the interlayer (Fig. 10). Although the flipping 
of the O-H vector occurs at roughly the same pressure in liz-
ardite (22 GPa), the O-H⋅⋅⋅O angle in this case plateaus and 
the hydroxyl changes their interaction environment with the 
tetrahedral O atoms, which eventually leads to a vanishing of 
the tetrahedral bulk modulus and a collapse of the interlayer, 
a phenomenon not observed in antigorite.
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disCussion and ConClusions

Compression mechanism
Two major discontinuities affect the main structural param-

eters of antigorite upon compression, at about 6.1 GPa (unit-cell 
volume of 2650 Å3), and at about 20.5 GPa (unit-cell volume of 
2350 Å3). These discontinuities allow the definition of three pres-
sure ranges with different prevailing compression mechanisms:

(1) Low pressure. From negative pressure up to ∼6 GPa, the 
c-axis is much more compressible than a and b and the unit-cell 
contraction is accomplished mostly by thinning of the interlayer. 
Compression in this regime is very similar to that in lizardite 
(Mellini and Zanazzi 1989; Auzende et al. 2006; Mookherjee and 
Stixrude 2009) and indeed in many sheet silicates including also 
talc (Stixrude 2002). In this pressure range, the MgO6-octahedra 
compress more rapidly than the SiO4-tetrahedra, permitting a 
better fit between the T-sheet and the O-sheet and increasingly 
ideal Mg-octahedra. The minimal mismatch occurs at the bound-
ary of the low-pressure regime, i.e., at 6 GPa. The recovery of 
the geometrical mismatch between the T- and O-sheet upon 
compression leads to a change in the compression mechanism 
of other sheet silicates related to antigorite, such as lizardite 
(Mookherjee and Stixrude 2009) and talc (Stixrude 2002), and 
recently Mookherjee and Capitani (2011) have found a change 
in the elastic properties of antigorite at the point were the T- and 
the O- sheets record the minimal mismatch.

(2) Intermediate pressure. From ∼6 GPa up to ∼20 GPa, the 
ditrigonalization of the T-sheet becomes the dominant compres-
sion mechanism. In this pressure range, we also detect a gradual 

transition from flattening to bending. Compression affects the 
short and the long halfwaves at different rates. Structural pa-
rameters such as T-sheet thickness, Si-O bonds, 2α, and Si-O-Si 
angles assume distinct values for the short and long halfwaves, 
leading to symmetry breaking.

(3) Extreme pressure. From about 20 GPa onward, bending 
of the halfwaves takes over as the dominant compression mecha-
nism. The O-H vectors angles become negative, paralleled by 
a quick decrease of the OW-H⋅⋅⋅OB angles; the c parameter and, 
especially, the a parameter soften.

We suggest that the softening encountered experimentally at 
6 GPa by Nestola et al. (2009) has its origin in the transition in 
compression mechanism found theoretically at this same pres-
sure. In the low-pressure range, interlayer thinning and wave 
flattening recover most of the geometrical mismatch between 
the T- and O-sheet. At the transition point, the differential com-
pressibility of the tetrahedral and octahedral sheets vanishes, 
triggering a change toward different mechanisms, namely ditri-
gonalization of the T-sheet, to accommodate further contraction 
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in the intermediate-pressure range.
Along the same line, the transition in compression mecha-

nism is also the cause of the softening of some elastic constants 
found theoretically by Mookherjee and Capitani (2011). The 
relative magnitude and the trend upon compression of the C11, 

C22, and C33, directly related to the compressibility along the a-, 
b-, and c-axis, respectively, are fully consistent with the linear 
compressibility found in this study. The softening of C11 and C22 
is consistent with the transition in the compression mechanism 
described above. In the intermediate pressure range, the wave is 
no longer easily compressible along the stacking direction (C33 
stiffens), and become comparatively more compressible through 
ditrigonalization and wave bending, which entail in-plane short-
ening (C11 and C22 soften).

Relative stability of serpentine polymorphs
The vanishing of the tetrahedral bulk modulus observed in 

lizardite in the 7–23 GPa pressure range and related to a change 
in interaction of the hydroxyls with the basal tetrahedral O 
atoms is not observed in antigorite. The lack of this mechanical 
instability in antigorite may explain the higher stability field of 
antigorite among the serpentine minerals (Evans et al. 1976; Bose 
and Ganguly 1995; Ulmer and Trommsdorff 1995; Wunder and 
Schreyer 1997). The cause of the lack of this mechanical insta-
bility is less palpable, but may be found in the slightly different 
OW-H⋅⋅⋅OB environment and its different evolution with pressure, 
as testified by the OW-H⋅⋅⋅OB angle and O-H angle evolution with 
pressure, and by the O-H vs. O⋅⋅⋅O diagram (Figs. 10 and 11). 
These in turn engender from the wavy nature of the structure 
and its peculiar compression mechanism.

One striking point of the observed response of the m = 17 
(“odd”) antigorite to compression is the significantly different 
behavior of the short halfwave as compared with the long one. 
The difference originates at ∼6 GPa and concerns mainly the 
wave bending, the Si-O bonding, the T-sheet stretching and the 
H-bonding. One may wonder whether “even” antigorite poly-
somes with symmetrical halfwaves, as m = 16 (Capitani and 
Mellini 2006, 2007), may have different structural behavior under 
extreme compression. Along this line, one may wonder also 
whether different compression mechanisms could characterize 
even polysomes with odd number of tetrahedra in a halfwave and 
polysomes with an even number of tetrahedra in a halfwave (i.e., 
m = 14 or 18 vs. m = 16, respectively). The positive correlation 
of the polysome m number with pressure proposed by Wunder et 
al. (2001) and discarded by Hilairet et al. (2006b) on the base of 
the similarity of the compression behavior of lizardite, chrysotile, 
and antigorite, need to be re-examined.

Amorphization
The compression behavior of antigorite may shed light on the 

origin of intermediate depth earthquakes in subduction zones. 
One proposed mechanism is pressure-induced amorphization 
(Meade and Jeanloz 1991). Amorphization was found to occur 
in lizardite in a pressure interval between 6 and 22 GPa at room 
temperature, thus within the conditions investigated in this study. 
One recurrent structural parameter considered as an index of 
structural instability is the Si-O-Si angle (Stixrude 2002), con-
sidered critical below 122°, the smallest value found in silicates 
at ambient conditions (O’Keeffe and Hyde 1978), and achieved 
in our simulated structures over the pressure interval 22–28 GPa 
(Fig. 7). This result is consistent with X-ray diffraction experi-
ments of Irifune et al. (1996), who did not find amorphization 
of antigorite at pressure up to 28 GPa at room temperature, and 

FiGure 12. Average angle that O-H vectors of the external hydroxyls 
form with the (001) normal at the center of its ditrigon (OH/n) as function 
of volume/atom for antigorite (diamonds, L = long halfwave, S = short 
halfwave) and lizardite (circles, Mookherjee and Stixrude 2009). Bars 
indicate ranges of data dispersion around the average at one sigma level. 
(Color online.)
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with the IR spectroscopy experiments of Noguchi et al. (2012), 
who did not observe amorphization at pressure up to 25 GPa and 
temperatures up to 300 °C. 

Amorphization was indeed detected by Noguchi et al. (2012) 
at 300 °C and 25.6 GPa through the appearance of a broad band 
resembling that of hydrous silicate glasses, and attributed to 
disordered OH groups. A sharp band at 3737 cm–1, however, 
was also detected within the broad band, and attributed to the 
OHinner stretching mode, demonstrating surviving short-range 
order around OH groups within the TO layer. It was concluded 
that disordered and relict OH groups were present within the 
amorphized antigorite structure. Our results offer an alternative 
interpretation of the IR spectrum. The rapid increase at pressures 
above 20 GPa of the range of OH structural parameters, namely 
of the OW-H⋅⋅⋅OB angles, OW-H bond lengths, and orientations 
(Figs. 10 and 12), suggests that the large absorption band could 
be explained by a natural structural evolution of the crystal rather 
than by amorphization.

Corrugated vs. flat serpentines
Our theoretical results may contribute to shed light on the 

parameters that control the occurrence of corrugated structures 
in chrysotile and antigorite, which are still a matter of debate. 
One way of thinking is that merely geometrical lateral mismatch 
between the O- and T-sheets is the cause of the tubular habit of 
lizardite and of the wavy structure of antigorite (e.g., Wicks and 
O’Hanley 1988; Perbost et al. 2003). The lateral dimensions of 
an ideal trioctahedral sheet (a ≈ 5.4; b ≈ 9.3 Å) are somewhat 
greater than the lateral dimensions of an ideal tetrahedral sheet (a 
≈ 5.0; b ≈ 8.7 Å), thus impeding a perfect T-O linkage. Through 
bending of the TO-layer and positioning the T-sheet internally, 
the distance between adjacent apical O atoms increases, whereas 
the distance between the internal octahedral O atoms decreases, 
allowing perfect T-O linkage. In lizardite, the flat serpentine 
polymorph, this corrugation does not occur. In most cases, the 
explanation that has been reported is that significant IVAl3+ (ef-
fective ionic radius 0.39 Å; Shannon 1976) enters the T-sites 
substituting for Si4+ (0.26 Å) and significant VIAl3+ (0.54 Å) 
enters the M-sites substituting for Mg2+ (0.72 Å), thus increasing 
the lateral dimension of the T-sheet and decreasing that of the 
O-sheet, eventually allowing a perfect T-O linkage.

An alternative way of thinking is that in the lizardite structure 
the coupled substitution of Si4+ and Mg2+ by trivalent cations 
such as Al3+ or Fe3+ is able to positively polarize the O-sheet 
and negatively polarize the T-sheet, thus promoting a stronger 
interlayer bonding and flat structures (Mellini 1982; Mellini and 
Zanazzi 1987; Mellini and Viti 1994).

A notable feature of serpentine minerals is the ditrigonal dis-
tortion of the tetrahedral sheet, usually invoked as a measure of 
the interlayer hydrogen bonding. According to the more reliable 
crystal-structure refinements, ditrigonal distortion is negative in 
lizardite-1T (Mellini 1982; Mellini and Zanazzi 1987; Mellini 
and Viti 1994; Mellini et al. 2010) and antigorite (Capitani and 
Mellini 2004, 2006), and positive in lizardite-2H1 (Mellini and 
Zanazzi 1987) and alluminian lizardite-2H2 (Brigatti et al. 1997). 
That seems related to the achievement of the best possible hydro-
gen bonding (Mellini 1982). It is noteworthy that the equilibrium 
structures of pure Mg end-members modeled by DFT theory have 

positive ditrigonal distortion in lizardite-1T (Mookherjee and 
Stixrude 2009) and negative ditrigonal distortion in antigorite 
(Capitani et al. 2009). This observation, along with the recur-
rent higher content of trivalent substituents observed in natural 
lizardite than in coexisting chrysotile and antigorite (Viti and 
Mellini 1996, 1997), probably suggests that substituents actually 
play a definite role in the corrugation of serpentine. The possible 
scenario is that: (1) Al-poor serpentine forms curled structures 
with negative ditrigonal distortion; (2) substituted serpentine 
forms flat structures with negative ditrigonal distortion; and (3) 
highly substituted serpentine forms flat structures with positive 
ditrigonal distortion. These would be the conditions to realize 
the best possible interlayer bonding.

Our theoretical results support this hypothesis. A comparison 
of the O-H bonds vs. the O⋅⋅⋅O bonds for antigorite and lizardite 
(Fig. 11) actually shows that the average O-H distances of antig-
orite, for a given interlayer separation, are systematically longer 
than those of lizardite along the pressure range investigated, i.e., 
antigorite is more efficiently bonded. The two trends come closer 
at the point where lizardite experiences a structural transition at 
about 7 GPa, afterward, for increasing compression, the differ-
ence increases drastically. This observation should suggest that in 
pure Mg-end-member serpentines a stronger hydrogen bonding 
is achievable with a wavy structure and a negative ditrigonal 
distortion than in a flat structure, and may also explain the greater 
stability field at high pressure of antigorite.

Unfortunately things do no seem to go so simply in nature, 
since lizardite structures with either negative or positive ditrigo-
nal distortion and similar composition have been refined (Mellini 
and Zanazzi 1987); an almost pure Mg-lizardite with 1T structure 
has been recently refined (Mellini et al. 2010); and antigorite 
with significant Al-content has been recently reported (Padrón-
Navarta et al. 2008). Additional factors other than composition, 
presumably growth factors, may contribute to the serpentine 
polymorphism and polytypism.
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