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Structural effects of pressure on monoclinic chlorite: A single-crystal study
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ABSTRACT

A single-crystal X-ray diffraction study in a diamond anvil cell up to 5.41 GPa was carried out
on a clinochlore [monoclinic polytype 115-2, S.G. C2/m, (Mg goFe s Mng o, Tig 01Cro oAl g0)5-11.05(Sig 35
Al ¢5)5-3040(OH) 4] from Val Malenco, Italy.

The bulk modulus of monoclinic clinochlore calculated by fitting unit-cell volumes and pressures
to a third-order Birch-Murnaghan Equation of State (EoS), is K, = 71(9) GPa with K" = §(5). Axial
compressibility values were 5 = 3.8(1), BiS = 3.6(1), and 55 = 5.4(5) 103 GPa!, showing that
axial anisotropy is much less than that found for other phyllosilicates. Compressibility data are in
fair agreement with literature data, which are based on powder neutron and synchrotron diffraction
methods. Results were compared with the behavior of the triclinic polytype of similar composition
and coexisting in the same rock. Symmetry has little overall influence on compressibility, but com-
pared with the triclinic polytype of similar composition and coexisting in the same hand specimen,
the monoclinic polytype is slightly less rigid.

Comparison of structural refinements at different pressures showed that structural deformations
mainly affect the interlayer region, where hydrogen bonds are important for the structural properties
of the phase. The mean decrease in OH-O distances was about 9% in the pressure range 0-5 GPa.
Structural behavior was very similar to that found for the triclinic polytype.

Although energy differences between polytypes are relatively small, their compressional behavior
may have implications in terms of relative stability. A computation of molar volume applying an
isothermal EoS shows that the triclinic polytype is lower in volume up to 0.9 GPa, above which the
volume of the monoclinic phase is smaller. This fact gives information on the relative stability of the
two polytypes and a possible explanation for the greater abundance of the triclinic polytype in low to
medium-P environments, as is commonly observed in nature.

Keywords: Chlorite, high pressure, polytypism, equation of state

INTRODUCTION

Chlorite is a widespread family of di- and trioctahedral layer
silicates. The structure of trioctahedral chlorite consists of talc-
type, negatively charged T-O-T 2:1 layers with ideal composition
(R*,R*)5(Siy Al,)O,o(OH), alternating with positively charged
brucite-type octahedral interlayer sheets with ideal composition
(R*,R*);(OH); (Bailey 1988). Electrostatic interactions and a
system of hydrogen bonding between the T-O-T layer and the
brucite-like sheet contribute to the stability of the structure.
Different ways of positioning the T-O-T layer on the interlayer
sheet create a large number of regular-stacking polytypes (Bailey
1988). The triclinic 11o-4 polytype, with symmetry C1, and the
monoclinic II5-2 polytype, with symmetry C2/m, are the most
abundant regular-stacking one-layer chlorites occurring in nature.
The monoclinic structure was described by Zheng and Bailey
(1989), Rule and Bailey (1987), and Joswig and Fuess (1989).

Chlorite is among the hydrous phases that may play an
important role in upper mantle mass transport and melting pro-
cesses. In view of its role as a water carrier in subducting slabs,
knowledge of the stability field of this hydrous phase may be
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obtained by studying its compressibility and the dependence of
its crystal structure on pressure.

No high-pressure, single-crystal study has yet been carried
out on monoclinic chlorite, the only determination being that
on a triclinic polytype (Zanazzi et al. 2006). The aim of the
present work on good-quality single-crystal samples is: (1) to
investigate the nature of pressure-induced deformation on the
atomic arrangement, with particular attention to H-bond system
changes in the interlayer region; (2) to compare high-pressure
behavior with that of the triclinic polytype coexisting in a rock
from Val Malenco (Zanazzi et al. 2006); and (3) to examine
how pressure can influence their relative stability, using the
opportunity offered by the rock from Val Malenco in which the
two polytypes with similar compositions crystallized coevally
under the same P-T conditions.

EXPERIMENTAL METHODS

A natural clinochlore from Alpe Raguzzolo, Val Malenco (Eastern Central
Alps, Italy), kindly supplied by the Mineralogy Museum, University of Florence
(no. 13087/626), was selected for high-pressure X-ray diffraction experiments.
According to Miintener et al. (2000), the assemblage olivine + tremolite + chlorite
+ talc formed in the second stage of the retrograde metamorphism of the Malenco
peridotite, during later hydration of ultramafic rocks. Estimated metamorphic
conditions were 0.9 + 0.1 GPa and 600 + 50 °C. The sample consists of green platy
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crystals of coexisting triclinic and monoclinic chlorite, the latter far less abundant.
The chemical composition, as determined on a Cameca SX50 electron microprobe
(IGG, Padova section) is nearly the same for the two polytypes. Working condi-
tions were 15 kV and 15 nA with 1 um beam size, and counting times of 10 s for
peak and background. Synthetic pure oxides were used as standards for Mg, Al,
Ti, Cr, and Mn, synthetic ferrosilite for Fe, natural wollastonite for Si and Ca, and
natural albite for Na. Averaging of three spot analyses yielded the composition
(in wt%): NaO 0.01(1), CaO 0.01(1), MgO 31.69(8), TiO, 0.03(3), Cr,05 0.03(3),
MnO 0.08(3), FeO 6.38(27), ALO; 14.94(52), SiO, 32.44(68), total 85.61. The
calculated formula: (Mgs g9F e’ M0, Tig o1 Cro.00AL 50)5-11.92(Si635A) 65)5-5020(OH) i,
isin very good agreement with the composition of the triclinic polytype (Zanazzi
et al. 2006) and those given in Table 5 of Miintener et al. (2000). The sample is a
clinochlore according to the Bayliss (1975) nomenclature.

Structural refinement at ambient pressure

A crystal of the monoclinic polytype (space group C2/m; I15-2 polytype; 0.10
% 0.07 x 0.01 mm in size) was mounted on an XCALIBUR (Oxford Diffraction)
diffractometer equipped with both CCD area and point detectors, operating at 50
kV and 40 mA, with graphite monochromated MoKo. radiation (A = 0.7107 A).
Diffraction data were first collected at room conditions with the area detector
from the crystal in air. To maximize reciprocal space coverage, a combination of
o and ¢ scans was used, with a step size of 0.8° and a time of 32 s/frame, for a
total of 711frames.Data were corrected for absorption with the SADABS program
(Sheldrick 1996). Details of data collection and refinement are listed in Table 1.
Unit-cell parameters were accurately measured by the point detector and calculated
by the least-squares fit of Bragg angles for about 50 selected reflections. The values
of symmetry-constrained unit-cell parameters are listed in Table 2. Calculated
density, assuming Z = 1, is d,. = 2.69 g/cm’. Crystal structure refinement was
carried out with anisotropic displacement parameters by the SHELX-97 program
(Sheldrick 1997), starting from the atomic coordinates of Joswig and Fuess (1989).
Neutral atomic scattering factors and Af', Af” coefficients from the International
Tables for Crystallography (Wilson and Prince 1999) were used. Full occupancy
was assumed for all cation sites. The electronic density in the octahedral cation
sites was accounted for by fitting the scattering factor curves of Mg and Fe with
variable occupancy and that of tetrahedral sites with the curves of Si and Al. The
resulting sum of electrons in the cell was 155.9 and 109.0 ¢ for octahedral and
tetrahedral sites, in good agreement with data calculated on the basis of chemical
analysis (159.3 and 110.3 e, respectively). The hydrogen atoms were located in the
difference electronic density map and included in the last cycles of refinement, with
equal isotropic atomic displacement factors and the bond distance from the oxygen
constrained to 0.85 £ 0.05 A. At the end of the refinement, no peak larger than 1.1
e /A% was present in the final difference Fourier synthesis. Table 3! lists the observed
and calculated structure factors. Atomic coordinates are listed in Table 4.

High-pressure experiments

For high-pressure crystal structure refinements, a chlorite sample with a chip
of Sm?":BaFCl and a fragment of o-quartz were mounted in a Merrill-Bassett
diamond anvil cell (DAC), equipped with type-I diamonds with 800 um culet

! Deposit item AM-07-011, Table 3 (observed and calculated
structure factors). Deposit items are available 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 1. Details of data collection and refinement at different pressures
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face diameter. The pressure chamber was a 380 pm diameter hole, made by spark
erosion on a 250 pum thick steel Inconel 750X gasket, preindented to 180 wm. A
methanol-ethanol mixture (4:1) was used as hydrostatic pressure-transmitting
medium. The wavelength shift of the 6876 A Sm?* fluorescence line was measured,
for an approximate pressure estimate (Comodi and Zanazzi 1993); the quartz crystal
was used for precise measurement of pressure (Angel et al. 1997). Uncertainties in
pressure calibration based on the equation of state of quartz were estimated to be
less than 0.05 GPa. Experiments were carried out in the pressure range 104-5.5
GPa. Higher pressure was prevented by failure of the gasket.

The DAC was centered on the diffractometer following the procedure of
Budzianowski and Katrusiak (2004). Intensity data were collected with the CCD
detector operating in the “fixed-¢”” mode (Finger and King 1978), corrected for
absorption using Absorb V6.0 software (Angel 2004) and then averaged. After
each data collection, the unit-cell parameters of chlorite and quartz were accurately
measured with the point detector.

Least-squares refinements with data measured at 0.77, 1.52, 2.28, 3.66, 4.52,
and 5.47 GPa were performed with the SHELX-97 program (Sheldrick 1997).
Isotropic atomic displacement parameters were used for all atoms, and site occupan-
cies were fixed to the values resulting from refinement at ambient pressure. Details
of data collections and refinements are listed in Table 1, observed and calculated
structure factors in Table 3' and fractional atomic coordinates and displacement
parameters in Table 4. Table 5 lists bond distances and geometrical parameters at
both ambient and higher pressures.

RESULTS

Results of refinement at ambient pressure

The structural results of the refinement are in very good
agreement with literature data. In particular, partial ordering
of trivalent cations in the brucite-type sheet, with preference
for the M4 site, as suggested by Joswig and Fuess (1989), is
confirmed. Ordering of trivalent cations at M4 is more evident
than in the triclinic polytype (Zanazzi et al. 2006), in contrast
with the findings of Zheng and Bailey (1989) in intergrown
monoclinic and triclinic samples from Kenya. They found that the
dominant triclinic polytype was more ordered, and ascribed its
greater stability to this structural factor. The tetrahedral T-O mean
bond length is 1.652 A, in good agreement with VAl content.
Tetrahedral rotation angle o is 6.2°; this angle is the difference
between 120° and the @ angles formed by the basal O-O edges
of'adjacent tetrahedra [200= X, 4(|120 — @, )/6, Weiss et al. 1992].
The OH groups of the brucite-type sheet are involved as donors
in H-bonds with the basal oxygen atoms of the tetrahedral sheet.
The O-O distances are 2.897 and 2.919 A, respectively for the
OH2-02 and OH3-03 interactions.

Compressibility

Unit-cell parameters at various pressures are listed in Table 2
and shown in Figure 1. A third-order Birch-Murnaghan Equation
of State (EoS) is the best approximation to describe the evolution
of chlorite unit-cell volume with P, as suggested by plotting “nor-
malized stress” vs. Eulerian finite strain (Angel 2000, 2001) (Fig.
2). The resulting EoS parameters are ¥, =703.2(8) A%, very close

P (GPa) 0.0001 0.77 1.52 2.28 3.66 4.52 5.47
6-range 3-33° 3-30° 3-30° 3-30° 3-30° 3-30° 3-30°
crystal-detector distance (mm) 65 65 65 65 65 65 65
No. measured reflections 7661 2016 1974 1940 1964 3703 1301
No. independent reflections 1334 303 295 297 296 320 261
Reflections with /> 4o(/) 1180 210 190 217 225 235 178
No. refined parameters 92 33 33 33 33 33 33
Rin% 44 9.2 10.8 85 8.2 9.3 13.7
R.% 3.6 7.5 6.9 6.5 6.3 7.5 9.6




ZANAZZ1 ET AL.: HP BEHAVIOR OF MONOCLINIC CHLORITE 657

to the measured value (Table 2), K, = 71(9) GPa, and K' = §(5).
Weighted ¥ is 4, maximum AP is 0.3 GPa. The bulk modulus
value obtained by fitting data with a second-order EoS (X' fixed
to 4) is 79(3) GPa. These values are lower than those found for
the triclinic polytype [K, = 88(5) GPa and K' = 5(3), Zanazzi et
al. 2006], showing that the symmetry of various polytypes may
influence the compression behavior of chlorite.

Literature compressibility data for clinochlore are mostly in
reasonable agreement. The bulk moduli determined on both natural
and synthetic samples are: 75.4(2.7) GPa (synthetic clinochlore,
neutron powder diffraction; Welch and Marshall 2001); 77.6(1.1)
GPa (synthetic clinochlore; Grevel et al. 1997); 78.6(1.2) (natural
clinochlore; Theye et al. 2003); 81.0(5) GPa (synthetic clinochlore,

TABLE 2. Unit-cell parameters at different pressures

P (GPa) a(d) b (&) cA) B) V(A
1E-4 5.3363(9) 9.240(1) 14.37(3) 96.93(5) 703.4(4)
0.77 5.327(4) 9.227(5) 14.23(9) 96.9(3) 694(1)
1.52 5.304(3) 9.190(5) 14.20(7) 96.9(2) 687(1)
2.28 5.293(2) 9.168(3) 14.19(3) 96.79(7) 683.8(5)
3.66 5.270(2) 9.132(3) 14.11(4) 96.77(8) 674.3(6)
4.52 5.252(2) 9.103(3) 14.08(3) 96.71(8) 668.4(5)
5.47 5.237(2) 9.078(3) 14.00(3) 96.64(8) 661.1(5)

synchrotron powder diffraction data; Welch and Crichton 2002);
and 89.5(27) GPa (synthetic clinochlore, EDS synchrotron data;
Pawley et al. 2002). All these values were obtained at fixed K' =
4 and assuming monoclinic symmetry, or sometimes hexagonal
symmetry (Theye et al. 2003). The data of Welch and Marshall
(2001) and Grevel et al. (1997) are closest to that of the present
study. The main differences between our data and those in the
literature probably arise from the different experimental methods
employed, single-crystal vs. powder diffraction, and the nature,
composition and actual symmetry of the samples. Moreover, the
bulk modulus of 47.2 GPa given in the databases of Berman (1988)
and Holland and Powell (1998) fits none of the measured values,
and consequently needs to be updated.

Both the triclinic and monoclinic 115 polytypes of chlorite
are more rigid than other layer structures. Their bulk moduli
are higher than those of phyllosilicates such as talc (41.6 GPa,
Pawley et al. 1995) and micas [54 GPa in phlogopite, Comodi
et al. 2004; in the range 52-61 GPa in 2M, muscovites, 58—62
GPa in 2M, and 3T phengites, 66 GPa in paragonite, see Table
1 in Zanazzi and Pavese (2002) and references therein] or that
of brucite (47 GPa, Parise et al. 1994; 41 GPa, Catti et al. 1995;

TABLE 4. Fractional atomic coordinates and isotropic displacement parameters Uoo/Uis, (A?) at different pressures

Site x/a y/b z/c Ueg/Uiso
T 0.22844(9) 0.16673(5) 0.19152(4) 0.0074(1)
0.2297(5) 0.1667(2) 0.1933(8) 0.010(1)
0.2286(7) 0.1664(3) 0.1909(9) 0.005(1)
0.2284(6) 0.1665(3) 0.1907(8) 0.007(1)
0.2285(6) 0.1663(3) 0.1921(7) 0.007(1)
0.2278(6) 0.1666(3) 0.1913(8) 0.007(1)
0.229(1) 0.1670(6) 0.190(1) 0.004(2)
M1 0 0 0 0.0073(3)
0 0 0 0.006(1)
0 0 0 0.008(2)
0 0 0 0.006(1)
0 0 0 0.005(1)
0 0 0 0.006(2)
0 0 0 0.008(3)
M2 0 0.33269(8) 0 0.0074(2)
0 0.3326(3) 0 0.007(1)
0 0.3328(4) 0 0.007(2)
0 0.3333(4) 0 0.005(1)
0 0.3335(4) 0 0.006(1)
0 0.3334(5) 0 0.006(1)
0 0.3336(9) 0 0.008(2)
M3 0 0.16654(8) Y2 0.0076(2)
0 0.1674(3) 23 0.006(1)
0 0.1677(5) 123 0.004(2)
0 0.1669(4) Y2 0.005(1)
0 0.1667(4) 123 0.005(1)
0 0.1672(5) 123 0.005(1)
0 0.1659(9) Y2 0.004(2)
M4 0] ] 23 0.0064(3)
0 Y 123 0.006(1)
0 Y2 Y2 0.005(2)
0 23 Y 0.005(1)
0 Y 123 0.005(1)
0 Y2 Y2 0.005(2)
0 23 23 0.007(3)
01 0.1914(2) 0.1666(1) 0.07678(9) 0.0087(2)
0.192(1) 0.1668(5) 0.078(2) 0.006(2)
0.190(2) 0.1671(7) 0.072(2) 0.011(3)
0.191(1) 0.1671(7) 0.075(2) 0.009(2)
0.192(1) 0.1672(6) 0.076(2) 0.008(2)
0.192(1) 0.1675(7) 0.074(2) 0.008(2)
0.186(2) 0.167(1) 0.071(3) 0.007(3)

Site x/a y/b z/c UeUiso
02 0.2100(4) 0 0.2328(1) 0.0163(4)
0.209(1) 0 0.233(1) 0.014(2)
0.207(2) 0 0.234(2) 0.020(4)
0.204(2) 0 0.233(2) 0.014(3)
0.199(2) 0 0.233(2) 0.011(2)
0.196(2) 0 0.231(2) 0.014(3)
0.198(4) 0 0.237(3) 0.014(6)
03 0.5070(3) 0.2344(2) 0.2327(1) 0.0161(3)
0.5077(8) 0.2339(6) 0.234(1) 0.015(2)
0.509(1) 0.2327(8) 0.233(1) 0.017(2)
0.511(1) 0.2321(8) 0.235(1) 0.015(2)
0.514(1) 0.2290(8) 0.237(1) 0.019(2)
0.514(1) 0.2283(9) 0.236(1) 0.018(2)
0.514(3) 0.225(2) 0.235(3) 0.020(5)
OH1 0.1901(3) Y2 0.0734(1) 0.0099(3)
0.192(2) Y2 0.072(2) 0.011(2)
0.189(2) Y2 0.072(2) 0.008(3)
0.188(2) 3 0.073(2) 0.009(3)
0.190(2) Y2 0.075(2) 0.008(2)
0.189(2) Y2 0.075(2) 0.010(3)
0.192(3) Y2 0.077(3) 0.008(5)
OH2 0.1517(4) 0 0.4307(1) 0.0151(4)
0.152(2) 0 0.425(2) 0.013(2)
0.151(2) 0 0.425(2) 0.012(3)
0.150(2) 0 0.425(2) 0.013(3)
0.150(2) 0 0.425(2) 0.010(3)
0.149(2) 0 0.423(2) 0.013(3)
0.150(4) 0 0.423(4) 0.022(6)
OH3 0.1407(3) 0.3368(2) 0.4304(1) 0.0160(3)
0.141(1) 0.3368(5) 0.427(2) 0.015(2)
0.141(2) 0.3364(7) 0.425(2) 0.013(3)
0.142(1) 0.3358(7) 0.426(1) 0.014(2)
0.142(1) 0.3364(7) 0.425(1) 0.013(2)
0.142(2) 0.3361(7) 0.426(1) 0.012(2)
0.140(3) 0.338(1) 0.421(2) 0.014(4)
H1 0.215(9) Y2 0.134(3) 0.050(8)
H2 0.180(10) 0 0.378(3) 0.050(8)
H3 0.141(8) 0.329(4) 0.378(2) 0.050(8)

Notes: For each atom values from top to bottom correspond to the refinements at 0.0001, 0.77, 1.52, 2.28, 3.66, 4.52, and 5.47 GPa. The H positions are those
from the refinement in air. The occupancy of Mg against Fe in M sites in air refined to 0.912(2), 0.915(2), 0.944(2), and 0.944(2) Mg atoms for M1, M2, M3, and M4
respectively. The occupancy of Si against Al in T site refined to 0.624(4). This value was fixed in the refinements at high pressure. Estimated standard deviations

refer to the last digit.
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44 GPa, Nagai et al. 2000).

The behavior of clinochlore at high P is not dissimilar from
that of other phyllosilicates and micas. The “axial moduli” ob-
tained by fitting a second-order Birch-Murnaghan EoS to a, b,
and c axes are: a, = 5.337(1) A, K, = 87(2) GPa; b, = 9.241(2)
A, K,=92(2) GPa; and ¢, = 14.36(3) A, K, = 62(8) GPa. Axial
compressibility values, obtained by dividing the inverse of the
axial moduli by three, are: 55 = 3.8(1), B§sS = 3.6(1), and B§S
= 5.4(5) 103 GPa'. Clinochlore has greater compressibility in
the ab plane compared to other layer silicates, e.g., phlogopite,
for which axial compressibilities along @ and b axes are 2.7 and
2.6 107 GPa™'. Axis c is the most affected by pressure due to
the layered nature of the phase; nevertheless, along the [001]

710 T T T T T T T T T T T

700

P(GPa)

FIGURE 1.Variations in unit-cell parameters of chlorite as a function
of pressure. Solid curves represent best fit of Birch-Murnaghan EoS.

direction, compressibility is about 2 and 2.5 times lower than in
talc and phlogopite, which among the micas shows the highest
BEeS (13.3 103 GPa!; Comodi et al. 2004). Therefore, chlorite
structure behaves anisotropically with pressure, but to a lesser
extent than other layer silicates.

Cell angle B slightly decreases (Fig. 1). This is in contrast with
the behavior observed in other phyllosilicates such as phlogopite
(Comodi et al. 2004) and talc, both from experimental (Pawley
et al. 1995) and theoretical studies (Stixrude 2002).

Structural evolution with P

The stacking sequence of chlorite is characterized by 2:1 talc-
and brucite-type sheets, each contributing in a different way to
the overall structural response to pressure. We can analyze how
each polyhedron in different sheets of chlorite changes with
increasing pressure. The volume of the octahedra of the talc-type
layer decreases and the octahedral thickness shortens, whereas
the octahedra of brucite-type sheets tilt and become more regular
with pressure, as shown by the angle variance values (Robinson
et al. 1971) and y angles (angle between the body diagonal of
the octahedron and the vertical; Bailey 1988) (Table 5). This
regularization leads to an increase in volume of the octahedra.
As a consequence, thickening along ¢* and a reduction in the
a-b plane of the interlayer octahedral sheet occur; the same
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TABLE 5. Values of bond distances (A), polyhedral volumes (A3), and distortion parameters (following Robinson et al. 1971) at different pressures

P (GPa) 0.0001 0.77 1.52 2.28 3.66 4.52 5.47
T-01 1.637(1) 1.63(2) 1.67(3) 1.64(2) 1.62(2) 1.64(2) 1.66(3)
T-02 1.6581(9) 1.650(8) 1.66(1) 1.65(1) 1.64(1) 1.63(1) 1.67(2)
T-03 1.655(1) 1.646(7) 1.65(1) 1.67(1) 1.66(1) 1.66(1) 1.64(2)
T-03 1.658(2) 1.655(6) 1.66(1) 1.66(1) 1.66(1) 1.65(1) 1.67(2)
<T-O> 1.652 1.65 1.66 1.65 1.65 1.65 1.66
Vr 231 2.29 234 231 2.28 2.28 233
o’T* 2332 1.10 4.23 6.87 6.19 5.54 12.08
Ant 1.001 1.000 1.001 1.002 1.001 1.001 1.003
Tetr. rot. o 6.2 6.3 6.9 7.2 83 8.6 9.3

T sheet thickness 2225 221 227 225 2.23 2.24 2.29
M1-01 x4 2.088(1) 2.09(1) 2.04(2) 2.06(1) 2.06(1) 2.04(1) 2.00(2)
M1-OH1 x2 2.066(2) 2.04(1) 2.04(2) 2.05(1) 2.05(1) 2.04(2) 2.04(3)
<M1-0> 2.081 2,07 2.04 2.06 2.06 2.04 2.02
Vi 11.83 1.7 11.1 1.3 11.5 11.2 10.7
Yk 58.8 58.8 60.1 59.5 58.9 59.4 59.7
[ 3353 3534 58.75 46.04 35.70 45.03 52.00
AT 1.010 1.011 1.018 1.014 1.011 1.014 1.016
M2-01 x2 2.084(1) 2.08(1) 2.04(2) 2.05(2) 2.06(1) 2.03(1) 2.00(2)
M2-01 x2 2.090(1) 2.09(1) 2.04(2) 2.05(1) 2.05(1) 2.03(1) 2.02(2)
M2-OH1 x2 2.067(1) 2.06(1) 2.04(2) 2.04(2) 2.05(2) 2.04(2) 2.05(3)
<M2-0> 2.080 2.08 2.04 2.05 2.05 2.03 2.02
Viz 11.82 1.7 11.0 11.2 1.3 11.0 10.8
Yu§ 58.8 58.9 60.0 59.4 58.8 59.2 59.9
O* 33.68 36.02 56.96 43.71 3342 41.61 54.28
Aot 1.010 1.011 1.018 1.013 1.010 1.013 1.017
O sheet thickness# 2.158 2.15 2.04 2.09 213 2.08 2.03
M3-0OH2 x2 2.052 2.09(1) 2.09(2) 2.07(1) 2.06(1) 2.07(1) 2.06(3)
M3-OH3 x2 2.053(2) 2.06(1) 2.07(2) 2.06(1) 2.05(1) 2.05(1) 2.09(2)
M3-OH3 x2 2.055(2) 2.07(1) 2.07(2) 2.06(1) 2.07(1) 2.04(1) 2.08(2)
<M3-0> 2.053 2.08 2.07 2.06 2.06 2.05 2.07
Vs 11.10 11.6 11.6 11.5 1.4 1.3 11.8
Wist 61.1 59.9 59.5 59.5 59.3 59.3 58.3
ys* 81.97 54.35 46.57 47.60 42.87 42.52 28.19
Aws T 1.026 1.017 1.014 1.015 1.013 1.013 1.008
M4-0OH2 x2 2.000(2) 2.03(2) 2.02(2) 2.02(2) 2.02(2) 2.02(2) 2.01(3)
M4-0OH3 x4 2.006(2) 2.03(1) 2.03(2) 2.03(1) 2.03(1) 2.02(1) 2.03(2)
<M4-0> 2.004 2.03 2.03 2.03 2.02 2.02 2.03
Ve 10.41 109 11.0 109 109 10.8 11.0
WS 60.3 59.0 58.7 58.9 58.6 58.7 57.5
[T 63.09 38.10 32.82 36.34 31.79 31.60 16.34
AT 1.020 1.012 1.010 1.011 1.010 1.010 1.004
O sheet thickness|| 1.984 2.09 2.1 2.09 211 2.10 218
T-O-T:--O distance** 2.821 272 2.70 2.70 2.65 2.66 2.59
T-O-T thickness 6.608 6.56 6.58 6.59 6.59 6.56 6.61
OH2-02 2.897(3) 2.78(3) 2.76(4) 2.78(3) 2.75(3) 2.75(4) 2.65(7)
OH3-03 2.919(2) 2.83(2) 2.81(3) 2.793) 2.73(2) 2.74(3) 2.67(5)

Notes: Estimated standard deviations refer to the last digit.

* 62 is the angle variance (deg?).

t A is the quadratic elongation.

F auis the tetrahedral rotation angle (deg); see text for definition.

§ ¥ is the octahedral flattening angle (deg); see text for definition.
# Thickness of the octahedral sheet of the talc-like layer.

|| Mean thickness of the brucite-like layer.

** Mean distance between talc-like layer and brucite-type sheet.

mechanism is observed in brucite (Parise et al. 1994; Nagai et
al. 2000) and triclinic polytype (Zanazzi et al. 2006). In contrast,
tetrahedral distortion increases with P, whereas tetrahedral thick-
ness and volume remain almost unchanged (Table 5). Tetrahedral
distortion at high pressure may also be ascribed to the increased
hydrogen bond strength between the OH of the brucite-type sheet
and the basal O of the tetrahedral sheet.

As in all layer silicates, an increase in the ditrigonalization of
the sixfold tetrahedral rings is required to facilitate size matching
between the relatively incompressible tetrahedral and the more
compressible octahedral sheets. Increasing ditrigonalization is
shown by the increase in tetrahedral rotation angle o from 6.2 to
9.3° with pressure. It results both from the requirement for fitting
the octahedral and tetrahedral sheets and from the strengthening
of OH-O hydrogen bonds due to thinning of the space between

talc-like layer and brucite-like sheet and consequent shortening
of O-O distance with P.

In the pressure range studied here, the thickness of the brucite-
type sheet increases by about 10%, whereas that of T-O-T layer
does not change: on the contrary, the distance between T-O-T
layer and brucite-type sheet, i.e., the thickness of the region in
which H-bonds are located, is reduced by about 8%. Despite
the increased thickness of the brucite-type sheet, the greatest
contraction of the structure occurs along the [001] direction.
Around 5 GPa, the OH-O distance approaches 2.7 A, the limit
below which the two O are considered to be in contact (Brown
1976). At higher pressures, anomalous structural behavior may
occur. The spectroscopic study of Kleppe et al. (2003) showed
a strong discontinuity with a large increase in dv/dP for the OH
mode of the brucite-type sheet at 9—10 GPa. The high positive
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FIGURE 2. Plot of “normalized stress” defined as Fy = P/[3fs(1 +
2£:)¥?] vs. finite strain f; = [(V/V)** — 1]/2. The two lower values were
omitted from computations. Chlorite unit-cell volume data are adequately
described by a third-order truncation of EoS.

shifts of the O-H mode with P were reported by Hofmeister et al.
(1999) to be due to H-H cation repulsion, as a consequence of the
decreased OH-O angle. Neutron diffraction data for clinochlore
show a considerable decrease in the OH-O angle, from 170 to
155° (Welch and Marshall 2001). The in-plane movement of
basal oxygen atoms by tetrahedral rotation suggests a decrease
in the OH-O angle. The repulsive effects caused by interlayer
shortening may explain why compressibility along axis c is
smaller than in other layer silicates, together with the lower
anisotropy and the peculiar stiffer character of chlorite.

Implications for polytype stability

There are only a few studies on the energetic and thermody-
namic stability of various chlorite polytypes and these mainly
concern the effect of temperature on chlorite polymorphism from
type I to type II structures (Hayes 1970; Walker 1989). On the
basis of cation-cation repulsion and cation-anion attraction pos-
sible in the various layer sequences, Bailey (1988) estimated that
the type 115 layer sequence is the most stable. Zheng and Bailey
(1989), studying intergrown type 115 monoclinic and triclinic
clinochlores from Kenya, found no structural differences, apart
from slightly less ordering of trivalent cations in the brucite-
type octahedral layer in the monoclinic form compared to our
results. Cell volumes, recalculated from the reported unit-cell
parameters, are 700.5 and 701.2 A’ for triclinic and monoclinic
cells, respectively. On the basis of textural relations between the
phases, Zheng and Bailey (1989) suggested that the monoclinic
116-2 structure is less stable than the triclinic 116-4 form.

In the rock from Val Malenco both triclinic and monoclinic
polytypes coexist, with very similar chemical composition and
slightly different unit-cell volumes (701.7 and 703.4 A3, re-
spectively). We therefore had the opportunity of comparing the
high-pressure behavior of both monoclinic and triclinic forms
(Zanazzi et al. 2006), and contributing to knowledge of their rela-
tive stability in a natural environment. The bulk modulus value
of 71 GPa, measured in this work for monoclinic clinochlore is
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FIGURE 3. Isothermal equations of state showing unit-cell volumes
oftwo clinochlore polytypes as a function of pressure: monoclinic (solid
line) and triclinic (dashed).

less than the 88 GPa found for the triclinic polytype (Zanazzi et
al. 2006), although the difference in the relative compressibili-
ties of the two polytypes must be viewed with caution, owing
to relative data uncertainty (the differences between K, and K'
are of the order of 1-2 ). The decrease in molar volumes as a
function of P was computed with the isothermal EoS for the two
polytypes (Fig. 3). The curves cross at P = 0.9 GPa. Since pres-
sure tends to stabilize the phase with smaller molar volume, the
triclinic polytype is favored in low-pressure regimes. Monoclinic
clinochlore is more compressible than the triclinic type: at high
pressure, the P-J contribution to Gibbs energy tends to favor the
former. These considerations, based on small differences only in
terms of pure elastic energy, are of course not fully conclusive,
since we did not take into account the effect of temperature, and
assumed that the thermal expansion coefficients and dK/dT were
equal for both polytypes. Nonetheless, our results support the
hypothesis that pressure conditions do play a role in stabilizing
the different polytypes of clinochlore, explaining the relatively
greater abundance of triclinic forms in nature, when the pressure
of chlorite crystallization is less than 0.9 GPa. The triclinic form
is dominant in our sample from Val Malenco, and in the Kenyan
sample described by Zheng and Bailey (1989), in agreement with
assumptions regarding the relative stability of the two polytypes,
based on the textural evidence recorded in the Kenyan sample.
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