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High-pressure phase transition in clinochlore: IIa polytype stabilization
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Abstract

Structural variations of natural clinochlore with pressure have been studied by in situ single-crystal 
X-ray diffraction (XRD) in a diamond-anvil cell in the pressure range 0–20 GPa at room temperature. 
High-resolution XRD data allowed for the identification of a polytypic phase transition at about 9 GPa. 
Around 4.32(5) GPa, the unit-cell parameters exhibited a significant deviation from linear behavior, 
particularly the c and β values, abruptly interrupted when the phase transition occurs. XRD patterns 
showed a drastic reduction of diffuse scattering due to the stabilization of the high-pressure structure, 
suggesting that the atomic reorganization of the layers led to a disorder reduction. The phase transi-
tion showed complete reversibility during the experiment. Ab initio structural refinements identified 
the transition as polytypic, from the initial IIb-4 triclinic polytype (space group C1) to the IIa-1 
monoclinic structure (space group C2/m), with unit-cell parameters a = 5.2058(6) Å, b = 9.0208(4) Å,  
c = 13.560(7) Å, β = 97.34(3)°. The latter was theoretically derived in the 1960s as the least stable 
chlorite polytype but has never been observed in natural chlorites. The phase transition also has a 
significative effect on the bulk modulus, with a reduction from K0 = 81.2(13)t to K0 = 56.0(6) GPa 
for the high-pressure structure. An isothermal run at 600 K from ambient pressure to 14 GPa showed 
the same phase transition at 7.8(5) GPa. Its occurrence at lower pressures suggests a negative P/T 
slope for the transition. Therefore, at high-temperature and high-pressure conditions compatible with 
impact phenomena, the polytypic phase transition could prevent chlorite from early destabilization 
and dehydration.
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Introduction

Chlorite represents one of the most ubiquitous water-bearing 
phases among phyllosilicates. Due to its wide range of stability, 
this mineral has been intensively investigated both as an indica-
tor of P-T conditions in low-grade metamorphism (Bourdelle 
2021) and as a potential volatile carrier in subduction zones. 
Different studies have shown that chlorite can be stable even at 
high-pressure conditions (i.e., >4 GPa), and it could provide the 
water supply in the deep Earth system (Schmidt and Poli 1998; 
Fumagalli and Poli 2005). Furthermore, recent research has sug-
gested that this phase could also be interesting for assessing the 
role of impact metamorphism in the bulk composition of planets 
during late accretion (Gavin et al. 2013; Albarède 2009). Indeed, 
chlorite-like phyllosilicates can be present both in chondrules 
and the matrix of carbonaceous chondrites involved in these 
processes (Tomeoka et al. 1989).

Chlorite group minerals have a TOT+O structure due to the 
superimposition of talc- and brucite-like layers. Natural chlorites 
can show different chemical compositions, but a general formula 
can be represented as (Mg,Fe,Al)6(Si,Al)4O10(OH)8. The most 
thermally stable and abundant mineral of the group is clinochlore 
Mg5Al(AlSi3O10)(OH)8, which can contain a significant amount 
of Fe2+ grading into the end-member chamosite. Therefore, clino-

chlore can be considered an excellent candidate for studying the 
behavior of chlorite under high-pressure conditions.

Besides the chemical composition, the chlorite group is also 
characterized by a wide number of different possible-existing 
polytypes. As predicted by Brown and Bailey (1962), one-layer 
chlorites can show different polytypes due to different permis-
sible ways to superimpose the brucite sheet upon the “initial” 
talc sheet and the “repeating” talc sheet upon the brucite one. All 
possible combinations of talc-brucite-talc (TOT) superimposi-
tion can be achieved by translating or rotating the brucite and 
repeating talc sheets relative to a fixed initial talc layer. Among 
them, only 12 ideal polytypes are significantly different from one 
another, based on the assumption of a non-deformed structure 
(i.e., hexagonal tetrahedra geometry of the talc layer). Brown and 
Bailey (1962) were able to identify in natural samples (over 300 
specimens survey) almost all the predicted polytypes, except the 
IIa, which is considered the one with the highest energy. How-
ever, natural chlorite samples often present stacking disorder or 
deformation, complicating the identification and assessment of 
different polytypes’ thermodynamic stability.

Since obtaining high-quality single crystals of chlorite is dif-
ficult, most crystallographic studies at non-ambient conditions 
have so far relied on X-ray powder diffraction experiments (e.g., 
Pawley et al. 2002). The only single-crystal studies available 
have been performed in the pressure range of 0.0001–5.4 GPa 
(Zanazzi et al. 2006, 2007) and did not show any significant struc-
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