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absTRacT

We report the first natural occurrence of keatite, also known as silica K, discovered as a precipitate 
in the core of ultrahigh-pressure (UHP) clinopyroxene (Cpx) within garnet pyroxenite from the Kok-
chetav Massif, Kazakhstan. High-resolution transmission electron microscopy and electron diffraction 
demonstrate that sub-micrometer and nano-scale keatite precipitates have a definite crystallographic 
relationship with the host pyroxene (diopside = ∼Di90) Cpx (100) || keatite (100) and Cpx (010) || keatite 
(001). Clinopyroxene provides a template for keatite nucleation due to the close structural relationship 
and excellent lattice match between the diopside and keatite. We propose that keatite micro-precipitates 
are formed in localized low-pressure micro-environments produced as a result of exsolution of extra 
silica and vacancies held within UHP host diopside and stabilized by the pyroxene lattice. Low-density 
metastable keatite and its relationship to the host pyroxene likely reflects the important influence of 
pyroxene/precipitate interfacial energy on the micro- and nano-scales in controlling the nature of 
exsolved phases in exhumed UHP minerals.
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inTRoducTion

Keatite, a metastable polymorph of silica, has been syn-
thesized experimentally using hydrothermal methods at low 
pressure, but was not confirmed in nature. Oriented silica 
precipitates are a relatively common feature in clinopyroxenes 
from high- and ultrahigh-pressure rocks and have been noted in 
numerous collisional orogenic rocks, and are generally identi-
fied as quartz (Smith 1984; Gayk et al. 1995; Liou et al. 1998; 
Katayama et al. 2000; Dobrzhinetskaya et al. 2002; Zhang et al. 
2005; Proyer et al. 2009). High-pressure and ultrahigh-pressure 
clinopyroxenes are of great interest for studying physical and 
chemical characteristics of rocks subducted to or formed at 
upper mantle depths and returned to Earth’s surface. Oriented 
silica precipitates inside the clinopyroxenes have been used as 
indicators of these UHP conditions, sometimes in the absence 
of direct mineralogical evidence (diamond or coesite). Direct 
characterization of the exsolved minerals is necessary, and this 
study is the first to characterize these silica precipitates utilizing 
high-resolution transmission electron microscopy. The advantage 
of HRTEM is its ability to unite crystallography, crystal size, 
and chemistry, and has permitted identification of the nano-scale 
metastable keatite phase.

The keatite discovered in this study was observed in the core 
of an UHP clinopyroxene within a micro-diamond-bearing garnet 
pyroxenite. This garnet pyroxenite exists as thin lenticular bands 
or lens-like bodies within plagioclase gneisses of the Zerenda 
rock series (Kumdy Kol region) from the Kokchetav Massif, 
Kazakhstan. Peak metamorphic P-T estimates of these rocks 

yield minimum pressures of 40 kbar and temperatures exceeding 
900 °C (Shatsky et al. 1995). The rocks have undergone pervasive 
retrograde metamorphism to amphibolite facies, preserving only 
rare UHP mineral assemblages within refractory minerals such 
as garnet and zircon (Katayama and Maruyama 2009). 

This rock is dominated by clinopyroxene and garnet, with 
accessory minerals of rutile, Fe-oxides, apatite, and zircon. The 
texture of the rock is medium-grained, massive, and generally 
equigranular. The rock is relatively fresh, but has minor frac-
tures filled with sheet silicates, quartz, feldspar, and carbonates. 
Transmitted light photomicrographs of clinopyroxene grains 
show siliceous precipitates concentrated in cores of the crystals 
(Fig. 1). Optically, no minerals other than silica were observed. 
Figure 1a shows a clinopyroxene oriented with the c-axis ap-
proximately normal to the plane of the image. This orientation 
causes the precipitates to appear as dark euhedral dots. In two 
different clinopyroxene grains viewed at a high angle to the 
c-axis, the precipitates appear as elongated rods (Fig. 1b). This 
image highlights the concentration of precipitates in the cores 
of clinopyroxene; they are rarely seen in the rims. Later stage 
retrograde reactions are sometimes seen at the boundaries of 
grains in the garnet pyroxenite.

Keatite, or silica K, is an atypical crystal with a negative 
overall thermal expansion coefficient (Keat 1954). Initial 
synthesis by Keat (1954) was at experimental conditions of 
0.33–1.1 kbar and 380–585 °C; more recent experiments agree 
that crystallization is favored at moderate temperatures (200–400 
°C) and pressures (2–3 kbar) (Bettermann and Liebau 1975). 
Formation environment composition is extremely important for 
keatite synthesis, and it has been synthesized utilizing a variety 
of siliceous starter materials. Experiments resulting in keatite * E-mail: hfxu@geology.wisc.edu


