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Phase Transition

Figure 1. Generic (theoretical) phase diagram describing the
different states or phases of a material at different pressures
and temperatures. For example, at all of the pressure and
temperature combinations that fall within the pink field, the
stable form of this material is a gas. The names of processes
involved in specific phase changes are shown in red.
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Figure 2. Ball (atom) and stick (bond) diagrams of the
structures of (A) diamond and (B) graphite. The unit
cell of each structure is shown in red. The weak bonds
between the carbon layers in graphite are not shown.
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Figure 3. The pressure-temperature phase diagram of
carbon; modified from Bundy (1989).
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itting in display cabinets, most mineral specimens may
seem to be fairly static. For choice specimens this is a
good thing; we would not want them to change in any
negative way. For example, most people would not be very
excited to find that a beautiful diamond crystal in their collection had turned to graphite. Of course, there are well-known
exceptions to the stability of minerals in collections, realgar
being one, and another being marcasite that is kept in an environment where it is unstable and will deteriorate over time.
In the context of the earth and its evolution, however, minerals are far from static. As a whole, they are constantly changing. This is the general idea behind the rock cycle. Rocks, and
their constituent minerals, are forming in some places, being
destroyed in others, and transforming to new types of rocks
and minerals in yet other places. Crystals of olivine, feldspar,
and pyroxene may be crystallizing from freshly erupted lava
in Hawaii as you are reading this column. Likewise, feldspar
crystals exposed on the surface of Half Dome in Yosemite
National Park are slowly weathering away as they are exposed
to chemical and physical forces at the earth’s surface. A more
intriguing, yet no less plausible, thought is that graphite and
other forms of carbon that have been carried deep into the
earth’s mantle by subduction are being transformed to diamonds at this very moment. Such changes are known as phase
transformations or phase transitions.
Phase transformations are extremely common and happen all around us, all of the time. In the broadest of terms,
a phase transformation is the change of a material from one
form (phase) to another form (phase) that has different
Volume 81, November/December 2006

467

Figure 5. Optical photomicrograph (crossed polars)
of the tartan or crosshatched extinction of microcline. This microstructure resulted from the transition of sanidine to microcline as the sample was
slowly cooled.
Figure 4. Polyhedral diagrams of the crystal structures of (A)
low-quartz (alpha-quartz) and (B) high-quartz (beta-quartz)
viewed down the c crystallographic axes. The unit cell of each
structure is shown in red. Note the six-sided rings formed by
the tetrahedra have 3-fold symmetry in alpha-quartz and 6fold symmetry in beta-quartz. For an animation showing the
transition between alpha- and beta-quartz go to the Rocks &
Minerals’ Supplementary Materials Web page (http://www.
rocksandminerals.org).

properties. These typically involve changes in the physical
state of matter. For example, we are all familiar with the
three most common states, or phases, of H2O: ice, water, and
steam. The process of melting ice is a transformation from
a solid phase to a liquid phase. Similarly, boiling water is a
transformation of a liquid phase to a gaseous one. These and
other processes involved in phase transformations among
different states of matter are shown schematically in what is
called a phase diagram (fig. 1).
In mineralogy, phase transitions commonly refer to the
change of one mineral to another of the same composition
but with different atomic arrangement (structure). In other
words, they represent the transition between different polymorphs (a.k.a. polymorphic transition)—for example, the
transition of graphite to diamond and vice versa. Both of
these minerals are composed of only carbon, but their atomic
structures (and their properties) are very different (fig. 2).
At lower pressures and temperatures graphite is the stable
form of carbon (fig. 3). However, if graphite is exposed to
higher temperatures and pressures, as are found deep in the
earth’s interior, it will undergo a structural transformation
to diamond. For this to occur, bonds between carbon atoms
in the graphite must be broken or modified so that the
atoms can move about and rebond into the new structure.
This is an example of a reconstructive phase transition (i.e.,
the structure must be broken down and reconstructed into
a new form). Other important reconstructive polymorphic
phase transitions that occur deep in the earth’s mantle are
the transformation of olivine to wadsleyite (which has a
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Figure 6. Diamond pseudomorphs after graphite from
Popigai impact crater, Russia. Each crystal is about 0.5
mm across. John Jaszczak
specimens and photos.

structure similar to spinel) and wadsleyite to ringwoodite
(which is isostructural with spinel). These transitions occur
at pressures and temperatures found at an approximately
400-kilometer depth in the earth, and they are thought to be
the reason for a significant change in the seismic properties
of the earth’s mantle that take place at this depth. Indeed,
these and other phase transformations that occur deep in
the earth are of great interest to mineral physicists. In contrast, a common example of a reconstructive phase transition found near earth surface conditions is that from calcite
to aragonite. In this transition the coordination (number of
atoms bonded to a given atom) of Ca changes from six in the
lower pressure polymorph, calcite, to nine in aragonite.
There are several other types of polymorphic phase transitions that are important in the mineral kingdom, including
displacive transitions and order-disorder transitions. In the
former, the structures of the minerals before and after the
transition are very similar. So similar, in fact, that no bonds
between atoms need to be broken for the transition to occur.
Rather, bonds are simply distorted. The classic example of a
displacive phase transition is that between alpha- and betaquartz, which occurs at 573°C in response to changing temperature. At room temperature and pressure (25°C, 1 atm)
the stable form of quartz is the alpha structure (fig. 4A). Note
that the six-sided rings formed by the tetrahedra have 3-fold
symmetry in alpha-quartz. As the temperature is increased,
the angles between tetrahedra in the rings (angles 1 and 2 in
fig. 4A) change. Angle 1 decreases whereas angle 2 increases.
At 573°C, angles 1 and 2 become equivalent and equal to
120° (fig. 4B). At this point, the symmetry of the crystal has
changed from trigonal to hexagonal. Thus, the two structures
are simply related by a rotation of the tetrahedra about shared
oxygen atoms (corners of the polyhedra in fig. 4).
Order-disorder or ordering transitions involve the rearrangement of two or more atoms in a crystal structure from
a random distribution (among periodic sites) to an ordered

arrangement (among those same sites). The formation of
sakura ishi from Kameoka, Japan, mica pseudomorphs after
cordierite-indialite intergrowths (Rakovan, Kitamura, and
Tamada 2006), involves the transformation of indialite to
cordierite. The structures of these two minerals are very similar and are related by the distribution of Si and Al among the
tetrahedral sites. Indialite, the high-temperature polymorph
of cordierite, is hexagonal. In indialite the Si and Al are randomly distributed among the tetrahedral sites. When indialite cools below the transition temperature to cordierite, the
Si and Al move (by diffusion through the solid crystal) into
a nonrandom distribution among the tetrahedral sites. The
process of an element going from a random to a nonrandom
distribution in a crystal structure is called ordering, thus the
use of the term ordering transition. The result of ordering
in this case is a lowering of the symmetry from hexagonal
to orthorhombic, and thus the transition from indialite to
cordierite. The diffusion of the Si and Al into their new, and
ordered, arrangement occurs in the solid cordierite. Thus,
the change from indialite to cordierite is also described as a
solid-state phase transition. Another common example of an
ordering transition is the change between the sanidine and
microcline structures (Putnis 1992). At high temperatures Si
and Al are randomly distributed among the tetrahedral sites
of K-feldspar. This arrangement results in the high symmetry structure of sanidine. At lower temperatures an ordered
arrangement of Si and Al is more stable, giving rise to the
lower symmetry of microcline.
When ordering or displacive transitions occur, the lower
symmetry polymorph often exhibits a domain structure,
where different regions (domains) of the crystal have different crystallographic orientations. Thus, what was a single
crystal at a high temperature (before the transition) is actually a composite of multiple crystals (domains) after it cools.
These domains are often in a twin relationship. Examples
include Dauphiné twinning in quartz, resulting from the
beta to alpha transition; the “tartan” or crosshatched twinning found in microcline that forms through an ordering
transition in sanidine (fig. 5); and the “zigzag” pseudo-twininng in sakura ishi that results from the transition of indialite to cordierite (Kitamura and Yamada 1987; Rakovan,
Kitamura, and Tamada 2006).
The ease with which a phase transition will occur as well
as how quickly it will occur depend both on how many
bonds must be broken and on the strength of those bonds.
Thus, displacive transitions, which require no bond breaking, take place rapidly and with ease. Consequently, it is
rarely possible to prevent a displacive transition from occurring once a mineral experiences conditions of temperature,
pressure, and so forth where it is not stable. This is why you
can have a pseudomorph of beta-quartz in your collection
but not a true beta-quartz crystal (unless it is kept at a temperature above 573°C ).
On the other hand, reconstructive phase transitions,
which involve bond breaking, require a large amount of
energy to occur; thus, they often take place at much slower
rates. If cooled rapidly to temperatures where solid-state

diffusion of atoms (necessary for atomic rearrangement) is
negligible, high-temperature and high-pressure polymorphs
may persist indefinitely. The process of rapidly cooling a
high-temperature mineral to a temperature where it will
endure, although metastably, is called quenching. This, of
course, is why diamonds are “forever,” at least at earth surface conditions. Order-disorder transitions can be either fast
or slow, depending on their exact type. Likewise, the hightemperature polymorphs may be quenchable if the ordering
requires the breaking of bonds.
The processes that lead to changes in environmental
conditions and subsequent phase transformations among
minerals typically happen slowly over geologic time scales.
This is the case for the transformation of graphite to diamond in a subducting slab of the earth’s crust, mentioned
above. However, rapid changes in environmental conditions
can also occur, resulting in rapid reconstructive phase transformations (Kieffer 2003). For example, graphite can also be
transformed to diamond at the earth’s surface if exposed to
the rapid increases in temperature and pressure that result
from large meteorite impacts (Haggerty 1997) (fig. 6). This
is nicely demonstrated for meteorite impacts in Russia and
Ukraine, among others (Gurov, Gurova, and Rakitskaya
1995). The high-pressure polymorph of quartz, coesite, is
also commonly found in meteorite impact sites and is used
extensively as an indicator of such.
The most common types of phase transformations
found in minerals are described above. These, however, are
end-member examples, and many transformations actually exhibit characteristics of multiple transformation types
(e.g., both displacive and reconstructive components). Phase
transitions in crystalline solids, including minerals, are fascinating and rich in complexity. An excellent mineralogy
textbook that covers most aspects of mineralogical phase
transformations in depth is Putnis (1992).
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