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Abstract

When a mineral is included in another, the pressure on the two is the same. As pressure and temperature then change, the
pressure on the inclusion is likely to become increasingly different to the pressure on its host as a consequence of the two minerals
having different equations of state (i.e. pressure—volume—temperature P—V—T relationships). Under some limiting assumptions,
including that the host behaves elastically, it is simple to calculate the under- or overpressure experienced by an inclusion along the
PT path the host follows. By focussing diagrammatically on ¥, the natural variable, rather than the normally used conjugate
variable, P, we represent the consequences of inclusion for arbitrary PT paths, giving the under- or overpressure as well as the
equilibrium reaction progress if reaction in the inclusion is involved.
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1. Introduction

It is commonplace to use what is preserved as
inclusions in a mineral to infer aspects of a rock’s
geological history, the idea being that the host mineral to
the inclusions provides an inert container allowing
minerals that have since reacted out of the matrix to
nevertheless be preserved in the host mineral. This may
or may not be a naive interpretation of what the
inclusion represents, given that, for example, the
inclusion may have reacted with its host or exchanged
elements with it subsequent to inclusion. Nevertheless
such inclusions may provide the only evidence, however
encoded, of the mineral assemblage in a rock when the
host was growing. For example the existence of coesite
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or diamond inclusions in zircon and garnet has been
used to suggest an ultrahigh pressure (uhp) history for
rocks that otherwise show little or no evidence of such a
history.

When the “inert container” analogy is appropriate,
for example considering coesite or diamond inclusions
in garnet, another aspect of inclusion can be considered:
the pressure experienced by an inclusion departs from
that acting on its host following inclusion, as a
consequence of the different equations of state of the
inclusion and host. At the time of being included, the
inclusion is at the same pressure as the host, but if, for
example, as PT changes the volume in the host which
the inclusion initially occupied changes insufficiently to
accomodate the change in volume of the inclusion, the
pressure experienced by the inclusion will rise above
that acting on the host. This effect is well known: in a
linear elastic theory context such a situation has made it
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into textbooks, e.g. [1]. Considerations based on this
theory have been used in the geological literature since
the 1960s, for example, in order to estimate pressure of
equilibration from experimental measurements relating
to dilatometry [2,3]. This experimental approach has
been applied successfully to the garnet—quartz associ-
ation in amphibolite facies pelitic rocks [4,5].
Renewed interest in the internal pressure on inclu-
sions has been sparked by the discovery that, for
example, coesite inclusions in garnet and zircon in
ultrahigh pressure (uhp) rocks are at elevated pressures
in the laboratory at the present day. This has been shown
using laser Raman microspectrometry applied to inclu-
sions that do not intersect the surface of the host and so
may still be pressurised. Characteristic shifts in the
Raman spectra reflect a preserved internal overpressure
which can be used to estimate pressure of entrapment,
e.g. [6,22,25]. However, wherever elastic theory has
been used to decipher PT paths, e.g. [7], there has not
been devised a useful diagrammatic representation of
inclusion-host P—V—T relationships. Where diagrams
have been involved at all, they have been PT ones, e.g.
[8], with the path followed by an inclusion shown as
separate from the one of the host, as in Fig. 1b. The
inclusion’s path—effectively a buffering path, a path
buffered by the constraining effect of the host on the
inclusion—cannot be deduced without considering the
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Fig. 1. (a) V=T and the equivalent P—T diagram, (b), showing the
equivalence in terms of inclusion and host phase relationships and PT'
paths.

maths relating the relative volumes of inclusion and
host.

Thermodynamic variables occur in conjugate pairs
involving corresponding intensive and extensive vari-
ables, only one of which can be used in a thermody-
namic description of a system, e.g. [9]. In the current
context, the conjugate pair of variables of interest is the
intensive variable pressure, P, and the extensive variable
volume, V. Of the intensive and extensive variables, the
“natural” variable is the intensive one if the system
being considered is at superimposed value of the
intensive variable. This is commonly assumed to
approximate the situation applying to many rocks
during metamorphism, at least on an appropriate time-
scale, with 7 changes accomodated by deformation
allowing P to be considered to be superimposed. This
approximation is inappropriate in considering an
inclusion unless the host mineral itself is able to deform.
In the absence of such deformation, volume is the
natural variable, thermodynamically, as well as rather
obviously via the volume constraint created by the hole
occupied by the inclusion in the host mineral. This is
well known to those dealing with the interpretation of
fluid inclusions, e.g. [10]. In fluid inclusion theory, 77,
or rather, 7—density diagrams are the primary source of
information. However, as acknowledged by Roedder
([10] p.230), such diagrams look unusual to most
geologists and therefore P—T diagrams contoured for
isochores have been the preferred way of representing
the information. Yet V' (or density) is the natural variable
and we pursue in this paper the aim of showing the
usefulness of using Vas an axis on diagrams considering
inclusions in minerals, as indeed advocated by Zhang
[11].

Represented in Fig. 1 is an idealised situation in
which a fixed size hole in the host, represented by V3, in
Fig. 1a, is filled with an inclusion of a higher pressure
phase A. It is assumed that A expands as PT decreases.
As represented in Fig. 1b, A has a lower pressure form,
B. In such a constant volume situation, the horizontal
arrow in Fig. la represents the evolution of the
inclusion, with a small conversion of A to B occurring
once the two-phase field in Fig. la is intersected. As
shown in Fig. 1b, this simple V-7 behaviour is reflected
in the divergence of the inclusion PT path from that of
its host, with eventual buffering of the inclusion path
along the A=B univariant boundary. Note that this
univariant, which is a line in PT is a field in V7.

Unfortunately, such an idealised situation cannot be
applied to nature as the size of the hole occupied by the
inclusion also varies with P7, and there is a feedback
regarding the pressure experienced by the inclusion
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Fig. 2. (a) VLO*T diagram for decompression and cooling from 70 kbar and 1150°C for arbitrary PT paths. Shown on (a) are identical example PT
paths for pyrope in diamond and diamond in pyrope, and in (b) the equivalent path relationships in P—7. With respect to the host PT path, diamond as
inclusion involves underpressure; pyrope overpressure. These diagrams ignore the effect of the shear modulus of the host in the calculations.

provided by the elastic strain in the host adjacent to the
inclusion. However, we have devised a powerful new
way of representing the P—V—T relationships of
inclusions based on the idea of V-T diagrams, and this
is the focus of this paper.

2. P—V-T relationships
Using subscript i for inclusion, and h for host, and

subscript 0 for the conditions at which inclusion takes
place, then (P, To);=(Po, To)n. PT conditions in the host

subsequent to inclusion, beyond the sphere of influence
of inclusions and corresponding to the PT imposed on
the rock as a whole, are denoted (P, 7). Writing volume
as an explicit function of P and 7, V' (P, T), the volume of
the inclusion at (P, 7) is Vi(P;, T). To determine P;, the
relative volume changes of the inclusion and the host are
taken into account, moderated by the effect of the elastic
strain of the host caused by the pressure difference, P;—
P. Following [2,3,7,12,13,11], assuming that linear
elastic theory is appropriate, that the inclusion is small
relative to the size of its host, and that the inclusion is
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Fig. 3. (a) VLU*T and (b) P-T diagrams, equivalent to the diamond in pyrope case in Fig. 2, showing the moderating effect of including the shear

modulus of the host, pyrope.

sufficiently far away from other inclusions and from the
edge of the host, P; corresponding to (P, T) can be
determined from:

Vh(P7 T)
Vi(Po, To)

AR

in which G is the shear modulus of the host. All of the
diagrams below are calculated via this controlling
equation. The left hand side will be referred to as

7 ) » and the first term on the right hand side as (-
h i

Referring to both terms on the right hand sicflfe as the
[

effective volume ratio for the inclusion, (L) , then
1

Vo
1% 1% eff
(VO) - (VO) h
The new diagram introduced in this paper involves VK
0
plotteglf against 7, with (V10>h representing the host, and
€
) representing the inclusion, contoured for the P

"o
on the host and the P on the inclusion. For any arbitrary
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Fig. 4. (a) V%*T diagram for arbitrary PT paths from 3kbar and 300°C for quartz in garnet. The quartz=coesite reaction as would be seen by
matrix quartz is shown, as well as the boundary of the quartz+coesite two-phase field that would be experienced by quartz inclusions. Shown
on (a) is an example uhp P7 path, and in (b) the equivalent path relationships in P—7. The inclusion path does not extend out of the quartz

stability field.

PT path for the host from a specified starting point (P,
Tp), the corresponding PT path followed by an inclusion
is given. Such diagrams are presented and discussed for
garnet included in diamond, diamond included in
garnet, and quartz and coesite included in garnet. In
the following it is assumed that thermodynamic
equilibrium applies and that the minerals behave
elastically. The data used for the volume calculations
is from [ 14], with the shear moduli, Gg;,,, =536 GPa and
Gpy=97.3 GPa.

| 4
3. ——T di
7z iagrams

3.1. Ignoring the shear modulus

The simplest form of the diagram is where the shear
modulus of the host is assumed infinite, so (%)e =
(,“) and no reaction in the inclusion takes place, Fig.

. This figure, for pyrope-diamond, allows consider-
ation of the P—V-T relationships of both pyrope

inclusions in diamond and diamond inclusions in pyrope
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Fig. 5. (a) £ —T diagram for arbitrary PT paths for quartz in garnet from a starting (PT) point just inside the quartz stability field on the same example
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Vo

PT path used in Fig. 4. The inclusion path enters the quartz+ coesite stability field in (a), and equivalently passes along the quartz=coesite reaction
line in (b), but the inclusion reaches the Earth’s surface as quartz. (¢) x.,.—7 diagram showing the change in coesite fraction along the PT path.

during decompression and cooling from, in this case,
70kbar and 1150°C. Any host PT decompression and
cooling path from this starting P7 can be considered: the
one used as an example is the solid line in Fig. 2b.
Corresponding to this line are the VKO —T inclusion
paths in Fig. 2a: the heavy dashed line for pyrope as
host, the light dashed line for diamond as host. To see

the overpressure or underpressure involved with an
inclusion path, the intersection of the path with the
appropriate isobars is used, this information then being
transferred to Fig. 2b as an inclusion PT path. For
pyrope inclusions in diamond, the dashed pressure
contours in Fig. 2a are used; for diamond inclusions in
pyrope the dotted pressure contours. As can be seen,
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Fig. 6. (a) Vlo —T diagram for arbitrary PT paths for coesite in garnet from a starting (P7) point just across the quartz=coesite reaction line on the same
example PT path used in Fig. 4. The inclusion path eventually enters the quartz-+coesite stability field in (a), and equivalently passes along the
quartz=coesite reaction line in (b); the inclusion reaches the Earth’s surface with a significant proportion of the coesite having been transformed to
quartz. () x.o.—7 diagram showing the change in coesite fraction along the PT path.

diamond inclusions are underpressured during decom- When the shear modulus of the host is included in
pression and cooling, whereas pyrope inclusions are the calculation, there are two consequences. One is that
overpressured, as a consequence of the relative P—V-T the same diagram cannot be used for pyrope in

behaviour of the two phases. diamond and diamond in pyrope because the shear
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Fig. 7. (a) VLU —T diagram for arbitrary PT paths for coesite in garnet from a starting (P7) point at peak P7 conditions on the same example PT path
used in Fig. 4. The inclusion path enters the quartz+ coesite stability field in (a), and equivalently passes along the quartz=coesite reaction line in (b),
but the inclusion reaches the Earth’s surface mainly as coesite. (¢) x.,.—7 diagram showing the change in coesite fraction along the PT path.

moduli of pyrope and diamond are different. The
second is that the effect of including the shear modulus
is to decrease the magnitude of over- or underpressure
involved. This can be seen in Fig. 3 for diamond
inclusions in pyrope. Comparing Figs. 2a and 3a, the
pressure contours for diamond have contracted towards
the path’s starting point, meaning that underpressure of
the inclusions is reduced, as shown in Fig. 3b. All the

diagrams presented below were calculated including
the shear modulus.

3.2. Quartz-coesite inclusions in pyrope
——T diagrams can also be used where reaction is

1nvolved in this case using a simplified model of the
spatial relationships in the inclusion such that both
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Fig. 8. (a) VLO*T diagram for arbitrary decompression and cooling PT paths from 90 kbar and 1200°C for diamond in pyrope. The inclusion path
enters the diamond+ graphite stability field in (a), and equivalently passes along the diamond=graphite reaction line in (b), but the inclusion reaches
the Earth’s surface mainly as diamond. (c¢) xg;am—7 diagram showing the change in coesite fraction along the PT path.

product and reactant are at the inclusion pressure (c.f. PT paths. Where reaction commences in the inclusions
[15]). Again the diagrams can be used to look at can be shown, the subsequent modal evolution of the
arbitrary host PT paths, and the corresponding inclusion inclusion cannot be represented in a general way, by for
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example contours, because the modes depend on the 7'
where the reaction is intersected.

A key issue in considering the fate of inclusions is the
PT conditions of inclusion along the PT path, and the
next four diagrams address this for the inclusion of
quartz or coesite in garnet. In Fig. 4, inclusion of quartz
takes place at low P7, with the example host PT path
shown extending to uhp conditions. The PT line
marking the edge of the quartz+coesite field is shown
(dotted line, Fig. 4a), along with the PT locus of the
quartz = coesite reaction for the matrix of the rock (solid
line, Fig. 4a). In this case, although the PT path extends
well into the coesite stability field, the inclusion PT path
remains within the quartz stability field reflecting the
underpressure along the P7 path (Fig. 4b). In contrast, as
portrayed in Fig. 5, with inclusion of quartz taking place
close to the limit of the quartz stability field, the
inclusion PT path does enter the quartz+ coesite stability
field in Fig. 5a. However, as is shown in Fig. 5c, little
coesite is produced for this path. The inclusion is
buffered along the quartz=coesite univariant line in Fig.
5b, with the inclusion pressure contours in Fig. Sa
therefore being vertical in the quartz+coesite field. The
small amount of coesite produced is then reacted back to
quartz as decompression and cooling gets under way.
Reiterating a well-known result, e.g. [7,12], coesite
inclusions in garnet cannot be made from originally
included quartz.

If coesite is included in pyrope at immediately higher
pressure from the P7 of inclusion in Fig. 6, just into the
coesite field, then the outcome is quite different for the
inclusion, with coesite largely preserved, but with a
significant amount of quartz being produced during
buffering along the coesite=quartz reaction. If instead
coesite is included at peak conditions, Fig. 7 can be used
to consider the evolution of the inclusions for different
paths during decompression and cooling, with the same
example path shown in Fig. 7a, and the consequent
inclusion path shown in Fig. 7b. This path is buffered
along the coesite=quartz univariant line with a small
proportion of quartz being formed, Fig. 7c. Thus such
paths allow the majority of the coesite to be preserved,
with the coesite overpressured at the Earth’s surface.

The volume fraction of coesite in the inclusion
depends on the PT path, and more precisely on the
starting point along the PT path when coesite is
included, and on the PT conditions where the coesite=
quartz reaction is crossed. Calculations show there is a
general trend: the higher the starting pressure, the larger
volume fraction of coesite will remain at low P7T,
although this cannot be formulated for geobarometric
purposes.

3.3. Diamond—graphite inclusions in pyrope

As shown in Fig. 2, diamond inclusions in pyrope, in
contrast to coesite inclusions, become underpressured
during cooling and decompression. From the indicated
starting P7, all cooling and compression paths can be
considered in Fig. 8a, including diamond-graphite
reaction, with an example path shown. The inclusion
path and the amount of conversion of diamond to
graphite are shown on Fig. 8b and c. Once the
diamond=graphite univariant line is intersected on
Fig. 8b, or equivalently the diamond+graphite two-
phase field entered on Fig. 8a, the inclusion is buffered
by the reaction and the diamond remains overpressured
to the Earth’s surface.

4. Discussion

A general conclusion that can be drawn is that
inclusions, at least ones that do not react with their host,
tend to be preserved in the form that they were included,
and this is a satisfactory result in the context of the
occurrence of different polymorphs in different parts of
host minerals. Thus quartz occurring as inclusions in the
cores of garnet, but coesite in mantles, e.g. [8], and the
same arrangement but in zircon, e.g. [19], can be
understood in terms of the quartz inclusions having been
enclosed in the quartz stability field, and the coesite
inclusions in the coesite stability field. There are
additionally definite predictions regarding the over-
pressuring in different inclusions that arise from
consideration of the above figures, considered further
below.

Whether a mineral is included in a host mineral
obviously depends on the petrological evolution of the
rock, not only in mineral assemblage, but also in mineral
modes. For garnet to include quartz then coesite
involves the strong requirement that the mode of garnet
is increasing in both the quartz and the coesite stability
fields. This is open to prediction via the calculation of
pseudosections, given the chemical composition of the
part of the rock that the garnet is growing in [16].
Considering whiteschists, the pseudosection for the
Parigi pyrope—coesite rock (Dora Maira) in Fig. 6 of
[17] shows that for this low-Mn bulk composition,
garnet does not grow til near-peak conditions at
pressures above 30 kbar, well within the coesite stability
field. It is not surprising therefore that the pyrope
contains coesite inclusions [18]. In contrast, more
manganiferous whiteschists, e.g. [8], will start to grow
garnet much earlier in the mineral assemblage evolution
of the rock, as a consequence of manganese stabilising
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garnet, and in that case garnet started to grow in the
quartz stability field. The more manganese-rich cores of
the garnet contain quartz inclusions, whereas the
mantles contain coesite inclusions [8], the latter
correspond to continuing near-peak garnet growth as
in the Dora Maira whiteschist.

The use of Raman methods has revolutionised
consideration of the overpressures developed in inclu-
sions by allowing present-day overpressures to be
deduced via the experimentally determined shift of
peaks in Raman spectra. With a simple elastic model,
and in the absence of disruption of the inclusion by
strain, including overpressure-induced strain, and strain
during sample preparation, the above figures predict the
Raman shifts. Thus coesite inclusions in both diamond
and garnet should be overpressured at around 25 kbar,
regardless of the initial P7 of inclusion, and regardless
of the proportion of the lower pressure form developed.
Overpressures in quartz inclusions are predicted to have
Raman shifts corresponding to 10 kbar or less.
Polycrystalline quartz inclusions, e.g. [26], are unlikely
to be recrystallised coesite inclusions if they are
overpressured, but may have just intersected the
quartz=coesite reaction, so representing inclusion at
relatively high pressure but outside the coesite stability
field.

The simple elastic model used here results in only a
small proportion of quartz developed in a coesite
inclusion in garnet at the end of the PT evolution, e.g.
Figs. 6 and 7. Assuming a spherical inclusion, the
diameter of coesite grain represents at least about 95%
of the diameter of inclusion, but in many natural
samples the coesite/quartz ratio is much smaller (e.g.
[26]). The amount of reaction beyond that predicted
with the V-T logic above is a consequence of the
(partial) release of the overpressure causing an effective
increase of volume of the inclusion. Such an increase of
volume is most likely reflected in the (radial) cracking of
the host mineral; the preservation of any coesite may
then be kinetically controlled. It is not clear whether
polycrystalline quartz inclusions with radial cracking
around them can be due to failure of overpressured
quartz inclusions whose host did not in fact enter the
coesite field.

A consequence of taking a V—T view of the history
of inclusions in minerals is that it is possible to have a
clearer idea of what is the cause and effect in reaction
in inclusions, the development of overpressure and the
associated development of deformation features (for
example radial cracking around inclusions). For
example, saying overpressures are induced by the
coesite—quartz transition in zircon or garnet is not

correct (e.g. [24]). The overpressuring is due to the
differential expansion of the inclusion and host.
Further, the V=T view allows it to be seen clearly
that the PT of inclusion plays a fundamental role in
controlling the subsequent evolution of inclusions.
Beyond reflecting the PT stability field in which
inclusion takes place, there is little direct thermobaro-
metric information in inclusions (c.f. [27]).
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