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ABSTRACT

The dis;llacive phase transition in anorthite from the low-pressure P1 phase to the high-
pressure I1 phase has been followed in five samples with differing degrees of Al,Si order
(quantified by Q,p) by single-crystal X-ray diffraction. For natural anorthite (Q,p = 0.92)
the transition has been bracketed between 2.55 and 2.74 GPa. It displays first-order char-
acter with large discontinuities in the unit-cell angles and a ~0.15% decrease in the unit-
cell volume at the transition. With increasing disorder (Qqp, = 0.87, 0.85) the transition is
smeared out over a small pressure interval above 2.55 GPa. This is interpreted as arising
from heterogeneities in Q.. With further disorder (Q,, = 0.82) the transition becomes
continuous with a transition pressure of 4.05(5) GPa, although there is also some evidence
for the retention of some defects or residual heterogeneity in Qg in this sample as well.
The most disordered sample studied (Q,, = 0.78) transforms to the IT phase at 4.8(3)
GPa and displays close to second-order behavior below the phase transition. Analysis of
the orientation of the spontaneous strains associated with disordering of Al,Si and those
associated with the IT-PT transition shows them to be opposed. This accounts for the

stabilization of the lower symmetry P1 phase with decreasing Qop.

INTRODUCTION

The phase transitions in feldspars have been the subject
of intense study not only because of their petrological
importance but also because they provide an opportunity
to study the interactions between slow order-disorder
processes and fast displacive transitions in a material
whose structure appears to encourage mean-field behav-
ior.

At room pressure and temperature the structure of an-
orthite, CaAl,Si,O;, displays P1 symmetry and a unit cell
with a c axis of ~14 A, At pressures in excess of 2.5 GPa
at room temperature (Angel et al., 1988; Angel, 1988)
and at temperatures in excess of 240 °C at room pressure
(Brown et al., 1963), anorthite undergoes a displacive
phase transition to a structure that has 7T symmetry. The
transition from the high-temperature 71 phase to the low-
temperature P1 phase is accompanied by changes in the
lattice parameters of the crystal. These may be reformu-
lated as a spontaneous strain that arises as a result of the
transition.

At much higher temperatures partial disorder of the Al
and Si within the tetrahedral framework may be induced
and subsequently quenched into the structure (e.g., Bruno
et al., 1976; Chiari et al., 1978). The unit-cell parameters
of anorthite containing Al,Si disorder differ significantly
from those of material with the same composition but
with ordered Al,Si. This is true not only of intermediate
plagioclase, in which partial disordering is responsible for
the well-known high and low series (e.g., Kroll, 1983;
Smith and Brown, 1988), but also for end-member an-
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orthite. Detailed studies of the latter (Benna et al., 1985;
Carpenter et al., 1990) show that the variations in the
state of order are reflected in systematic variations of the
unit-cell parameters. These changes in lattice parameters
associated with disordering are also quantifiable as a
strain. In this case the strain is measured relative to an-
orthite with a completely disordered AlSi distribution
with CT symmetry (Carpenter et al., 1990).

The structure of end-member anorthite at low pres-
sures and temperatures can therefore be modified by two
phase transitions that both give rise to lattice strains. Salje
(1987) showed that the strains from these transitions are
allowed to interact in certain ways, constrained by sym-
metry considerations, and that the behavior of anorthite
at the displacive P1-I1 transition should be modified by
changes in both the composition and the state of Al Si
order within the structure. The analysis by Salje (1987)
was couched in terms of two order parameters which de-
scribe the extent of each of the two transitions: Qg quan-
tifies the state of order, varying from unity for complete
ALSi order to zero for complete disorder, whereas Q,
describes the extent of the distortion arising from the IT
to PT transition. The evolution of these two order param-
eters with temperature and pressure is modified by the
strain-induced coupling (Salje and Devarajan, 1986) be-
tween them. Some of the predictions of Salje (1987) were
confirmed by a series of experiments on well-ordered ma-
terial (Redfern and Salje, 1987; Redfern et al., 1988) in
which the unit-cell parameters of anorthite were followed
through the P1-IT phase transition at temperature. The
results of a high-pressure study (Angel et al., 1989) of a
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TasLE 1. Sample data
((AI-0))-

Sample T(C) t(d)* ((Si-0))™ Qoo
VP — — 0.124 0.92
VP 3 1350 = 5 21 0.118 0.87
VP 8 1413 = 4 30.7 0.115 0.85
VP7 1471 + 3 7 0.111 0.82
VP 6 1533 + 5 2.74 0.106 0.78

* These columns give nominal annealing times and temperatures. For
complete details see Carpenter et al. (1985) and Angel et al. (1990).

** Difference in grand mean bond lengths (in angstroms) between the
Al-rich and Si-rich tetrahedra in the structures as determined by Angel et
al. (1990).

number of natural (well-ordered) anorthite samples rang-
ing in composition from An,,, to Ang, showed some sim-
ilarities to the high-temperature behavior, in that the
transition becomes thermodynamically more continuous
with increasing albite content in the anorthite. However,
it is not clear whether this behavior is due directly to the
replacement of Ca by Na or to the increase of Al,Si dis-
order induced by the coupled replacement of Al by Si as
the albite content of anorthite is increased. This study of
the PT-IT transition in five anorthite samples of the same
composition but differing states of AlSi disorder (i.e.,
QOop) Was carried out to resolve this question and to test
further the applicability of Landau theory to the behavior
of the feldspars. The results also provide an example of
how small amounts of disorder within a crystal structure
can affect dramatically its phase transition behavior at
high pressures.

EXPERIMENTAL

The samples used in this study were all produced from
the same batch of Val Pasmeda anorthite. The compo-
sition, as determined by electron microprobe analysis,
corresponds to An,,, (Carpenter et al., 1985). In addition
to the untreated natural material, four batches of the an-
orthite were annealed at different temperatures between
1300 and 1550 °C so as to induce partial Al,Si disorder.
Details of this treatment are provided by Carpenter et al.
(1985) for two of the samples used in this study (Val
Pasmeda, Val Pasmeda 3); the remainder were subjected
to similar treatment but at higher temperatures (Val Pas-
meda 8, Val Pasmeda 7, and Val Pasmeda 6; henceforth
VP 8, VP 7, etc.). An estimate of the state of AlLSi order
within all of these samples was made from the means of
T-O bond lengths determined by single-crystal X-ray dif-
fraction and structure refinement (Angel et al., 1990). Most
of the experiments described here used the very same
ctystals as those used for structure determination. A sum-
mary of these data is provided in Table 1.

The variation of unit-cell parameters with pressure of
each of these five anorthite samples was determined by
single-crystal diffraction using Krisel-automated Picker
four-circle diffractometers equipped with Mo X-ray
sources typically operated at 40 kV/30 mA. Unit-cell pa-
rameters at each pressure were determined by vector-least-
squares fitting of between ten and 15 (depending on ac-
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cessibility) reflections between 10 and 18° 26, using M(Ka)
= 0.7107 A. In order to prevent crystal-offset errors, dif-
fractometer aberrations, and asymmetric absorption by
the diamond cells from systematically affecting the resul-
tant cell parameters, the technique of diffracted-beam
centering was employed (King and Finger, 1979). Exper-
iments on samples VP and VP 3 were carried out at the
Geophysical Laboratory using a modified Merrill-Bassett
diamond-anvil cell (Hazen and Finger, 1982) and a 4:1
methanol : ethanol mixture as a pressure medium. Pres-
sures were determined from the 26 values of three 220
reflections from a fluorite crystal included within the cell
(Hazen and Finger, 1981), using a new equation of state
for fluorite (Angel et al., 1992). It is for this reason that,
although some of the data for these two samples have
been reported before (Angel et al., 1988; Angel and Ross,
1988; Angel et al., 1989), the pressures have been slightly
revised. The same type of pressure cell and method of
pressure measurement were employed for experiments at
UCL for sample VP 8 and the initial experiments on VP
7 and VP 6. The data for these last two samples were
supplemented by two sets of further experiments, using
the fluorescence shift of ruby as the pressure calibrant.
Modified Merrill-Bassett cells were used to obtain data
below 5 GPa, and a DXR-4 cell (Diacell Products) was
used for experiments to nearly 8 GPa. In the pressure
range of 5-8 GPa a <1% increase in the R,-R, split of
the ruby fluorescence doublet was observed, indicating
that the pressure medium may have become slightly non-
hydrostatic (Adams et al., 1976), although no peak broad-
ening was détectable. Unit-cell parameters for the five
samples are reported in Table 2,' and the unit-cell angles
are presented in graphical form in Figure 1. Note that
there are no significant discrepancies between the unit-
cell parameters of a given crystal determined using either
the two different pressure cells or the two methods of
pressure measurement. An analysis of the equations of
state obtained from these data is presented elsewhere
(Hackwell and Angel, 1992).

ResuLTS
Unit-cell parameters

Natural Val Pasmeda anorthite undergoes a non-
quenchable displacive phase transition between 2.55 and
2.74 GPa. As described by Angel et al. (1988, 1989), the
transition from the P1 to the IT phase is most clearly
marked by a decrease of ~0.4° in the « and 8 unit-cell
angles and an increase in v of ~0.7°. There are also small
decreases in the unit-cell edges, and together these pro-
duce a volume change at the transition of ~0.15% (Fig.
2). Together with the demonstrable hysteresis in the tran-
sition, these results show that the transition is thermo-
dynamically first order.

! Table 2 may be obtained by ordering Document AM-92-503
from the Business Office, Mineralogical Society of America, 1130
Seventeenth Street NW, Suite 330, Washington, DC 20036,
U.S.A. Please remit $5.00 in advance for the microfiche.
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Fig. 1. The variation with pressure of the unit-cell angles of

the five samples studied. Symbol size exceeds the experimental
estimated standard deviations. The solid lines drawn through
the data corresponding to the IT phases and continued to lower
pressures as dashed lines are those used for extrapolation of the
IT cell parameters to lower pressures.

In the sample with the least amount of induced Al,Si
disorder, VP 3, evidence for the same transition is pro-
vided by rapid changes with pressure in the unit-cell an-
gles between 2.5 and 3.0 GPa. The magnitudes of the
differences between the unit-cell angles of the low-pres-
sure phase and those extrapolated from the high-pressure
phase to just below the transition are much smaller than
in the natural material: Aa = A8 = 0.2°, Ay = 0.3°. In
addition it is clear that instead of a sharp discontinuity
at a well-defined transition pressure, these changes are
smeared out over the pressure range of 2.5-3.0 GPa (Fig.
1), although there is a suggestion that a sharp volume
discontinuity (half the magnitude of that in the VP sam-
ple) is retained at the lower end of this pressure range
(Fig. 2). These changes in transition character are contin-
ued in the next sample, VP 8, with similar differences
between the unit-cell angles of the PT and IT phases be-
low the transition (Fig. 1) but an increased width of tran-
sition smear, to 3.3 GPa. By contrast, the unit-cell angles
of the two most disordered samples, VP 7 and VP 6, vary
nonlinearly with pressure up to ~4.8 GPa where changes
to linear trends are accompanied by distinct changes in
slope but without any detectable discontinuity. Neither
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Fig. 2. The unit-cell volumes of (a) VP and (b) VP 3 in the
region of their phase transitions. Symbol size exceeds the exper-
imental estimated standard deviations; filled symbols represent
data collected on increasing pressure, open symbols on decreas-
ing pressure.

is there any detectable step in either the unit-cell edges
or the volumes of these two samples, clearly indicating
that the transition has become continuous in character.

Spontaneous strain

Since the phase transition from the high-pressure I1
phase to the low-pressure P1 phase does not involve a
change in the point-group symmetry, the transition is
properly termed nonferroic (e.g., Wadhawan, 1983), and
there are no symmetry-breaking components of the spon-
taneous strain associated with the transition. All com-
ponents of the spontaneous strain therefore transform as
the identity representation, and given that the transition
is also anti-ferro-distortive (i.e., a zone-boundary transi-
tion in which the primitive unit-cell volume is doubled),
these components, ¢;, should follow the order parameter
of the transition as ¢; o Q2. In practice, the propagation
of the experimental uncertainties associated with the unit-
cell determinations at high pressure results in consider-
able uncertainties in the values of the individual tensor
coefficients. However, since there is considerable corre-
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Fig. 3. The variation of the scalar strain, ¢,, with pressure for

the five samples studied. In each case the magnitude of “¢,”
calculated for data points above the transition gives an indica-
tion of the uncertainties involved. The lines in the top plot have
no significance; those on the VP 7 and VP 6 plots are the fits to
the scalar strain reported in the text.

lation between at least some of the estimated standard
deviations of the individual unit-cell parameters, the un-
certainty in the scalar strain obtained from the diagonal-
ized strain tensor coefficients ¢, ¢, = VZ, ¢ (Aizu, 1970;
Redfern and Salje, 1987) is proportionately less than that
of individual ;. For this reason, the relationship ¢, o
Q? was used to analyze the results of the current high-
pressure experiments. This approach was shown by Red-
fern and Salje (1987) to be suitable for the characteriza-
tion of the I1-PT1 transition in ordered Val Pasmeda
anorthite at elevated temperature and was applied sub-
sequently to studies of the same transition in anorthite-
rich plagioclases at both high temperature (Redfern et al.,
1988) and high pressure (Angel et al., 1989) and to par-
tially disordered end-member anorthite at high temper-
ature (Redfern, unpublished data).

The tensor components that represent the spontaneous
strain arising from the transition of the high-pressure /T
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phase to the low-pressure P1 phase were evaluated using
the axial conventions described by Schlenker et al. (1978)
and the equations of Redfern and Salje (1987). Estimates
of the unit-cell parameters of the IT phase within the
stability field of the PT phase were obtained by linear
extrapolations of the unit-cell parameters against pres-
sure. A procedure of stepwise analysis was used to ensure
that only data clearly obtained within the stability field
of the IT phase were used as a basis for these extrapola-
tions; intermediate data or those of uncertain affinity were
excluded. A practical indication of the uncertainty in e,
values calculated for the various P1 unit-cell determina-
tions is provided by the values calculated for 71 unit cells,
which in the absence of experimental uncertainties would
be identically zero. These are plotted along with the val-
ues of ¢, for the P1 unit cells in Figure 3.

The scalar strain of the natural sample, VP, displays a
sharp discontinuity just above 2.5 GPa, confirming the
first-order nature of the transition. With increasing dis-
order the decrease in the size of the steps in the unit-cell
angles at the transition is reflected in the decreased mag-
nitudes of the steps in the scalar strain (Fig. 3) which,
although they too begin at 2.5 GPa, are smeared out to
higher pressures. The two most disordered samples, VP
7 and VP 6, exhibit a continuous decrease in e, with in-
creasing pressure within the PT stability field, which al-
lows an estimate of the transition pressure, P, to be ob-
tained through fitting the ¢, data with a power-law equation
of the form

o« (P, — Py (D

Whereas the transition pressure obtained for the most
disordered sample, VP 6, is 4.8(3) GPa, in good agree-
ment with the pressure at which the variation in unit-cell
angles with pressure becomes linear (Fig. 1), the transi-
tion pressure of VP 7 obtained by fitting the ¢, data, 4.06(5)
GPa, is some 0.7 GPa below that point. The scalar strain
between 4.0 and 4.7 GPa is also quite clearly nonzero in
VP 7 (Fig. 3). This smearing of the transition is similar
to that displayed by samples VP 3 and VP 8 and can be
interpreted as arising from heterogeneity in the state of
ALSi order within all three samples. The critical expo-
nents, 8, obtained from fitting the ¢, data are 0.23(1) for
VP 7 and 0.40(6) for VP 6. These values indicate that the
former exhibits close to tricritical behavior (for which 8
would be '), whereas the latter is intermediate between
tricritical and second order (8 = ¥).

DiscussioN

The thermodynamic analysis of anorthite-rich feld-
spars developed by Salje (1987) has been remarkably suc-
cessful in explaining their behavior at high temperatures.
Here it is applied to the changes in transition behavior
at high pressure that have been described in this paper.
The excess free energy of the PT phase relative to a (dis-
ordered) CT reference state can be expressed in terms of
the two order parameters Q, and Qqp:
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G = %a(T — T.)Q5 + %b,05 + %08
+ %a(T — T)Q% + %hb.Qbp + %ciQfp

+ eQ? + eeQp, + f€ 2

where T, and T, are the transition temperatures for the
IT - P1 and C1 - IT transitions in isolation; a, b, and
¢ are constants; e, and e, are the coupling coefficients of
the two order parameters Q, and Qg to the strain; and
the coefficient fis a function of the elastic constants of
the material. By applying the conditions that the crystal
is stress free when in equilibrium and that in a low-tem-
perature experiment the state of Al Si order stays fixed
(i.e., Qop is constant), the excess free energy, G.,, of the
PT phase with respect to the IT phase may be derived:

G, - l/zao(T - T, - %“%@)Qs

2
+ %(bo - E)Q;: + %, 08 3)
f
By making the assumption that the excess volume asso-
ciated with the IT — P1 transition, V,,, is proportional
to Q? in the same way that the excess entropy, S, i
assumed to vary with @2, the equation can be rearranged

in terms of pressure (Carpenter, 1992) as

eZ
L= %aw<P - P‘,)Qﬁ + %(bo = 7‘;)Q3 +he0s (@)
where the transition pressure, P, is a function of both
the experimental temperature, T, and Qup:

a, e,e,0%
P, - —<Tw = $)
Qv a.f

The observation that the P1 phase is stabilized, that is,
the pressure of the P1 — I1 transition is increased by
decreasing Q,p, indicates that the coupling between these
two order parameters, represented by e.ei/a,,f in Equa-
tion 5, is negative. The physical reason for this sign of
coupling coefficient is evident from the relative orienta-
tions of the principal axes of the spontaneous strain ten-
sors associated with the two phase transitions. As for the
IT - P71 transition at temperature (Redfern and Salje,
1987; Redfern et al., 1988), the strain associated with the
transition at high pressure is approximately planar, with
the two nonzero principal axes oriented close to the (001)
plane (Fig. 4a). The axis representing a positive value of
strain lies between the [100] and [010] directions. The
spontaneous strain arising from ordering associated with
the CT - I1 transition was determined by Carpenter et
al. (1990). Although this strain is not planar, the two axes
of the strain ellipsoid with largest magnitudes are also
oriented quite close to the (001) plane (Fig. 4b). However,
the sense of this strain is reversed in comparison with
that of the PT — I1 transition; the direction of the neg-

®
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(b)

Fig. 4. Stercograms showing the orientation of the principal
strains for the (a) IT - PT in sample VP at pressure and (b) CT
- IT. Data for the latter are taken from Carpenter et al. (1990),
in which paper the stereogram was incorrectly plotted because a
left-handed axial set was used. R,, R,, and R, represent the poles
of the orthogonal axial set used in calculating the strain tensor.

ative principal strain lies approximately between [100]
and [010]. The strain arising from ordering therefore op-
poses that arising from the P1 — I1 transition, decreasing
the stability of the PT phase. As the state of order is
decreased, however, the magnitude of the strain arising
from the CT — IT transition is decreased, so it becomes
easier for the structure to deform as a result of the IT -
PT transition and the stability field of the PT phase is
thereby expanded. This behavior is in direct contrast with
that of albite and albite-rich alkali feldspars (Salje, 1985;
Salje et al., 1985) in which the displacive and ordering
transitions couple in such a way that the low-symmetry
phase is stabilized by increasing Al Si order.

In addition to the large changes in the P1-IT transition
pressure that accompany disordering of Al and Si within
anorthite, there is also a change in transition character
from first order in the natural sample to a smeared first-
order step in VP 3 and VP 8. Consideration of Equations
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4 and 5 shows that changes in a homogeneous Q,, cannot
be responsible for changing transition character, as this
is determined by the signs and magnitudes of the coeffi-
cients of Q4 and QS. However, in his analysis of the high-
temperature behavior of anorthite (corresponding to Eq.
3 above), Salje (1987) was able to show that smearing of
the transition should occur when the state of AlSi order
becomes heterogeneous on the length scale of a few hun-
dred angstroms. The same analysis is directly applicable
to the transformations at high pressure because of the
similarity of form of Equations 3 and 4. If each structural
block of homogeneous order were completely isolated
from the rest of the crystal, it would undergo the PT-IT
transition at a specific pressure determined by its local
Oon- In reality, the structural blocks are all part of the
same tetrahedral framework, so the behavior of each is
modified by the strain field of its neighbors. The macro-
scopic behavior of the crystal, as reflected in the unit-cell
parameters and the derived e,, results from the coupling,
through the strain, of all of these blocks. These inferences
about the homogeneity of the several samples studied
here are reasonable in the light of their different thermal
histories. Whereas the natural VP sample has experi-
enced a long, low-temperature thermal history and there-
fore has developed a constant state of AlLSi order
throughout the crystal, the VP 3 and VP 8 samples were
quenched from high temperature. It is therefore quite
conceivable, as noted by Carpenter et al. (1990), that ei-
ther a fully homogeneous state of ALSi order was not
attained in these samples during the high-temperature
treatment or that partial reordering occurred during the
quenching procedure.

The analysis of Salje (1987) also suggests that such a
change in the thermodynamic character of the /T — P1
transition could be induced by a further reduction in the
correlation length of the state of AlLSi order within the
crystals below that which gives rise to the smearing of
the transition. Such a process appears to be responsible
for the change to continuous transition behavior ob-
served in the two samples annealed at the highest tem-
peratures. Alternative explanations for these changes in
transition character include the possible coupling of Q,
with another displacive phase transition or that V., may
not be proportional to Q2 The final resolution of this
question requires further experimental data.

Finally, the comparison of the high-pressure behavior
of the end-member anorthite described here with that of
anorthite-rich plagioclase (Angel et al., 1989) provides
some insight into the relative importance of Al,Si order
and the substitution of Na for Ca in determining the
structural behavior of plagioclase feldspars. Both sets of
samples display an increase in the P1 — I1 transition
pressure as the state of Al,Si order is decreased, together
with a trend from first-order character to a more contin-
uous transition. This similarity in behavior suggests that
it is the state of ALSi order that is the dominant factor
in determining the behavior of anorthite-rich plagioclase
feldspars and that the substitution of Na for Ca merely
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provides a mechanism, through the coupled substitution
of Si for Al, for inducing further Al Si disorder.
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