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Abstract

Microcline is an important rock-forming mineral in the Earth’s crust, and characterizing its
structural behavior under compression is essential for understanding the high-pressure re-
sponse of feldspar minerals under geological conditions. In this study, the crystal structural
evolution of microcline up to 12 GPa was investigated using first-principles calculations
based on density functional theory. The results reveal an isosymmetric phase transition at
approximately 6-7 GPa, accompanied by a ~7% volume collapse. Across this transition,
the b-axis and unit-cell angles («, 3, ) change abruptly, and the aluminum coordination
transforms from fourfold to a distorted fivefold geometry intermediate between a trig-
onal bipyramid and a square pyramid. Analysis of bond lengths and angles indicates
that compression in the low-pressure phase is primarily driven by shear deformation of
tetrahedral Ring 1. Near the transition pressure, however, marked shear deformations
of Ring 2 and Ring 3 induce a strong contraction of the b-axis and abrupt changes in the
unit-cell angles. Comparison with the compression behavior of low albite reveals both sim-
ilarities and distinct structural responses, highlighting the role of framework topology and
extra-framework cations in controlling pressure-induced structural evolution in feldspar
minerals. These results provide new insights into the high-pressure behavior of microcline
and contribute to a better understanding of the structural stability of feldspar minerals in
the Earth’s interior.
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1. Introduction

Feldspars are essential rock-forming minerals in the Earth’s crust primarily classi-
fied into plagioclase and alkali feldspars; they collectively constitute approximately 50%
of the crust by volume [1]. Plagioclase represents a solid-solution series between albite
(NaAlSi3Og) and anorthite (CaAl,;SipOg) [2,3], whereas alkali feldspars contain little to no
calcium and consist mainly of the potassium feldspar series (KAlSi3Og, e.g., microcline,
orthoclase, and sanidine) and the albite series (NaAlSi3Og, e.g., low albite and high al-
bite) [4,5]. The crystal structure of all feldspars consists of a three-dimensional framework
of corner-sharing AlO, and SiOy tetrahedra, with larger cations occupying the cavities
within the framework [6,7]. Although the various feldspars are topologically similar, their
crystal structures belong to different space groups, such as C-1, C2/m, and I-1. This struc-
tural complexity arises mainly from the interplay between Al/Si ordering—disordering
in the tetrahedral sites coupled with displacive framework distortions [8-10]. Thus, the
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correlation between their structural characteristics and formation temperature serves as a
key geothermometer for inferring rock thermal histories [11-13].

Over the last three decades, extensive experimental and theoretical studies have
been dedicated to uncovering the structural evolution of feldspars under both room
temperature-high-pressure and high-pressure—temperature conditions [14-29]. These
efforts have systematically elucidated the phase transition pathways of various feldspars
under pressure and established corresponding high-pressure—temperature phase dia-
grams. Notably, Pakhomova et al. [24] extended the pressure range from the conventional
~10 GPa (1 GPa = 10 kbar) up to ~27 GPa. In anorthite (CaAl,Si»Og), albite (NaAlSi3Og),
and microcline (KAISi3;Og), a series of new phase transitions accompanied by changes in the
coordination numbers of Al and Si were discovered. Unlike the kinetically inhibited decom-
position of feldspars at room temperature, under high-pressure-temperature conditions,
the stability field of feldspars is typically limited to ~2-5 GPa [29,30]. Beyond this range,
they decompose into mineral assemblages, such as pyroxene, quartz, garnet, and kyanite,
depending on their specific chemical composition [29]. These metastable feldspar phases
and their decomposition products are of great significance for understanding subduction-
zone dynamics and related geophysical effects.

Another intriguing aspect of the structural evolution of feldspars under high pressure
is the anomalous compression behavior exhibited by triclinic C-1 type feldspars [18-24]. For
example, earlier single-crystal X-ray diffraction studies revealed that in low albite, when
pressure exceeds about 4 GPa, the trends of lattice parameter evolution become abnormal
and the unit-cell pressure-volume curve shows a negative second derivative (d2V /dP? < 0),
indicating clear elastic softening [21]. Subsequent first-principles calculations further
demonstrated that this elastic softening behavior is present in several elastic stiffness
components [22,23]. Microcline and low albite are isostructural under ambient conditions;
therefore, one would expect them to display similar elastic softening phenomena. Indeed,
Pakhomova et al. [24] confirmed that the C-1 type microcline remains stable up to 10.8 GPa
and begins to show elastic softening between 7 and 9 GPa, characterized by an increase
in the a-axis and a pronounced decrease in the b-axis. However, because the pressure
points in Pakhomova'’s et al. [24] study were relatively sparse, it remains difficult to capture
detailed images of the structural evolution. Meanwhile, it is noted that the evolution trends
of the lattice angles «, 3, and y in microcline differ noticeably from those in low albite near
the elastic softening pressure: the y angle rises sharply in microcline but decreases in low
albite [21-24]. Hence, more systematic studies are necessary to gain a deeper understanding
of the high-pressure behavior of C-1 type microcline and its similarities and differences
with low albite.

Here, first-principles calculations were employed to systematically investigate the
compression behavior of microcline and low albite within the pressure range of 0-12 GPa
and provide a detailed discussion of the similarities and differences in their compression
mechanisms. This study contributes to a deeper understanding of the structural evolution
of feldspars under high-pressure conditions.

2. Materials and Methods

Based on density functional theory [31], the crystal structures of microcline and low
albite were optimized at 0 K under pressures ranging from 0 to 12 GPa using the hybrid
Gaussian plane-wave method implemented in the CP2K/Quickstep package [32]. The
initial crystal structures were taken from previous experimental data for microcline [33]
and low albite [34], and calculations were performed in the primitive cell (space group:
P-1). The results were subsequently transformed into the commonly used C-1 structure
for analysis.
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The exchange—correlation interaction was treated using the generalized gradient
approximation using the PBE functional with PBESOL parameterization [35]. Norm-
conserving Goedecker—Teter-Hutter (GTH) pseudopotentials and DZVP-MOLOPT-SR-
GTH basis sets were employed for all elements [36,37]. The plane-wave cutoff energy
was set to 1500 Ry with a relative cutoff of 60 Ry, and the SCF convergence criterion was
10~7. Brillouin-zone sampling was performed using Monkhorst-Pack k-point grids of
8 x 8 x 8[38].

Structural optimizations were carried out using the BEGS algorithm with simultaneous
relaxation of atomic positions and lattice parameters under externally applied pressures [39].
Periodic boundary conditions were applied in all three directions, and the stress tensor
was calculated analytically during optimization to ensure accurate pressure control. Con-
vergence criteria were max force < 4.5 x 10~5 a.u., RMS force < 3.0 x 107° a.u., max
displacement < 3.0 x 10~* a.u., and RMS displacement < 1.5 x 10~* a.u. Space group
symmetry was preserved throughout all optimizations. The chosen parameters were veri-
fied to yield well-converged total energies and structural properties for feldspars minerals,
consistent with standard practice in the field.

3. Results
3.1. High-Pressure Unit-Cell Parameters of Microcline

The calculated evolution of the unit-cell parameters and volume with pressure is
presented in Figures 1 and 2. Unit-cell axes a, b, and c generally decrease with increasing
pressure but show discontinuous changes at 6-7 GPa, with the b-axis displaying a particu-
larly abrupt contraction. Unit-cell angles «, 3, and vy also exhibit sudden shifts: « jumps
from 90° to 84°, {3 rises from 118° to 122°, and vy increases from 88° to 93°. These abrupt
changes indicate that microcline undergoes an isosymmetric phase transition without space
group change at 6-7 GPa.
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Figure 1. Pressure-induced evolution of unit-cell parameters of microcline. (a) Unit-cell parameter a
as a function of pressure; (b) unit-cell parameter b as a function of pressure; (c) unit-cell parameter
c as a function of pressure; (d) unit-cell angle « as a function of pressure; (e) unit-cell angle 3 as a
function of pressure; (f) unit-cell angle y as a function of pressure. Squares denote the results obtained
in this study. Circles and triangles represent data from previous experiments [24,25].
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Our theoretical results align well with earlier experimental data [24,25], particularly
in capturing the key features reported by Pakhomova et al. [24]. For instance, their ex-
periments observed a pronounced jump in the b-axis between 7 and 9.1 GPa, and the
anomalous evolution of the «, 3, and v angles closely matches our calculated trends [24].
The minor discrepancy in transition pressure could stem from the fact that our calculations
were conducted at 0 K or from possible subtle Al-Si disorder in experimental samples,
which may raise the transition pressure [20]. Moreover, a recent high-pressure Raman
study identified an inflection point in the full-width at half-maximum (FWHM) of the Ic
mode around 6.5 GPa [40], which could be linked to this isosymmetric phase transition.

As shown in Figure 2, the unit-cell volume undergoes a jump of about 7% at 6-7 GPa.
The low-pressure phase clearly exhibits a downward curvature with d2V /dP? < 0. The data
for the low-pressure phase were fitted using a third-order Birch-Murnaghan equation of
state [41], yielding zero-pressure volume Vi = 736.99 A3, bulk modulus K&P = 53.37 GPa,
and its first pressure derivative K{'” = 0.06. This unusual compression behavior is also
evident in the normalized stress—finite strain (f-F) plot, where the Eulerian finite strain
f=1x [(VO/V)% — 1] and the normalized stress F = § x f x (1 +2f)% (Figure 2b). The
slope of the f-F plot is close to zero and becomes negative at higher pressures, a trend
similar to that previously reported for albite [21,23]. In contrast, the high-pressure phase
clearly shows an upward curvature with d2V /dP?> > 0. A second-order Birch-Murnaghan
equation was used to fit the HP-phase data, giving V¥ = 689.55 A3, KE'P = 44.24 GPa, and
K/HP — 4
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Figure 2. Pressure-volume data and equations of state of microcline. (a) Pressure dependence of
unit-cell volume. Solid lines represent fits to the Birch-Murnaghan equation of state [41]. (b) The f-F

plot, where F = £ x f x (1+ 2f)% and f = 1 x [(VO/V)% — 1]. Squares denote the results obtained
in this study. Circles and triangles represent data from previous experiments [24,25].

3.2. Crystal Structure Evolution of Microcline Under High Pressure

Although the primitive cell of microcline belongs to the triclinic P-1 space group,
its structure is conventionally described using the C-1 space group, which preserves the
topological characteristics of the monoclinic C2/m structure [42]. In the standard C2/m
symmetric framework, there are two symmetrically distinct tetrahedral sites: T1 and T2.
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However, complete Al/Si ordering reduces the crystallographic symmetry to triclinic
C-1, resulting in the splitting of the T1 site into a fully Al-occupied T1lo site and a fully
Si-occupied T1m site. Similarly, the T2 site splits into T20 and T2m sites, both occupied
exclusively by Si. These tetrahedra form three types of four-membered rings: Ring 1
(Al10-5i20-5i1m-5i2m) lies parallel to (010), whereas Ring 2 (Allo-Si2m-Allo-Si2m) and
Ring 3 (5i20-Silm-Si20-Silm) are approximately parallel to (1-10). These three rings
connect to form crankshaft chains extending along the a-axis, with K* ions occupying the

inter-chain cavities (Figure 3).

Figure 3. Crystal structure of microcline under ambient conditions. Al (silver), Si (blue), and O (red)
atoms are labeled according to the standard feldspar notation [42]. The three distinct four-membered
tetrahedral rings are highlighted: Rings 1, 2, and 3. Large Ks are shown in purple.

The complex variations in the unit-cell parameters of microcline are primarily gov-
erned by the response of its tetrahedral framework to compression. Below 6 GPa, the
bond lengths of the tetrahedral T-O bonds change only slightly (Figure 4), so the structural
compression is mainly accommodated through bending of the essentially rigid tetrahedral
framework, which is reflected in systematic changes of the T-O-T angles (Figure 5a). The
most pronounced change is the decrease of the Al10-Obo-Si20 and Si2m-Obm-Silm angles
from about 150° to 130°, a reduction of roughly 20°, indicating significant shear defor-
mation of Ring 1 (formed by Al10-Si20-Silm-Si2m). This deformation leads to gradual
closure of the crankshaft chains extending along [100] and pronounced shortening of the
a-axis. In contrast, Ring 2 and Ring 3 undergo much weaker shear. The significant shear
deformation of Ring 1 is also supported by changes in the O-O-O angles (Figure 5b), which
follow trends consistent with those shown by the T-O-T angles. Meanwhile, the K-O bond
lengths decrease markedly with increasing pressure (Figure 6). Thus, the deformation of
microcline in its low-pressure phase mainly originates from the shear of Ring 1 and the
contraction of K-O bonds, a mechanism similar to that observed in other feldspars [15-25].
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Figure 4. Pressure-induced variation of the tetrahedral bond (T-O) lengths in microcline. (a) Al1o-O
bond length as a function of pressure; (b) Si20-O bond length as a function of pressure; (c) Silm-O

bond length as a function of pressure; (d) Si2m-O bond length as a function of pressure.
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Figure 6. Pressure dependence of the K-O bond lengths in microcline. The lines are drawn as guides
for the eye.

In the pressure range of 6-7 GPa, Ring 2 and Ring 3 begin to exhibit pronounced
shear deformation. In Ring 3, the Silm-Ocm-5i20 angle decreases from 126.4° to 116.5°
(Figure 5a), and the corresponding Odm-Ocm-Odm angle drops from 91.8° to 73.4°
(Figure 5b), causing Ring 3 to flatten noticeably and thereby driving rapid contraction
of the b-axis. Simultaneously, a new bond forms between K and Ocm (bond length
2.848 A), increasing the coordination number of K from eight to nine (taking into account
K-O distances < 3.1 A). In Ring 2, the Odo-Oco-Odo angle increases from 86.0° to 110.9°,
flattening the ring along the c-axis. The flattening direction is perpendicular to that of Ring
3, causing the Obo, Obm, Odo, and Odm atoms in Ring 1 to deviate significantly from
coplanarity. Concurrently, Ring 1 undergoes further shear, and a new Allo-Obm bond
forms (bond length 2.100 A), yielding a coordination geometry intermediate between a
trigonal bipyramid and a square pyramid. The remaining four Al-O bonds (1.7726, 1.8303,
1.8195, 1.7818 A) yield an average length of 1.801 A. This distribution suggests that the
coordination polyhedron is better described as a [4 + 1] configuration. Similar anomalous
(4 + 1) coordination of aluminum is observed for the anorthite-III phase [24]. The combined
compression mechanisms described above lead to abrupt changes in the AI-O and K-O
bond lengths as well as in the unit-cell angles at 67 GPa (Figures 4-6).

Over the 7-12 GPa range, microcline remains in the high-pressure C-1 phase. Tetrahe-
dral bond lengths show minimal variation in this regime, and the shortening of K-O bonds
within the polyhedra is less pronounced compared to the low-pressure phase. However,
the Allo-Obo and K-Ocm bonds exhibit a sharp decrease. In contrast to the low-pressure
phase, changes in T-O-T and O-O-O angles become more gradual.

The distinct pressure-dependent behaviors of bond lengths and bond angles provide
key insights into the mechanism of the phase transition. Under high pressure, the average
T-O bond lengths (T = Al, Si) in microcline show only minor variations, indicating that
the tetrahedra themselves act as relatively incompressible rigid units. In contrast, the
T-O-T and O-O-O bond angles exhibit pronounced changes, with clear discontinuity
at approximately 6 GPa. This marked disparity suggests that the volume collapse is not
driven by bond compression but rather by the flexible deformation of the framework:
pressure is primarily accommodated through the tilting and rotation of the tetrahedra. The
negative curvature in the P-V curve and elastic softening observed prior to the transition
reflect the progressive reduction in the restoring forces resisting these tilts and rotation. At
the critical pressure (~6 GPa), the framework reaches a geometric limit where continuous
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deformation can no longer accommodate further compression. This triggers an abrupt
reorganization: the T-O-T and O-O-O angles jump, secondary Al-O bonds form, and the K
polyhedron collapses. Collectively, these changes account for the large volume discontinuity
of approximately 7%. This interpretation is fully consistent with the isosymmetric nature of
the transition (i.e., the topology remains unchanged) and explains how a first-order volume
jump can occur in a system without distinct bond breaking.

3.3. Comparison with Low Albite

At ambient conditions, low albite and microcline share the same crystal structure. To
compare their structural evolution under high pressure, theoretical calculations were
conducted to examine the structural changes of low albite over a pressure range of
0-12 GPa. Figure 7 shows the evolution of its unit-cell parameters with pressure. The a-
and c-axes exhibit slight discontinuous changes at 5-6 GPa, while the b-axis varies nearly
continuously; the volume collapse is only about 3%. Meanwhile, the unit-cell angles o« and
3 show an anomalous increase, and 'y decreases around 5 GPa. These evolutionary trends
align well with previous experimental and theoretical studies [21-23], with only minor
differences in the transition pressure, indicating that our theoretical calculations are highly
reliable. These anomalies can be attributed to an isosymmetric structural phase transition.
The absence of clear volume discontinuity in previous experimental studies may be due to
structural disorder in the samples or experimental uncertainties.
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Figure 7. Pressure-induced evolution of unit-cell parameters of low albite. (a) Unit-cell parameter a
as a function of pressure; (b) unit-cell parameter b as a function of pressure; (c) unit-cell parameter
c as a function of pressure; (d) pressure dependence of unit-cell volume; (e) unit-cell angle « as a
function of pressure; (f) unit-cell angle 3 as a function of pressure; (g) unit-cell angle y as a function
of pressure. Squares denote the results obtained in this study. Circles and triangles represent data

from previous experiments [21,23].
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Below the critical pressure, the primary deformation mechanism of low albite and
microcline is similar, both stemming from the shear of Ring 1 due to the reduction of
the Allo-Obo-Si20 and Si2m—-Obm-Silm angles (Figure 8). However, near the phase-
transition pressure, their structural responses show significant differences. In low albite,
the Odm—-Ocm—-Odm angle in Ring 3 increases from 74.8° to 97.6° (a rise of about 22.7°),
while the Odo-Oco-Odo angle in Ring 2 decreases from 78.9° to 73.2° (a decrease of about
5.7°). In contrast, microcline exhibits opposite trends near the transition pressure: the
Odm-Ocm—-Odm angle in Ring 3 decreases by about 18.5°, and the Odo—Oco-Odo angle in
Ring 2 increases by about 25°, with the changes being more pronounced. This difference in
structural response leads to clearly distinct variations in their unit-cell parameters: the o
and vy angles in low albite change in opposite directions, and its b-axis does not display
a significant abrupt drop, whereas microcline shows a marked contraction of the b-axis.
Moreover, the shear of Ring 1 near the transition pressure is stronger in low albite than in
microcline, resulting in a slight discontinuity of the a-axis at the transition point in albite.
In addition, the coordination environments of Al and Na in low albite remain stable, with

no change up to 12 GPa.
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Figure 8. Variation of the T-O-T and O-O-O angles (in degrees °) in low albite as a function of
pressure. (a) Evolution of the T-O-T angles with pressure. (b) Evolution of the O-O-O angles of the
four-membered tetrahedral rings with pressure. All parameters are defined as in Figure 5, as low
albite is isostructural with microcline.

Our study demonstrates that while low albite and microcline share the same crystal
structure and exhibit certain similarities in their high-pressure structural evolution, their
behaviors across the phase transition differ significantly. This difference likely stems from
the flexible deformation behavior of the silicate framework and its sensitivity to the type of
extra-framework cations. Previous studies also indicate that the high-pressure phases albite-
IT and albite-III possess crystal structures distinct from that of microcline-II. Moreover, albite
decomposes into jadeite and quartz [28], whereas microcline decomposes into wadeite,
kyanite, and quartz under high pressure-temperature conditions [27]. A comprehensive
understanding of their phase behavior under variable pressure-temperature conditions and
its relevance to subduction zone processes necessitates further work. In cold subduction
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zones in particular, such metastable phases and phase transitions may endure to depths of
200-300 km, offering crucial insights into the recycling of continental crust material.

4. Conclusions

In this study;, first-principles calculations were used to investigate the high-pressure
crystal-structural evolution of microcline and low albite. Our results reproduce earlier
experimental and theoretical observations. More importantly, an isosymmetric phase
transition without space group change was identified in microcline around 6-7 GPa. Across
this transition, the evolution of the b-axis and lattice angles «, 3, and y shows abrupt
changes, resulting in a volume jump of approximately 7%. The pressure—volume curve of
the low-pressure phase exhibits a negative second derivative (d2V /dP* < 0), indicating
elastic softening. Analysis of bond lengths and angles reveals that the tetrahedral units
remain essentially rigid during compression and structural compression is mainly driven by
changes in framework bond angles. Compression in the low-pressure phase is dominated
by shear deformation of tetrahedral Ring 1, while marked shear deformations of Ring 2 and
Ring 3 induce a strong contraction of the b-axis and abrupt changes in lattice parameters
across the phase transition. The unit-cell parameter trends of low albite also change near
5-6 GPa, but the evolution of unit-cell angles « and y follows trends opposite those
observed in microcline. Detailed comparison of bond angles shows that these differences
arise from distinct structural responses of the two minerals at the transition pressure.
Specifically, the directions of flattening /elongation in Ring 2 and Ring 3 are fully reversed
between microcline and low albite, with larger changes occurring in microcline, whereas
shear deformation in Ring 1 is more pronounced in low albite. Our results demonstrate
that the deformation behavior of silicate frameworks under high pressure is sensitive to
the type of extra-framework cations.
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