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Abstract—Feldspar group minerals (feldspars) form up to 60 vol.% of the Earth’s crust. The knowledge of their stability under ex-
treme conditions (high-pressure and high-temperature) allow to better understand the processes, that occur in the subduction and collision 
processes. This review focuses on the behavior of feldspars with paracelsian topology (seven mineral species: three borosilicates, two 
aluminosilicates and two beryllophosphates) at elevated temperatures and pressures. Partly, new data on high-temperature behavior of 
paracelsian BaAl2Si2O8 (based on in situ high-temperature powder X-ray diffraction) provided. The high-temperature studies of 5 feldspar 
minerals with paracelsian topology (danburite, maleevite, pekovite, paracelsian, slawsonite) revealed that all of them are stable at least up 
to 800 °C. Among all of them only paracelsian undergoes polymorphic transition (at 930 °C), whereas all other minerals decompose or 
amorphisize. The structural deformations of these minerals demonstrate the different anisotropy degree upon heating, whereas the average 
volume expansion is similar for all of them (αV = 23 × 10–6 ºC–1). High-pressure behavior was studied for six of seven minerals with para-
celsian topology (danburite, meleevite, pekovite, paracelsian, slawsonite, hurlbutite). The studied minerals undergo transformations with 
the stepwise increasing of coordination number of frame-forming cations from 4 to 5 and 6 upon compression The discovering of unusual 
structural units under extreme conditions (e.g., fivefold-coordinated polyhedral) can influence on the concentration and transport processes 
of trace elements that should be taken into account when interpreting geochemical and geophysical data. The crystal structure stability 
range of studied minerals highly depends on the chemical composition of frame-forming cations: aluminosilicates are the least stable and 
undergo the phase transitions below 6 GPa; borosilicates preserve their initial crystal structure up to ~20 GPa; beryllium phosphates do not 
undergo phase 2 transformations up to 75 GPa. It has been shown that transformations pathway of isostuctural compounds highly depends 
on the chemical composition of both extraframework and frame-forming cations that involves the difficulties with predictions of their 
behavior under extreme conditions.
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INTRODUCTION 

Feldspars belong to one of the groups of the most com-
mon minerals of the Earth’s crust, that is why a great num-
ber of publications are devoted to the study of their chemical 
composition, crystal structure, as well as stability under 
various conditions. The results of these studies are summa-
rized in large monographs and reference books; among 
them, it is worth mentioning several classical works (Smith 
and Brown, 1988; Parsons, 1994; Deer et al., 2001; Bokii 
and Borutzkii, 2003). Despite the fact that they have been 
studied in sufficient detail, feldspars are of great interest to 
researchers even today, as confirmed, for example, by very 
recent reviews (Krivovichev, 2020; Henderson 2021). How-
ever, it is worth mentioning that the vast majority of such 
works are devoted to the study of alkaline feldspars and pla-
gioclases. 
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According to the review by S.V. Krivovichev (2020), 29 
currently known mineral species can be regarded as feld-
spar-related, although the structures of some are very differ-
ent from those of “classical” feldspars. The crystal struc-
tures of all the most common feldspars, as well as some rare 
ones, belong to the feldspar topology itself. In addition to 
this topology, there are four others, namely: paracelsian, 
svyatoslavite, dmisteinbergite and hollandite; the latter two 
differ from the feldspar topology significantly: dmistein-
bergite-like minerals are layered, and the hollandite-like 
structures, although being framework, are formed by SiO6 
octahedra. Crystal structures of minerals with feldspar, para-
celsian and svyatoslavite topologies are formed by tetrahe-
dra, which, joining via vertices, form frameworks. 

There are two main approaches to describe crystal struc-
tures of feldspars with the feldspar and paracelsian topolo-
gies (Smith and Rinaldi, 1962; Smith, 1978): the structure is 
based on (1) interconnected layers of four- and eight-mem-
bered rings of TO4 tetrahedra (T = Si, Al, B, Be, P, Fe, Zn, 
As) (Fig. 1a); (2) “crankshaft” chains of TO4 tetrahedra 
(Fig. 1b, c). The difference in the frameworks is in the dif-
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ferent type of junction between the “crankshaft” chains; this 
leads to the fact that structures with the paracelsian topology 
are flexible, while the feldspar ones are rigid (Krivovichev, 
2020). 

This paper presents new data on the study of thermal de-
formations of paracelsian (in Supplementary materials), as 
well as summarizes the results of studies of feldspar-related 
minerals with paracelsian topology (FSPT) under extreme 
conditions (high temperatures and/or pressures), shows the 
stability ranges of phases with different compositions, the 
dependence of the transformation path of the crystal struc-
ture on the chemical composition and initial geometry. 

GEOLOGICAL CONDITIONS 

As it was noted earlier, the FSPT minerals are quite rare. 
Some of them (maleevite, pekovite and strontiohurlbutite) 
are currently known in the only deposit (Pautov et al., 2004; 
Rao et al., 2014), while others (e.g., danburite) are wide-
spread and can be rock-forming. 

The exact geneses of maleevite, BaB2Si2O8, and pekov-
ite, SrB2Si2O8, have not been determined. Both minerals 
were found in rounded quartz lumps from the moraine of the 
Dara-i-Pioz glacier (Tajikistan) which contains fragments of 
alkaline rocks and pegmatites from the upper part of the 
Dara-i-Pioz massif (Pautov et al., 2004, 2022). Strontiohurl-
butite, SrBe2P2O8, was described in the Nanping granite 
pegmatite (China), in association with quartz, albite, musco-
vite, spodumene and amblygonite (Rao et al., 2014). Crys-
tals of all three minerals do not exceed 2 mm in diameter 
and usually form intergrowths with other minerals, which 
makes their study difficult. 

Paracelsian, slawsonite and hurlbutite are also quite rare, 
but are still known in several different deposits. Paracelsian 
BaAl2Si2O8 was described in the Benallt Mine (Wales, UK) 
(Spencer, 1942), and in the marble quarries of Piedmont (It-
aly) (Tacconi, 1905), but there is no detailed description of 
the samples. Its strontium analogue, slawsonite SrAl2Si2O8, 

and the beryllophosphate analogue, hurlbutite CaBe2P2O8, 
are slightly more widespread. Slawsonite was first described 
in metamorphic rocks of Oregon (USA) (Griffen et al., 
1977), and later found in other deposits in the USA, Spain, 
Japan, Czech Republic and Canada, but their description is 
practically absent and published only in the form of presen-
tations at various conferences. According to the data of 
D. Matýsek and J. Jirásek (2016), slawsonite is commonly 
found in the rocks of low metamorphism facies. Hurlbutite 
is known in several deposits around the world (USA, Swe-
den, Spain, Finland, Czech Republic and China), which are 
characterized by high Li and P contents (Mrose, 1952). It 
should be noted that the genesis of the first finding of hurl-
butite is not completely understood, since it was found not 
in bedrock pegmatite; however, it is generally accepted that 
it is formed in the early stages of hydrothermal vein forma-
tion (Mrose, 1952). The most common mineral among feld-
spars with paracelsian topology is danburite CaB2Si2O8; it is 
not only found in a large number of deposits around the 
world, but is also used as the ore for boron (Ratkin et al., 
2018). C.U. Shepard first described danburite (1839); it is 
commonly found in calcareous skarns, as well as granite 
pegmatites, marbles, hydrothermal veins and sedimentary 
strata (Grew and Anovitz, 1996). 

THE CONNECTION BETWEEN CHEMICAL  
COMPOSITION AND CRYSTAL STRUCTURE 

As it was mentioned before, feldspar-related minerals 
with paracelsian topology include seven mineral species; 
three of them are borosilicates (danburite, pekovite and 
maleevite), two are aluminosilicates (slawsonite and paracel-
sian) and two are beryllophosphates (hurlbutite and strontio-
hurlbutite). Interestingly, all minerals with paracelsian topol-
ogy contain only alkaline earth metal cations (Ca, Sr, Ba) as 
an extraframework cation, while minerals with feldspar to-
pology may contain alkaline, alkaline earth cations (K, Na, 
Rb, Ca, Ba) or even NH4-groups. At the same time, among 
synthetic analogues of feldspars with paracelsian topology 

Fig. 1. The crystal structure of feldspar-related minerals with the topology of paracelsian: a layer of four- and eight-membered rings of TO4 tetra-
hedra (T = Si, Al, B, Be, P) (a); a “crankshaft” chain of TO4 tetrahedra (T = Si, B) (b) and TO4 tetrahedra (T = Si, Al, Be, P) (c). Grey and black 
colors of coordination polyhedra indicate different types of T atoms.
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there are compounds with feldspar topology, containing both 
alkaline elements, and (NH4)- and (H2O)- groups as ex-
traframework cations (Klaska and Jarchow, 1977; Kimata, 
1993; Zabukovec-Logar et al., 2001; Tripathi and Parise, 
2002; Liu et al., 2003; Qin et al., 2009; Dordevič, 2011; Bo-
runtea et al., 2019). The framework of all such compounds, 
excepting KBSi3O8 (Kimata, 1993), consists of a combina-
tion of TO4 tetrahedra, typical for natural compounds (T = Al, 
Si, P, Be, Zn, As), with rare GaO4 and/or GeO4 tetrahedra. 

Topological symmetry of the paracelsian framework is 
Ccmm (Smith, 1978). However, the symmetry of real com-
pounds is lower, due to the fact that the framework is formed 
by two different types of atoms (Krivovichev, 2020). Miner-
als with paracelsian topology crystallize in two spatial 
groups, depending on chemical composition: Pnma (boro-
silicates) and P21/c (aluminosilicates and beryllophos-
phates). The orthorhombic group (Pnma) assumes the need 
of tetrahedra of the same type to connect to each other 
(BO4 + BO4 / SiO4 + SiO4) (Fig. 1b), while in monoclinic 
symmetry (P21/c) tetrahedra alternate (Fig. 1c). 

It is important to note that all FSPT minerals (with the 
exception of the most common of them, danburite) crystal-
lize in nature with a very small amount of impurities; that 
means that they are usually extremely stoichiometric. For 
example, maleevite and pekovite, although are found in the 
same deposit, do not form solid solutions (Pautov et al., 
2004). According to all published chemical analyses, malee-
vite never includes Sr in its composition (Pautov et al., 
2004; Gorelova et al., 2020); however, it may contain minor 
Ca and Na admixture, as well as quite significant amounts of 
Pb, which is typical for minerals found in the Dara-i-Pioz 
massif (Pautov et al., 2004). L.A. Pautov et al. (2004) found 
maleevite grains with a high lead content, but their size did 
not make it possible to describe it as a separate mineral spe-
cies. Pekovite did not show lead in any of the analyses; 
however, it may contain minor admixtures of Ca, Ba and Na 
(Gorelova et al., 2020). 

Danburite may contain the greatest variety of impurities 
among all FSPT minerals: Al, Fe2+, Mn, Mg, Sr, Na, Be, K, 
Cu, Zn, REE, Pb, etc. (Dana, 1892; Huong et al., 2016), but 
even the total content of admixture elements does not exceed 
5 wt.%; i.e., the formula of the mineral is very close to ideal. 

Aluminosilicate minerals, as well as their borosilicate 
analogues, do not practically contain impurities: slawsonite 
may contain a small amount of Ba (Tagai et al., 1995; Gore-
lova et al., 2021a) or Ca (Griffen et al., 1977). According to 
L.J. Spencer (1942), paracelsian may contain traces of Ti, 
Fe, Mn, Ca, Mg, Na and K, but later studies showed only 
minor amounts of Na and K (Chiari et al., 1985; Gorelova et 
al., 2021a). It is also interesting to note that the chemical 
compound with CaAl2Si2O8 composition, although having a 
large number of polymorphic modifications (Gorelova et al., 
2023b), does not form a structure with the paracelsian topo-
logy under either natural or synthetic conditions. 

Chemical composition of hurlbutite has not been studied 
in detail; the discoverer of this mineral mentioned Si, Al, Na 
and Sr as impurities in trace amounts (Mrose, 1952). Stron-
tiohurlbutite may contain Ba and Ca as admixtures, in quite 
noticeable quantities (up to 3 wt.%) (Rao et al., 2014). The 
same authors note that hurlbutite can contain SrO up to 
10 wt.%, that means that beryllophosphate FSPT minerals 
can form solid solutions. It is interesting to note that to date 
there is no barium analogue of hurlbutite and stronsiohurl-
butite: the synthetic BaBe2P2O8 has layered structure with 
the dmisteinbergite topology. However, a lead analogue of 
hurlbutite, PbBe2P2O8, is known (Dal Bo et al., 2014), which 
has not been found in nature yet. 

STABILITY UNDER HIGH TEMPERATURE  
CONDITIONS

The high-temperature evolution of the crystal structure 
has been studied for 5 out of 7 FSPT minerals (Table 1), 
namely for paracelsian (the present work, Suppl. Mat.), 

Table 1. Thermal expansion coefficients (×106 ºC–1) of feldspar group minerals with the paracelsian topology along the main axes of the thermal expansion 
tensor, as well as along the main crystallographic axes, at different temperatures  

Mineral Formula, space group t, ºC α11 α22 α33 μ(α33^c) αa αb αc αβ αV References

Paracelsian BaAl2B2O8, P21/c 30 8 1 8 44 8 1 8 0 18 (This work)
900 15 –1 14 31 15 –1 14 –1 28
30–900 12 0 11 34 12 0 11 0 23

Slawsonite SrAl2B2O8, P21/c 30 6 2 8 22 7 2 8 1 17 Calculated by data (Gore-
lova et al., 2021b)900 12 4 13 35 12 3 13 1 28

30–900 9 3 11 28 10 3 11 1 23
Danburite CaB2B2O8, Pnma 30 6 4 6 – =α11 =α22 =α33 – 16 (Sugiyama and Takéuchi, 

1985; Gorelova et al., 2015)900 10 6 10 – =α11 =α22 =α33 – 26
30–900 9 6 9 – =α11 =α22 =α33 – 24

Pekovite SrB2B2O8, Pnma 30 6 6 3 – =α11 =α22 =α33 – 15 (Gorelova et al., 2012, 
2015)900 11 9 5 – =α11 =α22 =α33 – 25

30–900 9 8 4 – =α11 =α22 =α33 – 21
Maleevite BaB2B2O8, Pnma 30–900 16 5 5 – =α11 =α22 =α33 – 26 (Gorelova et al., 2015)
<average>5 23
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slawsonite (Gorelova et al., 2021b), danburite, pekovite and 
maleevite (Sugiyama and Takéuchi, 1985; Gorelova et al., 
2012, 2015). In other words, at present boro- and alumino-
silicates have been studied, while both beryllophosphates 
have not been studied yet. 

All the studied minerals are quite stable and do not un-
dergo phase transformations up to 800–1000 °C, depending 
on the chemical composition (Fig. 2). The minerals contain-
ing the largest extraframework cation (Ba), i.e., maleevite 
and paracelsian, are the least stable and start to decompose 
at the temperatures of ~800 and ~930 °C, respectively 
(Gorelova et al., 2015; Suppl. Mat.). Maleevite decomposes 
with the formation of Ba3B6Si2O16, which according to the 
studies of the BaO–B2O3–SiO2 system (Levin and Ugrinic, 
1953), is the only stable phase of this system under ambient 
conditions. Paracelsian, as it was described above, does not 
decompose with the temperature increasing, but undergoes a 
polymorphic transition with the symmetry reduction from 
P21/c to i2/c and the formation of celsian (feldspar with the 
topology of feldspar), which is thermodynamically stable 
modification under ambient conditions. 

The thermal behavior of pekovite was studied only up to 
900 °C (Gorelova et al., 2012, 2015). In this temperature 
range, pekovite does not undergo any phase transitions. 
Most probably, pekovite starts to decompose with the for-
mation of SrSiO3 at the temperatures of 900–1000 °C: for 
our studies (Gorelova et al., 2012, 2015) we used a synthetic 
analogue of pekovite obtained by the method of solid-phase 
synthesis (900 °C/127 h), which contained insignificant 
amount of SrSiO3; the temperature increasing up to 1000 °C 
led to the increase of the amount of SrSiO3 (Gorelova et al., 
2015). A calcium mineral, danburite, seems to be the most 
stable among other borosilicates and decomposes only at 
~1000 °C with the formation of crystobalite and wollaston-
ite, as well as gaseous B2O3 (Brun and Ghose, 1964). Data 
on the high-temperature behavior of the strontium analogue 
of paracelsian, i.e., slawsonite, are contradictory. According 
to T. Tagai et al. (1995) and Z. Tasaryova et al. (2014) slaw-

sonite undergoes a polymorphic transition at 320 °С; ac-
cording to H.U. Bambauer and H.E. Nager (1981), and R.A. 
McCauley (2000) structural transformations occur at 500 or 
600 °C. At the same time, the existence of phase transitions 
at the temperatures above 500 °C are not confirmed by the 
data of differential thermal analysis (Tagai et al., 1995). Our 
recent studies do not show any structural changes up to at 
least 1000 °C (Gorelova et al., 2021b). 

Although there are no direct data on the stability of beryl-
lophosphate members of the feldspar group with paracelsian 
topology (hurlbutite and strontiohurbutite) upon heating, 
based on the fact that their synthetic analogues were ob-
tained by the solid-state reactions at 1000 °C (Dal Bo et al., 
2014), it can be assumed that they are stable at least up to 
this temperature. The second indirect criterion of their sta-
bility at the temperatures above 700 °C is the formation of a 
synthetic analogue of hurlbutite upon decomposition of hy-
droxylherderite, Ca2Be2P2O8(OH)2 (Gorelova et al., 2023a). 

Thus, thermal stability of FSPT minerals mainly depends 
on the size of the extraframework cation. Although the com-
position of the framework is less significant, it can be noted 
that the beryllophosphate framework is stable to higher tem-
peratures, comparing with alumino- and borosilicate, with 
the latter being the least stable in this series. Earlier it was 
noted that the formation of solid solutions is not really typi-
cal for the FSPT minerals, but the presence of isomorphic 
admixtures can considerably influence on the stability range 
of these minerals. 

THE CRYSTAL STRUCTURE DEFORMATIONS  
UNDER HIGH-TEMPERATURE CONDITIONS

The high-temperature crystal structure deformations of 
danburite (at ambient pressure) were first studied by the 
single-crystal X-ray diffraction method (Sugiyama and 
Takéuchi, 1985). The authors showed that the most signifi-
cant changes in the structure occur due to an elongation of 
one of the B–O bonds within the BO4 tetrahedra, despite the 
fact that tetrahedra are usually considered to be rigid struc-
tural units (Dove et al., 1993, 2000). Later, the thermal be-
havior of danburite and its Sr- and Ca-analogues were inves-
tigated using the X-ray powder diffraction (Gorelova et al., 
2015). According to this study, anisotropy of thermal expan-
sion increases with the increasing of the size of the ex-
traframework cation (αmax/αmin ~ 1.5 for danburite (Ca), 
~ 2.1 for pekovite (Sr) and ~ 3.3 for maleevite (Ba)), while 
the average volume thermal expansion practically does not 
change. At the same time, the directions of maximum and 
minimum expansions are in the plane of the layer formed by 
4- and 8-membered rings of TO4 tetrahedra (T = Si, B). It 
was assumed that this is due to a so-called hinged mecha-
nism of the crystal structure deformations (Sleight, 1995), 
where the four-membered ring of TO4 tetrahedra (T = Si, B) 
acts as the hinge (Fig. 3).

Fig. 2. Stability of feldspar-related minerals with the topology of para-
celsian under high temperature. 
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Deformations of the aluminosilicate FSPT members (par-
acelsian and slawsonite (Gorelova et al., 2021b)) under 
high-temperature conditions are very similar to the deforma-
tions of borosilicates described above and are explained by 
the same mechanisms, but the degree of anisotropy is high-
er: αmax/αmin ~ 3.9 for slawsonite (Sr) and ~12.0 for paracel-
sian (Ba) (Table 1); this can be explained by the lower sym-
metry. Such significant difference in anisotropy of thermal 
expansion of paracelsian, as compared to other minerals of 
similar topology, can be due to the crystal structure “prepa-
ration” for a polymorphic transformation, by the analogy 
with layered borosilicate minerals (Krzhizhanovskaya et al., 
2018). 

As it was mentioned above, the increase in the size of the 
extraframework cation leads to the increase in the anisotro-
py degree of thermal expansion; this fact is confirmed by the 
example of boro- and aluminosilicates. Replacement of one 
of the framework-forming cations (B (0.11 Å) to Al (0.39 Å)) 
with the identical extraframework cations leads to similar 
changes (Table 1); this was already noted for pekovite and 
slawsonite (Gorelova et al., 2015, 2021b). It is interesting to 
note that regardless of the framework composition, the value 
of the average volume expansion for all FSPT minerals re-
mains constant: <αV> = 23 × 10–6 °C–1 (Table 1); this indi-
cates that the main reason defining the thermal behavior is 
not the chemical composition of the compound, but the type 
of its crystal structure. 

Thus, the principal behavior of the compound is primar-
ily determined by the framework topology. The next most 
important stability factor is the extraframework cation and 
finally – the type of the framework-forming cation. The in-
formation, provided above, can help interpret the data on the 
thermal behavior of isostructural compounds of variable 
compositions. 

STABILITY UNDER HIGH PRESSURE  
CONDITIONS 

The evolution of the crystal structure behavior under high 
pressure conditions (and room temperature) has been stud-
ied for all the considered FSPT minerals, except strontio-
hurlbutite (Pakhomova et al., 2017, 2019; Gorelova et al., 
2019, 2020, 2021a). 

According to the traditional crystal chemistry of silicates, 
the main structural unit of such compounds under ambient 
conditions is the SiO4 tetrahedron, and SiO6 octahedron un-
der high-pressure conditions (Finger and Hazen, 2000). In 
this case, the SiO4 tetrahedron is usually considered as a 
rigid, practically incompressible structural unit, and struc-
tural transformations are mostly explained by the changes of 
angles between the tetrahedra (Dove et al., 1993, 2000; 
Palmer et al., 1997). Similar statement is usually also correct 
for such close structures as alumino-, boro-, beryllosilicates, 
etc. These statements are correct for most compounds at 
pressures below 10 GPa (Angel, 1994; Downs et al., 1999; 
Angel et al., 2012; Mookherjee et al., 2016). Recent studies 
(Pakhomova et al., 2020) show that at higher pressures, the 
TO4 tetrahedra can undergo significant distortions, which ul-
timately leads to an increase in the coordination number and 
the formation of the TO5 and/or TO6 polyhedra. Thus, even 
in the Earth’s upper mantle the crystal structures of minerals 
may contain unusual coordination groups that will affect a 
geochemical cycle of elements and their redistribution. 

The deformation mechanism of the crystal structures of 
all studied FSPT minerals at relatively low pressures is the 
same: pressure increasing causes elongation of the eight-
membered ring, numerically determined by an increase in 
the ratio of its long (L) and short (S) diagonals (Table 2). As 
the result, in the structures of danburite, paracelsian, slaw-
sonite and hurlbutite, one or more T atoms (T = Si, Al, Be, 
P) displace so that an additional fifth oxygen atom joins to 
its coordination sphere (Fig. 4). Therefore, the T atom in-
creases its coordination number to five and acquires a trigo-
nal bipyramidal geometry (Figs. 4, 5a). At the same time, 
the junction of pentacoordinated polyhedra can be of two 

Fig. 3. Deformations of the four-membered ring of tetrahedra under 
changes of temperature (T), pressure (P) or size of extra-framework 
cation (Rcation). Grey and black colors of coordination polyhedra indi-
cate different T atom types (T = Si, Al, B, Be, P).

Fig. 4. The scheme of transformation of the eight-membered ring of 
tetrahedra under the pressure increase, with the formation of one or 
two types of TO5 polyhedra (T = Si, Al, Be, P). Grey and black colors 
of coordination polyhedra indicate different T atom types, red spheres 
indicate oxygen atoms hereinafter. 
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Table 2. Quantitative characteristic of the eight-membered ring deformations in the structures of the feldspar-related minerals with the paracelsian  
topology, under changes in chemical composition, temperature and pressure 

Diagonal 20 °С/0.0001 GPa 900 °С/0.0001 
GPa

20 °С/Х*, GPa ΔT ΔP References

Paracelsian BaAl2Si2O8

L1 (long) 9.686(4) – 9.619(6) – –0.067 (Gorelova et al., 2019)
S1 (short) 3.616(4) – 3.457(6) – –0.159
L2 (long) 9.672(4) – 9.613(5) – –0.059
S2 (short) 3.625(4) – 3.463(5) – –0.162
L1/S1 2.68 – 2.78 – –
L2/S2 2.67 – 2.78 – –

Slawsonite SrAl2Si2O8

L1 (long) 9.676(6) 9.672(9) 9.61(6) –0.004 –0.066 (Gorelova et al., 2020, 2021b)
S1 (short) 3.426(6) 3.465(9) 3.16(6) 0.039 –0.266
L2 (long) 9.665(6) 9.657(8) 9.53(5) –0.008 –0.135
S2 (short) 3.423(6) 3.463(8) 3.23(5) 0.040 –0.193
L1/S1 2.82 2.79 3.04 – –
L2/S2 2.82 2.79 2.95 – –

danburite CaB2Si2O8

L (long) 8.796(1) 8.819(4) 8.333(2) 0.023 –0.462 (Sugiyama and Takéushi, 1985; 
Gorelova et al., 2015, 2020a; Pakho-
mova et al., 2017)

S (short) 3.185(1) 3.229(4) 2.540(2) 0.044 –0.647
L/S 2.76 2.73 3.28 – –

Pekovite SrB2Si2O8

L (long) 8.772(3) – 8.396(8) – –0.376 (Gorelova et al., 2020)
S (short) 3.380(3) – 2.631(8) – –0.749
L/S 2.60 – 3.19 – –

Maleevite BaB2Si2O8

L (long) 8.627(3) – 8.29(3) – –0.337 (Gorelova et al., 2020)
S (short) 3.605(3) – 2.45(3) – –1.155
L/S 2.39 – 3.38 – –

Hurlbutite CaBe2P2O8

L1 (long) 8.999(16) – 8.172(6) – –0.827 (Bakakin et al., 1974; Pakhomova et 
al., 2019)S1 (short) 3.312(16) – 2.388(7) – –0.924

L2 (long) 8.941(16) – 8.081(6) – –0.860
S2 (short) 3.317(16) – 2.443(7) – –0.874
L1/S1 2.72 – 3.42 – –
L2/S2 2.70 – 3.31 – –

Strontiohurlbutite SrBe2P2O8

L1 (long) 9.012(6) – – – – (Rao et al., 2014)
S1 (short) 3.428(4) – – – –
L2 (long) 8.993(6) – – – –
S2 (short) 3.476(4) – – – –
L1/S1 2.63 – – – –
L2/S2 2.59 – – – –

Note. *Х, GPa is the last measured pressure before the phase transition: 3, 6, 22, 18, 36, 67 GPa for paracelsian, slawsonite, danburite, pekovite, maleevite 
and hurlbutite, respectively (Fig. 1). 
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types: TO5 polyhedra joining via vertices form chains 
(Fig. 5c), and the edge-shearing TO5 polyhedra form T2O8 
dimers (Fig. 5b). 

Although maleevite and pekovite are full analogues of 
danburite and differ only in the size of the extraframework 
cation (Ba (1.38 Å) – in maleevite, Sr (1.21 Å) – in pekov-
ite, Ca (1.06 Å) – in danburite (Shannon, 1976)), pentacoor-
dinated silicon does not form in their high-pressure modifi-
cations (Gorelova et al., 2020). Thus, pekovite undergoes a 
displacement isosymmetrical phase transition at a pressure 
above 23 GPa, while maleevite does not have an “intermedi-
ate” modification at all (Fig. 6). Obviously, the differences 
in the behavior are due to the features of the extraframework 
cation, which significantly affects the mechanism of poly-
morphic transformations. It is also interesting to note that 
the structure of the described borosilicates becomes more 
stable, as the size of the extraframework cation (Ca→Sr→Ba) 
increases, that contradicts traditional ideas about the behav-
ior of structurally identical compounds under high pressure 
conditions (Neuhaus, 1964). 

Depending on the chemical composition of the frame-
work (boro-, aluminosilicates, beryllophosphates), the trans-
formation path of FSPT minerals also slightly differs. As a 
result of the reconstructive phase transition, borosilicates, 
regardless of the extraframework cation at a pressure above 
32 GPa, form a close packing triclinic framework structure 
(space group P1) (Fig. 6), consisting of chains of SiO6 octa-
hedra (Fig. 7a) and B2O7 dimers unchanged under the pres-
sure increase (Fig. 7b) (Pakhomova et al., 2017; Gorelova et 
al., 2020). All three minerals amorphize under further pres-
sure increase. It is interesting to note that upon decompres-
sion maleevite and pekovite show slightly different results 
(Gorelova et al., 2020). The high-pressure modification of 
pekovite preserves its crystal structure up to ~12 GPа upon 
decompression; after that the crystal almost completely 

amorphizes. In the case of maleevite, a gradual pressure de-
creasing leads to the formation of, apparently, two more 
polymorphic modifications with unknown crystal structures. 

The behavior of aluminosilicate minerals is highly depen-
dent on the extraframework cations: slawsonite (Sr) does not 
undergo reconstructive phase transitions, but amorphizes at 
pressures above 29 GPa (Gorelova et al., 2021a). A recon-
structive polymorphic transition in paracelsian, BaAl2Si2O8, 
at 28.5 GPa, accompanied by the symmetry increasing, as 
well as in the case of borosilicates, leads to the formation of 
a close packing structure consisting of SiO6 and AlO6 octa-
hedra (Figs. 6, 8) (Gorelova et al., 2019). It is important to 
note that, unlike borosilicates, where SiO6 octahedra are 
joined to BO4 tetrahedra via vertices, polyhedra of different 
types (Si or Al) in paracelsian are exclusively edge-sharing. 
At pressures above 32 GPa, paracelsian amorphizes. Thus, 
for aluminosilicates with the paracelsian-type structure, as 
well as for similar borosilicates, the stability of the crystal 
structure under pressure increases with the increasing of the 
extraframework cation. However, it is important to note that 
unlike borosilicate analogues, reconstructive transitions in 
both aluminosilicates are reversible (Gorelova et al., 2019, 
2021a). 

The reconstructive transformation of beryllophosphate 
(hurlbutite) leads to the symmetry reduction to triclinic, as 
for borosilicates (Pakhomova et al., 2019), but the structural 
motif is completely different. The crystal structure of hurl-
butite-IV consists of T (T = Be, P) atoms in exclusively six-
fold coordination. PO6 octahedra form complex layers in 
which some octahedra are edge-sharing, while the others are 
connected to each other via vertices (Figs. 6, 9). 

It is important to note that despite the fact that the mech-
anism of deformations is the same, the formation of penta- 
and hexacoordinated polyhedra occurs at significantly dif-
ferent pressures: aluminosilicates undergo phase transitions 
at pressures of about 6 GPa, borosilicates – at above 20 GPa, 
and beryllophosphates – at above 70 GPa (Gorelova et al., 
2021b). A.S. Pakhomova et al. (2020) suggest that the great-
er compressibility of AlO4 tetrahedra and, as a result, the 
increase in the coordination number of Al at lower pres-
sures, comparing with SiO4 tetrahedra, is explained by their 
lower ionic potential (the ratio of ion charge to ionic radius 
(Shannon, 1976)): 7.7 for Al3+ and 15.4 for Si4+. Similarly, 
we can explain the fact that the coordination number of bo-
ron (ionic potential for B3+ = 27.3) does not increase in bo-
rosilicates upon compression. However, the beryllophos-
phate mineral hurlbutite, as it was noted above, undergoes 
the first phase transition at a significantly higher pressure 
(> 75 GPa) (Pakhomova et al., 2019), whereas the ionic po-
tentials of Be2+ = 7.4 and P5+ = 16.1 are very close to those 
of Al and Si, respectively. Therefore, we need other mecha-
nisms to explain the reasons for this variety of polymorphic 
modifications in isostructural modifications. 

Based on the obtained results, beryllophosphates are the 
most stable among isostructural minerals at high pressures 
(and ambient temperature), while boro- and aluminosilicates 

Fig. 5. Structural units of the crystal structure of feldspars with the 
paracelsian topology under elevated pressure: a trigonal bipyramid TO5 
(T = Si, Al, Be, P) (a); a T2O8 dimer (b); a chain of TO5 polyhedra (c).  
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Fig. 6. The transformation schemes of feldspar-related minerals with the paracelsian topology under high pressure: a – orthorhombic minerals of 
the danburite group; b – monoclinic paracelsian, slawsonite and hurlbutite.
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undergo phase transformations at substantially lower pres-
sures (Gorelova et al., 2021b). This fact was recently con-
firmed by the example of layered minerals of the gadolinite 
group (Gorelova et al., 2023a). It is also worth mentioning 
that traditional ideas, that the increase in the cation size 
weakens the structure stability at high pressures (Neuhaus, 
1964), do not work for feldspar-type structures with paracel-

sian topology, as it has been shown by the examples of 
boro- and aluminosilicates; therefore, beryllophosphates are 
expected to behave in a similar way. 

MECHANISMS OF TO5 POLYHEDRA FORMATION 
AT HIGH PRESSURES  

The reasons why tetrahedra in silicates and silicate-like 
compounds are most often transformed directly into octahe-
dra, bypassing the pentacoordinated state, are not complete-
ly clear. F. Liebau (1984) explained the absence of SiO5 
groups by the ionic nature of chemical bonds in silicates. It 
is generally accepted that ionic oxide compounds tend to 
form the densest packages of oxygen atoms, with cations 
filling the voids between them. Even under ambient condi-
tions, there are many compounds, including silicates, whose 
crystal structures can be described as distorted hexagonal 

Fig. 7. Fragments of crystal structure of borosilicate FSPT members 
MB2Si2O8 (M = Ca, Sr, Ba) after a reconstructive phase transition: a – a 
chain of SiO6 octahedra; b – a dimer of BO4 tetrahedra. 

Fig. 8. Fragments of the crystal structure of paracelsian after a reconstructive phase transition: a, b – chains (fragments of a layer), c – a layer of 
SiO6 octahedra, d – a chain of AlO6 octahedra and distorted AlO4 tetrahedra.

Fig. 9. Fragments of the crystal structure of hurlbutite after a reconstructive phase transition: a – a “cluster”, b – a dimer of PO6 octahedra, c – a 
layer, d – a chain of BeO6 octahedra.
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(HCP) or cubic (CCP) closest packages (e.g., O atoms in the 
crystal structures of rutile, corundum, spinel, perovskite, 
etc.). However, the structures of the compounds considered 
in this work under ambient conditions are rather “loose”, but 
as the pressure increases, they tend to form the closest pack-
ages; this is achieved only after reconstructive phase transi-
tions, accompanied by an increase in the coordination num-
ber to six. The intermediate phases containing TO5 polyhedra 
(T = Si, Al, Be, P) consist of a rather complex combination 
of HCP and CCP fragments; this leads to the formation of 
complex five-fold voids, in addition to usual tetrahedral and 
octahedral. 

The described above results of the study of a number of 
FSPT minerals show that the coordination polyhedra (espe-
cially SiO5, BeO5, PO5) of different cations, rare for classi-
cal crystal chemistry, may not be as rare as it was previously 
considered. They can form as an intermediate phase between 
“loose” and “close packed” structures. SiO5 polyhedra are 
known in high-pressure modifications of such minerals and 
synthetic compounds, as CaSi2O5 (Angel et al., 1996), brew-
sterite (Alberti et al., 1999), orthopyroxene (Finkelstein et 
al., 2015), diopside (Hu et al., 2017), coesite (Bykova et al., 
2018), datolite (Gorelova et al., 2018), albite (Pakhomova et 
al., 2020), reedmergnerite (Gorelova et al., 2022). BeO5 
polyhedra are currently known only in hurlbutite described 
in this work, and PO5 ones have also been obtained in a 
high-pressure modification of TiPO4 (Bykov et al., 2016). 

An interesting consequence of the appearance of such 
polyhedra in the structures of minerals is their acoustic “vis-
ibility”. Polymorphic modifications of minerals containing 
TO5 polyhedra are significantly less dense comparing with 
octahedrally coordinated cations, typical for high-pressure 
structures; this results in a significant drop in sound veloci-
ties (Bykova et al., 2018). Another consequence of the ap-
pearance of TO5 polyhedra may be the decay of solid solu-
tions, due to the fact that some of the elements will not be 
able to be contained into pentacoordinated polyhedra. For 
example, changing in the coordination number of calcium 
from 6 to 8 causes some to form a carbonate-magnesium 
isomorphic series (e.g., calcite), while others do not (e.g., 
aragonite (Vereshchagin et al., 2021)). Similarly, crystal 
chemical fractionation of elements is likely to occur during 
the formation of high-pressure polymorphs with unusual 
structural groups. 

CONCLUSIONS 

The existence of the structures containing unusual coordi-
nation polyhedra has a significant effect on the density of 
matter, its elastic and plastic deformation, and therefore the 
density of the submerged lithospheric plate and its buoyancy 
in the Earth’s mantle (Hu et al., 2017). According to tradi-
tional ideas about the composition of the deep Earth’s inte-
rior, most minerals of the Earth’s crust are supposed to de-
compose into dense oxide or perovskite-like phases; this 

requires overcoming kinetic barriers, and therefore high tem-
peratures. However, the existence of phases containing SiO5 
polyhedra indicates the alternative ways of transforming 
minerals under high pressures and moderate temperatures. 
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