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Abstract

Gadolinite supergroup minerals (GSM) are common in nature and widely known

as important rare earth elements (REE) carriers, which makes them prominent
objects for study both in geology and material science. Their behavior under
extreme conditions (high pressure and/or high temperature) could shed light on
geochemical cycles of rare lithophile elements (e.g., REE, B, Be) and show the ways
of transformation of crystal structures in a series of solid solutions. In this paper,

we present new data on drugmanite, szFe3+(PO4)(POg(OH))(OH)z, and compare

the obtained results with other GSM. Drugmanite is the least stable member of the
supergroup under high temperature conditions, which is a result of the low density
of the octahedral layer in its crystal structure. The beryllium silicate members of GSM
were found to be the most stable in high-temperature conditions, whereas beryllium
phosphate members are most stable at high pressures. The mechanisms of mineral
deformation under extreme conditions are primarily determined by the composition
of the tetrahedral layer and then by the size and charge of the large cations.

Keywords Drugmanite, Gadolinite supergroup, High temperature, High pressure,
Review

1 Introduction
Gadolinite supergroup minerals (GSM) have been known since the 18th century (e.g [1-
3]) , can form fairly large crystals (up to several cm) and are the primary source of most
of the rare earth elements (REE) [4]. GSM can be found in granitic pegmatites, volcanic
and metamorphic rocks, and skarns [5—8]. They are also important geochemical mark-
ers used in provenance studies [9-11], whereas their synthetic analogues are of interest
due to their unique physical and chemical properties [12-16].

Gadolinite supergroup contains 13 valid mineral species with the general formula
A,MQ,T504¢,, where A — Ca, Pb, REE, M — Fe?*, Fe**or vacancy ([]), Q — B, Be or
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vacancy ((]), T — Si, As, P, ¢ — O, F or OH [17]. It is divided into two groups depending
on the chemical composition of the T tetrahedral site: gadolinite group (silicates) and
herderite group (phosphates and arsenates). The division into subgroups is according to
the chemical composition of the Q tetrahedral site (gadolinite (beryllosilicates), dato-
lite (borosilicates), herderite (beryllophosphates and berylloarsenates) and drugmanite
(phosphate)).

High temperature / high pressure behavior of datolite, gadolinite and herderite sub-
group of GSM has been studied [18-25], while no data on drugmanite subgroup are
available so far. Like other GSM, drugmanite (szFee"'|:|2(PO4)(PO3(OH))(OH)2 or
szFe3+|:|2(PzO7)(OH)(OH)Z) has monoclinic (P2,/c) crystal structure, which can be
described as consisting of two different alternating layers, one of which is formed by
TO, and QO, tetrahedra, and another one by AO4¢, polyhedra and MO,¢, octahedra
[17]. However, in the drugmanite crystal structure, the Q site is vacant [26], i.e. the tet-
rahedral ‘layer’ consists of isolated PO, tetrahedra, which should lead to distinct thermal
behavior.

The aim of this work is to obtain and analyze data on the high-temperature behavior
of drugmanite. Including this new data, the information on high-temperature and high-
pressure behavior of the GSM has been summarized. We have also analyzed the stability
ranges and transformation pathways of GSM depending on chemical composition and
have discussed possible implications for the prediction of thermal behavior of other iso-
structural minerals.

2 Materials and methods

The studied sample of drugmanite originates from its type locality — Richelle, Wallonia,
Belgium. The plate-like crystal under study was 0.1 x 0.03 x0.02 mm and colorless. This
mineral was studied by scanning electron microscopy (SEM), energy-dispersive X-ray
spectroscopy (EDS), Raman spectroscopy (ambient conditions) and single-crystal X-ray
diffraction (SCXRD) under ambient and high-temperature (HT) conditions.

The chemical analyses (5 spots) were carried out using a Hitachi S-3400 N (Hitachi,
Japan) SEM equipped with an EDS Oxford X-Max 20 detector (Oxford, UK). Analytical
conditions were 20 kV accelerating voltage, 2 nA beam current, and a beam diameter of
1 um. The amount of H,O was calculated by stoichiometry based on 10 oxygen atoms
per formula unit (apfu).

The thermal behavior of drugmanite was studied in situ upon heating in air by SCXRD
analysis, which was performed using a XtaLAB Synergy-S (Rigaku Oxford Diftraction,
Japan) diffractometer equipped with a HyPix-6000HE detector with monochromated
MoKa radiation (| [MoKa] = 0.71073 A) at 50 kV and 1 mA with a high-temperature
FMB system (Oxford, UK). More than a hemisphere of three-dimensional data was col-
lected with a frame width of 0.30-0.75°, depending on temperature. The ambient tem-
perature experiment was performed using a single crystal, mounted on a quartz glass
fiber, whereas for the high-temperature experiments, the same crystal was placed inside
a quartz capillary (for more details, see [27, 28]). SCXRD data was collected in two steps:
at room temperature and upon heating (HT) at different temperatures in the range of
100-400 °C with temperature steps of 100 °C. Temperature determination errors were
+ 10 °C (see [22]). The data were integrated and corrected for background, Lorentz, and

polarization effects. An empirical absorption correction based on spherical harmonics
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implemented in the SCALE3 ABSPACK algorithm was applied in the CrysAlisPro pro-
gram [29].

The structure model of drugmanite [26] was used as a starting model for the struc-
ture refinement at all temperature points (Table S1). The positions of H atoms are
undetermined. The anisotropic displacement parameters were refined for all atoms at
all temperature points. The unit-cell parameters were refined using the least-squares
techniques. The Olex2 1.5 program package [30] with implemented SHELXL algorithms
[31] was used for all structural calculations. All bond lengths and polyhedral volumes
in the crystal structures at all temperatures (Table S2) were calculated using rigid-body
motion correction in the CrystChemLib program [32], following the formula provided
by Downs [33]. The calculation of the thermal-expansion coefficients (TECs) and their
visualization was performed using the TTT program package using a linear approxima-
tion of the temperature dependencies of the unit-cell parameters [34].

The Raman spectrum of drugmanite (Table S3) was obtained at ambient conditions
using a Senterra (Bruker, Billerica, MA, USA) Raman spectrometer conjugated with
an Olympus BX-51 microscope using a 785 nm solid state laser as excitation source.
The laser power under the 20x objective with a numerical aperture of 0.4 was about 10
mW. The Raman spectrum from the unoriented sample was obtained in the range of
70-1500 cm™! with a spectral resolution of about 0.9 cm™. The accumulation time was
150 s with 2 repetitions. In the obtained spectrum, the piecewise linear baseline was
subtracted, and the [0, 1] intensity normalization procedure was performed for clarity.

3 Results
3.1 Chemical composition and Raman spectroscopy
The obtained EDS compositional data for the studied drugmanite sample is given in
Table 1. Contents of other elements with atomic numbers higher than that of carbon
are below detection limits. The empirical formula of drugmanite is Pb, 44(Fe, g,Aly ;,Sb°
0.01)51.01P2.0007(OH); o0- Fe was considered as trivalent following van Tassel et al. [35],
who assumed that the oxidized environment and the similarity to other arsenate and
phosphate mineral assemblages surrounding drugmanite are not likely to contain diva-
lent iron. Additionally, bond valence sums (BVS) [36] were calculated (Table S4), which
supports that the M site is occupied by trivalent cations only, while the A site (Pb) is
divalent.

The Raman spectrum of drugmanite was obtained for the first time in the range of
70-1500 cm™ (Fig. 1). Attempts to acquire the Raman spectrum in the 1500-4000 cm™
region using all available lasers (488, 514 and 785 nm) were unsuccessful, as the Raman

Table 1 Chemical composition of drugmanite from Richelle

Constituent Wt.% Range Stand. Dev. Wt.%
PbO 64.40 62.37-69.91 3.16 64.37
Fe,0, 10.13 8.60-10.97 0.94 8.85
AlLOs 097 0.68-1.49 032 1.61
Sb,0s 0.14 0.00-0.39 0.18 -

P,0s 20.68 20.44-20.99 024 2037
H,O*. 3.94 3.87
Total 100.26 99.07
Reference This study [35]

*Calculated by stoichiometry; - below detection limits
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Fig. 1 Raman spectrum of drugmanite. The experimental spectrum is shown in black (thick) and can be modelled
(red) as a superposition of the peaks (thin black)

signal was strongly overwhelmed by the luminescence. It can be interpreted similarly
to hydroxylherderite (Table S3). Thus, bands at 967 and 998 cm™ can be attributed to
HOPO; units and the symmetric stretching mode of the PO, units, respectively. The
bands in the range of 400—650 cm™ correspond to the bending modes of the PO, and
H,PO, units. The bands at 266 and 303 cm™ are connected with stretching vibrations of
Fe—O and Pb—O, whereas the bands at 119, 204 and 246 cm™! are connected with lattice
vibrations [19, 37].

It is notable that the most intense peaks are those associated with lattice vibrations:
this may be a result of the reduced rigidity of the structure due to the vacancy at the Q
site. The same vacancy leads to a decrease in the amount and intensity of bands in the
region of 600-900 cm ™!, Drugmanite, in comparison with hydroxylherderite and bergs-
lagite, has a duplet at 1064 and 1089 cm™, which can be associated with POH and PO
vibrations [18, 37], respectively.

3.2 Crystal structure of drugmanite under ambient conditions

Under ambient conditions, the unit cell parameters (Table 2) and crystal structure
refinements of drugmanite are in good agreement with previously published data [26].
Its crystal structure can be described as alternating dense layers of FeOg octahedra and
PbO,, polyhedra with ‘pseudo-layers; consisting of separate PO, tetrahedra (Fig. 2).

Our data indicates that the T site is fully occupied by P (<P-O>= 1.533(15) A, Vip—
O is 1.55 A [38]; Table S2), and the Q site is vacant. The A-site is fully occupied with
Pb (<Pb-O>= 2.894(14) A; see Table S2), which is coordinated by 10 oxygens. Such a
type of coordination number is not typical for the A site in GSM and related synthetic
compounds, but can be realized, if this site is occupied by Pb or Lu [17]. The octahe-
drally coordinated M-site is shared between Fe and Al with the ratio 0.87:0.13 (<M-O>=
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Table 2 Crystallographic data for drugmanite at 27 °C

Ref. This work [26]*
Sp.gar. P2,/c

alhl 4645(1) 4.643(3)
bIAl 7.987(1) 7.986(5)
c[A] 11.103(1) 11.111(5)
B 90.54(1) 90.16(1)
VIAY 41231(4) 41197

*— unit cell parameters a and c are swapped for comparison
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Fig.2 Crystal structure of drugmanite in different projections with the section of the thermal-expansion coef-
ficients (TECs) figures in the temperature range of 27 to 400°C. PO,tetrahedra and P atoms are given in blue,
FeOgoctahedra and Fe atoms in brown, PbO;ypolyhedra and Pb atoms in grey

2.001(14) A, while MFe—0O and VUAI-O are 2.045 and 1.935 A, respectively [38]; see
Table S2). The ¢-site is assumed to be occupied by OH, which is in good agreement with
EMPA data.

3.3 High-temperature behavior of drugmanite

HT SCXRD experiments showed that drugmanite is stable in the temperature range
from 27 to 400 °C. Drugmanite amorphizes between 400 and 500 °C, which is evident by
the disappearance of the X-ray diffraction signal for the crystal studied. For the purposes
of this study the changes in the unit-cell parameters are considered approximately linear
(Fig. 3), as the crystal structure of the mineral undergoes a continuous expansion. The
thermal expansion is less anisotropic in comparison to other GSMs (Table 3). The maxi-
mal thermal expansion occurs within the pseudo-layer plane (cb), while along the a axis
it is slightly lower. This is generally typical for layered crystal structures, but is not obvi-
ous for minerals with isolated tetrahedra.

The PO, tetrahedra remain stable at all temperatures (see Table S2). The thermal
expansion of the structure is due to changes in FeOg octahedra and PbO,, polyhedra,
which linearly increase in volume from 10.6(3) to 11.2(3) and from 47.6(7) to 48.8(10)
A3, respectively (see Table S2). This process is accompanied by elongation of the average
M-0 and Pb—O bonds from 2.001(14) to 2.04(3) A and from 2.894(14) to 2.92(3) A at
maximum temperature, respectively.

4 Discussion

4.1 Thermal stability of gadolinite-related minerals and synthetic compounds

The studies on high-temperature behavior of GSM, conducted over the past 8 years
[18, 19, 21-24, 39], have shown that the thermal stability range is highly dependent on
their chemical composition (Table 3; Fig. 4). According to the obtained data, the most
stable minerals are gadolinite-(Y) and hingganite-(Y) (up to ~ 900-1000 °C) [21, 24],
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Fig. 3 Temperature-dependent changes in the unit cell parameters of drugmanite (white circles). The errors are
smaller than the symbols
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i.e. minerals of the gadolinite subgroup with the beryllium-silicate tetrahedral layers and
REE in the A site. The recent studies of a series of isostructural synthetic compounds
demonstrate that REE replacement results in sharp increases in the thermal stability
range when the size of REE cations decreases [40]. As a consequence, one can assume
that Yb-dominant species (R = 0.985 A; [38]) will demonstrate a wider range of stability,
whereas Nd- and Ce-dominant species (R = 1.109 and 1.143 A, respectively; [38]) will
demonstrate a narrower range of stability. However, as GSMs are not REE-specific and
contain simultaneously all lanthanides and Y, the only way to check this assumption is to
study their synthetic analogues.

Besides, the reason why gadolinite-(Y) is slightly more stable than hingganite-(Y) is
the lack of (OH)-groups in gadolinite-(Y). This reason is also appropriate to explain the
difference in the thermal stability ranges of datolite and homilite, i.e. borosilicate miner-
als. Datolite, which has (OH)-groups in the ¢-site, is stable up to 710 °C [23], whereas its
anhydrous analogue, homilite, preserves its initial crystal structure up to 750 °C [22]. It
should also be noted that both borosilicate minerals undergo solid-state decomposition
with the formation of a melilite-like compound (okayamalite, Ca,B,SiO,). An interest-
ing feature of these transformations is that the datolite to okayamalite phase transition
resulted in the appearance of a polycrystalline sample instead of a single crystal [23],
whereas the homilite to okayamalite phase transition is topotactic, i.e. single-crystal to
single-crystal [22]. The thermal stability ranges of bergslagite and hydroxylherderite are
very similar (below ~ 700 °C) [18, 19], as their chemical composition differs only in that
the T site is occupied by As and P, respectively, whereas in both cases M sites are vacant
and ¢-sites contain (OH)-groups.

Among all studied GSM, drugmanite is the least stable (below 500 °C). This is most
probably associated with two facts as well: (1) vacancy in Q site, due to the fact that
its crystal structure is not actually layered (see above); and (2) higher content of (OH)-
groups, which occupy not only the ¢-site, but also partially occupy O site.

To summarize what has been described in this section, we can say that three aspects
determine the stability of GSM under temperature changes:

(1) The most important aspect is the composition of the tetrahedral layers, i.e. occupancy
of Q and T'sites: the most stable minerals are beryllium-containing minerals. A similar
tendency has been previously noted for feldspar-related compounds with paracelsian
topology [41]. The least stable is the phosphate mineral drugmanite, which has
vacancies in tetrahedral layers.

(2) Among the minerals with similar compositions of tetrahedral layers, more stable
are the minerals with dense layers of large cations, i.e. when both A and M sites are
occupied by different cations. If the M site is vacant, the mineral is less stable.

(3) The last important chemical feature affecting GSM stability is the presence of (OH)-
groups, which are associated with the vacancy in the M site. (OH)-containing minerals
are less stable compared with similar anhydrous minerals. Generally, the stability
up to about 700 °C is typical for (OH)-containing layered minerals and inorganic
compounds [42].

Notably, a number of synthetic gadolinite-related compounds are known: Y,MnBe-
1,Si,040, [43], Yb,NiBe,Si, 040, [44], Gd,CdBe,Si,040, [43], p-ZrB,O; [45], B-HfB,O;
[46], Ln,Cu(B,Os), (Ln = Tb—Tm, Lu) [47-50], Tb,Co(B,Os), [50], Ho,Ni(B,O5), [51],
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Fig. 4 Thermal stability ranges of gadolinite supergroup minerals. The *' shows the minerals, containing (OH)-
groups. The numbers in square brackets show the references

LnyZn(B,Os), (Ln = Eu, Tb, Yb, Lu) [39]. As far as we know, only one of them, namely
Tb,Zn(B,0O5),, has been studied under high-temperature conditions [39]. This study
demonstrated that Tb,Zn(B,0;), is stable up to 800 °C, when it starts to decompose
with the formation of p-TbBO,. Nevertheless, based on the synthesis conditions, we can
assume that most synthetic borates with gadolinite-related crystal structures are stable
at least up to 1050 °C, as they have been obtained at this or higher temperature [47-49,
51]. As for beryllium silicate compounds [43, 44], which are close to gadolinite based on
their chemical composition, they also have to be stable up to about 900—1000 °C by anal-
ogy with gadolinite-(Y) and hingganite-(Y).

4.2 Thermal expansion of gadolinite-related minerals and synthetic compounds

At first glance, thermal expansion of GSM varies greatly (Table 3). The volume TECs are
in the range of 20 to 51 x 107° °C~! with the average value, calculated based on all seven
studied minerals, <a;>, = 32x 107® °C”!. Drugmanite, the crystal structure of which is
significantly different, demonstrates the maximum volume expansion (o, =51x107°
°C™).

It is widely accepted that the main contribution to the TECs values is made by large
cations, whereas small tetrahedrally coordinated cations are usually considered as rigid
groups [52, 53]. In the case of GSM, these large cations are located at A and M sites.
Such a big difference in the volume TECs of gadolinite supergroup minerals is most
probably explained by wide variations in the chemical composition of the A and M sites.
The occupancy of A and M sites can not be estimated unambiguously, as both of them
are always occupied by a complex mixture of different cations. The A site is mostly occu-
pied by Ca, Y and Ce, but can contain different cations with charge from 2* to 3* [17].
The variations of composition in the M site are significant too: it is most often occupied
by Fe?*, but can also include other divalent cations with ionic radius close to Fe** or be
vacant or occupied by Fe?* [17].

The anisotropy of thermal expansion also varies widely (Table 3). Homilite demon-

strates the maximal a = 8 ratio. The reason for such a sharp anisotropy is most

max/ ¥min

probably the oxidation of Fe** to Fe** upon heating, which leads to the decrease in the
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unit cell parameters in the temperature range 250-500 °C [22]. This behavior was not
observed for any other iron-containing GSM (gadolinite-(Y) and drugmanite). These
two minerals, in contrast to homilite, demonstrate the least anisotropy of thermal expan-
sion (Qay/ Gmin = 1.5). In the case of drugmanite, the M site is occupied by Fe** initially,
i.e. it can not be oxidized. The M-site in gadolinite-(Y) is initially occupied by Fe**, but
preheating of the sample to 1000 °C in air (for recrystallization) led to iron oxidation
[21]. The anisotropy of thermal expansion of minerals with predominantly vacant M site
(datolite, hingganite-(Y), bergslagite and hydroxylherderite) is in a range from 2.6 to 3.4
(Table 3) and can be associated with different chemical compositions of the A site in
these minerals. The synthetic Tb,Zn(B,0;), generally follows the regularities described
above: it demonstrates low degrees of anisotropy, as both A and M sites are fully occu-
pied by cations.

Another interesting aspect of the thermal expansion of GSM is that the direction of
maximal thermal expansion is within the layer plane (cb), which is not very typical for
layered crystal structures. There are two probable reasons for this behavior. First is the
existence of quite dense layers of A and M cations, which fixed the crystal structure and
do not allow it to expand perpendicular to the layer plane. Second is the sharp anisot-
ropy of the layer deformation, which can be explained by the flexibility of the four- and
eight-membered rings of TO, tetrahedra. The similar behavior has been previously
noted for feldspar-related minerals with paracelsian topology [41, 54].

To summarize, we can say that thermal expansion of GSM is a multifaceted process
which can not be easily unified and predicted. Nevertheless, it is in agreement with the
traditional ideas, according to which the character of thermal deformations of isostruc-
tural compounds is determined first of all by the crystal structure and its symmetry,
whereas the values of thermal expansion coefficients are determined by the chemical
composition and crystal structure [55].

4.3 High-pressure evolution of gadolinite-related minerals and synthetic compounds

The high-pressure behavior has been studied only for 3 GSM (datolite [25], hingganite-
(Y) [20] and hydroxylherderite [19]), but, since all of them belong to different subgroups,
it allows us to make some generalizations. Additionally, two synthetic gadolinite-related
compounds, namely ZrB,O; and HfB,O;, have been studied upon compression [56].
Generally, all of them demonstrate stability in a wide pressure range.

Datolite (Q = B, T = Si) demonstratesstability in the narrowest range: it undergoes a
first-order isosymmetric displasive phase transformation at pressure between 27 and 33
GPa, which is accompanied by the formation of Si,Og dimers, consisting of edge-sharing
SiO; trigonal bipyramids [25]. This high-pressure modification is stable up to 43 GPa,
when it starts to amorphize. The mechanism of this transformation can be described as
follows: the eight-membered ring of QO, and TO, tetrahedra elongates along its long
diagonal in such a way that along the short diagonal of this ring, the additional fifth oxy-
gen atom enters the coordination sphere of silicon (Fig. 5).

Hingganite-(Y) (Q = Be, T = Si) is stable in the whole studied pressure range (up to 47
GPa) [20]. Generally, the compression mechanism is similar to that described for datolite
(Fig. 5). However, due to the difference in chemical composition, the applied pressure is
not enough to cause a similar phase transition to occur. It is assumed that hingganite-(Y)
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hingganite-(Y) (Q = Be, T=Si)/ datolite ZrB,0, HfB,0O,
hydroxylherderite (Q = Be, T=P) (Q=B, T=Si) (Q=T=B) (Q=T=B)

Fig. 5 The transformation pathways of eight-membered rings upon compression, depending on chemical com-
position [19, 20, 25, 56]

can undergo a transformation similar to datolite at higher pressure, but there is no con-
firmation of this to date.

Hydroxylherderite (Q = Be, T = P) is even more stable and preserves its initial crystal
structure up to ~ 100 GPa [19]. The quality of the crystal structural data deteriorates sig-
nificantly above 70 GPa; nevertheless, no phase transition was observed.

The interesting fact is that datolite and hydroxylherderite undergo the maximal com-
pression along the a axis, i.e. perpendicular to the layer plane, whereas the maximal
compression of hingganite-(Y) is within the layer plane. One might assume that by anal-
ogy with temperature-induced transformations, the main reason for such differences
is the different density of the large cation layer, formed by AOg and MO¢ polyhedra or
the presence / existence of (OH)-groups. But all three minerals contain (OH)-groups,
whereas their M site is predominantly vacant. Most probably, the difference in com-
pressibility is due to the different size and charge of atoms occupying the A site. In dato-
lite and hydroxylherderite, the A site is occupied by Ca** (R = 1.12 A; [38]), whereas in
hingganite-(Y) — by Y>* (R = 1.019 A; [38]).

The high-pressure studies of the synthetic borates ZrB,O; and HfB,O; with gadolin-
ite-like crystal structures reveal that these compounds are even more stable [56]. Both
of them preserve their initial crystal structures up to ~ 114 GPa, when they undergo
phase transformations (Fig. 5). Despite the similarity of chemical composition of these
two compounds, their high-pressure transformations are fundamentally different. In the
case of ZrB,0O; the phase transformation is displacive and is accompanied by a rear-
rangement of the corner-sharing BO, tetrahedra, while still maintaining the four- and
eight-membered rings. The obtained high-pressure y-ZrB,O; modification contains
highly distorted BO, tetrahedra. HfB,O; undergoes a reconstructive phase transition,
which leads to the formation of ten-membered rings of distorted BO, tetrahedra, which
are connected to each other through edges and vertices. The described borates are close
to datolite, hingganite-(Y) and hydroxylherderite based on their sites occupancies, i.e.
all of them have vacancy in the M site, the Zr and Hf are small (R = 0.83 and 0.84 A;
[38], respectively) and are tetravalent. Most probably, it leads to the increased persis-
tence of the initial crystal structure. Despite the large cations’ layers being formed by
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highly charged atoms, the maximal compression of both borates is along the a axis, i.e.
perpendicular to the layer plane, which is generally typical for layered crystal structures.
To sum up the above, it can be concluded that gadolinite-like crystal structures are
quite stable upon compression. The most stable are borates, then beryllium phosphate
and silicate, whereas borosilicate is the least stable. The similarity in the behavior of
GSM and feldspar-related minerals with paracelsian topology also lies in the fact that
both borosilicate minerals (datolite [25] and danburite CaB,Si,Og [57]) undergo a phase
transformation, accompanied by the formation of rare SiO; polyhedra. At the same time,
we did not see the same processes for beryllium phosphate minerals: the high-pressure
study of hydroxylherderite [19] did not lead to the formation of such rare structural
units as BeO;, PO;, BeO4 and PO, polyhedra, which have been formed upon compres-
sion of hurlbutite, CaBe,P,Oq [58]. Predicting the high-pressure behavior of any miner-
als or synthetic compounds, based only on their initial crystal structure and chemical
composition, without density functional theory calculations, is extremely difficult.

5 Conclusion

This study of drugmanite finalizes investigations on the temperature stability and ther-
mal behavior of the gadolinite supergroup minerals. Our understanding of GSM stabil-
ity could be further expanded by conducting additional high-pressure experiments to
determine the elastic behavior and stability ranges of drugmanite, similar to those which
were done for datolite, hingganite-(Y) and hydroxylherderite [19, 20, 23].

Including this work, the thermal behavior of all 4 main subgroups in the gadolinite
supergroup has been studied. The high-pressure behavior has been studied for three of
four subgroups. The performed experiments demonstrate that all the studied miner-
als are very stable under high-pressure conditions, whereas their stability under high-
temperature conditions differs significantly. It has been shown that the composition of
the layer, consisting of QO, and TO, tetrahedra, has the greatest influence on the com-
pounds’ stability. The density and chemical composition of the large cation (A and M)
layers also significantly affect mineral stability. It has to be noted that not only the size,
but also the charge of the cations is important. The presence of (OH)-groups only influ-
ences the thermal but not the pressure stability of GSM.
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