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Abstract

The crystal structure of girvasite, NaCaxMg3(PO4)3(CO3)(H20)¢, has been refined using X-ray diffraction data collected at 173 K, which
allowed to revise its crystal chemical formula. The mineral is monoclinic, P21/c, a = 6.4784(2), b = 12.2313(3), ¢ = 21.3494(6) A, B =89.624(2)°,
V=1691.67(8) A3 (at 173 K), Z=4, R; =0.037 for 6471 unique observed reflections. The crystal structure of girvasite contains three Mg,
two Ca and one Na sites. The Mg atoms are octahedrally coordinated by O atoms and HpO molecules. The Ca sites are coordinated by eight
anions each, whereas the Na site has a coordination number equal to seven. The crystal structure is based upon heteropolyhedral sheets formed
by polymerization of Mg octahedra, POy4 tetrahedra and CO3 groups. The sheets consist of fundamental building units (FBBs) formed by two
Mg octahedra that share edges to form dimers decorated by three POy tetrahedra and linked to a unit consisting of a MgOg octahedron sharing
an edge with a carbonate triangle. The FBBs polymerize to form chains running parallel to the a axis. The chains are further polymerized to
compose heteropolyhedral sheets stuffed by the Ca®* and Na* cations, and HyO groups to form electroneutral layers parallel to (001). The
adjacent layers connect to each other via a complex system of hydrogen bonds. The interesting feature of the structure is a bidentate coordination
of Mg2 atom by a CO3 group. The O14-Mg2-016 angle is shortened from 90° (expected for a regular octahedron) to 60.46° whereas the
014-C-016 angle is shortened from 120° to 115.92°. Girvasite is the most structurally complex mineral among natural phosphate carbonates
known to date. Its high structural complexity reflects its chemical complexity and high hydration state, which are the result of the specific
geochemical and thermodynamic conditions of its formation (low-temperature and low-pressure interactions of phosphate-bearing solutions
with primary dolomite carbonatites)..
© 2015, V.S. Sobolev IGM, Siberian Branch of the RAS. Published by Elsevier B.V. All rights reserved.
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Introduction Girvasite, a rare hydrous Na-Ca-Mg phosphate carbonate,

has been first described by Britvin et al. (1990) from

Structural and chemical diversity of natural carbonates
continues to attract attention of mineralogists and petrologists
with several new mineral species discovered and crystal
structures determined within recent few years (Lazic et al,,
2011; Bindi et al., 2011; Mills et al., 2012ab; Pekov et al.,
2012; McDonald et al., 2012; Miyawaki et al., 2012; Biagioni
et al., 2013; Kampf et al., 2014; Elliot et al., 2014, etc.). One
of the source of variable rare and exotic carbonate minerals
are carbonatites that have been subject for a large number of
recent detailed experimental studies (Shatskiy et al., 2013abc,
2014).

* Corresponding author.
E-mail address: s.krivovichev@spbu.ru (S.V. Krivovichev)

hydrothermal veins in dolomite carbonatites of the Zhelezny
(Iron) Mine, Kovdor massif, Kola Peninsula, Russia. The
mineral was probably the result of reaction of primary
dolomite with phosphate-bearing hydrothermal solutions. The
Zhelezny mine is known as a type locality for several
phosphate minerals, including rimkorolgite, BaMgs(POy)s:
(H0)g (Britvin et al., 1995; Krivovichev et al., 2002), stron-
tiowhitlockite, SrgMg(PO3OH)(PO4)¢ (Britvin et al., 1991),
bakhchisaraitsevite, NapMgs(PO4)4(H>0O)7 (Liferovich et al.,
2000; Yakubovich et al. 2000), cattiite, Mg3(PO4)2(H20)22
(Britvin et al. 2002; Chernyatieva et al., 2013), etc.

The crystal structure of girvasite was studied by Sokolova
and Yegorov-Tismenko (1990), who assigned to the mineral
the crystal chemical formula NaCapMg3(OH)>H2(PO4)3(CO3)-
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Table 1. Crystallographic data and refinement parameters for girvasite
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ad) 6.4784(2)
b A 12.2313(3)
¢ (A) 21.3494(6)
B ) 89.624(2)
v (A%) 1691.67(8)
Space group P2/c

Fooo 1272

i (em™) 1.211
Dege (g/cm™) 2.470

z 4

Crystal size (mm®) 0.07 % 0.09 x 0.12
Temperature (K) 173
Radiation MoK, 0.71073
20 max 75.56
Total Ref. 55,166
Unique Ref. 9000
Unique IFol < 4cF 6471

Tmins Prmax -10, 11
Kmin» kmax -21, 19
Lnins Imax -31, 36
Ring 0.0675

R 0.0373
WR, 0.0839

s 1.022
Prmin, Pmax (€A 0.634, 0.748

(H20)4, which assumes the simultaneous presence in the
structure of both protonated tetrahedral oxyanions and hy-
droxyl anions. Though such a combination is known for
minerals (for instance, it has recently been described by Kampf
et al. (2013) for joteite, CapCuAl[AsO4][AsO3(OH)]2(OH),:
5H70), it is very unusual and requires additional verification.
Since Sokolova and Yegorov-Tismenko (1990) were unable
to determine positions of H atoms in girvasite, this problem
remained unresolved and awaited special consideration. In this
paper, we report on the crystal-structure determination of
girvasite performed at 173 K, which allowed us to identify
hydrogen positions and to revise the crystal chemical formula
of the mineral.

Experimental

The crystal of girvasite selected for data collection was
mounted on a thin glass fiber for the X-ray diffraction analysis.
More than a hemisphere of X-ray diffraction data with frame
widths of 0.3° in ®, and 30 s spent counting for each frame
were collected at 173 K using a Bruker four-circle Smart
APEX DUO X-ray diffractometer operated at 50 kV and
40 mA with MoK, radiation. The data were integrated and
corrected for absorption using an empirical ellipsoidal model

by means of the Bruker programs APEX and XPREP. The
observed systematic absences were consistent with the space
group P21/c reported for girvasite by Sokolova and Yegorov-
Tismenko (1990). The structure was refined to R; = 0.052
using the atom coordinates for nonhydrogen atoms taken from
Sokolova and Yegorov-Tismenko (1990). The inspection of
difference Fourier electron-density map revealed the presence
of twelve symmetrically independent H atoms that were
incorporated into the structure refinement without any re-
straints. Structure refinement of the full structure model
resulted in the crystallographic agreement index R =0.038
(Table 1). The SHELX program package was used for all
structure calculations (Sheldrick, 2008). The final model
included anisotropic displacement parameters for all nonhy-
drogen atoms atoms. The final atomic coordinates and anisot-
ropic displacement parameters are given in Table 2 and
selected interatomic distances are listed in Table 3.

Results

The structure of girvasite contains three Mg, two Ca and
one Na sites. The Mg atoms are octahedrally coordinated by
O atoms and H>O molecules. The Mgl site is coordinated by
five O atoms and one H>O molecule, whereas the Mg2 and
Mg3 sites are coordinated by four O atoms and two HpO
molecules each. The Ca sites are coordinated by eight anions
each, whereas the Na site has a coordination number equal to
seven. The local coordination environments of the Ca and Na
atoms are depicted in Figs. la—c.

The crystal structure of girvasite can be described as based
upon heteropolyhedral sheets formed by polymerization of Mg
octahedra, POy tetrahedra and COj3 triangular groups. The
sheets consist of fundamental building units (FBBs) shown in
Fig. 2. The FBB is formed by two Mg octahedra that share
edges to form dimers decorated by three POy tetrahedra and
linked to a unit consisting of a MgOg octahedron sharing an
edge with a triangular carbonate group. The FBBs polymerize
to form chains running parallel to the a axis (Fig. 3a). The
chains are further polymerized to compose a heteropolyhedral
sheet shown in Fig. 3b. The sheets are stuffed by the Ca*t
and Na* cations, and H>O groups to form electroneutral layers
parallel to (001). The adjacent layers are connected to each
other via a complex system of hydrogen bonds (Fig. 4).

Discussion

Carbonate groups in girvasite. The local coordination of
carbonate groups in girvasite is shown in Fig. 1d. The most
interesting and noteworthy feature of the structure is a
bidentate (edge-sharing) coordination of Mg2 atom by a CO3
group. As a result, both MgyOg octahedron and CO3 group
display considerable distortion. The O14-Mg2-0O16 angle is
shortened from 90° (expected for a regular octahedron) to
60.46°, whereas the O14—-C-016 angle is shortened from 120°
to 115.92° In order to compensate for the angle shrinkage,
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Atom x y z Ueq

Cal 0.43801(5) 0.02010(2) 0.249925(14) 0.00498(6)
Ca2 0.67971(5) 0.25007(3) 0.348619(14) 0.00569(6)
P1 0.43834(6) 0.23332(3) 0.719833(18) 0.00503(7)
P2 0.90536(6) 0.07165(3) 0.230884(18) 0.00465(7)
P3 0.75175(6) 0.03410(3) 0.594530(18) 0.00535(7)
Mgl 0.94562(8) 0.15856(4) 0.71836(2) 0.00452(14)
Mg2 0.62007(9) 0.07221(5) 0.11156(2) 0.00610(15)
Mg3 0.25003(8) 0.02842(4) 0.63224(2) 0.00447(14)
Na 0.14773(11) 0.20757(6) 0.10527(3) 0.00967(13)
o1 0.27129(17) 0.14992(9) 0.69957(5) 0.00614(19)
02 0.56724(18) 0.00685(9) 0.63779(5) 0.0073(2)
03 0.91068(17) 0.00191(9) 0.75458(5) 0.0065(2)
04 0.47074(18) 0.18180(9) 0.16814(5) 0.0073(2)
05 0.37361(18) 0.20668(9) 0.28045(5) 0.0072(2)
06 0.76394(18) 0.00945(9) 0.18514(5) 0.0070(2)
o7 0.97151(18) 0.17966(9) 0.20125(5) 0.0068(2)
08 0.77604(18) 0.08853(9) 0.29220(5) 0.0064(2)
09 0.63732(18) 0.17091(9) 0.73697(5) 0.00642(19)
010 0.93679(17) 0.08097(9) 0.63212(5) 0.0066(2)
Ol11 0.17690(18) 0.07033(9) 0.43966(5) 0.0074(2)
012 0.68505(18) 0.12025(9) 0.54579(5) 0.0073(2)
Owl3 0.02777(19) 0.19752(10) 0.81492(5) 0.0077(2)
014 0.33790(19) 0.05346(9) 0.06098(5) 0.0076(2)
Oowl5 0.79611(19) 0.17783(10) 0.05795(6) 0.0092(2)
016 0.60557(18) 0.05677(9) 0.85916(5) 0.0071(2)
Oowl7 0.2363(2) 0.05055(10) 0.94354(6) 0.0082(2)
Oowl8 0.79694(19) 0.11022(10) 0.42313(5) 0.0075(2)
019 0.82946(18) 0.10907(10) 0.93232(5) 0.0088(2)
Ow20 0.28478(19) 0.13485(10) 0.55629(6) 0.0083(2)
ow21 0.4202(2) 0.24607(11) 0.42432(6) 0.0112(2)

C 0.7053(2) 0.03834(13) 0.91051(7) 0.0070(3)
H131 0.131(4) 0.236(2) 0.8091(12) 0.024(7)
H132 0.079(4) 0.141(2) 0.8249(12) 0.028(7)
HI51 0.752(5) 0.249(2) 0.0575(14) 0.043(9)
H152 0.797(5) 0.157(2) 0.0193(14) 0.043(9)
H171 0.263(5) 0.054(2) 0.9829(14) 0.037(8)
H172 0.113(4) 0.062(2) 0.9393(12) 0.021(7)
H181 0.921(5) 0.105(2) 0.4303(14) 0.045(9)
H182 0.740(5) 0.116(3) 0.4563(16) 0.053(10)
H201 0.403(4) 0.135(2) 0.5496(11) 0.020(6)
H202 0.233(4) 0.109(2) 0.5222(12) 0.027(7)
H211 0.357(4) 0.300(2) 0.4289(11) 0.018(6)
H212 0.328(4) 0.187(2) 0.4272(11) 0.021(6)

(continued on next page)
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Table 2 (continued)
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Atom Un Uiz Uis Uzs Uis Uiz

Cal 0.00456(12) 0.00468(13) 0.00571(12) 0.00018(9) -0.00021(9) —0.00038(9)
Ca2 0.00591(12) 0.00536(13) 0.00578(12) -0.00011(10) 0.00005(9) 0.00050(10)
P1 0.00461(16) 0.00477(17) 0.00571(16) 0.00005(13) -0.00014(12) -0.00019(13)
P2 0.00452(16) 0.00458(17) 0.00486(16) —0.00020(12) —0.00021(12) 0.00004(13)
P3 0.00491(16) 0.00592(17) 0.00522(16) —0.00029(13) —0.00008(12) —0.00003(13)
Mgl 0.0040(2) 0.0042(2) 0.0054(2) -0.00011(16) 0.00015(16) 0.00011(17)
Mg2 0.0066(3) 0.0064(3) 0.0052(3) —0.00027(18) —0.00069(18) 0.00064(19)
Mg3 0.0043(2) 0.0045(3) 0.0046(2) —0.00036(17) —0.00028(16) 0.00038(17)
Na 0.0101(3) 0.0095(3) 0.0095(3) -0.0002(2) 0.0004(2) —0.0003(2)
o1 0.0058(5) 0.0052(5) 0.0074(5) -0.0011(4) -0.0002(4) -0.0013(4)
02 0.0062(5) 0.0096(5) 0.0063(5) 0.0006(4) 0.0012(4) -0.0007(4)
03 0.0049(5) 0.0059(5) 0.0086(5) 0.0006(4) -0.0011(4) 0.0007(4)
04 0.0069(5) 0.0065(5) 0.0086(5) -0.0018(4) —0.0006(4) 0.0006(4)
05 0.0073(5) 0.0067(5) 0.0076(5) 0.0013(4) 0.0006(4) 0.0008(4)
06 0.0078(5) 0.0066(5) 0.0067(5) -0.0011(4) -0.0019(4) 0.0001(4)
o7 0.0074(5) 0.0049(5) 0.0081(5) 0.0015(4) 0.0010(4) —0.0005(4)
08 0.0074(5) 0.0063(5) 0.0056(5) 0.0000(4) 0.0004(4) 0.0008(4)
09 0.0059(5) 0.0060(5) 0.0073(5) 0.0005(4) —0.0006(4) 0.0005(4)
010 0.0051(5) 0.0079(5) 0.0070(5) -0.0016(4) —0.0005(4) —0.0003(4)
Ol11 0.0068(5) 0.0074(5) 0.0078(5) -0.0021(4) —0.0004(4) 0.0007(4)
012 0.0067(5) 0.0085(5) 0.0066(5) 0.0015(4) -0.0012(4) 0.0007(4)
Owl3 0.0070(5) 0.0073(5) 0.0087(5) 0.0013(4) 0.0007(4) —0.0005(4)
014 0.0105(5) 0.0052(5) 0.0071(5) 0.0016(4) -0.0011(4) -0.0012(4)
Oowls 0.0124(6) 0.0074(5) 0.0080(5) -0.0012(4) 0.0003(4) 0.0003(4)
016 0.0077(5) 0.0069(5) 0.0068(5) 0.0003(4) -0.0017(4) —0.0002(4)
Oowl7 0.0089(5) 0.0087(5) 0.0070(5) —0.0005(4) —0.0005(4) 0.0006(4)
Owl8 0.0066(5) 0.0094(5) 0.0065(5) —0.0003(4) 0.0000(4) 0.0009(4)
019 0.0080(5) 0.0092(5) 0.0092(5) -0.0010(4) -0.0020(4) -0.0019(4)
Ow20 0.0070(5) 0.0111(5) 0.0067(5) 0.0003(4) —0.0009(4) —0.0008(4)
Oow21 0.0105(5) 0.0081(5) 0.0149(6) -0.0001(4) 0.0043(4) 0.0007(4)
C 0.0071(6) 0.0073(7) 0.0066(6) —0.0001(5) 0.0005(5) 0.0011(5)

Table 3. Selected cation—anion bond lengths (A) and parameters of the hydrogen bond system (A, deg) in the crystal structure of girvasite

Cal-03
Cal-09
Cal-05
Cal-02
Cal-08
Cal-06
Cal-016
Cal-0O4
<Cal-O>
Ca2-021

2.2776(12)
2.4026(12)
2.4090(12)
2.4197(11)
2.5173(12)
2.5199(12)
2.5291(12)
2.6459(12)
2.465

2.3251(13)

P2-07
P2-03
P2-06
P2-08
<P2-0>
P3-0O11
P3-02
P3-012
P3-010
<P3-O>

1.5250(12)
1.5268(12)
1.5439(12)
1.5632(11)
1.539

1.5407(12)
1.5423(12)
1.5447(12)
1.5564(12)
1.545

Mg3-01
Mg3-02
Mg3-020
Mg3-018
Mg3-010
Mg3-08
<Mg3-O>
Na0O20
NaO7
NaO14

2.0727(12)
2.0760(13)
2.0903(13)
2.0905(13)
2.1287(13)
2.1619(12)
2.102

2.3632(14)
2.3639(13)
2.4392(13)

(continued on next page)
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Ca2-08 2.3947(11) Mgl-07 2.0190(13) NaO4 2.5133(13)
Ca2-016 2.4212(12) Mgl-09 2.0395(12) NaOl15 2.5243(15)
Ca2-013 2.4478(12) Mgl-010 2.0725(12) NaOl 2.7845(13)
Ca2-018 2.4594(12) Mgl-03 2.0779(12) NaO10 2.9792(13)
Ca2-05 2.5239(12) Mgl-O1 2.1477(12) <Na-0> 2,567
Ca2-09 2.5884(11) Mgl-013 2.1852(13) C-014 1.3066(19)
Ca2-019 2.6694(12) <Mgl-0> 2.089 C-016 1.2958(19)
<Cal-O> 2.478 Mg2-06 1.9862(12) C-019 1.272(2)
P104 1.5285(12) Mg2-04 2.0438(12) <C-0> 1.291
P105 1.5433(12) Mg2-015 2.0646(13)
P109 1.5442(12) Mg2-017 2.1190(13)
P101 1.5508(12) Mg2-014 2.1416(13)
<P1-O> 1.541 Mg2-016 2.2370(13)

<Mg2-0> 2.098
Hydrogen bonding system
D-H d(D-H), A d(H...A), A D-H...A A d(D..A), A
Owl13-H131 0.826 1.823 164.78 05 2.629
Owl13-H132 0.799 2.110 158.49 06 2.869
Owl15-H151 0.913 1.680 171.47 012 2.586
Owl15-H152 0.862 1.958 174.43 019 2.818
Owl17-H171 0.861 1.738 174.83 014 2.596
Owl17-H172 0.814 1.934 172.08 019 2.743
Owl18-H181 0.824 1.721 169.67 o11 2.536
Owl18-H182 0.798 1.943 162.67 012 2715
Ow20-H201 0.780 1.835 170.29 012 2.607
Ow20-H202 0.865 1.862 165.57 011 2.708
Ow21-H211 0.784 2.010 171.13 017 2.787
Ow21-H212 0.937 1.752 172.78 011 2.684

Note. D, donor; A, acceptor.

Table 4. Phosphate-carbonate minerals with known crystal structures and their structural complexity parameters

Mineral name Chemical formula v [atoms] I [bits/at.]  IG o [bits/u.c.] Reference

Abenakiite-(Ce) NayCes(SO7)(Si03)6(PO4)6(CO3)g 117 4.335 507.147 (McDonald et al., 1994)
Bonshtedtite NazFe(PO4)(CO3) 26 3.393 88.211 (Krivovichev et al., 2013)
Crawfordite Na3Sr(PO4)(CO3) 26 3.700 96.211 (Sokolova and Khomyakov, 1992)
Dagingshanite-(Ce)  Sr3Ce(PO4)(CO3)3 21 2.748 57.709 (Hughes and Ni, 1994)
Devitoite (Bag(PO4).480,03(CO3))(Feo(OH)402(Si03)g) 64 5.031 322.000 (Kampf et al., 2010)

Girvasite NaCayMg3(POy4)3(CO3)(Hy0)q 172 5.426 933.318 (This work)

Heneuite CaMgs(CO3)(POy4)3(OH) 52 4.700 244.423 (Romming and Raade, 1986)
Peatite-(Y) LigNa 5 Y 2(PO4)12(CO3)4(F,OH)g 112 4914 550.424 (McDonald et al., 2013)
Ramikite-(Y) LigNaj,Y¢Zrg(POy4)12(CO3)404(OH,F)4 112 6.807 762.424 (McDonald et al., 2013)
Sidorenkite NazMn(POy4)(CO3) 26 3.393 88.211 (Kurova et al., 1980)
Skorpionite Ca3Zny(PO4),(CO3)(OH),(H,0) 50 3.844 192.193 (Krause et al., 2008)

Voggite NayZr(PO4)(CO3)(OH)(H,0), 30 3.640 109.207 (Szymanski and Roberts, 1990)

Note. v, Number of atoms per reduced unit cell; /g, structural information amount per atom; /g o, Structural information amount per unit cell.
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019

Fig. 1. Coordination environments of the Ca and Na sites (a—c) and CO3 groups (d) in the crystal structure of girvasite (atom displacement ellipsoids are drawn at 75%

probability level).

Fig. 2. Fundamental building block in the crystal structure of girvasite shown in ellipsoid (a) and polyhedral (b) representations (atom displacement ellipsoids are

drawn at 75% probability level).

the C-0O14 and C-0O16 bonds are elongated compared to the
C-019 bond (Fig. 1d). The bidentate mode of coordination of
an octahedral di- or trivalent cation by carbonate is rare in
minerals, but has been observed in the crystal structures of
the bradleyite-group minerals (Kurova et al., 1980; Sokolova
and Khomyakov, 1992; Krivovichev et al. 2013). Bidentate

coordination is also common for natural uranyl carbonates
(Krivovichev and Plasil, 2013), where UO%+ linear cations are
bidentately coordinated by CO3 groups to form stable uranyl
carbonate clusters that are known to persist in aqueous
solutions and to serve as transport agents of uranium in natural
and technological environments (Clark et al., 1995). It may
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CO;

\

Chain 1"

Chain 1'

Chain 1

Fig. 3. One-dimensional polymerization of FBBs along the a axis results in the formation of complex chains (a), which are further linked along the b axis to form
two-dimensional sheets (b) (dashed line shows the borders of the chains within the sheet).

be suggested that the bidentate complexation of Mg2+ cations
by CO3 groups may occur in aqueous solutions under
particular conditions such as those that led to the crystal-
lization of girvasite.

Crystal chemical formula of girvasite. As it was mentioned
above, the initial formula of girvasite proposed by Sokolova
and Yegorov-Tismenko (1990) on the basis of crystal-struc-
ture determination is NaCapMg3(OH)>H2(PO4)3(CO3)(H20)4.
However, determination of all H sites in this work revealed
no hydroxyl groups or protonated POZ™ anions. Instead, all O
atoms not bonded to P>* or C* cations form two strong
hydrogen bonds each, thus belonging to HO groups. This
observation allows us to revise the crystal chemical formula
of girvasite as NaCapyMg3(PO4)3(CO3)(H20)6. This formula
excludes simultaneous occurrence of the basic (OH)™ and acid
(PO3OH)2' anions originally postulated for girvasite by Sok-
olova and Yegorov-Tismenko (1990).

Structural complexity of girvasite and related minerals. The
complexity of the atomic arrangement in girvasite can be

quantitatively evaluated as an information amount in bits per
unit cell (/G orq7) using the formula (Krivovichev, 2013, 2014):

k

16 ota1 == VIg=-v z p;log, p; (bits/u.c.),

i=1
where k is the number of different crystallographic orbits, /5
is the information amount per atom, and p; is the random
choice probability for an atom from the ith crystallographic
orbit, that is:

where m; is a multiplicity of a crystallographic orbit relative
to the reduced unit cell, and v is the number of atoms in the
reduced unit cell.

The I 101q1 value for girvasite is 933.318 bits per unit cell,
which places it among the class of complex minerals (500—
1000 bits/u.c.). This relatively high level of complexity of the
crystal structure of girvasite is comparable to that observed
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Fig. 4. The crystal structure of girvasite projected parallel to the b axis.

for other rare Mg-bearing phosphate minerals first described
from the Zhelezny mine of the Kovdor massif: rimkorol-
gite, BaMg5(PO4)4(H20)g (691.895 bits/u.c.), bakhchisarait-
sevite, NapMgs(PO4)4(H20)7 (1128.771 bits/u.c.), cattiite,
Mg3(PO4)2(H20)22  (419.999  bits/u.c.), and strontiowhit-
lockite, SrgMg(PO3OH)(PO4)g (375.031 bits/u.c.). The high
structural complexity of the minerals clearly reflects their
chemical complexity and high hydration states (except for
strontiowhitlockite), which are the results of the specific
geochemical and thermodynamic conditions (low-temperature
and low-pressure interactions of phosphate-bearing solutions
with primary dolomite carbonatites). It is of interest that
girvasite is the most structurally complex mineral among
natural phosphate carbonates known to date (see Table 4 for
a list of phosphate-carbonate minerals and their structural
complexity parameters).
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