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Introduction

Thaumasite, Ca3Si(OH)6(CO3)(SO4)·12H2O, is a low-
temperature mineral formed during hydrothermal altera-
tion of mafic igneous and metamorphic rocks (Knill and 
Young 1960; Gross 1977). A special attention is drawn to 
thaumasite, because it is also the main product of sulfate 
attack (TSA) in concretes, which proceeds under the influ-
ence of sulfate-rich groundwater and leads to disintegration 
of the cement matrix (Crammond 1985; Hobbs and Taylor 
2000; Zhang et  al. 2009). Another remarkable feature is 
that thaumasite is the only mineral containing silicon in six 
coordination with hydroxyl (OH)− that is stable at low P–T 
conditions. Besides this mineral, two other synthetic sili-
cates, both the high-pressure phases, are reported to con-
tain VISi–OH: phase D, MgSi(OH)2O4 (Yang et al. 1997), 
and hydroxide perovskite MgSi(OH)6 (Wunder et al. 2012). 
The importance of thaumasite called forth a number of 
studies of its structure and non-ambient behavior (Edge and 
Taylor 1971; Effenberger et al. 1983; Jacobsen et al. 2003; 
Martucci and Cruciani 2006; Gatta et al. 2012; Ardit et al. 
2014).

The thermal behavior of thaumasite has been investi-
gated by low-temperature single-crystal X-ray and neutron 
diffraction (Jacobsen et  al. 2003; Gatta et  al. 2012), and 
high-temperature synchrotron time-resolved powder dif-
fraction (Martucci and Cruciani 2006). No phase transitions 
were found between 22.5 and 417 K; a severe dehydration 
was observed at T > 393 K, leading to an irreversible col-
lapse of the structure at T  ≥  417  K. The high-pressure 
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thaumasite compressed in methanol–ethanol–H2O up to 
5 GPa was studied by synchrotron powder diffraction with 
a diamond anvil cell. In the pressure range between 0.0001 
and 4.5  GPa, the compression is regular and slightly ani-
sotropic, with a more rigid ab-plane coinciding with the 
orientation of hydrogen bonds and S–O, C–O bonds in 
anion groups. The corresponding bulk moduli derived from 
the third-order Birch–Murnaghan EoS fit are Ka  =  43(2), 
Kc  =  35(2), KT  =  39(2)  GPa. Rietveld refinements reveal 
some general features of the structure evolution of thau-
masite, which are consistent with the observed elastic ani-
sotropy. The compression within the ab-plane proceeds 
mainly at the expense of shortening of hydrogen bonds and 
much lesser decrease of C–O and S–O bonds. In the range 
of 0.0001–3  GPa the Ca–O polyhedra contract more rap-
idly along the c-axis as compared to the ab-plane. At about 
5 GPa, thaumasite undergoes a reversible transformation to 
an amorphous phase. The observed behavior differs drasti-
cally with that studied previously using helium as the pres-
sure medium, which suggests the effect of He penetration 
increasing the structure stiffness. Without helium support, 
the thaumasite structure is preserved only up to 4.5 GPa.
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(HP) powder diffraction study of thaumasite compressed in 
helium has revealed two isosymmetric phase transitions at 
1.5–3 and 7.4–15 GPa, the structure being preserved up to 
19.5 GPa (Ardit et al. 2014).

Thaumasite is enriched in volatile components; it 
contains about 42 wt% H2O, 13 wt% SO3, and 7 wt% 
CO2. Hexagonal structure of thaumasite (space group 
P63) is based on cylindrical columns of alternating 
Ca(OH)4(H2O)4 and Si(OH)6 polyhedra running parallel 
to [001], among which the sulfate and carbonate groups 
are hosted. The [Ca3Si(OH)6(H2O)12]4+ columns are con-
nected with CO3

2− and SO4
2− groups through hydrogen 

bonds with H2O molecules, the majority of these bonds 
being sub-parallel to the ab-plane. A single-crystal neutron 
diffraction study of Gatta et al. (2012) provides a detailed 
picture of the arrangement of hydrogen bonds in the thau-
masite structure and emphasizes their important role in the 
non-ambient behavior; in particular, the strengthening of H 
bonds [due to shorter d(O···O)] at low temperature helps to 
stabilize the thaumasite structure. Moreover, the tempera-
ture-dependent variation of the H bond strength appears to 
determine a zero ornegative thermal expansion of carbon-
ate groups, silicate octahedra, and sulfate tetrahedra (Jacob-
sen et  al. 2003; Gatta et  al. 2012). These data, as well as 
an irreversible amorphization of thaumasite upon dehydra-
tion (Martucci and Cruciani 2006), clearly suggest that the 
stability of thaumasite is mainly governed by the crystal-
lattice H2O and hydrogen bonding system.

The peculiarities of the H bonds arrangement are also 
important for the high-pressure elastic properties of thau-
masite. According to the data of Ardit et al. (2014), at pres-
sure up to 8 GPa, the axial bulk modulus Ka, corresponding 
to the main direction of H bonds lying within the ab-plane, 
is higher than Kc corresponding to iono-covalent bonds 
along the [Ca3Si(OH)6(H2O)12]4+ columns. At that, the ini-
tial phase th-I is characterized by only slightly anisotropic 
compressibility (Ka0/Kc0 = 1.28), whereas for the first HP 
phase th-II, existing within the range of 3–8 GPa, the Ka3.53 
value is almost doubled compared to Ka0, and Ka0/Kc0 
becomes equal to 1.73 (Ardit et al. 2014).

The most striking result provided by Ardit et al. (2014) 
concerns the HP phase th-III existing between 14 and 
19.5 GPa; it is characterized by the inversion of the axial 
bulk moduli (Ka15.02/Kc15.02  =  0.33) due to an enormous 
increase of the Kc15.02 value up to 267  GPa at pressure 
between 9 and 14  GPa. The authors propose to explain 
such behavior by the change in the relative strengths of 
the iono-covalent bonds along the Ca,Si-columns par-
allel to the c-axis vs. the H bonds linking the columns 
within the ab-plane. However, without structural data, it 
is difficult to conceive a real structural mechanism which 
could provide such an anomalous inversion of the elas-
tic properties. In addition, the data of Ardit et  al. (2014) 

on the HP stability limit of thaumasite compressed in He 
(19.5  GPa) contradict the recent spectroscopic observa-
tions (Goryainov 2016) showing that in methanol–etha-
nol–H2O (MEW) mixture, thaumasite is stable only up to 
5 GPa and exhibits reversible amorphization. Noteworthily, 
ettringite Ca6[Al(OH)6]2(SO4)3·26H2O, forming a solid 
solution with thaumasite, also transforms into a revers-
ible amorphous phase at a relatively low pressure of about 
3 GPa (Clark et al. 2008; Speziale et al. 2008). Moreover, 
a distinct difference between the compressibility in silicon 
oil and methanol:ethanol mixture is reported for ettringite 
(Clark et al. 2008). It appears that the composition of pres-
sure transmitting medium can seriously influence the HP 
behavior of these minerals.

To check the role of different pressure media in the HP 
behavior of thaumasite, we studied the compressibility of 
thaumasite in MEW by X-ray powder diffraction. In this 
paper, we present the results of this study and compare 
them with the data of Ardit et  al. (2014) obtained with 
helium. We provide the compressibility data for the pres-
sure range up to 4.5 GPa, as well as discuss some general 
features of the HP structure behavior of thaumasite.

Experimental

A sample of thaumasite used in this study is from West 
Paterson (New Jersey, USA) and presents 1–5-mm-sized 
transparent prismatic crystal fragments. Electron-probe 
X-ray microanalysis in the energy-dispersive mode (MIRA 
3 LMU scanning electron microscope with INCA Energy 
450 XMax 80 microanalysis system) was used to determine 
the chemical composition of the sample. Only the elements 
nominally expected in thaumasite (Ca, Si, S) occurred 
within the detection limit, with the average content (from 
ten points): CaO 24.8 wt%, SiO2 9.4 wt%, and SO3 12.9 
wt%. The silicon and sulfur contents are in good agreement 
with the ideal formula of thaumasite Ca3Si(OH)6(CO3)
(SO4)·12H2O, whereas the calcium content is about 2% 
less, which is most probably related with a partial dehydra-
tion and cation migration under the focused electron beam 
(Gatta and Boffa Ballaran 2004). The Raman spectrum of 
our sample (the same as was studied by Goryainov 2016) is 
identical with that studied by Gatta et al. (2012).

The powdered sample, mixed with MEW in proportion 
16:3:1, was placed into a gasket hole of a diamond anvil cell 
(DAC). The DAC is based on a modified Mao-Bell design 
(Fursenko et  al. 1984) and employs two diamonds with 
1 mm diameter culets. The pressure values were measured 
before and after the diffraction experiment from the singlet 
fluorescence line of SrB4O7:Sm2+ chips (Datchi et al. 1997; 
Rashchenko et al. 2013) using PRL spectrometer (BETSA). 
Three different series of the high-pressure experiments 
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were performed using MEW as the pressure medium, the 
corresponding sets of data are listed in Table 1. Angle-dis-
persive X-ray diffraction was performed at the fourth beam-
line of the VEPP-3 storage ring of Novosibirsk Synchrotron 
Centre SSTRC (Ancharov et al. 2001; Piminov et al. 2016), 
with monochromatic beam (λ  =  0.3685  Å) and MAR345 
imaging plate detector (pixel dimension 100 μm). The sam-
ple to detector distance was 395 mm, and the focused X-ray 
beam was 100  ×  100  μm2 in size. The program FIT2D 
(Hammersley et al. 1996) was used for integrating the two-
dimensional images up to 2Θmax = 25o.

Rietveld refinements of the lattice parameters and crys-
tal structure were performed using the package GSAS 
(Larson and Von Dreele 2000) and the EXPGUI graphi-
cal interface (Toby 2001) in the 2Θ range of 2°–20o. No 
symmetry change was observed up to 4.5 GPa, and the P63 
structure model was used in all the refinements. To char-
acterize the elastic behavior of thaumasite, we used cubed 
values of the lattice parameters to fit them with the same 
equation as used for the volume variation [third-order 
Birch–Murnaghan equation of state (Angel et  al. 2014)]. 

All the data points from three sets of DAC experiments 
(listed in Table 1) were used in the fitting procedure.

The diffraction patterns collected at ambient pres-
sure (hereafter 0  GPa), as well as at 1.53, 3.05, and 
4.16  GPa were used for the structure refinements. The 
Bragg peak profiles were refined by a pseudo-Voight func-
tion. The instrumental background was approximated 
by a Chebyshev polynomial with 30 coefficients. Soft 
restraints were imposed on Si–O distances in Si(OH)6-
octahedra (1.75–1.78  Å), C–O distances in CO3-groups 
(1.28–1.29  Å), and S–O distances in SO4-tetrahedra 
(1.44–1.47  Å), and gradually released after the initial 
stages of refinement. The isotropic displacement factors 
for all atoms were set according to the structural data of 
Jacobsen et al. (2003) and not refined. The crystal structure 
of thaumasite at 298 K reported by Jacobsen et al. (2003) 
was used as a starting model for the refinement at 0 GPa. 
For the refinements at high pressure, the refined structure 
at the previous pressure point was used as a starting model. 
The final refined parameters were the coordinates for all the 
atoms and the unit cell parameters.

Results and discussion

Elastic behavior

Upon the compression up to 4.5 GPa, no change in the set of 
diffraction peaks of thaumasite is observed (Fig. 1), which 
indicates the preservation of the original space group P63 
throughout the whole pressure range. The pressure depend-
ences of the lattice parameters and volume of thaumasite 
are presented in Fig. 2 in comparison with the data of Ardit 
et  al. (2014) and Table 1. Within the range of 0–4.5 GPa 
the compressibility in MEW is monotonic and slightly 

Table 1   Unit cell parameters of thaumasite compressed in 
methanol:ethanol:H2O up to 4.5 GPa, measured in three experiments

a  At release after the maximal compression to 4.5 GPa
b   Underlined data correspond to the structure refinements (see also 
Table 2)
c  At release after the maximal compression to 5.2 GPa

P (GPa) A (Å) C (Å) V (Å)

0 11.025(1) 10.384(2) 1093.1(2)
0.22 11.015(1) 10.364(1) 1089.0(2)
0.52 10.982(1) 10.339(1) 1079.8(2)
0.90 10.952(1) 10.298(1) 1069.8(2)
1.28 10.928(1) 10.271(1) 1062.1(1)
1.69 10.896(1) 10.230(1) 1051.7(2)
2.01 10.878(1) 10.205(1) 1045.8(2)
2.44 10.845(1) 10.176(1) 1036.4(2)
2.73 10.832(1) 10.160(1) 1032.5(2)
3.53 10.784(2) 10.096(2) 1016.8(3)
4.07 10.745(1) 10.057(2) 1005.6(2)
4.50 10.732(1) 10.032(2) 1000.6(2)
0.20a 11.034(1) 10.392(1) 1095.8(2)
0 11.025(1) 10.384(2) 1093.0(2)
0.73 10.972(1) 10.319(1) 1075.9(1)
1.53b 10.9102(7) 10.2553(9) 1057.17(12)
2.20 10.861(1) 10.194(1) 1041.4(2)
0.25c 11.017(1) 10.397(1) 1092.9(1)
0 11.0256(6) 10.3834(7) 1093.14(10)
3.05 10.8047(5) 10.1283(8) 1023.99(10)
4.16 10.7428(7) 10.0609(11) 1005.54(13)

Fig. 1   X-ray powder diffraction patterns of thaumasite at different 
pressures
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anisotropic, the c direction being more compressible as 
compared to the ab-plane. The absence of distinct compres-
sion anomalies suggests no appreciable structure transfor-
mations. Fitting of the experimental data for 0–4.5  GPa 
pressure range to a third-order Birch–Murnaghan equa-
tion of state (Angel et  al.2014) gives: Ka(0)  =  43(2) GPa 
(K′  =  5.7), Kc(0)  =  35(2) GPa (K′  =  4.0), KT(0)  =  39(2) 
(K′ = 5.2), V0 = 1094.1(3).

Within the initial pressure range of 0–1.4  GPa, the 
obtained Ka, Kc, and KT values are close to those found 
by Ardit et  al. (2014) (41, 32, and 36  GPa, respectively), 
showing a similarity of the compression regimes in MEW 
and He at these P conditions. The compression anisotropy 
observed in both media agrees with thermo-elastic proper-
ties of thaumasite, with the structure being more expand-
able along [001] than on (001) due to the prevalence of 
iono-covalent bonds along the c-axis and H bonds within 

the ab-plane (Jacobsen et al. 2003; Gatta et al. 2012; Ardit 
et al. 2014).

Starting from about 1.5–2 GPa, the slopes of axial com-
pression curves become clearly different for both media, 
the structure stiffness along a direction growing drastically 
upon the compression in He (Fig.  2). The bending of the 
a/P curve at pressures between 2 and 3 GPa, reported by 
Ardit et  al. (2014), is a characteristic of the compression 
regime influenced by the penetration of additional mol-
ecules into the structure from an external medium (see, 
for example, Shen et  al. 2011; Likhacheva et  al. 2013). 
This suggests the penetration of He, making the thauma-
site structure more stiff and decreasing the compressibility 
along the a direction. Note that within the pressure range 
of 9–14 GPa, the structure stiffness along c increases dras-
tically upon the compression in He (Ardit et  al. 2014). 
These compression anomalies observed within the range of 
2–3 and 9–14 GPa, which are interpreted as isosymmetric 
phase transitions by Ardit et al. (2014), can apparently be 
related with two stages of He penetration into the thauma-
site structure.

Starting from about 4  GPa, a gradual weakening of 
the diffraction peaks is observed upon the compression 
in MEW, indicating some structure disordering (Fig.  1). 
Within the range of 4.5–5 GPa, thaumasite becomes X-ray 
amorphous. At that, several weak maxima seen in the pat-
tern of amorphized phase at 5.2 GPa are distinctly shifted 
from the most intense peaks observed in the pattern of 
initial phase at 4.5 GPa, for example, the maxima at 4.7° 
and 8.3°. This indicates that the amorphous phase is char-
acterized by a different long-range structure as compared 
to the initial P63 phase. Such behavior agrees with the 
spectroscopic observations of Goryainov (2016), showing 
a series of drastic shifts and broadening of the main modes 
in the Raman spectrum of thaumasite at pressures between 
4.4 and 5.2 GPa, leading to the appearance of a highly dis-
ordered phase. Note that the observed amorphization is 
related with the structure behavior of thaumasite, rather 
than it is caused by the deviation from hydrostatic condi-
tions, since it was repeatedly observed within the same 
narrow pressure range in different media [MEW and KBr 
(Goryainov (2016)].

It should also be noted that the reversibility of the tran-
sition to amorphous phase is not full, since the propor-
tions of the unit cell (a/c ratio) and volume measured upon 
the pressure release differ notably from the initial metrics 
(Fig.  2; Table  1). Though the peak intensities in the dif-
fraction pattern collected on decompression regain the 
original values, the structure refinement did not converge to 
appropriate agreement factors due to instability of atomic 
coordinates, which suggests a largely disordered structure. 
A deviation from the initial metrics is also observed after 
the decompression from 4.5  GPa (prior to the transition 

Fig. 2   Normalized axial (a) and volume (b) compression curves 
of thaumasite for MEW (full symbols) and He medium (thin 
line + empty symbols). Thick lines show the third-order Birch–Mur-
naghan fit of the a/a0, c/c0, and V/V0 data points
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pressure), which suggests some irreversible changes to the 
structure. Such sensitivity to the compression is probably a 
consequence of the predominance of hydrogen bonds in the 
structure. It is interesting that He medium apparently favors 
the preservation of the native thaumasite structure, since 
the unit cell metrics measured on the reverse are restored 
accurately (Ardit et al. 2014).

Structure evolution

The X-ray structure refinements based on the data collected 
at 0, 1.53, 3.05, and 4.16 GPa confirm the structure model 
previously obtained (Jacobsen et  al. 2003; Martucci and 
Cruciani 2006; Gatta et al. 2012) and show that the sym-
metry of thaumasite structure is preserved within the pres-
sure range investigated. The refinement details are reported 
in Table 2, the atomic coordinates and bond distances are 
listed in Tables 3 (suppl.) and 4, respectively. An example 
of Rietveld plot (at 1.53  GPa) is presented in Fig.  3, and 
the fragment of the structure refined at 0 GPa is shown in 
Fig. 4.

In the initial structure at 0  GPa, the distances in the 
cation polyhedra and anion groups are in reasonable agree-
ment with the previous single-crystal data (Jacobsen et al. 
2003; Gatta et al. 2012). The mean C–O and S–O distances 
in anion groups are 1.290(10) and 1.472(12)  Å, respec-
tively, the S–O9 distances being relatively shorter than 
S–O6 (Table 4; Fig. 4). The distortion of SO4 tetrahedron 
is also evident from a larger angle ∠O6–S–O9 [110.7(6)o] 
as compared to ∠O6–S–O6 [108.2(6)o]. A slight aplanar-
ity of CO3 group is seen from the deviation of ∠O5–C–O5 
from 120o [114.9(8)o]. The mean Ca–(O3,O4) distances 

Table 2   Basic crystallographic and experimental data for refinement 
of thaumasite at high pressure

P (GPa) 0 1.53 3.05 4.16

a (Å) 11.0256(6) 10.9102(7) 10.8047(5) 10.7428(7)
c (Å) 10.3834(7) 10.2553(9) 10.1283(8) 10.0609(11)
Space group P63

Radiation λ = 0.3685 Å
2Θ range (°) 2–20
Number of vari-

ables
32

Number of 
reflections

357 339 290 427

Rp 0.013 0.010 0.010 0.011

wRp 0.021 0.013 0.015 0.015
RF

2 0.10 0.14 0.12 0.14
GooF 0.52 0.41 0.42 0.51

Table 3   Atomic coordinates for thaumasite at high pressures

For each atom: the first row is x/a, the second row is y/b, the third row 
is z/c. Isotropic displacement parameters Uiso (Å2) at 0 GPa are listed 
in the fourth row and are the same for all the pressure points

P (GPa) 0 1.53 3.05 4.16

Ca 0.1958(4)
0.9881(7)
0.251(3)
0.012

0.1976(6)
0.9909(10)
0.251(4)

0.1973(5)
0.9939(9)
0.257(3)

0.1953(6)
0.9888(10)
0.254(4)

Si 0.0
0.0
0.0022(10)
0.009

0.0
0.0
0.0033(8)

0.0
0.0
0.0043(8)

0.0
0.0
0.0045(12)

C 0.33333
0.66667
0.4801(19)
0.017

0.33333
0.66667
0.466(3)

0.33333
0.66667
0.473(2)

0.33333
0.66667
0.480(3)

S 0.33333
0.66667
0.9800(10)
0.014

0.33333
0.66667
0.9791(9)

0.33333
0.66667
0.9783(10)

0.33333
0.66667
0.9805(13)

O1 0.3982(15)
0.2315(18)
0.257(2)
0.029

0.402(2)
0.231(2)
0.255(3)

0.4015(17)
0.240(2)
0.248(2)

0.4033(19)
0.236(3)
0.248(3)

O2 0.2601(16)
0.3965(14)
0.256(2)
0.025

0.265(2)
0.4012(18)
0.261(3)

0.260(2)
0.3991(16)
0.254(2)

0.261(2)
0.3934(18)
0.254(3)

O3 0.002(3)
0.3507(16)
0.0707(13)
0.023

0.001(3)
0.343(2)
0.0628(17)

−0.001(3)
0.3382(18)
0.0600(14)

0.000(3)
0.347(2)
0.0648(18)

O4 0.0243(19)
0.3497(16)
0.4293(14)
0.023

0.020(3)
0.351(2)
0.428(2)

0.026(2)
.3546(17)
0.4268(15)

0.027(3)
0.347(2)
0.436(2)

O5 0.2034(9)
0.6193(11)
0.4515(13)
0.026

0.1985(7)
0.6211(7)
0.463(2)

0.1994(7)
0.6212(8)
0.4622(16)

0.1993(10)
0.6220(12)
0.465(2)

O6 0.1914(9)
0.6200(12)
0.0303(12)
0.024

0.1888(7)
0.6192(8)
0.0312(12)

0.1862(8)
0.6213(9)
0.0198(13)

0.1848(10)
0.6221(12)
0.0215(18)

O7 0.1306(12)
0.1282(12)
0.1038(8)
0.012

0.1347(8)
0.1316(9)
0.1022(9)

0.1308(9)
0.1302(9)
0.1056(8)

0.1326(13)
0.1312(13)
0.1054(11)

O8 0.1351(12)
0.1271(12)
0.4000(11)
0.012

0.1352(9)
0.1276(9)
0.4011(10)

0.1395(9)
0.1331(9)
0.4063(10)

0.1419(12)
0.1306(12)
0.4058(14)

O9 0.33333
0.66667
0.8398(12)
0.023

0.33333
0.66667
0.8379(11)

0.33333
0.66667
0.8357(10)

0.33333
0.66667
0.8388(14)
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in calcium polyhedron are shorter compared to the mean 
Ca–(O1,O2) and Ca–(O7,O8) distances; the Si–O7 distances 
are relatively less than Si–O8 (Table 4; Fig. 4).

The evolution of interatomic distances with pressure is 
presented in Table 4 and partly in Fig. 5. The most notice-
able feature is the preservation of the S–O and C–O dis-
tances in the anion groups at the initial level (within the 
accuracy limits) up to 1.5  GPa. The O···O distances cor-
responding to hydrogen bonds between SO4, CO3 groups 
and H2O molecules, on the contrary, experience an appre-
ciable shortening within this pressure range. The contrac-
tion of Ca–O and Si–O polyhedra along the c-axis proceeds 
more or less monotonically throughout the whole pressure 
range, whereas the Ca–(O1,O2) distances corresponding to 
the ab-plane retain their initial value up to 3 GPa, and at 
P > 3 GPa they shorten more rapidly as compared to the 
Ca–(O3,O4) and Ca–(O7,O8) distances. On the whole, the 

anion polyhedra appear to be the most rigid units up to 
the highest pressure: the C–O bonds contract by 0.008%, 
and the S–O bonds contract by 0.004% at the expense of 
S–O9 bond, the S–O6 distance remaining at the initial 
level. Within the pressure range of 0–4.2  GPa, the Ca–O 
and Si–O distances shorten by 2 and 1.5%, respectively, 
whereas the O···O distances corresponding to hydrogen 
bonds experience the largest contraction by about 3%.

A relative incompressibility of CO3 and SO4 groups is 
in line with the structure properties of thaumasite revealed 
by single-crystal studies (Jacobsen et al. 2003; Gatta et al. 
2012), as well as the structure behavior of other carbon-
ate minerals (Martinez et  al. 2004). In particular, during 
the contraction of thaumasite structure upon decreasing 
temperature, the SO4 tetrahedron even expands under the 
influence of the shortened H bonds (Gatta et al. 2012). On 
the other hand, linear high-frequency shifts of the C–O 

Table 4   Interatomic distances in thaumasite based on the diffraction 
data collected at different pressures

P (GPa) 0 1.53 3.05 4.16

Ca–O1 2.490(17) 2.45(2) 2.465(19) 2.47(2)
Ca–O2 2.476(16) 2.52(2) 2.489(19) 2.42(2)
<Ca–O1,O2> 2.483 2.485 2.477 2.445
Ca–O3 2.48(3) 2.46(4) 2.50(3) 2.47(4)
Ca–O4 2.39(3) 2.37(4) 2.30(3) 2.33(4)
<Ca–O3,O4> 2.435 2.42 2.40 2.40
Ca–O7 2.52(2) 2.49(3) 2.47(2) 2.46(3)
Ca–O7 2.44(2) 2.45(3) 2.42(2) 2.37(3)
Ca–O8 2.50(2) 2.47(3) 2.42(2) 2.42(3)
Ca–O8 2.50(2) 2.49(3) 2.45(2) 2.47(3)
<Ca–O7, O8> 2.49 2.475 2.44 2.43
Si–O7 (×3) 1.774(11) 1.772(8) 1.744(8) 1.744(11)
Si–O8 (×3) 1.794(11) 1.777(8) 1.777(8) 1.772(11)
<Si-O> 1.784 1.775 1.761 1.758
C–O5 (×3) 1.290(10) 1.296(7) 1.279(7) 1.280(10)
S–O6 (×3) 1.477(10) 1.491(8) 1.472(8) 1.477(11)
S–O9 1.455(13) 1.449(11) 1.444(11) 1.425(15)
<S–O> 1.472 1.481 1.465 1.464
Hydrogen bonds of SO4 tetrahedron
 O2···O6 2.90(2) 2.87(3) 2.86(2) 2.84(3)
 O3···O6 2.67(2) 2.69(2) 2.73(2) 2.65(1)
 O4···O6 2.77(3) 2.67(3) 2.61(3) 2.60(3)
 <O···O6> 2.78 2.74 2.73 2.70
 O1···O9 2.728(17) 2.66(2) 2.67(2) 2.64(2)
 <O···O> 2.77 2.72 2.72 2.68

Hydrogen bonds of CO3 group
 O2···O5 2.72(2) 2.67(3) 2.71(2) 2.74(3)
 O3···O5 2.75(3) 2.61(4) 2.59(3) 2.54(4)
 O4···O5 2.630(17) 2.62(2) 2.556(16) 2.60(2)
 <O···O> 2.70 2.63 2.62 2.63

Fig. 3   Rietveld plot for thaumasite at 1.53  GPa. The observed and 
calculated profiles are indicated by (plus) and by a continuous line, 
respectively. The tick marks indicate the positions of allowed Bragg 
peaks in the respective symmetry. A difference curve is plotted at the 
bottom

Fig. 4   The fragment of thaumasite structure refined at 0  GPa. The 
CO3 groups and SO4 tetrahedra are gray and dark-gray colored
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and S–O stretching modes in thaumasite, observed upon 
the pressure increase (Goryainov 2016), imply a regular 
contraction of the corresponding bonds. Therefore, the 
changes in the S–O, C–O, and O···O distances found within 
0–1.5 GPa (Fig. 5; Table 4) can be regarded as showing a 
tendency towards the structure contraction at the expense 
of shortening of H bonds and much lesser decrease of C–O 
and S–O bonds. This tendency is most pronounced within 
the initial compression stage and is preserved throughout 
the whole pressure range.

The other main feature of the HP structure behavior of 
thaumasite is a more rapid contraction of Ca–O polyhedra 
along the c-axis [Ca–(O7,O8) distances] as compared to the 
ab-plane (Ca–(O1,O2) distances) in the P range of 0–3 GPa. 
It is probable that the Ca–(O1,O2) distances are preserved 
due to the shortened H bonds. On the whole, the struc-
ture models obtained at high pressure apparently present 
a rather realistic compression mechanism of thaumasite, 
consistent with the known elastic properties of anion and 
cation polyhedra composing its structure.

Conclusions

The compressibility of thaumasite in MEW within the 
P range 0–4.5  GPa is regular and slightly anisotropic 
(Ka = 43(2), Kc = 35(2), KT = 39(2) GPa); it agrees with 
thermo-elastic properties of thaumasite found previously. 
Within the initial P range of 0–1.5  GPa the compression 

regimes in MEW and He (Ardit et  al. 2014) are similar, 
whereas at P > 1.5–2 GPa the divergence of the compres-
sion curves denotes the effect of He penetration, making 
the structure stiffer. Therefore, the MEW mixture appears 
to be more non-penetrating with respect to the thaumasite 
structure as compared to helium.

Rietveld refinements reveal some general features of 
the HP structure evolution of thaumasite, which are con-
sistent with the observed elastic anisotropy. The contrac-
tion within the ab-plane proceeds mainly at the expense of 
shortening of H bonds and much lesser decrease of C–O 
and S–O bonds in anion groups. This tendency is most pro-
nounced within the initial compression stage between 0 and 
1.5 GPa. The Ca–O polyhedra contract more rapidly along 
the c-axis as compared to the ab-plane in the P range of 
0–3 GPa.

In the absence of penetration effects, the initial structure 
of thaumasite exists only up to 4.5  GPa, similarly to the 
behavior of related mineral ettringite (Clark et  al. 2008). 
The amorphization of thaumasite observed within the pres-
sure range of 4.5–5.2  GPa involves a notable structural 
transformation and disordering, and presents a quite unu-
sual example of transition between crystalline and amor-
phous phase, which is apparently a characteristic of this 
type of structures.
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