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Abstract
Single crystals of norsethite-type carbonate BaMn(CO3)2 up to 200 μm in size were synthesized in a closed cavity under 
high pressure–temperature (P–T) conditions. Electron microprobe analyses revealed the composition of 49.00–49.09 wt% 
BaO and 22.66–22.74 wt% MnO, which correspond well to the ideal formula of  Ba1.0Mn1.0(CO3)2. Accurate crystalline 
structural data were determined from single crystal X-ray diffraction (XRD). The R3c space-group with a doubled c-axis 
and R3m space-group were used to refine the crystal structure of BaMn(CO3)2. It is proved that R3m is the most probable 
space-group for the BaMn(CO3)2 crystal structure because no superstructure reflections were observed in the X-ray images. 
The unit cell parameters were identified to be a = 5.0827(2) Å and c = 17.2797(10) Å in the rhombohedral symmetry of the 
R3m space-group with a final R-value of 0.0184. High-pressure Raman spectroscopy was performed up to 10 GPa at room 
temperature, and Raman band shifts ( d�i

dP
 ) were quantified. Each Raman vibration underwent resolvable splitting and the 

corresponding d�i
dP

 showed a pronounced jump as the pressure reached 3.8 GPa arising from a pressure-induced transition.

Keywords Norsethite-type BaMn(CO3)2 · Single crystal growth · Single crystal X-ray diffraction · High-pressure Raman 
spectroscopy

Introduction

Double carbonates AB(CO3)2 with typical layer-structures 
have widespread geological distribution in surface sediments 
and oceanic crusts. These are commonly found as dolo-
mite CaMg(CO3)2, ankerite CaFe(CO3)2, and kutnohorite 
CaMn(CO3)2 (Reeder and Dollase 1989; Peacor et al. 1987; 
Ross and Reeder 1992). Compared to calcite-type carbon-
ates, many double carbonates form heterotype structures 
with two distinct cation sites (A- and B-sites) interconnected 
with  CO3

2− ions; in some cases, R-centered trigonal sym-
metry is maintained. The essential layer-structure formation 
originates from the limited miscibility of the solid solutions, 
which is caused by the significant difference between the A 
and B ionic radii (Reeder 1983). As a typical double car-
bonate, norsethite BaMg(CO3)2 is a rare mineral existing 
sparsely in different geological settings. Firstly, it has been 
found in the sedimentary Green River Formation in Wyo-
ming, USA (Mrose et al. 1961), and later, at other locations 
worldwide (Sundius and Blix 1965; Kapustin 1965; Steyn 
and Watson 1967; Platt and Woolley 1990; Damyanov et al. 
1996; Secco and Lavina 1999; Onac 2002; Zidarov et al. 
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2009). Composition analysis of these natural norsethite car-
bonates revealed that  Mg2+ cations were often substituted 
by a small amount of  Mn2+ ions forming Mn-bearing nor-
sethite. To date, the highest reported Mn content in natural 
norsethite was 20 mol% by Zidarov et al. (2009).

Recently, the physical/chemical properties and forma-
tion mechanisms of norsethite have been the subject of great 
concern to deepen understanding of its role in the coupled 
geochemical cycles of carbon and barium. Since the end-
member phase is an important component for quantitative 
research into natural Mn-bearing norsethite, many experi-
mental reports have focused on norsethite BaMg(CO3)2 and 
norsethite-type BaMn(CO3)2, emphasizing the kinetic pro-
cesses of ordered growth on the carbonate surfaces, isotope 
fractionation and the pressure-induced transition that may 
occur during subduction (Hood et al. 1974; Lepland and 
Stevens 1998; Lepland et al. 2000; Böttcher 2000; Böttcher 
et al. 2012; Zheng and Böttcher 2014; Pippinger et al. 2014; 
Lindner et al. 2017, 2018; Lindner and Jordan 2018).

Besides these interesting results, details about the crys-
talline structure and space-group symmetry of norsethite 
BaMg(CO3)2, and its synthetic analogue remained unclear 
for a long time. Even the atomic arrangement of this carbon-
ate is topologically related to that of dolomite—the larger 
ratio between the radii of the  Ba2+/Mg2+ ions compared to 
that of  Ca2+/Mg2+ causes a distinct rotation of the carbonate 
group around [001]. Three structure models based on the 
space-group symmetries have been discussed extensively: 
R32 (model 1); ordered R3m (model 2); and strongly dis-
placed and statistically occupied O atom positions (model 
3) (Lippmann 1968; Effenberger and Zemann 1985; Secco 
and Lavina 1999). From powder XRD analyses of synthetic 
BaMg(CO3)2, Lippmann (1968) considered model 1 as the 
most probable, but mentioned the possibility of verifying 
models 2 or 3. Later, Effenberger and Zemann (1985) used 
the same material for their single crystal X-ray analyses. 
However, they could not verify higher significance for 
any of the three models. Consequently, they described the 
crystal structure of BaMg(CO3)2 based on the highest sym-
metry under discussion (model 2) even though they could 
not exclude with certainty models 1 or 3. They mentioned 
the large anisotropic displacement of the O atoms paral-
lel to (0001). Subsequently, Secco and Lavina (1999) also 
favoured model 2. Most recently, Effenberger et al. (2014) 
refined the crystalline structure of BaMg(CO3)2 using crys-
tals synthesized by Lippmann (1968), but based on data col-
lected with a four-circle diffractometer equipped with an 
X-ray microfocus-source and a pixel detector. The sensitivity 
of the new generation of X-ray detectors allowed the obser-
vation of superstructure reflections along the c* direction. 
Consequently, c′ = 2c. The crystalline structure refinement 
in space-group R3c resulted in an ordered atomic arrange-
ment with moderate displacement parameters of all atoms.

As Mn is an essential constituent of the norsethite of 
certain localities, knowledge of BaMn(CO3)2 is important 
for constructing quantitative models of natural norsethite. 
Structural analogy or even isotype with BaMg(CO3)2 was 
proven by Raman spectroscopy and X-ray powder patterns 
(Böttcher et al. 2012; Schmidt et al. 2013). However, the 
crystalline structure of BaMn(CO3)2 is yet to be determined 
due to unavailability of single crystals.

Of particular interest is: (1) results of tentative isotype 
of the crystal structures of BaM(CO3)2 (M = Mg, Mn) hints 
at the possibility of a (continuous) solid solution between 
BaMg(CO3)2 and BaMn(CO3)2. Thus, the atomic arrange-
ment of natural Mn-bearing norsethite, Ba(Mg,Mn)(CO3)2, 
might be consistent with the crystal structure model of 
BaMg(CO3)2 (Effenberger et al. 2014). Otherwise, it would 
be necessary to consider the influence of  Mn2+ ions substi-
tuting for  Mg2+ ions in the crystalline structure and space-
group symmetry in Mn-bearing norsethite. (2) A tentative 
order of the carbonate groups along [001] based on c′ = 2c 
and space-group R3c as found for BaMg(CO3)2 so far has 
not been verified for BaMn(CO3)2. Schmidt et al. (2013) 
performed powder diffraction investigations using conven-
tional X-ray tubes and detectors. Hypothetical superstructure 
reflections along c* requires validation by high accuracy sin-
gle crystal data (either synchrotron radiation and/or a highly 
sensitive detector. (3) Mn-rich norsethite or even a mineral 
close to the end-member composition BaMn(CO3)2, could 
exist in some specific geological environments (Zidarov 
et al. 2009; Böttcher et al. 2012). Thus, knowledge of the 
crystalline structure of BaMn(CO3)2 is essential for further 
discussion of the incorporation of  Mn2+ ions into norsethite.

In this paper, high quality single crystals of norsethite-
type BaMn(CO3)2 were synthesized under high P–T condi-
tions. The crystalline structure and space-group symmetry 
were determined using single crystal XRD analyses. The 
high-pressure properties and pressure-induced transition 
were investigated by Raman spectroscopy.

Experimental methods

BaMn(CO3)2 powder samples were prepared under high P–T 
conditions following a simple solid reaction (Chang 1964; 
Schmidt et al. 2013), and single crystals were synthesized 
based on the high P–T annealing method reported by Liang 
et al. (2018). The entire synthesis process consisted of two 
parts: powder sample preparation and single crystal growth.

The first step in the experiment was the powder sam-
ple preparation. 10 g of  MnCO3 (99.99%, Alfa Aesar) and 
 BaCO3 (99.99%, Alfa Aesar) at a molar ratio 1:1 were 
weighed to ensure accurate stoichiometry. The powder was 
then mixed and ground with acetone in an agate mortar. A 
sample pellet 6 mm in diameter and 3 mm in length was 
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prepared and covered with 0.025 mm thick gold foil (99%, 
Alfa Aesar). The high P–T solid reaction was performed on 
a DS 6 × 600t cubic-anvil-type apparatus using h-BN as the 
pressure medium and a graphite heater at 3 GPa and 700 °C 
for 2 h. The pressure was reduced to ambient after quench-
ing at ambient conditions, and the sample was obtained 
after removing the gold coverage. Powder XRD was used to 
verify the BaMn(CO3)2 single phase without any observed 
impurities.

The second step in the experiment involved analysis of 
the single crystal growth. The powder sample obtained 
from the first step and anhydrous  H2C2O4 were mixed in 
a molar ratio of 1:0.05 and formed into a pellet 6 mm in 
diameter and 3 mm in length. Then, the sample was sealed 
in a platinum 0.1 mm thick capsule with 40 μL of deionized 
water. The sample was re-treated under 3 GPa and 700 °C for 
48 h before being quenched at ambient conditions. Finally, 
the platinum capsule was opened and the finished sample 
removed. The single crystals were examined under a plane 
polarized microscope, and the micro-composition was quan-
tified using electron probe analysis.

A piece of single crystal 30  μm × 50  μm × 50  μm in 
size was used for single crystal XRD. Single crystal XRD 
measurements were obtained at ambient conditions with 
a Rigaku Xtalab PRO diffractometer system and HyPix-
6000HE detector. The intensity data were collected using 
a 1.2 kW water-cooled microfocus-source with a rotating 
Mo anode and multilayer mirrors, and an equipped CCD 
detector with a frame size of 100 times/100 μm and 775 
times/770 unit pixels. The monochromator is a series of 
150 mm multilayer mirrors, with a divergence less than 
4.8 m RAD. The work distance between the crystal and 
the detector was kept greater than 30 mm. An empirical 
absorption correction was applied based on the multi-scan 
technique using spherical harmonics, and implemented with 
the SCALE3 ABSPACK scaling algorithm. The range of 
data collection was 7° ≤ 2θ ≤ 60° and the number of vari-
able parameters (p) was 14. A weighting scheme is defined 
as w = 1/[σ2(Fo

2) + (0.1000P)2] where P = (Fo
2 + 2Fc

2)/3. 
R = ∑||F0| − |Fc||/∑|F0|. The electron density maximum 
was 0.889 and minimum − 0.776. Data processing was 
performed with the CrysAlisPro processing program. The 
structures were determined using the direct methods of the 
SHELXS package and refined with the anisotropic approach 
using the SHELXL program (Sheldrick 2008).

For high pressure Raman spectroscopy experiments, a 
piece of the single crystal with a diameter of ~ 80 μm and a 
thickness of ~ 30 μm was selected as the initial sample. A 
rhenium gasket was indented to a thickness of 60 μm using 
a pair of diamond anvils with 400 μm flat culets. A 220 μm 
diameter hole was then drilled into the pre-indented gasket 
and used as a sample chamber. The initial sample was loaded 
into the sample chamber of a DAC together with several 

ruby spheres close to the sample for pressure calibration, and 
a 4:1 methanol–ethanol mixture was loaded into the sample 
chamber as the pressure medium.

Results and discussion

Powder sample preparation of norsethite‑type 
BaMn(CO3)2 under high P–T conditions

Following norsethite BaMg(CO3)2 being found in nature 
(Mrose et al. 1961), Chang (1964) synthesized powder sam-
ples of the double carbonates BaMg(CO3)2 and BaMn(CO3)2 
at 500 °C and 15 kbars for 25 h. Recently, Schmidt et al. 
(2013) prepared a BaMn(CO3)2 powder sample using two 
different methods at both low P–T and high P–T conditions, 
and found no significant difference between either sample. 
From these previous studies, the high P–T method was 
proven to be more effective at synthesizing BaMn(CO3)2. 
However, even though Schmidt et al. (2013) used almost 
the same P–T experimental conditions as those reported by 
Chang (1964), the as-synthesized sample was identified as 
consisting of the main phase of BaMn(CO3)2, but also con-
tained some impurities of  BaCO3,  MnCO3, and a trace of 
 Mn3O4. Thus, optimizing the high P–T experimental condi-
tions for BaMn(CO3)2 synthesis requires further improve-
ments and controlling crystal growth is believed to be the 
premise.

In this regard, we considered the higher P–T conditions 
of 3 GPa and 700 °C to accelerate the solid solution reac-
tion, while the volume of the sample was reduced to ensure 
a smaller P–T gradient in the assembly. High P–T conditions 
decomposed the  MnCO3 reaction in the same assembly that 
was performed at 0.2 GPa and 700 °C for 1 h. The final 
product from the powder XRD was identified as a mixture 
of  MnCO3 and MnO, as seen in the supplementary Fig. 1. 
The observation of MnO could provide direct evidence that 
the oxygen fugacity conditions in our high P–T experi-
ments were different from that of Schmidt et al. (2013), 
thereby ensuring the stability of  Mn2+ in the  MnCO3 and 
BaMn(CO3)2.

During powder sample synthesis, the  MnCO3 and  BaCO3 
mixture at a mole ratio of 1:1 easily and quickly formed a 
solid solution at 3 GPa and 700 °C within a short period 
of 2 h, and the grinded powder appeared light blue. The 
powder XRD patterns of the as-synthesized sample, given 
in Fig. 1, were consistent with previously published data 
(Chang 1964; Böttcher et al. 2012), in which all the dif-
fraction peaks were indexed according to the BaMn(CO3)2 
single crystal data obtained in this work. This result con-
firms the existence of BaMn(CO3)2 with a nearly ideal 1:1 
cationic stoichiometry. It also indicates that  MnCO3 (calcite-
type) and  BaCO3 (aragonite-type) could react through a high 
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P–T solid reaction forming BaMn(CO3)2 (norsethite-type). 
Based on this, we speculate the possible high P–T formation 
of norsethite-type carbonates. That is, if witherite  BaCO3 
together with other calcite-type carbonates in sediments 
(e.g.:  CaCO3,  MgCO3, and  MnCO3) can be transferred into 
the deep mantle by subduction of the oceanic lithosphere and 
enriched in carbonates magma, norsethite-type carbonates 
could be formed under sufficient P–T conditions (3 GPa cor-
responds to ~ 90 km depth). Alternatively, in some particular 

Fig. 1  The XRD patterns of synthetic BaMn(CO3)2 powder

cases, norsethite-type carbonates could survive in igneous 
carbonatite from the Earth’s interior.

Single crystal growth of norsethite‑type BaMn(CO3)2 
under high P–T

Norsethite-type BaMn(CO3)2 crystals were cultivated in the 
presence of water in the cavity under high P–T conditions, 
which were based on the experience of the single crystal 
growth of siderite (Liang et al. 2018). However, the process 
here was more complex. The key to single crystal growth 
is to use the powder sample as a starting material to ensure 
that the initial Ba/Mn ratios in the saturated solution are in 
strict accordance with the initial 1:1 molar ratio. The reac-
tion equilibrium can be described as:

whereas a trace amount of  CO2 acts as the acidic medium 
for the solution to promote BaMn(CO3)2 powder dissolution.

dissolution reaction crystallization reaction

BaMn
(

CO3

)

2
↔ Ba2+

(aq)
+ Mn2+

(aq)
+ 2CO2−

3 (aq) ↔ BaMn
(

CO3

)

2

(powder) (saturated solution) (crystals)

,

Due to the fact that almost no impurities of  MnCO3 and 
 BaCO3 were found in the initial BaMn(CO3)2 powder or the 
final BaMn(CO3)2 crystals, we infer that both the dissolu-
tion reaction and the crystallization reaction reached an ideal 
equilibrium. Thus, based on the concentration of  Ba2+ and 
 Mn2+ with a molar ratio of 1:1, BaMn(CO3)2 could have a 
lower solubility product constant (Ksp) than that of  MnCO3 
and  BaCO3 and thereby be preferentially precipitated and 
crystallized from the solution.

For comparison, we also performed the single crystal 
growth under the same experimental conditions using the 
 MnCO3 and  BaCO3 mixture with a molar ratio of 1:1. We 
found that BaMn(CO3)2 crystals were present in the final 
product in addition to a significant amount of  MnCO3 and 
 BaCO3 crystals. A potential explanation is given by the reac-
tions (1)–(5) below:

Despite the precondition that the solid phase of  MnCO3 
and  BaCO3 be artificially set to the initial molar ratio 1:1, the 
initial Ba/Mn ratios in the saturated solution deviated from 
1:1 (x ≠ y) because of the differences in the Ksp between the 
 BaCO3 and  MnCO3, as shown in reactions (1)–(3). In this 
case, the precipitation and crystallization of BaMn(CO3)2, 
 MnCO3, and  BaCO3 occurred simultaneously, as shown in 
reactions (4) and (5). Considering the case when x < y, once 
the  MnCO3 precipitation nucleated at high P–T conditions 
(4),  MnCO3 crystals grew rapidly on the crystal nuclei to 
reduce the surface energy resulting in a decreased  Mn2+ 
concentration. This caused the Ba/Mn ratios in the solu-
tion to change further (from x < y to x > y) so that a similar 
crystallization reaction for the  BaCO3 in reaction (5) could 
occur. Since the grain boundary effect can prevent the for-
mation of BaMn(CO3)2, the entire crystal growth process 
becomes relatively complex due to the competition between 
the crystallization reactions of BaMn(CO3)2,  MnCO3, and 
 BaCO3. In addition, some inclusions of relatively small 

(1)

dissolution reaction

BaCO3 ↔ Ba2+
(aq)

+ CO2−
3 (aq) Ksp_BaCO3 =

[

Ba2+
][

CO2−
3

] ,

(2)
MnCO3 ↔ Mn2+

(aq)
+ CO2−

3 (aq) Ksp_MnCO3 =
[

Mn2+
][

CO2−
3

]

,

(3)
xBaCO

3
+ yMnCO

3
↔ xBa

2+
(aq) + yMn

2+
(aq)

+ (x + y)CO2−

3 (aq)(x ≠ y),

(4)crystallization reaction

xBa2+(aq) + yMn2+(aq) + (x + y)CO2−
3 (aq) ↔ BaMn

(

CO3

)

2
↓ +MnCO3 ↓ x < y

or,

(5)
xBa

2+
(aq) + yMn

2+
(aq) + (x + y)CO2−

3 (aq)

↔ BaMn
(

CO
3

)

2
↓ +BaCO

3
↓ x > y.
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 MnCO3 and  BaCO3 crystals appeared in the inner parts of 
the BaMn(CO3)2 crystals. The quality of the BaMn(CO3)2 
single crystals was very poor and could not be used for sin-
gle crystal XRD analyses. Consequently, the formation and 
crystal growth of BaMn(CO3)2 is closely dependent on the 
initial Ba/Mn ratios in the saturated solution, which is con-
sistent with the results from Böttcher et al. (2012).

Morphology and composition of BaMn(CO3)2 
crystals

Microscope observations revealed that the sizes of 
BaMn(CO3)2 single crystals reached up to 200 μm and 
exhibited a flaky morphology, as shown in Fig. 2. Under 
plane polarized light, the grown BaMn(CO3)2 crystals were 
transparent with a light blue luster, while the surface inclu-
sions appeared yellowish-brown. Similar to our description, 
the natural 20% Mn-bearing norsethite reported by Zidarov 
et al. (2009) was transparent, colorless or pale-yellow, and 
had a vitreous luster.

Chemical composition is important for crystal structure 
refinement by single crystal XRD. A thin section was pre-
pared from the BaMn(CO3)2 single crystals and used to 
quantify micro-composition using an electron probe analy-
sis. Figure 3 illustrates the backscattering electron (BSE) 
and the detection position on the thin section. The results 
of the Ba and Mn content analysis are provided in Table 1. 
When compared with the BSE images using  MnO2 and 
 BaSO4 as the standard samples, it was observed that the gray 
scales of the polished single crystal surfaces were nearly 
identical, implying that the single crystals were uniform 
in composition. A total of 15 points at five different areas 
(marked by red circles) were selected for the electron probe 
analysis. The average wt% of BaO was 49.06(± 0.04)% and 
22.71(± 0.02)% for MnO with standard deviations of less 

Fig. 2  The micrograph for BaMn(CO3)2 single crystals observed in a polarizing microscope with reflected light (a) and transmitted light (b)

Fig. 3  The backscattered electronic (BSE) image of BaMn(CO3)2 
single crystals thin section, in which the red circles are the detection 
position of electron probing

than 0.1%. Thus, the composition of the crystals is in excel-
lent agreement with the ideal formula  Ba1.0Mn1.0(CO3)2.

Single crystal XRD and crystal structure analysis 
of norsethite‑type BaMn(CO3)2

The crystal structure of norsethite-type BaMn(CO3)2 was 
determined using single crystal XRD. The crystal data and 
structural refinement, including lattice parameters, posi-
tional and thermal properties, and bond length and angle, 
are summarized in Table 2; results are given for the average 
structure as no superlattice reflections were observed (space-
group R3m ). In addition, Table 2 includes the structure 
refinement of BaMg(CO3)2 based on space-group symmetry 
R3c (c′ = 2c) for comparison of the anisotropic displacement 
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Table 1  Composition of BaMn(CO3)2 single crystal

BaO and MnO (wt%) Position 1 Position 2 Position 3 Average wt% Standard wt% Deviations

Region 1 49.08 22.71 49.08 22.72 49.09 22.73 49.08 22.72 49.09 22.72 − 0.01 0.00
Region 2 49.07 22.69 49.09 22.71 49.07 22.72 49.08 22.71 49.09 22.72 − 0.01 − 0.01
Region 3 49.09 22.70 49.08 22.73 49.08 22.73 49.09 22.72 49.09 22.72 0.00 0.00
Region 4 49.05 22.70 49.03 22.68 49.02 22.68 49.03 22.69 49.09 22.72 − 0.06 0.03
Region 5 49.02 22.71 49.05 22.66 49.00 22.74 49.02 22.70 49.09 22.72 − 0.07 − 0.02
Average – – – – – – 49.06 22.71 49.09 22.72 − 0.03 − 0.01

Table 2  BaMn(CO3)2 single crystal structure

Lattice parameters

Space group a c α β γ V R Ref.

BaMn(CO3)2 R3m 5.0827(2) 17.2797(10) 90 90 120 386.59(4) 0.0184 This work

BaMn(CO3)2 R3c 5.0834(4) 34.554(3) 90 90 120 773.29(11) 0.0444 This work

BaMg(CO3)2 R3c 5.0212(9) 33.581(6) 90 90 120 733.2 0.0144 Effenberger 
et al. 
(2014)

Positional and thermal parameters

BaMn(CO3)2 ( R3m)

Parameters Ba Mn C O

x 0 0 0 0.1430(4)
y 0 0 0 − 0.1430(4)
z 0 1/2 0.2410(4) 0.2445(2)
U11 0.0106(2) 0.0091(5) 0.013(2) 0.080(3)
U22 0.0106(2) 0.0091(5) 0.013(2) 0.080(3)
U33 0.0142(3) 0.0122(7) 0.011(3) 0.0264(17)
U23 0.0000 0.0000 0.0000 − 0.0027(7)
U13 0.0000 0.0000 0.0000 0.0027(7)
U12 0.00532(12) 0.0046(2) 0.0067(11) 0.075(3)

Bond length (Å) and bond angle (°)

BaMn(CO3)2 ( R3m) BaMn(CO3)2 ( R
−

3 c) BaMg(CO3)2 
(Effenberger et al. 
2014)

(Ba–O)1 2.9763(18) 2.919(13) 2.819(5)
(Ba–O)2 2.9764(18) 3.051(17) 3.087(5)
Mn(Mg)–O 2.149(4) 2.141(8) 2.0633(15)
C–O 1.260(4) 1.261(8) 1.2797(16)
O–Ba–O (β1) 62.73(11) 63.3(2) 66.86(13)
O–Ba–O (β2) 95.79(8) 94.4(4) 92.92(9)
O–Ba–O (β3) 121.64(15) 121.7(3) 123.59(7)
O–Ba–O (β4) 137.03(15) 137.2(3) 137.56(8)
O–Mn(Mg)–O (α1) 84.97(15) 85.5(4) 86.82(6)
O–Mn(Mg)–O (α2) 95.03(15) 91.7(8) 93.18(6)
O–Mn(Mg)–O (α3) 180.00(14) 175.9(9) 180.0
O–C–O 119.77(6) 119.91(16) 119.92(1)
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parameters. The cif-files for the two structure models are 
attached as supplementary material.

Effenberger et  al. (2014) found weak superstructure 
reflections along the c* direction for BaMg(CO3)2 as 
observed in the reciprocal space reconstructed from X-ray 
images. Consequently, a doubling of the lattice parameter 
c was necessary. However, no such superstructure reflec-
tions were observed in the X-ray images of BaMn(CO3)2 
even with a highly sensitive X-ray detector (supplemen-
tary Fig. 2). Therefore, a structure model with a doubled 
lattice parameter c was not applied for the refinement of 
the crystalline structure of BaMn(CO3)2. Even so, to better 
understand the structure, a doubled c model was used to 
refine the crystalline structure of BaMn(CO3)2. The lattice 
parameters and cell volume of BaMn(CO3)2 as well as the 
geometry of the  (BaO12) polyhedron were somewhat differ-
ent from that of BaMg(CO3)2 owing to the substitutional 
variations of  Mg2+ by  Mn2+ cations. The O–C–O bond angle 
identified as 119.91(16)° for BaMn(CO3)2 and 119.92(1)° 
for BaMg(CO3)2 showed almost no difference, and the C-O 
bond distance of 1.261(8) Å in BaMn(CO3)2 was relatively 
shorter than the 1.2797(16) Å bond in BaMg(CO3)2.

However, some unreasonable issues remain for these 
refinement results. In the absence of any superstructure 
reflections from the X-ray images of the BaMn(CO3)2, both 
c and doubled c could well-describe the periodicity along the 
[001] direction. In accordance with the rules of crystallogra-
phy, having a smaller periodicity, c should be applied to the 
structural unit. Most importantly, because O–Mn–O (α3) of 
175.9(9)° does not equal 180°, it indicates that the Mn atom 
is located in the center of the  MnO6 octahedron as the Mn 
atom is located at position 6(b) with site symmetry 3 . The 
difference between the structure refinement in space-group 
R3m (cell parameter c) and R3c (cell parameter c′ = 2c) is 
a result of the different multiplicities and site symmetries 
for the Ba and Mg atoms: R3m [Ba atoms at 3(a), site sym-
metry − 32/m, Mn atoms at 3(b), site symmetry − 32/m]; 
and R3c [Ba atoms at 6(a), site symmetry 32, Mn atoms 
at 6(b), site symmetry − 3]. The release of symmetry ele-
ments enables different results. Hence, the refinement using 
the doubled c model is believed to be unnecessary for the 
BaMn(CO3)2 crystal structure when the additional superlat-
tice is not observed.

On this basis, R3m is the most probable choice for the 
BaMn(CO3)2 crystal structure, and is consistent with previ-
ous results for norsethites (Effenberger and Zemann 1985; 
Secco and Lavina 1999). Figure 4 shows the rhombohedral 
crystal structure of R3m for BaMn(CO3)2 as well as the 
coordination relations. The unit cell consists of the  (MnO6) 
octahedron,  (BaO12) polyhedron, and  CO3

2− anions. These 
 (MnO6) octahedrons and  (BaO12) polyhedrons display peri-
odically alternating layers stacked precisely above each 
other, parallel to the [001] direction, and separated by the 

triangular  CO3
2− groups. Table 2 gives the detailed struc-

tural parameters for BaMn(CO3)2. Obviously, the R value of 
0.0184 using R3m is much smaller than the 0.0444 obtained 
for R3c . The (Ba–O)1 and (Ba–O)2 bond distances show 
almost no difference, indicating the coordination number 
of the  Ba2+ cation is 12, and not 6 + 6 as obtained from the 
doubled c model. The O–C–O bond angle is identified as 
119.77(6)° for BaMn(CO3)2, which deviates from the stand-
ard bond angle of 120° observed in simple calcite-type 
carbonates.

To date, the controversy over the structure of norsethite 
BaMg(CO3)2 and norsethite-type BaMn(CO3)2 is focused 
on whether or not the additional superlattice exists. This 
problem is related to the displacement of the O atoms in 
the lattice, thereby determining the space-group as R3c or 
R3m for the structure refinement. Based on the results from 
the X-ray images, the superlattice was not observed in the 
BaMn(CO3)2 structure. However, this does not preclude the 
existence of BaMn(CO3)2 single crystals with a superlat-
tice because the crystal quality is strongly dependent on the 
growth environment. As well as quenching the operation, a 
high P–T reaction could be propitious to the formation of 
some metastable phases. Exactly, there are two polymorphs 
that can be maintained in norsethite-type structure resulting 
from different growth environments: (1) R3c stable phase 
with oxygen ordering is obtained for BaMg(CO3)2 synthe-
sized at ambient conditions (Lippmann 1968; Effenberger 
et al. 2014); (2) R3m metastable phase with oxygen disor-
dering is adopted for BaMn(CO3)2 synthesized at high P–T 
conditions while quenched to ambient conditions. The dis-
ordering phase might be caused by a rapid quenching of the 

Fig. 4  The crystal structure of BaMn(CO3)2 as well as the coordina-
tion relations
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samples during high P–T reaction. In this regard, of particu-
lar interest is the possibility of obtaining oxygen ordering 
phase after annealing the oxygen disordering phase at high 
temperature and ambient pressure for several weeks, which 
deserves further probing.

Up till now, there has not been any structure refinement of 
natural norsethite that would allow the observation of super-
structure reflections (Secco and Lavina 1999; Zidarov et al. 
2009). Superstructure reflections are caused by the order of 
the rotation of the carbonate groups only. Due to the small 
scattering power of the O atoms compared to that of the 
Ba atoms, the intensity of the superstructure is quite small; 
therefore, a highly sensitive detector is required. Conven-
tional X-ray detectors do not allow the registration of such 
minor intensities by powder or single crystal diffraction.

Pressure‑induced transition of BaMn(CO3)2 
investigated by Raman spectroscopy

The developed BaMn(CO3)2 single crystals were large 
enough for micro-Raman spectroscopy, and a piece of crys-
tal with a flat surface was selected for the measurements at 
ambient conditions. Six vibrational modes were observed 
in the wavenumber range from 100 to 2000 cm−1, which is 
similar to other rhombohedral carbonates (White 1974; Bis-
choff et al.1985). The Raman peaks were fit with a Lorentz-
ian function located at 123.3, 248.1, 695.3, 1096.0, 1418.8, 

and 1735.9 cm−1, as shown in Fig. 5. Two lattice modes 
at 123.3 cm−1 and 248.1 cm−1 were derived mainly from 
the translational lattice mode T and vibrational lattice mode 

Fig. 5  Raman spectra of BaMn(CO3)2 single crystal at ambient con-
ditions

Table 3  Raman spectra of BaMn(CO3)2 single crystal

T  (cm−1) L  (cm−1) ν4  (cm−1) ν1  (cm−1) ν3  (cm−1) 2ν2  (cm−1) Refrences

123.26(10) 248.15(12) 695.33(3) 1095.97(3) 1418.76(11) 1735.89(27) This work
124.2 (1.0) 248.5 (3.4) 696.5 (0.8) 1097.1 (0.8) 1399.0 (4.4) 1419.5 (1.3) 1734.3 (2.0) 1737.6 (2.0) Schmidt et al. (2013)

Fig. 6  High-pressure Raman spectra of BaMn(CO3)2 at room tem-
perature
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L, respectively. The peaks at 695.3, 1096.0, 1418.8, and 
1735.9 cm−1 were attributed to the in-plane bending inter-
nal mode ν4, the symmetric stretching internal mode ν1, the 
anti-symmetric stretching mode ν3, and out-of-plane bending 
mode 2ν2, respectively. Compared with the previous results 
reported by Schmidt et al. (2013), there are slight differences 
in all the Raman peak positions, as given in Table 3. This 
could be caused by the systematic errors of the measuring 
device. Moreover, Schmidt et al. (2013) observed an obvious 
splitting of the ν3 and 2ν2 modes, which, we speculate, may 
be induced by the residual stress in the high P–T synthetic 
sample. In contrast, no splitting was found in our experi-
ments because the water fluid greatly reduced the residual 
stress in the single crystals.

The high-pressure Raman spectra of the BaMn(CO3)2 
single crystal was measured in the diamond window of 
100–1200 cm−1 at ambient temperatures, and the hydro-
static pressure was increased up to 10–0.5 GPa increments. 
The Raman shifts that occurred as a function of pressure 
νi(P) are shown in Fig. 6 while the corresponding mode 
positions and slopes dνi/dP are presented in Tables 4 and 
5. The BaMn(CO3)2 before and after the pressure-induced 

transition are assigned to BaMn(CO3)2 I and BaMn(CO3)2 
II. Pressures at and below 3.0 GPa had T, L, ν4, and ν1 
modes increasing linearly with the increasing pressure 
and did not undergo any resolvable splitting. When the 
pressure reached up to 3.8 GPa, the T and L modes expe-
rienced splitting of different degrees while the values of 
the slope dνi/dP for each Raman vibration changed drasti-
cally. The T mode split into three new modes T′, T″ and 
T′′′ and the corresponding dνi/dP changed from 2.60(5) to 
10.19(5) cm−1/GPa, 4.90(6) cm−1/GPa, and 4.90(10) cm−1/
GPa. Similarly, the L mode split into two new modes L′ 
and L″, and the correlated dνi/dP was fit as 7.02(2) cm−1/
GPa and 3.49(21) cm−1/GPa, differing from the original 
value of 8.40(5)  cm−1/GPa. Meanwhile, the ν4 and ν1 
modes exhibited an obvious jump and the dνi/dP changed 
significantly.

According to these results, there is strong evidence 
that the norsethite-type BaMn(CO3)2 underwent a certain 
pressure-induced transition at a critical transition pres-
sure between 3.0 and 3.8 GPa. Similarly, Pippinger et al. 
(2014) reported that a pressure-induced transition occurred 
at approximately 2.32 GPa in BaMg(CO3)2 and the novel 

Table 4  High-pressure Raman spectra of BaMn(CO3)2 single crystal

P, σP (GPa) T  (cm−1) L  (cm−1) ν4  (cm−1) ν1  (cm−1)

1 atm 123.26(10) 248.15(12) 695.33(3) 1095.97(3)
1.42(0) 126.90(13) 261.82(8) 699.76(5) 1104.16(2)
1.81(0) 127.98(18) 264.57(7) 700.67(6) 1107.06(2)
2.29(3) 129.27(13) 267.34(9) 701.64(10) 1110.30(2)
3.01(2) 131.06(17) 274.27(12) 704.47(11) 1114.22(2)

Phase transition T′  (cm−1) T″  (cm−1) T′′′  (cm−1) L′  (cm−1) L″  (cm−1) ν4′  (cm−1) ν1′  (cm−1)

3.86(3) 154.16(32) – – 292.89(9) – 717.60(4) 1114.92(2)
4.63(3) 163.51(34) – – 299.91(16) – 720.12(6) 1116.24(2)
5.03(6) 167.47(32) 116.83(95) 145.88(36) 302.93(13) – 720.92(8) 1116.8(4)
5.73(3) 173.28(36) 119.15(42) 148.47(37) 307.45(13) – 722.67(6) 1117.87(2)
6.15(2) 177.47(50) 120.66(41) 151.56(36) 310.24(13) – 723.67(6) 1118.61(3)
6.81(4) 185.71(37) 123.49(32) 154.95(35) 314.74(23) 335.73(61) 725.44(9) 1119.76(3)
7.58(2) 194.26(39) 128.48(55) 158.94(18) 318.45(13) 339.66(41) 727.03(10) 1121.03(3)
8.09(3) 201.05(32) 130.67(31) 162.12(21) 323.21(17) 341.20(31) 728.78(6) 1122.28(3)
8.78(2) 206.46(30) 133.89(61) 164.99(17) 328.97(18) 344.41(53) 729.80(8) 1123.06(3)
9.44(4) 211.23(34) 136.57(30) 166.73(32) 332.76(16) 345.83(61) 730.97(7) 1123.68(2)
10.08(3) 215.25(39) 138.51(53) 169.09(28) 337.31(15) 347.22(63) 732.72(8) 1124.43(3)

Table 5  d�i
dP

 of BaMn(CO3)2 single crystal

BaMn(CO3)2 I I I I II II II II II II II
Raman modes T L ν4 ν1 T′ T″ T′′′ L′ L″ ν4

′ ν′1

d�
i

dP
  (cm−1/GPa) 2.60(5) 8.40(5) 2.97(2) 6.30(2) 10.19(5) 4.90(6) 4.90(10) 7.02(2) 3.49(21) 2.46(1) 1.58(1)
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BaMg(CO3)2 II was identified as the C2/c structure. Due 
to the similarity in the crystal structures, we infer that 
the BaMn(CO3)2 II may have similar structures to the 
BaMg(CO3)2 II, but still requires future determination from 
single crystal synchrotron XRD.

Conclusion

Since no superlattices were observed in the X-ray images, 
the structure of norsethite-type BaMn(CO3)2 obtained under 
high P–T conditions was confirmed as the R3m space-group 
from the single crystal XRD measurements, and not the R3c 
space-group with a doubled c-axis. However, because it is 
believed to be dependent on the formation environment, the 
existence of the superlattice is still an ongoing debate for 
norsethite and norsethite-type structures. Thus, it is proposed 
that the single crystals of BaMg(CO3)2 be prepared under 
high P–T conditions to confirm the metastable phase with 
oxygen disordering, which is absolutely necessary for bet-
ter comparisons with the stable phase with oxygen ordering 
reported by Effenberger et al. (2014). As a further extension, 
the structure and properties of the solid solution Ba(Mg, 
Mn)(CO3)2 with various Mn content will be investigated and 
quantified in the future, and the results could enhance the 
current understanding of natural norsethite carbonates.
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