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Abstract
Recently dolomite analogs, including norsethite, kutnahorite, and PbMg(CO3)2, etc., have attracted 

much attention due to their dolomite-like crystallographic structure and the resulting potential in 
solving “dolomite problem.” Previous studies indicate that mechanisms that underlie the formation 
of norsethite exhibit some similarities to pathways of dolomite crystallization. However, the crystal-
lization behavior of norsethite is still poorly understood, and the physicochemical factors regulating 
the process are not yet fully established. Herein, to determine the relationships between solution 
chemistry and formation pathway of norsethite, a series of experiments for the synthesis of norsethite 
from the solutions with different concentrations of Mg2+ and Ba2+ by a CO2 gas-diffusion method was 
carried out under ambient conditions. The morphology and phase composition of the products were 
investigated by a range of techniques, including XRD, FESEM, micro-Raman, and FTIR techniques. 
ICP-AES was used to monitor the evolution of the concentrations of Mg2+ and Ba2+ in the mineraliza-
tion solutions. Our observations suggest that the formation pathway of norsethite strongly depends on 
Mg/Ba ratio in solution, and pure norsethite can directly crystallize from the solutions with Mg/Ba ratio 
ranging in 20–40. This is the first time to report the direct precipitation of dolomite analogs at ambient 
temperatures. It suggests that direct precipitation is a feasible pathway for cation ordering structure 
formation under ambient conditions.
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Introduction
The “dolomite problem” is a long-standing puzzle in geology 

(e.g., Warren 2000; Gregg et al. 2015). A fundamental question 
involved in the low-temperature formation of mineral dolo-
mite is its mineralization pathway and mechanism. Two main 
mechanisms, primary precipitation and dolomitization, have 
been proposed and widely discussed in the past two centuries. 
It has been speculated that the switch between “direct” dolomite 
precipitation and indirect “dolomitization” as the formation 
pathway may be related to the changes in ocean chemistry over 
time (Hood et al. 2011; Rodriguez-Blanco et al. 2015). How-
ever, because of the kinetic difficulty in synthesizing dolomite 
in a laboratory under ambient conditions (e.g., Land 1998), the 
argument of dolomite formation pathways cannot be settled by 
laboratory experiments, and physicochemical conditions for 
controlling dolomite formation is still ambiguous (Gregg et al. 
2015; Rodriguez-Blanco et al. 2015).

An investigation on the formation pathways of minerals 
with dolomite-like structure could be a feasible strategy to en-
hance our comprehension of dolomite formation. The dolomite 
characteristic structure with double cations ordered arrange-
ment can be found in several carbonates, such as norsethite 
[BaMg(CO3)2] (Böttcher 2000; Zheng and Böttcher 2016), 

ankerite [CaFe(CO3)2] (e.g., Chai and Navrotsky 1996), kutno-
horite [CaMn(CO3)2] (e.g., Frondel and Bauer 1955; Peacor et al. 
1987), PbMg(CO3)2 (Morrow and Ricketts 1986; Pimentel and 
Pina 2016), SrMg(CO3)2 (Froese 1967), BaMn(CO3)2 (Böttcher 
et al. 2012a, 2012b; Schmidt et al. 2013), CdMg(CO3)2 (Tareen 
et al. 1995; Bromiley et al. 2007), etc. Most of these carbonates 
have been reported from either natural observations or labora-
tory experiments. Only a few have been both found in natural 
environments and obtained in the laboratory, and norsethite is 
one of them. The crystal structure of norsethite belongs to a group 
of R-centered trigonal double carbonates. Two cations, barium 
and magnesium, are arranged in layers parallel to (001), with 
the triangular CO3 groups interconnecting them. Thus, norsethite 
has been considered as one of dolomite-analogs based on its fun-
damental cation ordering structure. Superstructure diffractions 
(h0l) and (0kl) with l odd [e.g., (105), (021), (101), etc.], which 
are the specific signature of dolomite cation ordering structure, 
can also be observed on X-ray diffraction pattern of standard 
norsethite (Mrose et al. 1961; Lippmann 1968; Effenberger and 
Zemann 1985; Böttcher et al. 1997; Ende et al. 2017).

The mineral norsethite was found in a wide range of natural 
settings, including sedimentary, hydrothermal, and metamor-
phic environments (Mrose et al. 1961; Steyn and Watson 1967; 
Böttcher et al. 1997) and in carbonatites (Platt and Woolley 
1990). In the laboratory, norsethite was first synthesized at 
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