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Dolomite is a mineral with a stoichiometric chemical composition of CaMg(CO3)2 and an ordered 

arrangement of Ca and Mg. Most natural dolomite have deviated from the stoichiometric composition and 

usually with more calcium and rarely with more magnesium. Cation ordering in dolomite refers to the 

alternating Ca and Mg layers along the c- axis results in the dolomite structure with R symmetry. Ca
2+

 

and Mg
2+

 form octahedra with neighboring oxygens while carbon and three oxygen atoms form a trigonal 

planar motif. The dolomite (R) structure violates the c-glide plane in the calcite structure (Rc), which 

results in an extra set of “b”-reflections” reflections with the presence of (10), (101), and (003) diffraction 

peaks in powder XRD pattern, in addition to the “a”-reflections” reflections that characterize Rc 

symmetry. The d104 value of dolomite increases as Ca content increases or degree of ordering decreases 

[1,2]. Therefore, “b”-reflections” reflections and d104 can be used to distinguish between the dolomite and 

calcite. Cation ordering in dolomite is commonly quantified using the intensity ratio of (10) and (110) 

reflections [3,4]. Parameters were proposed to describe the ordering states in dolomite such as s [5] and 

s* [6]. In this study, we used the s* parameter to couple the ordering states with composition. 

Dolomites, with 36-55% MgCO3, formed in natural environments and synthesized under ambient 

conditions are either disordered, as evidenced by the absence of “b”-reflections” reflections in their 

powder XRD patterns, or weakly ordered with broad and diffused “b”-reflections” reflections. Higher 

temperature has resulted in faster dolomitization and higher ordering in dolomite [7]. Increasing cation 

ordering increases the thermodynamic stability of dolomite [3]. The high stability of ordered dolomite 

explains the observation that most ancient dolomites are well-ordered while the majority of modern 

dolomites are weakly ordered or disordered. Previous studies have recognized that the importance of 

understanding the factors controlling cation ordering is vital to deciphering the dolomite problem [7–9]. 

However, weak cation ordering results in decreasing “b”-reflection intensities and sometimes inability to 

quantify the ordering states of prodolomite using powder XRD. Therefore, we proposed a novel approach 

to quantify the ordering state of protodolomite by integrating Z-contrast imaging and image simulation. 

Through this combination method, the ordering states of protodolomite that may have been previously 

characterized as disordered on their low intensities of “b”-reflections” reflections in powder XRD, can be 

determined. In this study, contour lines of the ordering states are constructed to provide a straightforward 

approach for quantifying weak ordering states of other protodolomite based on d104 value and 

composition. This integrated approach provides a new tool and allows new insights and understanding on 

the weak ordering states in prodolomite and potentially other order-disorder systems such as omphacite 

in the diopside-jadeite series (Davidson and Burton, 1987). Also, from Z-contrast images, structural 

models of observed intergrowth and twin boundaries in Ca-Mg carbonate can be constructed that explains 

the transition from disordered dolomite to protodolomite and eventually to ordered dolomite. 

However, the strongest ‘‘b’’-reflection (10) has only 5.4% intensity of (104) for ordered dolomite [10], 

and its intensity decrease does not behave linearly with decreasing cation ordering. Therefore, it is 

impossible to identify and quantify the weak ordering state of protodolomite (s* = 0.5) using powder XRD 

especially in natural samples with the presence of other phases. Some Holocene dolomite is more ordered, 

and the ordering states can be quantified using traditional powder XRD [11]. Intensity of spots in the 
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electron diffraction pattern from TEM is also unable to quantify the ordering state due to unreliable 

intensity from multiple diffractions. To quantify weak ordering states in Ca-Mg carbonates, we 

constructed a new approach by combining Z-contrast imaging and image simulation based on the known 

composition of protodolomite crystals. 

 
Figure 1. Bright-field TEM image (A-C) showing a partially ordered dolomite with diffuse “b”-reflection. 

STEM images, intensity profiles along (104), (102), (001) direction, and local ordering states for a ~46 

mol% (D) and ~52 mol% (E) MgCO3 protodolomite. 

 
Figure 2. Z-contrast image (A) and the intensity-based calculated ordering states map (B). C) d104 vs 

mol% MgCO3 with ordering contour lines for protodolomite. 
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