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Abstract 

Laboratory syntheses of dolomite at low temperatures cannot be successful 

without catalysts. The rate-limiting step in the dolomite growth is most likely to be the 

dehydration of water from surface Mg2+. We have applied the methods of molecular 

dynamics simulations (MD) and density functional theory (DFT) simulations to study the 

effects of catalysts in the sedimentary dolomite formation. 

There are two hypotheses regarding the role of catalysts in the dehydration of 

surface magnesium. One hypothesis is that catalysts can be strongly adsorbed onto crystal 

surfaces replacing surface water and forming a hydrophobic layer. To test this hypothesis 

ab initio simulations based on density functional theory (DFT) were carried out to study 

the thermodynamics of competitive adsorption of hydrogen sulfide and water on dolomite 

(104) surfaces from solution. We find that water is thermodynamically more stable on the 

surface than hydrogen sulfide with the difference in adsorption energy of -13.6 kJ/mol (in 

vacuum) and -12.8 kJ/mol (in aqueous solution). However, aqueous hydrogen sulfide 

adsorbed on the surface increases the Mg2+-H2O distances on surrounding surface sites. 

One possibility for H2S facilitating the carbonation is that there is room for direct 

interaction between Mg2+ and CO3
2- due to the geometry and the large size of H2S and 

larger space between H2O/H2S and dolomite surface. 

Another hypothesis for the role of catalysts is that catalysts can lower the 

dehydration barrier of surface Mg2+ so that carbonate anions can approach and be 

adsorbed onto the surface. Free energy (potential of mean force, PMF) calculations have 

been performed for water molecules leaving the first two hydration layers above the 

dolomite (104) surface in the following three conditions: without catalyst, with 
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monosaccharide (mannose) and with oligosaccharide (three units of mannose). We fitted 

the force field for the interactions between –OH groups of sugar and surface cations of 

dolomite. The simulations have shown that there is no obvious effect of monosaccharide 

in lowering the dehydration barrier for surface Mg. However, a bridge shaped 

configuration of oligosaccharide lying relatively flat on the surface is able to decrease the 

dehydration barrier about 0.7~1.1 kcal/mol. This decrease is caused by the hydrophobic –

CH groups of polysaccharides and is the possible major effect of polysaccharide on the 

dolomite growth at low temperatures. 

The fine-scale cation ordering and metastable Ca-Mg carbonates indicate the 

diagenetic processes of sedimentary dolomites from disordered metastable sediments to 

more stable hard rocks. Therefore, in order to determine the real structures of the nano-

precipitates in natural sedimentary dolomite, we also studied “c” and “d” superstructures 

by using (scanning) transmission electron microscopy (STEM). STEM images of 

Wisconsin Ordovician dolomite show that the “c”-reflections could be the result of 

multiple diffractions between the host dolomite and twinned Mg-calcite nano-lamellae 

under TEM imaging and diffraction modes. Z-contrast images of Proterozoic dolomite 

demonstrated that the “d” superstructure has a cation ordering sequence of Ca-Ca-Mg-

Ca-Ca-Mg along the c direction resulting in a chemical composition of Ca0.67Mg0.33CO3.         
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Chapter 1. Introduction and motivation 

1.1 Dolomite structure, and sedimentary dolomite  

The term dolomite can be referred to as a mineral and a rock. The dolomite 

mineral is a carbonate with a chemical composition of CaMg(CO3)2 and a structure of R3�. 

The dolomite rock or dolostone is a carbonate rock whose composition is dominated by 

dolomite minerals. The studies presented in this thesis are focused on a number of topics 

related to the dolomite mineral, so the dolomite term used in this dissertation only refers 

to the dolomite mineral. However, the dolomite rock is an economically important rock: 

the dolomite rock accounts for 50% of the world’s carbonate reservoirs and ~80% of oil 

and gas reservoirs in North America (Zengler et al. 1980), and serves as the host rock for 

Mississippi Valley Type (MVT) ore deposits of lead, zinc, copper and other base metals.  

The structure of an ordered dolomite crystal (R3�) is similar to that of a calcite 

(R3�c) but with Ca and Mg layers alternating along the c-axis (Figure 1.1.1). The large 

difference in size between the Ca2+ and Mg2+ ions (33%) results in the cation ordering 

along the c-axis. With the nonequivalence of Ca and Mg layers, the symmetry is reduced 

from R3�c to R3�. Since the internal symmetry and chemistry of dolomite and calcite are 

quite similar, the overall crystal shape and physical properties are also very similar. The 

following features in hand specimen can be used to distinguish the two minerals: 

dolomite is slightly denser (D 2.86); calcite will get a pale blue stain when boiled with 

copper nitrate; dolomite does not effervesce as strongly as calcite when reacting with cold 

dilute acid. The disordered dolomite has the same symmetry as calcite. Thus the super-

lattice reflections such as (015), (101), and (021) are absent in disordered dolomite but 

they are present in ordered dolomites. In practice, the ratio I015/I006 in x-ray diffraction 
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(XRD) pattern has been used as a rough indicator of ordering state (Antao et al. 2004; 

Luth 2004). 

Many natural dolomites have an excess of Ca2+, with composition up to ~ 

Ca1.2Mg0.8(CO3)2 which is quite different from the stoichiometric dolomite CaMg(CO3)2 

(Reeder 1983, 1992; Warren 2000). The additional Ca in the dolomite structure causes an 

increase in the unit cell parameter and hence in d-spacings, since the radius of Ca2+ is 

larger than that of Mg2+ (the ionic radii for Ca2+ and Mg2+ in 6-fold coordinated are 1.00Å 

and 0.72Å, respectively (Shannon et al. 1976)). Therefore, the d104 values measured in 

XRD are often used to determine the composition of dolomite. There are two curves of 

d104 values versus MgCO3 content in dolomite; one is for the disordered dolomite, the 

other one for the ordered dolomite (Goldsmith and Graf 1958; Goldsmith et al. 1961; 

Zhang et al. 2010).  In Ca-rich dolomite, heterogeneous microstructures such as 

modulations and ordered superstructures have been reported (Reeder 1992). The common 

morphology of saddle dolomite (Figure 1.1.2) is also related to the excess calcium in the 

dolomite, which is present in the form of thin, coherent laths of calcite (Barber et al. 

1985). Because the lattice spacing in calcite is larger than that in dolomite, these calcite 

laths cause local distortion of host dolomite. In addition, other metal ions (with Fe and 

Mn being the most common ones) can occupy the cation sites that are often Mg2+ sites. 

This substitution usually gives dolomite a yellow or brown color (Deer et al. 1992). 
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Figure 1.1.1 The ball-stick (left) and polyhedral (right) models of dolomite. Blue: Ca, Orange: 
Mg, Brown: C, Red: O. 
 

 

Figure 1.1.2 Saddle dolomite with curved crystal faces is very common in natural dolomite. This 
sample is from the mineralogy lab collection at UW-Madison (#6229, location: near Baxter 
Springs, Kansas) 
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1.2 “Dolomite Problem” 

Dolomite, used to be ubiquitous in the geological past, is yet rarely found in 

Holocene sediments (Warren 2000). Its rare occurrence in the modern sediments defies 

the geological notion that the present is the key to the past. This contradiction is at the 

heart of the famous “dolomite problem”, which has been bewildering geologists for many 

decades. To solve the dolomite problem, it is essential to understand the mechanism of 

dolomite formation.   

Although in general dolomite can have replacement or primary origin, most of the 

sedimentary dolomites in the geological record are believed to be replacement product of 

calcite, high magnesian calcite or aragonite precursors through a dissolution-precipitation 

reaction of the following form: 

2CaCO3 + Mg2+ → CaMg(CO3)2 + Ca2+. 

It has been shown that the high Mg/Ca ratio achieved through the evaporation of seawater 

in sediments makes seawater capable of dolomitizing limestone (Hsu 1967). However, 

this is not happening in the modern seafloor. The chemical reaction for this dissolution-

precipitation process has also been proposed in literature (Lippmann and Lippmann 

1973): 

CaCO3 + Mg2+ + CO3
2-→ CaMg(CO3)2 . 

Different models attempting to explain the source of Mg2+ ions (or high Mg/Ca 

ratio) and hydrological settings for dolomitization have been proposed and reviewed 

(Adams and Rhodes 1960; Hanshaw et al. 1971; Hsü and Schneider 1973; Zengler et al. 

1980; Machel and Mountjoy 1986; Gawthorpe 1987; Hardie 1987; Warren 2000; Tucker 

and Wright 2009; Li et al., 2013). A brine reflux model is one of the most plausible 
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mechanisms. This model was first proposed by Adams and Rhodes (1960) to explain the 

extensive dolomitization of the Permian reef complex of west Texas. The dense and hot, 

highly alkaline Mg2+-rich hypersaline brines descend, replacing marine pore water, and 

“seep slowly downward through the slightly permeable carbonates at the lagoon floor” 

(Adams and Rhodes 1960). A model of groundwater and seawater mixing was also 

proposed for dolomitization based on studies of Wisconsin dolomite to lower dissolved 

salts concentrations (Badiozamnai 1973). Although the models point out some important 

conditions for dolomitization, they cannot completely decipher the dolomite problem 

(Hardie, 1987; Luczaj, 2006). 

In contrast to the massive ancient platform dolomite, Holocene dolomite can only 

form thin layers of precipitates (usually less than 2m) in evaporitic tidal flats (sabkhas), 

dry coastal plain (Coorong dolomite), or hypersaline continental lacustrine environment. 

These dolomites are believed to be syndepositional and primary precipitates (Miser et al. 

1987; Last 1990; Warren 2000). Previous thermodynamic calculations have shown that 

the modern seawater is supersaturated with respect to dolomite by one to two orders of 

magnitude (Hardie 1987). However, the massive formation of dolomite is not happening 

and the occurrence of dolomite is limited to some specific environments mentioned above. 

In laboratory, the attempts to synthesize dolomite abiotically under conditions close to 

those observed in modern dolomite environments have been unsuccessful (Land 1998). It 

is now realized that the dolomite problem lies in the kinetic barriers at low temperature 

that hinder the growth of dolomite. Lippmann (1973, 1982) proposed that the strong 

hydration bond between Mg2+ ions and water makes carbonate ions difficult to bond with 

hydrated Mg2+ ions.  
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Based on the fact that modern dolomite formations are usually associated with 

sediments where anaerobic microorganisms such as sulfate reducing bacteria (SRB) and 

methanogens are active (Hardie 1987; Vasconcelos and McKenzie 1997; Warren 2000; 

Roberts et al. 2004; Wright and Wacey 2005; Kenward et al. 2009), microorganisms were 

proposed to help overcome the kinetic barriers, although the detailed mechanism is 

unclear. Successful syntheses of Ca-rich dolomite at low temperatures with anaerobic 

bacteria have been reported (Vasconcelos and McKenzie 1997; Roberts et al. 2004; 

Kenward et al. 2009). Some recent works have also shown that aerobic bacteria can 

mediate the formation of dolomite (Sánchez-Román et al. 2008, 2009, 2011; Deng et al., 

2010). However, the reported dolomite precipitates at low temperature are questionable 

(Zhang et al. 2012; Gregg et al. 2015). Aragonite, hydromagnesite, and Ca-Mg-

phosphates were identified as “ordered dolomite” in the previous publications. Some 

abiotic materials that are similar to microbial metabolites, exudates or other cellular 

components (such as H2S, methane, polysaccharides and ethanol) have also been shown 

to promote the precipitation of low temperature dolomite (Zhang et al. 2012a; Zhang et al. 

2012b; Zhang et al. 2012c). The amount of MgCO3 in the precipitating Ca-Mg carbonate 

also increases as concentration of the catalysts increases (Zhang et al. 2012a; Zhang et al. 

2012b). Further work to uncover the mysteries of the roles of catalysts can help us predict 

the species of catalysts and hence dolomite forming environments, and better understand 

the dolomite formation processes. 

Although all the progress is made in the understanding of the formation of the 

modern or primary dolomite, Burns et al. (2000) proposed the active role of microbes in 

massive dolomitization by examining the dolomite historical distribution and the 
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chemical and biogeochemical variations in seawater. The authors found that there is a 

rough correlation between high dolomite abundance in total carbonate rock and decreased 

oxygen levels in the atmosphere and oceans, and the low oxygen level favors a more 

active community of anaerobic microbes. Therefore, our theoretical study of the catalysis 

of primary dolomite or synthesized dolomite can serve as the first step to the exploration 

of catalyzed massive dolomitization and shed light on deciphering the dolomite problem.  

 

1.3 Diagenesis and superstructures in sedimentary dolomite 

As mentioned in section 1.1, the natural sedimentary dolomite is usually calcium-

rich. Due to the low temperatures and sluggish kinetics, the extra Ca atoms, initially 

incorporated into the crystal, form metastable phases at microscopic level during 

diagenetic processes. Wenk et al. (1990) summarized all the proposed superstructures 

(Figure 1.3.1) in Ca-Mg carbonate and named them in greek letters: α (calcite), β 

(dolomite), γ, ν, μ, and δ. They also predicted that α, γ and δ could exist as small domains 

in the matrix of dolomite (β) and ν and μ as domains in calcite (α). This prediction is 

supported by the common occurrence of “c” super-reflections and much less common “d” 

super-reflections in natural dolomites as shown in extensive TEM work on the dolomite 

microstructures (Reeder and Wenk 1979; Reeder 1981; Wenk and Zenger 1983; Van 

Tendeloo et al. 1985; Wenk and Zhang 1985; Reksten 1990; Wenk et al. 1991). In these 

previous works, the superstructures γ and δ are used to interpret the “c” and “d” 

reflections.  
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Figure 1.3.1 Proposed models for cation ordering in Ca-Mg carbonates. The a dimension of the 
hexagonal cells have been doubled compared to the conventional calcite or dolomite unit cell. 
The blue circles represent Ca atoms and the orange Mg. Reproduced from Wenk et al., 1991. 
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1.4 Overview of the thesis 

Transformation from the dolomite-forming fluids to the hard rock of dolomite 

includes two major steps: growth and digenesis. We studied the effects of catalysts in the 

dolomite growth by employing methods of atomic simulations. The superstructures in 

natural sedimentary dolomite formed during digenesis were examined by the 

transmission electron microscope with an atomic resolution. 

The scanning transmission electron microscopy (STEM) with a spherical 

aberration corrector is key to our clear interpretation of dolomite microstructures and 

nano-precipitates. The theory of STEM imaging is covered in chapter 2. The “c” 

reflection has shown to be an overlap of twinned between dolomite and high-magnesian 

calcite and is reported in chapter 3.  The “d” reflections are corresponding to a 

superstructure with Ca-Ca-Mg-Ca-Ca-Mg ordering sequence, and is different from the 

previous models. This result of “d” reflections is detailed in chapter 4.  

Two mechanisms were proposed for the catalyst effects on the dehydration of Mg-

H2O complex, which is considered to be the key kinetic barrier in the dolomite formation: 

1) the catalysts can be strongly adsorbed on the surface forming a hydrophobic layer, and 

thus repel the water from the surface Mg2+; 2) the catalysts adsorbed on the dolomite 

surface can lower the dehydration energy barrier. In order to test the second hypothesis, 

ab initio simulations based on the density functional theory (DFT) were carried out to 

study the thermodynamics of competitive adsorption of hydrogen sulfide and water on 

dolomite (104) surfaces from solution. The theories of DFT are introduced in chapter 5. 

The results from these calculations are presented in chapter 6. Our work indicates that 

adsorbed hydrogen sulfide can increase the bond distance between water molecule and 
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surface Mg that are neighboring to the hydrogen sulfide.   

In chapter 7, we report the calculations of the free energy (potential of mean force, 

PMF) of dehydration of surface Mg2+ for systems with and without carbohydrates 

(mannose and tri-mannose), which is another eligible catalyst. Since DFT calculations of 

pontential of mean force are computationally expensive, we use MD simulations with 

classical force fields in this study. The basics of MD simulations and the PMF 

calculations are also explained in chapter 6. The results show that a bridge shaped 

configuration of oligosaccharide (tri-mannose) lying relatively flat on the surface is able 

to decrease the dehydration barrier for surface Mg2+.  

 

All specimens referenced in this thesis are in the collections of the Department of 

Geoscience, University of Wisconsin-Madison, under file number UW2025. 
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Chapter 2. Z-contrast Imaging 

In most textbooks of transmission electron microscopy (TEM), the main part of 

contents covers the image forming theory, contrasts, and data interpretation of the 

conventional transmission electron microscopy (CTEM), while the theory of scanning 

transmission electron microscopy (STEM) is usually not elaborated. The understanding 

of the STEM has been developed gradually over the past decade or two (Pennycook, 

2002; Nellist, 2007; and Pennycook and Nellist, 2011). And because most of our results 

were obtained from STEM, this chapter will be focused on the components and coherent 

imaging theory of STEM. The similarities and differences between STEM and CTEM 

will be pointed out when it is necessary.  

 

2.1 High-Resolution Transmission Electron Microscopy 

  The main components of a conventional transmission electron microscope are: the 

electron gun, the illumination system, the image forming system, the image magnification 

and projection system, and the detector system. A diffraction pattern forms at the back 

focal plane of the objective lens that is just below the thin specimen (Figure 2.1.1). High-

resolution transmission electron imaging uses multi-beams (i.e., the contrast comes from 

the interference between diffracted beams and the direct beam) (Williams, D.B. and 

Carter, C.B., 1996; Leng, 2008). The change of experimental conditions, such as defocus, 

specimen thickness, spherical aberrations of the object lens, etc., can affect and even 

reverse the contrast in HRTEM images, and make the HRTEM images not directly 

interpretable. Thus, the TEM image simulations are usually needed to aid the correct 

interpretation of microstructures. Dynamical diffraction is another complexity in HRTEM 
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imaging (Pennycook, 2002) and can cause incorrect structure interpretation as shown in 

chapter 3.   

 

2.2 Scanning Transmission Electron Microscopy  

2.2.1 Components of STEM 

Geometrically, the STEM can be regarded as an inverted conventional TEM 

(Figure 2.1.1). Accelerated electrons from field emission gun are focused to form an 

atomic-scale probe at the thin sample by condenser lenses and an objective lens. An 

objective aperture is used to restrict the angle of the beams that contribute to form the 

images. Scan foils are used to scan the probe over the sample in a raster. In the end, 

different detectors sample different parts of the scattering space. The bright field (BF) 

detector usually collects over a small disc of low-angle coherently scattered electrons 

centered on the optic axis of the microscope, whereas the high-angle annular dark field 

(HAADF) detector collects over an annulus of high-angle incoherently scattered electrons 

(Kirkland, 1998; and Nellist, 2007). The BF STEM images are similar to the HRTEM 

images because of the principle of reciprocity. An atomic resolution HADDF image is 

also called a Z-contrast image, which provides direct chemical information for the 

material. The Z-contrast imaging technique can avoid multiple diffractions that 

commonly occur in HRTEM and electron diffraction modes. The BF image is expected to 

contain diffraction and strain contrast that is less evident in the HAADF image. The 

transmitted electrons that are in-elastically scattered are used for electron energy loss 

spectroscopy (EELS). 
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Figure 2.1.1 A schematic diagram showing the conventional transmission electron microscope 
(CTEM) and scanning transmission electron microscope (STEM) (modified after Nellist, 2011). 
Geometrically, the STEM is CTEM upside-down.  
 

2.2.2 High-angle Annular Dark-field Imaging 

The intensity of incoherent imaging can be expressed as the convolution of a real-

positive intensity of the point-spread function and an object function.  

𝐼𝐼𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖ℎ(𝐑𝐑) = |𝑃𝑃(𝐑𝐑)|2 ∗ 𝑂𝑂(𝐑𝐑)                                                  (2.2.1) 

But why is DF STEM imaging incoherent? Here, we just consider a simple case of a thin 

sample to demonstrate the STEM imaging, more details about the influence of the 
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dynamical diffraction, sample thickness and thermal diffusion scattering are shown in 

Nellist (2011). In STEM, the point-spread function can be written as 

𝑃𝑃(𝐑𝐑 − 𝐑𝐑𝟎𝟎) =  ∫𝑇𝑇(𝐊𝐊) exp (𝑖𝑖2𝜋𝜋𝐊𝐊 ∙ 𝐑𝐑)exp (−𝑖𝑖2𝜋𝜋𝐊𝐊 ∙ 𝐑𝐑𝟎𝟎)𝑑𝑑𝐊𝐊                           (2.2.2) 

where K is the transverse component of a partial plane wave that is focused by objective 

lens to form the coherent probe (Figure 2.2.1), R0 is the probe position, and T(K) is the 

lens transmission function. The lens transmission function is given by 

𝑇𝑇(𝐊𝐊) = 𝐴𝐴(𝐊𝐊) exp[−𝑖𝑖𝑖𝑖(𝐊𝐊)],                                                    (2.2.3) 

where 𝐴𝐴(𝐊𝐊) is a top-hat aperture function (1 inside objective aperture and 0 outside) and 

𝜒𝜒(𝐊𝐊) is a phase shift caused by the lens aberrations (the two major contributors are 

defocus and spherical aberration). 

The initial partial wave K is diffracted by a thin sample with a transmission 

function φ to form a final plane wave Kf (Figure 2.2.1). The intensity measured in the 

detector plane can be expressed as the modulus square of the exiting wave function. The 

wave exiting the sample at the detector plane can expressed as 

Ψ(𝐊𝐊𝐟𝐟,𝐑𝐑𝟎𝟎) = ∫𝑇𝑇(𝐊𝐊) exp(𝑖𝑖2𝜋𝜋𝑲𝑲 ∙ 𝑹𝑹𝟎𝟎) 𝜙𝜙(𝐊𝐊𝐟𝐟 − 𝐊𝐊)𝑑𝑑𝐊𝐊                         (2.2.4) 

The intensity integrated over the high-angle annular dark-field detector can be 

written as 

𝐼𝐼(𝐐𝐐) = ∬𝐷𝐷𝐴𝐴𝐴𝐴𝐴𝐴(𝐊𝐊𝐟𝐟)𝑇𝑇(𝐊𝐊)𝑇𝑇∗(𝐊𝐊 + 𝐐𝐐) 𝜙𝜙(𝐊𝐊𝐟𝐟 − 𝐊𝐊) 𝜙𝜙∗(𝐊𝐊𝐟𝐟 − 𝐊𝐊 − 𝐐𝐐)𝑑𝑑𝐊𝐊𝐟𝐟𝑑𝑑𝐊𝐊,          (2.2.5) 

where Q is the image spatial frequency, separation between pairs of incident partial plane 

waves and DADF is the detector function. 

Because the size (“fatness”) of the HAADF detector is much larger than the 

objective aperture, the two integrals of Kf and K can be separated. Then, the equation 

2.2.5 becomes 
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𝐼𝐼(𝐐𝐐) = ∫𝑇𝑇(𝐊𝐊)𝑇𝑇∗(𝐊𝐊 + 𝐐𝐐)𝑑𝑑𝐊𝐊  × ∫𝐷𝐷𝐴𝐴𝐴𝐴𝐴𝐴(𝐊𝐊𝐟𝐟)𝜙𝜙(𝐊𝐊𝐟𝐟 − 𝐊𝐊) 𝜙𝜙∗(𝐊𝐊𝐟𝐟 − 𝐊𝐊 − 𝐐𝐐)𝑑𝑑𝐊𝐊𝐟𝐟         (2.2.6) 

The Fourier transform of equation 2.2.6 is equivalent to the equation 2.2.1. At 

high angle scattering events, the intensity is strongly related to atomic number (Z) 

through the ~𝑍𝑍𝑛𝑛 dependence of the Rutherford scattering cross-section. The object 

function can also be written as 

𝑂𝑂(𝐑𝐑) = ∑ 𝑍𝑍𝑛𝑛𝛿𝛿(𝐑𝐑 − 𝐑𝐑𝟎𝟎)𝑁𝑁
𝑖𝑖=1                                                    (2.2.7) 

where n is dependent on experimental condition (e.g., for Camera length =160 mm that 

was used in our experiments, n= 2.27 according to Shi (2013)).  

As mentioned above, thanks to the large geometry of ADF detector, the dark-field 

STEM imaging is of incoherent nature. In order to acquire good contrast, a high angle 

annular detector or a detector with a large inner radius is needed. In order to form a small 

and localized probe and then to get a sub-Å resolution in images, the minimization of the 

spherical aberrations caused by the objective lens is an essential issue. Z-contrast images 

can reveal vacancies and occupancies of metals in complicated minerals very well (Xu et 

al. 2014a, 2014b).  

 

2.2.3 Sample Preparation and Experimental Conditions 

Specimens for STEM measurements were prepared by ion milling. Ion milling 

was performed with a Fischione 1010 ion mill operated at an acceleration voltage of 4 kV 

and an incident ion-beam angle of 10°, followed by gentler milling at an acceleration 

voltage of 2.6 kV and an incident angle of 10° in order to get rid of surface amorphous 

material. The ion-milled samples were lightly carbon coated. The microstructures in the 

dolomite crystals were examined by using a spherical aberration-corrected FEG- STEM 
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(Titan 80-200) operating at 200 kV at the University of Wisconsin-Madison. This 

instrument can image single atoms with ~ 0.08 nm spatial resolution in STEM mode. 

Probe current was set at 24.5 pA. Collection angle of HAADF detector for acquiring all 

the Z-contrast images ranges from 54 to 270 mrad (Corresponding to 7.5 (1/Å) to 38.2 (1/ 

Å) in reciprocal space). 

 

Figure 2.2.1 In STEM, the initial partial wave K in the probe are scattered by a thin sample to 
form a final plane wave Kf. Both BF and HADDF images of dolomite along [010]-zone axes has 
been shown close to the respective detector. The bright dots in HADDF image showing the Ca 
atoms (Ca is the heaviest atom in dolomite) aligned in (001) planes.  
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Chapter 3. “c” Reflections in Ca-rich Dolomite - caused by Dynamical 
Diffraction  

3.1 Introduction 

Four types of reflections have been found in the diffraction patterns of dolomite.  

“a” reflections refer to reflections that existed in the diffraction pattern of calcite (R-3c). 

The lack of c glides in the dolomite structure (R3�) due to the cation ordering causes the 

occurrence of extra reflections (b reflections, hℎ�0l, l= odd) in dolomite diffraction 

patterns compared to that of calcite (a reflections only) (Reeder, 1992). Two additional 

reflections (c and d reflections) have been observed in natural sedimentary dolomite. “c” 

reflections are very weak and usually streaked spots halfway between the principle 

reflections along any of the three directions of (110)*, (104)* and (012)* in the 

diffraction patterns of some dolomites (Reeder, 1981). The “d” reflections are satellites 

around “a” and “b” reflections, which were found in a few dolomite samples (Wenk and 

Zenger, 1983). The “c” type reflections are usually associated with the modulated 

microstructures in Ca-rich dolomite (Reeder and Wenk, 1979; Reeder, 1981; Van 

Tendeloo et al., 1985; Wenk and Zhang, 1985; Reksten, 1990a; Wenk et al., 1991; and 

Fouke and Reeder, 1992; Schubel et al., 2000).  

The finely modulated microstructure in ancient calcian dolomite was first noticed 

by Reeder et al. in 1978, and is very common in calcian dolomite, some calcite and 

calcian ankerite (Reeder and Wenk, 1979; Reeder, 1981; Gunderson and Wenk, 1981; Van 

Tendeloo et al., 1985; Reeder and Prosky, 1986; Miser et al., 1987; Reksten, 1990a; Wenk 

et al., 1991; and Fouke and Reeder, 1992). Modulation can either be pervasive throughout 

a crystal, or intergrown with areas devoid of modulation. This modulation was ascribed to 

be compositional fluctuation associated with excess Ca in dolomite by Reeder (1981), 
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who initially interpreted it to have arisen by reorganization in the solid state. However, 

some modulations were believed to have formed during growth, based on the fact that the 

orientations of modulations are different in different growth sectors of a dolomite crystal 

(Reeder and Prosky, 1986; Miser et al., 1987; Fouke and Reeder, 1992). 

Although microstructures in dolomite have been studied for the past few decades, 

there are still debates over the causes of modulated microstructures and “c” reflections. 

With the development of the technology of the electron microscope, a spherical 

aberration-corrected scanning transmission electron microscope (STEM) can image 

single atoms directly with sub-Å (less than 0.1nm) spatial resolution and gather chemical 

and structural information using high-angle scattered non-coherent electrons (Kirkland, 

1998). The purpose of this study is to investigate the microstructures in Ca-rich dolomite 

from the Ordovician Platteville Formation in western Wisconsin using this technique.  

 

3.2 Samples 

The rock sample collected from a partially dolomitized limestone outcrop in 

Prairie du Chien, Wisconsin, belongs to the Platteville Formation of the middle 

Ordovician Sinnipee Group. Euhedral dolomite crystals are found to grow in the micritic 

calcite matrix. The bulk rock sample was characterized by X-ray diffraction. Phase 

quantification using the Rietveld method is implemented in the Jade 9.0 Whole Pattern 

Fitting (WPF) program. The Rietveld refinement (Figure 3.3.1) shows that the 

dolomitized limestone contains 46% calcite, 42% dolomite, 5% quartz and 7% alkali 

feldspar by weight.  In backscattered electron (BSE) images (Figure 3.3.2), euhedral 

dolomite crystals were composed of several compositionally distinct domains: BSE-
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bright unreplaced residual calcite, gray Fe-bearing dolomite grains and the dark host 

dolomite crystal. The average chemical compositions of the host dolomite and Fe-bearing 

dolomite determined by EMPA are Ca1.14Mg0.86(CO3)2 and Ca1.06Mg0.80Fe0.14(CO3)2 

respectively. Ca, Mg, Fe and Mn were measured with a CAMECA SX51 instrument at 

University of Wisconsin-Madison using wavelength-dispersive spectrometers at an 

accelerating voltage of 15 kV, a 10 nA beam current, and a ~1 μm beam diameter. Calcite, 

dolomite, siderite and rhodochrosite were used as standards for Ca, Mg, Fe and Mn 

respectively.  

Specimens for STEM measurements were selected from areas containing large 

euhedral Ca-rich dolomite crystals (tens of microns in diameter) extracted from double-

side polished thin sections and then ion milled. The thin sections were mounted in crystal 

bond that is soluble in acetone and then were removed from the glass slide after being 

immersed for 4-5 hours in acetone. The microstructures and interface structure between 

the inclusions and the host dolomite crystal were examined by using a spherical 

aberration-corrected FEG- STEM (Titan 80-200) operating at 200 kV at the University of 

Wisconsin-Madison.  
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Figure 3.2.1 Result from Rietveld analysis of partially dolomitized limestone (PDC-2A). The top 
curve represents the residuals between the measured and calculated patterns. The agreement 
factors: weighted (R) and expected (E) values are 5.02% and 2.41% respectively. 
 

 
Figure 3.2.2 Backscattered electron (BSE) micrograph of single dolomite crystal in 
sample PDC-2. 3 phases are inside one dolomite crystal: (1) calcite, (2) Ca-rich dolomite 
and (3) Fe-bearing dolomite. 
 

3.3 Results 

3.3.1 Chemical Lamellae and “c” Reflections 

Lamellae of bright contrast parallel to ~ (110) with wavelength ranging from 8 nm 
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to 20 nm are evident in STEM images of the Ca-rich dolomite samples (Figure 3.3.1). 

The observed features are similar to the lamellae in a Ca-rich dolomite first noted by 

Reeder et al. (1978). The lamellae are shown to arise from fluctuations in calcium content, 

since they are visible in both BF and HAADF images (Figure 3.3.1). In the diffraction 

pattern (Figure 3.3.2), extra reflections occur midway between the 000 and the (11�2)* 

spot and between 000 and (110)*. Note that extra reflections are streaked and parallel to 

(110)*.  According to the Fast Fourier Transform (FFT) patterns of the bright field image 

(Figure 3.3.3A), these extra reflections correspond to areas with lamellae rather than 

areas free of lamellae. However, these “c” reflections do not exist in the FFT patterns of 

either area in the HAADF image (or Z-contrast image) that uses high-angle scattered 

incoherent electrons (Figure 3.3.3B).  

Chemical lamellae were also observed in a high-resolution TEM image (Figure 

3.3.4A) of the dolomite crystal viewed along the [010] zone axis (Figure 3.4.4B). The 

orientations of these lamellae vary from (001) to ~ (1�01). Again, extra “c” reflections 

were found associated with some (but not all) of these lamellae that were not observed in 

lamellae-free regions (Figure 3.4.4C).  The additional reflections were observed at 

½(11�02)* and ½(104)*. These extra reflections are those reported as “c” reflections in 

previous TEM works of rhombohedral carbonates (Reeder and Wenk, 1979; Reeder, 1981; 

Van Tendeloo et al., 1985; Reksten, 1990a; Wenk et al., 1991; Fouke and Reeder, 1992; 

Schubel et al., 2000). The fact that “c” reflections were not always observed for lamellae 

implies that the additional Ca was not always ordered.  

It was proposed by Larsson and Christy (2008) that the “c” reflections in the 

diffraction pattern can be generated by superposition of diffraction from the host 
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dolomite crystal and that from inclusions of material with similar cell parameters but the 

disordered calcite structure, in an orientation related to the host by (104) twinning (Figure 

3.3.5A). Similarly, we can produce the “c” reflections along the (104)* and (1�02)* 

directions in the diffraction pattern by superimposing the diffraction from the host 

dolomite and that from calcite lamellae that have (1�02) twin-like relationship with the 

host dolomite (Figure 3.3.5B). The unit cell parameters of lamellae are same as those of 

the host dolomite.  

 

 

Figure 3.3.1 Bright field (A) and dark field (B) STEM images of the calcite lamellae in the same 
area of the Ca-rich dolomite. Strain contrast is evident in the BF image, but not in the DF image 
(B) due to collecting coherent electrons and incoherent electrons using different detectors.  
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Figure 3.3.3 A (Top): The extra “c” reflections along (11�2)* and (110)* directions exist in the 
FFT pattern (1) from the lamellar domains in the bright field image, but not in FFT pattern (2) of 
the host dolomite. B (Bottom): No “c” reflections in the FFT pattern (1) from the lamellar 
domains in Z-contrast image. 

Figure 3.3.2 Diffraction pattern of 
[1�11] zone axis shows the c 
reflections along the (11�2)* and 
(110)* directions in the Ca-rich 
dolomite. 
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Figure 3.3.4 A: A [010]-zone axis HRTEM image of the Ca-rich dolomite shows the calcite 
exsolution lamellae. B. FFT pattern of the image showing “c” reflections along (104)* and (102)* 
(indicated by arrows). C: Extra “c” reflections exist in the FFT patterns from areas with 
overlapping features (e.g. region 1). The FFT patterns from lamellae with sharp boundaries do not 
show “c” reflections (region 2 and 3).  
 
 

3.3.2 Qualitative Chemical Characterization of Ca-rich Lamellae 

In Z-contrast image of the Ca-rich dolomite crystal from the same sample as shown in the 

HRTEM image, similar yet more regular bright linear features or modulations have been 

observed (Figure 3.3.6A). The orientations of the lamellae (or chemical modulations) are 

parallel to (101) ~ (104), mostly in the range between (205) and (104), with a few 

exceptions, such as parallel to (1�08). The distance between successive lamellae was 7-30 

nm. No extra spots such as “c” reflections were observed in FFT patterns from Z-contrast  

B A
   

C 
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Figure 3.3.5 A: A “twin” model producing the “c” reflections along (1�02)* and (104)*directions 
in the diffraction pattern by superposition of the diffraction of the dolomite host and that of the 
calcite (104) “twin” (modified from Larsson and Christy, 2008). The calcite “twin” has the same 
unit cell parameters as the dolomite host.  The “m” plane represents the (104) twin plane. B: The 
overlap of the diffraction pattern of the dolomite host and that of the calcite (1�02) twin may also 
result in the “c” reflections along (1�02)* and (104)*directions. 
 

images of the lamellar regions, which suggests that the additional Ca2+ ions do not form a 

superstructure when projected down the viewing direction. Intensity line profiles were 

taken parallel to the traces of (1�02) planes in order to estimate the variation in Ca:Mg 

ratio across the bright lamellae, making use of the Z1.7 dependence of intensity in the Z-

contrast image. Viewing along [010] direction, Ca and Mg cation layers alternate along 

the (1�02) traces in ideal dolomite. According to Figure 3.3.6B, the intensity associated 

with the Mg layers increases inside the linear features, which indicates the replacement of 

Mg2+ by Ca2+. Assuming that the dolomite outside the lamellae is nearly stoichiometric, 

we estimated the composition of the lamellae qualitatively. The host dolomite has 0~3% 

excess of CaCO3, and the lamellae have compositions ranging from Ca0.85Mg0.15CO3 to 

Ca0.70Mg0.30CO3. FFT patterns from the lamellae in some areas show weak b reflections 

such as (003). These weak spots are not from disordered calcite with R3�m symmetry, but 

from areas overlapped with the host dolomite. The lamellae overlapped with were not 

A B 



 31 

used for line profile analysis of the Mg-calcite lamellae. All the compositions of the Mg-

calcite compositions are based on the line profiles from the lamellae with R3�c symmetry 

only.  

 

 

Figure 3.3.6 A (Top): Two line traverses ‘1’ and ‘2’ have been taken parallel to (1�02) trace in 
order to examine composition variation at atomic resolution. Compare FFT patterns from a 
lamella (a), lamella overlapped with dolomite host (b), and the dolomite host (c). (003) reflection 
(arrowed) in FFT pattern (b) is from the dolomite host.  B: (bottom): An intensity profile of line 
‘1’ as shown in (A). 
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3.4 Discussion 

The “c” type reflections usually accompanying the modulated microstructures are 

very common in Ca-rich dolomite. In this study, we found two of the three different kinds 

of “c” reflections, and as in previous work (Fig. 7c of Reeder 1981), we found that “c” 

reflections along the (104)* and (1�02)* directions or along (110)* and (11�2)* directions 

exist in the same diffraction pattern. It has been reported that the “c” reflections can be 

either commensurate or incommensurate with the host structure (Schubel et al., 2000). It 

has been further proposed that “c” reflections form in domains with an ideal composition 

of Ca0.75Mg0.25CO3 due to ordering of Mg and excess Ca in (001) planes, which doubles 

the periodicity in a direction (Van Tendeloo et al., 1985). In the alternative model of 

Larsson and Christy (2008), “c” reflections arise not from additional cation ordering, but 

due to superposition of diffraction patterns from a dolomite host and nanoscale calcite 

inclusions that are oriented in a (104) twin relationship to the host. We have shown that a 

similar model with (1�02) as the twin plane can produce some of the “c” reflections seen 

in this study. In the model of Larsson and Christy (2008), multiple scattering by matrix 

and twinned nanodomains completes the extra weak “c” reflections. Although “c” 

reflections appear in SAED patterns and FFT patterns of the HRTEM image and bright-

field STEM images, they do not appear in FFT patterns of HAADF images (Z-contrast 

images). Note that Z-contrast imaging uses high-angle scattered and incoherent electrons 

and therefore avoids multiple diffraction problems from the overlapped twinned crystals. 

Conversely, electron diffraction and bright-field imaging (HRTEM and STEM BF 

imaging) uses low-angle scattered and coherent electrons that will result in multiple 

diffraction from any overlapped twin lamellae that are present. We deduce from the 
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difference in FFT patterns for the different image types that observed “c” reflections arise 

from nanodomains of magnesian calcite in a twinned orientation relative to a dolomite 

host, and that have anomalous cell parameters similar to those of the dolomite host, as in 

Larsson and Christy (2008). If unit cell parameters of the magnesian calcite lamellae 

(especially coarse lamellae) are larger than those of the dolomite host, positions of the “c” 

reflections will be off the center, which were observed in a Ca-rich dolomite from the 

Latemar buildup (Schubel, et al., 2000).  

Modulation in some dolomites has been interpreted as due to strain associated 

with high-Ca domains that formed by exsolution or during growth (Fouke and Reeder, 

1992; Reeder, 1992). However, our STEM study shows that contrast results purely from 

the composition difference between Ca-rich lamellae and dolomite matrix. We did not 

find any evidence of growth zoning, and interpret the modulation to have arisen from 

exsolution during diagenesis. Initially, extra Ca ions substitute for Mg on the Mg layers 

of the dolomite structure at low temperature (Fig. 3.4.1A). These Ca ions then migrate to 

form lamellae that are oriented parallel to planes such as (110) or (104), probably to 

minimize interfacial strain with the host dolomite (Figure 3.4.1B, 3.4.1C). Carbonate ions 

may also re-orient so as to put these lamellae in a twinned orientation and adjust the local 

cell parameters to fit the host dolomite lattice. The lamellae are metastable, however, and 

given time or exposure to higher temperature, further cation migration and carbonate re-

orientation will occur so that coarse exsolution lamellae of calcite are formed parallel to 

(001) of dolomite (Fig. 3.4.1D). Initial compositional difference in different sectors 

(Reeder and Prosky, 1986; Fouke and Reeder, 1992) may also affect orientation 

difference of the exsolution lamellae.  
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Figure 3.4.1 Proposed models for the formation of Ca-rich exsolution lamellae. (A) Initially, extra 
Ca2+ are incorporated into the Mg2+-layers in dolomite structure. (B) These extra Ca2+ migrate 
within the Mg2+-layers and concentrate in linear regions forming exsolution lamellae parallel to 
(110). (C) Exsolution lamellae parallel to (104). (D) Exsolution lamellae parallel to basal plane 
(001). Exsolution lamellae in (104) and (1�02) twined relationship with the dolomite host are also 
proposed in E and F respectively.   
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Chapter 4. “d” Superstructure in Sedimentary Dolomite  

4.1. Introduction 

In section 3.1, the following basic crystallography about calcium-magnesium 

carbonate has been covered: the structure difference between calcite and dolomite and the 

reason for the difference, the four types of reflections in calcium-magnesium carbonate, 

the microstructures (chemical lamellae) in Ca-rich dolomite. In this chapter, the topic is 

the d reflection, which is far less common than c reflection in natural sedimentary 

dolomite samples. The d reflection was first observed in Devonian dolomite samples by 

Wenk and Zenger (1983) and has been also found in ankerite samples (Rekesten, 1990). 

The d reflections occur as satellites around a and b reflections with diffraction vector 

~1/3 (000l)* and are usually streaking along c* direction (Wenk and Zenger, 1983; Wenk 

and Zhang, 1985; Van Tendeloo et al., 1985). 

In addition to experimental studies in mineralogy, the application of ab initio 

calculations of crystal structure, phase stability, and physical properties of minerals at 

given pressure and temperature has increased in the past few years (Ogonov et al., 2006; 

Barnard and Xu, 2008; Chatterjee and Saha-Dasgupta, 2010; Stackhouse et al., 2010). 

Density functional theory (DFT) uses the functional of electron density to solve the 

Schrödinger equation for a many electron system to acquire the minimum energy of the 

system (Scholl and Steckel, 2009). This method can calculate the enthalpy of a system at 

0 K and the corresponding structure. Since STEM work only provides topological 

information for the crystal structure, the use of the DFT method is needed in this study to 

calculate the detailed crystal structure of the d phase and confirm our model for the d 

superstructure by comparing the energetic stability of our model to another model 
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proposed in literature. 

 The “molar tooth” structure refers to vertical and horizontal ribbons and blobs of 

fine-grained calcite in a dolomite host (Bauerman, 1885). This structure has only been 

recognized in Mesoproterozoic and Neoproterozoic marine carbonate rocks with a few 

exceptions (Frank and Lyons, 1998). The origin and the temporally limited occurrence of 

molar tooth carbonate have bewildered geologists for over a century (James et al., 1998; 

Pratt, 1998; Meng and Ge, 2002; Marshall and Anglin, 2004; Pollock et al., 2006; Long, 

2007; Kuang et al., 2012). However, no previous work on the nano-scale mineralogy of 

carbonates with the “molar tooth structure” has been conducted. In this present study, 

STEM imaging and DFT calculations were combined to provide a complete 

crystallographic description of the d superstructure.  

 

4.2 Samples 

The “molar tooth” carbonate samples were collected near Hungry Horse Dam, 

Montana, from outcrops of the Helena Formation of the Mesoproterozoic Belt Group 

(Frank and Lyons, 1998). The sample HHL-00H was chosen for STEM analysis. The 

TEM sample preparation procedure and STEM experimental conditions are described in 

chapter 2 and chapter 3. In the hand specimen of HHL-00H (Figure 4.2.1), the thin 

sinuous vertical and horizontal ribbons with width of ~0.2-1.5cm intersect each other. 

The “molar tooth” is composed of clean and fine-grained calcite crystals with similar size 

(~10 μm). The “molar tooth” host has three major phases: dolomite, calcite, and quartz 

(Figure 4.2.2). K-feldspar, illite, chlorite, rutile, and apatite are also present in the “molar 

tooth” host rock. The XRD powder analysis of the “molar tooth” host rock shows that the 
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dolomite is cation-ordered with the presence of sharp (105) and (009) peaks. The 

dolomite has a composition of ~Ca1.02Mg0.98(CO3)2 based on the d104 value (2.890Å) and 

the relationship between d104 values and MgCO3 content in ordered dolomite (Goldsmith 

and Graf, 1958; Zhang et al., 2010).  

 
Figure 4.2.1 (A)The outcrop shows the elastic deformation inside the carbonate layers with 
“molar tooth” structure. (B) Sinuous dark blue riboons of fine crystallined calcite (“molar tooth”) 
exist in the dolomite host that is weathered into buff color. (C) Weathered surface of HHL-00H 
specimen . (D) “Molar tooth”  becomes light color in fresh cut surface of HHL-00H specimen. 
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Figure 4.2.2. Powder XRD pattern of “molar tooth” host and “molar tooth” in sample HHL-00H. 
 
 

4.3 Calculation details 

The DFT calculations were performed by using the Vienna ab initio simulation 

package (VASP) (Kresse et al., 1996). The general gradient approximation (GGA) with 

the Perdew, Burke, and Ernzerhof (PBE) parameters was employed (Perdew et al., 1996). 

The projector-augmented wave (PAW) method with an energy cutoff of 600 eV was used. 

A conventional hexagonal supercell of calcite derived structures including 30 atoms or 6 
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chemical formula units was used. We tested k-point convergence and a mesh of 3×3×1 

was found to be sufficient for the system. Two starting structures for the d phase: one 

with calcite’s unit cell parameters from experiments (Graf, 1969) and another with 

dolomite’s (Beran and Zemann, 1977). All the initial structures were optimized using the 

static energy minimization scheme, where both the shape and volume of the cell were 

allowed to relax. The structure with minimum energy calculated from the previous step 

was further calculated by ab initio molecular dynamics simulations at 10K to better 

explore the local minimum. The powder and electronic diffraction patterns of calculated 

structures were generated by CrystalDiffract® and SingleCrystalTM respectively. 

 

4.4 High-Resolution (S)TEM Observations 

In HRTEM images, the modulated microstructures with strong strain contrast are 

prevalent through the “molar tooth” host dolomite. Calcite inclusions that are a common 

phenomenon in sedimentary dolomites can be easily recognized because of being free of 

modulations (Figure 4.4.1).   Diffuse streaks along c* occur in the electron diffraction 

pattern of the host dolomite (Figure 4.4.2). Some maxima of the streaks are about one 

third of 𝑑𝑑006∗  (Fig. 4.4.2, and also see diffraction patterns of Wenk and Zenger, 1983; 

Wenk and Zhang, 1985).  According to the Fast Fourier Transform (FFT) patterns of 

different areas in the dolomite images, the streaks in the diffraction pattern come from the 

precipitates with linear features that are parallel to (001) (Figure 4.4.3). However, the 

precipitates themselves are arranged in such a way that they are roughly parallel to (11�4). 

The observations above match the features of d reflections that were first described by 

Wenk and Zenger (1983). It was proposed that the streaks parallel to c* could be from 
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stacking disorder (Van Tendeloo et al., 1985). 

 
Figure 4.4.1 TEM image shows a calcite inclusion that is free of modulations or strain contrast 
exists in Ca-rich dolomite host that is with a lot of modulations.  
 
 

 
Figure 4.4.2 The diffuse streaks along c* occur in the diffraction pattern of Ca-rich dolomite from 
Helena Formation, Montana. The vector length is roughly around 1/3 of 𝑑𝑑006∗ .  
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Figure 4.4.3 FFT patterns from TEM images show that the “d” reflections are corresponding to 
domains with //(001) linear feature (compare the FFTs from zone a and zone b). The //(001) 
modulations are arranged parallel to (104).  
 
 

The dark areas of the precipitates in the bright field (BF) image under STEM 

mode become bright areas in the HAADF image (Figure 4.4.4), which suggests higher Ca 

contents in the precipitates than the host dolomite. The occurrence of d reflections in the 

FFT pattern of the HAADF image excludes the possibility that they are caused by 

multiple diffraction. In the HAADF of high magnification or Z-contrast image (Figure 

4.4.5), the alternating bright and dark layers along c axis represent the alternating Ca and 

Mg layers in the normal dolomite structure. However, the d dolomite precipitate has the 

cation sequence of Ca-Ca-Mg-Ca-Ca-Mg- (Figure 4.4.5). The FFT pattern of this domain 

shows that the d reflections are attributed to this superstructure. This observation is 
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different from the previous model for the d superstructure in which every third Mg layer 

is replaced by a Ca layer producing a sequence of Ca-Mg-Ca-Ca-Ca-Mg- (Wenk and 

Zhang, 1985). But both sequences produce the same chemical stoichiometry of 

Ca0.67Mg0.33CO3. However, the repetition along the c-axis is doubled in the previous 

model with respect to the observed Ca-Mg ordering in the Z-contrast image (Figure 

4.4.5).  

 

Figure 4.4.4. The dark domains of d superstructure in the bright-filed image (left) under STEM 
mode become bright in HAADF image (right), which means higher Ca content in the domains of 
d superstructure than the host dolomite. 
 

 

Mg-bearing calcite precipitates are also observed in the dolomite (Figure 4.4.6). 

Along the (1�02) trace, the calcite exsolution region has six consecutive Ca layers as 

opposed to the dolomite host that has alternating Ca and Mg layers. In the line profile of 

the calcite region, some Ca columns have slightly lower intensities than the pure Ca 

columns in the dolomite host, which suggests the existence of a small amount of Mg in 

this calcite precipitate (Figure 4.4.6). This calcite exsolution is similar to Mg-calcite 
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precipitates in Ca-rich dolomite (Shen et al., 2013). 

 

  
 
Figure 4.4.5 High magnification bright field (A) and dark filed (B) STEM images of d domains. 
Z-contrast (dark filed) images show that d domains have a cation sequence (bottom-right) of Ca-
Ca-Mg-Ca-Ca-Mg-Ca along c axis as opposed to dolomite cation sequence as shown in the 
middle-right corner. The occurrence of streaking or splitting along c* or d reflections (see the two 
separate reflections satellite the (003) reflection) in the FFT pattern (bottom-left corner) of the 
HAADF image excludes the possibility that it is caused by multiple diffraction in TEM mode. In 
inverse FFT image (C) from FFT pattern of Z-contrast image (B), cation sequence feature is 
enhanced and double-confirmed in the line profile. 
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Figure 4.4.6 Calcite exsolution lamellae // (001) exist in dolomite host. The line profile 1 has six 
consecutive Ca columns along (1�02) trace. The line profile 2 of the dolomite region shows the 
normal dolomite cation sequence of alternating Ca and Mg columns. The line profile 3 shows one 
repeat of d superstructure. The lines with arrows show the boundaries between calcite and 
dolomite and between dolomite and d superstructure. The atomic models for dolomite/calcite and 
dolomite/d phase interfaces are shown at the bottom. Carbonate group are not shown 
proportionally in order to highlight the cation sequences. 
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4.5 DFT Calculations 

The structural parameters for the optimized d superstructure from DFT 

calculations are listed in Table 4.5.1. Tables 4.5.2 and 4.5.3 compare the calculated lattice 

parameters of dolomite and calcite structures with the reported experimental data. The 

calculated equilibrium volumes for both dolomite and calcite are slightly smaller than the 

reported data, the underestimation of the c parameter being the major contribution, but 

are still within the range of previous theoretical calculation data (see Table 4.5.2 and 

4.5.3). The calculated values are for the structures at 0K. The reported experimental 

values were measured at ambient environment.  Temperature could be a factor for the 

small discrepancy between calculated and measured the unit cell volumes.  A small 

discrepancy between calculated and experimental values of lattice parameters is not 

uncommon for DFT calculations and may result from the use of an approximate 

exchange-correlation potential (Hossain et al., 2011).  In spite of this discrepancy, the 

trend found in experimental data is maintained in our DFT calculations. The calculated d 

superstructure has an a parameter close to that of dolomite but has a c parameter closer to 

stoichiometric calcite. This finding is consistent with the observation from the diffraction 

patterns of the d superstructure that the difference between a parameters of dolomite and 

the d superstructure is smaller than that between c parameters, even though the DFT 

calculations are unconstrained bulk structure calculations. This trend is reasonable 

because superstructure precipitates share the (001) interface with the host dolomite.  

Smaller differences in the a dimensions between the host dolomite and d superstructure 

would cause less strain at the interface.         
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Lattice 
parameters a (Å) c (Å) V (Å3) 

C-O bond 
(Å) Ca-O bond (Å) 

Mg-O bond 
(Å) 

This study 4.879 16.260 335.226 1.294, 1.297 2.355, 2.374 2.085 
Atom x y z Atom x y z 
Ca1 0.00000 0.00000 0.00000 Ca2 0.33333 0.66667 0.18457 
Mg 0.66667 0.33333 0.34229 C1 0.66667 0.33333 0.09229 
C2 0.00000 0.00000 0.26849 C3 0.33333 0.66667 0.41608 
O1 0.66667 0.06803 0.09229 O2 0.28361 0.04018 0.26739 
O3 0.04972 0.62648 0.41719     

Table 4.5.1. Lattice parameters for “d” superstructure and fractional coordinates of atoms in “d” 
superstructure (space group: P31c (no. 159)) calculated from DFT calculations. 
 
 
Lattice parameters This work Experimental Theoretical 
a (Å) 4.810 4.808a, 4.812b 4.787c,   4.877d,  4.858e 
c (Å) 15.704 16.010a,16.020b 15.55c,   16.285d, 16.109e 
V (Å3) 314.611 320.504a,321.251b 308.623c,335.409d,329.248e 
C-O bond (Å) 1.294 1.233a, 1.286b 1.286c, 1.299d 
Ca-O bond (Å) 2.358 2.405a, 2.382b 2.328c, 2.401d 
Mg-O bond (Å) 2.069 2.114a, 2.087b 2.071c, 2.314d 
O-Mg-O bond angles 
(˚) 

89.03, 90.97, 
180 89.17, 90.83, 180a 

89.335, 90.645, 180c 
88.546,91.454,180d 

a Graf ; b Beran and Zemann; c Hossain et al., LDA functional was used; d Hossian et al., GGA 
functional was used; e Bakri and Zaoui, fitted to Birch-Murnaghan equation of state. 
Table 4.5.2. Calculated structural parameters of dolomite as compared to the previous 
experimental and theoretical data. 
 
 
Lattice 
parameters 

This 
work Experimental Theoretical 

a (Å) 4.995 4.990a 5.061b, 4.981c 
c (Å) 16.6685 17.062a 17.097b,15.902c  

V (Å3) 360.453 367.916a 
379.279b, 
341.676c 

C-O bond (Å) 1.295 1.286a 
 Ca-O bond (Å) 2.336 2.357a 
 a Graf; b Ayoub, Zaoui, and Berghout; c Aydinol et al.  

Table 4.5.3. Calculated structural parameters of calcite as compared to the previous experimental 
and theoretical data. 
 

The C-O bonds in CO3
2- groups are rigid and the C-O distances in both 

experimental and calculation data are constant no matter what the actual composition of 

the carbonate mineral is. It is interesting to note that the C-O distances in the d  
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superstructure are divided into two categories (Table 4.5.1): 1.294Å when a CO3
2- layer is 

between Ca2+ and Mg2+ layers along the c axis; and 1.297Å when a CO3
2- layer is in 

between two Ca2+ layers. DFT calculations predict slightly shorter Ca-O and Mg-O bonds 

in dolomite and calcite than experimental data (Table 4.5.2 and 4.5.3). The Mg-O 

distance in the d superstructure increases from 2.069Å in calculated dolomite to 2.085 Å. 

The Ca-O distance in the d superstructure differs depending on the oxygen positions; the 

Ca-O distances (2.374 Å) are larger when the oxygen ions are from CO3
2- group sitting in 

between Ca2+ and Mg2+ layers than those (2.355 Å) from CO3
2- group between two Ca2+ 

layers. This is because that the CO3
2- layers are closer to Mg2+ layers than Ca2+ layers due 

to the smaller Mg2+ radius. The inversion center is missing in the d superstructure while 

the c glide is retained. The existence of (100) and (200) reflections in the diffraction 

pattern proves that it is not a rhombohedral unit cell, but a primitive hexagonal (Figure 

4.5.1.C). Therefore, the space group is determined to be P31c (No. 159). The atom 

coordinates and symmetry equivalent positions of the d superstructure are reported in 

Table 4.6.1.  

The superstructure with cation sequence of Ca-Mg-Ca-Ca-Ca-Mg-Ca that was 

proposed to explain the d reflections was referred to as δ structure (Wenk and Zhang, 

1985; and Wenk et al., 1991) (see Figure 4.6.1A for details). The calculated δ structure 

has slightly larger unit cell parameters (a = 4.883Å and c = 16.281Å) than the d 

superstructure indicated here. The enthalpy of a unit cell of δ structure is slightly higher 

than that of the d superstructure by 0.54 kJ/mol per MCO3 unit. The previously proposed 

δ structure is unstable with respect to the current d superstructure. The proposed δ 

structure model was based on the assumption that overlapped diffraction patterns from 
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host dolomite and d superstructure were from the precipitates only (Wenk and Zhang, 

1985). Careful examination of their diffraction pattern (Fig. 1A of Wenk and Zhang, 1985) 

and our FFT pattern (Figure 4.5.1D), show that the position of 003 is not half way 

between 002 and 004 of the d superstructure, and the position of 009 is not midway 

between 008 and 0010 of the d superstructure. The d superstructure does not have 

reflections with odd l due to its c-glide. A powder X-ray diffraction pattern with d104 

value of 2.930Å for the d superstructure is also calculated (Fig. 4.5.2). 

 
 

            
Figure 4.5.1 previously proposed structure model (A), and calculated model for d superstructure 
(B), and corresponding calculated electron diffraction pattern (C), compared to the FFT pattern 
(D) from the d superstructure. Very weak 003 and 009 reflections also occur in FFT pattern due to 
contributions from the dolomite. However, the position of 003 is not at the center of 002 and 004 
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of the d superstructure, and the position of 009 is not at the center of 008 and 0010 of the d 
superstructure. The d superstructure does not have reflections with odd l due to its c-glide.  
 

 

Figure 4.5.2 Calculated powder diffraction patterns of the d superstructure and stoichiometric 
dolomite (copper K-alpha radiation).  
 
 

4.6 Implications 

The calculated energies of calcite (Ca(CO3)), dolomite (CaMg(CO3)2), and d 

superstructure (Ca2Mg(CO3)3)  are -3620.64, -7132.37 and -10740.22 kJ/mol, 

respectively. The energy for the d superstructure (Ca2Mg(CO3)3) is higher (~4.2 kJ/mol 

per MCO3 unit) than the sum of the calculated energies from dolomite (CaMg(CO3)2) and 

calcite (CaCO3) end members. The d superstructures serve as a metastable phase with 

respect to the stoichiometric dolomite and calcite. The d superstructures have a maximum 
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of 4 repeats of Ca-Ca-Mg- along the c axis (< 35Å) in our sample and are only stable 

within dolomite host in the form of nano-precipitates.  It is very difficult for extra Ca ions 

in the dolomite structure to diffuse through carbonate layers and to congregate to form 

lamellae parallel to the basal plane at low temperature (Wenk et al., 1991; Shen et al., 

2013). This explains all the reported occurrences of nano-precipitates of d-reflections in 

natural samples. Wenk et al. (1991) summarized the various proposed superstructures of 

Ca-Mg carbonates.  By using Z-contrast imaging, we can image the cation ordering 

directly and propose a more accurate structure model. By using the DFT method, we can 

calculate the detailed structures and explore the energetics of these metastable nano-

phases. The methods may be applied to understand many other nano-phases, where there 

are challenges or artifacts by using other methods.  

It was proposed that precursor for the molar tooth dolomite is gelatin-like 

carbonate mud that is rich in microbial extracellular polymeric substance (EPS) (James et 

al., 1998; Pollock et al., 2006; Long, 2007). Polysaccharides are the dominant 

components in the EPS. Z-contrast images of the Ca-rich dolomite show two types of Ca-

rich precipitates in the host dolomite.  Polysaccharides in the carbonate muds can 

preferentially promote formation of Ca-rich protodolomite (Zhang et al., 2012). Late 

stage aging during diagenesis and low-grade metamorphism resulted in the observed 

nano-precipitates of Mg-calcite and the d superstructure. Low-temperature non-

stoichiometric dolomite with the observed nano-precipitates may be used as a 

biosignature.  

The observed intermediate phases are analogous to those locally ordered domains 

in mixed-layer clay minerals, such as interstratified chlorite/serpentine, chlorite/biotite, 



 53 

and chlorite/pyrophyllite minerals (Banfield and Bailey, 1996; Xu and Veblen, 1996; Xu 

et al., 1996; Wang and Xu, 2006). The observed intermediate phase between calcite and 

dolomite may be described as interstratified calcite/dolomite, instead of δ–dolomite or d-

dolomite.  
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Chapter Appendix 

The samples used in Chapter 3 and 4 are listed below: 

UW Number Field 
Number 

Sample Type Description Location Figured In 

UW 2025/1 PDC-2A Hand sample Dolomitized 
limestone 

Prairie du Chien, 
Wisconsin 

Fig. 3.2.1, 
Fig. 3.2.2 

UW 2025/2 HHL-00H Hand sample “Molar tooth” 
dolomite 

Hungry Horse, 
Montana 

Fig. 4.2.1, 
Fig. 4.2.2 
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Chapter 5. Simulation methods 

5.1 Density Functional Theory 

According to Born-Oppenheimer approximation1,2, the electrons can be 

considered as moving in the field of frozen nuclei since the nuclei are much heavier and 

move much slower than electrons. When calculating the total energy of a system, only the 

movement and energies of electrons needs to be determined quantum mechanically. The 

time-independent, non-relativistic electronic Schrödinger equation can be expressed as: 

                                                  𝐻𝐻𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝜓𝜓 = 𝐸𝐸𝐸𝐸,                                                            (5.1.1) 

     where      𝐻𝐻𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = −1
2
∑ ∇𝑖𝑖2𝑁𝑁
𝑖𝑖=1 + ∑ 𝑉𝑉(𝑟𝑟𝑖𝑖) + ∑ ∑ 𝑈𝑈(𝑟𝑟𝑖𝑖, 𝑟𝑟𝑗𝑗)𝑗𝑗<𝑖𝑖

𝑁𝑁
𝑖𝑖=1

𝑁𝑁
𝑖𝑖=1 .                       (5.1.2) 

From the above equations, we can see that the electronic Hamiltonian is composed of 

three parts: the kinetic energy of electrons, the interaction energy between electrons and 

the collection of nuclei, and the potential between electrons.   

The density functional theory (DFT) is based on two fundamental theorems of 

Hohenberg-Kohn3: 

1) The ground-state energy from Schrödinger’s equation is a unique functional of the 

electron density. 

2) The electron density that minimizes the energy of the overall functional is the true 

electron density corresponding to the full solution of the Schrödinger equation. 

The electron density at a position r is related to the individual electron wave functions: 

                                        𝑛𝑛(𝒓𝒓) = 2∑ 𝜓𝜓𝑖𝑖∗(𝒓𝒓)𝑖𝑖 𝜓𝜓𝑖𝑖(𝒓𝒓).                                                   (5.1.3) 

The energy functional now can be written as 

    𝐸𝐸[𝑛𝑛(𝒓𝒓)] = 𝑇𝑇[𝑛𝑛(𝒓𝒓)] + ∫𝑉𝑉(𝒓𝒓)𝑛𝑛(𝒓𝒓)𝑑𝑑3𝑟𝑟 + 𝑒𝑒2

2 ∬
𝑛𝑛(𝒓𝒓)𝑛𝑛�𝒓𝒓′�

|𝒓𝒓−𝒓𝒓′|
𝑑𝑑3𝑟𝑟𝑑𝑑3𝑟𝑟′ +𝐸𝐸𝑥𝑥𝑥𝑥[𝑛𝑛(𝒓𝒓)].     (5.1.4) 

The four terms on the right-hand side of Eq. (5.1.4) represent the kinetic energies of 
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electrons, the interactions between electrons and nuclei and between electrons, and the 

exchange-correlation functional.  

In DFT, Kohn-Sham equations4, which is a set of single-electron equations, are 

utilized to solve for electron density: 

                        �− ℎ2

2𝑚𝑚
∇2 + 𝑉𝑉(𝒓𝒓) + 𝑉𝑉𝐻𝐻(𝒓𝒓) + 𝑉𝑉𝑥𝑥𝑥𝑥(𝒓𝒓)�𝜓𝜓𝑖𝑖(𝒓𝒓) = 𝜀𝜀𝑖𝑖𝜓𝜓𝑖𝑖(𝒓𝒓),                      (5.1.5) 

where 𝑉𝑉𝐻𝐻(𝒓𝒓) is called the Hartree potential, describing the interaction between one 

electron and the total electron density. Since each electron contributes to the electron 

density, the Hartree potential includes a self-interaction. The correction for this is taken 

into account in the exchange and correlation term. In practice, the iteration method is 

used to solve Kohn-Sham equations5, which is done as follows. First, using an initial 

guess for electron density, calculate the wave function 𝜓𝜓𝑖𝑖(𝒓𝒓) according to Kohn-sham 

equations. Next, update the electron density using equation 5.1.3. If the updated electron 

density is the same as the electron density from the initial trial, then it is the ground-state 

electron density; otherwise, go back to step 1 and follow the same procedures until the 

two electron densities are within some prescribed uncertainty. 

The exchange-correlation functional (the fourth term in Eq. 5.1.5) accounts for 

two parts of non-classical interactions: exchange interaction and correlation interaction. 

The exchange interaction is a direct consequence of Pauli exclusion principle; and the 

Coulomb correlation interaction prevents the electrons from coming too close to each 

other4. One method to approximate the exchange-correlation functional is called local 

density approximation (LDA). In this method, the functional is derived from 

homogeneous electron gas: 

                                            𝐸𝐸𝑥𝑥𝑥𝑥𝐿𝐿𝐿𝐿𝐿𝐿 = ∫𝑛𝑛𝜀𝜀𝐻𝐻𝐻𝐻𝐻𝐻(𝑛𝑛)𝑑𝑑𝒓𝒓.                                                   (5.1.6) 
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The functional form of exchange-correlation energy density for uniform electron gas 

𝜀𝜀𝐻𝐻𝐻𝐻𝐻𝐻(𝑛𝑛) can be very accurately determined by quantum Monte Carlo calculations. 

Another approximation to the exchange-correlation term is known as non-empirical 

generalized gradient approximation (GGA)6,7, which takes into account the local gradient 

in the electron density:      

                                            𝐸𝐸𝑥𝑥𝑥𝑥𝐺𝐺𝐺𝐺𝐺𝐺 = ∫𝑛𝑛𝑛𝑛(𝑛𝑛,∇𝑛𝑛)𝑑𝑑𝒓𝒓.                                                   (5.1.7) 

In this study, we used GGA approximation with the Perdew, Burke and Ernzerhof (PBE) 

paramters6. And we employed the Vienna ab initio simulation package (VASP)8 to 

perform the DFT calculations. 

5.2 Molecular Dynamics 

5.2.1 Basics of Molecular Dynamics Simulations 

In molecular dynamics (MD) simulations, the movements of atoms are 

determined by Newton’s law of motion where the force (𝐹𝐹𝑖𝑖) applied on an atom i is equal 

to the mass of this atom (𝑚𝑚𝑖𝑖) multiplied by the acceleration (𝜕𝜕
2𝑟𝑟𝑖𝑖
𝜕𝜕𝑡𝑡2

, 𝑟𝑟𝑖𝑖 is the position of this 

atom at time t): 

                                        𝑚𝑚𝑖𝑖
𝜕𝜕2𝑟𝑟𝑖𝑖
𝜕𝜕𝑡𝑡2

=  𝐹𝐹𝑖𝑖.                                                                (5.2.1) 

The force between two atoms can be calculated from potential energy (𝑈𝑈𝑖𝑖𝑖𝑖) between them, 

𝐹𝐹𝑖𝑖𝑖𝑖 =  ∇𝑖𝑖𝑈𝑈𝑖𝑖𝑖𝑖(𝑟𝑟𝑖𝑖𝑖𝑖) (5.2.2), which in turn can be calculated using quantum mechanics or 

classical methods. In classical MD simulations, 𝑈𝑈𝑖𝑖𝑖𝑖(𝑟𝑟𝑖𝑖𝑖𝑖) represents a force field with 

parameters fitted to empirical data and to more accurate ab initio calculations. 

In this study, equations of motion are integrated using the Verlet algorithm9.  In 

this algorithm, the position of an atom can be approximated by Taylor expansion: 
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                   𝑟𝑟 (𝑡𝑡 + ∆𝑡𝑡) =  𝑟𝑟(𝑡𝑡) +  𝑣𝑣(𝑡𝑡)∆𝑡𝑡 +  𝑓𝑓
2𝑚𝑚

∆𝑡𝑡2 + 𝛰𝛰(3).                                  (5.2.3) 

                      𝑟𝑟 (𝑡𝑡 − ∆𝑡𝑡) =  𝑟𝑟(𝑡𝑡) −  𝑣𝑣(𝑡𝑡)∆𝑡𝑡 +  𝑓𝑓
2𝑚𝑚

∆𝑡𝑡2 − 𝛰𝛰(3).                                 (5.2.4) 

where 𝑟𝑟 (𝑡𝑡 + ∆𝑡𝑡) and 𝑟𝑟 (𝑡𝑡 − ∆𝑡𝑡) are positions of this atom at the next step and previous 

timesteps, respectively. 

By combining the two equations, we obtain: 

                               𝑟𝑟(𝑡𝑡 +  ∆𝑡𝑡 ) =  2𝑟𝑟(𝑡𝑡) −  𝑟𝑟(𝑡𝑡 − ∆𝑡𝑡) +  𝑓𝑓
𝑚𝑚

 ∆𝑡𝑡2.                             (5.2.5) 

Similarly, by subtracting equation 5.2.3 from equation 5.2.4, we find: 

                                              𝑣𝑣(𝑡𝑡) =  𝑟𝑟 (𝑡𝑡+∆𝑡𝑡)−𝑟𝑟 (𝑡𝑡−∆𝑡𝑡)
2∆𝑡𝑡

 .                                               (5.2.6) 

As shown above, velocities and positions of atoms can be calculated from MD 

simulations. Thermodynamic properties of the simulated system, such as temperature, 

pressure, internal energy, diffusion coefficient, etc., can also be calculated since they can 

be described as a function of velocities and positions.  

 

5.2.2 Force Fields 

A force field (Uij in Eq. 5.2.2.) refers to a set of parameters of mathematical 

functions used to describe the potential energy of a system of particles. The potential 

energy of a system includes the interactions between all atoms. Usually force field 

functions consist of bonded terms describing the covalent bonds between atoms and non-

bonded terms. Bonded terms (referred as intra-molecular interactions in DL_POLY code) 

include potential functions representing chemical bonds, valence angles and dihedral 

angels: 

                                           𝑈𝑈𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 =  𝑈𝑈𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 + 𝑈𝑈𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 + 𝑈𝑈𝑑𝑑𝑑𝑑ℎ𝑒𝑒𝑒𝑒.                             (5.2.7) 
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Morse potential10 is used to describe the carbon-oxygen bond in the CO3
2- group 

of dolomite.  

                                𝑈𝑈(𝑟𝑟) = 𝐸𝐸0 ��1 − exp�−𝑘𝑘(𝑟𝑟 − 𝑟𝑟0)��
2
− 1�,                                (5.2.8) 

where 𝐸𝐸0 is the depth of the potential well, 𝑟𝑟0 is the equilibrium bond length, and 𝑘𝑘 

determines the width of the well.  In Pavese’s carbonate model11, which we use for 

describing dolomite, Coulomb interactions between bonded atoms are also evaluated. A 

simple harmonic form is used for covalent bonds in monosaccharide models:  

                                               𝑈𝑈(𝑟𝑟) = 1
2

 𝑘𝑘(𝑟𝑟𝑖𝑖𝑖𝑖 − 𝑟𝑟0)2.                                                 (5.2.9) 

The valence angle potentials in the CO3
2- group of dolomite and sugar used the 

same harmonic form: 

                                                𝑈𝑈(𝜃𝜃) = 1
2

 𝑘𝑘(𝜃𝜃 − 𝜃𝜃0)2.                                              (5.2.10) 

where (𝜃𝜃 − 𝜃𝜃0) is the deviation from the equilibrium angle (in CO3
2- group, 𝜃𝜃0 is 120° 

for ∠ O-C-O).  

The unbounded or inter-molecular interactions describe the long-range 

electrostatic and van der Waals forces. Buckingham potentials12 (equation 5.2.11) and 

Lennard-Jones potentials13 (equation 5.2.12) are used for van der Waals forces in our 

study: 

                                                 𝑈𝑈(𝑟𝑟) =  𝐴𝐴exp �− 𝑟𝑟
𝜌𝜌
� − 𝐶𝐶

𝑟𝑟6
.                                        (5.2.11) 

The first term in Eq. 5.2.11 describes the repulsive interactions, while the second term 

describes the attractive van der Waals forces. 

                                                 𝑈𝑈(𝑟𝑟) =  4𝜀𝜀 [�𝜎𝜎
𝑟𝑟
�
12
− (𝜎𝜎

𝑟𝑟
)6],                                      (5.2.12) 

where 𝜀𝜀 is the depth of the potential well and 𝜎𝜎 is the finite distance where the potential 
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between two atoms is zero.  

Force fields for CaCO3, which include a core-shell model to account for the 

electronic polarizability of oxygen atoms in CO3
2- group, were developed by Pavese et al. 

(1996)11. Force fields for MgCO3 were developed by de Leeuw and Parker, 200014. 

However, a recent work has shown that a rigid-ion model of calcite can provide a better 

description of the interfacial (calcite-water) water structure than the polarizable model15. 

In this rigid-ion version of the calcite, the shells are removed and the oxygen charge is the 

sum of the core and shell, while all other parameters remain the same as the Pavese 

model11. We followed the same method to construct a rigid-ion force field for dolomite. 

Details of the force field parameters can be found in the chapter appendix.  

Glycam_06h16 and TIP3P17 potential models are used for monosaccharides and 

water. The parameters of monosaccharides, water and the interactions between them were 

obtained form DL_FIELD_3.118. For dolomite-water interactions, we used the following 

parameters: the calcium-water oxygen/magnesium-water oxygen potential from de 

Leeuw and Parker (2000)14, and the carbon-water oxygen potential from Kerisit et al. 

(2003)19.  

Because of the large charge disparity between dolomite and carbohydrates, it is 

crucial to refit existing potentials for interactions between dolomite and sugar atoms20. 

More specifically, there are strong Coulomb interactions between calcium and sugar 

oxygen, and between magnesium and sugar oxygen, it is important to refit these two 

potentials. We used a fitting procedure described by Schröder21. The main idea of this 

method is to force the repulsive term of the potential to be consistent with the reduced 

Coulomb interactions between Ca/Mg and Osugar (compared to the interactions between 
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Ca/Mg and Ocarbonate). The fitting procedure consists of two steps. First, obtain new 

charges for atoms A and B in a new system (here, a new dolomite structure) but maintain 

the Coulomb interaction between Amineral and Bsugar according to the following equations: 

                                            𝛼𝛼𝐴𝐴𝑞𝑞𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵2 =  𝑞𝑞𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑞𝑞𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵                                      (5.2.13) 

                                                 𝑞𝑞𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 =  𝛼𝛼𝐴𝐴𝑞𝑞𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵                                                    (5.2.14) 

                                                       𝛼𝛼𝐴𝐴 =  𝑞𝑞𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴
𝑞𝑞𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵

                                                    (5.2.15) 

The second step is to refit the repulsive term of the potentials (Buckingham potentials in 

the case of dolomite) by using the new charges to maintain the crystal structure of the 

new system. We fitted the A parameters in Buckingham potentials for Ca-Osugar and Mg-

Osugar interactions together to the dolomite lattice parameters. The Buckingham potential 

can be expressed as: 𝑈𝑈(𝑟𝑟) =  𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 �− 𝑟𝑟
𝜌𝜌
� − 𝐶𝐶

𝑟𝑟6
, where A and 𝜌𝜌 are related to the number 

of electrons and the electron density, respectively. The first term describes the short-range 

repulsive interactions, while the second term describes the attractions by van der Waals 

forces. The optimal combination of 1000 eV and 650 eV for respective A parameters was 

obtained. The Coulomb interactions between other non-bonded atoms are usually very 

weak compared to the interactions between Ca2+/Mg2+ and Osugar and the parameters for 

these cross-terms from previous work20 were used in our study. In order to validate the 

fitting parameters, the most stable configuration of mannose on dolomite (104) surface 

from MD simulations at 10K was relaxed in ab initio calculations using the density 

functional theory (DFT) as implemented in VASP8. Details of VASP calculations can be 

found in the chapter appendix. The center of mass of mannose in classical MD 

simulations was found to be closer to the surface by 0.3Å as compared to the DFT results, 

which provides a reasonable agreement. The bond lengths of Ca-O and Mg-O in MD 
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simulations were found to be 2.41Å and 2.04Å while the corresponding values from 

VASP are 2.48 Å and 2.28 Å. Although there are some quantitative differences between 

the values obtained with classical force fields and DFT, these differences are relatively 

small and the qualitative trends in bonding are in agreement between the two approaches. 

In addition, the overall structure and orientation of mannose are similar in both MD and 

DFT simulations.  

 

5.2.3 Potential of Mean Force (PMF) 

Potential of mean force (PMF) is a method used to study how the free energy of 

system changes as a function of a specific reaction coordinate22. The PMF is related to 

the probability distribution P(x): 

                                              𝐴𝐴(𝑥𝑥) = −𝑘𝑘𝐵𝐵𝑇𝑇 ln𝑃𝑃(𝑥𝑥),                                                (5.2.16) 

where 𝐴𝐴(𝑥𝑥) is the PMF along coordinate x, 𝑘𝑘𝐵𝐵 is the Boltzmann constant, and T is 

temperature. The probability distribution function along the coordinate x can be 

expressed as: 

                                    𝑃𝑃(𝑥𝑥) = ∫ 𝑒𝑒
−𝑈𝑈(𝐑𝐑)

𝑘𝑘𝐵𝐵𝑇𝑇� 𝛿𝛿 (𝑥𝑥′(𝑹𝑹) − 𝑥𝑥) 𝑑𝑑𝑹𝑹,                               (5.2.17) 

where 𝑈𝑈(𝐑𝐑) is the total internal energy of the system as a function of the coordinate R, 

and 𝑥𝑥′(𝑹𝑹) is a function of the Cartesian coordinates of the system, such as a distance that 

we used in our study. In order to effectively sample the configurational space where there 

are large energy barriers along reaction coordinate within finite computer time, a 

technique called umbrella sampling23,24 is widely used. In this approach, sampling around 

a chosen reaction coordinate value  (window i) were simulated with a harmonic spring 

potential: 
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                                                     𝑈𝑈𝑖𝑖′(𝑥𝑥) = 1
2
𝐾𝐾(𝑥𝑥 − 𝑥𝑥𝑖𝑖),                                           (5.2.18) 

where K is the spring constant. 

The unbiased PMF at window i can be written as: 

                                         𝐴𝐴𝑖𝑖(𝑥𝑥) = −𝑘𝑘𝐵𝐵𝑇𝑇 ln𝑃𝑃𝑖𝑖′(𝑥𝑥) −  𝑈𝑈𝑖𝑖′(𝑥𝑥) +  𝐹𝐹𝑖𝑖,                          (5.2.19) 

where 𝑃𝑃𝑖𝑖′(𝑥𝑥) is the biased probability and 𝐹𝐹𝑖𝑖 is a constant to be determined. A method to 

solve for the optimal values of 𝐹𝐹𝑖𝑖 is known as weighted histogram analysis method25 

(WHAM). The 𝐹𝐹𝑖𝑖 value can be determined by iteration to self-consistency from the 

following two equations: 

                                           𝑃𝑃(𝑥𝑥) = ∑ 𝑛𝑛𝑖𝑖(𝑥𝑥)𝑁𝑁
𝑖𝑖=1

∑ exp ([𝐹𝐹𝑖𝑖−𝑈𝑈𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏,𝑖𝑖(𝑥𝑥)]/𝑘𝑘𝐵𝐵𝑇𝑇)𝑁𝑁
𝑖𝑖=1

                                  (5.2.20) 

                                   𝐹𝐹𝑖𝑖 = −𝑘𝑘𝐵𝐵𝑇𝑇𝑇𝑇𝑇𝑇{∑ 𝑃𝑃(𝑥𝑥)exp [−𝑈𝑈𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏,𝑖𝑖(𝑥𝑥)]/𝑘𝑘𝐵𝐵𝑇𝑇𝑋𝑋𝑋𝑋𝑋𝑋𝑋𝑋𝑋𝑋 },             (5.2.21) 

where N is number of simulations, 𝑛𝑛𝑖𝑖 is number of counts in the ith histogram bin, and 

𝑈𝑈𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏,𝑖𝑖(𝑥𝑥) is biasing potential. 
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Chapter appendix 
 
1. Potential parameters used for Dolomite 
 
Ion Symbol Charge/au 
Calcium Ca 2.0 
Magnesium Mg 2.0 
Carbon C 1.135 
Oxygen O -1.045 
 
Morse Potential 𝐸𝐸0 ��1 − exp�−𝑘𝑘(𝑟𝑟 − 𝑟𝑟0)��

2
− 1� 

Ion Pair E0/eV r0/Å k/ Å -1 
C---O 4.71 1.18 3.8 
 
 
Three Body Potential  𝑘𝑘

2
(𝜃𝜃 − 𝜃𝜃0)2 

Atoms k/eV 𝜃𝜃0/° 
O---C---O 1.69 120.0 
 
Buckingham Potential 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 �− 𝑟𝑟

𝜌𝜌
� − 𝐶𝐶

𝑟𝑟6
 

Ion Pair A/eV 𝜌𝜌/Å C/eV Å6 
Ca---O 1550.0 0.29700 0.0 
Mg---O 1092.2 0.27926 0.0 
O---O 16372.0 0.21300 3.47 
 
 
Potential parameters used for Water 
Ion Symbol Charge/au 
Oxygen Ow -0.834 
Hydrogen H 0.417 
 
Lennard-Jones Potential � 𝐴𝐴

𝑟𝑟12
� −  ( 𝐵𝐵

𝑟𝑟6
) 

Ion pair 𝐴𝐴/eV Å12 𝐵𝐵/ eV Å6 
Ow --- Ow 25234.47 25.7934 
 
 
Cross terms used for Dolomite/Water interaction 
Buckingham Potential 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 �− 𝑟𝑟

𝜌𝜌
� − 𝐶𝐶

𝑟𝑟6
 

Ion Pair A/eV 𝜌𝜌/Å C/eV Å6 
Ca---Ow 1186.6 0.29700 0.0 
Mg---Ow 2290.0 0.22000 0.0 
C---Ow 435 0.34000 0.0 
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Lennard-Jones Potential 4𝜀𝜀 [�𝜎𝜎
𝑟𝑟
�
12
− (𝜎𝜎

𝑟𝑟
)6] 

Ion pair 𝜀𝜀/eV Å12 𝜎𝜎/ eV Å6 
Ow---Ow 0.0066 3.1507 
 
 
Cross terms used for Dolomite/Sugar interaction 
Buckingham Potential 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 �− 𝑟𝑟

𝜌𝜌
� − 𝐶𝐶

𝑟𝑟6
 

Ion Pair A/eV 𝜌𝜌/Å C/eV Å6 
Ca---G_Oh 1000.0 0.29700 0.0 
Mg---G_Oh 650.0 0.22000 0.0 
Ca---G_Os 720.0 0.22000 0.0 
Mg---G_Os 470.0 0.22000 0.0 
 
 
Lennard-Jones Potential � 𝐴𝐴

𝑟𝑟12
� −  ( 𝐵𝐵

𝑟𝑟6
) 

Ion pair 𝐴𝐴/eV Å12 𝐵𝐵/ eV Å6 
O---G_Oh 15357.080 11.571 
O---G_Cg 19942.854 11.198 
C---G_Oh 34339.488 30.068 
C---G_Cg 45251.855 29.310 
 
Cross terms used for Water/Sugar interaction 
 
Lennard-Jones Potential � 𝐴𝐴

𝑟𝑟12
� −  ( 𝐵𝐵

𝑟𝑟6
) 

Ion pair 𝐴𝐴/eV Å12 𝐵𝐵/ eV Å6 
Ow---G_Oh 25259.440 27.99135 
Ow ---G_Ho 9.907453 0.3406527 
Ow ---G_Cg 34078.550 27.60867 
Ow ---H2 1401.643 3.446229 
Ow ---H1 2062.903 4.180853 
Ow ---G_Os 19957.91 23.58958 
 

 
2. The DFT calculation details of the mannose adsorption on the dolomite (104) 
surface  
 

We use DFT as implemented in the Vienna ab initio simulation package (VASP).8 

The general gradient approximation (GGA) with the Perdew, Burke, and Ernzerhof (PBE) 

parameters is employed.6 The projector-augmented wave (PAW) method with the energy 
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cutoff of 600 eV has been used. A 3×3×1 k-points was utilized. We used a four-layer slab 

of dolomite with two (104) surfaces. A vacuum layer of ~18 Å was added to separate the 

top and bottom surfaces. The atoms in the bottom three layers of dolomite were fixed 

while the atoms in the top layer were allowed to relax to interaction with the mannose 

molecule. The initial relative positions of mannose atoms to the surface atoms were taken 

from the output of MD simulations.     
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Chapter 6. Modeling the Effect of Hydrogen Sulfide in Dolomite 
Growth  

6.1 Introduction 

Dolomite (CaMg(CO3)2), which used to be ubiquitous in the geological past, is 

rarely found in Holocene sediments.1 Its rare occurrence in the modern sediments defies 

the geological notion that the present is the key to the past. This contradiction is at the 

heart of the famous “dolomite problem”. Attempts to synthesize dolomite inorganically 

under ambient environment (low temperature, <50˚C) have been largely unsuccessful2, 

although a recent study3 indicates that natural dolomitization could happen at as low as 

40˚C. It is now generally accepted that the dolomite problem lies in the high kinetic 

barrier caused by the magnesium hydration at low temperature that hinders dolomite 

formation.4-5 

Based on the observations that modern dolomite formations are usually associated 

with environments where anaerobic microorganisms, including sulfate-reducing bacteria, 

are active6-12, microorganisms are believed to help overcome the kinetic barrier and to 

promote dolomite formation. It was proposed that sulfate reducing bacteria are related to 

dolomite crystallization in nature7, and high-Mg calcite and Ca-rich disordered dolomite 

have been synthesized at low temperature under laboratory conditions with sulfate 

reducing bacteria7,9. In addition, a recent work showed that dissolved hydrogen sulfide, as 

a product of bacterial sulfate reduction, is an eligible catalyst for dolomite 

crystallization13,14. The amount of MgCO3 in the precipitating Ca-Mg-carbonate increases 

as concentration of the dissolved sulfide increases.14 The dissolved hydrogen sulfide may 

take the role of a catalyst for enhancing Mg incorporation into the structure and 

crystallization of dolomite.  
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Despite these advances, the mechanism of how dissolved hydrogen sulfide, or 

catalysts in general help overcome the kinetic barrier is uncertain. The dolomite growth 

involves two important steps: First, hydrated Mg2+ ions from the solution are adsorbed 

onto the dolomite surface and then the surface hydrated Mg2+ ions attract CO3
2‒ ions from 

the solution (Figure 6.2.1). The positive role of catalysts in the first step has been 

supported by the evidence that disordered dolomite has been synthesized at low 

temperature by using carboxymethyl cellulous (CMC) with carboxyl functional groups15, 

which can dewater and complex with Mg ions forming a [Mg(H2O)5(R-COO)+] 

complex.16,17 It was proposed that the Mg-carboxyl complex may the change coordination 

environment of Mg16 and requires much lower energy (56.9 kJ/mol) for carbonation than 

Mg(H2O)6
2+.18 However, HS‒ has been shown to neither have much effect on lowering 

the Mg2+ dehydration barrier in the aqueous Mg2+-water complex nor interact with the 

remaining five water molecules in the first solvation shell of Mg2+.19 The adsorption of 

magnesium onto a growing calcite crystal from the solution is energetically favorable 

according to a previous simulation study.20 Lippmann also argues that there is no 

significant energy barrier for Mg2+ to be adsorbed onto the surface, and there is no need 

for Mg2+ to be entirely dehydrated in order for it to be adsorbed.4 The author further 

points out that the second step in the dolomite growth is rate controlling, which means 

that the retained water molecules adhered to surface Mg2+ block the CO3
2‒ ions in the 

solution from being sufficiently attracted by surface Mg2+ ions.4 Therefore, the key role 

of dissolved sulfide in promoting dolomite formation is very likely to lie in the 

dehydration of Mg2+ ions at the (proto)dolomite or other precursor surface. However, the 

effect of hydrogen sulfide on this process has never been explored. A hint may come 
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from a related work on calcite. Specifically, atomic force microscopy (AFM) work and 

molecular dynamic (MD) simulations have shown that ethanol and polysaccharides can 

be more strongly bound to the calcite surface than water, thus repelling the water 

molecules from the surface and forming a hydrophobic layer.21-23 Meanwhile, ethanol and 

polysaccharides have been proven to enhance Mg2+ incorporation into precipitating Ca-

Mg carbonate.15,24 For the dolomite case, one explanation is that the surface water 

molecules can be removed by adsorbed hydrogen sulfides on the dolomite surface. In 

order to study the thermodynamics of the adsorption processes, we performed quantum-

mechanical calculations based on the density functional theory (DFT).  

 
Figure 6.2.1 The proposed processes for the growth of dolomite crystal catalyzed by dissolved 
hydrogen sulfide. First, partially dehydrated Mg2+ ions are adsorbed onto the dolomite surface. 
The remaining water bonds to surface Mg2+ ions and blocks the approach of carbonate group to 
the Mg2+ ions which is enabled by the presence of H2S. 

 
 
 
6.2. Methods 

6.2.1 Computational details 
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We use DFT as implemented in the Vienna ab initio simulation package 

(VASP).25 The general gradient approximation (GGA) with the Perdew, Burke, and 

Ernzerhof (PBE) parameters is employed.26 The projector-augmented wave (PAW) 

method with the energy cutoff of 600 eV has been used. All structures are relaxed using 

both the static energy minimization scheme and ab initio molecular dynamics simulations 

at 10K. First, we determine energies of adsorption of a monolayer of either water or H2S 

onto the dolomite {104} surface, which is the main cleavage and growth plane of 

dolomite. Both vacuum and solution are considered as reference states for adsorption 

calculations. The pH of modern seawater and pore water in modern dolomite sediments is 

usually 7~8.28, 27-29 with some exceptions in modern lacustrine environments where pH of 

lake water and pore water are higher than 9 29. There are two major species of dissolved 

sulfide: HS‒ and H2S. When pH is between 7 and 8, aqueous H2S accounts for 10~50% of 

total dissolved sulfides.30 When pH is greater than 8, the surface charge of dolomite is 

negative at pCO2 = 10-3.5 atm.31 As a result, it is most likely that it is H2S that is 

concentrated on the dolomite surface at this pH condition, although HS‒ is the dominant 

solution species. To consider the two pH ranges, calculations were performed for H2S 

instead of HS‒. Dolomite {104} surfaces have been simulated using 4 layer slabs of a 

triclinic unit cell (Figure 6.2.1) that has the following parameters: a=9.085Å; b=4.812Å; 

c=4.812Å;  
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Figure 6.2.1. A four-layer slab model of dolomite with (104) surfaces were used in this study 
(view of 2×2×1 supercell). The O, Mg, Ca and C atoms are displayed as red, orange, cyan, and 
brown, respectively. 

 
α=120.00˚; β=37.40˚; γ=120.00˚. The top and the bottom free surfaces have identical 

structures and periodic boundary conditions are used in all spatial directions. For a 

monolayer of either water or H2S adsorption on the surface, a vacuum of ~14-Å thickness 

has been inserted above one of the surfaces in order to prevent the interactions between 

the bottom surface and the water or H2S molecules adsorbed to the top surface. The 

bottom layer of the dolomite surface (10 atoms) is fixed for the calculations of adsorption 

in vacuum. Calculations for cases where both surfaces have an adsorbed monolayer were 

also performed and the adsorption energies per surface unit cell are the same as one 

surface adsorption case. To simulate the adsorption in a solution environment, a bulk 

water space of 14Å with density of ~1 g/cm3 was inserted above the surface with an 

adsorbed monolayer. All layers of the dolomite slab are allowed to relax in solution 
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calculations. To ensure a minimum energy configuration of the water surrounding the 

dolomite, we took multiple samples of water structures generated from classical MD 

simulations using the code LAMMPS32 and TIP4P potential33. Two small volumes of 

water corresponding to 20 water molecules were taken from the previous structures. We 

ensured the densities of the two water structures and relaxed them again in DFT. In order 

to account for the weak van der Waals interactions in the adsorptions systems, for 

adsorptions in solution we performed calculations using the DFT-D2 method of 

Grimme34.  We tested k-point convergence with a criterion of 1 meV/atom and a mesh of 

3×3×1 was used for both vacuum and solution systems.  

 

6.2.2 Thermodynamic model  

To test whether aqueous H2S molecules are more strongly adsorbed to the 

dolomite {104} surface than water we compare the energies of the initial and final steps 

in the following reaction. Initially, a monolayer of water molecules with 100% coverage 

(one water molecule above each cation) is adsorbed on the dolomite {104} surface with 

the H2S molecules far away from the surface in the solution. To present the end of the 

reaction, a monolayer of H2S molecules with 100% coverage was put on the surface 

replacing the surface water molecules. The free energy of this reaction at room 

temperature can be expressed as 

∆𝐺𝐺𝑎𝑎𝑎𝑎𝑎𝑎 = �∆𝐺𝐺𝑑𝑑𝑑𝑑𝑑𝑑+𝐻𝐻2𝑆𝑆(𝑇𝑇) − ∆𝐺𝐺𝑑𝑑𝑑𝑑𝑑𝑑+𝐻𝐻2𝑂𝑂(𝑇𝑇)� − [𝜇𝜇𝐻𝐻2𝑆𝑆(𝑇𝑇) − 𝜇𝜇𝐻𝐻2𝑂𝑂(𝑇𝑇)],                           (1) 

Where ∆𝐺𝐺𝑑𝑑𝑑𝑑𝑑𝑑+𝐻𝐻2𝑆𝑆(𝑇𝑇) and ∆𝐺𝐺𝑑𝑑𝑑𝑑𝑑𝑑+𝐻𝐻2𝑂𝑂(𝑇𝑇), respectively, are the Helmholtz free energy of 

H2S and H2O monolayers adsorbed to dolomite at room temperature (either in vacuum or 

in solution as described in the previous section); 𝜇𝜇𝐻𝐻2𝑆𝑆(𝑇𝑇) and 𝜇𝜇𝐻𝐻2𝑂𝑂(𝑇𝑇) are chemical 
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potentials of an aqueous H2S molecule and a liquid water molecule at room temperature, 

respectively. If ΔGads < 0, then adsorption of H2S is more energetically favorable than 

adsorption of water and vice versa. The energy of adsorption system at room temperature 

for any of our systems is composed of three parts: the DFT energy calculated at 0K, the 

zero point energy (ZPE), and the thermal energy of vibration. For ZPE, only the 

vibrational energies of the surface adsorbed atoms are relevant for our study. Our tests 

show that the major contributions to the vibrational energy are from the molecules of the 

first four layers above the surface. The free energy of each adsorption system can be 

expressed as: 

∆𝐺𝐺𝑑𝑑𝑑𝑑𝑑𝑑+𝐻𝐻2𝑆𝑆(𝑇𝑇) = 𝐸𝐸𝑑𝑑𝑑𝑑𝑑𝑑+𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎,𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 + ∑ 1
2𝑖𝑖
ℎ𝜈𝜈𝑖𝑖 + 𝑅𝑅𝑅𝑅∑ ln(1 − 𝑒𝑒−ℎ𝜈𝜈𝑖𝑖/𝑘𝑘𝐵𝐵𝑇𝑇)𝑖𝑖                       (2) 

The first two terms on the right hand side of Eq (1) can be approximated as: 

∆𝐺𝐺𝑑𝑑𝑑𝑑𝑑𝑑+𝐻𝐻2𝑆𝑆 − ∆𝐺𝐺𝑑𝑑𝑑𝑑𝑑𝑑+𝐻𝐻2𝑂𝑂 = 𝐸𝐸𝑑𝑑𝑑𝑑𝑑𝑑+𝐻𝐻2𝑆𝑆,𝑣𝑣𝑣𝑣𝑣𝑣𝑝𝑝 − 𝐸𝐸𝑑𝑑𝑑𝑑𝑑𝑑+𝐻𝐻2𝑂𝑂,𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 + (𝐺𝐺𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠+𝐻𝐻2𝑆𝑆
𝑣𝑣𝑣𝑣𝑣𝑣 −  𝐺𝐺𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠+𝐻𝐻2𝑂𝑂

𝑣𝑣𝑣𝑣𝑣𝑣 ) (3) 

Chemical potentials of a liquid water molecule and an aqueous H2S at room 

temperature can be calculated as 

𝜇𝜇𝐻𝐻2𝑂𝑂
𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 (𝑇𝑇) =  𝐸𝐸𝐻𝐻2𝑂𝑂

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 + ∆𝐺𝐺𝐻𝐻2𝑂𝑂
𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑖𝑖𝑜𝑜𝑜𝑜𝑜𝑜(𝑇𝑇) −  ∆𝐺𝐺𝐻𝐻2𝑂𝑂

𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣(𝑇𝑇)  

                         = 𝐸𝐸𝐻𝐻2𝑂𝑂
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 −  1.06 𝑘𝑘𝑘𝑘/𝑚𝑚𝑚𝑚𝑚𝑚                                                                   (4)                                                                                    

𝜇𝜇𝐻𝐻2𝑆𝑆
𝑎𝑎𝑎𝑎  (𝑇𝑇) =  𝐸𝐸𝐻𝐻2𝑆𝑆

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 +  ∆𝐺𝐺𝐻𝐻2𝑆𝑆
𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒(𝑇𝑇) −  ∆𝐺𝐺𝐻𝐻2𝑆𝑆

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑇𝑇) 

             = 𝐸𝐸𝐻𝐻2𝑠𝑠
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 − 5.76 𝑘𝑘𝑘𝑘/𝑚𝑚𝑚𝑚𝑚𝑚                                                                               (5)                                                                                  

The general equation for excitation energy is as below34-35:  

∆𝐺𝐺𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒(𝑇𝑇) = −𝑅𝑅𝑅𝑅 ln ��2𝜋𝜋(∑ 𝑚𝑚𝑖𝑖𝑖𝑖 )𝑘𝑘𝐵𝐵𝑇𝑇
ℎ2

�
3
2 𝑉𝑉𝑒𝑒
𝑁𝑁
� − 𝑅𝑅𝑅𝑅 ln �𝜋𝜋
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2

𝜎𝜎
� 𝑇𝑇3

𝜃𝜃𝐴𝐴𝜃𝜃𝐵𝐵𝜃𝜃𝐶𝐶
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+ ln�1 − 𝑒𝑒−ℎ𝜈𝜈𝑖𝑖/𝑘𝑘𝐵𝐵𝑇𝑇��3
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                                                                                                                                           (6) 

where σ is symmetry number (=2 for water and H2S molecules), θ is rotational 

temperature and νi is vibrational frequency with the ith normal mode. The three terms at 

the right hand side describe the translational, rotational and vibrational contributions to 

excitation energy respectively. ZPE is included in the third term. The parameters for a 

water molecule have been described by McQuarrie et al. and Pinney et al.35,36, and the 

parameters for H2S in Senekowitsch and co-workers37 and Hoffman and co-workers38. 

The vaporization energy and solvation energy are taken from the difference of free 

energy between gaseous water and liquid water and between gaseous H2S and aqueous 

H2S at 298.15K, 1 atm, standard states.39 The energy of a single H2O and a H2S molecule 

at 0 K were calculated in VASP in a 10×10×10 Å supercell and a 15×15×15 Å supercell, 

respectively. By combining Eqs. (1) to (4), we obtain 

∆𝐺𝐺𝑎𝑎𝑎𝑎𝑎𝑎 = �(𝐸𝐸𝑑𝑑𝑑𝑑𝑑𝑑+𝐻𝐻2𝑆𝑆,𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 − 𝐸𝐸𝑑𝑑𝑑𝑑𝑑𝑑+𝐻𝐻2𝑂𝑂,𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣) + �𝐺𝐺𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠+𝐻𝐻2𝑆𝑆 −  𝐺𝐺𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠+𝐻𝐻2𝑂𝑂�� −

{�𝐸𝐸𝐻𝐻2𝑆𝑆
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 − 𝐸𝐸𝐻𝐻2𝑂𝑂

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚� + �∆𝐺𝐺𝐻𝐻2𝑆𝑆
𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 − ∆𝐺𝐺𝐻𝐻2𝑂𝑂

𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒�  + (∆𝐺𝐺𝐻𝐻2𝑆𝑆
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 −

∆𝐺𝐺𝐻𝐻2𝑂𝑂
𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣)}           (7)                         

The adsorption energy of a mixed layer of H2O and H2S from solution can expressed as 

𝛥𝛥𝛥𝛥 = 𝐸𝐸𝑏𝑏
𝐻𝐻2𝑆𝑆 • 𝑛𝑛𝐻𝐻2𝑆𝑆 + 𝐸𝐸𝑏𝑏

𝐻𝐻2𝑂𝑂 • 𝑛𝑛𝐻𝐻2𝑂𝑂 −  𝑇𝑇𝑆𝑆𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐�𝑛𝑛𝐻𝐻2𝑆𝑆,𝑛𝑛𝐻𝐻2𝑂𝑂�                                         (8) 

where 𝐸𝐸𝑏𝑏
𝐻𝐻2𝑆𝑆 and 𝐸𝐸𝑏𝑏

𝐻𝐻2𝑂𝑂
 are adsorption energies of a H2O and a H2S molecule, 

respectively, and the two adsorbed species are not interacting. 𝑛𝑛𝐻𝐻2𝑆𝑆  and 𝑛𝑛𝐻𝐻2𝑂𝑂 are the 

numbers of adsorbed molecules of H2S and H2O, respectively. These adsorption energies 

can in turn be written as 

𝐸𝐸𝑏𝑏
𝐻𝐻2𝑂𝑂 = 𝑈𝑈𝑑𝑑𝑑𝑑𝑑𝑑−𝐻𝐻2𝑂𝑂 −  𝜇𝜇𝑏𝑏𝑏𝑏𝑛𝑛𝑏𝑏𝑏𝑏 − 𝐸𝐸𝑑𝑑𝑑𝑑𝑑𝑑                                                                             (9)                                                                                    

and 
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𝐸𝐸𝑏𝑏
𝐻𝐻2𝑆𝑆 = 𝑈𝑈𝑑𝑑𝑑𝑑𝑑𝑑−𝐻𝐻2𝑆𝑆 −  𝜇𝜇𝐻𝐻2𝑆𝑆𝑛𝑛𝐻𝐻2𝑆𝑆

′ − 𝜇𝜇𝑏𝑏𝑏𝑏𝑛𝑛𝑏𝑏𝑏𝑏′  − 𝐸𝐸𝑑𝑑𝑑𝑑𝑑𝑑 − 𝐸𝐸𝑏𝑏
𝐻𝐻2𝑂𝑂                                          (10)          

where 𝜇𝜇𝑏𝑏𝑏𝑏 is the chemical potential of bulk water, and 𝐸𝐸𝑑𝑑𝑜𝑜𝑜𝑜 is the energy of the 

dolomite slab. In the above expression, 

𝜇𝜇𝐻𝐻2𝑆𝑆 =  𝐸𝐸𝐻𝐻2𝑆𝑆
𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 − 5.76 kJ

mol
+ RTln(XH2S

Sol )                                                                    (11)  

where XH2S
Sol  is the concentration of H2S in solution. The configurational entropy in Eq. 

(8) can be calculated as  

𝑆𝑆𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = −𝑅𝑅 [𝑛𝑛𝐻𝐻2𝑆𝑆 ln�𝑋𝑋𝐻𝐻2𝑆𝑆� + 𝑛𝑛𝐻𝐻2𝑂𝑂 ln�𝑋𝑋𝐻𝐻2𝑂𝑂�]                                                        (12) 

In order to minimize the energy, the first order derivatives of ΔG are equated to zero as 

follows 

𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝑛𝑛𝐻𝐻2𝑆𝑆

=
𝜕𝜕

𝜕𝜕𝑛𝑛𝐻𝐻2𝑆𝑆
�𝑛𝑛𝐻𝐻2𝑆𝑆𝐸𝐸𝑏𝑏

𝐻𝐻2𝑆𝑆 + (𝑛𝑛𝑇𝑇 − 𝑛𝑛𝐻𝐻2𝑆𝑆)𝐸𝐸𝑏𝑏
𝐻𝐻2𝑂𝑂 − 𝑇𝑇𝑆𝑆𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐�  

        = 𝐸𝐸𝑏𝑏
𝐻𝐻2𝑆𝑆 − 𝐸𝐸𝑏𝑏

𝐻𝐻2𝑂𝑂 +  𝑅𝑅𝑅𝑅 ln�𝑛𝑛𝐻𝐻2𝑆𝑆/ (𝑛𝑛𝐻𝐻2𝑂𝑂 • XH2S
Sol )� = 0                                           (13)             

where 𝑛𝑛𝑇𝑇  is the total number of adsorption sites, respectively. 𝑛𝑛𝑇𝑇  is estimated to be 14 

μmol/m2 for 100% coverage31, which corresponds to one water molecule above each 

cation.  

 
6.3 Results 

6.3.1 Adsorption in vacuum 

Six configurations with different H2O orientations were first explored by ab initio 

MD simulations and then optimized by static relaxations. In each configuration, a water 

molecule lying parallel to the dolomite (104) surface was initially placed above each 

cation of the surface (total of 2 water molecules per surface unit cell). The initial distance 

between the O atom of water and the surface cation was chosen to be 2.4Å, which is 
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comparable to the Ca-Ow  (O of water) distance for calcite40,41. In the lowest energy 

configuration, orientations of water molecules are different above surface Mg2+ and Ca2+ 

ions. Specifically, the water molecule above Mg relaxes so that the Mg-Ow distance is 

2.17Å, one hydrogen binds to an O atom of the surface carbonate group by hydrogen 

bond (with H-Ocarb distance of 1.83Å) and another H points away from the surface 

(Figure 6.3.1). Above Ca, the water molecule assumes a position such that the Ca-Ow 

distance is 2.41Å and both hydrogen atoms bind to surface Ocarb  (one is strong with H- 

Ocarb distance of 1.75Å and another one weak with H- Ocarb distance of 2.11Å). Compared 

to an earlier classical MD simulation result, which showed the average Mg-Ow distance of 

3.02Å and the average Ca-Ow distance of 2.45Å42, our ab initio results not only show 

 
Figure 6.3.1. Left: 1 monolayer of water molecules adsorbed on dolomite (104) surface. Right: 1 
monolayer of H2S molecules adsorbed on dolomite (104) surface. Red: O, yellow: S, orange: Mg, 
cyan: Ca, brown: C, and white: H. 

 
stronger surface cation-water binding (manifested in shorter bonds), but also reverse the 

previous conclusion that Ca2+ ions are more strongly bound to water than Mg2+ ions. Six 

similar initial configurations where H2O was replaced by H2S were also considered in our 

calculations. In the lowest energy configuration, the H2S molecules display similar trends 

in bond lengths above Mg2+ and Ca2+ ions to the one found for H2O (see Table 6.3.1). 

The main difference between H2S and H2O is that in the case of H2S, only one hydrogen 

is bound to the surface Ocarb  with H- Ocarb distances of  2.02Å and 1.86Å for Mg2+ and 

Ca2+ sites, respectively (Figure 6.3.1). The adsorption energy of a water molecule on 
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dolomite surface has shown to be 68.07 kJ/mol in a recent DFT calculation.43 By using 

the same equation as Eads= Esurf+adsorbate – Esurf – Eadsorbate, we obtain a similar result: 71.16 

kJ/mol. The adsorption energy of a water molecule on dolomite (104) surface at 0K is 

34.5kJ/mol lower than H2S (Table 6.3.2). The energy difference narrows to 13.6 kJ/mol 

with ZPE and entropy corrections, but it does not change the trend that water is more 

stable on the dolomite surface. 

Adsorbate H2O H2S Mixture 
Configuration Energy (eV) Mg-O (Å) Energy (eV) Energy (eV) Mg-O (Å) 
1 -301.436 2.184 -297.934 -299.862 2.237 
2 -301.436 2.176 -297.925 -299.861 2.231 
3 -301.435 2.176 -297.926 -299.862 2.224 
4 -301.436 2.185 -297.931 -299.859 2.227 
5 -301.432 2.174 -297.923 -299.863 2.229 

Table 6.3.1. Energies and distances between surface Mg and O of adsorbed water for adsorption 
of  a) 1 mono-layer (ML) of H2O in solution; b) 1 ML of H2S in solution; and c) a mixed H2O and 
H2S layer in solution. 
 
 

 In vacuum In solution 

ΔHabinitio 331.1 331.1 338.5 338.5 

ΔGvib  -25.6  -33.8 

ΔEH2O-H2S -296.6 -296.6 -296.6 -296.6 

ΔGexcitation  19.0  19.0 

ΔGsolv-vapor  -14.3  -14.3 

Net energy 34.5 13.6 41.9 12.8 

Table 6.3.2. Energy difference between the adsorption of H2S and H2O on dolomite (104) surface. 
The energies shown in this table are in kJ/mol.   
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6.3.2 Adsorption in solution 

The bulk water was initially placed in various positions above the monolayer of 

water molecules adsorbed on dolomite (104) surface in such a way that the average 

distance between the oxygen atoms in the bottom layer of bulk water and the highest 

oxygen atoms in surface carbonate groups ranged from 0.7Å to 3.7Å in increments of 0.5 

Å. Each step was calculated by both ab initio MD and static relaxation and the lowest 

energy configuration from this test was found to have the bulk water-surface distance of 

3.18Å. In order to further explore the effect of surface water density, we performed 

additional ab initio MD calculations with one extra water molecule inserted between the 

bulk water and the adsorbed first layer. Five lowest energy configurations from the ab 

initio MD calculations were then optimized in static relaxation. The energies of the five 

optimized configurations are very similar (Table 6.3.1, the difference is less than 1 

meV/atom) and are lower than that of the configuration with lower water density. The 

energies reported in the table 6.3.2 are the average value of the 5 configurations. A series 

of similar calculations have been carried out on the H2S adsorption system. The 

configurations with the lowest energies (table 6.3.1) were also obtained by inserting an 

extra water molecule. In further analysis and discussion, we focus on the structures with a 

higher water density, since they were shown above to have lower energies. With the 

presence of bulk water, the adsorption energy difference between a H2O and a H2S 

molecule is 41.9 kJ/mol (at 0K) and 12.8 kJ/mol (at room temperature) (Table 6.3.2). 

ZPE is the major contribution to the corrections. Based on the geometry of surface 

molecules (Figure 6.3.2) and a series ZPE calculations of different surface layers (the 
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ΔZPE (= 𝑍𝑍𝑍𝑍𝑍𝑍𝐻𝐻2𝑆𝑆
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑍𝑍𝑍𝑍𝑍𝑍𝐻𝐻2𝑂𝑂

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠) of the atoms in the first 5 layers is only 0.1 kJ/mol 

higher than   

those in the first 4 layers), the ZPEs of the adsorbed layer and the first three bulk water 

layers (6 water molecules) are included in our result. The calculation including bulk 

water still shows the favorable adsorption of water over H2S.          

 
 

 
Figure 6.3.2. Top: 1 monolayer of water molecules in solution adsorbed on dolomite (104) 
surface. Below: 1 monolayer of H2S molecules adsorbed in solution on dolomite (104) surface. 
Red: O, yellow: S, orange: Mg, cyan: Ca, brown: C, and white: H. Only atoms of the first layer of 
the surface are shown. 

 
6.3.3 The adsorption of a mixed layer 
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Although water is more energetically stable on the dolomite surface than aqueous 

hydrogen sulfide, our two-phase adsorption model predicts a small amount of H2S 

adsorbed on the surface, depending on the adsorption energy difference and pH of 

solution (effects the concentration of aqueous H2S). At pH of 7.0 - 8.2 where the modern 

dolomite is precipitating, 6%~50% of dissolved sulfide are in aqueous H2S phase. 

Usually more than 5mM dissolved sulfide was measured in pore water from some 

modern dolomite sites.44 According to equation 13, the density of aqueous H2S on the 

surface can be up to ~2000 molecules/μm2 at this pH condition and 5 mM dissolved 

sulfide concentration (the energy difference of 12.8 kJ/mol was used). In order to test the 

effect of the surface H2S on the Mg2+-water complex, a mixed layer of 50% H2S and 50% 

H2O molecules was placed above the dolomite surface in the presence of bulk water. We 

tested multiple configurations by using the same method as described in previous section 

and the lowest energy structure was obtained by inserting an extra water molecule 

between the bulk water and the adsorbed first layer. In the adsorbed mixed layer, the 

Mg2+-Ow distance increases   from ~2.18 Å to ~2.23 Å compared to the respective case of 

pure layers (Table 6.3.1).   

 

6.4 Discussion 

Our calculations show that in vacuum, water is more stable than aqueous H2S on 

the dolomite (104) surface at room temperature with the difference in adsorption energy 

of -13.6 kJ/mol per adsorbed molecule. The added bulk water does not change the trend 

that it is thermodynamically favorable for water adsorption with the energy gain of -12.8 

kJ/mol per adsorbed molecule. In both cases, ZPE and other corrections narrow the 
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energy difference between water and H2S adsorptions but do not change the conclusion. 

In summary, calculations under both vacuum and solution conditions do not support the 

explanation that aqueous H2S molecules, preferentially adsorbed over H2O, form a 

hydrophobic layer on dolomite surface. 

The multiphase adsorption model predicts that ~0.002 molecule/nm2 of aqueous 

H2S can be adsorbed at pH condition (7~8.2) and dissolved sulfide concentration (~5 mM) 

close to some modern environments. This concentration corresponds to a little less than 

0.1 % of surface sites, At some local environments where dolomite and high magnesium 

calcite precipitate, the concentration of dissolved sulfide can be even much higher45-48 (up 

to 20mM). Thus, the effect of adsorbed H2S on the surface magnesium hydration bond is 

also important to the understanding of the role of dissolved hydrogen sulfide. Generally 

for heterogeneous catalysis, a good catalyst needs to bind to the reactant strongly enough 

but not too strongly. Similarly, the strong surface Mg2+-water bond inhibits the dolomite 

growth, while the relatively weaker surface-H2S interaction likely increases the 

competence of CO3
2- to bond to the Mg2+.  

On the other hand, according to our study, the adsorbed aqueous H2S on the 

surface can affect the Mg2+-H2O bond distance. Because of the relatively larger size of a 

H2S molecule, the H2S molecules need extra space on the surface, which creates a local 

environment for relieving surface water molecules from being constrained by the 

surrounding bulk. When the constraint is released to a certain degree by the local 

environment created by large H2S molecules, the surface water molecules relax close to 

the positions they have without constraint. Therefore, another possibility for H2S 

facilitating the carbonation is that, similarly to the H2S effect on Mg2+-H2O bond distance, 
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there is room for direct interaction between Mg2+ and CO3
2- due to the geometry and the 

large size of H2S and larger space between H2O/H2S and dolomite surface. Detailed 

mechanisms for CO3
2- adsorption in the presence of H2S will be explored in our future 

studies.          
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(1) The expression for the water chemical potential at finite temperature (Pinney et al., 
2009) 
∆𝜇𝜇𝐻𝐻2𝑂𝑂

𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 (𝑇𝑇) =  𝐸𝐸𝐻𝐻2𝑂𝑂
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 +  ∆𝐺𝐺𝐻𝐻2𝑂𝑂

𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒(𝑇𝑇) −  ∆𝐺𝐺𝐻𝐻2𝑂𝑂
𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣(𝑇𝑇) 

T=298.15K 

 ∆𝐺𝐺𝐻𝐻2𝑂𝑂
𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒(𝑇𝑇) = −𝑅𝑅𝑅𝑅 ln ��2𝜋𝜋(∑ 𝑚𝑚𝑖𝑖𝑖𝑖 )𝑘𝑘𝐵𝐵𝑇𝑇
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𝜃𝜃𝐴𝐴𝜃𝜃𝐵𝐵𝜃𝜃𝐶𝐶
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 𝑅𝑅𝑅𝑅∑ � ℎ𝜈𝜈𝑖𝑖
2𝑘𝑘𝐵𝐵𝑇𝑇

+ ln�1 − 𝑒𝑒−ℎ𝜈𝜈𝑖𝑖/𝑘𝑘𝐵𝐵𝑇𝑇��3
𝑖𝑖  

Θrot = 40.1, 20.9, 13.4 K,    σ =2 (symmetry number) 
Θvib,i = 5360, 5160, 2290 K 
Gtrans = -37.00 𝑘𝑘𝑘𝑘/𝑚𝑚𝑚𝑚𝑚𝑚 
Grot = -9.33 𝑘𝑘𝑘𝑘/𝑚𝑚𝑚𝑚𝑚𝑚 
Gvib = 53.88 𝑘𝑘𝑘𝑘/𝑚𝑚𝑚𝑚𝑚𝑚 
∆𝐺𝐺𝐻𝐻2𝑂𝑂

𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒(298.15𝐾𝐾) = 7.55 𝑘𝑘𝑘𝑘/𝑚𝑚𝑚𝑚𝑚𝑚 
∆𝐺𝐺𝐻𝐻2𝑂𝑂

𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣(298.15𝐾𝐾) = −8.61 𝑘𝑘𝑘𝑘/𝑚𝑚𝑚𝑚𝑚𝑚 
So, 
 ∆𝐻𝐻𝐻𝐻2𝑂𝑂

𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 (𝑇𝑇) =  𝐸𝐸𝐻𝐻2𝑂𝑂
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 −  1.06 𝑘𝑘𝑘𝑘/𝑚𝑚𝑚𝑚𝑚𝑚 

 
(2) For aqueous H2S chemical potential at finite temperature 

Similarly,  
∆𝜇𝜇𝐻𝐻2𝑆𝑆

𝑎𝑎𝑎𝑎  (𝑇𝑇) =  𝐸𝐸𝐻𝐻2𝑆𝑆
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 + ∆𝐺𝐺𝐻𝐻2𝑆𝑆

𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒(𝑇𝑇) −  ∆𝐺𝐺𝐻𝐻2𝑆𝑆
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑇𝑇) 

𝜃𝜃𝐷𝐷,𝑗𝑗 = ℎ𝜈𝜈/𝑘𝑘𝐵𝐵 
The vibrational frequencies (cm-1) of a H2S molecule (Hoffmann et al., 1997): 
ν1= 2721.05      symmetry stretching 
ν2= 1214.0        bend 
ν3= 2729.3        asymmetry stretching 

Θrot = 14.9, 12.93, 6.93 K (Senekowitsch et al., 1988) 
Gtrans = -39.35 𝑘𝑘𝑘𝑘/𝑚𝑚𝑚𝑚𝑚𝑚 
Grot = -11.95 𝑘𝑘𝑘𝑘/𝑚𝑚𝑚𝑚𝑚𝑚 
Gvib = 39.85 𝑘𝑘𝑘𝑘/𝑚𝑚𝑚𝑚𝑚𝑚 
∆𝐺𝐺𝐻𝐻2𝑆𝑆

𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒(298.15𝐾𝐾) = −11.45𝑘𝑘𝑘𝑘/𝑚𝑚𝑚𝑚𝑚𝑚 
At 298.15K, 1 atm, standard states (Wagman et al., 1968): 
H2S (g):  ∆𝐺𝐺𝑓𝑓0 =  −33.56 𝑘𝑘𝑘𝑘/𝑚𝑚𝑚𝑚𝑚𝑚 
H2S (aq):  ∆𝐺𝐺𝑓𝑓0 =  −27.87 𝑘𝑘𝑘𝑘/𝑚𝑚𝑚𝑚𝑚𝑚 

∆𝐺𝐺𝐻𝐻2𝑂𝑂
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(298.15𝐾𝐾) =  5.69 𝑘𝑘𝑘𝑘/𝑚𝑚𝑚𝑚𝑚𝑚 

In sum,  
∆𝜇𝜇𝐻𝐻2𝑆𝑆

𝑎𝑎𝑎𝑎  (𝑇𝑇) =  𝐸𝐸𝐻𝐻2𝑠𝑠
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 −  5.76 𝑘𝑘𝑘𝑘/𝑚𝑚𝑚𝑚𝑚𝑚 
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Chapter 7. The Role of Polysaccharides in the Dolomite Growth 

7.1 Introduction 

The prevalent opinion1 about the dolomite problem is that the key factor 

accounting for the sluggish kinetics of forming dolomite at room temperature is the Mg 

hydration. As mentioned in section 6.1, it is most likely that catalysts play an active role 

in dehydration of surface Mg2+. One hypothesis for the dehydration of surface Mg2+ is 

that catalysts can be strongly adsorbed to crystal surfaces replacing the surface water 

molecules2,3. We tested this hypothesis in chapter 6. Our previous work suggests that 

water is more favorably adsorbed on the surface than the hydrogen sulfide4. The other 

hypothesis is that catalysts can lower the dehydration barrier of surface Mg2+ so that 

carbonate can approach and be adsorbed onto the surface. The goal of this chapter is to 

test this hypothesis. 

Polysaccharides were chosen for our study because this class of molecules is 

shown to promote the dolomite growth at room temperature3. It is also because 

polysaccharides are the major component of extracellular polymeric substances (EPS), 

which is a universal catalyst no matter what the bacteria species is. Instead of studying 

the long-chained polysaccharides that contain thousands of atoms, we tested α-D-

mannose (one of the major monomers making up the polysaccharides used in 

experiments3,5) and oligo-mannose (three units of mannose). Therefore, our simulations 

have only considered the local small blocks of the long chained polysaccharides. The 

effects of mannose and oligo-mannose in the dehydration barrier of surface Mg2+ were 

investigated by using classical molecular dynamics (MD) simulations and potential of 

mean force (PMF) method.  
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7.2 Simulation Details 

The force fields used in this study are described in section 5.2. The dolomite slab 

has approximate dimensions of 23.12×24.06×19.10 Å3. The slab has two (top and bottom) 

free surfaces with (104) orientation. The slab contains 105 calcium, 105 magnesium, 210 

carbon and 630 oxygen atoms and it has seven atomic layers with atoms in the middle 

three layers of the slab being fixed in space while the top two and the bottom two layers 

are allowed to relax during simulations. A water box is added above the top surface and 

because periodic boundary conditions are applied in all three spatial dimensions, this 

water box is also in contact with the bottom dolomite surface. The total height of the 

water box is 52 Å, it has 880 water molecules, which corresponds to density of ~ 0.9 

g/cm3. The systems of water adsorption, mannose and tri-mannose adsorptions on 

dolomite (104) surface were relaxed by using classical MD simulations at room 

temperature and 1 atmosphere. The code DL_POLY_class6 was used and each system 

was simulated in the NVE (constant number of particles, volumes, and energy) ensemble. 

Equations of motion were integrated using the Verlet-Leapfrog algorithm using a timestep 

of 1 fs. The long-range Coulomb interactions were calculated using the smooth particle 

mesh Ewald sum (SPME) with a real space cut-off of 10.1 Å. Multiple configurations of 

mannose and tri-mannose were explored and the details about the configurations can be 

found in the results section.  

 The potential of mean force (PMF) for water molecules binding/unbinding to 

surface Mg at dolomite (104) surface with and without the presence of sugar were 

calculated. The reaction coordinate is the distance between the oxygen atom of a water 

molecule and a surface Mg atom along the z direction. The PMF calculations were 
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conducted in NVT (constant number of particles, volumes, and temperature) ensemble by 

using the Nosé-Hoover thermostat with a relaxation time of 0.5 ps. The PLUMED 

package7 interfaced to DL_POLY Classic was employed to run Umbrella Sampling8,9. 

The weighted histogram analysis method (WHAM10) was used to analyze the results of 

umbrella sampling and to calculate the unbiased free energy along the reaction pathway. 

In each window sampling, we ran simulations for 6 ns, which was sufficient to reach the 

convergence of unbiased free energy within 0.1 kcal/mol. Multiple simulations were 

conducted in each case, as explained in the subsequent sections. 

 

7.3 Results 

In order to determine the effects of sugar on dehydration of surface Mg, we first 

studied water adsorption on the dolomite (104) surface in the absence of sugar and we 

used it as a reference for later calculations that involve sugar. Classical MD simulation of 

the system was performed for 2 ns at room temperature and 1 atmosphere to examine the 

water configurations on the dolomite surface. Radial distribution functions (RDF) of Ca-

Owater, Mg-Owater and Ocarbonate-Hwater found peaks at 2.38 Å, 1.9 Å and 1.65 Å, 

respectively (Figure 7.3.1). A snapshot of the MD simulation of the water-dolomite (104) 

surface is shown in Figure 7.3.2a. Based on our analysis of water density profile along 

the z direction (Figure 7.3.2b), we can see that there are two hydration layers above the 

dolomite surface: one is at ~2.0 Å above the average height of the surface cations, and 

another one at 3.06 Å.  The first and second peaks at 1.88 Å and 2.23 Å in the density 

profile correspond to the interactions between surface Mg and O atoms in water 

molecules and between Ca and water O atoms, respectively. The peak at 3.06 Å 
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represents interactions between water hydrogen and oxygen of surface. The presence of 

such two-layer hydration is also supported by an x-ray reflectivity work of the water-

dolomite (104) interface that has found a first hydration layer at a height of 2.31 Å above 

the surface cation11. The two-layer hydration is also similar to that found at the water-

calcite (104) interface, which has been studied more extensively than the water/dolomite 

interface. Discrepancies in the height of the two-hydration layers between simulations 

and experiments are not uncommon in calcite-water interface studies. For example, the 

height of the first hydration layer was determined from experiments to be at 2.0 Å12 or 

2.14 Å13 while the simulations show a range from 2.0 to 2.4 Å14–16. The discrepancies 

found for dolomite/water interface between our simulation and the scarce previous 

experimental studies are of the similar order of magnitude as for the calcite/water 

interface. In our  

 

Figure 7.3.1.  Radial distribution functions for Ca-Ow (water oxygen) pair (dark gray line), Mg-
Ow pair (gray line) and H-O (carbonate oxygen) pair (black line). 
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Figure 7.3.2. (a) Snapshot of MD simulation showing the interface between dolomite (104) 
surface and water molecules. The atoms Ca, Mg, C, O, Ow and H are in blue, range, brown, black 
and white colors. (b) The density profile along the perpendicular distance from the surface.  
 

simulations we identified two types of metastable water configurations above surface Mg. 

In the first configuration one of the hydrogen atoms of water is pointing towards the 

nearby carbonate due to a hydrogen bond between the hydrogen atom and the oxygen 

atom in the carbonate ion (Figure 7.3.3a). In the second configuration (Figure 7.3.3b) 

both hydrogen atoms point upwards (away from the surface) and they are not bonded to 

the surface carbonate. Four water molecules (two with configuration 1 and two with 

configuration 2) were chosen for the subsequent calculations of free energies. Specifically, 

using the methods described in the previous sections we calculated PMF of a water 

molecule being desorbed from the surface through the first two hydration layers into the 

bulk. In Figures 7.3.3c and 7.3.3d, we can see that there are two energy wells at ~1.9 Å 

and ~3.2 Å, which are corresponding to the two hydration layers, respectively. The free 

energies of the adsorption of the first layer water to the surface Mg2+ varies from -6.67 to 

-7.32 kcal/mol. Here, we find that the energy barrier for dissociation of a water molecule 

from the surface Mg atoms (equivalent to the energy barrier to move water molecule 

away from the surface past the first hydration layer) ranges from 9.40 to 9.69 kcal/mol. 
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This range is close to energies calculated for a water molecule leaving the first hydration 

shell of Mg2+ in solution, which are 9.0 kcal/mol17 or ~10.5 kcal/mol18. 

 

 

Figure 7.3.3. (a) The configuration of type 1 water molecules adsorbed onto surface Mg2+.  (b) 
The configuration of type 2 water molecules adsorbed onto surface Mg2+.  (c) Potential of mean 
force curve for water molecule I leaving the first two hydration layers. (d) Potential of mean force 
curve for water molecule II leaving the first two hydration layers. 
 

To examine whether polysaccharides could decrease the hydration barrier of 

surface water, we first tested the effect of monosaccharide (here mannose), which is the 

basic unit of carbohydrate and contains both the hydrophilic –OH group and the non-

polar C–H bonds. Four different mannose configurations on the dolomite surface were 

simulated and two of the relaxed structures were chosen for PMF calculations based on 

the fact that they have the lowest energy configurations among the four initial 

configurations. The two lowest energy configurations represent two distinct orientations 
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of mannose on the surface: one lies flat on the surface (Figure 7.3.4a and 7.3.4b) and the 

other one stands vertically above the surface (Figure 7.3.4c). In the system with mannose 

lying flat on the surface, two sets of PMF calculations were performed for the two water 

molecules that are adjacent to the mannose and that are bonded to the surface Mg (Figure 

7.3.4a and 7.3.4b). The energy barriers for the first layer hydration are shown to be 9.83 

and 9.53 kcal/mol (Figure 7.3.4d and 7.3.4e), which means that there is no obvious effect 

of mannose with flat configuration on the dehydration of surface Mg. However, in one of 

the PMF profiles (Figure 7.3.4d), the peak at ~3.7 Å (~10.5 kcal/mol) is much higher 

than the remaining PMF profile, indicating the increase of dehydration barrier for the 

second hydration layer. This increase is caused by the interactions between hydroxyl 

group of the mannose and the desorbing water molecule as it is trying to leave the second 

hydration layer. Qualitatively similar results are found in the system with a vertical 

mannose, where the energy barrier for the water molecule leaving the surface Mg (~9.67 

kcal/mol) (Figure 7.3.4f) is not significantly different from the case without mannose.  

Although the monomer of mannose was found to have a negligible effect on the 

dehydration of surface Mg-H2O complex, it is possible that the polymerization of 

monomers plays a role in the process. In this study, we use oligo-saccharide (or tri-  
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Figure 7.3.4. (a) The flat configuration of mannose adsorbed on the surface. Water molecules are 
included in the simulations but not shown in this figure. (b) Side view of the mannose on the 
surface. (c) The vertical configuration of mannose adsorbed onto the surface. Water molecules are 
included in the simulations but not drawn in this figure. (d) Potential of mean force curve for 
water molecule #1 leaving the first two hydration layers in the presence of a flat mannose as 
shown in (a) and (b). (e) Potential of mean force curve for water molecule #2 leaving the first two 
hydration layers. (e) Potential of mean force curve for water molecule leaving the first two 
hydration layers in the presence of vertical mannose as shown in (c). 
  

saccharide, three units of α-D-monosaccharide joined by 1-4 linkage) as a model 

polysaccharide. We explored seven different tri-mannose configurations above dolomite 

(104) surface by performing MD simulations for 3 ns at room temperature and 1 

atmosphere (see appendix for the details and energies of the seven configurations). In the 

lowest energy system (configuration 1), one unit of the three six-member rings is bound 

to the surface via the interactions between its –OH group and the surface (Omannose-Mg 
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and Hmannose-Oc) while the other two units are away from the surface. The configuration 

of the unit that bonds to the surface and the solvation environment around this unit are 

very similar to the system of a vertical mannose adsorbed on the surface. No obvious 

effect of this configuration of tri-mannose is expected for weakening the surface Mg-

water interactions. The energies of the other configurations of tri-mannose systems are 

comparable. In configurations 2, two units of the tri-mannose bond to the dolomite 

surface and the third unit is away from the surface. The other configurations (3,4, 5, 6 and 

7), with about 1~2 eV higher energy for the whole simulation box (containing more than 

3000 atoms) than the ground state configuration 1, display a bridge shape but overall lie 

flat on the surface (Figure 7.3.5a and 7.3.5b), which create a low water density space just 

beneath the bridge near the hydrophobic –CH groups. The effect of this bridge shape and 

the space of low water density under the bridge cannot be tested in the case of monomers. 

Thus, we performed PMF calculations of desorption of two surface water molecules for 

configurations 3 and 5 (four PMF calculations in total). In one case, the water molecule 

lies beneath the bridge and the low water density space is above Mg ions. In another case 

the desorbing water molecule lies outside the bridge but is adjacent to the low water 

density space. In the PMF profiles (Figure 7.3.5c) for water molecules under the bridge, a 

decreased energy barrier is shown for the dehydration of the first hydration layer (~8.67 

kcal/mol in configure 3 and ~8.59 kcal/mol in configuration 5, in other words, the barrier 

is about 0.73-1.10 kcal/mol lower than that in pure water adsorption system). The PMF 

profile for the water molecule just outside the bridge (Figure 7.3.5d) has shown a similar 

amount of decrease in the hydration barrier (~8.66 kcal/mol).  
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Figure 7.3.5. (a) The bridge shape configuration of tri-mannose lying flat on the dolomite surface. 
(b) Side view of the tri-mannose on the surface. Water molecules are included in the simulations 
but not shown in this figure. (c) Potential of mean force curve for water molecule #1 inside the 
bridge leaving the first two hydration layers. (d) Potential of mean force curve for water molecule 
#2 outside the bridge leaving the first two hydration layers. 
 

7.4 Discussion 

Our PMF calculations show that the monosaccharide (mannose) does not have the 

ability to promote the dehydration of surface magnesium. Although the calculations were 

carried out with the presence of one monosaccharide, the concentration of 

monosaccharide is not expected to be a major factor. According to our complementary 

experiments at low temperatures (see chapter appendix), it shows that the increase of 
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monosaccharide used in the synthesis does not foster the incorporation of Mg into the 

carbonate structure.  

We considered the two major metastable configurations of tri-mannose on the 

dolomite (104) surface (stand vertically and lying flat). The bridge-shaped configurations 

of oligosaccharide lying flat on the dolomite surface are shown to be able to decrease the 

dehydration barrier for surface magnesium. Hydrophobic space with low water density 

created by this bridge shape is also observed in our MD simulations of solvation of other 

tri-saccharides (tri-glucose, tri-galactose and tri-xylose). This phenomenon is common in 

the helix of polysaccharides that the interior of the helix is hydrophobic while the outer 

shell is hydrophilic19. The bridge-shaped configurations are not the lowest energy 

configurations that we explored in our study but the energy difference is small 

considering the number of atoms in the simulation box. On the other hand, let us consider 

the following scenario. In EPS, the polysaccharides usually contain substituents of low 

molecular weight, such as negative charged carboxylate groups and sulfates20. In aqueous 

environment, the carboxylate groups can replace the water molecules bonded to Mg2+ and 

Ca2+ ions21. For example, the Log K values for the following two reactions at zero ionic 

strength are both 1.43: 

[Mg(H2O)6]2+ + HCOO- =[Mg(H2O)5HCOO]+ + H2O 

[Ca(H2O)x]2+ + HCOO- = [Ca(H2O)x-1HCOO]+ + H2O 

Because of the strong attractions between Ca/Mg and carboxylate/sulfate, it is possible 

that the flat configuration of the EPS polysaccharides is stable on the dolomite surface.    

Most of the previous studies on the role of polysaccharides or carboxyl groups in 

dolomite growth are focused on the desolvation of [Mg(H2O)6]2+ in the solution and the 
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adsorption of Mg to the surface. One mechanism that proposed by some recent works is 

that the surface carboxyl functional groups could dewater and adsorb Mg2+ and form a 

thin dolomite template for further precipitation under supersaturated conditions22,23. 

Although the energy barrier for the dehydration of one water molecule from the 

[Mg(H2O)6]2+ is about 9.0~10.5 kcal/mol17,18, the energy barrier for the adsorption of 

hydrated Mg2+ ions onto the calcite surface is only 3.06 kcal/mol and is very similar to 

the adsorption of calcium17. Therefore, the adsorption of hydrated Mg from solution to 

the surface is not a critical step for the dolomite growth. And a thin dolomite template 

does not necessarily facilitate the further growth of dolomite. This is because previous X-

ray reflectivity works have shown that only 1 layer24 or 2-layer11 thick film could form on 

the dolomite substrate during reaction with the supersaturated solution. Furthermore, 

careful examination of their published results indicates that their XRD data are too noisy 

to be able to be distinguished as dolomite peaks25.  

Our work has focused on the dehydration of surface Mg and has shown that the 

polysaccharide is able to decrease the dehydration barrier for the surface Mg by its 

hydrophobic –CH groups, which is the possible major effect of polysaccharide on the 

dolomite growth at low temperatures.  

 

7.5 Implication for dolomite growth at low temperature 

Most of the modern dolomites are precipitated in shallow and saline environments, 

such as sabkhas tidal flats, Coorong region and several playas in North America, where 

the metabolism of bacteria is active and biomass of living organisms or recently living 

organism is widely available. However, the formation of dolomite does not require living 
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microorganisms or metabolic activity. A recent work has shown that bound-EPS of non-

metabolizing biolmass can catalyze the growth of dolomite5. Our theoretical work, along 

with previous experiments3, indicates that polysaccharides (the major component of EPS) 

and even segments of polysaccharides can overcome the kinetic barrier of dolomite 

growth at low temperatures. It is both the hydrophilic and hydrophobic groups of 

polysaccharides or other organic macromolecules that make the dehydration of surface 

Mg easier. Although carbohydrates are usually degraded quickly in water column, it is 

estimated that the carbohydrates can be preserved in marine sediments (100-200 m below 

the sea floor) for 105 to 106 years25. Sulfurized carbohydrates can be even preserved in 

Jurassic sediments26. At the same time, the duration of dolomitization of Latemar buildup 

is estimated to be 60-120 years27. Considering the intervals between the episodes of 

dolomitization, the total duration of the dolomitization process could be much longer than 

100 years. Nevertheless, the relative long residence time of carbohydrates in certain 

marine environments, together with elevated Mg/Ca ratio, could facilitate the formation 

of early burial dolomite.      

7.6 Future work 

 In our current work, we assumed that when the surface Mg-water interactions are 

weakened, it is easy for carbonate ions to be adsorbed onto the surface Mg. In other 

words, we assumed that the dehydration process is more important than the swap of 

carbonate ions and surface water. Therefore, the pathway for carbonate ions to supplant 

the surface water molecules with the presence of polysaccharide needs to be further 

studied in detail. And this further study would include the PMF calculations of carbonate 

ions adsorption onto the surface cations with and without polysaccharides. By calculating 
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the adsorption barriers for carbonate, we would be able to clarify the following two 

questions. The first one is whether the adsorption barrier for the adsorption of carbonate 

to the surface Mg is significantly higher than that to the surface Ca. The answer to this 

question can help confirm that the hydration layers above surface Mg result in the kinetic 

slowness of the dolomite growth at low temperatures. The second question is whether the 

polysaccharides have any effects on the adsorption process(es).  

 As hydrogen sulfides do not have the same hydrophobic groups as 

polysaccharides, it is reasonable to believe that the exact role of hydrogen sulfides in the 

dolomite growth is different from that of polysaccharides. We proposed two possible 

catalytic mechanisms of adsorbed hydrogen sulfide on the Ca-Mg carbonate 

crystallization at low temperatures in chapter 6. In the future, we could also apply the 

PMF methods and classical MD simulations to determine whether the adsorbed hydrogen 

sulfides (aqueous H2S and HS-) could decrease the adsorption barrier for carbonate ions.  
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Chapter appendix 

1. Seven different tri-mannose configurations explored in our study and the energies 
of them.  Water molecules are present in the simulations but are not drawn in the 
figures. 
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Configurations Energy (eV) for 3756 atoms 
1 -7651.95 
2 -7648.44 
3 -7648.72 
4 -7648.77 
5 -7649.95 
6 -7650.67 
7 -7650.97 
 
 
2.  Synthesis of dolomite using monosaccharides at room temperature 

All synthesis experiments were carried out at room temperature in a desiccation cabinet 

(dimensions: 36×36×41cm3) for 2 weeks. Petri dishes were used as reaction containers. 

Monosaccharide’s concentration was varied from 0g/L to 4.0g/L. The initial 

concentration of CaCl2 was fixed at 5mM, and Mg/Ca ratio was fixed at 3:1, 4:1, 5:1, 8:1, 

respectively. The formation of synthesized calcite seeds was verified by X-ray diffraction 

and optical microscope before these seeds were added to the solutions for dolomite 

growth experiments (calcite seeds concentration: 0.2g/L). For every 100mL of 

experimental solutions, 1g of ammonium bicarbonate powders were added in a separated 

petri dish in the desiccation cabinet. These ammonium bicarbonate powders decomposed 

into NH3 and CO2 within a week (the rate of decomposition is depending on the humidity) 

inside of the cabinet. The produced NH3 will raise the pH, which will trigger the 

7 
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carbonate precipitation. 

Figures: 

The y axis of the following chart is the concentration of mannose used in the experiments. 

The x axis is the MgCO3 content in the (Ca,Mg)CO3. The black dots are from the 

experiments using a Mg:Ca ratio of 8:1. The red dots represents the experiments using a 

Mg:Ca ratio of 5:1.   
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