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Abstract:



The growth behavior and kinetics of the barite (001) surface in supersaturated BaSO4 solutions (supersaturation index (SI) = 1.1–4.1) at 30 °C were investigated using in situ atomic force microscopy (AFM). At the lowest supersaturation, the growth behavior was mainly the advancement of the initial step edges and filling in of the etch pits formed in the water before the BaSO4 solution was injected. For solutions with higher supersaturation, the growth behavior was characterized by the advance of the <uv0> and [010] half-layer steps with two different advance rates and the formation of growth spirals with a rhombic to bow-shaped form and sector-shaped two-dimensional (2D) nuclei. The advance rates of the initial steps and the two steps of 2D nuclei were proportional to the SI. In contrast, the advance rates of the parallel steps with extremely short step spacing on growth spirals were proportional to SI2, indicating that the lateral growth rates of growth spirals were directly proportional to the step separations. This dependence of the advance rate of every step on the growth spirals on the step separations predicts that the growth rates along the [001] direction of the growth spirals were proportional to SI2 for lower supersaturations and to SI for higher supersaturations. The nucleation and growth rates of the 2D nuclei increased sharply for higher supersaturations using exponential functions. Using these kinetic equations, we predicted a critical supersaturation (SI ≈ 4.3) at which the main growth mechanism of the (001) face would change from a spiral growth to a 2D nucleation growth mechanism: therefore, the morphology of bulk crystals would change.
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1. Introduction


Barite (BaSO4) is the most abundant mineral of barium and occurs in a wide variety of geological environments that span geologic times from the Early Archean era to the present [1,2]. Barite is also one of the few marine authigenic minerals that are reported to form in the water column, as well as in marine sediments and locations around hydrothermal vents and cold seeps [3]. Due to its diverse modes of formation, barite can be utilized for paleoenvironmental, hydrogeological, and hydrothermal studies [3]. The precipitation and dissolution of barite control the concentration and mobility of Ba in the ground and surface water, due to its low solubility (Ksp = 10−9.99 at 25 °C) in water [4,5]. The common scale mineral barite is also almost inevitable in industrial water, oil, and gas production systems due to its low solubility [4,5,6,7,8,9]. The uptake of radioactive Ra ions during barite formation [10] may occur from the systems from U mine wastes [2] or at a later stage of high-level waste-repository evolution [11] because Ra2+ and Ba2+ have a similar ionic radius and electronegativity.



Therefore, barite precipitation and dissolution reactions at the mineral–water interface are still substantial. Mineral growth in solutions preferentially occurs at kink sites, edges, steps, and defect outcrops, depending on the surface microtopography. Such microscopic growth features are also reflected in the bulk crystal appearance [12,13]. In situ Atomic Force Microscopy (AFM) allows direct observation of the growth and dissolution processes at the mineral–water interface at the site or step level (e.g., [9,14,15,16]). Several in situ AFM studies on barite growth, particularly on the (001) surface, which is a singular plane of barite, have been conducted to elucidate the processes involved and solve the problems cited above. The available AFM results mainly show two cases: one is growth on a singular interface with nucleus formation and spread (two-dimensional (2D) nucleation growth), and the other is growth on an imperfect singular interface, which controls the number of defect sites and the rate of lateral growth from these sites (spiral growth) (e.g., [4,8,13,17,18,19,20,21,22,23]). However, the available data and hypotheses regarding the growth kinetics of the two processes are still insufficient and unclear, although there are some reports regarding the lateral growth kinetics of steps or 2D islands {e.g., the lateral spreading rate of 2D islands is proportional to the supersaturation Ω (which is equivalent to IAP/Ksp, where IAP is the ion activity product of the ionic species in solution, a(Ba2+) a(SO42−), and Ksp is the solubility product of the growing mineral) [4,21]; the step velocity increases linearly with S1/2(S − 1) where S = Ω1/2 [19]; and the 2D nucleation kinetics are shown by a linear correlation between ln N vs. (ln S)−1, where N is the density of the nuclei [21]}. In addition, the relationship between the anisotropic advance and retreat behaviors of the steps during barite growth and dissolution is not well understood.



In this study, we examined the growth behavior of the barite (001) surface in supersaturated BaSO4 solutions at 30 °C using in situ AFM with an air/fluid heater/cooler system. The aims of this study were to reveal the microscopic growth behavior on the barite (001) surface at the step or site level and to estimate the growth kinetics of 2D nucleation and spiral growth that occur at the barite surface–aqueous solution interface, as well as the lateral advance rates of the initial steps, steps of the 2D nuclei, and steps on growth spirals.




2. Materials and Methods


2.1. Materials and Solutions


The barite ((Ba0.98Ca0.01Sr0.01)SO4) used for this study was obtained from the Stonehem Barite Deposit in Colorado, USA in the form of a single optically clear crystal. The barite crystal was cleaved parallel to the (001) cleavage plane with a sharp knife blade immediately before the AFM observations and fixed on an AFM mount with an adhesive tab (Ted Pella, Inc., Redding, CA, USA). The crystallographic direction of the cleaved samples was determined from the morphology of the etch pit and/or the 2D nucleus [4,8,15]. Various steps were mechanically formed on the (001) surfaces by cleaving with the knife blade (e.g., Figure 1a and Figure 2a), as shown in our previous studies on barite dissolution [15,16,24]. The initial steps were generally parallel to <uv0> (mainly <120>, <130>, <140>, and so on) and [010], but they did not necessarily appear to be oriented parallel to an energetically favorable crystallographic direction, and slightly curved steps were also observed. The step heights corresponded to a half-c unit cell layer (3.6 Å), a single unit cell layer (7.2 Å), and multiple layers.


Figure 1. (a–c) CMAFM deflection images of a (001) surface in 20µM, 40 µM, and 100 µM BaSO4 solutions at 30 °C, respectively. In (b), sector-shaped 2D nuclei formed sporadically, while in (c) these nuclei formed rapidly and coalesced.
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Figure 2. (a), (b), and (d) Sequential CMAFM deflection images of a (001) surface in a 40 µM BaSO4 solution at 30 °C after 0 min, 14 min, and 51 min, respectively; each one-layer [010] step (step height = 7.2 Å) begins to split into two half-layer steps (step height = 3.6 Å) with different advance rates. Sector-shaped 2D nuclei were randomly formed, independent of the microtopography. In (d), the birth of a growth spirals that formed from a screw dislocation point is shown. (c) A comparison of (a) and (b), which are overlapped. The splitting process and advance rates of the steps are clearly demonstrated.
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The supersaturated BaSO4 aqueous solutions were prepared by mixing Na2SO4 and Ba(NO3)2 solutions consisting of analytical grade chemicals and deionized water immediately before the AFM observations. The concentrations of the BaSO4 solutions were 20–100 µM ([Ba2+]/[SO42−] = 1). The degree of supersaturation was calculated using the program PHREEQC (the database used was minteq) [25]. The supersaturation index (SI) can be expressed as


SI = ∆µ/kT = ln(a/ae) = ln(IAP/Ksp),



(1)




where ∆µ is the difference in the chemical potential between the growth unit in the aqueous and solid phases, k is the Boltzmann constant, a is the activity of the ion species, and ae is the equilibrium activity at the temperature T [26,27,28]. The SI values of the BaSO4 solutions were 1.1 for 20 µM, 2.4 for 40 µM, 3.2 for 60 µM, 3.7 for 80 µM, and 4.1 for 100 µM at 30 °C.




2.2. Barite Growth Experiments and AFM Imaging


In situ observations of barite growth were performed using a Nanoscope III with a Multimode SPM unit (Digital Instruments/Bruker AXS, Yokohama, Japan) and a fluid cell with an air/fluid heater/cooler system (Veeco/Bruker AXS, Yokohama, Japan ), which was operated in contact-mode AFM (CMAFM) on a vibration isolation platform in a temperature- and humidity-controlled room [22]. The cleaved barite crystals were first reacted with pure water at 30 ± 0.3 °C to ensure stable AFM scanning conditions and obtain reliable AFM images. We then replaced the water with a BaSO4 solution in the fluid cell and began observing the growth process on the barite (001) surface at 30 ± 0.3 °C. The temperature was controlled by the heater/cooler-stage and a Thermal Applications Controller (TAC) (Veeco/Bruker AXS); it was also monitored by a thermocouple thermometer (Cole-Parmer International, Vernon Hills, IL, USA) [22,29]. The pure water and BaSO4 solutions flowed through the fluid cell at a constant rate of 0.6 mL/h, which was controlled by a syringe pump. The solution residence time in the fluid cell at the flow rate of 0.6 mL/h was approximately 8 min [22]. (Incidentally, we also attempted the growth experiments in the lowest and higher supersaturated (20, 80, and 100 µM) BaSO4 solutions at a flow rate of 1.2 mL/h to examine the effect of the solution flow rate on the barite crystal growth. The growth rates of the 2D nuclei and growth spirals did not differ for the two flow rate conditions.)



The AFM images were captured at scan rates of 1 to 4 Hz with 512 × 512 scan lines (and also with 256 × 256 scan lines in the 100 µM BaSO4 solutions only) using a specialized heater/cooler, J-head piezoelectric scanner (125 µm X-Y and 5 µm Z scan size) and oxide-sharpened Si3N4 tip units. The setpoint and direct scanning duration on the observed surface were kept as small as possible to reduce the scan force and minimize the effect of the tip on the sample surface. All experimental runs lasted over 2 h, and the longest experiment was over 9 h. We collected parallel CMAFM height and deflection images. The AFM images were analyzed using the methods described in our earlier studies [15,16] to determine the step advance rate and growth rates of islands and spirals. We did not use the AFM images obtained immediately after the water was replaced with the BaSO4 solution in the fluid cell to estimate the nucleation rate of the 2D nuclei because the images did not show steady formation of the 2D nuclei.





3. Results


The growth behavior on the barite (001) surface changed as the supersaturation increased. At the lowest supersaturation (SI = 1.1), the growth behavior appeared to begin and persist with the advancement of the initial step edges and the filling in of the etch pits formed in water before the BaSO4 solution was injected (Figure 1a,b). Although the formation of growth spirals from a screw dislocation was observed, their growth was extremely slow. Sector-shaped 2D nuclei, which were formed at higher supersaturations, were not observed at the lowest supersaturation.



The growth behavior of the moderate supersaturations (SI = 2.4–3.7) was characterized by the advance of two half-layer steps with distinctly different advance rates, the relatively rapid formation of growth spirals and hillocks, and the relatively slow formation of sector-shaped 2D nuclei (Figure 2 and Figure 3). Of course, the advance rates of the various steps increased with increasing supersaturation (Table 1). Figure 2a–c reveals that the initial [010] one-layer steps were immediately split into two half-layer [010] steps with different advance rates. Similar results were also observed for the two half-layer [120] steps (Figure 3). The large difference in the advance rates of the “f” and the “s” steps led to the formation of a new one-layer step (Figure 3d).


Figure 3. (a), (b), and (d) Sequential CMAFM deflection images of a (001) surface in pure water and in a 40 µM BaSO4 solution at 30 °C after 4 min and 12 min, respectively. The [120] “fast retreat” and “slow retreat” half-layer steps during dissolution showed “fast advance” and “slow advance” behaviors, respectively, during growth. In (d), a new one-layer step was formed because the front of the half-layer step with the fast advance rate caught up with that of the immediately underlying half-layer step with the slow advance rate. (c) A comparison of (a) and (b), which are overlapped. The difference in the advance rate between the two [120] half-layer steps is clearly revealed.
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Table 1. Average advance rates of the various steps on the barite (001) surface.







	
BaSO4 Concentration (µM)

	
Advance Rates of Steps on the (001) Surface (nm/s)




	
<uv0> * “f” Step with Half-Layer

	
<uv0> * “s” Step with Half-Layer

	
<uv0> * Step with One Layer (“f” upper + “s” Lower Half-Layers)

	
[010] “f” Step with Half-Layer

	
[010] “s” Step with Half-Layer






	
20

	
0.06 ± 0.01

	
0.03 ± 0.01

	
0.03 ± 0.01

	
0.05 ±0.01

	
0.02 ±0.01




	
40

	
0.50 ± 0.03

	
0.08 ± 0.01

	
0.12 ± 0.01

	
0.51 ± 0.02

	
0.07 ±0.01




	
60

	
0.62 ± 0.03

	
0.12 ± 0.01

	
0.21 ± 0.01

	
0.62 ± 0.03

	
0.11 ± 0.01




	
80

	
0.73 ± 0.05

	
0.16 ± 0.01

	
- **

	
- **

	
- **








* Mainly the <120> step, but also including the <130>, <140>, and other steps, as well as the slightly curved steps; ** These rates could not be estimated accurately, due to the rapid formation and growth of many 2D nuclei.








Figure 2 also reveals the birth of growth spirals from a screw dislocation point at a moderate supersaturation (SI = 2.4). The morphology of the growth spirals was a rhombic form elongated along the [010] direction. The growth spirals tended to have a more curved outline with increasing supersaturation and showed mainly one-layer step sequences with approximately regular, narrow step spacings at each supersaturation condition (Figure 4). The growth rates of growth spirals also increased with increasing supersaturation (Table 2). Our AFM observations further captured the formation of growth hillocks where sector-shaped, half-layer 2D islands formed from a specific point were piled up and pointing in opposite orientations due to the presence of the 21 screw axis normal to the (001) plane, although these structures could only be observed at a moderate supersaturation (SI = 2.4) (Figure 4a). The growth hillocks may have formed from an edge dislocation point and grew slowly, while the growth spirals formed from a screw dislocation point grew rapidly.


Figure 4. (a–c) CMAFM deflection images of a (001) surface in 40 µM, 60 µM, and 100 µM BaSO4 solutions at 30 °C, respectively, showing the growth spirals that formed from screw dislocations. The growth hillocks that likely formed from edge dislocations are also shown in (a). (d) CMAFM deflection image of a (001) surface in an 80 µM BaSO4 solution at 30 °C showing growth spirals with a one-layer step sequence and regular step spacing.
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Table 2. Average spiral growth rates and step separations.







	
BaSO4 Concentration (µM)

	
Face or Corner Advance Rates in the Growth Spirals

	
The Ratio of the Advance Rates in the Growth Spirals

	
Mean Step Separations * (nm)




	
[100] Corner (nm/s)

	
[010] Corner (nm/s)

	
(001) (nm/min)

	
(001)/[100]

	
(001)/[010]

	
[010]/[100]

	
[100]

	
[010]






	
20

	
(0.002) **

	
(0.006) **

	
(0.006) **

	

	

	

	

	




	
40

	
0.04 ± 0.01

	
0.11 ± 0.01

	
0.11 ± 0.02

	
4.58 × 10−2

	
1.67 × 10−2

	
2.9

	
15.7

	
43.2




	
60

	
0.10 ± 0.01

	
0.25 ± 0.01

	
0.22 ± 0.05

	
3.67 × 10−2

	
1.47 × 10−2

	
2.5

	
19.6

	
49.1




	
80

	
0.13 ± 0.01

	
0.32 ± 0.02

	
0.26 ± 0.05

	
3.33 × 10−2

	
1.35 × 10−2

	
2.4

	
21.6

	
53.2




	
100

	
0.19 ± 0.02

	
0.46 ± 0.04

	
0.33 ± 0.09

	
2.89 × 10−2

	
1.20 × 10−2

	
2.4

	
24.9

	
60.2








* When every parallel step on the growth spirals is a one-layer step; ** These rates may be somewhat rough estimates, because they are calculated from only two data points and represent extremely slow spiral growth.








The sector-shaped 2D nuclei were defined by half-layer steps parallel to [120], [1[image: there is no content]0], and a curved step edge tangent to [010] (Figure 2 and Figure 3). Such sector-shaped 2D nuclei have been formed in various supersaturated BaSO4 solutions at room temperature {e.g., SI = 3 [8]; SI = 3.3 and 4.3 [18]; and SI = 4.0 and 4.5 [4]}. The [120] and curved steps of the 2D nuclei advanced at constant rates in each supersaturated solution for the duration of the experiment (i.e., the 2D nuclei grew at a constant rate) (Figure 5 and Figure 6, Table 3).


Figure 5. (a) and (b) Sequential CMAFM deflection images of a (001) surface in a 40 µM BaSO4 solution at 30 °C after 21 min and 30 min, respectively; (c) a comparison of (a) and (b), which are overlapped. The lateral spreading process and step advance rates of the 2D nuclei are clearly demonstrated. See Figure 6 for the growth of a 2D nucleus that is indicated by the white arrows.
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Figure 6. Changes in the [120] (solid circulars) and curved (open circulars) step advance distances in the 2D nucleus shown in Figure 5 as a function of time. We began measuring the step advance distance 21 min (Figure 5a) after the experiment began. The solid and open circular marks at 1803 s indicate the advance distances of the two steps in the 2D nucleus indicated by a white arrow in Figure 5b.
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Table 3. Nucleation rates and average growth rates of the sector-shaped 2D nuclei.







	
BaSO4 Concentration (µM)

	
Advance Rates of the Steps (nm/s)

	
Growth Rates toward the [001] Direction (nm/min)

	
Nucleation Rates (N/(µm2·min))




	
[120] Step

	
Curved Step






	
40

	
0.08 ± 0.01

	
0.50 ± 0.02

	
0.012 ± 0.001

	
0.029 ± 0.007




	
60

	
0.12 ± 0.01

	
0.60 ± 0.02

	
0.022 ± 0.002

	
0.030 ± 0.008




	
80

	
0.16 ± 0.01

	
0.73 ± 0.05

	
0.041 ± 0.002

	
0.14 ± 0.08




	
100

	
- *

	
- *

	
0.21 ± 0.06

	
2.2 ± 0.3








* These rates could not be estimated accurately, due to the rapid formation and growth of many 2D nuclei.








The growth behavior at the highest supersaturation (SI = 4.1) was characterized by the rapid formation and growth of sector-shaped 2D nuclei and growth spirals immediately after the solutions were injected into the AFM fluid cell (Figure 1d and Figure 4c). We could not estimate the advance rates of initial steps and the [120] and curved steps of the 2D nuclei at higher supersaturations because the 2D nuclei formed and grew too rapidly, but we could estimate the nucleation rates of the 2D nuclei and the spiral growth rates. The bow-shaped growth spirals formed at the highest supersaturation showed a more curved outline than those for lower supersaturations, as mentioned above (Figure 4). A number of sector-shaped 2D nuclei immediately formed and coalesced on the initial surface, and new nuclei were deposited on the previous ones before a layer was completed (i.e., multi-nucleation growth [30]).




4. Discussion


4.1. Advance and Retreat Behavior of the Steps


Previous AFM studies on barite growth and dissolution reported that the <uv0> and [010] half-layer steps on the barite (001) surface have two different advance rates or retreat rates {e.g., step retreat (dissolution) [4,15,16,24,32]; step advance (growth) [17,18,21]}. However, the relationship between the anisotropic advance and retreat behaviors of the half-layer steps during barite growth and dissolution is not entirely understood or delineated. Our AFM observations revealed that the [010] “fast retreat” and “slow retreat” half-layer steps during dissolution in water shifted to “slow advance” and “fast advance” steps, respectively, during growth in the supersaturated solution (Figure 1 and Figure 2). In contrast, the [120] “fast retreat” and “slow retreat” half-layer steps during dissolution showed “fast advance” and “slow advance” behaviors, respectively, during growth (Figure 3). The results of this study and our previous AFM studies on barite dissolution [15,16,24] lead to a schematic model showing the relationships between the advance and retreat behaviors of the half-layer steps, the reduction and growth of the etch pits, and the growth of the sector-shaped 2D islands during barite growth and dissolution on the barite (001) surface (Figure 7). What is the cause of the differences in the advance behaviors of the two half-layer steps? A possible cause is that the [120] and [010] steps have the opposite termination (obtuse or acute), in which the acute steps advance more slowly than the obtuse steps [33]. Another important result is that the rate-limiting reaction for Ba attachment and detachment involves escape of the ion from the inner-sphere adsorbed species [34]. Stack et al. [34,35] demonstrated that the rate-limiting reaction of Ba attachment to a step is the change from inner-sphere adsorbed species involving only one bond to a surface sulfate to the bidentate species where the departing Ba makes two bonds to two surface sulfates. The state of inner-sphere adsorbed species may affect the step advancing rate.


Figure 7. Schematic diagrams showing the relationships between the advance and retreat behaviors of the half-layer [010] (a) and [120] (b) steps, the reduction and growth of the etch pits, and the growth of sector-shaped 2D islands during growth and dissolution on the barite (001) surface. The uppermost and lowermost half-layers show half-layer 1 (white) and half-layer 4 (black), respectively. The red and blue arrows show the directions and relative rates (slow and fast, respectively) of the advance and retreat of the steps.
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The advance rates of the <uv0> half-layer steps and the [120] and curved steps in the 2D islands were roughly proportional to the supersaturation index (SI) (Figure 8):


v<uv0>f-step (nm/s) = 0.25 SI − 0.18 (r = 0.985)



(2)






v<uv0>s-step (nm/s) = 0.047 SI − 0.026 (r = 0.989),



(3)




where v<uv0>f-step and v<uv0>s-step are the advance rates of the <uv0> “f” and “s” steps, respectively, and r is the correlation coefficient. The direct proportionality between the advance rates of the individual steps and the SI may be expressed by the lateral growth law using Brice’s model, which states that an energy barrier (∆GI) is required to transfer an atom from the growth phase to the crystal, and moving the first growth-phase atom into the crystal is exactly equivalent to moving one step on the growth face [36,37]:


fl (= vstep) = A·∆µ/kT = A·SI,



(4)




where fl is the rate of sideways growth, vstep is the step advance rate, and A = sv exp(−∆GI/RT). In this second equation, s is the interlayer spacing for the particular face, v is the vibration frequency of the particles, and R is the gas constant. Equation (4) is equivalent to the equation for the advance rate of a step described by Burton et al. [38]. Another expression, where the step advance rates are proportional to S1/2(S − 1), has been presented by Zhang and Nancollas [39,40]. However, the step advance rates in this study were not proportional to S1/2(S − 1).


Figure 8. Changes in the step or corner advance rates of the initial steps, 2D nuclei, and growth spirals as a function of the supersaturation index (SI). The initial half-layer fast (“f”) and slow (“s”) steps were indicated by red solid and open squares, respectively. The [120] and curved steps in 2D nuclei were shown as open and solid triangles, respectively. The [010] and [100] corners of the growth spirals were indicated by blue open and solid circles, respectively. The lateral growth rates of the growth spirals were proportional to SI2, while the advance rates of the initial steps and the two steps in the 2D nuclei were proportional to the SI.
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4.2. Growth Spiral Formation and Development


The development of growth spirals formed from screw dislocations was somewhat complicated. The lateral growth rates of the growth spirals were proportional to SI2 rather than SI, while the advance rates of the initial steps on the surface were proportional to SI (Figure 8):


f[010] (nm/s) = 0.025 SI2 (r = 0.992)



(5)






f[100] (nm/s) = 0.010 SI2 (r = 0.986),



(6)




where f[010] and f[100] are the advance rates of the [010] and [100] corners in the growth spirals, respectively. According to Burton et al. [38], a better derivation for Equation (4) yields


fl = vstep = A SI tanh(λ/2xs),



(7)




where λ is the step separation in the parallel step sequence and xs is the mean displacement of the adsorbed molecules (2xs is the catchment area of a step for adsorbed molecules [30]). Equation (7) reduces to Equation (4) when λ >> 2xs (namely, single steps or a step sequence where the step spacing is sufficiently wider than the catchment area of every step) and when λ << 2xs, the equation predicts that


fl = vstep = A λ SI/2xs.



(8)







Equation (8) indicates that the advance rate of every step in a parallel step sequence is proportional to the spacing between the parallel steps when the step spacing is sufficiently shorter than the catchment area of every step, generally in higher supersaturations [30]. The slopes (p) of the [100] and [010] directions of the growth spirals (Rsp/f[100] and Rsp/f[010], respectively, where Rsp is the vertical growth rate of the growth spirals) in this study tended to gradually decrease with SI (Table 3). This result indicates that the mean step separations (λ) of parallel steps on the growth spirals were proportional to SI because the growth spirals showed mainly one-layer step sequences and approximately regular step spacings at each supersaturation (Table 3, Figure 4d). Thus, Equation (8) can be represented as:


fl = vstep = A2SI2,



(9)




where A2 is a constant. Indeed, the lateral growth rates of the growth spirals in our AFM experiments were directly proportional to the step separations (Figure 9) and proportional to SI2 (Figure 8, Equations (5) and (6)).


Figure 9. Changes in the lateral advance rates of parallel steps on the growth spirals as a function of the mean step separations of those that were proportional to SI. (a) Toward the [100] direction; (b) toward the [010] direction.
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Pina et al. [17] explained the inhibition of the spiral growth through the structural control and anisotropy of the growth. On the (001) surface, alternate BaSO4 layers are related by a 21 screw axis so that the anisotropy and the shape of the nuclei are reversed in each growth layer. The growth of the first BaSO4 layer around the dislocation is restricted to one sector and cannot continue around the spiral because of the very slow growth in the opposite direction. In the next layer that forms around the dislocation, the directions are reversed but the rapid growth along is almost completely prevented by the very slow growth in the underlying layer. This alternation of fast and slow directions continues for subsequent layers and so growth around the screw dislocation is limited to an ever-tightening spiral. Similar results were also shown in anhydrite (100) and cerestite (001) growth [17,41].



The growth rate normal to the surface by spiral growth from a screw dislocation (Rsp) has been described by some well-known classical growth models (e.g., [37,38,42,43]):


Rsp = pvstep = dvstep/λ = dA SI tanh(λ/2xs)/λ,



(10)




where d is the height of a step. For λ >> 2xs, Equation (10) predicts that


Rsp = dA SI/λ.



(11)







Here, the step separation (λ) of parallel steps on the growth spirals depends on the critical radius (ρc) of a central island [30,36]:


λ = 4πρc



(12)






ρc = κV/∆µ = γV/kTS,



(13)




where κ is the step edge free energy and V is the molar volume. From Equations (12) and (13),


1/λ ∝ SI,



(14)




therefore


Rsp = A3 SI2,



(15)




where A3 is a constant. On the other hand, for λ << 2xs, Equation (10) can be written in the form


Rsp = dA SI/2xs = A4SI,



(16)




where A4 is a constant.



The growth rates (Rsp) of the growth spirals formed on the barite (001) surface appeared to be proportional to SI2 (Figure 10), similar to the lateral growth rates (f[010] and f[100]) (Figure 8). Thus,


Rsp (nm/min) = 0.019 SI2 (r = 0.995).



(17)






Figure 10. Changes in the growth rates toward the [001] direction of the growth spirals (Rsp) (blue solid circles) and 2D nuclei (Rnucl) (solid squares) as a function of the supersaturation index (SI). The growth rates (Rsp) of the growth spirals were likely proportional to SI2 for lower supersaturations (a solid line) and to SI for higher supersaturations (a blue dotted line). In contrast, the growth rates (Rnucl) of the 2D nuclei increased sharply at higher supersaturations (SI ≥ 3.8) and followed an exponential function (see text). It is expected that the main growth mechanism of the (001) face changes from a spiral growth to a 2D nucleation growth mechanism at an SI* of approximately 4.3.
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However, the aforementioned dependence of the advance rate of every step on the growth spirals on the step separations or a proportional relationship between the lateral growth rates of the growth spirals and SI2 predicts that the step separations would be significantly shorter than the catchment area of every step (λ << 2xs). Hence, at least for SI = 2.4–4.1 at 30 °C, where the lateral growth rates of growth spirals clearly depended on the step separations (Figure 9), the growth rates (Rsp) of the growth spirals likely followed the growth law described in Equation (16) (Figure 10):


Rsp (nm/min) = 0.124 SI − 0.187 (r = 0.993).



(18)








4.3. Formation and Growth of 2D Nuclei


The nucleation frequency and growth rate of the 2D nuclei on the singular interface have also been described by some growth models (e.g., [30,36,37,44]). According to their models, two limiting cases can be considered. The first case is the one where the nuclei rapidly grow laterally, namely, single nucleation growth, and the second case is one where the nuclei, once formed, spread slowly, such that new nuclei form on the old ones before layer growth is complete, namely, multi-nucleation growth. Here, our AFM observations revealed that the formation and growth of the 2D nuclei on the barite (001) surface followed the second limiting case (Figure 1). The nucleation frequency (JL) of the 2D nuclei in the second limiting case [37] is:


JL = A5 exp(−∆G*/kT),



(19)




where A5 is a constant and ∆G* is the free energy of the nucleus:


∆G* = πρcκ.



(20)







Using Equations (13) and (20), Equation (19) can be written in the form


JL = A5 exp(−B/SI),



(21)




where B = πVκ2. Fitting our AFM data to Equation (21), we obtain a relationship between the formation frequency of 2D nuclei on the barite (001) surface and the SI (Figure 11):


JL (N/(µm2·min)) = 1.23 × 1011 exp(−1.03 × 102/SI) (r = 0.999).



(22)






Figure 11. Changes in the 2D nucleation rates as a function of the supersaturation index (SI). The 2D nucleation rates increased sharply at higher supersaturations (SI ≥ 3.8) and followed an exponential function, similar to the growth rates (Rnucl) of the 2D nuclei.
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Similar results showing that there is a sharp increase in the nucleation rate above a certain high supersaturation level have been reported in previous AFM studies of the barite growth at different temperatures [4,21]. The supersaturation index (SI) above which there is a sharp increase in the nucleation rate was approximately 4.1 at 30 °C in this study and 4.2 at 22 °C in a previous study [4].



The vertical growth rate (Rnucl) of 2D nucleation growth in the first limiting case of Brice’s model is represented as


Rnucl = d JS,



(23)




where d is the step height of the nucleus and JS is the formation frequency of the 2D nuclei in the first limiting case [36]. In the second limiting case, the growth rate is the cube root of the volume deposited in unit time:


Rnucl = (dπfl2JL)1/3.



(24)







Using Equations (4) and (21), Equation (24) can be written in the form


Rnucl = A6SI2/3 exp(−B/SI),



(25)




where A6 is a constant for a given material. Again, fitting our AFM data to Equation (25), we predict that the growth rates (Rnucl) of 2D nucleation growth on the barite (001) surface followed the growth law of Equation (25) (Figure 10):


Rnucl = 4.89 × 104SI2/3 exp (−5.51 × 101/SI) (r = 0.993).



(26)







The lateral spreading rates of the sector-shaped 2D nuclei appeared to be proportional to the supersaturation index (SI), similar to the advance rates of the initial steps (Figure 8). The advance rates of the curved steps of the 2D nuclei were much higher than those of the [120] steps, although the difference in the rates gradually decreased with supersaturation (approximately 6.3 times at SI = 2.4 to 4.6 times at SI = 3.7) and was smaller than that (approximately 10 times) at a lower temperature (22 °C) in previous studies [4,21].




4.4. Implication of Microscopic Growth Kinetic Data for Macroscopic Features


Macroscopic barite growth rates reported in the previous studies showed 107–108 mol/(m2·s) at a range of 3 < SI < 5 at room temperature (e.g., [21,45]). The macroscopic growth rates are approximately an order of magnitude higher than the growth rates on the (001) surface that were estimated from our AFM data (Table 4). A possible cause of the difference is the growth of other surfaces that are faster than the growth of the (001) surface. Godinho and Stack [45] showed that growth rates of the {010} and {210} surfaces were significantly and slightly higher than that of the {001} surface, respectively. Another possible cause is the difference in the dislocation density (or growth spirals density). Boshbach [21] showed that the observed dislocation density on the (001) surface was up to 1013 m−2 and led to a macroscopic growth rate of about 10−8 mol/(m2·s). Using the dislocation density instead of our growth spirals density data (2 × 1012 m−2), we can also estimate growth rates of the (001) surface of about 10−8 mol/(m2·s).



Table 4. Growth rates of spiral growth and 2D growth on the barite (001) surface.







	
BaSO4 Concentration (µM)

	
Spiral Growth Rate * (×10−9 mol/(m2·s))

	
2D Growth Rate ** (×10−9 mol/(m2·s))

	
Total Growth Rate (×10−9 mol/(m2·s))






	
40

	
1.3 ± 0.5

	
3.3 ± 0.8

	
5 ± 1




	
60

	
3.1 ± 1.2

	
3.7 ± 1.0

	
7 ± 2




	
80

	
4.0 ± 1.7

	
7.1 ± 4.1

	
11 ± 6




	
100

	
5.7 ± 2.4

	
20 ± 1

	
26 ± 4








* Using a = 0.8884 nm, b = 0.5456 nm, c = 0.7157 nm, density = 4.50 g/cm3 [31], rate data in Table 2, and mean growth spirals density = 2 (±1) × 1012 m-2; ** Using Equations (2) and (3), rate data in Table 3 as well as the above unit cell parameter and density [31].








It is important to understand the process by which minerals that are naturally grown in solutions form to transfer microscopic growth features to macroscopic features [12]. Several studies on barite crystals in hydrothermal fluid or cold seep have reported that they increase in size and change their morphologies from platy to rectangular, prismatic or dendritic with the degree of supersaturation [3,46,47,48]. Kowacz and Putnis [13] have demonstrated that the nanoscale morphology of the growth features on the barite (001) surface in a supersaturated solution with 0.03 M KCl was reflected in the morphology of the bulk crystals (~10 µm in size) precipitated from the solution of the corresponding composition. The pseudo-hexagonal shape of the (001) face and elongation of the bulk crystals correlate with the hexagonal shape of the growth spirals and the very narrow layer spacing on the growth spirals that corresponds to its preferential growth in the direction normal to the (001) surface with little lateral spreading. Using four empirical kinetic equations (Equations (2), (5), (17) or (18) and (26)), we can estimate that for SI < 4, where the growth of the (001) face was mainly controlled by a spiral growth mechanism, the ratio (Rsp/fl) of the vertical growth rates to the lateral advance rates of the growth spirals was one to two orders of magnitude higher than that (Rnucl/vstep) of the 2D nuclei. This result was consistent with the results reported by Kowacz and Putnis [13].



The 2D nuclei on the barite (001) surface were randomly distributed independent of the microtopography, similar to the nucleation under different conditions in previous AFM studies on barite growth [4,13,18]. Using two growth kinetic equations (Equations (18) and (26)), we can predict a critical supersaturation (SI* ≈ 4.3) at which the main growth mechanism of the (001) face would change from a spiral growth mechanism to a 2D nucleation growth mechanism (Figure 10). Therefore, over the critical supersaturation SI*(≈4.3) the development of larger crystals with a wider singular (001) surface {e.g., tabular crystals bounded by {210} (closely related to the [120] and [1[image: there is no content]0] steps, with much slower advance rates than the curved step of 2D nuclei) precipitated from sea water or (low temperature) hydrothermal solutions [3,47]} may be predicted, due to the rapid nucleation and faster lateral spreading of the 2D nuclei. Interestingly, Pina et al. [49] reported that the transitional supersaturation values where 2D nuclei were observed for the first time were approximately SI = 1.9 for barite and SI = 0.8 for selestite, predicting the decrease of the critical supersaturation SI* with increasing celestite composition in the (Ba,Sr)SO4 solid solution.



The formation and growth of barite from aqueous supersaturated solutions are a well-known problem in industrial oil and gas production systems. Recent experimental studies on the coating of barite from supersaturated solutions in the absence of chemical scale inhibitors on a stainless steel surface have revealed the oriented crystallization where the (001) face mainly developed [50,51]. Our kinetic data regarding the vertical growth of the barite (001) face are certainly helpful in estimating the thickness of the barite film formed under such conditions. For instance, Equations (18) and (26), which predict the sharp increase of the growth rate of the barite (001) face over a critical supersaturation, estimate that the vertical growth rate of the (001) face rises more than two-fold when the SI increases from 4.0 to 4.5, while it increases only by 1.2-fold when the SI increases from 3.5 to 4.0. This explains why barite crystals deposited on a quartz crystal microbalance (QCM) surface at the highest SI (4.32) were considerably larger than those at the lower SI [52].





5. Conclusions


Our in situ AFM study carefully examined the microscopic growth behavior on the barite (001) surface at 30 °C and revealed the mechanisms and kinetics of barite growth across a range of supersaturation conditions. Regarding lateral growth on the barite (001) surface, the advance rates of the parallel steps with extremely short step spacings on the growth spirals were proportional to the square of the supersaturation index (SI2), while those of the initial steps and the two steps of the 2D nuclei (namely, single steps or steps with wider step spacings) were proportional to SI. On the other hand, the growth perpendicular to the (001) surface was mainly controlled by a spiral growth mechanism, where the growth rates (Rsp) of the growth spirals were proportional to SI2 for lower supersaturations and to SI for higher supersaturations. However, over a critical supersaturation (SI ≈ 3.8) the nucleation rates (JL) and growth rates (Rnucl) of the 2D nuclei formed on the (001) surface increased sharply and followed exponential functions. These microscopic and kinetic data on barite growth help us to predict and improve the growth processes and rate laws.
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