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Abstract

:

Leaching zones within potash seams generally represent a significant risk to subsurface mining operations and the construction of technical caverns in salt rocks, but their temporal and spatial formation has been investigated only rudimentarily to date. To the knowledge of the authors, current reactive transport simulation implementations are not capable to address hydraulic-chemical interactions within potash salt. For this reason, a reactive transport model has been developed and complemented by an innovative approach to calculate the interchange of minerals and solution at the water-rock interface. Using this model, a scenario analysis was carried out based on a carnallite-bearing potash seam. The results show that the evolution of leaching zones depends on the mineral composition and dissolution rate of the original salt rock, and that the formation can be classified by the dimensionless parameters of Péclet (Pe) and Damköhler (Da). For Pe > 2 and Da > 1, a funnel-shaped leaching zone is formed, otherwise the dissolution front is planar. Additionally, Da > 1 results in the formation of a sylvinitic zone and a flow barrier. Most scenarios represent hybrid forms of these cases. The simulated shapes and mineralogies are confirmed by literature data and can be used to assess the hazard potential.
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1. Introduction


The formation of leaching zones within potash seams represents a significant safety risk in salt mining [1,2] and the construction of technical caverns [3,4]. The latter are needed in the course of the energy transition, for example for the storage of hydrogen [5]. Due to the increased solubility of potash salts, even NaCl-saturated solutions, if available, can penetrate deeply into potash seams and initiate leaching processes that generate fluid flow paths (Figure 1) and affect the mechanical stability [2,6]. In order to model the temporal and spatial evolution of leaching zones, coupling of chemical reactions with density-driven species transport is required [7]. One main difficulty is the description of transport and chemical reactions within regions of strongly varying porosities such as the dissolution front. If impermeable (dry) salt rock inhibits the inflow of solution, chemical reactions cannot take place and the dissolution front is immobile. Accordingly, a sequential coupling of transport and chemistry as described in Steefel et al. [8] does not suffice but an additional approach to describe the process interaction at the solid/liquid interface is required. Reactive transport models dealing with rock salt often use a mass transfer rate to overcome this limitation [9,10,11]. Laouafa et al. [12,13] introduced a local non-equilibrium diffuse interface model to describe the dissolution of halite and gypsum at the interface. However, these approaches have only been applied to binary systems yet. Furthermore, they do not consider precipitations which may inhibit the solution inflow into permeated areas as well. Therefore, a more sophisticated approach is required when dealing with potash salt which consists of several minerals and causes the precipitation of secondary minerals. So far, only simplified approaches [14] and benchmarks on selected rocks [15] are available for the development of leaching zones within potash seams.



The paper discusses a modelling approach, which allows to qualitatively reproduce the temporal and spatial evolution of leaching zones within potash seams. For this purpose, the TRANSport Simulation Environment (TRANSE) [16] was coupled with the geochemical reaction module PHREEQC [17], and extended by a new approach to describe the interchange of minerals and solution at the water-rock interface. A carnallite-bearing potash seam is used in the simulations to validate the results against literature data. Hereby, the present study especially focuses on density-driven flow, which governs natural leaching processes and cavern formation according to Anderson and Kirkland [18]. By means of scenario analyses the dissolution rate and the rock composition of the potash seam are varied and it is determined under which conditions the leaching zone growth is transport- or reaction-dominated, whether advection or diffusion dominates the transport and to what extent the evolution of the leaching zone is affected in this way.




2. Materials and Methods


To simulate the spatial and temporal formation of leaching zones within potash seams, a numerical reactive transport model has been developed in the present study and is discussed in the following sections. An overview of all the calculation steps is shown in Figure 2. At the beginning of each time step, the simulation of fluid flow and transport of chemical species are carried out using TRANSE. Thereafter, saturation and fluid density are updated in order to minimize mass balance errors in the chemical reaction calculations. Saturation and fluid density as well as chemical reactions are determined by using the PHREEQC simulation module with the THEREDA database [19]. Between them, an additional step called “interchange” is performed. Finally, the calculated concentrations, fluid densities, viscosities and porosities are transferred back to the TRANSE simulator and used to calculate the fluid flow and mass transport of the next time step (Figure 2).



The term “saturated” is used in view of the chemical equilibration of the solution with respect to certain minerals. The fluid saturation in the pore space is referred to as “dry” or “permeated”. This subdivision is necessary, since pores within unaffected potash salt usually do not contain any water.



2.1. Fluid Flow and Transport of Chemical Species


TRANSE is a fluid flow and transport code that is based on the Finite Difference Method [16]. Due to the fact that the solution crosses several rock salt layers before it reaches the potash seam (Figure 1), it is generally NaCl-saturated with the consequence that halite is not dissolved during the formation of leaching zones. Hence, a porous medium is established within the potash seams [14] and consequently, Darcy flow in a medium fully saturated with a single phase fluid (further referred to as permeated) is applied in the present study. A fully-implicit numerical scheme is used to solve the density-driven formulation of the Darcy flow equation, coupled with the equations for transport of reactive chemical species. Therein, advective and diffusive species transport are taken into account. Input parameters from the previous time step are the spatial distribution of minerals and species concentration, fluid density and viscosity as well as porosity Φ and permeability kf. Using these input data, the numerical simulator computes the spatial distribution in flow velocities, fluid pressure and species concentration for the current time step. The coupled modelling results were thoroughly checked for any appearance of oscillations at locations with sharp concentration fronts. The choice of strict convergence criteria for the solution of both coupled partial differential equation systems, flow and transport, ensured that flow velocity and concentration changes due to oscillations were negligible during the entire simulation time. Alternative oscillation mitigation schemes such as artificial diffusion terms, cross-wind streamline diffusion correction, etc., were neither required nor applied. All details on the mathematical model and its numerical implementation are provided in Kempka [16].




2.2. Mineral Saturation and Fluid Density


When using the updated concentrations after the flow and transport calculation in the chemical reaction calculations, an accurate fluid density is most important to minimize mass balance errors. For this purpose, the updated species concentrations are transferred to the PHREEQC simulation module to update the fluid density and saturation. In this regard, the THEREDA database was extended by molar volumes for the involved species. Its validation showed a very good agreement with the PHREEQC simulation results with more than 1000 fluid density measurements from a potash salt mine of K+S (Figure 3). If the updated fluid density differs by more than 0.1 kg/m3 from the input value, the process is iteratively repeated until a deviation of <0.1 kg/m3 is achieved. The saturation of the solution is needed for the interchange as well as for the chemical reaction calculations representing the final two calculation steps in each time step (Figure 2).




2.3. Interchange of Minerals and Solution at the Water-Rock Interface


Describing the water-rock interface represents a particular challenge in the simulation of leaching zone growth. The porosity of dry, unaffected salt rock is negligible (<<1%). Even if completely permeated with brine, the result would be such a high solid-fluid ratio that all water present is converted into crystal water, while the very small existing pore space would be sealed by secondary minerals [15,20]. Accordingly, further fluid flow into the salt rock and resulting chemical reactions would cease. However, observations from the lab and the field prove that this is not the case if adjacent open pore space contains undersaturated solution. In order to manage the solid-liquid dissolution at the water-rock interface, a mineral and solution interchange modelling approach was developed in the present study. It describes the processes of mineral dissolution and transfer of solution between dry or permeated cells with very low porosities and adjacent cells with high porosity (Figure 4).



In our approach, a pre-determined amount of the minerals in cell A is dissolved into cell B, provided that solution is present in cell A and that it is undersaturated with respect to the corresponding minerals (Figure 4). This is also realized in reverse direction and at each interface between two cells within the model. In order to keep the volume of both cells constant, a corresponding fluid volume is transferred from the cell with the lower quantity of dissolved minerals into the cell with the larger quantity of dissolved minerals (Figure 4). The maximum amount of minerals that can react Minsol (mol) is given by a rate law, which considers the dissolution rate and also the contact area between solution and rock. Between cell A and cell B the amount is calculated by Equation (1):


  M i  n  s o l   = r · M i  n A  / d i ·  Φ B  · d t  



(1)







The r (cm/s) represents the average dissolution rate of all minerals within the salt rock. MinA (mol) is the sum of minerals present in cell A. Divided by the cell diameter perpendicular to the dissolution front di (cm), it gives the affected amount of minerals if 1 cm rock from cell A is dissolved. By multiplying this amount with the porosity in cell B ΦB (-), the contact area between the rock in cell A and the solution in cell B is taken into account. dt (s) is the length of the time step. The resulting amount of minerals represents a sum that is split among all minerals present in cell A according to their molar fractions. This ensures that the different mineral densities are considered. Only those minerals are dissolved which are undersaturated in regard to the solution in cell B. Based on the saturation calculation after the transport (Section 2.2) it is deduced which minerals are added to cell B. The excess minerals remain in cell A, so that the dissolution process is selective. After calculating the interchange, the rock composition in each cell is updated accordingly (Figure 2). Chemical reactions are calculated afterwards and are described in Section 2.4.



At the dissolution front, where permeated and dry potash salt are in contact, the dissolution of minerals is only allowed in one direction (Figure 5a). After calculating the interchange, the rock composition in each cell is updated. Again, the dissolution front represents a special case: originally dry cells that received solution for the first time are divided into a permeated and a dry sub-cell (Figure 5b). The permeated one contains those minerals that remained in the cell due to selective dissolution at the interface. Only this sub-cell is in contact with the solution transferred in the present modelling approach. The other part of the cell remains dry and is not considered in the subsequent calculation of chemical reactions. By this procedure, the immediate drying out of cells due to the high solid-fluid-ratio, and thus the requirement for re-permeation, are avoided. Dry and permeated sub-cells consist of different minerals. When the interchange between a partly permeated cell and an adjacent cell is calculated, both sub-cells are taken into account by weighting their volume fractions. However, mineral dissolution and inflow of solution from an adjacent cell can only occur in the permeated sub-cell.



In addition to the interchange between two cells, an internal permeation of the partly permeated cells at the dissolution front is taken into account. Here, dry minerals are gradually added to the permeated sub-cell, which may lead to the precipitation of new minerals (Figure 5c). The amount of minerals added Minadd (mol) follows the rate law in Equation (2);


  M i  n  a d d   = r · M i  n  d r y   / d i ·  Φ  p e r   · d t  



(2)




in this case Mindry (mol) is the sum of minerals present in the dry sub-cell and Φper (-) is the porosity in the permeated sub-cell. As a result, the permeated sub-cell grows while the dry sub-cell shrinks. Only if a cell is fully permeated, a permeability >0 is assigned to it, so that fluid flow and transport of chemical species can take place. The chemical reactions resulting from transport and interchange are determined in the final calculation step (Figure 2) that is further described in the following section.




2.4. Chemical Reactions


If solution is transferred into a cell due to the interchange process (Figure 4), it is first mixed with the pre-existing solution in that cell by means of the PHREEQC simulation module. Thereafter, the occurring chemical reactions in each cell are calculated using the updated rock compositions after the interchange (Section 2.3). Based on our previous results [20], it is valid to assume that salt rock and saline solution quickly reach thermodynamic equilibrium. Therefore, within each permeated (sub-) cell all minerals are added to the solution and both are equilibrated by using the keywords “Reaction” and “Equilibrium Phases” in PHREEQC. The resulting solution and rock composition as well as fluid density are calculated using PHREEQC; viscosity is calculated according to Laliberté [21,22]. Porosity and permeability are updated in each cell following the chemical calculations. For this purpose, the volume of the minerals is determined according to Table 1 to calculate its relation to the cell volume. It may occur that the precipitated minerals exceed the available volume within the respective cell [15]. In such cases, the cell porosity is set to zero, while potential excess solution is neglected. If the total mineral volume is smaller than the cell volume, and the solution volume does not correspond to the volumetric difference, its amount is adjusted accordingly. This ensures that the pore space is always completely permeated, whereby the resulting errors in the mass balance are recorded. If the water in a permeated cell is fully consumed by the chemical reactions, the cell dries out. In case of a previously partly permeated cell, the minerals from the dry and the (formerly) permeated sub-cell are combined to form the updated dry rock composition. A porosity-permeability relationship (Equation (3)) introduced by Xie et al. [15] is applied.


   k f  = 1.12 ·   10   − 8   ·  Φ  5.25    



(3)








2.5. Example Case of a Carnallite-Bearing Potash Seam


For the application example, leaching processes in a carnallite-bearing potash seam were simulated. Carnallitite is one of the most commonly occurring potash salts worldwide; besides carnallite (KMgCl3·6 H2O) and halite (NaCl) it contains also sylvite (KCl) and partly kieserite (MgSO4·H2O) as well as anhydrite (CaSO4). The chemical processes resulting from the contact with NaCl-saturated solution are well documented (among others) by Koch and Vogel [23]. The authors consider vertical fault zones as main cause for the reaction initiation (Figure 1a). Close to these, a porous matrix of leached halite is formed, followed by a sylvinitic zone which may also contain kainite. They state that both zones show an increased porosity compared to the original potash seam. At further distance follows the dry, carnallite-bearing potash salt, which does not belong to the leaching zone anymore. According to Koch and Vogel [23], the mineralogical boundaries between these three zones are often asymmetric with the leaching being more pronounced close to the hanging wall of the potash seam (Figure 1). However, in horizontal direction the leaching zone geometry is symmetric (Figure 1), so that 2D models are applied in the present study making use of this symmetry to reduce the computational time.



The aforementioned coupled reactive transport model was used to reproduce the formation of leaching zones. With regard to the rock composition, the main components carnallite, halite and sylvite with densities and dissolution properties according to Table 1 were taken into account. By their dissolution, the quaternary system NaCl-KCl-MgCl2-H2O was formed. The main overall reaction was the conversion of carnallite into sylvite and potash brine associated with the precipitation of halite (Equation (4)):


KMgCl3·6H2O + brine (NaCl)→ KCl + NaCl (brine) + brine (MgCl2, KCl, NaCl)



(4)







The reactive transport model applied was designed with a height of 2 m, based on the general thickness of potash seams in Germany, and a width of 5 m, and was discretized by 101 × 41 cells (Figure 6). In its initial state, the entire model consisted of dry, homogeneous carnallitite with a porosity of 0.1%. The left boundary represented a fault zone with a continuous inflow of fresh NaCl solution and formed the starting point of the leaching process within the carnallite-bearing potash seam. For that reason, the cells at the left boundary contained 1% halite, while the porosity was 99%, filled with a NaCl solution that was saturated with respect to halite. A Dirichlet boundary condition was used to keep the solution composition. Transport and interchange with adjacent cells were enabled, but precipitation was not permitted in these cells. Instead, it was assumed that all minerals were immediately transported out of these cells by the fluid flow present in the fault zone. This corresponded to a high exchange rate within the fault zone and, therefore, represented one of the most critical cases in nature with regard to its hazard potential [6]. All the other model boundaries were considered to be impermeable. A pre-defined pressure gradient was not applied.



The species diffusion coefficients in brines depend on the composition of the solution [24]. However, since leaching zones generally represent advection-dominated systems, all diffusion coefficients were assumed to be equal and constant in the present study for reasons of simplicity. Based on the investigations of Yuan-Hui and Gregory [25], an average value of Df = 1.5∙10−9 m2/s was used for all four transported species. Fluid compressibility was set to cf = 4.6∙10−10 1/Pa and the simulation was undertaken at isothermal conditions at a temperature of 25 °C. Dissolution rates of carnallitite were not available; however, it is known that they vary depending on rock and solution compositions [26,27,28]. For this reason, a sensitivity analysis for dissolution rates of r = 10−3 cm/s to 10−6 cm/s was performed. Furthermore, the carnallite content of the potash seam was varied between 5 wt.% and 25 wt.%, corresponding to 7 vol.% to 31 vol.% (Figure 6), to investigate the resulting flow velocities due to strongly changing porosities in the leaching zone. The sylvite content was always set to 3 wt.%, while the rest of the potash seam consisted of halite with a corresponding content between 72 wt.% and 92 wt.%.





3. Results


Shapes and growth rates of leaching zones differed significantly depending on carnallite content and dissolution rates. The evolution over time on the basis of the permeated rock volume is presented in Figure 7. Simulations were terminated when the leaching zone had (nearly) reached the right model boundary or the permeated rock volume did no longer change considerably. The results show that for the same dissolution rate, the leaching zone growth was faster with increasing carnallite content: the permeated rock volume for a 25 wt.% carnallite content was always three to six times larger than that for a 5 wt.% carnallite content. Furthermore, it was noticeable that the leaching zone growth was almost linear and comparably slow for a dissolution rate of 10−6 cm/s (Figure 7a). After 10 years, only 0.8–2.5 m3 of salt rock (depending on the carnallite content) were permeated, while the affected volume was 1.8 m3 to >6 m3 for higher dissolution rates. If the dissolution rate was above 10−6 cm/s, the curves were quite similar for identical carnallite contents, especially if these were below 15 wt.% (Figure 7b–d). In contrast to the permeated rock volume evolution for a dissolution rate of 10−6 cm/s, the curves flattened over time for higher dissolution rates, i.e., the growth rate of the leaching zone stagnated. This development could be particularly observed for high carnallite contents and becomes more pronounced with increasing dissolution rates. For example, in case of 25 wt.% carnallite and a dissolution rate of 10−3 cm/s (Figure 7d), the permeated rock volume within the first year was still as high or higher than for a dissolution rate of 10−4–10−5 cm/s (Figure 7b,c). However, after 2–2.5 years the permeated rock volume was smaller than for the lower rates due to the more pronounced flattening of the curve. Assuming a constant further development, the permeated rock volume would even be smaller than that for a dissolution rate of 10−6 cm/s and a carnallite content of 25 wt.% after 20–25 years (Figure 7a).



In general, two different shapes of the leaching zone could be observed in the present simulations. The first exhibited a vertical, planar dissolution front, where the leaching zone expanded uniformly across the entire potash seam thickness. The second one shows a funnel-type shape, where only the upper half of the potash seam was being permeated. A slow leaching zone growth was usually associated with a planar dissolution front, while a fast growing leaching zone often penetrated the potash seam preferentially close to the hanging wall. The Péclet (Pe) and Damköhler (Da) numbers (Equations (5)–(7)) were determined to improve the process understanding and to establish criteria that facilitate a leaching zone classification. These numbers provide information about the ratio between advection and diffusion rate and between transport velocity and dissolution rate, respectively.


  P e = v · l /  D f   



(5)






  D a = r / v   ( if   Pe > 2 )  



(6)






  D a = r · l /  (  2 ·  D f   )    ( if   Pe < 2 )  



(7)







The flow velocity v corresponds to the advection rate and is spatially and temporally variable. Df is the diffusion coefficient and l is the characteristic length over which diffusion occurs in the model. The characteristic length was best described by using the current width of the leaching zone, since the NaCl solution at the left model boundary and the highly saturated potash brine at the dissolution front introduced a concentration gradient which was mainly horizontal. The Damköhler number, which describes the ratio of the dissolution rate to the transport velocity, depends on the Péclet number. In an advection-dominated system with Pe > 2, the transport velocity corresponds to the advection velocity v, whereas in a diffusion-dominated system with Pe < 2 it corresponds to the diffusion rate   2 ·  D f  / l  . Therefore, Pe and Da were calculated individually for each cell based on the local flow velocity v and individual horizontal characteristic length l. Then, the median for all permeated cells was determined in order to derive an indicator for the entire system in addition to the median for the cells along the dissolution front.



The Péclet and Damköhler numbers allowed for a systematic classification of the different scenarios shown in Table 2. A Péclet number Pe < 2 indicated that the system was diffusion-dominated during the entire simulation period, while Pe > 2 indicated a permanently advection-dominated system. The term Pe sinking <2 meant that the system was advection-dominated in the beginning, but became diffusion-dominated over time. If the dominating transport process changed more than once, the system was called Pe alternating. In case of the Damköhler number, Da < 1 indicated that the system is permanently reaction-dominated, while Da > 1 represented a permanently transport-dominated system. Da rising >1 meant that the system was reaction-dominated in the beginning, but became transport-dominated over time. The results showed that most systems were dominated by transport either right from the beginning or at least in the long run. Only for a dissolution rate of 10−6 cm/s and more than 15 wt.% carnallite content, the system was permanently reaction-dominated. Regarding transport, diffusion permanently dominated if the carnallite content was 5 wt.%. Otherwise, the system was usually advection-dominated in the beginning, while in the long run diffusion dominated. Only for a dissolution rate of 10−6 cm/s and a carnallite content of more than 10 wt.%, the system was permanently dominated by advection. For a dissolution rate of 10−6 cm/s and 10 wt.% carnallite, both transport processes alternated.



The classification based on Pe and Da (Table 2) correlated with different shapes and mineralogies of the leaching zone. Figure 8 and Figure 9 show the Mg2+ concentration distribution and mineralogy for two reaction-dominated systems where Pe was permanently below and above two, respectively. The Mg2+ concentration represents the fluid density and the saturation of the solution with respect to the potash salts carnallite and sylvite. While the NaCl solution at the left boundary, which did not contain any Mg2+, was maximally undersaturated with respect to sylvite and carnallite and showed a density of 1201 kg/m3, saturation and density increased with increasing Mg2+ concentration. First, the solution was saturated with respect to sylvite, and from about 85 g/L Mg2+ (at 25 °C) on also with respect to carnallite. Thereafter, the solution was in equilibrium with the carnallite-bearing potash seam and showed a density of 1273 kg/m3. Figure 8 and Figure 9 show that in a reaction-dominated system this kind of solution (blue) was only present within the partly permeated cells at the dissolution front where transport was not considered. Within the fully permeated leaching zone, saturation and fluid density were very low with a maximum concentration of 25 g/L Mg2+. In the diffusion-dominated system (Figure 8a), the concentrations were generally slightly lower compared to the advection-dominated system (Figure 9a), and the growth of the leaching zone was considerably slower (Figure 7a). Moreover, the concentration gradient within the fully permeated area of the diffusion-dominated system was exclusively horizontal, whereas it was predominantly vertical in the advection-dominated system. The latter resulted in a stronger concentration gradient between fully and partly permeated cells at the dissolution front within the upper half of the potash seam (Figure 9a). The flow field shows that the solution moved from the inflow region towards the dissolution front close to the hanging wall, from where it flowed down and returned to the inflow region close to the footwall (Figure 9a). The observed flow pattern corresponds to a typical convective flow system. Flow velocities close to the dissolution front were 1∙10−7 m/s to 2.4∙10−7 m/s (in the diffusion dominated system 1∙10−9 m/s to 2∙10−9 m/s). Saturation with respect to sylvite was not reached at any point, resulting in the absence of a sylvinitic zone (Figure 8b and Figure 9b). Instead, only halite was found with a volume fraction slightly higher than that in the initially dry rock, suggesting that the mineral precipitated evenly throughout the entire leaching zone. Therefore, a system that was reaction-dominated from the beginning always showed a vertical and planar dissolution front, whereby the permeated rock consisted entirely of halite.



In contrast to reaction-dominated systems, transport-dominated systems showed very different leaching zone shapes, depending on whether advection or diffusion governed the transport. Figure 10 and Figure 11 show the Mg2+ concentration distribution and the mineralogy for both cases. It is noticeable that high Mg2+ concentrations (>60 g/L) not only occurred within the partly permeated cells at the dissolution front but within the entire right and lower half of the leaching zone, respectively. In the case of the diffusion-dominated system (Figure 10a), the concentration gradient was still horizontal as shown in Figure 8a, but the concentrations within the leaching zone covered the entire range from 0–85 g/L, and its growth was faster than in the reaction-dominated case. With a maximum of 1∙10−9 m/s, flow velocities were very low. The dissolution front was still almost planar. However, a sylvinitic zone was now established in front of it, covering more than half of the leaching zone (Figure 10b). The sylvite content within this area was higher than in the initially dry rock. Between the sylvinitic zone and the inflow region, the rock matrix consisted exclusively of halite. It should be noted that the halite content slowly increased towards the inflow region, i.e., the porosity decreased there.



In an advection-dominated system (Figure 11), a concentration gradient in horizontal and vertical directions occurred, resulting in a highly undersaturated solution only in the upper left region of the potash seam. The shape of the leaching zone corresponded to a funnel that ends approximately halfway up the seam. While the dissolution front hardly moved forward at all and remained planar in the lower half of the seam, the width of the leaching zone increased evenly in the upper half and reached its maximum at the hanging wall (Figure 11a). A zone with significantly increased sylvite and slightly increased halite contents compared to the initial salt rock existed left to the dissolution front (Figure 11b). Figure 12 shows that their widths varied with height, whereby the sylvinitic zone corresponds to the yellow area with a porosity of approximately 15%. According to this, the zone reached its maximum width at a height of about 1.5 m, corresponding to the midway of the funnel. Below 1.5 m, its width decreased due to the funnel shape, while the leaching zone became wider above with the sylvinitic zone getting narrower, as a halite zone (20–25% porosity) of increasing thickness formed between it and the inflow region. Particularly at lower dissolution rates, its width increased much more towards the hanging wall than the width of the funnel did (Figure 12b). It was also noticeable, with increasing dissolution rates, that the funnel shape penetrated deeper into the potash seam and at the same time ended at a slightly higher location (Figure 12a). Thus, shape and mineralogy of the leaching zone varied slightly, depending on the dissolution rate and carnallite content. In principle, however, transport- and advection-dominated systems always resulted in a funnel shape where the dissolution processes were limited to the upper half of the potash seam.



The flow within transport- and advection-dominated systems was mainly limited to the upper part of the potash seam, where dissolution processes took place (Figure 11a and Figure 12). Again, a convective flow could be observed close to the hanging wall, where undersaturated solution flowed from the inflow region towards the dissolution front, down and then back towards the inflow region within the lower part of the funnel. The flow velocities varied depending on the carnallite content of the original rock: the higher its carnallite content, the higher the porosity and permeability of the later leaching zone, and thus the flow velocity of the solution. In case of 15 wt.% carnallite content, flow velocity was between 10−7 m/s and 10−8 m/s within the upper part of the potash seam, while it was around 10−7 m/s for 20 wt.% and even 10−6 m/s for 25 wt.% carnallite content. This resulted in a significantly faster growth of the leaching zone (Figure 7). Compared to a reaction- and advection-dominated system (Figure 9), the flow velocities were similar for a given porosity, but the leaching zone growth was much faster.



The porosity distributions in Figure 12 also show that precipitation occurred immediately next to the inflow region, reducing the porosity to almost zero, especially within the lower half of the potash seam. Accordingly, the solution exchange between the inflow region and the leaching zone was significantly restricted. The precipitations consisted entirely of halite, which was repeatedly supersaturated within this area. In the long run, the inflow of undersaturated solution and the outflow of saturated potash brine was thus only possible via the upper 0.5–1 m of the inflow region, since a flow barrier was formed by mineral precipitation. This phenomenon was also present in transport- and diffusion-dominated systems, but the precipitations were almost evenly distributed along the entire height and less pronounced with the porosity next to the inflow region being only slightly reduced (Figure 10b). Barrier formation was not observed in reaction-dominated systems (Figure 8b and Figure 9b).



Most of the calculated scenarios represent hybrid forms of the four cases described above (Table 2). For example, no system was permanently reaction- and diffusion-dominated. Scenarios with a dissolution rate of 10−6 cm/s and a carnallite content of 5–10 wt.% fell into that category for the first 10–15 years; after that, Da rose above one and the system became transport-dominated. As a result, the dissolution front remained almost planar, but the solution became more saturated with respect to sylvite and carnallite creating a sylvinitic zone (Figure 10b) and a barrier immediately next to the inflow region. The latter was limited to the lower half of the potash seam and its porosity decreased continuously towards the footwall. Whether the growth of the leaching zone would be affected by this in the long run was not clear since simulation times of 100 years showed only a slight inclination of the boundary between halitic and sylvinitic zone. In the scenario with 10 wt.% carnallite, Pe additionally alternated around two, i.e., advection gained influence, which was associated with a stronger barrier formation within the lower potash seam area as well as with a significant inclination of the dissolution front and the mineralogical boundary between halitic and sylvinitic zone (Figure 13b). At a medium porosity (15 wt.% carnallite), the system was already permanently advection-dominated; however, Da would only exceed 1 after about 10 years and would remain between 1 and 2 in the long run (permanently below 1 at the dissolution front). As a result, an (inclined) sylvinitic zone and a slightly inclined dissolution front were only formed within the lower part of the potash seam as shown in Figure 13b. For a dissolution rate of 10−6 cm/s and 20–25 wt.% carnallite, the system was permanently reaction- and advection-dominated as shown in Figure 9. Scenarios with a dissolution rate of 10−6 cm/s were thus always reaction-dominated at the beginning. Over time, Da increased, but a transport-dominated system only developed at low to medium porosities. Since diffusion was typically stronger than advection in these cases, the dissolution front tended to remain planar. Cases with an inclined dissolution front, as shown in Figure 13c, were the exception at very low dissolution rates.



Scenarios with a dissolution rate above 10−6 cm/s were usually dominated by transport, independent of maximum porosity (Table 2). Only in case of a dissolution rate of 10−5 cm/s and 15–25 wt.% carnallite (high porosity), a planar dissolution front was present at the beginning without or only a partially existing sylvinitic zone (Figure 14a), which was characteristic for a reaction-dominated system (Figure 8 and Figure 9). However, Da exceeded the threshold value of one after a short period of time in all these scenarios. Since high porosities were present, the systems were all advection-dominated at the beginning. Accordingly, the dissolution front quickly became inclined and a funnel shape was formed, which, however, did not end at half the thickness of the potash seam but extended down to the footwall (Figure 14b,c). In addition, the inclination was not uniform as in systems that were dominated by advection and transport right from the beginning (Figure 11a and Figure 12) and the sylvinitic zone did not extend to the hanging wall. On the other hand, the typical barrier formation within the lower potash seam area next to the inflow region could be observed here as well. The height of the barrier increased with simulation time (Figure 14), inhibiting the exchange of solutions between leaching zone and inflow region. Especially at the dissolution front, Pe and flow velocities decreased significantly within the lower potash seam area.



All other scenarios with dissolution rates above 10−6 cm/s were permanently transport-dominated. Diffusion dominated the transport if porosity was low (5 wt.% carnallite) (Table 2), resulting in a leaching zone geometry as presented in Figure 10. In this case, the growth rate hardly differed for varying dissolution rates (Figure 7b–d). If the porosity was slightly higher (10 wt.% carnallite), advection dominated at the beginning and the leaching zone developed a funnel shape, which was about two to three times wider at the hanging wall than at the footwall. The higher the dissolution rate, the more pronounced the funnel shape became; however, the barrier next to the inflow region also extended further upwards. After a few years, Pe regressed below two, and in case of high dissolution rates the dissolution front received a curved funnel shape similar to that in Figure 14c. In case of lower dissolution rates (10−5 cm/s), the dissolution front was steeper and more similar to that in Figure 13c. The sylvinitic zone was present throughout the entire seam thickness and covered the whole leaching zone behind the barrier, while it made up about 40% of its width at the hanging wall. The higher the barrier extended into the potash seam, the more the leaching zone growth rate was reduced. Finally, diffusion replaced advection as the main transport mechanism. If porosities were medium to high (>10 wt.% carnallite) and the dissolution rate was above 10−5 cm/s, the system was always transport-dominated with diffusion exceeding advection in the long run. During the first months or years, high Pe numbers facilitated the formation of a funnel shape according to Figure 11a and Figure 12, which ended at a height of 0.5–1 m. However, this was also associated with the formation of a flow barrier. Especially if the dissolution rate was 10−3 cm/s, the exchange of solutions was quickly inhibited up to a height of more than 1 m and Pe regressed below 2 at the dissolution front, while it remained above 2 for several years in the overall system. As a result, the dissolution front developed in a curved funnel shape (Figure 15) and the growth rate decreased while the lower part of the potash seam remained unaffected. The higher the porosity, the faster and deeper the leaching zone could penetrate into the potash seam before diffusion prevailed (Figure 15b). A sylvinitic zone was always present for this hybrid form and reached its maximum width slightly below the upper end of the barrier, which was constantly growing with time and may completely prevent the exchange of solutions in the long run.




4. Discussion


The simulation results show that a fundamental distinction must be made between reaction-dominated and transport-dominated systems as well as between diffusion-dominated and advection-dominated systems with regard to the formation of leaching zones within potash seams. Depending on which of the four potential combinations is given, differences in mineralogy as well as in spatial and temporal leaching zone growth will occur. A classification is feasible using the Péclet and Damköhler numbers. The scenario analyses have shown that Pe mainly depends on the amount of carnallite within the potash seam, which is completely dissolved once it comes into contact with undersaturated solution, and thus determines the resulting porosity of the leaching zone. In contrast, Da mainly depends on the dissolution rate of the initially dry rock (Table 2).



Assuming the inflow of a NaCl-saturated solution, the fluid in reaction-dominated systems (Da < 1) is neither saturated with respect to carnallite nor with respect to sylvite along the entire dissolution front (Figure 8a and Figure 9a). This state requires a very low dissolution rate in combination with a minimum porosity, so that the dissolution rate determines the growth rate of the leaching zone. Since the dissolution rate is constant in space and time, a planar dissolution front is formed moving slowly but steadily forward. This results in a matrix of leached halite, with a porosity determined by the volume fraction of the dissolved minerals carnallite and sylvite, reduced by a few percent due to halite precipitation. Since higher porosities correspond to a larger contact area between solution and dry rock, the growth is faster for higher carnallite contents despite identical dissolution rates (Figure 7a). The porosity within the leaching zone is homogeneous, whereby a sylvinitic zone does not exist due to the low saturation (Figure 8b and Figure 9b). Despite only small differences in concentration and fluid density, density-driven flow is established, inducing a mostly vertical concentration gradient in advection-dominated systems (Pe > 2). On the contrary, convection hardly has any influence and the concentration gradient is horizontal in diffusion-dominated systems (Pe < 2). In both cases, the low saturation of the solution with regard to potash salt is not sufficient to create halite precipitation next to the inflow region. Therefore, barrier formation is not observed and leaching zone growth is linear even for longer time periods (Figure 7a). However, it must be questioned whether the assumption of thermodynamic equilibrium in a reaction-dominated system is sufficiently accurate. On the other hand, scenario analyses and available field investigations [20,23] show that most systems are dominated by transport and that the assumption of thermodynamic equilibrium is generally reasonable in nature.



In transport-dominated systems (Da > 1), the ratio between advection and diffusion is much more decisive. If the system is diffusion-dominated (Pe < 2), the horizontal concentration gradient causes a uniform transport across the entire seam thickness, and thus a planar dissolution front (Figure 10a). Here, the saturations are much higher than in reaction-dominated systems, with sylvinite saturation reached after about 40% of the distance to the dissolution front, resulting in the formation of a wide sylvinitic zone (Figure 10b). Its porosity is always slightly lower than that of the halitic zone; however, the latter shows a decrease in porosity especially near the inflow region and the footwall. The halite precipitation occurring there can presumably be attributed to the influx of NaCl solution. Its contact with potash salt naturally leads to halite supersaturation [23], what can also be expected if it is mixed with potash brine. Due to the weak but nevertheless existing convection, the saturation with respect to potash salts is slightly higher within the lower potash seam area, and hence more precipitation occurs here (Figure 10a). Since diffusion-dominated systems require low porosities, even a few percent of additional halite can form a flow barrier. A reduction of the growth rate can be observed over time, but this is mainly due to the increasing distance between the inflow region and the dissolution front, which causes a decrease in the diffusion rate. In systems dominated by transport and diffusion, the diffusion coefficient plays an important role in the evolution of the leaching zone and the assumption of a uniform and constant value for all transported species is a strong simplification. However, most approaches to calculate diffusion coefficients depending on the brine composition are not validated for multicomponent systems with high salinities [29,30], especially if NaCl is not the main component [24]. Due to the very low porosities within these systems (Table 2) and the very slow leaching zone growth (Figure 7), the risk potential to mining operations is rather low and uncertainties in temporal scaling are acceptable.



For transport- and advection-dominated systems (Pe > 2), a significant flow barrier formation can be observed, which increasingly impedes the inflow of new NaCl solution, and thus slows down the growth of the leaching zone (Figure 12 and Figure 15). This is on the one hand due to the full saturation of the solution with respect to potash salts at the dissolution front, and on the other hand due to a much stronger density-driven flow, which forces the saturated solution to flow towards the lower part of the potash seam and the inflow region, creating particularly strong concentration gradients next to it (Figure 11a). As a result of the flow barrier formation, the flow velocity decreases sharply and the transport becomes increasingly diffusion-dominated. Although the leaching zone growth rate for this case is by far the fastest in the beginning, it is conceivable that in the long run reaction-dominated systems will expand further, since barrier formation will not impede or even stop the growing process (Table 2, Figure 7). Another characteristic of transport- and advection-dominated systems is the funnel shape of the leaching zone, which also results from convective flow (Figure 11a and Figure 12). It causes the solution, which is undersaturated with respect to potash salts, to arrive first at the upper part of the dissolution front, leading to maximum dissolution effects in this area. On its flow towards the model bottom, the solution becomes more saturated until finally rock is not dissolved anymore. The higher the dissolution rate, the earlier this state is reached. Hence, the funnel shape is more concentrated in the upper part of the potash seam and the underlying part that remains unaffected is more pronounced at higher dissolution rates. Within the latter, only the first 25–50 cm next to the inflow region are permeated at the beginning, since convective flow needs to develop first. Later, this area is located behind the halite barrier and contains saturated potash brine and sylvinite. Even within the funnel, the solution is mostly sufficiently saturated to create a sylvinitic zone. However, near the hanging wall its width decreases due to the inflow of NaCl solution.



The simulation results reveal a high qualitative agreement with the field studies by Koch and Vogel [23], which deal with the formation of sylvinitic alteration zones within carnallite-bearing potash seams. As in the present models, the point of leaching zone initiation is a fault zone that enables the intrusion of saline solutions from the underlying bedrock. The observed sequence of leached halite, followed by a particularly sylvite-rich alteration zone and finally the unaffected potash seam can be reproduced and explained by using the presented models (Figure 10b and Figure 11b). The special case without the development of a sylvinitic zone is also mentioned by Koch and Vogel [23] and associated with large fluid inflow rates. No statements are made about the shape and the dimensions of this special type of leaching zone, so that a comparison with the simulation results achieved for reaction-dominated systems (Figure 8 and Figure 9) is not feasible. On the other hand, leaching zones with a sylvinitic zone are usually described by Koch and Vogel [23] as being several meters wide and showing a clear inclination of the mineralogical boundaries as well as a preferential leaching near the hanging wall, which corresponds very well with the present findings. Many field investigations do not show any leaching within the lower half of the potash seam, resulting in leaching zone shapes as shown in Figure 15. The occurrence of narrower leaching zones is explained by a low or relatively short solution inflow. The simulation results further suggest that growth comes to a standstill if a lack of solution supply occurs; however, the main cause for this is not a lack of ascending solution but the precipitation of halite which leads to flow barrier formation. Whether this also occurs in nature is not described by Koch and Vogel [23]. In the present simulations, high concentration gradients are responsible for halite precipitation, whereby especially an increase in Mg2+ concentration induces a strong reduction of the halite solubility. It is conceivable that the assumption of a constant solution composition at the model boundary causes or at least artificially intensifies this phenomenon. The assumption of constant, uniform diffusion coefficients may also falsify concentrations and saturation within this area. However, the observations of Koch and Vogel [23] basically support the simulation results regarding the mineralogy and shape of the leaching zones.



The simulated leaching zone shapes have been observed on the laboratory scale as well. For example, caverns with a nearly planar dissolution front were documented by Field et al. [31], whereby nearly saturated NaCl solution was pumped through rock salt samples in vertical direction. On the other hand, caverns with more funnel-like shapes as shown in Figure 11a and Figure 12 were observed when artificial seawater was used as leaching solution. The growth rate of the funnel-shaped caverns was significantly higher, although the pumping rate was the same. According to Field et al. [31], the higher growth rate and the decreasing cavern width along the flow path are mainly due to an increase in saturation and the resulting decrease in the dissolution rates. For almost saturated NaCl solutions, this effect is smaller with the cavern width hardly changing along the flow path. On the other hand, Gechter et al. [32] and Weisbrod et al. [33] observed funnel-shaped caverns as well when pumping water horizontally through rock salt samples and explained this shape by density-driven flow. Consequently, the different cavern shapes in Field et al. [31] could also result from different Pe or Da numbers. The caverns generated at laboratory-scale conditions are cavities with presumably turbulent flow conditions, with diffusion playing only a minor role in species transport. The high dissolution rates in case of seawater are consistent with transport-dominated systems, and thus with the funnel shape (Figure 12), which was observed by Gechter et al. [32] as well for highly undersaturated solutions. Conversely, highly saturated solutions reduce the dissolution rate according to Field et al. [31], what is consistent with a reaction-dominated system and the resulting planar dissolution front (Figure 8a and Figure 9a).



The results of the scenario analysis indicate that usually hybrid forms of the cases discussed above can be found in situ (Figure 13, Figure 14 and Figure 15). The classification highly depends on the flow velocity and, therefore, on the porosity-permeability relationship. Only a few relationships are available for salt rock with medium or high porosities [15,34,35]. However, these relationships were derived from crushed rock salt samples that were compacted by mechanical loading. In the medium to long run, deformations in rock salt reduce the effective pore space [36] but the main porosity changes in leaching zones result from dissolution and precipitation processes. Several approaches are available to describe the effect of chemical reactions on permeability [37], but future investigations for leached potash salt are necessary to reduce the model uncertainty. The same accounts for the dissolution rate of varying potash salt compositions. Taking the different solubilities and saturation indices of minerals into account may result in a more selective dissolution process and different leaching zone shapes. However, laboratory data allowing for more precise calculations are so far only partially available.



The scenario analysis and the comparison with Koch and Vogel [23] indicate that most leaching zones in nature represent transport-dominated systems which are advection-dominated in the beginning and diffusion-dominated in the long run. The reactive transport model can be used for a qualitative description of their shape as well as for a quantitative description of their mineralogy. The good agreement with literature data qualitatively confirms both, while for a fully quantitative model validation further investigations on laboratory and field scale are required.




5. Conclusions and Outlook


The reactive transport model developed and presented here enables the temporal and spatial reproduction of the formation of leaching zones for the first time. The scenario analyses for a carnallite-bearing potash seam show that growth rate, resulting shape and mineralogy mainly depend on the fluid flow velocity governed by density-driven flow, which can be classified by the Péclet and Damköhler number. In principle, four cases need to be distinguished: (1) reaction- and diffusion-dominated (Da < 1 and Pe < 2); (2) reaction- and advection-dominated (Da < 1 and Pe > 2), (3) transport- and diffusion-dominated (Da > 1 and Pe < 2) and (4) transport- and advection-dominated systems (Da > 1 and Pe > 2). Only in the latter case, density-driven flow has a significant influence.



The first two cases occur if the dissolution rate is very low, impeding highly saturated solution at the dissolution front. The leaching zone growth proceeds slowly and evenly across the entire seam thickness and neither a sylvinitic zone nor a flow barrier are formed. At low porosities, diffusion dominates (case 1), while at high porosities advection prevails (case 2). The scenario analyses reveal that reaction- and diffusion-dominated systems usually become transport-dominated over time (Da rises >1) resulting in the formation of a sylvinitic zone, while the dissolution front remains planar. At dissolution rates >10−6 cm/s, the system is generally transport-dominated. Below 10% porosity, advection has almost no influence (case 3) and the dissolution front remains planar; however, a sylvinitic zone and a weak fluid flow barrier with slightly reduced porosities are formed. The latter consists of halite which is precipitated near the inflow region, and thus inhibits the in- and outflow of solution from the leaching zone. At porosities ≥10%, density-driven flow gains influence and a funnel-shaped, rapidly growing leaching zone including a sylvinitic zone develops, while the lower half of the potash seam remains practically unaffected (case 4). This is the most common case in the scenario analyses. Due to the rapid barrier formation starting at the footwall, in- and outflow of solution diminish and flow velocity decreases over time. As a result, the system becomes diffusion-dominated (Pe sinks < 2) and the growth of the leaching zone stagnates after a few years, especially in case of very high dissolution rates.



Available laboratory and field data support the simulation results. Dissolution experiments with water [32,33], seawater [31] and almost saturated NaCl solution [31] on rock salt samples also yielded nearly planar dissolution fronts for low dissolution rates (NaCl solution), and a funnel-shaped cavern for high dissolution rates (water, seawater). Natural leaching zones within carnallite-bearing potash seams often show the same inclined shape of the dissolution front as well as the same proportions and mineralogy that the present models yield for initially transport- and advection-dominated systems (Figure 15) [23]. The reaction-dominated cases (1) and (2) provide an explanation for the formation of leaching zones described by Koch and Vogel [23], where a sylvinitic zone does not occur. However, more detailed laboratory and field studies are required to further validate the present models.



Regarding the hazard potential to subsurface mining operations, case (4) is most critical in the short term since the leaching zone expands over several metres within the potash seam in only a few years. However, as soon as the flow barrier inhibits solution exchange, the leaching zone represents a closed system that remains stable over time and can therefore be safely controlled. On the contrary, in case (1) and (2) the slow expansion continues over long periods of time without a decrease in growth rate. Additionally, the entire potash seam is affected instead of only the upper half and the porosity is higher compared to transport-dominated systems since no sylvinitic zone occurs. Higher porosities reduce the mechanical stability of the halite matrix and raise the amount of brine that could leak out of it. Accordingly, reaction- and advection-dominated systems (case 2) may cause a higher hazard potential in the long term.



In the next step, it is planned to apply the model presented here to potash seams that also contain kieserite (MgSO4 · H2O) and anhydrite (CaSO4), which are two other important potash salts. Due to the resulting hexary system, which additionally contains Ca2+ and SO42−, a series of additional secondary minerals has to be expected, which will probably lead to the formation of more complex transition zones [20]. To control mass balance errors due to differences between the volume of the pore and the solution within a cell, it is planned to include source and/or sink terms in future source code developments. Furthermore, heterogeneities in the composition of the potash seams will be taken into account, as these can have a strong influence on the shape of leaching zones [23,31]. It is also planned to adapt the model in order to include saturation-dependent dissolution rates. In doing so, the formation of leaching zones and cavernous structures within potash seams can be investigated in further detail in order to quantify their long-term behavior and to assess their hazard potential.
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Figure 1. Sketch of leaching zones (a) in salt mining (symmetrical in x- and y-direction) and (b) in the construction of technical caverns (radially symmetrical). 
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Figure 2. Flow sheet of the coupled reactive transport model: calculation steps in each time step and associated output parameters. 
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Figure 3. Comparison between observed and simulated densities. 
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Figure 4. Sketch of the implemented interchange approach. A defined amount of minerals according to Equation (1) is dissolved into an adjacent cell if the solution present there is undersaturated with respect to the minerals. To fill the newly formed pore space, solution is transferred into the cell with the larger quantity of dissolved minerals (in this case cell A). 
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Figure 5. (a) Interchange at the dissolution front leads to (b) partly permeated cells; (c) internal dissolution of dry minerals causes further permeation of the cell as well as mineral precipitation. 
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Figure 6. Initial and boundary conditions: the inflow region is prescribed by a Dirichlet boundary (blue line); all other boundaries are impermeable (green lines); the models are initialised with dry, homogeneous rock of varying mineral contents (following the scenario description). 
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Figure 7. Comparison of the permeated rock volume over time for different dissolution rates (a–d) and carnallite contents (line colour) of the modelled potash seam. Curves that end before a simulation time of 10 years indicate the leaching zone arrival at the right model boundary. 
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Figure 8. (a) Mg2+ concentration distribution and (b) mineralogy for a reaction- and diffusion-dominated system (scenario: dissolution rate 10−6 cm/s and 5 wt.% carnallite). 
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Figure 9. (a) Mg2+ concentration distribution and (b) mineralogy for a reaction- and advection-dominated system (scenario: dissolution rate 10−6 cm/s and 20 wt.% carnallite). 
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Figure 10. (a) Mg2+ concentration distribution and (b) mineralogy for a transport- and diffusion-dominated system (scenario: dissolution rate 10−5 cm/s and 5 wt.% carnallite). 
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Figure 11. (a) Mg2+ concentration distribution and (b) mineralogy for a transport- and advection- dominated system (scenario: dissolution rate 10−4 cm/s and 15 wt.% carnallite). 
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Figure 12. Porosity distribution in a transport- and advection-dominated system with 20 wt.% carnallite and a dissolution rate of (a) 10−3 cm/s and (b) 10−4 cm/s. 
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Figure 13. Porosity distribution within an (a) initially reaction- and diffusion-dominated system; (b,c) in the long run transport-dominated and with an increasing influence of advection (scenario: dissolution rate 10−6 cm/s and 10 wt.% carnallite). 
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Figure 14. Porosity distribution within an (a) initially reaction- and advection-dominated system; (b,c) in the long run transport-dominated and with an increasing influence of diffusion (scenario: dissolution rate 10−5 cm/s and 25 wt.% carnallite). 
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Figure 15. Porosity distribution in an initially transport- and advection-dominated system, in the long run diffusion-dominated (dissolution rate 10−3 cm/s, carnallite content (a) 15 wt.% and (b) 25 wt.%). 






Figure 15. Porosity distribution in an initially transport- and advection-dominated system, in the long run diffusion-dominated (dissolution rate 10−3 cm/s, carnallite content (a) 15 wt.% and (b) 25 wt.%).



[image: Water 13 00168 g015]







[image: Table] 





Table 1. Potash salt mineral densities and dissolution properties.
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	Mineral
	Density (kg/m3)
	Reaction Equation (Dissolution)
	Log K





	Carnallite
	1600
	1KMgCl3 · 6H2O → 3Cl− + 6 H2O + 1K+ + 1Mg2+
	4.33



	Halite
	2170
	1NaCl → 1Cl− + 1Na+
	1.586



	Sylvite
	1990
	1KCl → 1Cl− + 1K+
	0.915
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Table 2. Classification of the scenarios into diffusion-dominated (Pe < 2) or advection-dominated (Pe > 2) and reaction-dominated (Da < 1) or transport-dominated (Da > 1) systems as well as hybrid forms (Pe alternating, Pe sinks < 2, Da rises > 1).
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Dissolution Rate (cm/s)

	
Amount of Carnallite (wt.%)




	
5%

	
10%

	
15%

	
20%

	
25%






	
10−3

	
Pe < 2

Da > 1

	
Pe sinks < 2

Da > 1

	
Pe sinks < 2

Da > 1

	
Pe sinks < 2

Da > 1

	
Pe sinks < 2

Da > 1




	
10−4

	
Pe < 2

Da > 1

	
Pe sinks < 2

Da > 1

	
Pe sinks < 2

Da > 1

	
Pe sinks < 2

Da > 1

	
Pe sinks < 2

Da > 1




	
10−5

	
Pe < 2

Da > 1

	
Pe sinks < 2

Da > 1

	
Pe sinks < 2

Da rises > 1

	
Pe sinks < 2

Da rises > 1

	
Pe sinks < 2

Da rises > 1




	
10−6

	
Pe < 2

Da rises > 1

	
Pe alternating

Da rises > 1

	
Pe > 2

Da rises > 1

	
Pe > 2

Da < 1

	
Pe > 2

Da < 1
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