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Simulation study on the mining 
conditions of dissolution of low 
grade solid potash ore in Qarhan 
Salt Lake
Ruiqin Li1,2, Chenglin Liu1,3*, Pengcheng Jiao1, Yufei Hu1, Wanping Liu3 & Shijun Wang3

The output and grade of liquid potash minerals in Qarhan Salt Lake are decreasing year by year, 
which has become the main problem restricting the sustainable production of potassium fertilizer. 
The exploitation and utilization of low-grade solid potash ore, which is in the strata of the Qarhan 
Salt Lake, represents the fundamental framework for the sustainable development of Qarhan Salt 
Lake’s potash fertilizer. PHREEQC is a simulation software for hydrogeochemistry. In this paper, 
PHREEQC was applied to simulate temperature, pH value and solvent chemical characteristics which 
affect the dissolution process of low-grade solid potash minerals. The simulation results indicate that 
the optimum temperature for ore dissolution is around 25 °C, because, around this temperature, the 
dissolving ability of solvents to low-grade solid potash minerals is enhanced, while the dissolving 
ability to halite remains basically unchanged, which is conducive to selective dissolution of low-grade 
solid potash. It is recommended the temperature is between 20 and 30 ℃. The simulation results 
show that, when the pH value of solvents is more than 9, although it is advantageous to selective 
dissolution of low-grade solid potash minerals, the solvent becomes strong alkali solution, which will 
cause environmental pollution and seriously corrode materials and equipment in actual production, 
so it is recommended the pH value of the solvent is adjusted between 6 and 8. The simulation results 
show that, when the values of  K+,  Na+,  Mg2+,  Ca2+,  Cl− and  SO4

2− in the solvent are 0.1%, 2.9%, 3.77%, 
0.05%, 15.72% and 0.13% respectively, the solubility of low-grade solid potash ores is stronger, which 
is more conducive to selective ore dissolution. It is suggested that in actual production, the chemical 
composition of solvents prepared with old brine and fresh water should be as close as possible to the 
above chemical composition characteristics.

Qarhan Salt Lake is the largest potash fertilizer production base in China with proven liquid potash mineral 
resources of 2.44 ×  108 tons and solid potash mineral resources of 2.96 ×  108  tons1. It is difficult to develop these 
solid potash minerals by traditional mining method of solid potash ore because of its scattered distribution, thin 
ore bed and low-grade. The solid potash minerals do not meet the formal and official requirements of industrial 
development, so are called low-grade solid potash ore (abbreviation LGSP ore, afterwards used often). For a long 
time, the main mining resource is liquid potash minerals in Qarhan Salt Lake. With the extension of mining time 
of liquid potash, the quantity and quality of iquid potash minerals decreased year by year, which became the 
main problem restricting the sustainable production of potash  fertilizer2–5. As a results, the mining of LGSP ore 
through liquefaction becomes an important and feasible method to meet the sustainable production of potash 
fertilizer in Qarhan Salt  Lake6.

Since 1990s, there have been some scholars or research institutes to study the development and utilization of 
LGSP ore. Qinghai Salt Lake Exploration and Development  Institute7 studied the recoverable reserves of KCl in 
Qarhan Salt Lake and demonstrated the feasibility of LGSP ore dissolved by dilute brine. They mainly studied the 
relationship between time and dissolution rate of LGSP ore. Sun Dapeng and  others8 proved that low-grade solid 
carnallite dissolved in the first mining area of Qarhan Salt Lake due to the continuous supply of low concentra-
tion brine in the periphery. Hao  Aibing9 carried out a series of laboratory experiments on LGSP ore dissolution, 
and pointed out the importance of the concentration and composition of the solvent to the dissolution process, 
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but he mainly used the NaCl solvent. Li Wenpeng and  others10,11 carried out a numerical simulation study on 
the LGSP to simulate the dissolution process, and obtained the conclusion that the ion curve in the dissolution 
driving process is wave like. An Lianying et al.12 mainly studied the conversion rate and conversion speed were 
affected by the difference of potassium concentration in solid and liquid potash ore. Wang Wenxiang et al.13,14 
studied and discussed the change of hydrodynamic field and hydrochemical field in the process of the solid–liquid 
transformation of LGSP ore. In 2006, the Institute of Mineral Resources, Chinese Academy of Geological Sciences 
and QingHai Salt Lake Industry Co., Ltd., undertook the National High Technology Research and Development 
Program of China (863 Program), namely, “Key Technologies for Liquefaction and Exploitation of LGSP Miner-
als in Qaidam Basin”, taking the hard to mine LGSP ore in Qarhan Salt Lake as the research object, the LGSP 
ore mining technology was studied; the main research achievements include finding out the new combination 
characteristics and distribution rules of potash minerals in the potassium-bearing strata, and modifying the LGSP 
ore dissolving driving  model15. Liu Dongqu and  others16 simulated the dissolving effect of Mg2+ based solvent of 
the LGSP ore in Qarhan Salt Lake. Wang Xingfu and  others17 pointed out that the dissolution conversion rate of 
LGSP ore increased with the increase of LGSP’s grade. Li Xinmeng and  others18 studied the relationship between 
the particle size and potassium content of LGSP minerals, and the results showed that the particle size of LGSP 
minerals decreases gradually, the content of potassium in minerals decreases. Wang Luohai et al.19 discussed the 
impact of “solid to liquid” technology of LGSP on resources and environment, indicating that “solid to liquid” 
technology has greatly increased the recoverable reserves of potassium resources, extended the service life of 
Qarhan Salt Lake, improved the utilization rate of Salt Lake resources, and realized the green development of Salt 
Lake resources. To sum up, although predecessors have made some important understandings and drawn some 
important conclusions, due to the complexity of hydrological and physicochemical conditions in the process of 
solid–liquid transformation, and Salt Lakes are always dynamic change, the dissolved mechanism of LGSP ore 
is still not completely clear.

The dissolution process of LGSP ore in Qarhan Salt Lake is a physical and chemical reaction process of solvent 
and potash minerals. This process is affected by many factors such as temperature, pH, characteristics of solvent 
chemical components, solvent flow rate, salt layer structure and porosity. Until now, the factors of temperature 
and pH value on LGSP ore’s dissolution have not been studied and discussed and the most suitable solvent com-
position has not been found. In the past, researchers usually used traditional experimental methods to study the 
LGSP’ dissolution process, however, it is very complicated to study these variables by traditional experimental 
methods, which requires a lot of manpower, material and financial resources. The hydrogeochemical simula-
tion technology developed on the basis of thermodynamics provides an effective and easy method and way for 
the study of such problems. Under the reliable parameters, some tedious experimental work can be simulated 
by computer in a short  time20,21. A series of equations of Pitzer theory are used in part of hydrogeochemistry 
computer simulation software, which can describe the activity, ionic strength, dissolution equilibrium of different 
phase substance and charge balance of solution in high-salinity waters or brine. PHREEQC is one of the hydro-
geochemical simulation  software22. In this paper, we carried out the method of computer simulation (PHREEQC) 
and laboratory experiment to explore the influence of temperature, pH value and suitable solvent composition 
on the dissolution of LGSP minerals, which provides scientific basis for reasonable solution mining scheme.

Introduction to PHREEQC
PHREEQC, which evolved from the Fortran program PHREEQE, is a hydrogeochemical software developed 
by the U. S. Geological  Survey22,23. PHREEQC version 3, which is the latest version, is written in the C and 
C++ programming languages that is designed to perform a wide variety of aqueous geochemical calculations. 
PHREEQC uses the following several aqueous solution models: The Lawrence Livermore National Laboratory 
model and WATEQ4F which are belong to two ion-association aqueous models, the Pitzer model and the SIT 
aqueous model. By using any of these aqueous models, PHREEQC can solve almost all equilibrium thermody-
namics and chemical kinetics problems in the interaction system of water, gas, rock and soil, including water 
solute coordination, adsorption–desorption, ion exchange, surface coordination, dissolution–precipitation and 
oxidation–reduction24. In addition, because of the application of Pitzer model, PHREEQC can simulate the 
high concentration electrolyte. PHREEQC can be carried out speciation and saturation-index calculations, one-
dimensional transport calculations and batch-reaction, inverse modeling and so  on24.

For multi solute electrolyte solutions, PHREEQC uses a series of equations to describe the activity of water, 
ionic strength, dissolution equilibrium of different phases, solution charge balance, element composition bal-
ance, mass conservation of adsorbent surface and so on. According to the user’s input command, PHREEQC will 
select some of the equations to describe the corresponding chemical reaction process. For example, the improved 
Newton–Raphson method is used for iterative solution; the Runge–Kutta method is used for PHREEQC to simu-
late the dynamic reaction process by integrating the reaction speed in time; for the one-dimensional convection 
dispersion process of multi-component chemical reaction, PHREEQC uses the split operation technique to 
calculate the chemical reaction terms  count25.

Saturation indices (SI) is one of the most widely used indicators in hydrogeochemical research. It stud-
ies the saturation state of minerals in aqueous solutions. The SI of minerals in aqueous solution is defined as: 
SI = lgIAP − lgKsp, where IAP is the activity product of related ions in mineral dissolution solution;  Ksp is equilib-
rium constant of mineral dissolution reaction at a certain temperature. When SI = 0, the mineral is in equilibrium 
in the aqueous solution; When SI < 0, it means that the mineral is not saturated in the aqueous solution, and the 
mineral will be dissolved; when SI > 0, it indicates that the mineral is in the supersaturated state in the aqueous 
solution, and the mineral will  precipitate26.
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Research methods
First, using PHREEQC program simulates the most suitable temperature and pH value for the dissolution of 
LGSP minerals. Secondly, the simulation of solvent composition is carried out under the suitable temperature 
and pH value conditions. Finally, the laboratory experiment is set to verify the simulation results.

Simulation analysis by PHREEQC
The possible mineral phases need to be determined before simulation. The most common salt minerals in Qarhan 
Salt Lake are halite, polyhalite, carnallite, gypsum and sylvite, and a small amount of calcite and dolomite are 
occasionally seen. The clastic minerals include quartz, mica, albite and  chlorite13,14,27–31. The clastic minerals are 
insoluble minerals, calcite and dolomite are not common minerals, and the amount is very small. Therefore, the 
main mineral phases of Qarhan Salt Lake are gypsum, halite, polyhalite, carnallite and sylvite.

When simulating, only one factor is a variable and the others should be constant. First of all, the suitable 
temperature is simulated, so the pH and the solvent composition should be constant. After years of exploration, 
the solution mixed with old brine and Senie Lake’s water is currently used as the solvent to dissolve LGSP  ore6. 
The arithmetic mean values of  K+,  Na+,  Mg2+,  Ca2+,  Cl−,  SO4

2− in the solvent were 0.23%, 1.60%, 3.69%, 0.05%, 
15.23% and 0.13%,  respectively6. The arithmetic mean value of pH is 6.5, and the arithmetic mean value of 
density is 1.184 g/cm3@@@6.

Effect of temperature on dissolving ability of solvent. The precipitation and dissolution of minerals 
in water depend on their solubility to a large extent, and the solubility is greatly affected by temperature. Con-
sequently, there should discuss the influence of temperature on the dissolving ability of solvents, and determine 
the most suitable dissolution temperature.

In the simulation, set pH = 6.5, density = 1.184 g/cm3, pe = 4 (default value), and select pitzer.dat database. 
The values of  K+,  Na+,  Mg2+,  Ca2+,  Cl−,  SO4

2− are 0.23%, 1.60%, 3.69%, 0.05%, 15.23% and 0.13%, respectively.
The average temperature of Qarhan Salt Lake is about 25 °C in summer, the highest temperature in summer 

is 35.5 °C, the average temperature over the years is about 5.1 °C, the lowest temperature in winter is − 29.7 °C, 
and the average temperature in winter is about − 15 °C29. In addition, a maximum temperature of 40 °C is set 
for comparative study. Therefore, the simulated temperature is set to − 29.7 °C, − 15 °C, 5.1 °C, 25 °C, 35.5 °C 
and 40 °C respectively.

Results and discussion. The simulation results are shown in Fig. 1.
As shown in Fig. 1, taking 25 °C as the demarcation point, when the temperature decreases from 25 to 

− 29.7 °C, the SI of gypsum, carnallite and sylvite increases linearly with the decrease of temperature, which 

Figure 1.  The relationship between SI and temperature.
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indicates that the dissolving ability of solvent to gypsum, carnallite and sylvite decreases with the decrease of 
temperature. When the temperature increases from 25 to 40 °C, the SI of gypsum, carnallite and sylvite decreases 
with the increase of temperature, but the decrease rate tends to be flat, which indicates that the solubility of 
gypsum, carnallite and sylvite increase with the increase of temperature, however, the increase is gradually to be 
weaker. The change for the SI curve of halite and polyhalite is relatively small, which indicates that the dissolving 
ability of solvent to halite and polyhalite is basically unchanged with the change of temperature. On the whole, 
the SI of polyhalite is the smallest, that is to say, the solvent has the strongest solubility to polyhalite. However, 
due to the formation of gypsum in the process of dissolution of polyhalite, in the case of no hydrodynamic or 
weak hydrodynamic condition, the polyhalite is easy to be wrapped by the formed gypsum, resulting in the 
stagnation of the dissolution of  polyhalite32.

Above all, in the cold season with relatively low temperature, the solubility of solvent to carnallite and sylvite 
decreases, however, due to the weak effect of temperature on the dissolution ability of halite, the halite continues 
to dissolve in the cold season, which is not conducive to LGSP ore dissolution. However, some enterprises inject 
solvents into the field to dissolve LGSP minerals in winter. When the temperature is higher than 40 °C, although 
the dissolving capacity of the solvent to potash minerals increases, the increase is not very obvious, moreover, the 
higher the temperature is, the stronger the degree of evaporation will be, which is not conducive to ore dissolu-
tion. Consequently, the temperature that is around 25 °C is most suitable for LGSP dissolution. We recommend 
that the temperature range of LGSP dissolution is between 20 and 30 °C.

Qarhan Salt Lake is located in the Qinghai-Tibet Plateau, where the humid and hot air from South Asia is 
blocked by the Himalayas, so it cannot meet the cold air from Siberia, therefore, it cannot form precipitation 
 conditions33. The climate in Qarhan Salt Lake belongs to the typical continental arid climate, which is windy 
and dry all the year  round33. According to the meteorological data statistics collected by Qinghai Salt Lake 
Industry Co., the temperature of Qarhan Salt Lake from May to October is between 20 and 30 °C. In terms of 
actual production, selecting May to October with relatively high temperature is conducive to the dissolution of 
LGSP minerals.

Effect of pH on dissolving ability of solvent. During the pH simulation, it can be seen from the above 
simulation that the temperature has better to be set at 25 °C. The density is 1.184 g/cm3, pe is 4 (default value), 
and select pitzer.dat database. The values of  K+,  Na+,  Mg2+,  Ca2+,  Cl−,  SO4

2− are 0.23%, 1.60%, 3.69%, 0.05%, 
15.23% and 0.13%, respectively. The initial pH of the solvent was 6.5. The pH values were adjusted by adding HCl 
or NaOH to 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 6.5, 7.0, 8.0, 9.0, 10.0, 11.0 and 12.0, respectively.

Results and discussion. The simulation results are shown in Fig. 2.
The only pH related reaction in the solvent is sulfate, the reaction form as follows: SO2−

4
+H

+
= HSO

−

4
 . 

When pH is about 2, the activities of SO2−

4
 and HSO

−

4
 are similar. Only at a lower pH value, the pH of the solvent 

will affect the activity of sulfate and the mineral saturation index (SI). As shown in Fig. 2, when the pH value 
of the solvent is gradually reduced from 6.5 to 1.0, the mineral saturation index (SI) of gypsum, halite, poly-
halite, carnallite and sylvite is basically unchanged, which indicates that in the process of solvent acidification, 
the mineral dissolving capacity of the solvent to gypsum, halite, polyhalite, carnallite and sylvite is basically 
unchanged. When the pH value of solvent increases from 6.5 to 12, especially after pH > 10, the mineral satu-
ration index (SI) of gypsum, polyhalite, carnallite and sylvite graduaaly decreases, and the mineral saturation 
index (SI) of halite increases, which indicates that in the process of solvent alkalization, especially when the 
solvent is strongly alkaline solution, the dissolving ability of solvent to gypsum, polyhalite, carnallite and sylvite 
is enhanced, and the dissolving ability of solvent to halite is weakened. Why do these phenomena appear? It is 
mainly caused by the following reasons: chloride or sulfate minerals containing calcium and magnesium will 
dissolve in strong alkaline solutions and precipitate in the form of portlandite (Ca(OH)2) and brucite (Mg(OH)2). 
Taking polyhalite  (K2MgCa2(SO4)4·2H2O) as an example, the following reaction will occur in strong alkaline 
solution:  K2MgCa2(SO4)4·2H2O + 2NaOH =  2CaSO4↓ + Mg(OH)2↓ + 2  K+ +  2Na+  + 2·SO2−

4
 +  2H2O. Therefore, with 

eh increase of the alkalinity of the solvent, the dissolving ability of the solvent to LGSP ore will be enhanced. In 
addition, due to the increase of  Na+ in the solution, the same ion effect leads to the increase of mineral saturation 
index of halite, thus the dissolving ability of the solvent to halite decrease. The mineral saturation index of other 
 Na+—bearing minerals will also increase, as shown in Fig. 3.

It can be seen from the above when the pH value decreases from 6.5 to 1, the dissolving ability of the solvent to 
LGSP minerals remains basically unchanged. When the pH value increase from 6.5 to 12, especially from 9 to 12, 
when the solvent shows strong alkalinity, the dissolving ability for LGSP minerals is strengthened. Although the 
dissolving ability for LGSP minerals is enhanced, because the strong alkaline solution pollutes the environment 
and seriously corrodes materials and equipment in actual production, the strong alkaline solvent is not suitable 
for LGSP dissolution. Therefore, the pH value of solvent maintained around 6.5 is suitable for LGSP minerals 
dissolution. In terms of actual production, we recommend the pH value of solvent is adjusted between 6 and 8.

Effect of solvent chemical characteristics on dissolving ability of solvent. A suitable solvent is 
very important for the dissolving of LGSP ore. If the concentration of the solvent is too low or fresh water is used 
directly, a large amount of surrounding rock, mainly halite, will be dissolved, which will cause the collapse of salt 
bed. The collapse of salt bed will affect the permeability and porosity of the strata, and also form geological dis-
asters and threaten the personal safety of field works. If the concentration of solvent is too high, salt minerals will 
be easy to crystallize and precipitate, which will block the pore passageway and affect the porosity, thus affecting 
the permeability of salt bed. The ideal solvent is to dissolve the LGSP ore selectively, but try not to dissolve other 
minerals such as halite. Therefore, it is very important to select a suitable solvent for the mining of LGSP ore.
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Is the previous solvent (defined as the initial solvent) used in the dissolution of LGSP minerals in Qarhan 
Salt Lake the best suitable solvent? It can be used PHREEQC program to simulate whether the initial solvent is 
the most fitful. Based on the above simulation, set the temperature = 25 °C, pH = 6.5, pe = 4 (default value), and 
select pitzer.dat database. Only change the chemical composition of the solvent to simulate. Through dozens of 
simulations with PHREEQC program, it was found that when the concentration of  K+,  Na+,  Mg2+,  Ca2+,  Cl− and 
 SO4

2− of the solvent (defined as simulated solvent) are 0.1%, 2.9%, 3.77%, 0.05%, 15.72% and 0.13%, respectively 
(see Table 1), the solubility of LGSP minerals is stronger (see Table 2 for details).

It can be seen from Table 2 that the mineral saturation index (SI) of the simulated solvent for halite and gyp-
sum increases, while the mineral saturation index (SI) for carnallite, polyhalite and sylvite decreases. Compared 
with the initial solvent, the dissolving ability of the simulated solvent to halite and gypsum is weakened, while 
to carnallite, polyhalite and sylvite is enhanced, which is conducive to LGSP dissolution. In addition, in the ore-
bearing layer of Qarhan Salt Lake, potash minerals often occur between the pores of halite crystal particles in the 
form of  disseminated4,34–37. The simulated solvent can dissolve a small amount of halite, which can release the 
potash minerals between the pores of halite crystal particles into the solution. Because it does not cause a large 
amount of halite to dissolve, it will not cause salt layer collapse. To sum up, the simulated solvent may be more 
suitable for LGSP dissolution, which can be verified by the following laboratory experiments.

Laboratory experiments. Experimental conditions and methods. Experimental equipment and reagent: 
beaker, measuring cylinder, transfer pipe, volumetric flask, incubator, ultrapure water and reagents (analytical 
reagent).

Analytical method: ICP-OES.
Experimental ore sample: the ore samples used in the experiment were collected from Qarhan Salt Lake 

and were from the same ore-bearing layer. The ore samples were mixed evenly, then they were divided into two 
equal parts.

Experimental steps:

a. According to the Table 1, 2 L initial solvent and simulated solvent were prepared respectively, and the pH of 
the two solvent were adjusted to 6.5. Since the concentration of  Ca2+ and  SO4

2− were pretty low in the initial 
solvent and simulated solvent, meanwhile, gypsum is difficult to soluble in solutions. Consequently,  Ca2+ 
and  SO4

2− in either the initial solvent or simulated solvent were not added.
b. Two parts of ore samples with the same mass (850 g each) were weighed and put into two 2 L beakers respec-

tively. The prepared initial solvent and simulated solvent (1 L each) were poured into two beakers respectively. 

Figure 2.  The relationship between SI and pH.
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The two beakers were placed in a constant temperature incubator at 25 °C. The liquid phase samples were 
taken from two beakers respectively every 1 h, and 5 mL each time. The experiment lasted 8 h, and 8 liquid 
samples were taken from each beaker, 16 liquid samples in total.

c. Carry out chemical analysis on the 16 liquid samples.
d. Data analysis.

Experimental results and discussion. Figure 4 shows the experimental results of the dissolving ore samples of 
the two solvent (initial solvent and simulated solvent) respectively, and “∆” represents the net change.

As shown in Fig. 4, the change trend of  Na+ and  Cl− is basically the same. Compared with the initial solvent, 
the net increase of  Na+ and  Cl− is relatively small when use the simulated solvent, so the solubility of Halite by 
the simulated solvent is low, which is good to the salt bed, for not cause the collapse of the salt layer. Compared 
with the initial solvent, the net increase of  K+ is relatively high and increases relatively quickly when use the 
simulated solvent. In the process of ore dissolution by the two solvents, the change of  Mg2+ is small. In the 
process of preparing of the two solvents,  Ca2+ and  SO4

2− were not added. But after 8 h of ore dissolving,  Ca2+ 
and  SO4

2− were detected in the two solutions, and their change trends were basically the same, indicating that 

Figure 3.  The SI of different minerals under different pH.

Table 1.  The chemical characteristics of solvents (unite: %).

Ions K+ Na+ Mg2+ Ca2+ Cl- SO4
2-

Initial solvent 0.23 1.60 3.69 0.05 15.23 0.13

Simulated solvent 0.1 2.9 3.77 0.05 15.72 0.13

Table 2.  The different SI in different solvents.

Mineral phase Carnallite Gypsun Halite Polyhalite Sylvite

Initial solvent-SI − 3.39 − 0.92 − 0.75 − 6.39 − 1.49

Simulated solvent-SI − 3.55 − 0.87 − 0.38 − 6.94 − 1.78
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gypsum or polyhalite were dissolved. In addition, compared with the initial solution, the net increase of  Ca2+ and 
 SO4

2− was relatively higher when the simulated solvent was used to dissolve the ore samples.  Li+ and  B3+ were 
also not added during the preparation of the two solvents, however, a small amount of  Li+ and  B3+ were detected 
in the solution after 8 h of ore dissolution, indicating that there was a small amount of  Li+ and  B3+—bearing 
minerals dissolved.

From the above analysis, compared with the initial solvent, the simulated solvent is more favorable for selec-
tive dissolution of LGSP minerals. Therefore, in the actual production, the chemical composition of the solvent 
prepared with old brine and Senie Lake’ water should be as close as possible to the simulated solvent.

Conclusions
In this paper, through the research method by combining the PHREEQC program simulation and laboratory 
experiments, the main conclusions are drawn as follows:

Figure 4.  Ion change in the process of minerals dissolution.
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1. In the dissolving process of LGSP minerals in Qarhan Salt Lake, the temperature should be around 25 °C, and 
it be recommended the temperature is between 20 and 30 °C, which is the most suitable for dissolving ore. 
Around this temperature, the dissolving ability of the solvent to LGSP minerals is enhanced, and the solubil-
ity of halite is basically unchanged, which is conducive to the selective dissolution of LGSP ore. Considering 
the natural conditions of Qarhan Salt Lake, selecting May to October with relatively high temperature is in 
favor of the dissolution of LGSP minerals.

2. In the dissolving process of LGSP minerals in Qarhan Salt Lake, when pH is more than 9, the dissolving abil-
ity of solvent to gypsum, polyhalite, carnallite and sylvite is strengthened, and the dissolving ability to halite 
is weakened, which is beneficial to selective dissolution of LGSP ore. However, with the pH value increasing, 
although the dissolving ability of LGSP minerals is increased, the solvent becomes strong alkaline solution 
which pollutes the environment and seriously corrodes materials and equipment in actual production. 
Therefore, in terms of actual production, it be recommended the pH value of solvent is adjusted between 6 
and 8.

3. In the dissolving process of LGSP minerals in Qarhan Salt Lake, when the chemical compositions of solvent, 
 K+,  Na+,  Mg2+,  Ca2+,  Cl− and  SO4

2−, are 0.1%, 2.9%, 3.77%, 0.05%, 15.72% and 0.13%, respectively, the dis-
solving ability of solvent to LGSP minerals is enhanced, which is more favorable to selective dissolution of 
LGSP minerals. In actual production, the chemical composition of the solvent prepared with old brine and 
Senie Lake should be as close as possible to the composition showed above.

In order to better study the dissolving process of LGSP minerals, the interaction between temperature, pH 
and solvent chemical characteristics should be considered. We plan to do the orthogonal simulated experiment 
in terms of temperature, pH value and solvent chemical characteristics in the future. In addition, we will also do 
other factors that affect the dissolving process of LGSP minerals, such as porosity of the strata.
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References
 1. Wang, S. J. Prospects for tapping the resources of the Qarhan Salt Lake. Geol. Chem. Miner. 21(3), 175–180 (1999).
 2. Ma, P. H. Comprehensive utilization of Salt Lake resources in China. Adv. Earth Sci. 15(4), 365–375 (2000).
 3. Yang, Y. Z. & Li, C. H. Environmental problems of potassium resources mining in Qarhan Saline Lake and its solution. Qinghai 

Geol. 1, 1–3 (2001).
 4. Li, B. T. et al. Acomparative study of material composition of solid sylvite before and after liquefaction and its significance in 

Bieletan area of Qarhan Salt Lake, Qinghai, China. Miner. Depos. 29(4), 669–683 (2010).
 5. Yu, D. F. & Wang, J. Another “Qarhan Salt Lake”—the record of actual events of deep potassium brine breakthrough in Qaidam 

Basin, Qinghai. China Land and Resources News, 2014–11–13 (2014).
 6. Li, R. Q. et al. The effect of solvent chemistry on potassium dissolution extraction from low-grade solid potash ore in Qarhan Salt 

Lake, China. Appl. Geochem. 115, 1–11 (2020).
 7. Qinghai Salt Lake Exploration and Development Institute. Experimental report on dissolving and driving of the recharge of low 

concentration brine in Qinghai Salt Lake (1990).
 8. Sun, D. P. & Lv, Y. P. A preliminary investigation on carnallite-resolving experiment for intercrystal brines in the first exploitation 

area of Qarhan Salt Lake, Qinghai, China. J. Salt Lake Sci. 3(4), 40–43 (1995).
 9. Hao, A. B. Laboratory Research of Driving and Dissolving Exploitation Solid Potash Minerals in Qarhan Salt Lake (China University 

of Geosciences, 1997).
 10. Li, W. P. The model of dissolving and driving exploitation and the software development in Qarhan Salt Lake. PhD dissertation, 

Graduate School of Chinese Academy of Geological Sciences, Beijing (1991).
 11. Li, W. P., & Liu, Z. Y. The model research of dissolving and driving exploitation in Qarhan Salt Lake. In Proceeding of the Sixth 

International Salt Lake Conference (Geological Publishing House, Beijing, 1994).
 12. An, L. Y. et al. Study on transformationof potassium between minerals and brine from Qarhan Salt Lake, China. J. Chengdu Univ. 

Technol. Sci. Technol. Ed. 32(1), 75–77 (2005).
 13. Wang, W. X. Research About Liquefy Exploitation of Low-Grade Solid Potassium in Qarhan Salt Lake (China University of Geo-

sciences, 2010).
 14. Wang, W. X. Driving and Dissolving Exploitation of Low-Grade Solid Potassium Researchin Qarhan Salt Lake (China University of 

Geosciences, 2013).
 15. Jiao, P. C. et al. Liquefaction Development Technology of Low Grade Solid Potash Mine in Bieletan, Qinghai Province (Science Press, 

2020).
 16. Liu, D. Q. & Wang, Q. H. Solid liquid solvent into the water factor of choice of simulation. J. Salt Chem. Ind. 40(5), 48–50 (2011).
 17. Wang, X. F. et al. Dissolution and transformation experiment of low-grade solid potash for Qaidam and its application prospect. 

Geol. Chem. Miner. 41(4), 299–305 (2019).
 18. Li, X. M. et al. Mineral facies analysisof low-grade potash ore in Dalangtan Qaidam Basin. Shandong Chem. Ind. 48, 126–127 

(2019).
 19. Wang, L. H. et al. The application of “immersion dissolution and transformation method for solid potassium ore” and its impact 

on resources and environment. Geol. Chem. Miner. 42(4), 378–381 (2020).
 20. Pitzer, K. S. Thermodynamics of electrolytesI: theoretical basis and general equations. J. Phys. Chem. 77(2), 268–277 (1973).
 21. Harvie, C. E. et al. Evaporite of seawater: calculated mineral sequences. Science 208, 498–500 (1980).
 22. Parkhurst, D. L., Thorstenson, D. L. & Plummer, L. N. PHREEQE—A Computer Program for Geochemical Calculations. U.S. Geo-

logical Survey, Water-Resources Investigations Report 80–96 (1990).
 23. Parkhurst, D. L. & Appelo C. A. J. User’s guide to PHREEQC (Version 2)—A Computer Program for Speciation, Batch-Reaction, 

One-Dimensional Transport, and Inverse Geochemical Calculations. U.S. Geological Survey, Water-Resources Investigations Report 
99–4259, 312 p (1999).

 24. Parkhurst, D. L. & Appelo, C. A. J. Description of Input and Examples for PHREEQC Version 3—A Computer Program for Speciation, 
Batch-Reaction, One-Dimensional Transport, and Inverse Geochemical Calculations. U.S. Geological Survey, Modeling Techniques 
(Book 6), Groundwater (Section A), Chapter 43 (2013).

 25. Mao, X. M., Liu, X. & Barry, D. A. Application of PHREEQC on solute reactive transport modeling in groundwater. Hydrogeol. 
Eng. Geol. 2, 20–24 (2004).



9

Vol.:(0123456789)

Scientific Reports |        (2021) 11:10539  | https://doi.org/10.1038/s41598-021-88818-z

www.nature.com/scientificreports/

 26. Mark, R. & Nicolas, S. Calculation of pH and mineral equilibria in hydrothermal waters with application to geothermometry and 
studies of boiling and dilution. Geochim. Cosmochim. Acta 48(7), 1479–1492 (1984).

 27. Li, B. T. et al. Composition characteristics of solid potassium salts in Qarhan Salt Lake, Qinghai Province. Miner. Depos. 29(sup-
plement), 381–382 (2010).

 28. Li, B. T. et al. Composition in solid potash deposits of Qarhan Salt Lake, Qinghai Province and its significance. Geoscience 26(1), 
71–84 (2012).

 29. Institute of Mineral Resources of Chinese Academy of Geological Sciences. The report of key technologies for liquefaction and 
exploitation of low-grade solid potassium minerals in Bieletan area, Qinghai (2013).

 30. Niu, X. Solid Potash Mineral Characteristics and Genesis Mechanism Studies in the Bieletan Area of Qarhan Salt Lake, China 9–25 
(University of Geosciences, 2014).

 31. Niu, X. et al. The origin ofpolyhalite and its indicating significance for the potash formation in the Bieletan Area of theQarhan 
Salt Lake. Qinghai. Acta Geol. Sin. 89(11), 2087–2095 (2015).

 32. An, L. Y. et al. Kinetics of leaching process of ployhalite. J. Chem. Ind. Eng. (China) 55(6), 929–933 (2004).
 33. Dai, J. X. et al. Climate of Qinghai-Tibet Plateau (Beijing Meteorological Publishing House, 1990).
 34. Yang, Q. Sedimentary mechanism of inland salt lake Potassium Deposit in Qarhan. Acta Geol. Sin. 3, 281–291 (1982).
 35. Wu, B. H. et al. Deposition of potash-magnesium salts in the Qarhan playa, Qaidam Basin. Acta Geol. Sin. 3, 286–296 (1986).
 36. Cai, K. Q. & Gao, J. H. Formation conditions of potassium salt deposit in Qarhan Salt Lake. Geosci. Front. 1, 3–4 (1993).
 37. Yuan, J. Q. et al. The Formation Conditions of Potash Deposits in Qarhan Salt Lake (Geological Publishing House, 1995).

Acknowledgements
This paper is supported by Natural Science Foundation of Qinghai Province, China (Granted No. 2019-ZJ-917), 
the Thousand-Personal Project of Senior and Innovation Talents for Qinghai Province, China, the State-Key 
Research Development Project, China “Resource Exploration and Mining Technology in The Deep Strata of 
Salt Lake” (Granted No. 2018YFC0604801), Special Project for Basic Scientific Research Business Expenses 
of Central Public Welfare Scientific Research Institutes (Granted No. KK2005 and No. KK2016), and National 
Mineral Resources Investigation and Comprehensive Evaluation (Granted No. DD20190606). We would like to 
thank Mr Chunlian Wang, Jiuyi Wang and Dr. Lijian Shen for their support and help to the research. The field 
work was also assisted and supported by Wang Luohai and Yan Qunxiong of Qinghai Salt Lake Industry Co., Ltd.

Author contributions
R.L. wrote the main mannuscript text. C.L. provied the ideals for this manuscript. P.J. reviewed this manuscript. 
Y.H. did the analyzed work for this Manuscript. W.L. and S.W. sampled the samples from the field.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to C.L.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2021

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Simulation study on the mining conditions of dissolution of low grade solid potash ore in Qarhan Salt Lake
	Introduction to PHREEQC
	Research methods
	Simulation analysis by PHREEQC
	Effect of temperature on dissolving ability of solvent. 
	Results and discussion. 
	Effect of pH on dissolving ability of solvent. 
	Results and discussion. 

	Effect of solvent chemical characteristics on dissolving ability of solvent. 
	Laboratory experiments. 
	Experimental conditions and methods. 
	Experimental results and discussion. 



	Conclusions
	References
	Acknowledgements


