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The Laochang Pb-Zn deposit can be typically considered as a hydrothermal mineralizing deposit in the Gejiu ore district. Although extensive studies were conducted to understand the mineralizing system associated with the Laochang Pb-Zn deposit through using the traditional geoscience methods, the mineralizing process involved in this deposit has not been justified in a strictly scientific manner to date. In this article, the hydrothermal mineralizing mechanism of the Laochang Pb-Zn deposit is computationally simulated through using the dual length-scale approach associated with the finite element method (FEM). The related computationally simulating outcomes have revealed the following understanding: 1) the pore-fluid convection provides a continuous source of mineralizing fluid and material for the Laochang Pb-Zn deposit; 2) the convective flow of pore-fluid is the primary dynamic mechanism, which controls the temperature, chemical species and pore-fluid velocity distributions in the Laochang Pb-Zn deposit; 3) the localized structure plays a key role in controlling the localized pore-fluid flow pattern, which can further control the location and grade of the orebody in the Laochang Pb-Zn deposit; 4) the dual length-scale approach associated with the FEM is very useful for dealing with the computational simulation of the hydrothermal mineralizing mechanism involved in the Laochang Pb-Zn deposit.
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1 INTRODUCTION
The location of Gejiu ore district can be found a few kilometers away from the southeast of Gejiu city, Yunnan, South China. This district approximately contains 5 million tonnes (Mt) Cu, 3 Mt Sn, and 28 Mt Pb-Zn (Cheng et al., 2013a; Wang and Yu, 2014). This means that the Gejiu ore district can be considered as not only the largest Pb-Zn deposit in China, but the largest Sn-Cu deposit in the world as well (Chang et al., 2019; Cheng et al., 2019). Although extensive studies were conducted on the Sn-Cu deposit, only a few studies have been done on the Pb-Zn deposit in the Gejiu ore district. However, the Laochang Pb-Zn deposit is one of the important deposits in the Gejiu ore district (Cheng et al., 2012a), with 50% of the metal reserves. The types of mineralization in the Laochang Pb-Zn deposit are relatively complex, with concentrated Sn-Cu mineralization and associated lead and zinc mineralization (Zhao, 2022; Zhao et al., 2022). This implies that not only does the study of the Laochang Pb-Zn deposit have great economic value, but it is also beneficial for enriching the theoretical understanding of the compound metallogenic system in the Gejiu ore district. Based on the previous studies of the Laochang polymetallic deposit (Liao et al., 2014; Guo et al., 2018; Cheng et al., 2019; Zhao et al., 2019; Zhao, 2022; Zhao et al., 2022; Li et al., 2023), a brief summary of the primary outcomes from the previous studies can be described as follows: 1) the structures and strata of the Gejiu ore district were investigated, so that the related information is available for designing the geological model of the Laochang Pb-Zn deposit; 2) the alteration and mineralization characteristics of the sphalerite and galena associated with the Laochang Pb-Zn deposit were determined; 3) the stable isotopes, fluid inclusions and trace elements in the Laochang Pb-Zn deposit were studied; 4) The Laochang Pb-Zn deposit involves multiple mineralization styles, which can be reflected by the obvious metal vertical zoning and extensive hydrothermal alteration; 5) the genesis involved in the Laochang Pb-Zn deposit is associated with the Yanshanian biotite monzogranitic intrusion, which took place at about 77.4 million years ago (Cheng and Mao, 2010; Li et al., 2012; Cheng et al., 2013a; Zhang et al., 2015); 6) the geologically-stable period may be very long, which may amount to over 77 million years after the intruded magma was completely solidified and cooled, because no magma activity occurred after the Yanshanian biotite monzogranitic intrusion (Cheng and Mao, 2010; Li et al., 2012; Cheng et al., 2013a; Zhang et al., 2015). This means that according to the main outcomes from the previous studies, the hydrothermal mineralizing system associated with the Laochang Pb-Zn deposit could reach a steady state or a quasi-steady state after the intruded magma was completely solidified and cooled. Therefore, the main purpose of this study is to investigate the mineralizing process of the Laochang Pb-Zn deposit during such a long geologically-stable period after the intruded magma was completely solidified and cooled. For this reason, the initial condition can be avoided in computationally simulating both the regional and deposit models of the hydrothermal mineralizing system associated with the Laochang Pb-Zn deposit. Consequently, only the boundary conditions are needed, in this study, for computationally simulating both the regional and deposit models of the hydrothermal mineralizing system associated with the Laochang Pb-Zn deposit.
However, due to the complicated mineralizing process involved in the Laochang Pb-Zn deposit, some key issues involved in this deposit still need to be resolved. For example, 1) where did the large amount of hydrothermal fluid, which is necessary for forming such a huge deposit, come from? 2) What were the spatiotemporal evolution characteristics of the temperature, velocity of pore-fluid and pressure of pore-fluid in the mineralizing system? 3) What was the effect of sulfate reduction on mineralization during mineralizing fluid mixing? 4) What was the effect of nonlinearly-coupled physical and chemical fields on mineralization? 5) What was the influence of the intrusion and tectonic faults on the orebody distribution in the mineralizing system? Obviously, it is very difficult to answer these five fundamental questions involved in the Laochang Pb-Zn deposit through using the traditional geological methods, because the controlling dynamic processes and mechanisms involved in the Laochang Pb-Zn deposit cannot be considered in a strictly scientific manner (Hobbs et al., 2000; Gow et al., 2002; Ord et al., 2002; Schaubs and Zhao, 2002; Sorjonen-Ward et al., 2002; Liu et al., 2015; Zhao et al., 2016a; Zou et al., 2017; Zhao et al., 2018; Fan et al., 2021; Hu et al., 2022).
As one of the most-encountered geological phenomena, mineralization within the Earth’s upper crust was extensively observed and investigated since ancient times. Although the traditional geoscience method is commonly used to describe the observed mineralization phenomena, it cannot be used to explain, in a strictly scientific manner, how and why the observed ore deposits formed where they are located, because the controlling dynamic processes involved in the mineralization and orebody formation are not considered in the traditional geoscience method (Hobbs et al., 2000; Zhao et al., 2008a; Zhao et al., 2009). In order to address this fundamental issue, the computational simulation method, which is closely associated with the emerging computational geosciences field, has been developed and used in recent years (Hobbs et al., 2000; Gow et al., 2002; Ord et al., 2002; Schaubs and Zhao, 2002; Sorjonen-Ward et al., 2002; Zhao et al., 2009; Gao et al., 2015; Liu et al., 2015; Zhao et al., 2016a; Zou et al., 2017; Zhao et al., 2018; Fan et al., 2021; Hu et al., 2022). Compared with the traditional geoscience method, the specific characteristics of the computational simulation method include the following four aspects. First, specific physical processes can be accurately taken into account in the computational simulation method. For instance, the pore-fluid flow can be described using Darcy’s law, while the mass flux associated with solute diffusion and the heat flux associated with heat conduction can be respectively described using Fick’s law and Fourier’s law. Second, three fundamental scientific principles in nature, such as mass conservation, energy conservation and momentum conservation, can be strictly satisfied in the considered mineralizing system. Third, mathematical governing equations (MGEs) can be derived and used for describing the controlling dynamic processes involved in the mineralization and orebody formation associated with the considered mineralizing system. Fourth, advanced computational algorithms can be developed and used for solving the MGEs associated with the considered mineralizing system. Due to the aforementioned characteristics, computational simulation methods have been broadly used for solving many different types of problems in the field of geosciences (Hobbs et al., 2000; Gow et al., 2002; Ord et al., 2002; Schaubs and Zhao, 2002; Sorjonen-Ward et al., 2002; Zhao et al., 2009; Gao et al., 2015; Liu et al., 2015; Zhao et al., 2016a; Zou et al., 2017; Zhao et al., 2018; Fan et al., 2021; Hu et al., 2022; Zhao and Liu 2023a). Therefore, the computational simulation method is naturally chosen as a research tool in this study.
It should be pointed out that from the mathematical point of view, analytical solutions for the MGEs associated with a mineralizing system are strongly dependent on the boundary conditions of the mineralizing system (Phillips, 1991; Nield and Bejan, 1992; Zhao et al., 2008b). However, it is very difficult, even if possible, to mathematically derive analytical solutions for the MGEs associated with a mineralizing system. Alternatively, it is commonly to solve the MGEs associated with a mineralizing system through using computational simulation methods (Hobbs et al., 2000; Gow et al., 2002; Ord et al., 2002; Schaubs and Zhao, 2002; Sorjonen-Ward et al., 2002; Zhao et al., 2009; 2016a; 2018; Gao et al., 2015; Liu et al., 2015; Zou et al., 2017; Fan et al., 2021; Hu et al., 2022; Zhao and Liu 2023b). This means that from the computational simulation point of view, computational simulation solutions should be also strongly dependent on the boundary conditions of a mineralizing system (Gao et al., 2015; Liu et al., 2015; Zou et al., 2017; Fan et al., 2021; Hu et al., 2022; Zhao and Liu 2023b). Therefore, the boundary conditions of a mineralizing system should be carefully and reasonably determined in the process of computationally simulating the mineralizing system. For this reason, the double length-scale approach was proposed in a recent publication (Zhao and Liu 2023a). The main advantage of using the double length-scale approach is that the boundary conditions of the deposit model associated with computationally simulating a mineralizing system can be determined in a scientifically consistent manner.
2 THE GEOLOGICAL SETTING OF THE LAOCHANG PB-ZN DEPOSIT
2.1 Geological background
As stated previously (Zhao et al., 2022), the Gejiu ore district is located close to the intersection of three blocks, namely, the Indochina and Cathaysia blocks as well as the Yangtze Craton (Yuan et al., 2019; Figure 1A). Tectonically, the Gejiu ore district is also located in the western part of the Youjiang basin (Guo et al., 2022; Figure 1B). The location of Laochang Pb-Zn deposit is “in the middle region of eastern Gejiu, which is bounded by the Beiyinshan fault to the north, the Laoxiongdong fault to the south, the Gejiu fault to the west and the Jiajieshan fault to the east (Zhao, 2022; Zhao et al., 2022).”
[image: Figure 1]FIGURE 1 | (A) Geologic map of the South China block showing the location of major Mesozoic deposits (modified from Yuan et al., 2019). (B) Schematic map showing distribution of Late Cretaceous granitoids and polymetallic deposits in the Youjiang Basin, South China (modified from Guo et al., 2022). (C) Geologic map of the Gejiu ore district (modified from Cheng et al., 2019).
Based on the previous study (Zhao et al., 2022), it is known that as the consequence of the related tectonic events, the predominant rocks are comprised of Precambrian to Quaternary sedimentary rocks, while Cretaceous rocks are absent in the Gejiu ore district (Guo et al., 2018; Zhao et al., 2019). It is observed that in the Gejiu area, the Falang Formation and the underlying Triassic Gejiu Formation are the primary outcrops, but the main ore-hosting strata can be regarded as the Triassic Gejiu Formation. In the Triassic Gejiu Formation, there is mainly the thick-bedded limestone, with some minor interbedded materials, such as mafic lavas, dolomite and dolomitic limestone. In the Falang Formation, there are mainly the carbonates and finegrained clastic sedimentary rocks. However, in the Middle Triassic Gejiu Formation, the primary ore-hosting rocks are considered to be carbonate rocks in the Laochang ore deposit. The thickness of the primary ore-hosting rocks is about 1,200–2,400 m. They are comprised of gray, dolomitic limestone, argillaceous limestone and medium-thick limestone (Zhao, 2022; Zhao et al., 2022).
In the Gejiu ore district, there are some primary structures (Zhao et al., 2022). For example, there are the Baishachong fault (which trends in the NW direction), the Jiaodingshan, Yangjiatian and Longchahe faults (which trend in the NNE direction), the Wuzhishan anticlinorium (which trends in the ENE direction), the Gejiu fault (which trends in the NS direction) and the Jiasha synclinorium (which also trends in the NS direction). It was observed that the location of the orebodies is controlled by these primary structures (Guo et al., 2022; Figure 1B). As indicated previously (Zhao et al., 2022), the Gejiu ore district can be divided into the following two main parts: an eastern part and a western part. This division was made by considering the Gejiu fault, which trends in the NS direction. In the eastern part, the metal reserves can count to 90% of their total amount (Zhuang et al., 1996). Similarly, in the Laochang ore deposit, it was also observed that the location and morphology of the orebodies are controlled by the well-developed structures (Zhao et al., 2022). These structures include the Zhulinxinshan anticline (which trends in the NE direction), the Heimajing and Huangmaoshan anticlines (which trend in the NW direction), and the Zhuyeshan and Wanzijie anticlines (which trend in the ENE direction). It is observed that the Zhulinxinshan, Heimajing and Huangmaoshan anticlines play an important role in controlling the flow pathways of the ore-forming fluids (Zhao, 2022).
It was observed that in the Gejiu ore district, the exposed intrusive complex comprises primarily porphyritic quartz monzonite, gabbro, alkali syenite, monzonite, feldspathoid syenite, porphyritic/equigranular biotite monzogranites and syenogranite (Cheng et al., 2019; Figure 1C). The time span of these emplaced granites varies from 77.4 to 85.8 Ma (Cheng and Mao, 2010; Li et al., 2012; Cheng et al., 2013a; Zhang et al., 2015). In the Laochang Pb-Zn deposit, the magmatic rocks primarily comprise the Indosinian basalt and Yanshanian granitoids. These magmatic rocks are slightly exposed. In the previous study (Cheng and Mao, 2010), it was indicated that the Yanshanian Laoka granite is formed at a late stage of 85 ± 0.85 Ma. The location of the Yanshanian Laoka granite is about 200–1,800 m under the surface. Compared with the normal granite, the contents of Pb, Zn, Sn, Cu and other metal elements are relatively higher in the Yanshanian Laoka granite. In the Laochang Pb-Zn deposit, the formation of the basalt took place during the Middle Triassic Anisian period (Li et al., 2008; Li et al., 2016). The distribution of the basalt is mainly located in the Wanzijie and Zhuyeshan ore blocks, which are located within the Qibeishan area.
2.2 Metallogenic characteristics
According to a series of previous studies (Cheng et al., 2013a; Cheng et al., 2013b; Cheng et al., 2019; Liao et al., 2014; Guo et al., 2018; Li et al., 2023; Wang and Ren, 2019; Zhao et al., 2019; Zhao et al., 2022; Zhao, 2022), it is known that in the Gejiu ore district, the distribution of ore bodies is primarily around the granite body. Based on the distance between the ore body and the granite, the ore bodies can be classified into the following nine kinds. 1) The first kind is the alluvial tin ore. 2) The second kind is the stratiform-like and interlayer vein oxide ore. This kind of ore is primarily comprised of Cu and Sn, and is located in the fracture zone, which is away from the granite within 500–1,500 m. 3) The third kind is the stratiform-like and interlayer vein sulfide ore. This kind of ore is primarily comprised of Zn, Pb, Sn and Ag, and is located in the carbonate rocks, which is away from the granite within 300–800 m. 4) The fourth kind is the vein-type sulfide ore. This kind of ore is primarily comprised of Zn, Pb, Sn and Ag. 5) The fifth kind is the skarn-type Sn-Cu ore. This kind of ore is primarily comprised of Cu and Sn, and is located in the contact zone between the marble and granite. 6) The sixth kind is the basalt-type copper ore. This kind of ore is primarily comprised of Cu, Sn, Mo and W, and is located within the basalt near the contact zone between the basalt and granite. 7) The seventh kind is the greisen-type ore. This kind of ore is primarily comprised of Cu, Sn, Bi and W, and is located in the contact zone between the marble and granite, which is away from the granite within 0–50 m. 8) The eighth kind is the altered rock-type Cu-Sn ore. This kind of ore is primarily comprised of Cu, Sn and W, and is located in the alteration zone of the deeper granite. 9) The ninth kind is the interlayer Pb-Zn mineralization (Figure 2).
[image: Figure 2]FIGURE 2 | The schematic diagram showing different types of mineralization in the Laochang deposit (modified from Liao et al., 2014; Zhao, 2022).
According to the existing investigation (Zhao et al., 2022), it is noted that the locations of the Laochang Pb-Zn orebodies are clearly controlled by the strata. Consequently, the Laochang Pb-Zn orebodies can be found in the stratoid and stratiform shapes. For example, the dips and strikes of these orebodies are consistent with the attitudes of the wall rocks. Generally, the length of the Laochang Pb-Zn orebodies are tens to hundreds meters, while the width of the Laochang Pb-Zn orebodies are 100–200 m. It is observed that the sulfide Pb-Zn ores are primarily comprised of sphalerite and galena, although some other minerals, such as pyrrhotite, pyrite, chalcopyrite and secondary arsenopyrite, can be found in them (Zhao et al., 2022).
2.3 Basic questions associated with establishing computational models for simulating the Laochang Pb-Zn deposit
It is necessary to answer the following five basic questions before a computational simulation is utilized for studying the controlling mineralizing processes of a hydrothermal deposit (Hobbs et al., 2000; Gow et al., 2002; Ord et al., 2002; Schaubs and Zhao, 2002; Sorjonen-Ward et al., 2002; Zhao et al., 2012a): 1) What was the architecture and material distribution characteristics of the entire mineralizing system? 2) What was the geodynamic history that leads to the evolution of temperature, pore-fluid pressure and pore-fluid velocity distributions? 3) What were the chemical and physical characteristics of the pore-fluids involved in the mineralizing system? 4) What were the mechanisms to drive the pore-fluid flow? 5) What were the processes and mechanisms involved in the metal dissolution, metal transport and metal precipitation?
To answer these five questions, a large number of geophysical and geochemical studies related to the Laochang Pb-Zn deposit were conducted (Liao et al., 2014; Guo et al., 2018; Cheng et al., 2019; Zhao et al., 2019; Zhang et al., 2020; Xu et al., 2021; Xu et al., 2022a; Xu et al., 2022b; He et al., 2022; Li et al., 2022; Zhao, 2022; Zhao et al., 2022; Li et al., 2023). Based on the review of these geophysical and geochemical investigations, the above five questions can be answered as follows: 1) Through considering the data of geology, geophysics, geochemistry and remote sensing image interpretation, it is believed that there may be a Yanshanian granite body below the Laochang Pb-Zn deposit. The granite body and tectonic faults in the carbonate strata together control the distribution of the Laochang Pb-Zn deposit. 2) Through referring to the tectonic background, the different fault patterns are different in the eastern and western sectors of the Gejiu fault. This implies that the eastern sector of the Gejiu fault may have an extensional and/or transtensional setting environment, while the western sector of the Gejiu fault may have a compressional and/or transpressional setting environment. 3) From the stable isotope analysis, the mineralizing fluid in the Laochang Pb-Zn deposit was mainly the mixing product of the formation water and deep magmatic hydrothermal fluid. In the migration and evolution processes of the mineralizing fluid, the seawater sulfate may contribute part of sulfur through thermochemical reduction. 4) According to the analysis of metallogenic characteristics, a temperature-triggered density change was the main mechanism to drive the pore-fluid flow. 5) Through the geochemical analysis, the cooling of mineralizing fluid and the mixing of magmatic hydrothermal fluid with atmospheric precipitation were the main mechanisms to cause metal precipitation during mineralization in the Laochang Pb-Zn deposit.
3 COMPUTATIONALLY SIMULATING THE HYDROTHERMAL MINERALIZING SYSTEM INVOLVED IN THE LAOCHANG PB-ZN DEPOSIT
3.1 The mathematical model of the hydrothermal mineralizing system
Based on the related physical and chemical laws as well as the three fundamental scientific principles in nature, namely, mass conservation, energy conservation and momentum conservation, the mathematical governing equations of the hydrothermal mineralizing system under consideration can be expressed in Eqs 1-8 as follows (Zhao et al., 2002; Zhao et al., 2008b):
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where [image: image] is the x-direction component of the pore-fluid velocity; [image: image] is the y-direction component of the pore-fluid velocity in the fluid-saturated porous rock; [image: image] is the pore-fluid pressure; [image: image] is the porous rock temperature; [image: image] is the pore-fluid density; [image: image] is the pore-fluid source term; [image: image] is the porosity of the porous rock; [image: image] is the permeability of the porous rock; [image: image] is the temperature-dependent dynamic viscosity of the pore-fluid; [image: image] is the pore-fluid reference density; [image: image] is the porous rock reference temperature; [image: image] is the pore-fluid thermal volume-expansion coefficient; [image: image] is the gravity acceleration in the vertical direction; [image: image] is the pore-fluid thermal conductivity coefficient; [image: image] is the pore-fluid specific heat; [image: image] is the heat source; [image: image] is the porous (dry) rock thermal conductivity coefficient; [image: image], [image: image] and [image: image] are the concentrations of [image: image], [image: image] and [image: image] in the pore-fluid respectively; [image: image] is the diffusion coefficient of the solute in the pore-fluid of the fluid-saturated porous rock.
It is noted that in deriving the aforementioned mathematical governing equations, the following chemical reaction processes are also considered in Eqs 9-13 as Zhao et al., (2002); Zhao et al., (2008b):
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where R is the experimental reaction rate of the mixing between the sulfide and sulfate fluids (Ohmoto and Lasage, 1982); [image: image] is the overall reaction rate constant, which is strongly dependent on temperature; [image: image] is the equilibrium concentration of Pb in the pore-fluid; [image: image] is the chemical equilibrium reaction constant (Zhao et al., 2002; Zhao et al., 2008b); [image: image] is the mineralization rate of galena.
It needs to be pointed out that Darcy’s law is established under the condition that the pore-fluid flow within a fluid-saturated porous medium is in a steady state. It was based on Darcy’s original experiments, which revealed that the flow rate through a fluid-saturated porous medium is directly proportional to the applied pressure difference, which is applied to the fluid-saturated porous medium (Phillips, 1991; Nield and Bejan, 1992; Zhao et al., 2008b). Generally, Darcy’s law can play the following two roles in the study of pore-fluid flow within a fluid-saturated porous rock. The first role is that as an experimental law, just like Fick’s law and Fourier’s law, Darcy’s law states that the pore-fluid flow within a fluid-saturated porous rock is driven by the pore-fluid pressure gradient, which is applied to the fluid-saturated porous rock. The second role is that in terms of the momentum in a steady-state pore-fluid flow system within a fluid-saturated porous rock, Darcy’s law describes the momentum conservation of the steady-state pore-fluid flow system within the fluid-saturated porous rock. However, if the pore-fluid flow system within a fluid-saturated porous rock is in a transient state, then Darcy’s law cannot be directly used to describe the momentum conservation of the transient-state pore-fluid flow system within the fluid-saturated porous rock. In this case, Darcy’s law, which is expressed by Eqs 2 and 3, needs to be modified by considering the momentum change rate in the transient-state pore-fluid flow system within a fluid-saturated porous rock. According to the momentum conservation principle in nature, which states that the momentum change rate in a transient-state pore-fluid flow system should be equal to the summation of all the external forces acted on the transient-state pore-fluid flow system, the momentum conservation equations of a transient pore-fluid flow system can be written as follows:
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where [image: image] is the momentum change rate in the horizontal direction of the transient-state pore-fluid flow system; [image: image] is momentum change rate in the vertical direction of the transient-state pore-fluid flow system. Other quantities have exactly the same meanings as those defined in Eqs 2 and 3.
Since Eqs 14 and 15 are different from Eqs 2 and 3, which are the specific forms of Darcy’s law, Eqs 14 and 15 can be regarded as the specific forms of the extended Darcy’s law. Therefore, Darcy’s law can be used to describe the momentum conservation in a steady-state pore-fluid flow within a fluid-saturated porous rock, while the extended Darcy’s law can be used to describe the momentum conservation in a transient-state pore-fluid flow within a fluid-saturated porous rock. As mentioned previously, since the considered hydrothermal mineralizing system associated with the Laochang Pb-Zn deposit is in a steady state, Darcy’s law, instead of the extended Darcy’s law, can be used to describe the momentum conservation in the considered hydrothermal mineralizing system associated with the Laochang Pb-Zn deposit. This is the main reason why the hydrothermal fluid flow conforms to Darcy’s law in this study.
Due to the versatility of the FEM, it has been used for solving scientific and engineering problems of many different kinds (Zienkiewicz, 1977; Lewis and Schrefler, 1998). This means that it is possible to use the FEM for solving hydrothermal mineralizing problems involved in the convective flow of pore-fluid within porous rocks (Zhao et al., 1997; Zhao et al., 2002; Zhao et al., 2008b). For this reason, a FEM-based computer code was developed and validated in the previous study (Zhao and Liu, 2023a). Regarding the details about how to use this code for implementing the numerical modeling of the hydrothermal mineralizing system associated with the pore-fluid convection controlled ore deposit, please refer to the open publication (Zhao and Liu, 2023a). For the sake of saving space, it is unnecessary to repeat them in this article.
3.2 The computational models of the hydrothermal mineralizing system involved in the Laochang Pb-Zn deposit
In the dual length-scale approach (Zhao and Liu, 2023a), two computational models of the hydrothermal mineralizing system associated with the Laochang Pb-Zn deposit need to be established. One computational model is called the regional model, while the other is called the deposit model. The main advantage of using the dual length-scale approach is that the overall convective pore-fluid flow pattern can be predicted through computationally simulating the regional model of the hydrothermal mineralizing system associated with the Laochang Pb-Zn deposit, while the detailed Pb distribution pattern can be predicted through computationally simulating the deposit model of the hydrothermal mineralizing system associated with the Laochang Pb-Zn deposit. In particular, the deposit model boundary conditions can be accurately and consistently determined from the computational simulation results of the regional model.
3.2.1 The finite element meshes and geometric shapes of the computational models
According to the geophysical data and the metallogenetic model of the Laochang Pb-Zn deposit (Zhang, 2011; Cheng et al., 2012a; Cheng et al., 2012b; Zhao, 2022; Zhao et al., 2022), the two computational models can be established and shown in Figure 3. The length and height of the regional model are equal to 24 and 10 km, while the length and height of the deposit model are equal to 1.5 and 1.15 km respectively. Note that in the process of determining the top surface of the regional model, the eroded part from the past surface during mineralization is added on the present surface of the Laochang Pb-Zn deposit. The purpose of setting the lateral extent of the domain at a large value of 24 km is to avoid the boundary effects on the computationally simulating results of the regional model. In particular, the post-solidification influence of the intruded magma on the regional mineralization is primarily considered in the regional model, while the influence of the fault zone (including the vein type, stratiform-like type and interlayer type) on the orebody location is primarily considered in the deposit model. For these reasons, the solidified magma is artificially placed but not simulated in the middle of the regional model, while the fractured area of a high permeability is placed in the deposit model through considering the geophysical data at the corresponding location. The morphology of the intrusion is determined by the corresponding geophysical data and research results (Cheng et al., 2012a; Cheng et al., 2012b; Zhao, 2022; Zhao et al., 2022). For both the regional and deposit models, the whole computational domains are filled with the Triassic Gejiu Formation limestone rock.
[image: Figure 3]FIGURE 3 | The geometry model of the Laochang Pb-Zn deposit: (A) The geometry of the regional model; (B) The geometry of the deposit model.
Figure 4 shows the finite element meshes of the regional and deposit models. In the regional model, which is also named as the large-length scale model, the computational domain is simulated using a coarse mesh, which is comprised of 8335 six-node triangular elements. On the other hand, in the deposit model, which is also named as the small-length scale model, the computational domain is simulated using a fine mesh, which is comprised of 23,751 six-node triangular elements. According to the previous studies (Zienkiewicz, 1977; Zhao et al., 2003), the mesh Peclet number requirement can be utilized for determining the maximum finite element size, which is used in both the regional and deposit models. Consequently, the maximum side length of the finite elements used in the regional model is equal to 300 m, while the maximum side length of the finite elements used in the deposit model is equal to 30 m. In addition, the minimum side length of the finite elements used in the regional model is equal to 150 m, while the minimum side length of the finite elements used in the deposit model is equal to 5 m.
[image: Figure 4]FIGURE 4 | The finite element meshes of the two computational models: (A) The finite element meshes of the regional mode; (B) The finite element meshes of the deposit model.
3.2.2 The parameters of the computational models
In computationally simulating the hydrothermal mineralizing mechanism associated with the Laochang Pb-Zn deposit, the related parameters are listed in Table 1. In order to consider the pore-fluid dynamic viscosity of the temperature-dependent feature, the following expression is used in the computational simulation (Kestin et al., 1978; Rabinowicz et al., 1998; Eldursi et al., 2009):
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where the unit of temperature is Celsius degrees (i.e., [image: image]).
TABLE 1 | The parameters used in this study (Nield and Bejan, 1992; Zhao et al., 2008b; Schon, 2011).
[image: Table 1]The porosity of the porous rock generally depends on the burial depth, especially at shallow depths where the pressure solution, mechanical compaction and diagenesis play an important role in modifying the initial porosity during burial (Bethke, 1985; Harrison and Summa, 1991; Shmonov et al., 2003; Ingebritsen and Appold, 2012; Kuang and Jiao, 2014). For this reason, the following expression, which states that the porosity decreases exponentially with the burial depth (Schon, 2011), is used for the limestone rock in this study:
[image: image]
where [image: image] is the limestone rock porosity, which is a dimensionless quantity; [image: image] is the burial depth with a unit of kilometer; [image: image] and [image: image] are two dimensionless parameters, while [image: image] is a parameter with a unit of unity per kilometer. For the limestone rock considered in this study, [image: image] and [image: image] are selected to be 0.1 and 0.05, while [image: image] is selected to be 0.75. This means that at the surface of the upper crust, where the burial depth is equal to zero, the reference porosity of the limestone rock is equal to 0.15, while the reference permeability of the limestone rock is equal to [image: image] (Schon, 2011).
For the purpose of expressing a relationship between permeability and porosity, the Carman-Kozeny law (Carman, 1956) is utilized, so that the relationship used in the computational simulation can be written as:
[image: image]
where [image: image] is the porous rock permeability value; [image: image] and [image: image] are the reference permeability and porosity of the porous rock.
3.2.3 The boundary conditions of the computational models
The following boundary conditions for the regional model of the hydrothermal mineralizing system involved in the Laochang Pb-Zn deposit are used. Based on the annually averaged temperature of about 20 [image: image] in the considered region, the temperature at the top boundary of the regional model is assumed to be equal to 20 [image: image]. On the other hand, based on the regional geothermal gradient of about 30 [image: image] in the considered region, the temperature at the boundary of the solidified magma and the bottom boundary of the regional model is assumed to be equal to 320 [image: image], because the depth of the regional model considered in this study is equal to 10 km. For the regional model, both the two lateral boundaries are considered to be impermeable in the horizontal direction. Except for the portion of the solidified magma, the bottom boundary of the regional model is impermeable in the vertical direction. The solidified magma boundary is impermeable in the normal direction along the boundary. In addition, both the two lateral boundaries of the regional model are heat-isolative in the horizontal direction. All the porous rocks are initially saturated with water. The top boundary pore-fluid pressure of the regional model is equal to the atmospheric pressure. The [image: image] and [image: image] concentrations are equal to zero and 0.01 [image: image] at the top of the regional model, while the [image: image] and [image: image] concentrations are assumed to be equal to 0.001 [image: image] and zero at the boundary of the solidified magma in the regional model respectively. This means that the concentration boundary conditions, instead of the flux boundary conditions, are used in computationally simulating the regional model of the hydrothermal mineralizing system involved in the Laochang Pb-Zn deposit.
According to the dual length-scale approach (Zhao and Liu, 2023a), the boundary conditions of the deposit model of the hydrothermal mineralizing system involved in the Laochang Pb-Zn deposit should be accurately and consistently evaluated from the computationally simulating results of the regional model.
4 THE COMPUTATIONALLY SIMULATING RESULTS OF THE HYDROTHERMAL MINERALIZING SYSTEM ASSOCIATED WITH THE LAOCHANG PB-ZN DEPOSIT
4.1 The computationally simulating results of the regional model
Figure 5 shows the distributions of the temperature, excess pore-fluid pressure and pore-fluid velocity in the regional model (i.e., the large length-scale model) of the hydrothermal mineralizing system associated with the Laochang Pb-Zn deposit. Due to the supercritical state of the hydrothermal mineralizing system, the pore-fluid convection occurs in the regional model. It is noted that in Figure 5A, the simulated geothermal gradient in the regional model is approximately equal to 30 [image: image] at large, especially in the places that are close to both the left and right boundaries of the regional model. This fact indicates that the assumption of the temperature at the boundary of the solidified magma in the regional model being equal to 325 [image: image] can be roughly justified (Zhao et al., 2016b). As shown in Figure 5C, the convective flow of pore-fluid can be clearly observed from the distributions of the pore-fluid velocity. Because of the convective pore-fluid flow, the temperature distribution is highly localized in the hydrothermal mineralizing system associated with the Laochang Pb-Zn deposit, as can be clearly observed from the computational results shown in Figure 5A. Since the temperature distribution affects the pore-fluid density distribution, as shown in Figure 5B, the abnormal distribution of excess pore-fluid pressure is capable of taking place in the hydrothermal mineralizing system associated with the Laochang Pb-Zn deposit. Consequently, the pore-fluid convection is maintainable in the mineralizing system involved in the Laochang Pb-Zn deposit.
[image: Figure 5]FIGURE 5 | Computational simulation results of the regional model: (A) Temperature; (B) Excess pore-fluid pressure; (C) Pore-fluid velocity.
Figure 6 shows the [image: image], [image: image] and [image: image] concentration distributions in the regional model of the hydrothermal mineralizing system involved in the Laochang Pb-Zn deposit. The localized distributions of these chemical species can be clearly observed from the computational results shown in this figure. Except for [image: image], which is widely distributed in the regional model (see Figure 6B), [image: image] and [image: image] are mainly distributed around the intrusion (see Figures 6A, C). This means that the convective flow of pore-fluid may lead to the localized distributions of these chemical species within the hydrothermal mineralizing system associated with the Laochang Pb-Zn deposit. In particular, the sulfate fluid comes from the rain water on the upper crust surface, while the sulfide fluid comes from the hot magma in the deep Earth. The convective pore-fluid brings [image: image] into the hydrothermal mineralizing system from the deep strata, while it brings [image: image] into the hydrothermal mineralizing system from the shallow strata. Consequently, these two chemical species can be mixed to enable chemical reactions to occur at the appropriate place in the hydrothermal mineralizing system associated with the Laochang Pb-Zn deposit. More importantly, through the mixing and chemical reactions of the sulfide and sulfate fluids, the concentration gradient of [image: image] can be formed within the hydrothermal mineralizing system involved in the Laochang Pb-Zn deposit. This phenomenon is obviously observable through the computationally simulating results shown in Figure 6C.
[image: Figure 6]FIGURE 6 | Computational simulation results of the regional model: (A) Concentration of [image: image]; (B) Concentration of [image: image]; (C) Concentration of [image: image].
4.2 Determining the deposit model boundary conditions using the computationally simulating results of the regional model
As mentioned previously, the deposit model boundary conditions are accurately and consistently determinable through using the computationally simulating results of the regional model. Figure 7 shows the boundary conditions applied to the deposit model of the hydrothermal mineralizing system involved in the Laochang Pb-Zn deposit. In this figure, the boundary conditions applied to the deposit model up and down boundaries are marked with “Up” and “Down,” while the boundary conditions applied to the deposit model left and right boundaries are marked with “Left” and “Right.” Because five fundamental unknown variables, such as the temperature, excess pressure of pore-fluid, concentration of [image: image], concentration of [image: image] and concentration of [image: image], are taken into account in the hydrothermal mineralizing system, the boundary conditions for each of them should be applied in the deposit model of the hydrothermal mineralizing system associated with the Laochang Pb-Zn deposit.
[image: Figure 7]FIGURE 7 | The boundary conditions applied to the deposit model: (A) Temperature; (B) Excess pore-fluid pressure; (C) Concentration of [image: image]; (D) Concentration of [image: image]; (E) Concentration of [image: image].
It should be pointed out that on the one hand, the abscissas in the left column of Figure 7 represent the x coordinates along the corresponding boundaries of the deposit model, while the abscissas in the right column of Figure 7 represent the y coordinates along the corresponding boundaries of the deposit model. On the other hand, the ordinates in Figure 7 represent the values of the five fundamental unknown variables, namely, the temperature, excess pore-fluid pressure, concentration of [image: image], concentration of [image: image] and concentration of [image: image] in the hydrothermal mineralizing system. For example, the ordinate in Figure 7A represents the temperature, while the ordinate in Figure 7B represents the excess pore-fluid pressure. Similarly, the ordinates in Figures 7C–E represent the concentration of [image: image], the concentration of [image: image] and the concentration of [image: image], respectively.
From the boundary conditions shown in Figure 7, it is clearly observed that except for the bottom boundary, the boundary values applied to the other three boundaries, namely, the top boundary, the left boundary and the right boundary, of the deposit model are no longer constants for each of the five fundamental unknown variables. However, for the bottom boundary, the applied boundary values of the temperature, [image: image] and [image: image] concentrations are constants, because the bottom boundary of the deposit model is in coincident with the bottom boundary of the regional model.
Nevertheless, if the computationally simulating results, which are obtainable from computationally simulating the regional model, are not used, then it is impossible to correctly determine the reasonable deposit model boundary conditions for the hydrothermal mineralizing system associated with the Laochang Pb-Zn deposit. This clearly indicates that the computationally simulating results, which are obtainable from computationally simulating the regional model, play a crucial role in correctly determining the deposit model boundary conditions for the hydrothermal mineralizing system associated with the Laochang Pb-Zn deposit.
4.3 The computationally simulating results of the deposit model
Figure 8 shows the distributions of the temperature, excess pressure of pore-fluid and velocity of pore-fluid in the deposit model (i.e., the small length-scale model) of the hydrothermal mineralizing system associated with the Laochang Pb-Zn deposit. It can be clearly observed that in the fracture zone of the deposit model, there are remarkably abnormal distributions of the temperature, excess pressure of pore-fluid and velocity of pore-fluid, especially for the excess pressure of pore-fluid and velocity of pore-fluid (see Figures 8B, C). It is also noted that the hydrothermal fluid focusing may occur in the deposit model fracture zone of the hydrothermal mineralizing system associated with the Laochang Pb-Zn deposit. This fact indicates that more hydrothermal fluids may flow through the fracture zone in the hydrothermal mineralizing system involved in the Laochang Pb-Zn deposit.
[image: Figure 8]FIGURE 8 | Computational simulation results of the deposit model: (A) Temperature; (B) Excess pore-fluid pressure; (C) Pore-fluid velocity.
Figure 9 shows the [image: image], [image: image] and [image: image] concentration distributions in the deposit model of the hydrothermal mineralizing system associated with the Laochang Pb-Zn deposit. It can be noted that in the deposit model fracture zone, there are remarkably abnormal [image: image], [image: image] and [image: image] concentration distributions, especially for the [image: image] and [image: image] concentration distributions (see Figures 9A, C). This is mainly because the abnormal distributions of temperature and pore-fluid velocity within the fracture zone can alter the mixing and chemical reactions of these chemical species in the deposit model of the hydrothermal mineralizing system associated with the Laochang Pb-Zn deposit.
[image: Figure 9]FIGURE 9 | Computational simulation results of the deposit model: (A) Concentration of [image: image]; (B) Concentration of [image: image]; (C) Concentration of [image: image].
4.4 The simulating results of the mineralization rate
According to the modern mineralization theory (Zhao et al., 2002; Zhao et al., 2008b), the mineralization rate of a specific mineral can be used to identify the mineral precipitation and dissolution regions in the hydrothermal mineralizing system associated with the Laochang Pb-Zn deposit. Theoretically, the negative value of the mineralization rate indicates the precipitation region of the specific mineral, while the positive value indicates the dissolution region of the specific mineral. Figure 10 shows the comparison of the computationally simulated Pb precipitation region with the observed Pb distribution (Zhao et al., 2022) in the hydrothermal mineralizing system involved in the Laochang Pb-Zn deposit. Since the computationally simulated Pb precipitation region is almost identical to the observed Pb distribution (Zhao et al., 2022), it may be concluded that the convective flow of pore-fluid is the primary dynamic mechanism for controlling the Pb mineralization in the hydrothermal mineralizing system involved in the Laochang Pb-Zn deposit. The above-mentioned conclusion can further demonstrate that the computational simulation method associated with the emerging field of computational geosciences is a useful tool for identifying the main dynamic mechanism, which controls the mineralization pattern in the hydrothermal mineralizing system within the Earth’s upper crust.
[image: Figure 10]FIGURE 10 | Comparison of the computationally simulated Pb distribution pattern with the observed Pb distribution: (A) The observed Pb distribution (Zhao et al., 2022); (B) The computationally simulated Pb precipitation pattern.
4.5 The effect of the lower boundary condition and the reliability of the obtained simulation results
4.5.1 The effect of the lower boundary condition
Since the concentration of [image: image] at the solidified magma portion of the lower boundary of the regional model depends on the liquidus magma solidification at the interface between the liquidus magma and the surrounding rock, it cannot be accurately determined unless the transient process of liquidus magma solidification is considered in the mathematical model (Zhao et al., 2005). However, all the currently-available computational programs cannot be used to deal with the transient process of liquidus magma solidification. Alternatively, it is desirable to investigate how the concentration of [image: image] at the solidified magma portion of the lower boundary of the regional model affects the computationally simulated Pb precipitation in the hydrothermal mineralizing system involved in the Laochang Pb-Zn deposit. For this purpose, five different values of the [image: image] concentration at the solidified magma portion of the lower boundary of the regional model are considered in five different simulations of the regional model involved in the Laochang Pb-Zn deposit.
Figures 11 and 12 show the effects of five different values of the [image: image] concentration, which are applied at the solidified magma portion of the lower boundary of the regional model, on the computationally simulated Pb precipitation patterns and maximum precipitation rates in the hydrothermal mineralizing system involved in the Laochang Pb-Zn deposit. As can be seen from the computational simulation results shown in Figure 11, the computationally simulated Pb precipitation locations in the hydrothermal mineralizing system associated with the Laochang Pb-Zn deposit are almost identical for using five different values of the [image: image] concentration, which are applied at the solidified magma portion of the lower boundary of the regional model. This further confirms that the orebody location in the mineralizing system associated with the Laochang Pb-Zn deposit is completely controlled by the pore-fluid convection, rather than by the [image: image] concentration, which are applied at the solidified magma portion of the lower boundary of the regional model. Therefore, in terms of determining the orebody location in the mineralizing system associated with the Laochang Pb-Zn deposit, the effect of the [image: image] concentration, which is applied at the solidified magma portion of the lower boundary of the regional model, can be neglected.
[image: Figure 11]FIGURE 11 | Effects of five different lower boundary values of the [image: image] concentration on the computationally simulated Pb precipitation patterns in the Laochang Pb-Zn deposit: (A) [image: image]; (B) [image: image]; (C) [image: image]; (D) [image: image]; (E) [image: image].
[image: Figure 12]FIGURE 12 | Effects of five different lower boundary values of the [image: image] concentration on the computationally simulated Pb maximum precipitation rates in the Laochang Pb-Zn deposit.
However, as can be seen from the computational simulation results shown in Figure 12, the computationally simulated Pb maximum precipitation rates in the hydrothermal mineralizing system associated with the Laochang Pb-Zn deposit are remarkably different for using five different values of the [image: image] concentration, which are applied at the solidified magma portion of the lower boundary of the regional model. Therefore, it can be concluded that in terms of determining the orebody grade in the mineralizing system associated with the Laochang Pb-Zn deposit, the effect of the [image: image] concentration, which is applied at the solidified magma portion of the lower boundary of the regional model, should be considered. This may be regarded as the main limitation of this study. To remove this limitation, it is necessary to develop computational tools for simulating the transient process of liquidus magma solidification in the future research.
4.5.2 The reliability of the obtained simulation results
Since the computational simulation method, such as the FEM used in this study, belongs to the numerical method, it can only produce approximate solutions for a scientific problem or an engineering problem, from the mathematical point of view. In theory, if the finite element size, which is used in the computational simulation of either a scientific problem or an engineering problem, approaches zero, then the obtained numerical solution approaches the true solution of either the scientific problem or the engineering problem. In this limiting case, the numerical error between the obtained numerical solution and the true solution approaches zero, so that the obtained numerical solution is absolutely reliable. However, in practice, it is impossible to use the finite element of zero size in the computational simulation of either a scientific problem or an engineering problem. To get out of this dilemma, it is necessary to establish a criterion to determine the allowable maximum finite element size, so as to guarantee the reliability of the obtained numerical solution in the computational simulation of either a scientific problem or an engineering problem.
Through conducting a large number of mesh sensitivity analyses and parameter studies (Zienkiewicz, 1977; Daus et al., 1985; Zhao et al., 2001; Zhao et al., 2003; Zhao et al., 2012b), it was found that as long as the maximum size of the finite element is determined by satisfying the following mesh Peclet number requirement, the convergence and accuracy of the computational simulation results can be automatically guaranteed.
[image: image]
where [image: image] is the mesh Peclet number; [image: image] is the maximum Darcy velocity; [image: image] is the diffusivity of a considered physical process and [image: image] is the side length of the finite element to be used in the computational simulation of the considered physical process (Zienkiewicz, 1977; Daus et al., 1985; Zhao et al., 2001; Zhao et al., 2003; Zhao et al., 2012b).
Since Eq. 19 can be used to automatically guarantee the convergence and accuracy of the computational simulation results, which are obtained from using the FEM, it is called the reliability criterion of the obtained numerical solution for either a scientific problem or an engineering problem in the computational simulation. However, since a hydrothermal mineralizing system involves multiple physical processes (Zhao et al., 2012a), namely, a pore-fluid flow process, a heat transfer process and a mass transport process, it is necessary to determine the controlling physical process among these three physical processes. According to the previous study (Zhao and Liu., 2023a), the mass transport process is the controlling physical process in the hydrothermal mineralizing system associated with the Laochang Pb-Zn deposit.
Figure 13 shows the distributions of the mesh Peclet number in both the regional model and the deposit model for computationally simulating the hydrothermal mineralizing system associated with the Laochang Pb-Zn deposit. It can be observed that the maximum value of the mesh Peclet number is less than unity in both the regional model (see Figure 13A) and the deposit model (see Figure 13B). This means that the reliability criterion of the obtained numerical solution can be satisfied for every finite element used in the computational simulation of the hydrothermal mineralizing system associated with the Laochang Pb-Zn deposit. Consequently, it can be concluded that all the obtained numerical results in this study are reliable, at least from the computational simulation point of view.
[image: Figure 13]FIGURE 13 | Distributions of the mesh Peclet number in both the regional and deposit models for computationally simulating the hydrothermal mineralizing system associated with the Laochang Pb-Zn deposit: (A) The regional model; (B) The deposit model.
5 CONCLUSION
Through using both the FEM and the dual length-scale approach to simulate the hydrothermal mineralizing system involved in the Laochang Pb-Zn deposit, the following main conclusions can be made from this study: 1) the convective flow of pore-fluid can occur within the regional model (namely, the large length-scale model), but it cannot take place within the deposit model (namely, the small length-scale model); 2) the deposit model boundary conditions are accurately and consistently determinable from the computationally simulating results of the regional model in the strictly scientific manner; 3) the convective flow of pore-fluid is the primary dynamic mechanism for controlling the Pb mineralization in the hydrothermal mineralizing system involved in the Laochang Pb-Zn deposit; and 4) the computational simulation method associated with the emerging field of computational geosciences is a useful tool for identifying the main dynamic mechanism, which controls the mineralization pattern in the hydrothermal mineralizing system within the Earth’s upper crust.
It should be pointed out that the work presented in this study has a limited application scope, because it is only valid for the specific situation that is established on the bases of a steady-state or a quasi-steady-state hydrothermal mineralizing system associated with the Laochang Pb-Zn deposit. Nevertheless, the effects of the transient process associated with the liquidus magma solidification and cooling on the formation of the Laochang Pb-Zn deposit may need to be considered in the future research.
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